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Abstract. The Bailey-BRE Method is a simplified design approach that facilitates the use of a tensile 
membrane action design philosophy for composite floors under fire conditions.  The method requires the 
division of a composite floor into rectangular slab panels, composed of parallel unprotected composite 
beams in their interior parts, supported vertically by protected composite edge beams.  Enhanced slab 
capacities are obtained after the unprotected beams have lost significant strength, by allowing large 
deflections of the slab in biaxial bending.  The use of tensile membrane action generates significant cost 
savings in composite structures, as a large number of floor beams can be left unprotected.  However, the 
protected beams which provide vertical support to the edges of panels lose strength under the combined 
effects of thermal degradation and the increased loading due to biaxial bending, and this has the 
potential to cause panels to lose structural stability altogether.  It is therefore imperative to investigate 
what constitutes adequate vertical support and the detrimental effects of inadequate vertical support on 
tensile membrane action of composite slabs in fire.  This paper reports on a study of this effect, and puts 
forward some simple recommendations to avoid loss of stability of composite floors designed by this 
method. 

1 INTRODUCTION 

Improved understanding of real structural behaviour under fire conditions in recent years has resulted 
in the increased use of performance-based design methods to ensure the fire resistance of steel structures.  
Traditional methods, in which all exposed steelwork is protected in the aftermath of normal limit-state 
design which ignores the fire case, are being replaced by performance-based alternatives, which ensure 
structural stability and in many cases offer considerable savings.  In particular, it has been observed that, 
if composite floors are allowed to undergo large vertical displacements in biaxial bending during heating 
by fire, they can achieve load-bearing capacities several times greater than their traditional yield-line 
capacities, through a mechanism known as tensile membrane action [1].  This mechanism produces 
increased load-bearing capacity, particularly in thin slabs undergoing large vertical displacements.  It is 
characterised by a large area of radial tension in the central area of a slab which induces an equilibrating 
peripheral ring of compression.  The conditions necessary for this mechanism to be effective are two-way 
bending of the slab and vertical support along all of its edges.  Due to its self-equilibrating nature, 
horizontal edge restraint is not required for the mobilisation of tensile membrane action, in contrast to the 
catenary tension which can occur in one-way bending. 

To optimise composite floors to take advantage of this enhanced load capacity in structural fire 
engineering design, a composite floor is divided into a number of fire-resisting rectangular areas, 
preferably of low aspect ratio, called slab panels.  Each of these comprises one or more parallel 
unprotected composite beams in the interior part of the panel, with edges whose role is primarily to resist 
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vertical deflection.  This vertical support is usually provided by thermally-protected primary and 
secondary composite beams along all four edges, and these are generally directly supported by columns 
on the building’s main gridlines, as shown in Figure 1.  Composite slabs are usually reinforced with light 
meshes (typically with steel areas between 142mm2/m and 393mm2/m) whose normal role is to control 
cracking during construction.  In fire the unprotected beams lose strength and stiffness rapidly, and their 
loads are then borne by the composite slab, which undergoes two-way bending and increases its load 
capacity as its deflections increase. 

 
Figure1: Typical slab panels 

 
At large deflections and high temperatures, a slab panel’s capacity is dependent on the tensile 

capacity of the reinforcement, provided that adequate vertical support is available at its boundary.  The 
merits of incorporating tensile membrane action into structural fire engineering design have prompted the 
development of several software packages to help quantify slab capacities in fire. Tensile membrane 
action, as a part of whole-structure behaviour at high temperatures, can be modelled in a three-
dimensional framework with sophisticated finite element software, such as Vulcan [2]-[3], TNO DIANA, 
SAFIR and ABAQUS, which incorporate geometrically nonlinear effects of structures as well as 
nonlinear material behaviour.  Although such finite element simulations provide useful information on 
complete load-deformation behaviour and stress development at elevated temperatures, they can be very 
costly processes in computational effort and in runtimes.  Simpler performance-based methods, such as 
the Bailey-BRE membrane action method [1] or the New Zealand Slab Panel Method [4] (which can 
easily be set up as a spreadsheet), are often preferred for routine design.  However, there have been some 
suspicions that the simplifications applied in these approaches can lead to unrealistic or over-conservative 
designs. 

In order to assess their efficiency as tools for preliminary investigations, there is an implicit need to 
determine the limitations of these simplified methods.  The reliance of the Bailey-BRE method on the 
determination of enhancements to the traditional yield-line capacity of the slab, the assumption of 
continuous vertical support throughout the duration of a fire, and the detrimental effects of structural 
failure of the edge beams are some of the issues that need to be addressed.  The study reported here 
initially examined the credibility of the Bailey-BRE method through the use of a finite element study, 
with the aim of establishing slab panel capacities as a function of the amount of reinforcement within a 
panel and the degree of vertical support available along the slab panel boundary. 

2 THE BAILEY-BRE METHOD & TSLAB 

Tensile membrane action (TMA) was observed as a primary load-bearing mechanism of composite 
slabs in fire after a series of full-scale fire tests in the United Kingdom in the 1990s [5].  The Bailey-BRE 
method was developed in order to simplify the process of incorporating the rather complex mechanics of 
TMA into routine design of composite slabs in fire.  The method divides a composite floor into several 
rectangular slab panels of low aspect ratio.  Based on a conservative assumption that the light slab 
reinforcement will fracture in hogging over protected beams when the composite slabs are continuous, the 
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TSLAB begins by performing thermal analyses on the unprotected intermediate beam and the 

composite slab.  Then, using the temperatures of the individual components and an allowable vertical 
deflection criterion, it calculates the total capacity of the simply-supported slab panel model by 
summation of the residual capacity of the unprotected beams and the enhanced slab capacity.  This 
capacity is then checked against the applied load at the Fire Limit State.  If the capacity of the panel is 
found to be below the applied load at the fire limit state.  This determines whether either the capacity of 
the internal beams or the reinforcement mesh size needs to be increased. 

The Bailey-BRE method has previously been compared with fundamental approaches based on finite 
element analyses.  An investigation by Huang et al. [9] into the effects of a panel’s horizontal edge 
support conditions revealed that the Bailey-BRE method correlated very closely with a hinge-supported 
slab (allowing no pull-in at the edges), although it had been developed on the basis of simple supports.  
Another investigation into the effects of increased reinforcement ratios on slab panel capacity showed that 
only a marginal increase in slab panel resistance was observed in finite element models with an aspect 
ratio of 1.0, while disproportionately large increases in strength were observed in the Bailey-BRE models 
[10, 11].  It was also observed that the finite element models compared closely with the Bailey approach 
when high reinforcement ratios were used in slabs of aspect ratio 2.0.  The observations led Foster [7] and 
Bailey and Toh [6] to perform experimental tests on small-scale slabs at ambient and elevated 
temperatures.  They examined slabs with various reinforcement ratios with varying rebar ductilities.  The 
experiments showed that high reinforcement ratios could cause compressive failure of concrete in the slab 
corners, and the Bailey method was modified accordingly [6].  The Bailey-BRE method determines its 
slab capacities by calculating the enhancements to the theoretical yield-line capacity provided by large 
deflections.  This suggests that increasing reinforcement diameter increases the capacity of the slabs, 
since the yield-line capacities will themselves be considerably increased.  Therefore, with a given 
enhancement from large deflections, a considerable slab capacity can be obtained by applying modest 
increases in reinforcement area. Composite slabs are normally lightly reinforced to control cracking 
during construction, and therefore, may fail in compression if they are over-reinforced. 

In practice, slab panel vertical support is achieved by protecting the beams around the perimeter of 
each panel.  The assumption of continuous vertical restraint at all times during a fire must therefore be 
unrealistic.  During the fire, the combination of imposed loads, together with loss of strength and stiffness 
of the perimeter beams, will progressively induce vertical displacements which will reduce curvatures in 
at least one direction, affecting the generation of tensile membrane action. Eventually the reduction of 
strength of the supporting beams will allow the formation of a single-curvature slab-bending (folding) 
mechanism.  The slab panel will then impose horizontal tying-force components on its connections, in 
addition to the vertical forces for which they are designed.  Depending on the location of the panel, this 
may lead either to pull-in of columns or to connection failure, both of which are real structural resistance 
failures, in contrast to the compartment integrity failure which is used as the normal limiting condition.  
The potential for these additional modes of failure has led to the series of finite element studies reported 
here, into the effects of reinforcement and slab panel vertical support on composite slab behaviour in fire. 

3 SLAB PANEL ANALYSES 

The three slab panel layouts shown in Figure 3 were used for the structural analyses.  The 9m x 6m, 
9m x 9m and 9m x 12m panels were designed for 60 minutes’ standard fire resistance, assuming normal-
weight concrete of cube strength 40MPa and a characteristic imposed load on the slab of 5.0kN/m2, plus 
1.7kN/m2 for ceilings and services.  Using the trapezoidal slab profile shown in Figure 4, the 
requirements of SCI P-288 [5] and the slab specifications given in Table 1, the floor beams were designed 
according to BS5950-3 [12] and BS5950-8 [13], assuming full composite action between steel and 
concrete and simple support to all beams, in line with common UK engineering practice.  The “Office” 
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The observations from these early analyses led to a more detailed investigation of the combined 
effects of edge-beam stability and the reinforcement ratios on slab panel failure in fire.  For like-against-
like comparison of the Bailey-BRE Method and Vulcan analyses, the temperature profile of slab panels 
which is used by TSLAB was adopted.  The unprotected intermediate beam temperatures from TSLAB 
were applied directly to the two models.  TSLAB generates weighted mean temperatures of the slab top 
surface, bottom surface and reinforcement.  These were applied directly to the Bailey-BRE models.  The 
same could not be assumed for the Vulcan analyses, as fictitious temperatures had to be assumed for the 
other layers in the slab’s cross-section.  These assumptions could potentially adversely influence both 
thermal and stress-related strains in the model.  Thus, following the earlier research [8], a one-
dimensional thermal analysis of the average depth of the profiled slab (100mm) was performed with the 
software FPRCBC-T [14].  The temperatures generated in this way correlated very closely with those 
from TSLAB, and were applied in the analyses. 

4  RESULTS 

The results of the comparative analyses shown in Figures 6-8 show slab panel deflections for different 
reinforcement mesh sizes.  For ease of comparison, the A142-reinforced panels are shown as dotted lines, 
while those reinforced with A193, A252 and A393 are shown as dashed, solid and chain-dot lines 
respectively.  For clarity the two slab panel types are shown on separate graphs (‘a’ and ‘b’) for the 
Bailey-BRE Method and the Vulcan analyses, respectively.  These differ, in that graphs ‘a’ show the 
vertical displacements required by the Bailey-BRE Method and ‘b’ show actual vertical deflections from 
the Vulcan analyses.  The limiting deflections and the times at which plastic folding of the slab, including 
the protected edge beams, takes place are also shown.  Regardless of the layout of a panel, it was 
observed that the single-curvature fold line always occurred first across secondary beams; the associated 
collapse times are indicated by the vertical lines in the figures.  The temperatures of the various 
intermediate and protected secondary beams at failure are shown in Table 3 for the three slab panel 
layouts.  Apart from the 9m x 6m panel it can be seen that failure occurred when the protected secondary 
beams were below their own limiting temperatures (see Table 2). 
 

Table 3: Slab panel failure times and corresponding secondary beam temperatures (R60) 
Slab 
Panel Failure time Intermediate 

beam temperature 
Secondary beam 

temperature 
9m x 6m 82min 983°c 663°c 
9m x 9m 73min 963°c 621°c 

9m x 12m 68min 952°c 594°c 
 

4.1 Slab panel analyses 
SCI P-288 [5] specifies A193 as the minimum reinforcing mesh required for 60 minutes’ fire 

resistance.  Figure 6a shows the required Bailey-BRE displacements together with the deflection limits 
and the slab panel collapse time.  A193 mesh satisfies the BRE limit, but is inadequate for 60 minutes’ 
fire resistance according to TSLAB.  A252 and A393 satisfy all deflection criteria.  It should be noted that 
there is no indication of failure of the panels according to Bailey-BRE, even when the collapse time is 
approached.  This is partly due to the behaviour of the edge beams being neglected; runaway failure of 
Bailey-BRE panels is only evident in the required deflections when the reinforcement has lost significant 
strength.  Vulcan deflections are shown in Figure 6b, and it can be seen that the panel with A393 mesh 
just satisfies the BRE limiting deflection at 60 minutes.  It can also be seen that the deflections of the 
various Vulcan analyses converge at the ‘collapse time’ (82min) given by the simple slab panel folding 
mechanism.  This clearly indicates the loss of bending capacity of the protected secondary beams.  
Comparing Figures 6a and 6b, the Bailey-BRE Method predicts substantial enhancement of the panel fire 
resistance with increasing reinforcement mesh size, while Vulcan shows a marginal increase.  The Bailey-
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aspect ratios and edge beam deflections, only marginal increases in slab panel capacity are obtained with 
increasing reinforcement size, and the slab panel eventually fails by overall folding.   Further analyses of 
the effect of reinforcement area on slab panel capacity has revealed that, for small-sized panels, and for 
lower fire resistance requirements, increases in reinforcement area does not significantly increase the 
capacity.  Larger mesh sizes are required for large panels, and higher reinforcement ratios are also 
required for longer fire resistance times to resist the large initial thermal bending which takes place.  In 
terms of membrane-action enhancement, however, there is little influence from increasing the mesh size. 
The simple edge beam collapse mechanism has been found to give accurate predictions of runaway 
failure of slab panels.  Including this mechanism in the Bailey-BRE Method would therefore make its 
design predictions more realistic, at least for slabs of certain sizes and aspect ratios. 
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