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Highlights

Importance of considering a full burnout scenario in design for fire is illustrated
e  Fragility curves for full burnout resistance of concrete slabs are presented

e Global resistance factor (GRF) as a safety format for reliability-based design

e Proposal of practical procedures for deterministic and GRF based design checks

e Example application of GRF-based full burnout fire design of a concrete slab

Abstract

Traditional prescriptive requirements for structural fire design do not explicitly ensure the load bearing
capacity of the structure up to and including burnout. Therefore, a deterministic design method is
presented, which enables to perform a quick check of the burnout bending resistance of a concrete
slab exposed to a natural fire, and allows for the evaluation of (delayed) bending failure that can occur
during or after the cooling phase, that would otherwise remain undetected. Subsequently, the
influence of the inherent uncertainties associated with material properties and geometry on the design
until full burnout is investigated. Reference fragility curves are presented and subsequently a global
resistance factor (GRF) safety format for the fire design considering complete burnout scenarios is
proposed. Application of the determined GRF allows for an explicit reliability-based design for fire
exposed concrete slabs, without requiring the application of full-probabilistic methods. The concept is
applied to simply supported reinforced concrete slabs and the calculated values are applicable to any
compartment within the Eurocode parametric fire framework, through application of a scaling
approach. The methods proposed in this contribution are intended as a stepping stone towards the
development of GRF-based safety formats for more complex geometries and advanced numerical

tools.

Keywords: Structural fire safety, Burnout resistance, Concrete slabs, Global resistance factor (GRF),

Probabilistic assessment
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1 Introduction

When employing traditional fire design, the primary qualification metric is the fire resistance R, which
is expressed as the time a structural member can withstand exposure to a standardized time-
temperature relation, such as the I1SO 834 [1] or ASTM E119 [2], while maintaining its structural
integrity and load bearing capacity. Herein, the temperature rise is defined as monotonically
increasing, which is considered to mimic the post-flashover heating conditions of a severe fire [3]. This
way of assessing the performance of fire exposed structures is adopted in many design practices and
national codes (e.g. EN 1992-1-2:2004 [4], ASTM [2]). Although tests based on predefined time-
temperature expressions provide a standardized way of comparing the performance of structural
members exposed to fire, these methods fail to encompass information about the structural behaviour
in a realistic fire scenario, which is not only characterized by a heating phase but also by a cooling
phase, in which the temperature in the compartment decreases back to ambient conditions [5].
Therefore, considering a complete burnout scenario with a cooling phase in design also allows for the
evaluation of (delayed) failure modes that would otherwise remain undetected [3,6]. More specifically
in the case of reinforced concrete (RC) members, delayed failure can occur due to the fact that the
maximum temperatures in the section can be reached a significant time after the beginning of the
cooling phase [7,8]. Unlike in unprotected steel members, the relatively low thermal conductivity and
high thermal capacity of concrete causes the inner layers of a section to heat up rather slowly.
Consequently, the highest temperatures in the steel reinforcement can be reached long after the onset
of the cooling phase. This is of major relevance for RC beams and slabs loaded in bending, which
typically rely heavily on the steel tensile strength to maintain their load bearing capacities. Moreover,
adopting the concept of designing structural members to survive the total duration of the fire until
complete burnout provides clarity on the expected performance of the structure in case of fire (i.e. no
loss of load-bearing capacity). This is very relevant in case of high rise buildings where the cost of a
(partial) collapse would be enormous, or for irreplaceable assets such as precious cultural heritage.
Moreover, this ensures the safety during fire brigades intervention and/or building inspection.
Considering the above, a first objective of this article is to provide an easily applicable method to

calculate the resistance until complete burnout for RC slabs.

The input values for the material properties and loads used in structural design are usually based on
characteristic values, combined with partial factors, ensuring an appropriately low probability of
failure, while limiting the complexity of the analysis. This approach is commonly referred to as being
““semi-probabilistic’ and provides a trade-off between simplicity and accuracy. For fire safety
engineering applications however, no generally accepted safety targets and semi-probabilistic design

methodologies currently exist [9]. Nonetheless, the structural fire engineering community has
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demonstrated a growing interest in probabilistic methods in recent years [10—-13], and there has been
a call for the development of fragility curves for fire-exposed structural members, to support the
application of probabilistic methods both in design as well as in standardization [14]. Therefore, a
second objective of this paper is to develop reference fragility curves for bending capacity of simply

supported RC slabs in a full burnout scenario.

Furthermore, most design guidance provides for simplified approaches whereby the design of
structures is carried out on the level of individual members. This approach significantly simplifies
design, but does not allow to take into account the specifics of a structure and the interaction between
its components. Some of these interactions can significantly increase the fire performance, e.g. the
formation of catenary action has been observed in composite floor systems [15-18], or beams in RC
frames [19]. To overcome the limitations of single member design methods, non-linear Finite Element
Model (FEM) analyses have become a commonly used tool for evaluating the response of concrete
structures during or after exposure to fire [19-24]. The safety format to be applied with these non-
linear numerical evaluations is currently unclear, and currently no generally accepted safety factor
approach exists for reliability-based structural fire design [14]. In principle a full-probabilistic approach
can be applied to incorporate uncertainties in structural fire design, using for example repeated
sampling methods such as Monte Carlo simulations [25]. However, due to the highly non-linear
behaviour of reinforced concrete and the time dependent exposure to fire, these design methods
typically involve computationally demanding FEM evaluations. Consequently, the application of FEM
for structural fire design requires the definition of a safety format which relies on a limited (ideally a
single) evaluation of computationally expensive models. Various safety formats for non-linear FEM
analyses have been proposed [26], such as partial factor methods, global safety formats and fully
probabilistic methods. Cervenka [27] noted that the standard partial factor method cannot be applied
to non-linear FEM calculations since the use of the extremely low design values for material properties
may alter the structural response calculated by the non-linear FEM analysis. Cervenka concludes that
a global resistance factor (GRF) is the most promising safety format to be used for non-linear fire design
of concrete structures. A preliminary study into a GRF format for simply supported RC slabs was
presented by Van Coile et al. [12]. Their investigation was based on studies by Allaix et al. [28] and
Cervenka [27,29] amongst others, which propose to evaluate the global safety of a structure based on
a single non-linear analysis using the mean values for the material properties and the geometry. The
resistance obtained for this single non-linear evaluation constitutes a (first-order Taylor)
approximation for the average resistance pg. This average resistance is divided by a GRF g, to obtain

the design value for the structural resistance Rg:
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Rq =% (1)
As the use of the GRF safety format to evaluate the safety of fire exposed concrete structures in a
probabilistic risk assessment is being adopted in a growing number of publications [12,14,28-30], the
last objective of this article is to explore the feasibility of this concept for simply supported RC slabs
exposed to parametric fires until complete burnout. Application of the determined GRF will allow for
an explicit safety-based design for fire exposed RC slabs, without requiring the application of full-

probabilistic methods.
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2 Fire resistance of RC slabs exposed to natural fire

In the following, an efficient evaluation procedure for determining the fire resistance of RC slabs
exposed to natural fires is presented. First, the Eurocode parametric fire is summarily discussed and
equivalency equations are presented which allow general application of results listed for a reference
compartment. Subsequently, an analytical equation for the bending capacity during fire is introduced
in Section 2.2. This evaluation is applied in Section 2.3 for the evaluation of the nominal fire resistance
and burnout resistance (resistance verification for parametric fire exposure). Finally, an efficient
evaluation procedure is proposed, to quickly check the design of a simply supported RC slab against

full burnout.

2.1 Eurocode parametric fire curve

In the performance based design of RC structures exposed to fire, the use of natural (design) fire curves
is desired in order to overcome the previously mentioned shortcomings related to the use of a
traditional standard time-temperature curve. Analytical expressions for the time-temperature
evolution in compartment fires can be found in Annex A of EN 1991-1-2:2002 [31] or in the German
national annex DIN EN 1991-1-2:2010 [32]. Both fire curve definitions include a separate cooling phase
which follows the heating phase, thus characterizing the fire up to full burnout of the compartment.
In this article, the parametric fire curve from EN 1991-1-2:2002 is used, which is specified for
compartments up to 500 m? floor area, with vertical openings only, and up to a compartment height
of 4 m. This parametric fire curve has been adapted from derivations by Wickstrém [33] for the heat
balance in a compartment during the heating phase. Unlike the prescriptive heating regimes
prescribed in ASTM or ISO 834, the temperature development of the Eurocode parametric fire curve
depends on the thermal and geometrical properties of the compartment, such as amount of
combustibles, ventilation through vertical openings and thermal inertia of the enclosing walls, floor
and ceiling. These parameters influence the rate at which the temperature in the compartment
increases, which is expressed using a time-scaling factor I'. Avalue ' = 1 corresponds to a heating phase
close to the ISO 834 standard heating curve, while I > 1 implies that higher temperatures are reached
earlier, resulting in a fire which is colloquially ‘hotter’ than the ISO curve. The opposite applies for I <
1 [34]. Moreover, the Eurocode definition distinguishes two types of fires, i.e. fuel-controlled or
ventilation-controlled. The nature of the fire is defined by the duration of the heating phase (DHP),
which can be obtained using (2), with the DHP expressed in minutes and parameters listed in Table 1.

Details on the calculation of these parameters are provided in Annex A of EN1991-1-2:2002.

4 ar

DHP = 0.012
A, 0

(2)



135
136
137
138
139
140
141

142

143

144
145
146
147
148
149

150
151

152

If the calculated DHP is shorter than a predefined limit value t;m, the development of the fire is fuel
controlled. In this case, the abundant supply of oxygen implies that the burning is limited by the heat
release rate of the fuel itself, and not by oxygen supply. The heating phase duration then equals tjm,
accounting for a minimum time required to burn fuel. In the other case the fire is ventilation-controlled
where, depending on the ventilation characteristics of the compartment, the heating phase lasts up to
multiple hours. Typically, for dwellings and offices tim = 20 minutes is used, which corresponds to a fire

with a medium growth rate, in accordance with EN 1991-1-2:2002, Annex A [31].

Table 1. Parameters of the Eurocode parametric fire curve, used in Eq. (2)

Parameter Units
Opening factor O m/2

Fire load density gy MJ/m?
Compartment floor area At m?

Total compartment area A: ,
m

(floors, ceiling and walls)

Figure 1 shows five Eurocode parametric fire curves and their corresponding -values, together with
the prescriptive 1ISO 834 heating regime. The parametric fires are expressed for a compartment with a
floor area of 10x10 m?, a height of 3 m, thermal inertia b = 1450 J/(m?2s%°K), and fire load density g5 =
800 MJ/m?2. According to the definitions in the Eurocode, the curves with opening factors 0.02, 0.05,
0.1 and 0.15 are ventilation controlled fires, while the curve for O = 0.2 represents a fuel controlled

fire. Note that the heating regime for I = 1 approximates the I1SO 834 heating regime [33].

1200
1000

o 800

®

‘§ 500 — 1S0 834

S I S A 0=0.02 (r=0.16)

E wd AV NN 0=0.05 (r'=1.0)

---- 0=0.1(r'=4.0)
., ——- 0=0.15('=9.0)

200 — 0=0.2 (r=16.0)

90 150 150 1é0 21|0 240
Fire duration [min]
Figure 1: EN 1991-1-2:2002 parametric fire curves for qr = 800 MJ/m? for different opening factors O, and 1SO 834

standard fire curve.
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Although the formulation of the Eurocode parametric fire curve is based on a large number of
geometrical and thermal parameters, in essence it only has two degrees of freedom. All possible time-
temperature relations can be expressed as a function of the Opening factor O and the fire load density
per unit of floor area gy. This implies that any parametric fire in a generic compartment with a given
set of geometric and thermal properties is identical to the temperature-time curve in a reference
compartment with an invariant geometry and invariant thermal properties when considering
appropriate equivalent values for the fire load density g:.q and opening factor O for this equivalent
compartment [7]. The equivalency formulas are presented in expression (3) and (4), in which b is the
thermal inertia. The suffix ‘eq’ refers to the equivalent compartment with fixed geometry and thermal

inertia, while the other parameters refer to the generic compartment.

b
Ocq = -—Zq (3)
Ar A b
f teq “eq
Qf,eq q Af,eq At b ( )

These equations are valid for both fuel and ventilation controlled fires. It should be mentioned that in
the special case where the equivalent reference compartment parameters are Oeq > 0.04, gteq < 75
MIJ/m? and be, < 1160 J/(m2s°°K), an additional parameter k needs to be taken into account as
discussed in Hopkin et al. [34]. This issue can however be avoided by choosing the reference thermal
inertia be; > 1160 J/(m?s%°K). The above presented equivalency principles imply that the results
presented further for RC slabs exposed to natural fires are applicable to any possible compartment,

within the limits of the Eurocode parametric fire definitions.

2.2 Bending capacity of a fire exposed slab

The response of a simply supported RC slab, exposed from its bottom side to a natural fire scenario, is
evaluated through a two-step procedure. First, the temperature development in the slab is calculated
using a numerical 1D heat transfer model [7]. Herein, the entire cross-section is modelled as concrete
with a moisture content of 1.5%, exposed to fire at the bottom. The temperature dependent material
properties (lower bound thermal conductivity, specific heat and density) governing the heat transfer
inside the concrete and the boundary conditions governing the heat transfer at the concrete-air
interface are taken from EN 1992-1-2:2002 [4]. At the fire exposed side a concrete emissivity &. = 0.7
is used. The convective heat transfer coefficient aciso = 25 W/m2K for 1SO 834 fire exposures and
a.pr =35 W/m?K for Eurocode parametric fire exposures. At the unexposed side, the convection
coefficient is taken as a. = 9 W/m?2K, assuming it contains the effects of heat transfer by radiation.
Figure 2 shows the temperature evolution over time in a 200 mm thick concrete slab exposed to a

natural fire with a 60 minute heating phase and subsequent linear cooling phase. The figure clearly
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shows that the maximum temperature inside the solid slab (e.g. at depth = 50 mm) is reached a
significant time after the onset of cooling. The highest temperatures (and corresponding lowest
strength) in a rebar at that location are thus reached during (or after) the cooling phase, which

illustrates the importance of taking into account a full burnout scenario in the fire resistance design of

RC slabs.
1000
Heating regime
Exposed surface
800 - Depth 30 mm
Depth 50 mm
Depth 100 mm
o Unexposed surface
& 600 -
[
5
©
[ :
€ 400
© :
[
200 {: e
0 T T T T

0 30 60 90 120 150 180 210 240 270 300
Time [min]

Figure 2: Temperature evolution in a 200 mm solid concrete slab, exposed from below to a Eurocode parametric
fire with I = 1 and a heating phase of 60 minutes.

In a subsequent step, the temperature data generated with the heat transfer model are used as input
to estimate the bending moment capacity Mgy, of a RC slab section with a single layer of bottom

reinforcement using a simplified expression (5), as specified in Van Coile et al. [35].

o & Uk fyaoc)’
a) — 0.5 Ty — (5)

Mg fic = Askgyo)fy,20°c(h —
with As the area of reinforcement, kg, the strength retention factor for reinforcement yield stress at
temperature &, f,,20c the steel strength at 20°C, h the slab thickness, a the rebar axis distance (i.e.
concrete cover + % rebar diameter), b the slab section width and f-c the concrete compressive
strength. The expression was validated against more detailed numerical simulations [13], and is based

on the following assumptions:

— the concrete compressive area experiences only limited heating as the slab is exposed to fire
from the bottom side only. Consequently, no reduction of the concrete compressive strength
needs to be taken into account;

— in agreement with EN 1992-1-2:2004, the temperature & of the rebars is assumed equal to
that of the concrete at the rebar axis position;

— theinfluence of spalling on the structural fire resistance is not taken into account.



205
206
207
208
209
210

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

233
234
235
236

2.3 Fire resistance of a fire exposed slab

Applied to a simply supported slab loaded in bending, the European standard definition of the fire
resistance of a component or structure yields equation (6). Herein, Mgqys;: is the design value of the
bending moment resistance during fire exposure at time t. The design value for the bending moment
induced by the load(s) Mgq s is assumed to remain constant for the entire duration of the fire exposure,

in accordance with EN 1991-1-2.

Mga fit = Mgq s for t <tz (6)
To express the ability of a structural member to survive a fire scenario until complete burnout, the
Duration of Heating Phase burnout resistance (DHPg) is used, i.e. a new metric proposed by Gernay &
Franssen [5]. The DHPg is defined as the shortest duration of the heating phase of a parametric fire
that does not lead to eventual failure (possibly in the cooling phase) of the structural member under a
certain design load. Consequently, for a fire with a longer duration of the heating phase, the member
cannot survive the fire scenario until full burnout (assuming they have identical heating regimes, i.e.
equal I values). Gernay and Franssen proposed to consider I' = 1 as this allows a direct comparison of
the DHPg with the fire resistance R evaluated considering the I1SO 834 standard fire exposure. The
concept of the DHPg is illustrated in Figure 3, which shows the evolution of the bending moment
resistance Mgqy,: over time of a RC slab as defined in Table 2, exposed to three Eurocode parametric
fires with ' = 1 and a DHP of 110, 120 and 130 minutes respectively. In the scenario with DHP = 110
min, the bending moment resistance reaches a minimum value after 151 minutes, but the resistance
stays well above the demand. Thereafter, due to cooling, the tensile strength in the steel
reinforcement is (partially) recovered, and the slab is able to survive the complete burnout scenario.
The recovery indicated in Figure 3 should be considered as indicative, as in real fire tests, irreversible
damage phenomena can be observed in both concrete [36—38] and reinforcing steel [39-41]. The 120
minute DHP scenario follows an identical heating phase trajectory, but the onset of cooling starts 10
minutes later. Here, the minimum (i.e. most critical) value of the bending moment resistance is
reached after 165 minutes, and stays just above the demand. If the DHP would be any longer, the slab
would no longer fulfil the limit state design requirement as the bending moment resistance Mgqy;:
becomes smaller than the demand Mgq. This failure is shown in Figure 3 for the case where DHP = 130

minutes. Thus, the slab defined in Table 2 has a burnout resistance DHPg of 120 minutes.

To further illustrate the importance of considering a full burnout scenario, the bending moment
resistance evolution over time for a ISO 834 standardized fire and a natural fire with ' = 1 are compared
in Figure 4. Following the definition in the Eurocode (6), the slab configuration in Table 2 has a fire

resistance of 145 minutes. However, when taking into account a full fire scenario, the duration of the
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heating phase should not exceed 120 minutes, otherwise a delayed failure is to be expected. In general,
it can be concluded that the DHPx is significantly shorter than the traditional fire resistance time tz
when the heating regimes are similar (i.e. for I = 1). Only for natural fires with a very low heating rate
(e.g. the curve for O = 0.02 m*? in Figure 1) the DHP can be longer compared to the traditional fire

resistance, see for example [7].

Table 2. Properties of example RC slab

Rebar axis Area of

height h width b K k
& distance a reinforcement As fe 7
200 mm 1000 mm 35mm 785 mm? 30 MPa 500 MPa
1200 80
(a) —— Capacity, DHP = 110 min (b)
70 4 —— Capacity, DHP = 120 min
1000 1 - —— Capacity, DHP = 130 min

Z 60 1
2,
) 800 + 2

o 8 50 -
Q.
9 (o]
= (&)

® 600 - = 40 4
g £

5 2 304
= 400 - o
£

2 20
200 —— Parametric fire, DHP = 110 min @

—— Parametric fire, DHP = 120 min 10 A

- Parametric fire, DHP = 130 min
0 T T T 0 T T - T
0 60 120 180 240 0 60 120 180 240
Time [min] Time [min]

Figure 3: a) Time temperature curves for natural fires with =1 and DHP of 110, 120 and 130 minutes; b) evolution
of bending moment capacity for the RC slab defined in Table 2, exposed to said natural fires.

80 T
1200 - 1ISO 834 fire Capacity ISO 834 fire
—— Parametric fire 70 4 —— Capacity parametric fire
1000 - E .|
g 60
— =
£, 800 § 50 1
[ ©
2 2 40
© c 1 Demand
g 600 é __________________ | R
5 2 30
= ()]
400 A £
2 20 ,
m 145 min
200 1 10 :
DHP = 120 min (a) 167 min (b)
0 T T 0 T T T
0 60 120 180 240 0 60 120 180 240
Time [min] Time [min]

Figure 4: a) ISO 834 curve and a parametric fire with DHP of 120 minutes; b) evolution of bending moment
resistance Mrd,is0 and Mra,pr over time, reaching the design demand at respectively 145 and 167 minutes.
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2.4 Efficient evaluation tool

The above presented method to demonstrate the bearing capacity of a RC slab considering complete
burnout can be generalized using the equivalent compartment expressions and a regression model for
the maximum rebar temperature Gmq. The regression model relies on a large number of temperature
calculations in a concrete slab. Through repeated calculation of the temperature development in a
concrete slab, for a large number of possible combinations of Eurocode parametric fire curve
parameters, i.e. opening factor O and fire load density gy, the maximum rebar temperature Bpmqx is
obtained, taking into account a range of rebar axis distances a. Figure 5 shows the maximum rebar
temperature in a 200 mm concrete slab at a depth a =35 mm, calculated for a reference compartment,
as defined in Table 3. Since slab height h has been shown to have very limited influence on the
maximum rebar temperature when exposed to a parametric fire [7], the values for Opmax in Figure 5 can
also be used to estimate the maximum rebar temperature in slab with different heights. In the graph,
a discontinuity can be observed, dividing the data points in two groups. The biggest data group,
containing the highest temperature values, corresponds to ventilation controlled fires, whereas the
smaller group represents the maximum rebar temperatures from fuel controlled fires. The gap
between the two groups can be attributed to the definition of the Eurocode parametric fire, which
contains a discontinuity in the region where it distinguishes between fuel controlled and ventilation

controlled fires. This discontinuity however has no physical basis [42].

Combining all temperature data points, similar to those presented in Figure 5, over a range of rebar
axis distances a, a regression model for predicting the maximum rebar temperature mq. for any
Eurocode parametric fire is developed. Using a least-squares fitting algorithm [43], polynomial
expressions for the maximum rebar temperature in both fuel and ventilation controlled fires are
obtained, and presented in Annex A. Fuel and ventilation controlled fires are considered in separate
models because of the discontinuity in the maximum temperatures. For the case of fuel controlled
fires, a 4™ degree polynomial allows for a very accurate prediction of the maximum temperature, with
a maximum error of +5 °C. Similarly, a 3™ degree polynomial expression was found for ventilation
controlled fires. The maximum error for this model is + 20 °C, with the largest deviations occurring for
fires with low values for both the opening factor O and fire load density gr. Figure 6 presents the
performance of both regression models where the dotted line represents perfect model behaviour.
Furthermore, these figures show the mean average percentage error (MAPE) of the obtained
regression models. When combined with the equivalence expressions for compartments, the obtained
regression models allow for a very quick design procedure for a simply supported RC slab exposed to
the parametric fire for a generic compartment within range of the Eurocode parametric fire curve

parameters, as illustrated in Figure 7. Using the maximum rebar temperature and expression (5), the

11



284  burnout bending resistance Mgqyi (i.e. the minimum value for the capacity during the entire natural

285  fire) of a RC slab can be obtained in only a few iterations. This is demonstrated further in Section 5.
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287 Figure 5: Maximum rebar temperature ©max in @ 200 mm thick concrete slab, at depth a = 35 mm, as function of

288 the opening factor O and fire load density qy.
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290 Figure 6: Performance of regression models for the maximum temperature ©max in a concrete slab at a certain
291 depth, during a full burnout scenario.

292 Table 3. Properties of reference compartment for ©max calculations

length I width we height hc Thermalinertiab Openingfactor O Fire load density gr
10 m 10 m 3m 1450 J/m?2s%>K variable variable

293
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No

Compartment Slab material and
thermal and geometry
geometry properties properties
Step 1. Step 2.a Step 3. Step 4.

Fuel
controlled?

Calculate equivalent
opening factor O,
and fire load density g,

Obtain 6,,,, from
regression model for
fuel controlled fires

Obtain strength
retention factor
kly = f(emax)

Calculate burnout
bending moment
capacity in fire Mgy

Mgy < Mpysq

Step 2.b
Obtain 8,,,, from
regression model for
ventilation controlled
fires

295

Sufficient structural

resistance until
complete burnout

296 Figure 7: Deterministic design procedure for a RC slab exposed to a Eurocode parametric fire curve, to survive a

297 complete burnout scenario.
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3 Probabilistic evaluation of RC slab burnout resistance

3.1 Uncertainty

The preceding section clearly highlights the importance of taking into account the cooling phase of a
compartment fire, to avoid delayed failure. Moreover, the evaluation tool presented in Section 2.4
shows that taking into account a more realistic fire scenario is fairly easy and only requires a limited
number of steps. The proposed method is however based on deterministic modelling assumptions in
accordance with the Eurocode design methodology (EN 1991-1-2:2002 and EN 1992-1-2:2004).
Contrary to the Eurocode guidance for normal design conditions, the target safety level for accidental
design situations is not well-specified. To overcome this issue, Van Coile et al. [44] proposed target
safety levels for structural fire design, based on a simplified cost-optimization model. Alternatively,
probabilistic methods are increasingly applied in fire safety engineering as a modification of more
traditional design approaches, since these methods can more thoroughly assess the uncertainties

associated with the design and explicitly demonstrate the attainment of an adequate safety level [9].

Taking into account uncertainty is indispensable for evaluating the structural fire response of RC
members. For example, both steel and concrete have been experimentally observed to show a
dispersal in the value of their respective structural strengths at room temperature, but more significant
scatter is observed at the high temperatures typically associated with a building fire [45]. As concerns
geometry, indicative values for the uncertainties on the dimensions of concrete members can be found
in [46]. In the following, the fire load density is considered deterministic, as the current contribution is

oriented to the uncertainty quantification of the structural resistance in relation to a known fire load.

To take into account the above uncertainties in the evaluation of the burnout capacity, first the
probabilistic distribution of the bending moment resistance of RC slabs exposed to natural fire is
obtained, and the influence of the opening factor and fire load density on these distributions is
investigated. Taking into account the uncertain nature of the permanent and variable loads, a set of
fragility curves are derived. Considering the previously presented equivalency expressions, these

fragility curves are applicable for the entire range of Eurocode parametric fire parameters.

3.2 Probabilistic bending resistance of a fire exposed RC slab

To study the influence of the uncertainties related to the material properties and the geometry of fire
exposed RC slabs, the distribution of the bending moment resistance is evaluated using Monte Carlo
simulations. Figure 8.a and c shows the probability density function (PDF) and cumulative density
function (CDF) for the bending moment resistance Mgy;: of a RC slab, at ambient temperature (s = 0),
and considering exposure to three ISO heating regimes with varying duration. These graphs are

obtained through repeated evaluation of Eq. (5) for 10> MC samples. In each sample, the slab
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331  configuration is characterized by a vector X of randomly generated values of the probabilistic
332 parameters listed in Table 4, with a mean rebar axis distance u, = 25 mm and reinforcement area A; =
333 785 mm?2. By generating many variable vectors X, calculating Mgy, for each X, and analysing the results,
334  the PDF and CDF of Mgy;: are obtained [25]. Similar curves can be obtained for exposure to Eurocode

335 Parametric fires, see Figure 8.b and d.
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337 Figure 8: Bending moment capacity of a RC slab with mean rebar axis distance us = 25 mm and parameters
338 specified in Table 4, with lognormal fitting curves: a) PDF for Myt for exposure to I1SO 834 fires; b) PDF for Mk .t
339  for exposure to Eurocode parametric fires with varying opening factor; c) CDF for Mgyt for exposure to I1SO 834
340 fires; d) CDF for Mrit for exposure to Eurocode parametric fires with varying opening factor.
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Table 4. Probabilistic models for RC slab variables

Property Distribution HUx COVx Reference
Concrete compressive strength cc at 42.9 MPa
P . gth foaoc lognormal 0.15 [47]
20°C (fok + 20)

Reinforcement yield stress f,,6) at 6°C L
o ] Deterministic* 560 MPa - -
(variation incorporated in k)

Retention factor ke for the steel e temperature temperature
. . Logistic [45]
yield stress at 6°C dependent dependent
. 0.025
Slab height h Normal 200 mm [47]
(0=5mm)
Slab width b Deterministic 1000 mm - -
Bottom reinforcement area As Normal 1.02 As 0.02 [47]
- 0.167
Rebar axis distance a Beta [u  30] Ua [46,47]
(0a=5mm)

* The temperature dependent reinforcement yield stress retention factor is modelled using the logistic model by [45]. This
strength retention factor model already incorporates the variation in reinforcement yield stress at ambient temperatures.
Therefore, the retention factor is combined with the mean yield stress at 20°C (deterministic value).

When lognormal curves are fitted to the obtained resistance distributions presented in Figure 8, the
lognormal approximation is found to be an imperfect fit. In some cases, the lognormal approximation
underestimates the frequency of low Mgy values, while in other cases it gives a crude overestimation.
For the Eurocode parametric fire with O = 0.15 and gf = 1000, the lognormal approximation
overestimates the 1% quantile by nearly 7 kNm, i.e. 23 %. Van Coile et al. [35] attributed this
phenomenon to the variability in the rebar axis distance o, and showed that the lognormal

approximation is worse for larger o, or for lower rebar axis distances to the exposed surface.

In a full-probabilistic approach, variation in the concrete cover cannot be neglected, as several studies
have emphasized the large influence of concrete cover on the structural performance of concrete
structures during fire [30,48]. Since accurate lognormal fit curves cannot be obtained for the resistance
distribution of RC slabs exposed to parametric fire, this paper presents a number of reference fragility

curves for RC slabs exposed to parametric fire until complete burnout.

3.3 Failure probability of RC slabs exposed to natural fire

To demonstrate a high reliability with respect to the attainment of burnout resistance, the stochastic
formulation for the bending capacity must be combined with appropriate load models and model
uncertainties. The adequacy of the design can then be demonstrated by comparing the obtained
probability of failure Psto a specified target probability of failure Ps:. Previous studies investigating the
failure probability of concrete slabs [30,45] showed that in determining the capacity of the structure,

the mechanical properties of steel at elevated temperatures cause large variance in the response.

For the case of a simply supported fire exposed RC slab subjected to bending, and considering a

functional requirement of structural resistance up to and including burnout, the probability of failure
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Ps is defined as the probability of the bending moment due to the load effect Mgz exceeding the

burnout (minimum) value of the bending moment capacity Mgy of the slab:

Pr = P (Kg My,pi,e < Kg(Mg + My)). (7)
Herein, Ke and Kz are the model uncertainties for the load effect and the resistance effect respectively.
The load effect is considered as a combination of the moment induced by the permanent load Mg and
the moment induced by the applied variable load Mq. The probabilistic models for the model
uncertainties and load effects are given in Table 5. Herein, the probabilistic model for the moment
induced by the variable load Mq relates to an arbitrary-point-in-time load realization [49]. Moreover,
the characteristic values Mgk and Mq« can be related by introducing the load ratio x:
X = ®)
The probability of failure Pfcan be obtained in various ways, but the most straightforward method is
to perform crude Monte Carlo simulations and evaluate the fraction of realizations for which the
resistance effect is smaller than the load effect. Applying this technique, fragility curves can be
obtained, which provide an easy way to evaluate the nominal load bearing capacity which satisfies a
(maximum) target probability Ps: of not meeting the burnout resistance requirement. Figure 9 shows
a number of fragility curves for the slab with properties specified in Table 2 and Table 4 with mean
rebar axis distance g, = 35 mm and A, = 785 mm?, plotted as a function of the fire design utilization ug;,
which for a RC slab in bending is defined as the ratio between the design load Mgy and design

resistance Mgqs evaluated at the start of the fire exposure (i.e. at ambient temperatures, with kg = 1):

MEq fi Mgr+y i Mgk
Upi = = . 9
fi MRa,fi(z0°C) MRd, fi(z0°C) ()
The partial factors in the expression for Mes are omitted as they are equal to unity and the
combination factor for the variable load (5 = 0.3, i.e. the recommended value for residential and office

buildings.

Additional fragility curves are provided in Figure 10 and Figure 11, illustrating the influence of the
opening factor and fire load density on the probability of failure Ps. From the graphs it can be concluded
that Py increases significantly with decreasing opening factor O. Compartments with a small opening
factor tend to lose less heat through the openings and thus reach higher temperatures, as can also be
observed in Figure 6. Furthermore, the probability of failure also strongly depends on the fire load

density and the load ratio, thus indicating the importance of considering these properties in fire design.
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393 Table 5. Probabilistic models for load variables
Property Distribution HUx COVx Reference
Moment induced by the permanent load Mg Normal Mok 0.1 [49]
Moment induced by the variable load Mq
. o Gamma 0.2 Mak 0.95 [49]
(arbitrary point in time)
Model uncertainty for the load effect Kt Lognormal 1 0.1 [49]
Model uncertainty for the resistance effect Kz Lognormal 1.2 0.15 [47]
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4 Global resistance factor for RC slabs exposed to natural fire

As specified in the introduction, the global resistance factor (GRF) allows to perform a reliability-based
evaluation, considering a single model evaluation using mean values for the stochastic variables. The
design value for the resistance effect Ry is then obtained through Eq. (1). Applied to the situation of RC
slabs subject to bending, the attainment of the target safety level is then confirmed through Eq. (10),

where ugs¢ is the evaluation of Eq. (5) considering the expected values for the stochastic variables.

HR it
YR
In case the distribution of the bending resistance Mgy can be accurately fitted with a lognormal

= Mga,fi > Mgqa,ri = Mgk + YriMok (10)

distribution, the GRF & can be approximated directly by Eq. (11), as applied in [12,14,27,28], with ar
the sensitivity factor of the resistance, Vz the coefficient of variation of the (bending) resistance, and

B the target reliability index.

Yr = exp (agVrp) (11)
However, as illustrated in the previous section, the lognormal distribution cannot be used to
approximate the bending moment resistance distribution of RC slabs for natural fire exposure.
Therefore, the simple approximation of the GRF using Eq. (11) is not appropriate, and an alternative
calculation method is required [30]. To this end, a large number of Monte Carlo simulations and a full
probabilistic analysis are used to directly calculate the design resistance Mkgqy. Dividing this value by
the average resistance ugys: immediately yields the GRF. By repeating this process for a large set of

parameters, reference graphs for the GRF can be obtained for different target failure probabilities Ps:.

Figure 12.a presents the calculated values of the GRF for the slab configuration in Table 2 exposed to
several ISO fire durations, for a load ratio y = 0.5. The obtained GRF are significantly larger than those
listed in Van Coile et al. [12], confirming the need to consider the non-lognormal distribution of Mg .
After approximately 90 minutes of fire exposure, the value of GRF increases rapidly, to almost twice
the value at room temperature (20°C), and slightly decreases after 210 minutes. Figure 12.b displays
the GRF for a value of Pr=0.001 and load ratios y varying from 0.3 to 0.7. For short fire exposure times,

the influence of the load ratio is rather small, but starts to increase after approximately 90 minutes.
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Figure 12: Global resistance factor values for the RC slab specified in Table 4, exposed to various ISO fires; a) for
different value of probability of failure ps and load ratio x = 0.5, b) for different load ratios y and ps = 0.001.

In contrast to the prescriptive ISO fire curve, where the duration of the exposure t¢is the only variable
influencing the fire scenario, for the Eurocode parametric fire curves at least two variables O and g
need to be considered. This is illustrated in Figure 13 which shows the calculated values for the GRF
for the slab in Table 4, for a wide range of O and gy for a target failure probability Ps: = 0.001, a load
ratio y = 0.5, a combination factor /s = 0.3 and a rebar axis distance a = 0.035 m. The graph shows that
V& has the highest values for compartment fires with limited ventilation (small O) and a large amount
of combustible materials (large gy), which also corresponds to the cases where the highest rebar
temperatures Onmqy are attained (Figure 5). Moreover, coinciding with the discontinuity observed in the
graphs for the maximum rebar temperatures, there is a discontinuity between the GRF values for
ventilation controlled and fuel controlled fires, the latter values being slightly smaller. It can therefore
be concluded that similar to the results for the ISO fire, higher GRF values are to be expected for more
severe fires. To highlight some particular results, Figure 14 shows the GRF considering various target

failure probabilities, for three opening factor values over a range of fire load densities g.
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448 Figure 13: Values for the global resistance factor for RC slabs exposed to natural fire for Pt = 0.001 over a wide
449 range of opening factors O and fire load densities qf
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Figure 14: GRF for RC slabs exposed to natural fire, for various opening factors, load ratios and target failure
probabilities, over a range of fire load densities.

4.1 Parametric study

To study the influence on the GRF of several geometry and load related parameters, a parametric study
was conducted for a target probability of failure Ps: = 0.001, as illustrated in Figure 15. The graphs are
calculated for two reference cases with fire load densities gsx of 511 MJ/m? and 948 MJ/m?, which in
accordance with Annex E of EN 1991-1-2:2002 [31], corresponds to the 80% percentile of the
recommended values for offices and dwellings respectively. The details and results from the study are
summarized in Table 6. The last column of this Table, shows the relative deviation from the mean GRF
value. This value corresponds to the worst pair of minimum and maximum values for the observed
parameter pairs of O and gy, divided by the mean GRF. In general, it can be concluded that the rebar
axis distance, load ratio and reinforcement ratio have the highest influence on the GRF values, while
concrete compressive strength (spalling not considered) and steel tensile strength seem to have no
significant influence. Thus, in order to provide a simplified GRF based design tool, the influence of

these parameters could be neglected.
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Figure 15: Influence of geometric parameters and material properties on the GRF for RC slabs exposed to natural
fire: a) rebar axis distance; b) load ratio; c) slab height; d) reinforcement ratio; e) concrete compressive strength;

f) steel tensile strength.
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472 Table 6. GRF parameter study

Property Investigated range Influence on GRF Max-Min /mean (%)
Rebar axis distance a 0.03m-0.05m Very large effect 79.47
Load ratio y 0.3-0.7 Very large effect 17.56
Slab height h 0.2m-0.4m Very small effect 0.92
Reinforcement ratio p 0.2% - 2% Small effect 5.83
Concrete strength fe 30 MPa - 60 MPa Very small effect 0.26
Steel strength fy« 220 MPa -500 MPa Very small effect 0.51

473

474 4.2 Efficient evaluation tool
475 By generating a set graphs as shown in Figure 14, for various values of the load ratio and concrete

476  cover, the GRF can be very quickly estimated for a wide range of geometric and material parameters.

477 Using these graphs, the design procedure presented in Section 2.4 is further elaborated to provide for
478  an explicit safety-based design for fire exposed RC slabs until full burnout, as illustrated in Figure 16.

479  This is demonstrated further in the application example in Section 5.

480

25



Compartment Step 1.
thermal and Calculate equivalent opening factor
geometry properties O,y and fire load density gy,

Fuel
controlled?

Step 2.a Step 2.b
Obtain B, from Obtain 6,,,, from
regression model for fuel regression model for
controlled fires ventilation controlled fires

Step 3.
Obtain strength retention factor
kfy = f(Omax)
Slab material Step 4.
properties and Calculate average resistance

geometry in fire ug 5

Step 5.
Calculate permanent load Mg,

Step 6.
Live load Mg, Calculate design load Mg,y
and load ratio x
Target Step 7.
probability of Obtain GRF yg from graphs or

failure Py, regression model

Step 8.
Obtain MRd,ﬂ = %

Step 9.
Revise design

Sufficient structural resistance
until complete burnout

481

482 Figure 16: Global resistance factor based design procedure for a RC slab exposed to a Eurocode parametric fire
483 curve, to survive a complete burnout scenario.
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5 Application example

In this section, an example analysis of a RC slab spanning a compartment in a residential building is
conducted to assess the burnout resistance under natural fire conditions. The evaluation is done
considering first the deterministic, and subsequently the GRF based design methods. The deterministic
design check is compatible with the current Eurocode fire design methodology, but the obtained safety
level remains unknown. When applying the GRF based design, a clear target (i.e. maximum allowable)

failure probability is specified.

The geometric and material parameters for the compartment and the RC slab are presented in Table
7 and Table 8 respectively. Moreover, the bending moment Mg4 5 due to the transverse loads on the

slab considered in this example is 51.7 kNm, corresponding to a load ratio y = 0.3.

5.1 Deterministic design check

First, the nominal (design value) burnout bending moment resistance Mgy is checked against the
design load Meqys considering a complete burnout scenario, using the compartment equivalence
expressions (3) and (4) and design method as presented in Section 2.1. The equivalent reference
compartment corresponding to the parameters in Table 7 is characterized by the parameters in Table
3, and Ores = 0.1 mY? and gyrer = 1500 MJ/m?2. Using Eq. (2) yields a duration of heating phase DHP =
56.25 minutes, which corresponds to a ventilation controlled fire. The maximum rebar temperature
Omax corresponding to Oref, Grrer and rebar axis distance a is obtained directly from Figure 5 or the
surrogate model in Annex A, i.e. Omax = 470°C. Finally, the temperature dependent steel tensile
strength retention factor ks = 0.848 corresponding to 470°C is obtained from the definition in
EN 1992-1-2:2004, which is then substituted in (5) to obtain a burnout bending moment resistance
Mgqsi = 62.7 kNm. From the deterministic design check, it can be concluded that the slab defined in
Table 8 is able to withstand a complete burnout scenario (Mgqsi > Meq ) and will not lead to delayed

failure during or after the cooling phase.

5.2 GRF based design check

When the uncertainties in the material properties and geometry of the RC slab are to be taken into
account explicitly, the safety of the design can be quantified through the pre-calculated GRF values
and Eq. (1). First, the average resistance pgzs = 71.1 kNm is obtained from the mean values ux for the
material properties and the geometry. Herein, the deterministic value of the strength retention factor
ks is obtained from the deterministic model presented in section 2.2. Then, from the previously
calculated equivalency parameters Oys = 0.1 m¥2 and gy .r= 1500 MJ/m?, the GRF is taken directly from
Figure 14. Considering a target failure probability Ps: = 0.01 a value yr = 1.77 is obtained. In the last

step, the average resistance pgy is divided by the GRF, through which the design burnout bending
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resistance Mgqs = 40.2 kNm is obtained. From this result, it can be concluded that design load Mgy
exceeds the design resistance, thus the slab design is deemed not to achieve the (maximum) target
failure probability P¢: = 0.01. To confirm the accuracy of the GRF based design method, the design
resistance Mgqy is compared to the value obtained from a full probabilistic evaluation. From 5-10° MC
simulations Mgqsmc = 41.8 kKNm is obtained. It can therefore be concluded that the GRF based design

method yields a safe (conservative) estimation of the design resistance.

Repeating the above evaluation for a higher value of P¢: = 0.05 results in a design resistance Mgy =
71.1/1.32 = 53.9 kNm, from which it can be concluded that the slab with parameters in Table 7 will
have a failure probability lower than 5%. This evaluation thus indicates that the deterministic design
check results in a failure probability between 1% and 5%. The latter is confirmed with a full probabilistic

evaluation (5-10° MC simulations), which yields a failure probability ps = 3.4%.

The example above shows that a GRF based design check which takes into account all material and

geometry related uncertainties is easily applicable.

Table 7. Properties of example compartment

length Ic widthw. heighth. Thermalinertiab Opening factor O Fire load density q¢
8m 8m 25m 800 J/m?2s%3K 0.055 m'/2 840 MJ/m?

Table 8. Properties of example slab

Parameter Deterministic Calculation Mean value evaluation (Ur )
Slab height h 0.2m 0.2m
Slab width w Im 1m
Rebar axis depth a 0.035m 0.035m
Reinforcement ratio p 0-471% 0.481%
(Rebar ¢12 — 120 mm) (Rebar 12 — 120 mm)
Concrete strength fc fek2o°c) = 30 MPa femiaocc) = 42,9 MPa
Steel strength f, fyk20°c) = 500 MPa fym(20°c) = 560 MPa
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6 Conclusions

Traditional design approaches where deterministic capacity assessments are combined with nominal
time-temperature curves are insufficient for assessing the expected performance of structures
exposed to real fires. To help address this, a number of innovations to the traditional approach have
been presented, as applied to the bending resistance of simply supported RC slabs. Firstly, it was
demonstrated that considering a full burnout scenario rather than a prescribed heating regime is of
significant relevance, since the possibility of a delayed collapse cannot be neglected. Moreover,
obtaining knowledge with regard to the structural response until complete burnout of a fire and
beyond is essential as it benefits the safety of fire brigades and first responders, and enhances property
protection and resilience of the built environment. In this regards, this research proposes a simple
design tool, based on a surrogate model for estimating the maximum rebar temperature to quickly
check whether a simply supported RC slab can withstand a fully developed Eurocode parametric fire

until complete burnout.

The deterministic evaluation of the bearing capacity does not explicitly consider the many
uncertainties associated with structures exposed to fire. Therefore, fragility curves are presented.
These curves highlight the influence of the Eurocode parametric fire parameters on the load bearing
capacity of RC slabs, indicating that the safety level obtained when applying deterministic design
approaches is highly dependent on the compartment fire exposure characteristics. The load ratio (i.e.
the ratio of the imposed load effect to the total load effect) is found to be of lesser importance,
although not negligible. The analysis furthermore indicates that the bending capacity of concrete slabs

during fire cannot readily be described by a traditional lognormal distribution.

To allow for a straightforward application of reliability considerations in the design of RC slabs for
burnout resistance, a global resistance factor (GRF) approach is proposed. Application of a GRF allows
to determine the design value of the resistance effect, i.e. the design value of the burnout bending
moment capacity considering parametric fire exposure, considering only a single model evaluation
with mean values for all stochastic input variables. The application of such an approach is of particular
relevance for situations where the model evaluation is computationally expensive. Taking into account
the calculated fragility curves, the required GRF for a specified target safety level in case of fire is
numerically derived. Using these values as an input, a more elaborate design procedure for
implementing a GRF based evaluation in a design is presented. The procedure illustrates how the
application of the GRF allows for an explicit safety-based design for fire exposed concrete slabs,
without requiring the application of expert probabilistic methods. Moreover, the calculated values are

applicable to any compartment within the Eurocode parametric fire framework, through application
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of a scaling approach. The methods proposed in this contribution are intended as a stepping stone

towards the development of global resistance factor based safety formats for more complex

geometries, considering partial or full structures rather than single members.
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Annex A: Regression model for maximum rebar temperature

Table A.1: Polynomial equations from regression model for maximum rebar temperatures Gmax

Ventilation 6(q50,0) =5.001E+02 - 1.450E+03*qs+ 5.489E-01*y - 1.073E+04*qa + 3.869E-01*qf*O
controlled - 4.963E+04*gs*a - 3.553E+00*O*a + 8.728E+03*q# - 1.851E-04*0” + 1.419E+05*a?

fires

- 7.754E-01*g/2*0 + 1.315E+05*q# *a - 3.379E-06*0?*qs + 8.205E-04*0**a
+3.014E+05*a?*qs + 8.282E+00*a*0 - 9.689E+00*qs*O*a - 2.920E+04* g7
+2.565E-08*03 - 7.189E+05*a®

Fuel 6(qg5,0,0) = -9.618E+01 - 7.650E+02*q + 2.426E+00*0 + 1.366E+03*q - 4.148E+00*qs*O
controlled - 2.804E+03*qgs*a - 4.065E+01*0*a + 3.816E+03*q# - 2.432E-03*0? - 1.432E+03*a?
fires +2.030E+01*g/A*0 - 1.783E+02*g/*a - 3.517E-03*0** g + 1.521E-02*0**a

- 2.852E+02*a?* gs+ 3.747E+02*a?*0 + 4.528E+01*gs* O*a + 1.364E+03* g/ + 2.177E-06* 03
- 1.638E+02*a? - 8.841E+01*qA*0 + 1.248E+01*g/*a - 4.949E-06*0%* g - 2.663E-06*03*a
- 2.510E+01*a**gs - 1.610E+03*a**0 + 3.565E-02*g2*0? - 2.854E+01*q*a?

- 3.761E-02*0%* 2 - 6.878E+01*q2*0*a - 1.793E-02*0**gs*a - 1.308E+01*a?*g*0

+3.442E+02*q#* - 3.475E-10*0* - 1.448E+01*a*
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