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Summary: RC slabs are the most sensitive concrete elements to the effects of fire in
comparison to all other reinforced concrete elements. Therefore, this research focuses
on determining the fire resistance of RC slabs using Method for Determining Fire
Resistance of Slabs EN 1992-1-2:2004, Eurocode 2, Design of Concrete Structures, Part
1-2: Structural Fire Design (Simplified Method for Beams and Slabs) and ACI/TMS
216.1 — Code for Determining Fire Resistance of Concrete and Masonry Construction
Assemblies. A fire action to RC slabs is modeled using standard fire 1SO 834-1 for EN
1991-1-2 and ASTM E 119 for ACI/TMS 216.1. This research considers determining fire
resistance of simply supported RC slabs of different spans and different depths with
variations of concrete cover.
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1. INTRODUCTION

This research focuses on determining the fire resistance of RC slabs using EN 1992-1-2:
2004, Eurocode 2, Design of concrete structures, Part 1-2: Structural fire design
(Simplified Method for Beams and Slabs) and ACI/TMS 216.1 — Code Requirements for
Determining Fire Resistance of Concrete and Masonry Construction Assemblies.

A fire action to RC slabs is modeled using standard fires ISO 834-1 and ASTM E 119 E,
depending on the method used for fire resistance determination.

This research considers determining fire resistance of simply supported RC slabs of
different spans (3, 5 and 7 m) and different depths (12, 15 and 17 cm) with variations of
concrete cover ranging from 0.5 to 3 cm. Slabs were previously designed according to
the EN 1992-1-1, Eurocode 2: Design of concrete structures - Part 1-1: General rules and
rules for buildings, with permanent action consisting of slab self-weight and flooring of
1.5 kN/m? and variable action of 2 kN/m2,

All slabs were reinforced by welded ribbed meshes made of steel grade B500A, Ductility
Class A, Yield = Re 500 MPa, or by straight ribbed bars made of steel grades B500A or
St-500-b.
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2. MODELLING OF FIRE ACTION

EN 1991-1-2 enables modeling of fire action for determination of fire resistance using
Standard temperature-time fire curve according to 1SO 834-1.This curve is defined as:

T = 345 log,p (8t + 1) + 20 (D
where:

T - average temperature in the test furnace in °C,
t - test time in minutes.

Standard Fire Curve I1SO 834-1
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Figure 1 — Standard Temperature-Time Curve ISO 834-1

This fire curve is used in this research as fire action for determination of fire resistance
of RC slabs according to the EN 1992-1-2: 2004, Eurocode 2, Design of concrete
structures, Part 1-2: Structural fire design, Simplified Method for Beams and Slabs.

The standard fire curve used in the USA is the Standard Fire Curve Temperature-Time
ASTM E 119. It is presented with a number of discrete points as shown in the following
table. Lie [6] gave several equations that mathematically approximate the ASTM E 119
curve, where the simplest one gives the temperature in function of time through the
following relationship:

T =750|1—e~37955%h| + 170.41,/t, + T, @)
where
th - test time expressed in hours.
Figure 2 illustrates the given relationship.
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Standard Fire Curve ASTM E 119
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Figure 2 — Standard Temperature-Time Curve ASTM E 119

Standard Temperature-Time Curve ASTM E 119 is used in this research for fire
resistance determination according to ACI/TMS 216.1 — Code Requirements for
Determining Fire Resistance of Concrete and Masonry Construction Assemblies.

These two standard fire curves are not identical; however there are no significant
differences in temperature development, what can be noticed from Figure 3.

Comparison of Standard Fire Curves
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Figure 3 — Compasrison of Standard Temperature-Time Curves 1SO 834-1
and ASTM E 119
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3. EUROCODE 2: DESIGN OF CONCRETE STRUCTURES
PART 1-2 - STRUCTURAL FIRE DESIGN

The simplified calculation procedure for beams and slabs given in Eurocode 2, Part 1-2,
Annex E, applies to beams and slabs, where the load is predominantly uniformly
distributed and where the ambient temperature design is based on a linear analysis or on
a linear analysis with limited redistribution.
This method is practically a continuation of the tabular method for beams exposed to the
fire on three sides and on slabs in order to determine the bending capacity in situations
where the axial distance to the bottom reinforcement is shorter than the one required in
the tables.
Steel strength reduction factors used in this method are presented inFigure 4.
The main guideline of this procedure is to ensure that the design bending moment in fire
conditions is less than or equal to the cross-sectional moment capacity in the fire
situation:

Meags = Mgas(3)
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Figure 4 — Steel Strength Reduction Factors [14]

In the focus of this research are simply supported reinforced concrete one-way slabs,
thus, fire design moment for predominantly uniformly distributed load is:

Mggg = Weag * log/8 4)
where

widfi- uniformly distributed load in the fire situation;

ke - effectivelength of the slab.

For the simply supported slab, the moment of resistance in the fire situation is
determined according to the following relationship:

Mpas = (va/ven) K (8) - Mg + (As prov/ Asrea ) (5)
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where
Ys - the partial safety factor for steel used in EN 1992-1-1;
yofi - the partial safety factor for steel in fire conditions;

ks(0)- a steel strength reduction factor for the given temperature &for
the required time of fire resistance;
Mzga - the applied moment for ambient temperature design according to
EN 1992-1-1;
Asprov - the cross-sectional area of tensile steel provided; and
Asreq - the cross-sectional area of tensile steel required for the design at

the ambient temperature according to EN 1992-1-1.
In this calculation, ratio Asprov/As req Should not be greater than 1.3.
Fordetermining the steel strength reduction factor 4s(@) at the temperature éfor the
required fire resistance period, it is necessary to establish the temperature of the
reinforcement @ first. [5] Considering that the temperature of the steel reinforcement is
assumed to be the same as the temperature of concrete in the observed fiber of the cross
section, then the temperature of steel@ can be determined based upon temperature
profiles for slabs given in Annex A, EN 1992-1-2: 2004, shown in the following Figure.
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x is the distance from the exposed surface

Figure 5 — Temperature Profiles for Slabs (height 200 mm)[14]

4. ACI/TMS 216.1 - CODE REQUIREMENTS FOR DETERMINING
FIRE RESISTANCE OF CONCRETE AND MASONRY
CONSTRUCTION ASSEMBLIES

If the reinforcement is straight and equal along the entire span of the slab, then the
moment capacity is also equal along the entire span of the slab, and it is:

M,=4,-f - (d -gj (6)
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where

As — cross sectional area of reinforcement provided;

fy — characteristic yield strength of the reinforcing steel;

d - is the distance between the centroid of the reinforcing steel to the extreme
compressive fiber;

a - is the depth of the equivalent rectangular compressive stress block at ultimate
load.

The depth of the equivalent rectangular compressive stress block at the ultimate load can

be determined as:

a =4 f (083 f - b7
where

1" - characteristic cylinder compressive strength of concrete;

b- 1.0 m for slabs.

If the slab is uniformly loaded, the moment diagram will be parabolic with a maximum
value at midspan:

w o [®
where | is the span length and w is defined according to the Appendix C2.5 from ASCE
07, Minimum Design Loads for Buildings and Other Structures. This proposes load
combinations for checking the capacity of a structure or structural element to withstand
the effect of extraordinary events such as fires, which is characterized by low probability
of occurrence and usually short duration. Load combinations include the following cases
[1]:
1.2 Dead + (0.5) Live or 0.2 Snow{ %)
(0.9 or 1.2) Dead + 0.2 Wind.( 10}

It is generally assumed that during the fire, dead and live loads remain constant.
However, the strength of materials is reduced so that the retained nominal moment
strength is

AP
My = A5« fya - (d = =) (1)
in which 6&signifies effects of elevated temperatures. Note that 4sand dare not affected,

but £is reduced. Similarly, aeis reduced, but the concrete strength at the top of the slab £
'ds generally not significantly reduced.

It can be assumed that the flexural failure occurs when Mg decreases to M, and the
conclusion is that the time of fire resistance depends on the load intensity and the
behavior of the concrete reinforcement at high temperatures. In conclusion, the period of
fire resistance of the observed slab depends on the time required to reach the critical
temperature of the steel, which again depends on the applied protection of the
reinforcement. The most commonly used protection is the concrete cover.

Fire resistance of simply supported slabs depends on the type of reinforcement used, the
type of concrete depending on the aggregate, the intensity of the bending moment
applied, and the distance of the reinforcement centroid from the fire exposed side of
concrete denoted by "u". If the reinforcement is uniformly arranged along a tensile
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zone, the value " " is determined as the average distance of individual bars from the fire
exposed side of concrete.Taking into account that the reinforcement index is

w= A /b -d - f(12)

and determining the ratio M/M,, and also using "u", it is possible to determine the period
of fire resistance of the slab from the diagram presented in Figure 6.

FIRE RESISTANCE OF CONCRETE AND MASONRY CONSTRUCTION
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Figure 6 — Fire Resistance of Concrete Slabs as Influenced by Aggregate Type,
Reinforcing Steel Type, Moment Intensity, and “u” [8]

5. FIRE RESISTANCE DETERMINATION OF RC SLABS

This study considers fire resistance determination of RC slabs using two different
methods: EN 1992-1-2:2004, Eurocode 2, Design of concrete structures, Part 1-2:
Structural fire design - Simplified calculation method for slabs, and ACI/TMS 216.1 —
Code Requirements for Determining Fire Resistance of Concrete and Masonry
Assemblies.

For the researching purposes, simply supported RC concrete slabs with spans of 3.0 m,
5.0 m, and 7.0 m were considered. Depths of slabs are 12, 15 and 17 cm respectively. All
slabs were designed according to EN 1992-1-1, Eurocode 2: Design of concrete
structures - Part 1-1: General rules and rules for buildings. Actions taken into
consideration are self-weight of slabs, flooring (1.5 kN/m?), and variable load of 2
kN/m?. Different concrete classes were used for each slab: C 20/25, C 30/37 and C
40/50. A concrete cover was also variated for each slab: 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0
cm. It should be noted that thicknesses of the concrete cover of 0.5 and 1.0 cm are not
allowed for slabs according to Eurocode 2, part 1-1. However, given the construction
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situation in Balkans, it is not rare to encounter very thin concrete covers, or virtually no
concrete covers at all in the actual construction practice, due to failure of the
contractorinvolved, or poor site inspection of the construction sites, so it is interesting to
assess the fire resistance of such slabs.

All slabs were reinforced by welded ribbed meshes made of steel grade B500A, Ductility
Class A, Yield = Re 500 MPa, or by straight ribbed bars made of steel grades B500A or
St-500-b.

All slabs were exposed to the Standard Fire Curve I1SO 834 for determining fire
resistance according to EN 1992-1-2:2004, Eurocode 2, Design of concrete structures,
Part 1-2: Structural fire design - Simplified calculation method for slabs.To determine
fire resistance according to the ACI/TMS 216.1 — Code Requirements for Determining
Fire Resistance of Concrete and Masonry Assemblies, fire exposure is assumed
according to ASTM E 119.

The results of fire resistance of RC slabs of 5 m span according to these two different
methods are presented in Tables 1-3. The results for fire resistance of RC slabs of spans
3 and 7 m are not presented in this paper due to limitation of the paper length.

Table 1. Fire Resistance of Slab, Depth 15 cm, Span 5 m, C20/25

FIRE RESISTANCE OF SLAB
depth 15 cm, span 5 m, C 20/25
ggg = 10.08 KN/m’
Bar  |EN199212
Comerete = Meds | peinforcement| diameter | SIPHAS |\ oyryis 2160
cover (cm) (cm) {(kNm/m") (mm) Method for
Slabs
0.5 0.950 R 636 9 R 30 < 60 min
10 1450 R 636 9 B30 < 60 min
15 1.950 203 R 636 ] R 60 < 60 min
20 2450 R 636 9 R 60 < 60 min
13 3.000 R 783 10 R 60 60 min
30 3.500 R 785 10 R0 60 min

Table 2. Fire Resistance of Slab, Depth 15 ¢cm, Span 5 m, C30/37

FIRE RESISTANCE OF SLAB
depth 15 cm, span 5 m, C 30/37
Qpg = 10.08 KN/m’
Bay  |EN 199212
Concrete s Meds | peinforcement| diameter | SPHA |y ras 2160
cover (cm) (cm) (kNm/m") (mm) Method for
Slabs
0.3 0.2 R 636 9 R 30 < 60 min
10 145 R 636 9 R 30 < 60 min
15 195 208 R 636 9 R 60 < 60 min
20 250 R 783 10 R 0D 60 min
25 3.00 R 783 10 R 20 60 min
30 3.50 R 783 10 R 120 60 min
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Table 3. Fire Resistance of Slab, Depth 15 cm, Span 5 m, C40/50

FIRE RESISTANCE OF SLAB
depth 15 cm, span 5 m, C 40/50
qgg = 10.08 KN/m”
conene . . Els\l 1992.;::
oncrete ag Fdfi . . impli
cxeer ) pay &Nmfh_) Reinforcement |  diameter | " ﬂ:’;’ﬁnr ACLTMS 216.]]
ey Slabs
0.5 095 R 636 9 R 30 < 60 min
1.0 145 R 636 9 R 30 < 60 min
13 195 0.3 R 636 9 R.60 <60 min
20 250 R 636 9 R 60 < 60 min
23 3.00 R 785 10 R.90 60 min
3.0 3.50 R 785 10 R 120 60 min

6. CONCLUSION

This parallel comparison research for determining fire resistance of reinforced concrete
slabs of different spans and depths, made of three different concrete classes, with
variations of concrete covers ranging from 0.5 m to 3.0 cm, using two different methods,
provided the following results:

o Fire resistance periods of RC slabs considered and determined by two different
methods were similar, but not the same. However, maximum difference in fire
resistance periods was up to 60 minutes;

e Standard Method for Determining Fire Resistance to Concrete and Masonry
Structures ACI/TMS 216.1, using diagrams from Figure 6was not sufficiently
sensitive for determining fire resistance periods of slabs as other method was.
Differences were up to 60 minutes, and there was not a clear determination of
fire resistance period below 60 minutes. It is also necessary to highlight that
results obtained using ACI/TMS 216.1 were not fully comparable with other
method, since the fire exposure of Standard Fire (ASTM E 119) was not the
same as Standard Fire 1SO 834-1, although without significant differences in
temperatures. The reason this method was considered in this research was its
wider and holistic meaning of the term “fire resistance”, where fire resistance
and structures did not recognize borders, countries, or different standards;

e The research also confirmed the fact that concrete class had minor influence on
the fire resistance period of slabs, while thickness of concrete cover
significantly affected the period of fire resistance of slabs;

o Maximum fire resistance period of slabs observed in this research was 120
minutes.
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OTIHHOPHOCT HA ITO’)KAP APMUPAHOBETOHCKHX
IIJIOYA ITIPEMA ACI/TMS 216.1 U EC2 -
MOTI'YRHOCT HOPEBEIbA

Pesume: Apmupanobemoncke nioue cy Hajocjemmbusuju apmupaHo6emoncKy eiemenmu
y cayuajy noxcapa. Cmoea je 060 ucmpadcusarbe YcMjepeno Ha oopehusarve
OmMNOpHOCMU HA RNoJcap apmuparnodemonckux naoya npema EN 1992-1-2:2004,
Eepokoo 2, Ilpojekmosarve Oemonckux koncmpykyuja, [eo 1-2: Ilpojekmosarse
KoHcmpykyuja Ha dejcmeo noxcapa (Ilojeonocmasmenu memoo 3a epede u naove) u ACI
TMS 216.1 — Koo 3a odpehusarwe omnopnocmu Ha noxicap OEmOHCKUX U 3UOAHUX
cknonoea. Ilosicapno Oejcmeo na apmupanobemoucke nioue ce Mooenyje Npeko
Cmandaponoe nosxcapa 1SO 834-1 3a EN 1992-1-2: 2004 u ASTM E 119 3a ACI/TMS
216.1. 'V osom ucmpasicusarwy pasmampa ce OMHOPHOCM HA NOXHCAp CA0O0OHO
OCNOMEHUX APMUPAHOOEMOHCKUX NJOYA PA3TUNUMUX PACHONA, PA3IUYUMUX 0eD/bUuHd,
me ca sapujayujom Oebwure 3aumumnoe cioja bemona 0o apmamype.

Kwyune peuu: Apmupanobemoncke niowe, Omnoprocm na nodcap, 3awmumuu cioj
b6emona
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