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ABSTRACT 
A series of full-scale fire tests conducted at the Cardington steel framed test building in the 
United Kingdom have shown that unprotected composite floor slabs do not collapse after a 
compartment burnout, despite suffering considerable deformations and very high measured 
steel temperatures. When the unprotected steel beams weakened, the load resistance 
progressively transferred from the beams to the slabs which resisted the loads by tensile 
membrane action. These tests have prompted extensive computer modelling by many 
researchers to simulate the behaviour of steel framed buildings and tensile membrane action 
of the slabs under fire conditions. However, there are no published fire tests of two-way 
concrete slabs in a controlled furnace environment 

This report describes the fire tests of two-way concrete slabs conducted at the BRANZ fire 
resistance furnace. The tests were conducted to investigate the behaviour of unrestrained 
simply suppmted slabs in a controlled furnace environment. The test data can be used to 
verify current simple design methods and sophisticated computer models. 

Six slabs were tested, comprising three reinforced concrete flat slabs and three composite 
steel-concrete slabs. The slabs measured 3.3m by 4.3m and had thicknesses ranging from 
90mm to 130mm. The three flat slabs had different quantities of reinforcing steel to 
investigate their effect on controlling crack widths to prevent integrity failure. The slabs were 
simply supported on all four sides over the furnace with no horizontal restraint. The slabs 
were subjected to a live load of 3.0kPa and were heated on the underside with the gas time 
temperature curve following the ISO 834 standard fire for three hours. 

The slabs petformed very well in the fire tests, supporting the loads for the full duration of 
three hours without collapse. By three hours, the gas temperatures had reached 1100°C and 
high temperatures were measured across the depth of the slab. The temperatures of the 
reinforcing steel exceeded 700°C. All the slabs suffered extensive surface cracking and loss of 
moisture. Some of the slabs suffered large midspan deflections (up to 270mm) and full depth 
cracks which were associated with the yield line crack pattern. The slabs with higher steel 
contents and closer bar spacings suffered only surface cracking, while the slabs with the lower 
steel content suffered full-depth cracks. The cold-drawn mesh used in the tests performed well 
and did not fracture as might have been expected if such large strains had been imposed at 
ambient temperature; this is due to the increased ductility of the steel caused by the elevated 
temperatures. 

The slabs resisted collapse even though the calculated ultimate load capacities had dropped 
significantly below the level of the applied loads. The structural fire resistance of the slabs in 
the tests exceeded the predictions of code recommendations. The tests illustrated the 
significant effect of tensile membrane action on the structural fire resistance of two-way slabs 
which resisted collapse despite significant loss of flexural strength. 
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1. INTRODUCTION 
1.1. General 
In recent years, real fires and full scale fire tests in multi-storey steel framed buildings have 
shown that unprotected steel beams and slabs do not collapse in real fires, despite suffering 
very large vertical deflections (Bailey et al, _1999). This is due to the high degree of 
redundancy of the structure which allows loads on the beams and slabs above the fire 
compartment to be redistributed to cooler parts of the structure. The loads supported by the 
heated beams, are transferred to the composite slabs and resisted by tensile membrane action. 

This has led to intensive analytical and experimental research by many researchers to 
understand this mechanism in greater depth. An independent test was conducted at the 
Building Research Establishment (BRE) to simulate the behaviour of simply supported two
way slabs under fire conditions (Bailey et al, 2000). The test was conducted at ambient 
temperatures with the steel decking of the composite slab removed to represent the depleted 
strength of the steel decking under fire conditions. The test did not account for the thermal 
effects on the slab behaviour which include thermal bowing and expansion of the slab, and 
strength degradation of the steel and concrete. The need to determine the slab performance 
under representative severe fire conditions led to the fire tests of concrete slabs at BRANZ 
Limited (Building Research Association of New Zealand). 

1.2. Objectives 
The objectives of the fire tests were to: 

• Investigate the behaviour of concrete and composite two-way floor slabs, in a controlled 
furnace test. 

• Investigate the influence of tensile membrane action on the structural fire resistance of 
the slabs. 

• Verify the SAPIR finite element program (Franssen et al, 2002) for further analyses of 
other slab configurations. 

• Verify the current analytical design methods proposed by Bailey (2001) and Clifton et 
al (200 1) for slabs under severe fire conditions. 

1.3. Scope 
This report describes the fire resistance tests of six concrete slabs using the BRANZ fire 
resistance furnace. The verification of the current analytical design methods by Bailey (2001) 
and Clifton et al (2001) and the SAPIR finite element program are presented by Lim (2003). 

The slabs were simply supported on all four sides above the furnace and were horizontally 
unrestrained. The slabs were heated on the underside with the furnace gas time temperature 
following the prescribed in AS/NZS 1530.4 (similar to ISO 834), while subjected to a constant 
unifmmly distributed load. The floor slabs consisted of three reinforced concrete plain flat 
slabs and three different proprietary composite steel-concrete slabs. The opening of the 
furnace measured 3.0m by 4.0m and the slabs were constructed as 3.3m wide by 4.3m long to 
allow the edges of the slab to be supported over the furnace opening. 
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Different types of reinforcing mesh were used in the different slabs to determine the steel 
content required for crack control to prevent integrity failure. The performance of hard-drawn 
reinforcing mesh at elevated temperatures and the effect of the bar spacing of the mesh on the 
deformation capacity of the slabs were assessed. 

1.4. Parties involved 
The parties that were involved in this test were: 
Researcher: Linus Lim, University of Canterbury (Supported by the BHP New Zealand 

Steel scholarship) 
Supervisors: Associate Professor Andy Buchanan, University of Canterbury 

Associate Professor Peter Moss, University of Canterbury 

Testing organisation: 
BRANZ Limited Colleen Wade, Merv Godkin, Paul Wong 

Industry Partners: 
The industry partners that provided financial contributions to the tests were: 
Heavy Engineering Research Association (HERA) Charles Clifton 
BHP New Zealand Steel Limited Geoff Bird 
Speedfloor Holdings 
Dimond Industries 
OneSteel Australia 
Nelson Stud Welding, Forgan Jones Structural Ltd. 

Construction materials for the tests were donated by: 

Graeme Stubbing 
Mike Klemick, Stuart Moore 
AnthonyNg 
Ian Welch 

Firth Industries Limited Len McSaveney, Baldev Kesha 
Fletcher Easysteel Mark Janssens 
Pacific Steel Rajiva Kumar 

Technicians 
University of Canterbury 
BRANZ 

1.5. Organisation of the tests 

Collin Bliss, Russell McConchie, Mike Weavers 
Rick Engel, Brett Millin 

The slabs were constructed between July and November 2001, at the Civil Engineering 
Laboratory of the University of Canterbury, Christchurch. After the slabs were constructed, 
they were stored in a warehouse at a separate location in Christchurch to cure and dry. In 
April 2002, the slabs were shipped to Wellington where they were stored at the BRANZ Fire 
Laboratory until the scheduled date of the tests. The fire tests were conducted at BRANZ 
during the period 21st June 2002 to sth July 2002. 

1.6. Organisation of this report 
This report consists of 9 chapters. Chapter 1 gives an introduction to the project. Chapter 2 
presents the theoretical background and past research which led to this project. Chapter 3 
describes the slab specimens that were tested. Chapter 4 describes the set up of the test and 
chapter 5 covers the overall implementation of the project. 
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Chapter 6 discusses the results of the fire tests. The conclusions are presented in Chapter 7 
and Chapter 8 provides the references that were used in this report. The appendices of the 
report are in the last chapter. 

Data from the tests is available in electronic form from the authors. 

2. BACKGROUND 
2.1. Composite floor slab behaviour in fire 
Composite slabs are normally designed as one-way spanning beams under ambient and fire 
conditions, resisting loads through bending action. To increase the strength of these slabs 
under fire conditions, fire emergency reinforcing bars are placed in the troughs of the 
composite slabs, to increase the flexural strength of the slabs during the fire. However, actual 
fires in steel buildings in England (Broadgate and Churchill Plaza) and full scale fire tests 
(Bailey et al, 1999) have shown that the unprotected composite slabs do not collapse during a 
severe fire. The slabs behaved as membranes during the fire, supported by the colder 
perimeter beams and protected columns, and resisted the applied loads by tensile membrane 
action. 

2.2. Experimental studies of composite floor systems in fire 
2.2.1. Cardington full scale fire tests 
A series of full-scale fire tests were conducted at the 8 storey steel framed test building at the 
Cardington Large Building Test Facility in 1995/1996 (Bailey et al., 1999). The fire tests 
were conducted by British Steel and BRE, involving different compartment sizes and test 
configurations at different locations in the building. In the tests, the soffit of the trapezoidal 
composite deck and all the steel beams were unprotected but the columns were fully protected 
up to the soffit of the slabs. The maximum fire temperatures in the tests exceeded 1000°C. 
The composite floors suffered large deflections (-span/20) but there was no structural 
collapse. The tests showed that when the unprotected beams weakened at high temperatures, 
the load resistance was progressively transferred to the slabs, resisting the loads by tensile 
membrane action. 

These tests have lead to extensive computer modelling by many researchers to understand the 
behaviour of steel framed structures and tensile membrane action in the slabs under fire 
conditions (Elghazouli et al, 2001; Huang et al, 1999a, 1999b, 2001; Lamont et al, 2001; 
Sanad et al, 1999). 

2.2.2. BRE tests 
Following the full scale tests at the Cardington steel building, a test was conducted at the BRE 
to show the effects of membrane action in slabs exposed to elevated temperatures (Bailey et 
al, 2000). The slab measured 9.5m x 6.5m and was built with a trapezoidal-shaped composite 
steel deck beneath it. The troughs of the steel deck were 60mm deep and the slab had an 
overall thickness of 150mm. After the slab was cast, the steel decking was later removed from 
beneath the slab, leaving the concrete slab reinforced only with the A142 mesh. The absence 
of the steel decldng represented the depleted strength and stiffness to the slab during a real 
fire. The slab was vertically supported at the perimeter on beams and columns but it was 
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horizontally unrestrained. The test showed that a composite slab simply supported on four 
edges could carry loads considerably in excess of those predicted by conventional yield line 
design principles. 

Figure 2-1: Fire tests at the Cardington steel 
building (Newman et al, 2000) 

2.3. Tensile membrane action 

Figure 2-2: Large deflections of the composite slabs 
following the fire tests at the Cardington steel 
building (Newman et al, 2000) 

The actual collapse loads of reinforced concrete slabs have been shown by earlier researchers 
to be larger than predicted by yield line theory. Yield line theory assumes a flexural collapse 
mode and does not consider the effects of strain hardening of the reinforcement and 
membrane effects. Earlier tests have been conducted by Sawczuk et al (1965) and Hayes 
( 1968) to investigate the effects of tensile membrane action on unrestrained two-way 
spanning slabs. These slabs were tested at ambient conditions and did not consider the effects 
of elevated temperatures . Based on these tests, analytical methods for considering membrane 
action in unrestrained slabs were presented by Sawczuk et al (1965) and Hayes (1968). 

2.4. Design Methods 
2.4.1. BRE design method 
Following the tests conducted at the BRE, Bailey et al (2000a, 2000b) and Bailey (2001) have 
developed a method for determining the ultimate load carrying capacity of slabs incorporating 
the effects of tensile membrane enhancement under elevated temperatures. The new method 
considers the failure mode which has a crack in the middle of the slab. This failure mode 
differs from the failure mode presented by earlier researchers (Sawczuk et al, 1965 and 
Hayes, 1968) where full depth cracks formed at the intersection of the yield lines. This new 
method has shown excellent agreement with the results of the fire tests undertaken at the 
Cardington steel framed test (Bailey et al, 2000). 

The postulated membrane behaviour is not yet fully understood, especially at elevated 
temperatures. Newman et al (2000) have applied this procedure to a limited range of 
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conditions involving low to moderate fire severity, in which the influence of elevated 
temperatures on the components is expected to be minor. 

2.4.2. HERA design method 
Clifton et al (2001) have extended the design method proposed by Bailey (2001) for 
application in New Zealand. This method considers higher fire severities compared to those 
specified for the UK application. This design method takes account of the effects of elevated 
temperatures on the load resisting components and the strength contributions of the secondary 
beams to the slabs. 

3. SPECIMEN DETAILS 
3.1. Slab configurations 
Six slabs were tested at the BRANZ furnace. The slabs consisted of three flat slabs and three 
proprietary composite steel-concrete slabs. Each slab measured 3.3m wide by 4.3m long. The 
thicknesses of the slabs varied from 90mm to 130mm. The flat slabs were lOOmm thick and 
differed from each other by the amount of reinforcing steel. The different amounts of 
reinforcing were intended to investigate its effect on controlling the size of the cracks in the 
slabs to prevent integrity failure. 

The six configurations that were tested are shown in Table 1: 
Slab Slab thickness Reinforcing mesh Concrete cover 

1. 661 flat slab 100mm 661 mesh 25mm 

2. HD12 flat slab lOOmm HD12 bars 25mm 

3. D147 flat slab 100mm D147 25mm 

4. 130mm Hi-bond slab 130mm D147 20mm above steel ribs. 

5. 130mm Traydec slab 130mm D147 15mm above steel ribs. 

6. Speedfloor 90mm 661 mesh 25mm 

Table 1: Configuration of slabs that were tested 
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Speedfloor 

Table 2: Cross section of slabs that were tested 

3.2. Reinforcement 
Different types of reinforcing steel were used for the tests, which consisted of hard-drawn 
mesh and hot-rolled reinforcing bars (Table 3). The 25mm clear concrete cover to the 
reinforcement in the flat slabs provided a two-hour fire resistance stability rating, in 
accordance with the New Zealand Concrete Structures Standard (NZS, 1995). The 
reinforcement configurations for slabs 4 and 5 of Table 1 was chosen to obtain a uniform 
moment capacity for the two composite steel-concrete slabs, assuming the steel decking did 
not contribute to the bending strength in the fire. 

The mesh in all the slabs was arranged so that the bars that spanned the short direction were 
placed below the bars that spanned in the long direction. This increased the lever arm of the 
bars spanning in the short direction to allow larger moments to be carried across the short 
direction. The ribs of the Dimond Hi-bond and Tray-dec steel decking and the joists of the 
Speedfloor slab spanned parallel to the long span of the furnace. 

Reinforcing Description Bar Grid Yield Steel Strain 
steel diameter spacing stress* content limit* 

D147 mesh Cold drawn 8.7mm 300mm 565 MPa 198mm:z/m 2.3% 
deformed mesh 

661 mesh Cold drawn 7.5mm 150mm 568 MPa 295mm:z/m 3.2% 
plain mesh 

HD12 bars Hot rolled 12mm 200mm 468 MPa 565mm:z/m 21% 
deformed bars 

*Average of three samples 

Table 3: Properties of the reinforcing steel used in the slabs (At ambient conditions). 

Steel decking/ joists Steel deck/joist thickness Yield stress 
Dimond Hibond 0.75mm 550MPa 

Tray dec 0.75mm 550MPa 
Speedfloor 3mm 350MPa 

Table 4: Properties of the steel decking/joists of the composite slabs 
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Figure 3-1: Stress strain curves of reinforcing steel at ambient conditions. 

3.3. Concrete 
The concrete that was used in the tests was normal weight concrete, supplied by Firth 
Industries Ltd. 19mm greywacke (siliceous) aggregates were used. The specified compressive 
strength of the concrete is 30MPa. The compressive strengths of the concrete were determined 
by cylinder crushing tests conducted 7 days and 28 days after the concrete was cast. Crushing 
tests were also conducted a week after the fire tests. The results of the crushing tests are 
shown in Table 5. 

Pour No. Slab 
Curing time 28 day stgh 15 July 2002 

(days) (MPa) (Fire test) (MPa) 

Batch 1 Hi bond 308 30.2 32.1 
Traydec 310 30.2 32.1 

Batch 2 
147 slab 293 32.8 36.6 
661 slab 287 32.8 36.6 

Batch 3 HD12 slab 216 22.6 36.7 
Batch 4 Speedfloor 214 31.5 37.6 

Table 5: Compressive strengths of concrete 
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3.4. Strain gauge and thermocouple layouts 
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Figure 3-2: Typical layout of strain gauges in the slabs 
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Figure 3-3: Typical layout of thermocouples in the slabs 
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Slab 
No. of strain 

No. of thermocouples 
_g_auges 

1. 661 flat slab 8 
7 thermocouples on reinforcing steel 
5 key thermocol!Qles 
7 thermocouples on reinforcing steel 

2. HD12 flat slab 8 2 thermocouple trees 
5 key thermocouples 
7 thermocouples on reinforcing steel 

3. D147 flat slab 26 2 thermocouple trees 
5 key thermocouples 
7 thermocouples on reinforcing steel 

4. 130mm Hi-bond slab 8 2 thermocouple trees 
5 key thermocouples 
5 thermocouples on reinforcing steel 

5. 130mm Traydec slab 20 2 thermocouple trees 
5 key thermocouples 

90mm flat slab on 
5 thermocouples on reinforcing steel 

6. 
Speedfloor joists 

14 2 thermocouple trees 
5 key thermocouples 

Table 6: Strain gauges and thermocouples in each slab. 

Figure 3-2 shows the typical strain gauge layout in the slabs. This figure shows a slab with 8 
strain gauges; ananged to measure the strains in the reinforcing steel in the middle and the 
edges of the slab. Some of the slabs were more heavily instrumented to measure the strains at 
other locations such as at the quarter spans of the slab or at the steel joists (in the Speedfloor 
slab). The layouts of the strain gauges for each of the slabs are located in the Appendix. 
Figure 3-3 shows the typical layout of thermocouples and thermocouple trees in a slab. The 
thermocouples placed at mid-height of the reinforcing bars are labelled as Tl, T2, etc. The 
thermocouple trees are labelled as TTl and TT2 and the key thetmocouples placed on the 
unheated surface of the slab are labelled as Kl to K5. Table 6 shows the number of strain 
gauges and thermocouples in each slab. 

3.4.1. Strain gauges 
The strains in the reinforcing bars of the slabs were measured with high-temperature resistant 
strain gauges. ZFLA-6.350-11 strain gauges were used, obtained from Tokyo Sokki 
Kenkyujo, Japan. These strain gauges are accurate up to 300°C and have a maximum strain 
limit of 1% strain. The strain gauges were attached with high temperature resistant glue, 
water-proof coating and wires in order for the gauge to function up to its maximum 
operational temperature. 

The wires from the strain gauges and thermocouples were laid so that they came out at three 
locations at one side of each slab. In order to minimise the usage (and the cost) of the high 
temperature wires for the strain gauges, normal wire was used to lead the connections of the 
strain gauges out of the slab. Long lengths of normal wire were connected to short lengths of 
high temperature resistant wire, which in tum were connected to the strain gauges. To prevent 
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the normal wires from being exposed to the high temperatures, they were suspended above the 
level of the strain gauges on high tensile wires. This increased the cover to the normal wires 
to ensure that the wires do not burn out and fail before the strain gauges. 

Figure 3-4: Strain gauge attached to reinforcing steel and sealed with water proofing. Note the strain 
gauge wires have been suspended above the strain gauges on a high tensile wire. 

3.4.2. Specimen temperature measurement 
All the specimens had type-K thermocouples on the reinforcing steel and thetmocouple trees 
across the thickness of the slabs to measure the steel temperatures and temperature 
distributions across the slabs. The thermocouples on the reinforcing steel were placed at mid
height of the steel bars. 

Figure 3-5: A thermocouple tree placed in one of Figure 3-6: A key thermocouple for measuring 
the slabs prior to pouring of the concrete. temperatures on the unheated surface. 

Figure 3-5 shows a typical thermocouple tree. Each thermocouple tree consisted of 5 
thermocouples held in a mortar cylinder block. The trees were constructed by setting the 
thermocouples wires in a steel mould filled with m01tar. When the mortar had set, the steel 
mould was removed and the tree was positioned in the slab. Five key thermocouples were 
placed on the unheated surface of each slab, with one thermocouple in the middle of the slab 
and the others in the four quadrants of the slab. Figure 3-6 shows one of the key 
thetmocouples attached to the unheated side of the slab. 
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4. TEST CONFIGURATION 
4.1. General 
This section describes the slab loading and suppmt conditions. It also desctibes the 
instrumentation used to measure the deflections and temperatures in the slab. 

4.2. Testing standard 
The fire tests were conducted on an oil-fired furnace. The fire curve that was used to heat the 
slabs was the ISO 834 standard fire curve. The three standard categories of failure in typical 
fire resistance tests are: 

1. Structural stability 
2. Integrity 
3. Insulation 

The tests were conducted to a maximum of three hours and were only terminated at an earlier 
time if the slab defmmed to the point of imminent structural collapse which may lead to 
collapse and damage the furnace. The test would also be stopped before three hours if an 
integrity failure occmTed, allowing a significant amount of flames to pass through the slab and 
damage the potentiometers. 

4.3. Fire type 
Figure 4-1 shows the time-temperature curve of the ISO 834 standard fire in the fire tests. The 
maximum duration of the tests was 3 hours. 

1000 

0 800 
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200 

0 30 60 90 120 150 
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Figure 4-1: ISO 834 standard fire curve used in the tests. 

4.4. Fire testing schedule 

180 

The slabs were tested in the sequence shown in Table 1. The flat slabs with medium (661 
mesh) and high (HD12) levels of reinforcing were tested first to gauge whether or not the 
level of loading was approptiate for the weaker flat slab and composite slabs, and to detect 
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any problems with the data logging equipment for the subsequent slabs which had more 
instrumentation. 

4.5. Support conditions 
4.5.1. Vertical support 
The slabs were simply supported on four edges and were unrestrained against hmizontal 
movement. The slabs were supported over the furnace on a rectangular frame which was 
made of steel C-channels with a reinforced concrete beam lining the internal perimeter. The 
slab was directly supported on the concrete beam, which also prevents the outer steel frame 
from heating up. 

The slabs were vertically suppmted on its four edges on top of the concrete beam on 
cylindrical rollers. The rollers allowed the slab to freely rotate and roll horizontally at the 
supports. The rollers were positioned around the pelimeter of the steel frame on stlips of 5mm 
thick steel plates which were placed on the concrete beam and welded to the steel frame 
(Figure 4-2). The steel plates formed a smooth rolling smface between the rollers and the 
concrete beam because the smface of the concrete beam was rough and would generate a lot 
of friction between the rollers. 

A 16mm square rod was welded to the edge of the steel plates to stop the rollers from rolling 
into the furnace (Figure 4-10). The cylindrical rod was placed continuously around the 
perimeter of the supporting frame to simulate a continuous support. Mineral wool was glued 
to the vettical faces of the concrete beam (Figure 4-3 and Figure 4-10) to prevent the rollers 
from being directly exposed to the flames and to prevent the flames from coming out of the 
gap between the rollers and the slab. 

Figure 4-2: Rectangular frame used to support the Figure 4-3: Steel rollers positioned on the frame with 
slab over the fumace. Note the lSOmm wide plates the mineral wool lining the intemal perimete1·. 
welded to the steel frame, over the concrete beam. 

A 150mm wide steel flashing was placed beneath the pelimeter of each slab when they were 
constructed. This steel flashing minimised the fliction between the bottom smface of the 
concrete slab and the rollers to allow the slab to slide freely. The steel flashing also prevented 
local crushing of the concrete when the slab was supported on the rollers. The slab was 
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positioned onto the steel frame and both the frame and slab were lifted simultaneously and 
placed on the furnace. Immediately after each test, the frame and slab were lifted off the 
furnace . 

Figure 4-4: Steel flashing placed around the Figure 4-5: Steel flashings at the bottom side of the 
perimeter prior to pouring of the concrete. slab. 

4.5.2. Corner clamps 
The corners of the first two tests (661 and HD12 flat slabs) were not clamped down and were 
free to lift. The amount of curling of the corners of the slabs seen during the first two tests 
was very large and would not represent the behaviour of a slab under realistic support 
conditions found in a typical building. 

The corners of the slabs were clamped down with steel angles placed diagonally across the 
corners. The steel angles at two of the corners were welded to the supporting steel frame 
(Figure 4-6). These steel angles were welded with sufficient slack to accommodate the 
different slab thicknesses. Each slab was slid under the welded steel angles and the gap 
between the angle and the slab was filled with steel plates. The other two comers were 
clamped by bolting the steel angles to the supporting steel frame (Figure 4-7). 

Figure 4-6: Steel angle welded to the supporting steel 
frame to clamp down the corners. 
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Figure 4-7: Steel angle bolted to the supporting steel 
frame to clamp down the corners. 



4.5.3. Horizontal restraint 
Although the outward expansion of the slabs was unrestrained, their inward horizontal travel 
was limited to prevent the edges of the slabs from moving inwards excessively when the slabs 
undergo large vertical deflections. Short lengths of steel C-channels were bolted to inserts 
which were cast into the sides of the slab. If the slab edges moved inwards excessively, the C
channels would catch the rollers, which in tum will catch the square sections welded to the 
edges of the steel strips, and prevent the slab from falling into the furnace. 

Figure 4-8: Steel C-channels bolted to the sides of each slab to 
prevent collapse of the slab into the furnace. 
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Figure 4-9: Section across the short span of the furnace. 
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Figure 4-10: Detail Al (Detail of slab support on the furnace) 

4.6. Slab loading 
A uniformly distributed load was applied on the slabs, in addition to the self weight of the 
slabs, to simulate live loads. Twenty 200-litre water drums placed on the slab to simulate the 
uniformly distributed load. The combined weight of the water and the steel drums was 200kg 
per drum, equivalent to a uniformly distributed load of 3.0kPa. 

The drums were arranged in a unifmm grid of four by five drums (Figure 4-11). The drums 
were lowered onto the slab by an overhead gantry crane. Each drum had a steel strap which 
allowed the drums to be hung off a series of parallel cross beams. The crane picked up the 
cross beams, which in turn, picked up the drums. When the drums were placed on the slab, the 
cross beams were lowered further to provide some slack to allow the drums to drop 
downwards when the slabs deflected underneath the drums. The cross beams also held the 
drums to prevent them from falling into the furnace if catastrophic collapse of the slab 
occmTed. Each drum had three swivel feet and each foot had a contact surface made of a 
lOOmm square particle board. The slab specimens were loaded an least an hour before each 
test. 
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Figure 4-11: Position of the loading drums 

Figure 4-12: The twenty 200-Iitre water drums being lowered 
onto the slabs by a gantry crane. 

Wu (kPa) 
Self weight, Live load, Q Total load, 

G (kPa) (kPa) G + Q (kPa) 
Flat slab 661 mesh 20.0 2.40 3.0 5.40 
Flat slab HD12 mesh 28.2 2.40 3.0 5.40 
Flat slab 0147 mesh 10.2 2.40 3.0 5.40 
Hibond slab 69.1 2.52 3.0 5.52 
Traydec slab 73.8 3.12 3.0 6.12 
Speedfloor slab 55.1 2.16 3.0 5.16 

Table 7: Applied loads on the slabs 
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Load 
ratio, r1oad 

0.27 
0.19 
0.41 

0.079 
0.082 
0.094 



Table 7 shows the applied loads on the slabs. The level of loads that were applied to the slabs 
during the fire tests are expressed by a load ratio, r1oad· The load ratio is defined as the ratio of 
the applied loads on the structure, u* fire. to the loads that would cause collapse at ambient 
temperature, Rcold· The applied loads consisted of the self-weight of the slab (G) and the live 
loads from the water drums (Q). The slabs that were tested had different levels of strength, 
Rcoict, due to the different quantities of reinforcing and the types of steel decking resulting in 
the load ratios ranging from 0.08 to 0.406. 

* U fire 

R cold 

(G + Q) 

wu Equation 1 

For the two-way slabs, the strengths of the slabs were determined by the ultimate load, W u, 

which is the lowest load level that will form yield line cracks in the slabs. The ultimate loads 
were calculated from yield line theory (Park et al, 2000). 

In the calculation of the ultimate loads of the composite slabs and Speedfloor slab, the 
contributions of both the composite steel decking/joists and the steel mesh were included in 
the flexural strengths spanning in the longitudinal direction. In the transverse direction, only 
the conttibution of the mesh was considered and the strength conttibution of the steel decking 
was ignored. 

4.6.1. Large differential deflections 
When the slab undergoes large vertical deflections, the water drums would tilt onto each other 
and could interfere with the potentiometers which measure the vertical deflections. To address 
this problem, a steel grille was built around the drums to prevent them from tilting and to 
ensure they remain vertical (refer to Figure 4-12 and Figure 4-13). The gtille was made of 
cold-formed steel channels, which were bolted together. The gtille was bolted to the legs of 
the frame which supported the cross beams above the drums. Along the centrelines of the long 
and short directions of the slab, rope was substituted for the steel channels as the steel 
channels placed between the drums obstructed the potentiometers. 

The outer drums were tilted to one side (leaning outwards) duting the start of the test by 
chocking some of the feet of the drums with wooden packers (Figure 4-9). This was to 
prevent the load application changing from three feet to one or two feet when they leaned 
onto the steel gtid, producing a point load rather than a disttibuted load. By chocking some of 
the feet, the drums would tilt inwards under large vertical deflections, and maintain the 
uniform load application on three feet. 

4. 7. Deflection measurements 
The vertical and horizontal deflections of the slabs were measured duting the fire test. The 
vertical deflections were measured across the centre of the slab in the long and short 
directions. Figure 4-13 shows the positions of the vertical and horizontal deflection 
measurements. The horizontal and vertical deflections were measured with rotary 
potentiometers. The rotary potentiometer consisted of a potentiometer attached to a perspex 
wheel with two sttings travelling around the wheel in opposite directions (Figure 4-14 and 
Figure 4-15). One of the strings is attached to the slab while the other is attached to a 
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counterweight. When the slab deflected, it pulled the attached string, which turned the wheel. 
The rotation of the wheel is detected by the potentiometer which sends the signal to the data 
logger. 

In order to measure the vertical deflections, the rotary potentiometers were supported on steel 
purlins. The steel purlins were clamped onto the cross beams located above the drums (Figure 
4-14). The horizontal movement of the slabs were measured at the centres of the sides of the 
slabs. The potentiometers for measming the horizontal deflections were clamped to the steel 
frame which supported the slab (Figure 4-15). 

I •~ mm 
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Figure 4-13: Plan view of the potentiometer layout and the steel grid used to prevent tilting of the drums. 

Figure 4-14: Potentiometers supported on the cross 
beams above the slab for measuring vertical 
deflections. 
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Figure 4-15: Potentiometer for measuring 
horizontal deflections, clamped to the supporting 
frame. 



4.8. Furnace details 
4.8.1. Furnace temperatures 
The temperature in the furnace was measured with 12 chromel-alumel thermocouples 
distributed evenly on a horizontal plane approximately 400mm below the soffit of each 
specimen. 

4.8.2. Furnace pressure 
The pressure in the furnace was controlled to 18 Pa at 300 mm below the underside of the slab 
for all the tests. The test standard referenced in all the duties list was AS 1530 Part 4 
(Standards Australia, 1997). 

4.9. Data acquisition 
The data acquisition equipment for the rotary potentiometers and strain gauges was supplied 
by the University of Canterbury. The data loggers for the strain gauges were specifically made 
to accommodate the correct resistances of the strain gauges. The strain gauges and rotary 
potentiometers were wired up in series to the data loggers which in tum, were connected to a 
serial box interface. The serial box interface was connected to a personal computer which 
recorded the strain and deflection measurements at 10 second intervals. 

The temperatures from the thermocouples were recorded with the data logging equipment 
from BRANZ. The thermocouples for measuring the temperatures in the furnace and in the 
slabs were connected to a computer controlled data logger which recorded the temperatures at 
one minute intervals. 
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5. IMPLEMENTATION 
5.1. Introduction 
This section describes the construction process and the transportation of the slabs from 
Christchurch to BRANZ, Wellington. The slabs were constructed and temporarily stored in 
Christchurch, and later shipped to BRANZ, prior to the scheduled test dates. 

5.2. Construction of the slabs 
The slabs were constructed at the University of Canterbury between July and September 2001 
and November 2001. The slabs were built and cast in pairs, starting with the Traydec and 
Hibond slabs. The steel decking of these composite slabs acted as formwork. The subsequent 
slabs were cast on top of these first two slabs. In order to cast the next pair of slabs on the 
already cast slabs, polyethylene sheets were stretched over the cast slabs to act as bond
breakers to prevent the concrete of the slab above from sticking to the concrete on the slab 
below. 

The construction of each slab involved: 
1. Setting out and construction of formwork. 

Hot-rolled steel angles were used as formwork. The formwork was built by bolting the 
steel angles together. The steel angles allowed the formwork to be easily detached from 
the already cast slab and rebuilt rapidly for the next slab without deformation after each 
use. The steel flashings, provided by Dimond Industries, were laid at the perimeter of each 
slab. The steel flashings served as a bearing surface for the slab on the rollers. 

2. Attachment of high temperature strain gauges and thermocouples to the reinforcing 
steel. 
In order to attach the strain gauges, the reinforcing bars needed to have a smooth surface. 
Therefore, the deformations of the reinforcing bars were grinded off. The strain gauges 
were attached to the steel with high temperature resistant glue and water proofing 
compounds. This was a delicate and time consuming process. After the strain gauges were 
attached, the reinforcing mesh was placed in the formwork and the thermocouples were 
then attached to the reinforcing bars. The strain gauges were wired up with longer lengths 
of wire. 

3. Attachment of lifting inserts and concrete threaded inserts. 
The slabs were lifted with Reid Short Foot Anchors. Four face lifting inserts were 
distributed equally across the top surface of the slab. Each lifting anchor had a 2.3 tonne 
capacity. Figure 5-l and Figure 5-2 show the lifting anchors placed in the slabs, prior to 
casting. They also show the additional reinforcing bars tied to the anchors to prevent 
instantaneous failure by concrete rupture. Threaded inserts were placed at the top sutface 
of the composite slabs to allow strong backs to be bolted to the slab. The composite slabs 
were very strong in bending about one axis but are weak in the perpendicular axis. 
Therefore, strongbacks had to be attached to the slabs to increase their flexural rigidity 
about the weak axis to prevent them from cracking when they were lifted. The 
strongbacks were positioned over the slabs on the steel formwork with the 16mm inserts 
bolted to them, to position the inserts during the casting process (Figure 5-1). 

12mm concrete inserts were placed horizontally at the edges around the perimeter of the 
slab (Figure 5-l and Figure 5-2). They were used to bolt steel channels to the slabs to 
prevent the sides of the slabs from sliding into the furnace. Reinforcing bars were threaded 
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through the 16mm and 12mm inserts to increase their pull-out capacities and to prevent 
failure due to rupture of the concrete cone. 

Figure 5-l: Hibond slab prior to casting. Figure 5-2: Flat slab (661 mesh) prior to casting. 

4. Pouring of concrete. 
The concrete was supplied by Firth Industries. Most of the slabs were cast in pairs, with 
the exception of the last two slabs which were cast individually. The concrete was 
supplied by mixer trucks to the Civil Engineering Laboratory which was then poured into 
the formwork with a skip (Figure 5-3). Needle vibrators were used to vibrate the concrete 
to prevent honey-combing. Concrete cylinder samples were made for each pour to be used 
for detetmining their strengths. 

5. Curing of concrete 
Figure 5-4 shows the slabs the day after the concrete was poured. Wet gunny sacks were 
placed over the slabs for several days to allow the slabs to cure. The sacks were covered 
with a large polyethylene sheet to prevent moisture lost by evaporation. 

Figure 5-3: Concrete being poured into the Figure 5-4: Slabs covered with wet gunny sacks and 
formwork and vibrated. polyethylene sheets the day after being cast. 

6. Construction of the Speedfloor system 
The Speedfloor system was built on a wooden box to raise the slab above the floor level 
because it had steel joists hanging below the slab (Figure 5-5). The joists were suspended 
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on the wooden box with lock-bars placed between the joists to laterally brace the joists. 
Plywood was placed on top of the lock bars for the fmmwork and steel flashings were 
placed around the edges of the slab. 

Figure 5-S: Construction of the Speedfloor system. 

5.3. Storage of slabs 
When all the slabs had been cast, they were stored at a warehouse at a separate location in 
Christchurch. The warehouse storage of the slabs was contributed by Smith's Crane and 
Construction. When the lOOmm plain flat slabs were lifted, there were lines of indentations at 
the bottom surface of the slabs. This was formed by the creases in the polyethylene sheets 
placed below the slabs as bond-breakers. 

The slabs were stacked on an A-frame with three slabs on each side of the frame. Timber 
bearers were placed between the slabs to provide air circulation between the slabs to allow 
them to dry and cure. A tent was constructed over the slabs using polyethylene sheets to form 
an air-tight condition. A dehumidifier was placed in the tent to produce a dry condition in the 
tent to expedite the drying of the slabs. The concrete cylinders were also placed in the tent so 
that they would be exposed to the same conditions as the slabs. 

Figure S-6: Transporting of the slabs out of the Civil Figure S-7: Slabs being stacked on an A-
Engineering Laboratory. fmme in a warehouse in Christchurch. 
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5.4. Shipping of slabs 
The slabs were removed from the warehouse in Sockburn and shipped to BRANZ on the 161

h 

Aplil 2002. The slabs were transported to Lyttleton Harbour on trailers and were shipped 
from Lyttleton Harbour to BRANZ. 

5.5. Testing procedure 
The following procedure was canied out to set up the slabs before each test: 

1. The rollers were aligned on the supporting frame and shielded with mineral wool. 
2. The slab was weighed before placing it on the supporting frame. 
3. Key thermocouples were glued to the top surface of the slab. 
4. The positions of the rotary potentiometers were marked on the surface of the slab and 

concrete inserts were dlilled at the marked positions. 
5. The top surface of the slab was painted with white acrylic undercoat paint. 
6. Steel C-channels were then bolted to the sides of the slabs. 
7. The frame and the slab was lifted with the gantry crane and placed on the furnace 

frame. 
8. The strain gauges and the thermocouples were wired up to their respective data 

loggers and their connections were tested. 
9. The drums were then lifted using the steel cross beams and lowered onto the slab. 
10. The stlings from rotary potentiometers were tied to the dlilled inserts on the slab and 

the rotary potentiometers were wired up to the data logger. 
11. The rotary potentiometers and their connections were tested before the test. 
12. The data loggers were activated and the instruments started recording data. 
13. The test commenced when the furnace was switched on. 

After each test, the following procedure was conducted: 
1. The furnace was switched off. 
2. The strain gauges, thermocouples and rotary potentiometers were detached from the 

slab. 
3. The drums were lifted off and the slab and supporting frame were lifted off the 

furnace. 
4. The slab was weighed the following day to determine the weight difference before and 

after the test. 
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6. RESULTS AND DISCUSSION 
6.1. General overview 
This section describes the results and observations of the tests. The deflections, temperatures 
and strains measured during the tests are presented. This section presents only part of the data 
recorded during the experiments. The remainder of the data and the layout of the instruments 
for each of the slabs are presented in the Appendices. 

In the deflection plots, negative vertical deflections are downward and positive deflections are 
upward. For the horizontal deflections, positive deflections indicate outward deflection 
(expansion) while negative deflections indicate inward deflection (contraction). Tensile 
strains are measured as positive strains, while compressive strains are negative. For the 
purposes of discussion, the long span of the slab is referred as the longitudinal direction while 
the short span is referred as the transverse direction. 

6.2. Test 1: 661 flat slab 
6.2.1. General 
The test was conducted on the 21st June 2002 at the BRANZ Fire Laboratory. The fire test 
started at 12.45pm and lasted for 3 hours. 

6.2.2. Furnace temperature 
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Figure 6-1: Furnace temperature during the 661 flat slab fire test. 

Figure 6-1 shows the average temperature in the furnace during the fire test of the 661 flat 
slab. The temperature curve shown is the average of the twelve thermocouples in the furnace. 
The furnace was driven so that the temperature produced by the fire is identical to the 
temperatures of the ISO 834 standard fire curve. 
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6.2.3. Observations 
Several minutes after the test started, some of the rotary potentiometers indicated some 
recording problems. As a result, the vertical deflections at some locations at the top of the slab 
and hotizontal deflections of the edges of the slabs were not recorded. The test could not be 
aborted by then and had to proceed without those potentiometers. 

After 15 minutes into the tests, the corners of the slabs started to curl upwards noticeably 
(Figure 6-2). Mineral wool was used to cover these openings to prevent the gases from 
escaping. Cracking at the top of the slab soon followed the curling of the slab corners. The 
first cracks appeared in the middle of the slab, running in the transverse direction. Water and 
steam then started to seep through cracks. The curling of the corners of the slab caused the 
water to accumulate in the middle of the slab, forming a large puddle (Figure 6-3). Water also 
accumulated in the recesses of the lifting inserts, which eventually boiled and evaporated. The 
cracks on the unheated side did not penetrate the full depth of the slab. Had a full depth crack 
formed in the middle of the slab, the water would seep through and flames would have passed 
through the cracks. 

At about 1 hour and 25 minutes, the puddle level in the middle of the slab started to reside. 
There were no cracks visible on the bottom surface of the slab, seen through the viewing ports 
located on the east side of the furnace. At 2 hours 15 minutes, the corners of the slabs had 
lifted up to 119mm and the puddle of water in the middle of the slab had dried up. The first 
set of cracks which appeared on the unheated surface (running down the centre of the slab) 
had opened up to 5mm wide without flames passing through these cracks. 

Figure 6-2: Curled corners of the slab. Figure 6-3: Water puddle in the middle of the slab. 

The furnace was turned off at 3 hours. By then, the midspan deflection had reached 210mm. 
The instruments were disconnected and the water drums were lifted off the slab with the 
crane. The slab was then lifted off the furnace with the supporting steel frame. 

The bottom smface of the slab was very smooth and did not show any signs of cracking or 
spalling. The line indentations on the bottom surface of the slab were due to creases in the 
polyethylene sheets when the slab was cast and not due to the effects of the fire (Figure 6-5). 
The most visible cracks on the top surface were in the middle of the slab, running in the 
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transverse direction at a regular spacing of 300mm centres (Figure 6-6). These cracks had 
propagated outwards, from the centre of the slab to the supports. There were also diagonal 
cracks at the corners and hmizontal cracks running in the longitudinal direction, located 
approximately 600mm from the edges of the slab. 

Figure 6-4: Fire test of the 661 flat slab underway. Figure 6-5: Underside of the slab after the fire test. 

Figure 6-6: Top view of the slab after the test. 
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6.2.4. Deflections 
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Figure 6-7: Central vertical deflections of the 661 flat slab. 
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Figure 6-8: Edge horizontal deflections of the 661 flat slab. 

Figure 6-7 shows the variation of the central vertical deflections of the slab during the fire. 
The deflections from the rotary potentiometers that worked properly were plotted while the 
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deflection readings from potentiometers V1, V2, V5, V7 and V8 did not function properly 
and were not plotted. Figure 6-7 shows that the slab deflected downwards very rapidly during 
the initial stage, reaching -74mm at midspan by 20 minutes, equal to a rate of -3.7mm per 
minute. After 30 minutes, the deflection rate of the slab decreased and deflected at a steady 
rate of approximately -0.8mm per minute for the remaining duration of the test. When the test 
was stopped at 180 minutes, the midspan deflection had reached -210mm. 

Figure 6-8 shows the measured horizontal deflections of the slab. The horizontal deflections 
measured were due to the expansion and downward deflections in the centre region of the 
slab. H1 and H2 measured the horizontal deflections in the transverse direction of the slab; 
while H3 and H4 measured the deflections in the longitudinal direction (refer to Figure 4-13). 

Figure 6-8 shows that in the transverse direction, the slab deflects outwards only very slightly 
during the initial stage, reaching a maximum of 1mm at 24 minutes. After this, it gradually 
deflected inwards until it reaches a minimum of -3mm and -3.45mm at H1 and H2, 
respectively. The horizontal deflections reached a plateau due to the potentiometers running 
out of travel. In the long direction, the slab expanded at a linear rate until 19.3 minutes and 
was followed by a slower non-linear increase. The outward deflection reached a maximum of 
11.2mm at 143 minutes followed, by a gradual decrease of its deflection trend. 

6.2.5. Slab temperatures 
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Figure 6-9: Temperatures of the reinforcing mesh in the 661 flat slab. 
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Figure 6-10: Temperatures of the unheated side of the 661 flat slab. 
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Figure 6-9 shows the temperature rise of the thermocouples attached to the reinforcing mesh. 
The thermocouples were attached at mid-height, at the sides of the reinforcing bars. The mesh 
had 25mm concrete cover to the bottom of the steel. Apart from a slight variation between the 
thermocouples, the temperatures show a consistent trend, rising from 12°C during the initial 
stage, up to a maximum of 746°C by the end of the test. The graph shows a plateau in the 
temperature rise between 14 and 20 minutes. This is attributed to the increase in moisture at 
the mesh level as the moisture in the slab is driven from the heated side of the slab to the 
unheated side. 

Figure 6-10 shows the temperatures of the unexposed face of the slab. The initial temperature 
on the unexposed side was l2°C. The average temperature of the five thermocouples on the 
unheated side started to increase after 13 minutes. Between 39 and 95 minutes, the rate of 
temperature rise is lower compared to the other periods of the fire test. This is possibly due to 
the increase of moisture on the top surface, therefore reducing the rate of temperature rise. 
When the moisture on the top surface evaporated, the temperatures started to increase at a 
faster rate. Thermocouple number 3, located in the middle of the slab shows a temperature 
lag, remaining below 100°C until approximately 140 minutes had elapsed. The low 
temperature reading is due to the thetmocouple being submerged in the puddle of water in the 
middle of the slab. After approximately 140 minutes, the puddle of water had evaporated and 
the temperature readings increased very rapidly. 

The average temperature rise measured by the five thermocouples exceeded the failure 
criterion of the 140°C temperature tise at 114 minutes (152°C). The maximum temperature 
rise measured by any one of the five key thermocouples exceeded the criterion of the 180°C 
temperature rise at 114 minutes (192°C). 
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6.2.6. Strain gauge measurements 
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Figure 6-11: Strain gauge measurements in the 661 flat slab. 

Figure 6-11 shows the strains measured by strain gauges S 1 to S4. The plots for strain gauges 
S5 to S8 are in the Appendices. The graph shows that as the fire started, tensile strains in the 
steel started to increase until they eventually reached a plateau, which ranged from 500 to 
1800 microstrain. After approximately 58 minutes, the tensile strains start to fluctuate 
between compression and tension. By this stage, the recorded temperatures of the mesh had 
exceeded 300°C, indicating the strain gauges or their connections had started to fail. 

6.3. Test 2: HD12 flat slab 
6.3.1. General 
The test was conducted on the 25th June 2002 at the BRANZ Fire Laboratory. Dr. Andy 
Buchanan and Dr. Peter Moss from the University of Canterbury were present to witness the 
test. The fire test started at lO.OOam and lasted for 3 hours. 

6.3.2. Observations 
When the test started, the strain gauge data logger registered an error, indicating that it had a 
hardware problem. Despite repeated attempts to restmt the software and solve the problem, 
the data logger would not respond. The problem was eventually solved; but the data from the 
strain gauges during the first 42 minutes were not recorded. However, the rotary 
potentiometers were not affected and were able to record the deflections throughout the entire 
duration of the test. 

· This problem appeared during the start of every subsequent test, when the furnace was 
switched on. Although the cause of the problem was not identified, the problem was rectified 
every time it appeared during the start of each test. 
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Figure 6-12: Fire test for the HD12lat slab underway. 

Similar to the first test, the corners of the slab curled upwards very significantly, allowing the 
hot gases to escape through the openings. The first cracks appeared at the top smface of the 
slab, propagating from the middle of the slab in the transverse direction, towards the supports. 
When the smface cracks reached the edges of the slab, they form a full-depth crack at the 
sides of the slabs. Fine diagonal cracks could be seen at the corners of the top surface. 

Similar to the previous test, a large amount of steam and water was driven off resulting in a 
puddle of water forming in the middle of the slab. At 1 hour and 40 minutes, the puddle of 
water in the middle of the slab dried up and the cracks in the middle of the slab could be seen 
more clearly. Through the viewing ports, there were no cracks visible on the heated surface of 
the slab and there were also no signs of spalling. At 163 minutes, some of the hot gases that 
escaped through one of the corners and burnt the string of the rotary potentiometer which 
measured the corner deflections (VlO). 

Figure 6-13: Underside of the slab after the fire test. Figure 6-14: Deflection of the edges of the slab. 

The test was stopped at 3 hours. The instruments were disconnected and the water drums were 
lifted off the slab with the crane. Figure 6-13 shows the bottom smface of the slab when it 
was lifted off the furnace. It showed no visible cracks or signs of spalling. The lines 
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underneath the slab were due to the creases of the polyethylene sheets during the construction 
of the slab. The corners of the slab had curled upwards very significantly, while the central 
region of the slab edges remained relatively flat. The surface cracks of this slab were less than 
those seen in the first test due to the higher reinforcing steel content. 

6.3.3. Deflections 
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Figure 6-15: Top view of the slab after the test. 
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Figure 6-16: Central vertical deflections of the HD12 flat slab. 
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Figure 6-17: Edge vertical deflections of the HD12 flat slab. 
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Figure 6-18: Edge horizontal deflections of the HD12 flat slab. 

Figure 6-16 shows the central vertical deflections of the slab. The deflection trend of the slab 
is similar to that seen in the first test. The slab deflects downwards rapidly during the first 20 
minutes, with its midspan deflection reaching -63mm by 20 minutes. After this, the deflection 
rate decreases, maintaining a linear rate of -0.52mm per minute until the end of the test, 
reaching -155mm. 
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Figure 6-17 shows the vertical deflections at the edges of the slab. V1 and V8 measured the 
vertical deflections at the middle of the short and long spans of the slabs, respectively (refer to 
Figure 4-13). V2 and VlO measured the vertical deflections of the south-west and south-east 
comers of the slab, respectively. The comers deflected upwards in a similar trend as the 
central deflections of the slab, but in the opposite direction; increasing rapidly during the 
initial stage, followed by a lower, non-linear rate of rise. At 163 minutes, the deflection 
measurements at position VlO drops suddenly from 107mm to 90mm. The string attached to 
the potentiometer was burnt and was severed by the flames which escaped through the comer 
of the slab. 

Figure 6-18 shows the horizontal deflections of the slab. The graph shows that the amount of 
horizontal movement in any of the four directions is small, ranging from +3.4mm to -Smm. 
The horizontal deflections of the slab show a similar trend, starting with outward expansion 
during the initial stage, followed by contraction at the later stage of the fire. 

6.3.4. Slab temperatures 
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Figure 6-19: Temperatures of the reinforcing bars of the HD12 flat slab. 
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Figure 6-21: Temperatures at the unheated side of the HD12 flat slab. 

Figure 6-19 shows the temperature tise of the reinforcing bars. It shows a consistent trend 
between all the thermocouples, rising from 11 °C during the start of the fire test, up to a 
maximum of 715°C at the end of three hours. Figure 6-20 shows the temperatures of one of 
the thermocouple trees in the slab. The thermocouples measured the temperatures at various 
positions from the heated slab surface, ranging from Omm (exposed face) to 95mm. The graph 
shows that the maximum temperature measured at the exposed face of the slab reached 
1 040°C at the end of the fire test. 
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Figure 6-21 shows the temperatures of the unexposed face of the slab. The initial temperature 
on the unexposed side was 11 °C. The average temperature rise measured by the five 
thermocouples exceeded the failure criterion of the 140°C temperature rise at 118 minutes 
(151 °C). The maximum temperature lise measured by one of the five key thermocouples 
exceeded the 180°C clitelia at 146 minutes (191°C). The curve of the average temperatures 
shows a sudden increase between 21 minutes to 32 minutes. This is due to a sudden increase 
in one of the key thermocouples, therefore increasing the average temperatures. The reason 
for the sudden temperature increase is possibly due to a shmt circuit in the connections. 

6.3.5. Strain gauge measurements 
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Figure 6-22: Strain gauge measurements in the HD12 flat slab. 

Figure 6-22 shows the measurements of the strain gauges S1 to S4. The plots for strain gauges 
S5 to S8 are in the appendices. The data duling the first 42 minutes of the fire test was not 
recorded due to the electronic problem with the data logger. When the data recording 
commenced at 43 minutes, the strain gauges were already measuling tensile strains in the 
range of 400 to 1500 microstrains. The strain gauge data was recorded for only a short period 
before they started to burn out progressively, shown by the sudden increase in strains which 
went out of the scale of the plot. 
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6.4. Test 3: D147 flat slab 
6.4.1. General 
The test was conducted on the 2ih June 2002 at the BRANZ Fire Laboratory. The fire test 
started at 10.56am and lasted for 3 hours. The comers of this slab in this test (and subsequent 
slabs) were clamped down to prevent them from curling upwards. 

6.4.2. Furnace temperature 
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Figure 6-23: Furnace temperatures during the D147 flat slab fire test 

Figure 6-23 shows the temperature in the fumace during the third fire test. During the first 
thirty minutes of the fire, the temperatures in the furnace showed significant deviation from 
the expected temperatures of the ISO standard fire. This was due to insufficient air ventilation 
into the furnace which caused incomplete combustion and resulted in a lot of black smoke 
pouring out of the furnace. After 30 minutes, the problem was fixed and the furnace 
temperature started to follow the predicted fire curve more closely. 

6.4.3. Observations 
During the early stages of the fire, diagonal cracks rapidly formed at the comers of the top 
surface. These cracks were due to restraint of the comers against curling. Three cracks also 
formed at an early stage of the fire in the middle of the slab, propagating in the transverse 
direction. The first crack formed 150mm off-centre in the transverse direction, with two more 
cracks running on each side, 600mm (2 bar spaces) parallel to the centre crack. 

A large amount of water and steam seeped through the cracks, forming a puddle of water in 
the middle of the slab. After 35 minutes, the diagonal cracks on the top surface had widened 
noticeably. Cracks had also appeared at the sides of the slabs. These cracks formed a 45 
degree angle across the full depth to the top surface where it meets the surface diagonal cracks 
(Figure 6-24).The centre edges of the slab progressively deflected upwards, eventually 
reaching double curvature by two hours. The cracks on top of the slab continued to widen as 
the test progressed; particularly the transverse cracks in the middle of the slab and the 
diagonal cracks at the comers. 
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At about 2 hours, hairline cracks started to form (through the viewing ports of the furnace) at 
the bottom smface of the slab. A crack was clearly seen propagating in the transverse 
direction on the east side of the furnace (closest to the viewing port). Another crack could also 
have formed on the west side of the slab but could not been seen as there were no viewing 
ports on that side. Some of the drums on the slab had tilted significantly due to the large 
vertical deflections. After 2 hours 25 minutes, the midspan deflection readings reached the 
maximum limit of the potentiometer (V6). The test was stopped at 3 hours and before the 
loads were removed, the final midspan deflection was measured manually. 

Figure 6-24: Diagonal cracks at the corners extending to full 
depth cracks at the sides of the slab. 

Figure 6-25: Underside of the slab after the 
fire test, showing the yield line cracks. 

Figure 6-25 shows the bottom of the slab and the deformed shape immediately after the fire 
test, respectively. Figure 6-26 shows the defmmed slab after the test. On the top smface, the 
white paint had discoloured and became brown. Figure 6-27 and Figure 6-28 show that three 
large cracks fmmed across the transverse direction of the slab. These cracks were spaced at 
600mm apart, equivalent to two grid spacings of the mesh. One full depth crack formed in the 
longitudinal direction at the centre of the slab. This full-depth crack is approximately 
1200mm long. Surface cracks formed in a circular pattern around these large central cracks. 
Large cracks also formed in the longitudinal direction, located approximately 200mm from 
the edges of the slabs. In spite of cracks as wide as lOmm on the top smface, flames did not 
pass through the cracks, which would have caused integrity failure. 

Figure 6-26: Deformed slab after the test. 

Unlike the first two tests which showed a smooth and uncracked bottom smface, large cracks 
were clearly visible underneath this slab (Figure 6-25). There were no signs of spalling on the 
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underside of the slab. Figure 6-28 shows that a small portion of the bottom sutface cover near 
the centreline had fallen off. This occutTed after the slab had cooled down and was not due to 
spalling. The large surface crack in the longitudinal direction had extended to its full depth 
and was clearly seen on the bottom sutface of the slab. Two large full depth cracks which 
propagated in the short span could also be clearly seen at the bottom of the slab. A finer crack 
also formed in the middle of the slab, between the larger full depth cracks. This crack had 
closed up when it was examined the following day and corresponds to the large crack on the 
top sutface. In addition to the transverse, fine diagonal cracks running at 45 degrees from the 
corners towards the centre region of the slab could also be seen. After the slab was broken, 
examination of the reinforcing bars showed that the bars in the slab had not ruptured across 
the full depth cracks during the fire. 
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Figure 6-27: Crack pattern at the top surface of the slab. 

Figure 6-28: Crack pattern at the bottom surface of the slab. 

39 



6.4.4. Deflections 
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Figure 6-29: Central vertical deflections of the D147 flat slab. 

Figure 6-57 shows the central vertical deflections of the slab. Unlike the first two tests, the 
ve1iical deflections did not show a smooth deflection trend during the first 45 minutes, due to 
the erratic furnace temperature (section 6.4.2). When the midspan vertical deflection reached -
186mm, the central rotary potentiometer (V6) had reached its limit of travel and could not 
measure fmiher deflections. A physical measurement made at the end of the test showed that 
the slab had deflected to -271mm at midspan. 

6.4.5. Slab temperatures 
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Figure 6-30: Temperatures at the unheated side of the D147 flat slab. 
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Figure 6-30 shows the temperatures of the unexposed face of the slab. The initial temperature 
on the unexposed side was 13°C. The average temperature rise measured by the five 
thermocouples exceeded the failure criterion of 140°C temperature rise (153°C) at 125 
minutes. The maximum temperature rise measured by one of the five key thermocouples 
exceeded the 180°C criteria (193°C) at 153 minutes. 

6.4.6. Strain gauge measurements 
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Figure 6-31: Strain gauge measurements of the D147 flat slab. 

Figure 6-31 shows the measurements from the strain gauges S1 to S5 in the third test. The 
plots for the remaining strain gauges, S6 to S26 are in the Appendices. The graph shows that 
as the fire started, tensile strains in the steel increased and levelled off at strains between 640 
to 2600 microstrain. Most of the strain gauges shown managed to record data in excess of 60 
minutes before they started to fail. 

6.5. Test 4: Dimond Hibond slab 
6.5.1. General 
The test was conducted on the 1st July 2002 at the BRANZ Fire Laboratory. The fire test 
started at 11.07am and lasted for 3 hours. 

6.5.2. Observations 
Before the test started, the slab had already cracked on the top surface due to mishandling 
when it was shipped from Christchurch to BRANZ. The crack formed across the middle of 
the short span of the slab. Strain gauges S 1 and S3 did not function as it was damaged during 
the casting of the concrete. 

Approximately 5 minutes after the start of the test, the steel decking at the bottom surface 
started to buckle and debond from the concrete. Figure 6-33 shows the steel decking 
debonding from the slab, creating a gap between the decking and the concrete. After 20 
minutes, diagonal cracks started to form at the east and west sides of the slab, where the 
comers were held down (Figure 6-33). The cracks propagated upwards from the intersection 
between the top of the rib and the concrete flat slab at a 45 degree angle. Popping noises were 
heard during the early stages of the fire test, due to the concrete which was mechanically 
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anchored to the decking, being lipped from the slab when the decking debonded. Small pieces 
of concrete also spalled off the sides of the slab. 

Figm·e 6-32: Buckling of the steel decking during Figure 6-33: Debonding of the steel decking and 
the fire, seen through the east viewing port. diagonal cracks forming at the rib-slab intersection. 

Cracks appeared at an early stage at the top of the slab at midspan, running in the transverse 
direction of the slab and diagonally, where the corners of the slab were clamped down (Figure 
6-34). Similarly with the other tests, there was a lot of steam and water seeping out of the 
cracks. After 1 hour 20 minutes, the diagonal and hmizontal cracks at the top surface had 
widened significantly but had not allowed the flames to pass through the openings. After 2 
hours and 30 minutes, blisters started to appear beneath the steel decking (Figure 6-35). The 
blisters fmmed when the galvanizing of the steel oxidised. 

Figure 6-34: Steam seeping through the diagonal Figure 6-35: Severe blistering of the steel decking 
cracks at one of the corners of the Hibond slab. The due to oxidisation. 
crack had extended the full depth of the slab. 

As 3 hours approached, large longitudinal cracks had formed at the top smface, 200mm from 
the edges, running parallel to the long sides of the slab. The initial crack (due to mishandling) 
had widened significantly and at 3 hours, flames started to penetrate this crack. When the slab 
was lifted off the furnace, the steel decking was glowing pink, with severe blistering on the 
decking smface (Figure 6-36). 
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Figure 6-36: Hi bond slab being lifted off the furnace. Figure 6-37: Deflected slab after the fire test. 

Figure 6-37 shows the large deflections in the Hibond slab after the fire test. Figure 6-38 
shows a large crack (up to 9rnm wide) had formed across the middle of the slab in the 
longitudinal direction. The slab also had a series of horizontal cracks running across the short 
span at regular parallel spaces. The cracks were spaced at 300rnm apart which conesponded 
to the position of the bars of the reinforcing mesh. The diagonal cracks which fmmed at the 
comers were also spaced at regular intervals. 

Figure 6-38: Deformed Hibond slab after the fire test. 

Figure 6-39 shows that the centre region of the sides of the slab had deflected inwards, 
relative to the comers of the slabs. The large midspan deflections had caused the centre 
regions of the sides to contract and deflect inwards. Figure 6-40 shows a large amount of 
concrete had spalled off the ribs of the slab when the steel decking was pried from the slab. 
The steel decking held the concrete in place, preventing it from falling off the slab and 
exposing the reinforcing steel. 
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Figure 6-39: Inward deflection of the centre 
regions of the sides of the slab. 

6.5.3. Deflections 
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Figure 6-40: Bottom of the Hibond slab after the 
steel decking was pried from the slab. 
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Figure 6-41: Central vertical deflections of the Hibond slab 

Figure 6-41 shows the central vertical deflections of the HiBond slab, showing a distinct 
bilinear trend. The slab deflected downwards very rapidly at a rate of approximately -3.7mm 
per minute during the first 8 minutes of the fire. During the remaining 140 minutes, the slab 
deflected at a lower rate of -1.2mm per minute. The deflection rate increased slightly during 
the last 30 minutes, resulting in a final midspan deflection of -253mm at the end of the test. 
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6.5.4. Slab temperatures 
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Figure 6-42: Temperatures of the reinforcing mesh of the Hibond slab. 
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Figure 6-43: Temperatures at the unheated side of the Hibond slab. 

Figure 6-42 shows the temperatures of the unexposed face of the slab. The initial temperature 
on the unexposed side was 13°C. Three of the thermocouples (T2, T3 and T5) show higher 
temperatures than the other thermocouples. This is because they were mounted on the thin 
section of the slab while the other thermocouples were mounted on the thicker part of the slab 
which had the ribs as extra concrete cover. The the1mocouples mounted over the ribs show a 
distinct temperature plateau of 100°C between 26 and 48 minutes. This temperature plateau is 
due to the moisture accumulation at that level as it was progressively driven off from the 
heated side towards the cooler side. Figure 6-43 shows the temperatures measured by the key 
thermocouples. The temperatures on the unheated side exceeded the failure criterion of the 
140°C temperature rise (153°C) at 103 minutes. The maximum temperature rise measured by 
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any one of the five key thermocouples exceeded the 180°C criteria temperature rise (193°C) at 
103 minutes. 

6.5.5. Strain gauge measurements 
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Figure 6-44: Strain gauge measurements of the Hibond slab. 

Figure 6-44 shows the strain gauge measurements in the functioning strain gauges in the 
Hi bond slab. Strain gauges S 1 and S3 are not plotted because they had been damaged during 
the casting of the slab. The graph shows that some of the strain gauges lasted up to 65 minutes 
while some of them failed as early as 22 minutes. The strain gauges which lasted the shorter 
period were positioned at locations with thinner cover, resulting in earlier failures. 

6.6. Test 5: Traydec slab 
6.6.1. General 
The test was conducted on the 3rd July 2002 at the BRANZ Fire Laboratory. The fire test 
started at 10.30am and lasted for 3 hours. 

6.6.2. Observations 
Several minutes after the test started, popping noises similar to those during the Hibond test, 
were heard. After 20 minutes, cracks started to appear at the east and west sides of the slab. 
The cracks formed at the side of the slab and propagated upwards at a 45 degree angle from 
the top of the steel ribs. After 30 minutes, cracks started to appear at the top of the slab, 
running in the transverse direction in the middle of the slab. The cracks were spaced at 
300mm centres, corresponding to the positions of the reinforcing bars of the mesh. The 
diagonal cracks at the top smface appeared soon after the horizontal cracks formed. The 
diagonal surface cracks were due to the restraint of the comers against curling. As with the 
other slabs, a lot of steam and water was generated at the sides and top surface of the slab. 

The Traydec slab did not deflect and deform as much as the slabs of the previous tests. When 
the test was stopped at 3 hours, the mid-span deflection had reached -126mm. Figure 6-45 
shows. the deflected shape of the slab after the fire test. The diagonal cracks which extended 
from the top of the ribs had widened up to 3mm (Figure 6-46). There were a series of parallel 
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cracks running in the transverse direction at the top of the slab, spaced at 300mm centres 
(Figure 6-47). Compared to that seen in the third and fourth tests, this slab had fewer diagonal 
cracks and the widths of its smface cracks were generally much smaller. 

Figure 6-45: Deformed shape of the slab after the 
test. 

Figure 6-46: Diagonal cracks at the edges of the slab. 

The bottom surface of the steel decking did not oxidise as much as the Hibond slab (Figure 
6-48). The flat smface of the decking had de-bonded from the concrete, but each individual 
sheet was locked into the concrete by the steel ribs, which prevented the whole sheet from 
separating from the concrete (Figure 6-49). 

Figure 6-47: Top view of the Traydec slab. 
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Figure 6-48: Underside of the Traydec slab after the Figure 6-49: Slab cut in half, showing the steel 
test. decking locked into the concrete by the ribs. 

6.6.3. Deflections 
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Figure 6-50: Central vertical deflections of the Tray dec slab. 

Figure 6-50 shows the central deflections of the slab. The graph shows that the slab deflected 
much quicker during the initial stages (6 minutes), followed by a slower deflection rate duting 
the remainder of the test, which is a consistent trend with the results seen in the other tests. 
Compared to the previous slabs, the deflection rate of this slab is significantly lower, resulting 
in a final midspan deflection -126mm at the end of the test. The smaller deflections of the slab 
were attributed to the thicker section of the slab. The greater cover to the reinforcing steel and 
embedded ribs of the steel decking in the concrete (Figure 6-49) kept the steel cool, 
preventing significant loss of stiffness and subsequently large deflections forming in the slab. 
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6.6.4. Slab temperatures 
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Figure 6-51: Temperatures at unheated side of the Traydec slab. 

Figure 6-51 shows the temperatures of the unexposed face of the slab. The average 
temperature rise measured by the five thermocouples exceeded the failure criterion of the 
140°C temperature rise (151 °C) at 176 minutes. However, none of the five key thermocouples 
exceeded the 180°C maximum temperature rise cdteda. 

6.6.5. Strain gauge measurements 
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Figure 6-52: Strain gauge measurements of the Tray dec slab. 

Figure 6-52 shows the measurements from the strain gauges S1 to S5 in the Traydec test. The 
plots for the remaining strain gauges, S6 to S20, are in the Appendices. Unlike the previous 
tests, the strain gauges in this slab managed to function and record data in excess of 145 
minutes, before they started to fail. The greater concrete cover (75mm) to the reinforcing steel 
kept the temperatures of the reinforcing steel and strain gauges cooler and allowed the strain 
gauges to operate for a longer time before failure. 
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6.7. Test 6: Speedfloor slab 
6.7.1. General 
The test was conducted on the i 11 July 2002 at the BRANZ Fire Laboratory. The fire test 
started at 10.29am and lasted for 3 hours. 

6. 7 .2. Observations 
Figure 6-53 shows the Speedfloor slab before the fire test. Before the test started, a short 
circuit was detected in strain gauges S7 and S 12 and did not function dming the test. Five 
minutes after the test started, fine cracks appeared at the top surface of the slab, running in the 
transverse direction of the slab. Diagonal cracks formed at the comers soon after the 
transverse cracks formed. After 25 minutes, the side steel joists were glowing red and had 
buckled (Figure 6-54). Only the joists closer to the side of the slab could be seen through the 
viewing ports. 

Figure 6-53: Speedfloor slab, before the test. Figure 6-54: Buckling of the joist during the fire test. 

After approximately 1 hour, the rotary potentiometer measuring the midspan deflection (V6) 
malfunctioned, resulting in enatic measurements. To continue measuring the midspan 
deflections, a wooden block marked with measurements was placed in the middle of the slab. 
A steel channel was placed across the slab, in front of the wooden block and the level of the 
midspan deflection was measured by sight using the wooden block and the steel purlin 
(Figure 6-55 and Figure 6-56). 

Figure 6-55: Steel channel suspended across the slab 
to measure the midspan deflections. 
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Figure 6-56: Wooden block with notched 
measurements to measure the midspan deflections. 



After 2 hours and 15 minutes, a longitudinal crack had f01med at the top surface, propagating 
across the middle of the slab. The position of the crack conesponded to the location of the 
centre joist. The water in the middle of the slab had also evaporated by this stage and a crack 
running in the transverse direction in the middle of the slab could be clearly seen. 

At the end of the test (3 hours), the slab had deflected to -180mm at midspan. When the slab 
was lifted from the furnace, the steel joists were glowing pink (Figure 6-57) and the smface of 
the joists suffered extensive oxidisation. The centre joist had buckled very severely while the 
joists closer to sides showed less def01mation. Figure 6-58 shows the ends of the joists near 
the face of the concrete beam. The bottom flanges of the joists did not butt up against the 
concrete beam, shown by a lOmm gap between the bottom flange of the joist and the vertical 
face of the concrete beam. The web of one of the side joists had expanded and butted up 
against one of the steel plates which supported the rollers. This formed a notch at the top of 
the web. 

Figm·e 6-57: The Speedfloor slab being lifted off the Figure 6-58: Extensive oxidization and buckling of 
furnace after the fire test. the steel joists. 

The top surface of the slab showed extensive cracking in the transverse direction and 
diagonally at the corners of the slab (Figure 6-59). The widths of the cracks were nan·ow 
(maximum of 3mm) and did not crack the full depth of the slab. The transverse cracks in the 
middle of the slab were spaced at 150mm apart, equal to the spacing of the bars of the mesh. 
The largest crack on the top surface formed across the longitudinal direction, in the middle of 
the slab. This crack position conesponded to the location of the centre joist. The bottom 
surface of the slab showed a few hairline cracks propagating diagonally from the corners of 
the slab towards the centre region but there was no sign of full depth cracks. The hairline 
cracks were possibly due to yield lines forming. 
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Figure 6-59: Top view of the Speedfloor slab. 

6. 7 .3. Deflections 
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Figure 6-60: Central vertical deflections of the Speedfloor slab. 

Figure 6-60 shows the central vertical deflections of the Speedfloor slab. The graph shows 
that the slab deflects downwards very rapidly during the initial stages, reaching lOOmm by 30 
minutes . The rate of deflection of the slab decreased after the initial stage into a linear rate. At 
55 minutes, potentiometer V6 struted to malfunction as it measured very erratic deflection 
readings. The malfunction was a result of the repeated cycles of heating from the first five 
tests . The potentiometer could not be replaced and the midspan deflections were measured 
with a block of wood with notched measurements placed in the middle of the slab. The 
deflections were measured by sighting the level from the notches and a steel purlin placed 
across the middle of the slab. 
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6.7.4. Slab temperatures 
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Figure 6-61: Temperatures at unheated side of Speedfloor slab 

Figure 6-61 shows the temperatures of the unexposed face of the Speedfloor slab. The initial 
temperature on the unexposed side was l3°C. The average temperature rise measured by the 
five thermocouples exceeded the failure criterion of the 140°C temperature rise (153°C) at 103 
minutes. The maximum temperature tise measured by one of the five key thermocouples 
exceeded the 180°C temperature rise criteria (193°C) at 103 minutes. 

6.7.5. Strain gauge measurements 
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Figure 6-62: Strain gauge measurements of Sl-SS in Speedfloor slab 

Figure 6-62 shows the measurements of strain gauges S 1 to S5 in the Speedfloor test. The 
plots for the remaining strain gauges, S6 to S14, are located in the Appendices. The graph 
shows that as the fire started, the tensile strains in the strain gauges increased very rapidly. 
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The tensile strains then levelled off and at approximately 30 minutes, the strains in some of 
the gauges (S 1, S2 and S5) started to decrease. After 72 minutes, the average steel 
temperatures had reached 330°C and the strain gauges progressively started to fail, shown by 
the sudden strain fluctuations. 

6.8. Material properties after the test 
6 81 R . ~ t I t' ... em orcmg s ee proper 1es 

Slab Reinforcing Max steel Yield stress Young's 
steel temperature * Modulus 

Hibond D147mesh 672 °C 372MPa 185 GPa 
Tray dec D147mesh 351 °C 592MPa 180 GPa 

* Average of three thermocouples 

Table 8: D147 mesh properties after the fire test 
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Figure 6-63: Stress-strain curves of D147 mesh after the tests 
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A week after the fire tests were completed, tensile tests were conducted on the D147 mesh to 
measure its ductility after the steel was exposed to elevated temperatures. Only the mesh from 
the Traydec and Hibond slab were available for testing because the steel samples from the 
other slabs did not fit the test machine as they were too short. Table 8 shows the properties of 
the steel after they were exposed to varying levels of maximum temperatures. The maximum 
temperatures of the reinforcing steel of the Hibond and Traydec slabs measured at the end of 
the tests were 672°C and 351 °C, respectively. The yield strength of the Hibond mesh had 
dropped from 565MPa to 372MPa, but had slightly increased to 592MPa in the Traydec 
mesh. 

Figure 6-63 shows the stress-strain curves of the 147 mesh in the Hibond and Traydec slab 
after they were exposed to various levels of heating. The rupture strain in the Traydec mesh 
had increased to 8.72%. Despite being heated up to only 351 °C, the steel shows a substantial 
increase in ductility from its initial value of 2.25%. The stress-strain curve of the Hibond 
mesh in Figure 6-63 does not show a yield plateau because the steel ruptured outside the 
measured gauge length and was not detected by the gauge. The rupture strain of the Hibond 
mesh was determined by manually measuring the steel sample with a ruler. The 26.7% 
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rupture strain indicated that the ductility of the cold-drawn mesh had increased significantly 
after being exposed to high temperatures. This prevented fracture of the steel in the slab 
which would have occurred if the steel was not heated. 

6.8.2. Concrete moisture content 
Slab weight Water content 

Slab Before (kN) After (kN) Volume (litres) Percent 
1 661 flat slab 33.4* 31.2 
2 HD12 flat slab 35.7 33.8 
3 0147 flat slab 32.9 31.4 
4 Hibond slab 34.5 32.6 
5 Traydec slab 42.8 40.7 
6 Speedfloor 32.9 31.0 

j *Estimated weight based on concrete density of 2400kg/m 

Table 9: Moisture content of slabs 

225 6.5% 
188 5.2% 
147 4.4% 
196 5.6% 
221 5.1% 
192 5.7% 

Table 9 shows the moisture content of the slabs, measured by weighing the slabs before and 
after the tests. The difference of the weight is due to the moisture driven from the slabs during 
the heating of the slabs. The measured moisture content of the slabs ranged from 4.4% to 
6.5%, and the average of moisture content is 5.4% for the six slabs. The low moisture content 
of the slabs and the absence of spalling of the concrete during the tests gave a good indication 
that the slabs had been well cured and dried before the tests. 

6.9. Summary of results 
6.9.1. Midspan deflections 
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Figure 6-64: Comparison of the midspan vertical deflections in the six slabs tested at BRANZ 

Figure 6-64 compares the midspan deflections of the six different slabs during the fire tests. 
The graph shows that all the slabs had similar deflection rates during the initial stage of the 
fire. This deflection is due to thermal bowing of the slabs. The slabs with the steel decking 
show a distinct bilinear deflection trend, with a rapid deflection rate during the initial stages, 
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followed by a lower deflection rate for the remainder of the fire test. The transition to the 
lower deflection rate was possibly due to the steel deck buclding and debonding from the 
concrete, creating an insulating layer of air between the decldng and the bottom surface of the 
concrete. The deflection rates of the other slabs showed a gradual reduction, after 20 minutes, 
into a steady rate for the remaining duration of the fire. The maximum deflections of the plain 
slabs with 198mm2/m, 295mm2/m and 565mm2/m were -271mm, -210mm and -154mm, 
respectively. The similar deflection trends of the plain slabs during the initial stages were due 
to thermal bowing of the slab while the steel content had negligible effect. The final 
deflections of the slab were govemed by the steel content of the slab, and were not due to 
thermal bowing. 

6.9.2. Test results versus code recommendations 
Stability criteria 

Expected fire resistance rating Test result 

1 OOmm flat slab 120 minutes1 (Two-way, simply supported) 180 minutes 

Hibond slab 30 minutes2 (One way, simply supported) 180 minutes 

Traydec slab 240 minutes 1 180 minutes 

Speedfloor slab 120 minutes1 (Two-way simply supported) 180 minutes 

1 = NZS 3101: Part 1 (SNZ, 1995) 
2 = Manual No. 7, Hibond Design Manual (Dimond Industries, 1997) 

Table 10: Comparison of test results with existing design recommendations for stability criteria 

Table 10 compares the expected fire resistance stability rating with the test result. The fire 
resistances recommended by NZS 3101 (SNZ, 1995) are based on the concrete cover to the 
reinforcement. Apart from the Traydec slab, the other slabs had higher stability ratings than 
those recommended by codes and design manuals. The stability ratings recommended by the 
codes are based only on the concrete cover to the reinforcing steel. The recommended fire 
resistance rating of the Hibond slab is significantly lower than that achieved in the test 
because its recommended rating is based on a one way slab. 

Insulation criteria 

Expected fire resistance rating Test result 

1 OOmm flat slab 100 minutes 1 114 minutes 

Hibond slab 105 minutes2 103 minutes 

Traydec slab 160 minutes3 176 minutes 

Speedfloor slab 83 minutes1 103 minutes 

1 = NZS 3101: Part 1 (SNZ, 1995), Type A aggregate 
2 =Manual No. 7, Hi bond Design Manual (Dimond Industries, 1997) 
3 = Traydec 300 Specification and Design Manual (Forgan Jones Structural Ltd, 1996) 

Table 11: Comparison of test results with existing design recommendations for insulation criteria 

Table 11 compares the insulation ratings recommended by the codes with the test results. The 
fire resistance ratings from the tests were similar to the test results and in most cases, the 
times to insulation failure in the tests were greater than the recommended ratings. 
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Integrity criteria 
The only slab that had an integrity failure was the Hibond slab. The integrity failure was 
minor and occurred when small flames passed through one of the full depth cracks in the 
middle of the slab. It occurred just before the furnace was turned off at 180 minutes. The other 
slabs did not have integrity failures. 

6.9.3. Comparison of test results with yield line theory 
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Figure 6-65: Variation of the ultimate load carrying capacity, W"' with time (D147 mesh flat slab) 
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Figure 6-65 shows the variation of the calculated ultimate load capacity for one of the flat 
slabs (D147 flat slab) during the ISO fire. The theoretical ultimate load carrying capacities, 
W u,f, were calculated using yield line theory (Park et al, 2000). The calculated ultimate load 
capacity of the slab reduces with increasing time of exposure in the standard fire. The 
reduction of the load carrying capacities were calculated using the reduced strengths of the 
reinforcing steel at elevated temperatures. The temperatures of the reinforcing steel were 
obtained from the measured temperatures of the reinforcing during the fire tests and the 
reduced strengths of the hot-rolled and cold-drawn reinforcing steel were determined from the 
strength reduction factors from the Eurocode (EC2, 1995), as shown in Figure 6-66. 

Figure 6-65 shows that the predicted load carrying capacity, Wu,o, of the D147 flat slab at the 
start of the fire, was 13.3kPa. The applied load on the slab is 5.40kPa; hence the 
corresponding load ratio, rloact, is: 
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Figure 6-67: Variation of the load ratio during the fire. 

Figure 6-67 shows the variation of the load ratio of the D147 flat slab during the ISO fire. 
During the first 39 minutes, the load ratio of the slab remains constant, at 0.41. As the 
temperatures of the reinforcing steel increased, the flexural strength and the load carrying 
capacity of the slab decreased. At 120 minutes, the load carrying capacity of the slab had 
decreased to the point where it equalled the applied loads. However, the tests showed that the 
slab could still carry the applied loads for the full duration of 3 hours in the fire without 
collapse despite its calculated load capacity dropping below the applied loads. 

By 3 hours, the predicted load carrying capacity of the slab (Wu,f) had dropped significantly, 
below the level of the applied loads, to 1.47kPa and the load ratio had increased up to 3.67. 
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w 
rload, f 

W u, fire 

5.4 kPa 

1.47kPa 
= 3.67 

This indicates that after being exposed for 3 hours to the ISO fire, the slab was able to carry a 
load 3.67 times greater than predicted by conventional yield line theory. Although the flexural 
strength of the slab had decreased below the level of the applied loads, the slab did not 
collapse and resisted the loads by tensile membrane action. 

Ambient After 3 hours exposure to ISO fire Applied temperature 
Slab load, 

w (kPa) Wu,o (kPa) 
Max. Steel 

Wu,f(kPa) 
Load ratio, 

Temp. (0 C) rload,f (w!Wu,f) 

1 661 Flat slab 5.40 20.0 683 2.40 2.25 

2 HD12 Flat slab 5.40 28.2 688 6.49 0.83 

3 0147 Flat slab 5.40 13.3 703 1.47 3.67 

4 Hibond slab 5.52 70.2 672 1.09 5.06 

5 Traydec slab 6.12 75.0 339 8.57 0.71 

6 Speedfloor 5.16 55.1 623 2.02 2.55 

Table 12: Load carrying capacities of the slabs, before and after the fire tests. 

Table 12 shows the predicted load carrying capacity of the slabs, before and after the fire 
tests. The table shows that by 3 hours in the ISO fire, the ultimate load carrying capacities 
(W u,f) of the slabs had decreased significantly. The slabs whose load carrying capacities had 
dropped below the level of the applied loads are shown in the bold italics numbers. The load 
ratios of these slabs had exceeded unity, ranging from 2.25 in the 661 flat slab up to 5.06 in 
the Riband slab. 

The ultimate loads of the HD12 flat slab and the Traydec slab had also decreased, but their 
load ratios had not exceeded unity at 3 hours. The ultimate load of the HD 12 flat slab did not 
drop below the level of the applied load despite its reinforcing steel reaching temperatures 
similar to those in the other flat slabs. This is due to the high steel content in the slab, which 
results in the higher flexural strength of the slab. The ultimate load of the Traydec slab did not 
drop below the level of the applied loads because of the thicker concrete cover to the 
reinforcing mesh. This prevented the mesh from reaching excessively high temperatures 
which would have caused significant loss of strength. The ribs of the steel deck were also 
embedded in the concrete and remained relatively cool. It acted as fire emergency 
reinforcement and allowed the slab to retain its stiffness. 
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7. CONCLUSIONS 
Six fire tests of two-way concrete and composite slabs were conducted at the BRANZ 
furnace. The slabs were simply supported and horizontally unrestrained and loaded with a live 
load of 3.0k:Pa. The slabs were exposed to the ISO standard fire for three hours. 

The slabs supported the full design loads for the entire duration of the fire. The temperatures 
of the reinforcing steel in some of the slabs exceeded 700°C after 3 hours and very high 
temperatures were measured in the slabs. The slabs suffered extensive surface cracking on the 
unheated surface and full depth cracks formed in some of the slabs. None of the slabs 
collapsed in spite of the large deflections (up to 270mm) sustained by some of the slabs. The 
fire tests showed that the closer bar spacing and higher steel content of the 661 mesh and the 
HD12 mesh prevented large, full-depth cracks from forming and enabled the slabs to maintain 
their integrity rating. The cold-drawn mesh used in the tests performed well and did not 
rupture due to the significant increase of the ductility of the steel at elevated temperatures. 

The tests illustrated the significant influence of tensile membrane action on maintaining the 
structural stability of the floor slabs under fire conditions, by supporting loads significantly in 
excess of their predicted yield line capacities. 

The data from these tests will be very useful for verification of computer models for 
predicting structural behaviour of reinforced concrete slabs in fire conditions. 
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APPENDICES 
This section presents the data collected from the tests. The data that were already presented in 
the main section of the report are not presented here. The appendix is subdivided into the 
following sections: 

Appendix 1: Deflection measurements 
Appendix 2: Temperature measurements 
Appendix 3: Strain gauge measurements 
Appendix 4: Photographs 

Within each appendix, the data are presented separately for each slab, in the following order: 

1. 661 flat slab 
2. HD12 flat slab 
3. D147 flat slab 
4. Hibond slab 
5. Traydec slab 
6. Speedfloor 

Appendix 1: Deflection data 

The layout of the measurement points is shown in Figure 4-13. 

Slab 
Vertical deflection Horizontal deflection 

points points 

1. 
1 OOmm flat slab 

V1-V9 H1-H4 
(D147 mesh) 

2. 
1 OOmm flat slab 

V1- VlO H1-H4 
(661 mesh) 

3. 
1 OOmm flat slab 

V1, V3- V9 H1-H4 
(HD 12 reinforcing) 

4. 130mm Hi-bond slab V1, V3- V9 H1-H4 

5. 130mm Traydec slab V1, V3- V9 H1-H4 

6. 
90mm flat slab on 

V1, V3- V9 H1-H4 
Speedfloor joists 

Table 13: Deflection measurement points in the slabs. 

Test 1: 661 flat slab 
Refer to section 6.2.4. 

Test 2: HD12 flat slab 
Refer to section 6.3.3. 
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Test 3: D147 flat slab 
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Appendix Fig. 1: Edge vertical deflections of the D147 flat slab. 
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Appendix Fig. 2: Edge horizontal deflections of the D147 flat slab. 
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Test 4: Hibond slab 
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Appendix Fig. 3: Edge vertical deflections of the Hibond slab. 
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Test 5: Traydec slab 
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Appendix Fig. 5: Edge vertical deflections of the Traydec slab. 
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Appendix Fig. 6: Edge horizontal deflections of the Traydec slab. 
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Test6:Speedfloorsmb 
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Appendix Fig. 7: Edge vertical deflections of the Speedfloor slab. 
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Appendix 2: Temperature data 
Test 1: 661 flat slab 
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Appendix Fig. 9: Thermocouple layout in the 661 flat slab. 

Refer to sectiori 6.2.5 for temperature data. 

Test 2: HD12 flat slab 
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Appendix Fig. 11: Furnace temperatures during the HD12 flat slab test. 
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Appendix Fig. 13: Temperatures of the key thermocouples in the HD12 flat slab. 

Test 3: D147 flat slab 
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Appendix Fig. 15: Temperatures of the reinforcing mesh in the D147 flat slab. 
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Appendix Fig. 16: Temperatures in thermocouple tree 1 in the HD12 flat slab. 
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Appendix Fig. 17: Temperatures in thermocouple tree 2 in the D147 flat slab. 
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Appendix Fig. 18: Temperatures of the key thermocouples in the D147 flat slab. 
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Test 4: Hibond slab 
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Appendix Fig. 19: Thermocouple layout in the Hibond slab. 
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Appendix Fig. 20: Furnace temperatures during the Hibond slab fire test. 
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Appendix Fig. 21: Temperatures in thermocouple tree 1 in the Hibond slab. 
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Appendix Fig. 22: Temperatures in thermocouple tree 2 in the Hibond slab. 
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Test 5: Traydec slab 
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Appendix Fig. 23: Thermocouple layout in the Traydec slab. 
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Appendix Fig. 24: Furnace temperatures during the Traydec slab fire test. 
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Appendix Fig. 25: Temperatures in thermocouple tree 1 in the Traydec slab. 
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Appendix Fig. 26: Temperatures in thermocouple tree 2 in the Traydec slab. 
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Appendix Fig. 27: Temperatures of the reinforcing in the Traydec slab. 
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Appendix Fig. 28: Temperatures of the key thermocouples in the Tray dec slab. 
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Test 6: Speedfloor slab 
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Appendix Fig. 29: Thermocouple layout in the Speedfloor slab. 
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Appendix Fig. 30: Furnace temperatures during the Speedfloor slab fire test. 
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Appendix Fig. 31: Temperatures in thermocouple tree 1 in the Speedfloor slab. 
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Appendix Fig. 32: Temperatures in thermocouple tree 2 in the Speedfloor slab. 
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Appendix Fig. 33 Temperatures of the reinforcing bars in the Speedfloor slab. 
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Appendix Fig. 34: Temperatures of the key thermocouples in the Speedfloor slab. 
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Appendix 3: Strain gauge data 
Test 1: 661 flat slab 
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Appendix Fig. 35: Strain gauge layout in the 661 flat slab. 
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Appendix Fig. 36: Strain gauge measurements of SS-SS in 661 flat slab. 
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Test 2: HD12 flat slab 
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Appendix Fig. 37: Strain gauge layout in the HD12 flat slab. 
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Appendix Fig. 38: Strain gauge measurements of S5-S8 in HD12 flat slab. 
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Test 3: D147 flat slab 
Strain gauges 
Debonded- S1,3,4,6,7,8,14.22,23,24,25 
Bonded- S2,5,9 -13,15-20,21,26 
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Appendix Fig. 39: Strain gauge layout in the D147 flat slab. 
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Appendix Fig. 40: Strain gauge measurements of S6-Sl0 in D147 flat slab. 
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Appendix Fig. 41: Strain gauge measurements of Sll-SlS in D147 flat slab. 
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Appendix Fig. 42: Strain gauge measurements of S16-S20 in D147 flat slab. 
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Appendix Fig. 43: Strain gauge measurements of S21-S26 in D147 flat slab. 
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Test 5: Traydec slab 
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Appendix Fig. 45: Strain gauge layout in the Traydec slab. 
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Appendix Fig. 46: Strain gauge measurements of S6-S10 in the Traydec slab. 
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Appendix Fig. 47: Strain gauge measurements of Sll-S15 in the Traydec slab. 
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Appendix Fig, 48: Strain gauge measurements of S16-S20 in the Traydec slab. 
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Test 6: Speedfloor slab 
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Appendix Fig. 49: Strain gauge layout in the Speedfloor slab. 
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Appendix Fig, 50: Strain gauge measurements of S6-S10 in the Speedfloor slab. 
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Appendix Fig. 51: Strain gauge measurements of Sll-S14 in the Speedfloo1· slab. 

Appendix 4: Photos 

Construction 

Appendix Fig. 52: View of the slabs before 
casting of concrete. 

Appendix Fig. 53: Casting of slabs completed. 
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Appendix Fig. 54: View of the slab before casting 
of concrete. 

Appendix Fig. 56: View of the Hibond and 
Tray dec slabs before casting of concrete. 

Appendix Fig. 58: Speedfloor joists suspended on 
the wooden boxing. 

Appendix Fig. 55: Concrete being screeded. 

Appendix Fig. 57: Cast slabs, with the strong 
backs still attached. 

Appendix Fig. 59: Construction of Speedfloor 
slab completed. 
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Testing 

Test 1: 661 flat slab 

Appendix Fig. 60: Bottom view of the 661 flat 
slab before the test. 

Appendix Fig. 62: Plan view of the slab after the 
fire test. 

Appendix Fig. 64: Bottom view of the HD12 flat 
slab before the test. 

Appendix Fig. 61: Removal of drums and 
supporting frame after the test. 

Appendix Fig. 63: Deformed shape of the slab 
after the fire test. 

Appendix Fig. 65: Set up of the computers by the 
furnace for data logging and driving the furnace. 
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Appendix Fig. 66: Bottom view of the slab after 
the test. 

Test 3: D147 flat slab 

Appendix Fig. 68: Newly painted Dl47 flat slab, 
before the test. 

Appendix Fig. 70: Wiring of instrumentation of 
slab to data loggers prior to fire test. 

Appendix Fig. 67: Deformed shape of the slab 
immediately after the tests. 

Appendix Fig. 69: Bottom view of the slab before 
the test. 

Appendix Fig. 71: Corner cracking of the slab 
during the fire test. 
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Appendix Fig. 72: Tilting of the drums due to the 
large deflections of the slab during the test. 

Appendix Fig. 73: View of the demolished slab 
showing the unfractured reinforcing at midspan. 

Appendix Fig. 74: View of the large surface cracks immediately after the fire test. 

Appendix Fig. 75: Crack pattern of the top surface of the slab. 
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Appendix Fig. 76: Bottom view of the Hibond 
slab before the test. 

Appendix Fig. 78: Large surface crack in the 
longitudinal direction near the slab supports. 

Appendix Fig. 80: View of the underside of the 
slab the day after the test. 

Appendix Fig. 77: Hibond slab testing underway. 

Appendix Fig. 79: Large surface crack in the 
longitudinal direction in the middle of the slab. 

Appendix Fig. 81: Holes in the steel decking due 
to oxidization. 
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Appendix Fig. 82: Bottom view of the Traydec 
slab during the fire test. 

Test 6: 

Appendix Fig. 84: String of one of the 
potentiometers tied to the inserts, drilled into the 
slabs. 

Appendix Fig. 86: Buckled centre joist of slab. 
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Appendix Fig. 83: Top view of the slab after the 
fire test, showing only small surface cracks. 

Appendix Fig. 85: Deformed shape of the slab 
after the test. 

Appendix Fig. 87: Bottom view of the slab. 
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Appendix Fig. 88: View of the lifting insert 
recessed into the slab. 

Appendix Fig. 90: Concrete cylinder crushing 
tests underway. 

Appendix Fig. 89: High temperature strain gauge, 
ZFLA-6.350-11 from TML. 

Appendix Fig. 91: Tensile tests of reinforcing 
steel. 
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