
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT. Precast prestressed hollow-core concrete flooring units are widely used in 

reinforced concrete moment-resisting frame buildings in New Zealand, yet their behaviour 

under fire has not received much attention. This is because large scale fire tests are difficult 

and expensive, leaving computer analysis as the only alternative. However, the currently 

available computer analysis methods are neither accurate nor easy to use. This paper 

describes a simple yet reliable computational method to be used in design for modelling the 

structural behaviour of hollow-core prestressed concrete slabs exposed to fires. The model 

has a major limitation of not being able to model shear or tensile failure in the webs of the 

hollow-core units, but the simulation outcomes show reasonably good agreement with 

experimental fire tests of hollow-core slab units, thereby verifying the reliability of the 

model. 
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INTRODUCTION  

 
Precast prestressed hollow-core concrete flooring units have been widely used in reinforced 

concrete moment-resisting frame buildings in New Zealand in recent years. A hollow-core 

flooring system consists of several precast slab units with or without a layer of reinforced 

concrete topping. The benefits of using hollow-core floor systems are low onsite labour costs, 

low self-weight, consistent quality, and economical use of concrete.  Although the seismic 

performance of such systems has been extensively investigated, their behaviour under fire has 

not received the same level of attention. 

 

The structural behaviour of a hollow-core floor system under fire is complicated. 

Furthermore, because fire tests of whole structures or sub-assemblies are not always feasible, 

computer analysis becomes the only alternative. There are many existing studies investigating 

the structural fire behaviour of this type of building system using different approaches, and 

precise computer models have been developed
1
. However, comprehensive finite element 

analyses for modelling the structural fire behaviour of hollow-core flooring system are too 

complicated to perform within hours. On the other hand, a simplistic analysis is too crude to 

capture the thermal expansion across the different flooring units and the development of 

tensile membrane action. A compromise has to be made between the level of sophistication in 

the modelling and the accuracy of the analytical prediction, hence the model described in this 

paper. 

 

 

BACKGROUND 

 
It is understandable that the behaviour of hollow-core slabs under fire is more complicated 

than that of solid slabs. The cores at the centre of the slabs, cause discontinuity in thermal 

transfer, but the thermal gradient in the webs still needs to be addressed correctly to 

accurately model the temperature induced mechanical strains
2
. The support conditions have a 

significant influence on the structural behaviour of floors
3
, which has been observed in  

hollow-core flooring studies
1,2,4

, hence the effect of the support conditions should be 

considered. Prestressing greatly influences the predicted overall structural performance
5
 of 

the hollow-core flooring system, because the hollow-core units have no other reinforcing and  

resistance to tensile stresses relies only on the prestressing tendons. In summary, the fire 

design of the hollow-core floor system needs to be able to accommodate different support 

conditions in different buildings, and designers must recognise that prestressed structural 

members demonstrate different behaviour to ordinary reinforced concrete members. 

 

Design methods for fire resistance of hollow-core flooring systems fall into three categories 

according to Eurocode 2
6
, which are tabulated data, simple calculation methods and advanced 

calculation methods. Tabulated data from Eurocode 2 or the NZ Concrete Structures Standard 

NZS3101
7
 are widely adopted in practice as they are easy and quick to use, but they ignore 

the influences of the unique thermal gradient of the hollow-core slabs and of the surrounding 

structural members. Simple calculation methods are more sophisticated than tabulated data, 

but they are not capable of accurately predicting the thermal gradient or including the effect 

of support conditions. Because of the rapid developments in advanced modelling methods, 

commercial finite element analysis programs can be used to design the fire resistance of 

hollow-core flooring systems, based on the fundamental physical behaviour with due 

consideration to the effects from the surrounding structure. This fits into the category of 

“advanced calculation methods”. 



 

The proposed model in this research runs under the non-linear FEA program SAFIR
8
. This 

program was developed with the intention of analysing the structural behaviour of steel or 

composite structures exposed to fire, but it has also been proven capable of accurately 

predicting the fire behaviour of reinforced concrete slabs using shell elements
9
. A previous 

study showed that SAFIR can successfully predict the structural behaviour of proprietary 

steel-concrete composite slabs under fire using a combination of shell and beam elements
10

. 

The combination of different element types became the essential idea behind the proposed 

model in this study.  

 

 

MODEL DESCRIPTION 

 
The aim of this model is to simulate the structural behaviour of reinforced concrete frame 

buildings with hollow-core floor slabs exposed to fires. Before deciding on the final model, 

various combinations of shell and beam elements available in SAFIR were tried
5
, such as 

using shell elements vertically to simulate the webs or using only beam elements to simulate 

the entire hollow-core flooring system. Shell elements in SAFIR require less discretisation 

and are suitable for large displacements, but their thermal gradient is one directional and 

perpendicular to the element. Beam elements are more complicated and require more 

computational effort, but can capture the thermal gradient more accurately and allow for 

prestressing. The final proposed model as shown in Figure 1 uses beam grillages for the 

hollow-core units, and shell elements to model the reinforced concrete topping  slab.  

 

The model uses a grid of orthogonal beam elements to simulate the hollow-core units. The 

grillage analogy has been reliably accurate in bridge designs
11

. Grillages by definition have 

straight longitudinal and transverse beams rigidly connected together, each beam with its 

bending and torsional stiffness, and the deflection and slope are calculated at each 

intersecting points
12,13

. This grillage analogy simplifies the finite element analysis, to reduce 

the complexity of the computational problem.  

 

The grillage system allows for thermal expansion in both lateral directions. In the grillage, all 

degrees of freedom except warping of the longitudinal and transverse beams are shared at the 

intersecting points. The longitudinal and transverse beams of the grillage are discretised into 

several fibres as shown in Figure 2. The full-length longitudinal beams are used to address 

the thermal gradient around the cores and to include the effect of the prestressing tendons. 

This prestress is accounted for when the stress equilibrium in the cross-section is calculated 

in the first time step. The short transverse beams of the grillage comprise only the top and 

bottom flanges and only extend the width of each hollow-core unit, to account for the thermal 

expansion or thermal bowing of each unit in the lateral direction. The effects of restraint to 

lateral displacements from the surrounding structure can be included in the model.  

 

The topping is modelled using shell elements which join the grillage system at the 

intersecting points and share their degrees of freedom. The shell elements used for the 

topping can model the membrane action, as the topping is usually used to provide continuity 

between hollow-core units. This arrangement enables explicit representation of the side 

supports being provided only for the topping and not for the hollow-core units.  

 

Some details need to be overlooked to reduce the complexity of the model. Shear and 

anchorage failures or bond failures are not considered in the model due to the amount of 



computational effort needed when simulating the entire structure. Shear and anchorage 

failures have been observed in tests but never in real buildings, as the possibility of these 

failure modes are reduced with the presence of axial restraints
1
.  

 

The spalling effect is also ignored. Spalling has been observed in some tests
14

 and is known 

to be affected by the moisture content and the age of the concrete
15

. Nevertheless, introducing 

factors such as the age of the concrete and the precise location of spalling is not realistic. 

Hertz
16

 showed that high strength concrete, which hollow-core units are made of, has almost 

the same level of resistance towards spalling as normal concrete, so no special attention is 

required. The final reason for ignoring spalling is that currently no computer models can 

model spalling on account of the uncertainties and lack of specific experimental data.
17

 

 

Due to the ease of construction of this computer model, it is easy to alter the cross section of 

the floor, such as changing the type of hollow-core units, or modifying the topping thickness. 

It is also easy to include the structural frames in the model and consider the global behaviour 

of the hollow-core flooring system in the whole building. Different connection types can be 

included in the 3D model to simulate interaction between the hollow-core flooring systems 

and other structural members. Inclusion of different connection types is shown in Figure 3. 

 

 

 
 

Figure 1   Schematic drawing for modelling of hollow-core floor system 

 

 

 

 
Figure 2   Temperature distribution of SP265 Ergon specimen after 2 hours of ISO fire (a) 

longitudinal beam (b) transverse beam 



 

 

 
 

Figure 3   Model layout for simulating part of one story of reinforced concrete frame 

building with hollow-core flooring system 

 

 

MODEL VALIDATION 

 

This section of the paper gives comparisons between the simulation results and the test data 

carried out by various institutions, as part of the validation of the proposed model. 

 

University of Ghent and Liège 

 
Four tests were carried out in the Universities of Ghent and Liège in 1998 focusing on the 

influence of detailing and of restraint conditions on the shear capacity of hollow-core slabs
4
. 

Detailed descriptions of the designs are described in the test report
18

. Each test consisted of 

two independent floors each 2.4m wide (2 to 4 hollow-core units depending on the width of 

the units) spanning 3m, with supports on three beams as shown in Figure 4 (a). The floors 

had a line load of 100kN at the midspan, and were exposed to 2 hours of ISO fire. After the 

fire exposure, extra loads were applied to check the remaining load capacity. The parameters 

studied in the four tests are shown in Table 1. In the simulation only half of one floor was 

modelled, 1.2m wide with a 3m span. Symmetrical boundary conditions were applied on one 

side as shown in Figure 4 (b) in order to model the whole 2.4m width. In the simulation 

model, the filling of the cores at the ends was included but the peripheral ties and the detailed 

anchorage were not. 

 

In the reported test results, the compressive strength of the concrete in the hollow-core units 

was around 45MPa, and the strand strength was 1.85GPa. Because the values of some 

parameters are uncertain, a sensitivity study on these parameters was carried out and the 

results are shown in Figure 5. To check if the short transverse beams in the grillage increase 

the stiffness of the slab, the transverse beams were removed in one simulation. In this case, 

where the slab consists of only two side-by-side units, it is found that the presence of 

transverse beams has no influence on the vertical displacement, as shown in Figure 5 (a). 

This confirms the idea that the transverse beams should only contribute to the transverse 

displacement, or become effective when the slab consists of several more units over the width 

or when the support condition at the sides become important.  

 



A second sensitivity study was on the the level of prestressing, which was unknown from the 

test report and assumed to be 75% of the strand strength, following normal practice in New 

Zealand. A comparison of the simulated midspan vertical displacement of the Test 1 slab 

with pinned connections and with different prestressing levels is shown in Figure 5 (b). The 

results indicate that the influence was significant if the prestressing level is very low. The 

results also indicate that the fire performance of the hollow-core slab is affected by the level 

of prestressing by only a limited amount, as the fire performance with prestressing level of 

75% of the strand strength performed almost as well as the system with 80% of the strand 

strength. Even if the assumption was a bit different from the actual value, the results would 

be similar. 

 

The strength of the rebar in the topping was claimed to be 500MPa, however, no tests were 

shown to check the actual strength. Figure 5 (c) shows the effect of having two different rebar 

strengths, and the results show that even if this strength was 100MPa smaller than the stated 

value, the difference to the overall performance was negligible. 

 

The results from simulations of Tests 1 and 4 are shown in Figures 6 (a) and (b), with the 

prestressing level assumed to be 75% of the strand strength and the rebar strength being 

500MPa. In Test 1, the simulation with no rotational restraints at the supports predicted that 

the slab had more than 3 hours of fire resistance, and the fire resistance reduces to 1 hour if 

there are full rotational restraints at the supports. However, in the test the support condition 

has partial rotational restraint, and the slab withstood 83minutes of the fire. Figure 6 (a) 

shows that the simulation result was not very close to the experimental data from the test 

report
18

. The maximum difference between the maximum deflections from simulation and 

from the test data was 10mm. In the fire test, shear cracking was observed 7 minutes from the 

start of the experiment, and vertical cracking was observed at 12 minutes
18

 which may 

explain the rapid increase in midspan deflection during the early stage of the fire test. 

Nevertheless, the results confirmed that the simulation model could not predict the shear 

displacement or the resulting failure. 

 

In Test 4, the hollow-core unit is changed from SP200 Ergon with circular voids used in Test 

1 to SP265 Ergon with oval shaped voids, the number of voids is changed from six to five, 

but the applied load and other mechanical values were the same as in Test 1. The test result 

plotted in Figure 6 (b) showed that the slab resisted 2 hours of ISO fire. The collapse of the 

test specimen occurred when the fire was stopped after 2 hours and more loading was added 

at the midspan to check the capacity. There was no shear failure or substantial shear 

displacement during the fire test, so the simulation was able to match the test data reasonably 

well up to 2 hours. The maximum difference between the two deflections was about 5mm. 

 

 



Table 1   Studied parameters in 1998 tests at Universities of Ghent and Liège 

 

STUDIED PARAMETERS 

 Test 1 Test 2 Test 3 Test 4 

Hollow-core section 
(type) 

SP200 
Ergon 

VS20 
Echo 

VS20 
Echo 

SP265 
Ergon 

Height of hollow-core 
section 

200mm 200mm 200mm 265mm 

Reinforced concrete 
topping (1 floor) 

50mm none none 30mm 

 

 

 
 

Figure 4   (a) Detailing of Test 1 in 1998 at University of Ghent and Liege
18

; (b) Simulation 

model for this case 

 

 

 
 

Figure 5   Simulation results from Test 1 (a) with or without transverse beams (b) different 

level of prestressing (c) different rebar strength 

 

 



 
 

Figure 6   Simulation results from (a) Test 1 and (b) Test 4 

 

 

Betonelement-Foreningen 

 

Three fire tests of hollow-core slabs were conducted by Betonelement-Foreningen (BEF) in 

2005
19

. The purpose of these tests was to confirm whether after being exposed to the ISO fire 

for 60 minutes, the slabs could sustain at least 65% of the ultimate design shear capacity in 

ambient conditions derived from the DS411 Danish Standard
20

; hence the applied shear force 

in these tests was higher than expected in a normal fire design. In these tests the fire 

temperature followed only 60 minutes of the ISO fire curve, and then the tests continued for a 

further 60 to 90 minutes with the constant applied load while cooling. The tested specimens 

were 265mm thick without topping, spanning 3.27m as shown in Figure 7. Three load levels, 

65%, 75% and 80% of the ultimate shear capacity (91.6kN/m) were used in the tests. The 

dead weight of the hollow-core slabs was 3.65kN/m
2 

including joint castings. 

 
The test results showed that the hollow-core slabs maintain a good resistance to shear stresses 

under elevated temperatures. Figure 8 shows that the vertical displacements calculated from 

the simulation were close to the test results. The difference between the vertical displacement 

at the centre and at the side of the unit in the simulations is almost the same as that from the 

tests. The small difference between the predictions and the test data is presumed to be caused 

by shear deformation. In the case with an applied load equal to 80% of the slab’s shear 

capacity, the slab had a shear failure after 45 minutes exposure to the ISO fire. The model 

could not foresee the shear failure and therefore the simulation continued after this time. The 

large shear force was not captured in the analysis so the model underestimated the deflection. 

Nevertheless, such a high level of shear force is never designed for in normal practice. 

 

 



 
 

Figure 7   (a) Test Layout (b) Dimension of specimen used in the 2005 tests by BEF
19

 

 

 
 

Figure 8   The vertical displacements at midspan (ctre) or at the location of the point load 

(qtre) from simulation (sim) and BEF test (test) results in the cases with loading equal to (a) 

65% (b) 75% and (c) 80% of the ultimate shear stress under cold condition 

 

 

Danish Institute of Fire Technology 

 
The last set of data shown here is from the three fire tests carried out by the Danish Institute 

of Fire Technology (DIFT) in 1998 on hollow-core slabs
21

. Three different slab sections were 

tested, with thicknesses of 185mm (SP18), 220mm (SP22) and 270mm (SP27). The self-

weights were 2.75kN/m
2
, 3.10kN/m

2
 and 3.55kN/m

2
 respectively. The slabs were one way 

pin-supported slabs spanning 6.2m with no topping as shown in Figure 9 (a). Four equal line 

loads were applied to give a total load of 135kN, 135kN and 112kN correspondingly. The 

characteristic concrete strength of the hollow-core units was 2MPa in tension and 54MPa in 

compression. The mechanical properties and prestressing condition of the strands in each 

case are shown in Table 2. The grillage system used to model these cases is shown in Figure 

9 (b). 

 

The results of the simulation are shown in Figure 10. Despite the differences in the failure 

time, the figure shows that the simulation model can successfully predict the deformation of 

the slabs. The model predicted a later failure time than the recorded time from the tests. The 

predicted failure in all three simulations was caused by yielding of prestressed strands at  



midspan. The test specimens had shear and anchorage failure near the supports in less than 30 

minutes of ISO fire exposure. The results here again showed that the simulation model could 

not predict the shear failure. 

 

 

 
 

Figure 9    (a) Layout of the DIFT test; (b) SAFIR model for the DIFT test 

 

 

Table 2   Material properties of strands in DIFT 1999 test 

 

 SP18 SP22 SP27  

Strands per unit 8 of 
φ9.3mm 

8 of 
φ9.3mm 

4 of 
φ12.5mm & 

4 of 
φ15.2mm 

Yield strength 1880N/mm
2
 1880N/mm

2
 1840N/mm

2
  

Mechanical prestressing  62kN/strand 62kN/strand 110kN/ 
strand 

150kN/ 
strand 

Modulus of elasticity 198kN/mm
2
 198kN/mm

2
 198kN/mm

2
 198kN/mm

2
 

 

 

 
  

Figure 10    Comparison of midspan vertical displacement from simulation (centre, side) with 

that from the experiments (centre) with (a) SP18, (b) SP22 and (c) SP27 hollow-core units 



 

 

CONCLUSIONS 
 

A new modelling scheme is proposed to simulate the behaviour of hollow-core flooring 

systems exposed to fire. The scheme uses a grillage system to model the hollow-core unit, 

and a layer of shell elements to model the reinforced concrete topping slab.  The advantages 

of the new scheme are that it recognises the effects of thermal expansion in the transverse 

direction, and it also can model membrane action through the topping layer. Membrane 

action was not developed in the fire tests described in this paper, because they had no support 

along the slab edges.  

 

The new model can predict the fire performance of hollow-core slabs reasonably well, on the 

condition that no shear failure or significant shear displacements are present. It is expected 

that this model will work better in actual building design than in simulating test results, 

because any shear failure or shear displacement is likely to be significantly reduced with the 

presence of axial restraints from the supporting structure. 
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