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Abstract— In composite steel frame buildings, tensile membrane 

action can significantly improve the fire resistance of composite 

slabs. The development of tensile membrane action relies on 

vertical support along the perimeter of slab panels provided by 

protected beams. However, both experimental and field 

observations have shown that fire insulation delamination can 

occur during an earthquake. To understand the response of the 

structural system if this occurs, a 3D approach is necessary. This 

paper presents the results of a 3D finite element investigation into 

the effect of fire insulation delamination at the protected 

perimeter beams on the development of tensile membrane action 

(TMA). The results show that fire insulation delamination 

considerably reduces the development of TMA. 

I. INTRODUCTION 

The behaviour of seismically designed frame buildings 
subjected to post-earthquake fire has attracted attention in 
recent years. This is motivated by numerous fatalities and high 
fire losses in past events. A review of historical records 
indicates that damage caused by post-earthquake fire could be 
more severe than that produced by the earthquake itself[1]. 
Thus, it seems essential to study the behaviour of buildings 
under multi-hazard events such as fire following an earthquake. 

Traditional fire safety design is based on standard fire tests 
on isolated individual elements. Thus, this approach cannot 
assess the actual response of the whole structure. The UK 
Cardington tests[2] showed that the composite floor system 
had higher fire resistance than a single discrete element in the 
standard fire test through tensile membrane action. Tensile 
membrane action develops when the slabs undergo large 
vertical displacements. As can be seen in Figure 1, tensile 
membrane action occurs in a two-way spanning slab when the 
induced radial tension in the centre of the slab is balanced by a 
peripheral ring of compression 

Allowing for tensile membrane action in design can 
significantly reduce the need for fire protection of steel beams. 
Hence, it is not surprising that many studies have been 
conducted on the influence of tensile membrane action on the 
fire resistance of composite steel frame buildings. Previous 
studies[3–7] confirmed that protected edge beams have a 
significant effect on the fire resistance of the structure. These 
studies mainly assumed that vertical support along the 
perimeter of the slab panel was provided by fully protected 
beams. However, there is a high possibility that the role of fire 

insulation such as sprayed fire-resistive material SFRM can be 
compromised if the SFRM gets detached from the steel surface 
during an earthquake[8,9]. Fire insulation delamination can 
increase vertical deflection in the protected beams under fire 
conditions[10]. This can influence the ability of a structure to 
develop tensile membrane action. Therefore, this paper 
investigates the effect of fire insulation delamination on the 
behaviour of a composite floor subjected to post-earthquake 
fire. 

 

Figure 1.  Tensile membrane action 

II. NUMERICAL MODELLING 

Abaqus v16.4 was employed to model and analyse the 
structure. Steel columns and beams were modelled using 1D 
beam elements (B31), while concrete slabs were modelled 
using 2D shell elements with a rebar layer to describe the steel 
mesh. A tie constraint was employed to represent full 
composite action between steel beams and concrete slabs. The 
steel beam-to-column and beam-to-beam connections were 
assumed to be ideally rigid and pinned, respectively. The 
modelling approach above has been previously verified[11].   

III. GENERIC FRAME 

A generic five-storey composite steel-frame structure is 
analysed in this study. The frame is designed for high 
seismicity. The structure’s plan and elevation views are shown 
in Figure 1. The combined dead and live loading at the fire is 
taken as 5.4 kN/m2 (1xdead + 0.5xlive). In the present study, 
steel behaviour was assumed to be elastic-perfectly plastic for 
both columns and beams with a yield stress of 355 MPa and 
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Young’s modulus of 210 GPa at ambient temperature. The 
compressive strength of concrete in the slabs was taken as 45 
MPa, and the yield strength of the rebar is 450 MPa. Thermal 
expansion of steel and concrete are taken as 1.35x105 °C-1 and 
9x105 °C-1, respectively. The concrete and steel properties at 
elevated temperatures follow the recommendations in 
Eurocode EN 1992-1-2[12] and EN 1993-1-2[13]. 

 

Figure 2.  Plan view of generic composite floor 

IV. METHODOLOGY 

A standard fire curve was used to simulate the fire event. 
Only the ground floor which is assumed to have the worst 
seismic induced damage was investigated in this study. Full-
floor compartments were considered, and the hot gases were 
assumed uniform in the fire compartment. With these gas 
temperature-time curves, the procedure in Eurocode EN 1993-
1-2 (CEN, 2005b) was used here to calculate the steel 
temperatures and a numerical heat transfer analysis was 
undertaken to obtain concrete slab temperatures. 

For the earthquake damage case, fire insulation 
delamination occurs at both ends of the primary beams (see 
Figure 2) where the plastic hinges may happen during an 
earthquake. In these delamination regions, the steel is assumed 
unprotected. The length of delamination is considered to be 5% 
of the member length. 

Failure is defined when mid-span deflection of the slab 
panel exceeds L/20, where L is beam span[3]. This is a 
notional limit however, for the purpose of the current study, 
this serves as a reasonable and practical measure of structural 
performance. 

V. RESULTS AND DISCUSSION 

A. Fire behaviour of undamaged composite floor 

Figure 3 shows vertical deflection of the composite floor at 
different positions (also see Figure 2) against unprotected steel 
temperature. It can be observed that the deflections of P1 and 
P2 are relatively small up to 900°C. At this stage, the tensile 

membrane action is still fully developed, and the slab bends 
into a bowl-like shape (See Figure 4a). Then, there is a rapid 
increase at the deflection of P1 since the protected beams lose 
their strength and stiffness. In contrast, there is a reduction in 
deflection rate at P2 as the load is predominantly distributed to 

P1 (one-way). Therefore, a single curvature slab-bending 
mechanism develops and potentially leads to a catenary-type 
failure (See Figure 4b). It can also be seen from figure 3 that 
the mid-span deflection (P3) exceeds the limit after 120 
minutes. 

 

Figure 3.  Vertical deflection at position P1, P2, and P3 

 

Figure 4.  Deflected contours of the slab (units in m) 

 

B. Fire behaviour of earthquake damaged composite floor 

Figure 5 shows the predicted deflections at different 
positions against the unprotected steel temperature with and 
without delamination. It can be observed that the influence of 
delamination is trivial, up to 400oC. Once the temperature 
exceeds 400oC, there is a sudden increase in deflection as the 
steel beams at delamination regions rapidly lose strength and 
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stiffness. This phenomenon reduces the failure time from 120 
minutes to 100 minutes.  

Figure 6 shows the deflected slab contour at failure point 
with and without delamination. For the case without 
delamination, failure occurs when the deflections of perimeter 
beam (P1 and P2) are relatively small. Hence, the tensile 
membrane action fully develops (See Figure 6a). On the other 
hand, when the delamination has occurred, the tensile 
membrane action mechanism is considerably reduced due to 
larger deflection of P1 compared to the no-damage case. This 
behaviour potentially changes the load transfer mechanism 
from two-way into one-way slab action.  

 

Figure 5.  Vertical deflection at position P1, P2, and P3 with and without 

delamination  

 
 

Figure 6.  Deflected contour of the slab at failure (unit in m)  

VI. CONCLUSIONS 

The following conclusions can be drawn based on the 
results of this investigation: 

1. Three-dimensional modelling is required to capture the 
development of tensile membrane action in the 
performance-based fire design. 

2. Maintaining vertical support along the slab panel plays an 
essential role in the formation of tensile membrane action 
within the composite floor slabs at high temperature. 

3. Fire insulation delamination can accelerate the reduction 
of TMA. Therefore the protected edge beams should be 
designed to have sufficient strength and stiffness to allow 
development of tensile membrane action when fire 
insulation delamination occurs. 
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