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Summary: 

The last decade, the construction of subway stations booms in Shanghai and around the world. 

Because several fire disasters in subway tunnels and stations are known, an increased fire safety 

in underground space is widely concerned. Most fire experiments in the past are executed on 

tunnel elements. Therefore, this master thesis investigates how to set up a reduced scale model 

fire experiment of a subway station to investigate the structural performance of the concrete 

exposed to high temperatures. This fire test will be executed at Tongji University in the near 

future. 

The chemo-physical transitions which occur in the concrete during the heating process and 

which are responsible for the strength loss, are explored. Scaling conditions for the temperature 

profile through the cross section are derived according to the Buckingham Pi theorem to obtain 

dynamic similarity between the model and the prototype. A simplified model is created and the 

laboratory set-up is discussed. Furthermore, an equivalent model fire curve is designed which 

should give a similar temperature distribution in the model than the temperature profile in the 

prototype exposed to the standard ISO-834 fire curve. 

In ABAQUS a simulation of both prototype and model exposed to respectively the standard ISO-

834 fire curve and the equivalent model fire curve is done. Finally, the resulting temperature 

fields of prototype and model are analyzed and compared. It was found that the design fire curve 

obtained by scaling the time axis and the temperature axis of the ISO-834 fire curve, based on 

respectively the conduction equation and the heat flux equation, gives a very accurate 

temperature field with a maximum temperature diference of only 40°C on the exposed surface in 

the first minute of the fire test. 

 

Keywords: 

subway station, scaled fire testing, Buckingham Pi theorem, equivalent model fire curve, thermal 

analysis  
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Analysis of a reduced scale model of a subway 

station during a fire test 

Kirsten Dekoning 

Supervisors: Prof. Yong Yuan, Prof. dr. ir. Luc Taerwe

Abstract – This study investigates the behavior of concrete 

when it is exposed to elevated temperatures and how a 

reduced scale model of a subway station can be obtained. The 

scaling conditions are derived by applying the Buckingham 

Pi theorem on the governing equations to obtain dynamic 

similarity between the scaled model and the unscaled 

prototype. 3 design fire curves are proposed to serve as an 

equivalent model fire curve to simulate the standard ISO-834 

curve. Simulations of the prototype exposed to ISO-834 and 

the model exposed to the different design fire curves are 

executed with ABAQUS and the resulting temperature fields 

are compared. Based on this thermal analysis, the design fire 

curve which causes the most accurate temperature field in the 

model is recommended to impose on the furnace during the 

fire experiment that will be executed in the near future. 

Keywords– subway station, scaled fire testing, Buckingham 

Pi theorem, equivalent model fire curve, thermal analysis 

I. INTRODUCTION 

The last decade, the construction of subway stations 

booms in Shanghai and around the world. Because several 

fire disasters in subway tunnels and stations happened, an 

increased fire safety in underground space is widely 

concerned. Most fire experiments in the past were 

executed on full-size tunnel elements. Therefore, this 

master thesis investigates how to set up a reduced scale 

model fire experiment of a subway station to investigate 

the structural performance of the concrete exposed to high 

temperatures. This master thesis contains 3 main topics: 

Literature research, the design of a reduced subway station 

for a fire experiment that will be carried out in the near 

future in Tongji University and the simulation of the full 

scale model and the reduced scale model with the software 

ABAQUS. 

II. LITERATURE RESEARCH 

A. Case study1 

In 2008, a huge fire disaster happened in a subway 

station in Daegu (South Korea). 197 people were killed, 

but also the box tunnel structure was seriously damaged, 

especially the ceiling slab where the fire initiated. 

Concrete damage types such as spalling, net shape cracks 

and exposure of the reinforcement were observed in the 

lower part of the ceiling. [1] 

                                                             
K. Dekoning is a Civil Engineering student at the Faculty of 
Engineering and Architecture of Ghent University (UGent), Ghent, 
Belgium. E-mail: Kirsten.Dekoning@UGent.be .   

B. Material 

The behavior of concrete is investigated when it is 

exposed to elevated temperatures. Different chemo-

physical transitions occur in the concrete during the 

heating process and are responsible for the strength loss 

accompanied with spalling. Polypropylene fibers can be 

added to the concrete mix to minimize the spalling effect. 

C. Scaling 

The scaling theory is researched. Scaling conditions 

about the temperature profile through the cross section of 

the concrete, the geometric scale factor and the stress level 

are derived by the Buckingham Pi theorem to obtain 

dynamic similarity between the model and the prototype. It 

is found that the following parameters have to be the same 

for model and prototype: 

 

- slenderness λ 

- mean temperature T0 

- temperature difference ΔT 

- stress level 

 

In the discussed fire test of a subway station all 

dimensions will be scaled with the geometric scale factor s 

=1/4. According to the derived scaling conditions a higher 

temperature gradient is required in the reduced scale 

model. [2] 

 
FIGURE 1: DYNAMIC SIMILAR TEMPERATURE 

DISTRIBUTION THROUGH THE THICKNESS 

Several methods for calculating an equivalent model fire 

curve in a reduced scale model are proposed in [3]. 

 

Design 1– A scaling law for the time axis is derived by 

applying the Buckingham Pi theorem on the conduction 

equation. The temperature axis retains. 
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Design 2– The surface film effects caused by convection 

and radiation are neglected in the previous design. 

Therefore, the time scaling law is adjusted experimentally 

to include these effects by replacing s² by s
1,6

. 

 

                       

 
Design 3– In this design the temperature is adjusted by 

applying the Buckingham Pi theorem on the heat flux 

equation which consists of a convection and a radiation 

part, beside a scaled time axis according to design 1. 

 

                      
    

   

       
 

 
           

So a higher heat flux or higher temperature curve is 

required in the model than in the prototype. 

III. DESIGN OF A REDUCED SCALE SUBWAY STATION 

A fire experiment will be carried out in the near future in 

Tongji University on a subway station typically built in 

China. 

 

 
FIGURE 2: PROTOTYPE AND SIMPLIFIED MODEL 

Based on the information about the available furnace, a 

simplified model and the laboratory set-up for the test is 

derived. Because the furnace can’t withstand heavy loads, 

the model is turned over 90° and put on the furnace. In this 

way the vertical and horizontal ground and water pressure 

can be simulated by applying lateral loads in two 

directions on the model. 

 

FIGURE 3: LABORATORY SET-UP 

 

 

IV. SIMULATION  

The simulation of the full scale model and the reduced 

scale model is done with the software ABAQUS. With the 

results of ABAQUS of the full scale model, design fire 

curve 3 is calculated. 

 
GRAPH 1: ISO-834 AND 3 EQUIVAVALENT MODEL DESIGN 

FIRE CURVES 

 The different design fire curves are applied to the model 

in ABAQUS. The temperature field of the ceiling slab of 

the model induced by the different design fire curves is 

compared with the temperature field of the full scale 

prototype.  

 

It is found that design fire curve 1 gives much lower 

temperatures in the model compared to the temperatures in 

the prototype exposed to ISO-834 with a maximum 

temperature difference of about 400°C. When the model is 

exposed to design fire curve 2, the temperature distribution 

in the model is higher in the center of the thickness with a 

maximum temperature difference of about 300°C. The 

temperature gradient is still lower in the model than in the 

prototype. The resulting temperature field of design fire 

curve 3 in the model seems to be very accurate to the 

temperature field of the prototype with a temperature 

difference of only 40°C on the exposed surface in the first 

moments of the test. 

 

Based on this thermal analysis, design fire curve 3 is 

recommended to serve as an equivalent model fire curve 

which can be imposed on the furnace in the planned fire 

experiment. 
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1 NOTATION 

Parameters & units 
y lateral deflection in mid-span (m) 
L length (m) 
ΔT temperature difference (°C) 
d thickness of specimen (m) 
u axial thermal extension (m) 
T0 mean temperature (°C) 
t time (min) 
Ti initial furnace temperature (°C) 
s scale factor (-) 
Tf furnace temperature (°C) 
Tw element furnace temperature (°C) 
q heat flux (W/m²) 
hc heat transfer coefficient (W/(m²K) ) 
hf general film coefficient  (W/(m²K) ) 
k heat conductivity (W/mK) 
cp specific heat (J/kg°C) 
 
Greek symbols 
α coefficient of linear thermal expansion (1/°C) 
λ slenderness (-) 
γ thermal diffusivity (m²/s) 
σ Stefan-Boltzmann constant (= 5,67 ⋅ 10-8 W/(m²K4) ) 
ε emissivity (-) 
λc heat conductivity (W/m°C) 
ρ density (kg/m³) 
σ/σy stress in element/material yield stress (-) 
Φ configuration factor (-) 
εw the surface emissivity of the member (-) 
εf the emissivity of the fire (-) 
 
Subscripts 
m of the model 
p of the prototype  
f of the furnace 
w of the wall 
n net 
c convective 
r radiative 
n normalized 
 
abbreviations 
SCC self-compacting concrete 
HS high strength 
NS normal strength 
NSC normal strength vibrated concrete 
HSC high strength concrete 
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2  INTRODUCTION 

During the past, several catastrophic tunnel disasters with fire happened. The fire accident in the 

Mont Blanc tunnel (1999), which connects France with Italy, counted 39 casualties. The same 

year, another fire incident occurred in the Tauern tunnel in Switzerland which caused 12 

casualies. In 2005 11 people lost their lives in the Gotthard tunnel Fire (Switzerland). During 

these accidents many people died and the damage to the tunnel structure was severe. 

 

FIGURE 4: MONT BLANC TUNNEL AFTER FIRE IN 1999 

To exclude such situations in the future, research about the fire phenomena, the consequences 

and the influence analysis of different parameters has to be done. But this is not an easy task 

since fire can have many causes. In the Mont Blanc tunnel a transport truck carrying flour and 

margarine, apparently harmless products, caught fire. In the Tauern road tunnel, the fire was 

caused by a pile-up and in the Gotthard tunnel also by a truck crash where the fuel caught fire. 

But not only in road tunnels we have to fear fire. Also in railway or metro tunnels many small 

and big fires occurred in the past. Although fires in road tunnels occur more frequently, public 

systems have a much higher potential for many casualties during fire since a metro or train has a 

capacity of several hundred passengers. There are many examples of fire accidents in the 

underground railway/metro in New York City, London, Canada, Spain,… The biggest disasters 

were in 1995 in Baku (Azerbaijan) where a fire at the rear of 1 of the metro cars as a result of an 

electrical failure which causes 260 fatalities and in 2003 an arson attack took place in a metro in 

a subway station in Daegu (South Korea) where 197 people were killed. [4] 

The probable causes of fire in railway/metro tunnels and stations are somewhat different from 

these in road tunnels. The main cause, responsible for 39% of the subway fires, is due to 

electrical failure. This implies short circuit, a failure of the electrical equipment, power supply or 

system failure,… 17% of the fires has a mechanical origin including mistakes of vehicle 

operation, sparks from a collision of 2 vehicles or unexplained vehicle fires. Fires caused by a 

passenger carrying flammable products or throwing away cigarette butts together with fires 

occurring during the construction process account for 19% of the total fires in subway tunnels 

or stations. 9% of the fires are caused by arson and terrorist attack. The remaining 16% are fires 

resulting from other reasons like overheating. Because of the many different probable causes 

and origins of fire it is very difficult to predict where and in which situations a fire will break out. 

http://en.wikipedia.org/wiki/Flour
http://en.wikipedia.org/wiki/Margarine
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Also the extent of a probable fire is hard to forecast. This statistic are compiled by Mr. Qiu 

Junnan who has done a lot of research about accidents in subway stations. 

 

GRAPH 2: PIE CHART OF CAUSES OF FIRE IN RAILWAY/METRO TUNNEL AND UNDERGROUND STATIONS 

The main topic of the fire safety in tunnels is to prevent or reduce human casualties in a 

probable fire. But fire can cause also many other damages like property loss, operation time 

During and after fire the transit system is out of service for several hours, days or even months 

to extinguish the fire, rescue people and the repair of the tunnel and equipment. This results in 

discomfort of passengers who usually make use of the transit system. It can cause an increased 

traffic intensity resulting in traffic problems above ground, especially in big busy cities, and 

damage to the structural integrity. The latter is the topic of this master thesis. The structural 

behavior of a subway station will be analyzed. This is an important issue since heavy fires can 

cause severe damage to the structure which is not always detectable on first sight. In the worst 

case, total collapse of the structure during the fire can occur resulting in many more fatalities. 

But also after fire, collapse can still occur and destroy lives. So it is important to know what 

happens during the fire process with the load bearing capacity. “Is the underground structure 

still serviceable?”, “Has the damage an influence on the load bearing capacity?” are questions to 

be answered since the underground space has to be a safe place after reopening. To build a 

whole new tunnel or station would be much more expensive then repairing the old one and 

provide a good fire protection system. 

Since more and more subway stations are built in Shanghai and around the world, the safety of 

subway stations is widely concerned. The structure type and loading conditions are quite 

different from above- ground structures so the performance of a subway station during fire can’t 

be compared to fires in buildings. Furthermore, it seems that fires in underground stations 

behave somewhat different from tunnel fires. Since most underground structure fire 

experiments are focused on tunnels and rarely on underground buildings with a frame structure 

or slab-column system, it is clear that the performance of subway stations (with slab-column 

system) during fire needs be researched. 

In the past, full scale tunnel tests were performed. These tests are up to now the only reliable 

simulations to understand the behavior of the fire and the tunnel. The problem with such tests is 

that they are very expensive. That’s the reason it is worth to investigate reduced scale tests. 

Moreover, most research is done on fires in tunnels and research on subway stations is very 

rare. 
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3 LITERATURE RESEARCH 

It is important to start with a good knowledge about the topic before designing a fire test or 

executing simulations. Firstly, a case study about the fire in the Daegu subway station (2003) is 

elaborated. Secondly, the different processes that occur in the material ‘concrete’ during heating 

are examined. Thirdly, research is done about the scaling rules for a reduced scale fire test in 

which the Buckingham Pi theorem plays a major role. 

3.1 CASE STUDY: DAEGU SUBWAY STATION FIRE ACCIDENT 

On February 18 2003 a subway train of the 

Daegu Municipal Subway (line 1) was set 

on fire with gasoline by a passenger. The 

subway train was located on the third 

basement in the Jungangno subway 

station, one of the busiest stations of South 

Korea. The fire started at 9:52h in the 

morning and quickly spread to all six 

coaches  of the train within 2 minutes due 

to the highly flammable interior of the 

train. The fire also spread to another train 

in the opposite direction which arrived a 

few minutes after the fire ignition. The 

burning of the two subway trains caused 

an intense heat and toxic smoke filled the 

whole station. The temperature at the third 

basement raised to 1000°C. The fire was 

extinguished 3,5 hours later at 13:38h. 

During the fire accident there were 399 casualties. 197 people lost their lives and 142 people 

were injured. The 2 subway trains were totally destroyed and the underground box structures 

were seriously damaged, especially the ceiling slab of the third basement where the fire 

initiated. The station has separate platforms. The tunnel consists of reinforced concrete with no 

fire protection. No sprinklers were present at the platform level. Also the emergency and fire 

control systems of the subway station didn’t work properly.  

Site inspection of the ceiling slab on the third basement showed different concrete damage types 

in the lower part of the slab. Spalling occurred mostly in the regions where the trains stopped 

during the fire. The spalling depth was between 10 and 100mm. Also net shape cracks were 

observed and reinforcement was exposed to the environment caused by the spalling of the 

concrete. 

Two dimensional thermal stress analysis established that the maximum surface temperature 

was around 800°C and was reached within 30 minutes. After 30 minutes, the compressive 

strength of the lower part of the slab was decreased to 11 MPa and the tensile strength of the 

upper part was decreased to 1,06 MPa. 

FIGURE 5: CROSS SECTION JUNGANGNO STATION [2] 
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During the reparation works, the damaged concrete was removed with water jets. With this 

technique the structure was not exposed to shocks or vibrations. Exposed reinforcement bars or 

reinforcement bars with local bending were replaced. After that, the ceiling slab and the columns 

were coated with a powdery polymer mortar, which does well match with the existing concrete, 

by means of a high pressure spray. [1][5] 

This fire accident shows the importance of improved fire safety in subway stations. 

3.2 MATERIAL 

In many cases self-compacting concrete (SCC) is used for the construction of underground 

facilities. When the concrete structure is subjected to high temperatures (for example during an 

accidental fire) the concrete should behave different. This ensues from the change of the 

material properties during (mostly irreversible) processes occurring in the heating phase and 

the remaining period at high temperature. [6], [7] and [8] examine SCC loaded in compression at 

elevated temperatures. Also [9] explains the processes that occur during heating of the concrete. 

3.2.1 CHEMO-PHYSICAL PROCESSES DURING THE HEATING PHASE 
20°C-200°C: 

The strength loss of SCC is minimal and the strain does not vary significantly. Between 40°C and 

105°C the capillary water in the cement paste evaporates. This is the unbound water located in 

the pores. Above 105°C also the chemical bound water, which is part of the hydratation 

products, the physical adsorbed water on the surface of the hydratation products and the 

interlayer water, a mono-molecular water film bounded between the flat crystallization 

products, begins to evaporate and is expelled [10].This can cause internal stresses. 

200°C-400°C:  

Beyond 200°C also capillary water in the aggregates evaporates. High strength self-compacting 

concrete (HS SCC) encounters a stabilizing or regaining stage (see Figure 6). This is due to 

general stiffening of the cement gel or increase in surface forces between gel particles due to the 

removal of absorbed moisture. This phase is not observed in normal strength self-compacting 

concrete (NS SCC). For both NS SCC and HS SCC, the strain increases slightly.  

 

FIGURE 6: RELATIVE COMPRESSIVE STRENGTH OF SCC-C60, SCC-C30, AND HSC   



Master Thesis Kirsten Dekoning 13/72 

 

The steam, collected in the pores, generates an internal pressure which is a function of 

temperature, heating rate and time, pore size distribution but also specimen shape and size. 

When the ensuing tensile stresses in the layers close to the surface reach the same order of 

magnitude of the concrete tensile strength, which decreases strongly at high temperature 

because of the chemical transitions, internal and external cracking as well as spalling of the 

concrete can occur (250°C-400°C). This structural effect means that the surface layer 

(explosively or non-explosively) is ripped off from the concrete structure. Also the compressive 

thermal stresses close to the heated surface layers, due to a thermal gradient in the cross section 

and internal cracking due to differences in thermal expansion between aggregate and cement 

matrix or between the concrete and the reinforcement bars, can have a positive influence on 

concrete spalling. High-performance concrete containing silica fume is more sensitive to  

spalling than normal strength concrete because of their reduced and disconnected porosity and 

because silica fume is an expansive material. [9] 

 

FIGURE 7: FORCES ACTING IN HEATED CONCRETE  

400°C-600°C:  

In this phase the dehydratation (105°C-850°C) of the concrete paste is an important process. 

The chemically-combined water in the hydratation products reduces. The dehydratation leads to 

the decomposition of the bonds between the calcium-silica-hydrates (C-S-H), which is largely 

responsible for the cement paste strength. Also the decomposition of the portlandite Ca(OH)2 

into calcium oxide and water takes place at about 400°C or in a wider range, between 350°C and 

500°C. Between 500°C and 650°C there is also a crystalline transformation of siliceous 

aggregates. α-quarz transforms into β-quarz with a peak at 575°C and a significant expansion. 

This means a permanent strength loss for temperatures above 400°C. 

600°C-900°C: 

In the last stage the decarbonatation of calcareous aggregates takes place. In this process 

limestone (CaCO3) transforms into lime (CaO) and carbon dioxide (CO2). This means a further 

increase of the concrete porosity. The strain increases much faster than in the other stages. 

These phenomena change the porous network significantly. The mentioned processes plus the 

different thermal expansions of the cement paste and the aggregates leads to micro-strains and 
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micro-cracking ensuing a decay of the integrity of the concrete microstructure. ([9] says that the 

hardened cement paste expands until 150°C-200°C and shrinks beyond 200°C while aggregates 

expand continuously with temperature.) 

The E-modulus and peak stress decrease. The critical temperature for strength loss turns out to 

be 200°C for NS SCC and 400°C for HS SCC. The strain at peak stress increases nonlinear. Also 

the linear ascending parts of the stress-strain curves for fixed temperature level change in an S-

shape caused by the mentioned phenomena and the curves become smoother and flatter with a 

more ductile failure mode. 

   

FIGURE 8:STRESS–STRAIN CURVES AT DIFFERENT TEMPERATURES FOR SCCPPF-C30 (LEFT) AND 

SCCPPF-C60 (RIGHT)  

3.2.2 TRANSIENT STRAIN 
Because of the increasing porosity, the cross section area, which can transfer the loads, 

decreases and so the stress and strain increase. When cooling the concrete after first heating, the 

strain isn’t totally recovered. This irreversible strain is called transient strain. Below the 

temperature of 400°C this transient strain is linear with time. Beyond 400°C the relationship 

becomes non-linear. At these higher temperatures the transient strain of SCC is smaller than that 

of normal vibrated concrete (NSC). (Below 400°C no significant difference is found) So the 

temperature level has a significant influence on the transient strain. The effect of the heating 

rate is not obvious. 

3.2.3 EFFECT OF DIFFERENT PARAMETERS 
3.2.3.1 The strength grade 

Especially below 400°C the strength grade affects the strength loss: with increasing strength 

grade of SCC, the strength loss will decrease (with even a stabilizing or regaining phase, see 

Figure 6). Also young concrete with incomplete hydratation of the cement may show a strength 

increase in this temperature range. Above 400°C HS SCC seems to be more sensitive to the 

temperature and the strength decreases faster compared to that of NS SCC. But HS SCC possesses 

still a larger compressive strength compared to NS SCC which has a greater compressive 

strength at elevated temperatures compared to NSC with the same strength grade. 

When looking at the stress-strain curves in Figure 8, it can be seen that the initial ascending 

parts of the curves are approximately linear: for NS SCC linear until 30% of the peak stress, for 

HS SCC: until 60% of the peak stress. This means a smaller irrecoverable strain for HS SCC than 
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for NS SCC [8]. For temperatures up to 600°C it is found that the strength of concrete is 

independent of the W/C-ratio, but is influenced by  the aggregate/cement ratio. Concrete with a 

higher aggregate/cement ratio shows a smaller proportional reduction of the strength when 

heated [7]. From the descending parts of the stress-strain curve, a more brittle failure is 

established for HS SCC than for NS SCC when the temperature is below 400°C. For temperatures 

above 600°C this is still the case, but the failure of HS SCC is more ductile compared to the failure 

mode at lower temperatures. (See Figure 8) 

3.2.3.2 Stress level 

Also the stress level of the preload has a significant influence on the transient strain. With 

increased stress level there is also an increase of the transient strain. This phenomenon is only 

obvious for temperatures beyond 200°C [6]. Reduction in compressive strength of stressed 

specimens is smaller compared to unstressed specimens: the crack development is restricted in 

a preloaded specimen which delays the failure process [7]. A problem for stressed high strength 

concrete (HSC) and especially SCC specimens is that they are susceptible to a higher spalling 

probability than unstressed specimens. 

3.2.3.3 Addition of polypropylene fibers 

In all experiments there are polypropylene fibers added to the SCC to solve the spalling problem. 

When the temperature increases, the fibers melt and provide expansion channels for the created 

water vapor whereby the internal pressure decreases and thus the spalling probability. At lower 

stress level this addition has no influence on the transient strain. At higher stress levels 

however, the transient strain increases. This is due to the melting of the PP-fibers at elevated 

temperatures (160°-170°C) so that the pore connectivity increases. This means a decrease in 

strength of the concrete. Beyond 400°C a drop in peak stress is observed. Also the probability of 

explosive spalling decreases. In general one can say that the addition of polymeric fibers has 

marginal effects on the stress-strain behavior and the Young’s modulus but the ductility is 

seriously improved. The conclusion is that SCC with addition of PP-fibers can provide better fire 

resistance than other HSC and thus  is applicable as a building material. 

 

FIGURE 9:STRESS–STRAIN CURVES AT DIFFERENT TEMPERATURES FOR SCC-C30(LEFT)AND SCCPPF-

C30 (RIGHT) [8] 
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3.2.4 COOLING PHASE 
The knowledge of the material properties during fire is very important to evaluate the load 

bearing capacity and hence to ensure the evacuation of the people and the safety of the rescue 

teams. But fire is transient and most constructions do not collapse during fire. Therefore, it is 

also very interesting to know the behavior of the construction after fire. In most cases the tunnel 

can be reused (possibly after some reparations), since building a whole new one would be very 

expensive. 

In contrast to the many processes during fire which influence the material properties, there are 

relatively few factors responsible for the further change of the concrete behavior during the 

cooling process. During the heating phase, the differential strains caused by the thermal 

incompatibility of the cement paste and the aggregates is largely reduced by the ‘transitional 

thermal creep’. During the cooling phase however, this transitional thermal creep is no longer 

active. When the concrete is cooling down, the aggregates and the cement paste take their 

original shapes which causes again incompatibility and so tension in the concrete. This causes 

further damage. So the strength of the concrete decreases further during the cooling phase or in 

the short term after fire. 

After a while, the hydratation of the concrete restarts. Moisture is absorbed by the surface 

layers, producing an expansion which is restrained by the core. As a result, compressive stresses 

close and parallel to the surface develop and tensile forces in the inner region. There is also an 

initial strength loss (1 or 2 months) due to the reformation of Calcium hydroxide from lime 

accompanied with volume expansion. At long term (1-2 years) the gel and the unhydrated 

cement grains rehydrate which is responsible for a partial or even total strength recovery 

(compared to the strength at high temperature). [9] 

 

FIGURE 10: STRENGTH RECOVERY OF HEATED CONCRETE PASTE AFTER HEATING CYCLE AT 250°C [9] 
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3.3 SCALING 

To fully understand the behavior in fire of a construction, full-scale tests can be performed. 

However, this option is very expensive. Scaled experiments are an economical alternative. In [2], 

[3],  [11], [12], [13], [14], [15] and [16] the scaling rules are examined. 

3.3.1 RESPONSE OF A STRUCTURE AT ELEVATED TEMPERATURES 
The principal reactions of a constructional unit (idealized as a simply supported beam) to 

heating are bending due to the temperature difference across the section ΔT and axial expansion 

due to the mean elevated temperature in the section T0. [14][2][15][16] 

Free bowing gives the biggest lateral displacement in the mid-span: 

  
   

 

  

 
 

Axial extension producing a longitudinal displacement:  

       

 

FIGURE 11: SIMPLY SUPPORTED BEAM: DEFORMATION WHEN ONE SIDE IS HEATED[8] 

In many cases the axial extension is (partially) prevented, so restraint bowing occurs. This  

causes a secondary lateral displacement in the mid-span: 

 

  
 

 
      

In reality, the different modes will occur at the same time. The question is which of the two 

modes of structural behavior will dominate in the prototype. This will be examined by doing a 
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reduced scale test. It is therefore necessary that the model and prototype are dynamic similar 

under simultaneous occurrence of both free and restrained bowing modes of structural 

response. 

3.3.2 DIMENSIONAL ANALYSIS: BUCKINGHAM PI THEOREM 
In what follows, the subway station in reality or the full scale subway station is called ‘the 

prototype’ and the reduced scale model of the subway station is called ‘the model’. These terms 

will be used in the sequel of this master thesis. 

Governing equations are made dimensionless by introducing normalizing parameters. 

Dimensionless coefficients (independent π groups) are derived. When all the dimensionless 

groups are set equal for both model and prototype, complete or dynamic similarity can be 

achieved between model and prototype. The conditions for dynamic similarity, assumed that the 

same materials are used for both model and prototype, can be derived. 

3.3.2.1 Thermo-structural responses 

According to the formulas of free bowing and restrained bowing of the member considered, the 

deflection of the ‘idealized simply supported beam’ y, is a function of respectively the coefficient 

of linear thermal expansion α (1/°C), the length L (m), the temperature difference between the 

exposed and the unexposed side to fire ΔT (°C), the thickness of the specimen d (m) and the 

average temperature in the cross section of the specimen T0 (°C): 

                 

So there are 6 relevant parameters in the problem, the deflection of the specimen y (m) included. 

These parameters together have 2 independent dimensions, namely the length L and the 

temperature T. Consequently 6 – 2 = 4 dimensionless Π-groups can be formed. A set of 2 

dimensional parameters is selected that includes all primary dimensions of the problem to form 

the core group. In this case the core group is chosen as L, ΔT. Now dimensionless Π-groups are 

set up by combining the selected parameters L, ΔT with the unselected parameters one at a time. 

Exponents are added to L and ΔT to non-dimensionalize the group. The first Π-group becomes: 

          

This group has to be dimensionless. When the dimensions are filled in in the equation, the value 

of the exponents a and b can be found. 

                     

            

    

The Π1-group becomes 

           
 

 
 

Doing the same for the other Π-groups, one can find: 

              



Master Thesis Kirsten Dekoning 19/72 

 

          
 

 
 

           
  

  
 

Now the scaling laws can be derived by keeping the dimensionless Π-groups of the prototype 

and the scaled model invariant. 

For the first group: 

          

  

  
 

  

  
 

  

  
 

  

  
   

The ratio of the length in the model to the length of the prototype is called the geometric scale 

factor s. When assuming that the material used in model and prototype is the same (αm = αp), the 

following relationships are obtained resulting from the other 3 Π-groups respectively: 

        

  

  
 

  

  
          

          

With λ the slenderness or aspect ratio. This is the ratio of the length to the thickness. An 

additional Π-group is added to consider the stress in the element. This can be the direct stress 

due to imposed loading or the thermal stresses caused by the restraint deformation or the 

temperature profiles in the element. The stress normalizing factor is: 

   
 

  
 

Because the same material is used in the model and the prototype, σy is the same in both 

situations and σp = σm. This means that in the model the same stress must prevail as in the 

prototype. Thus a reduced load will be applied in the scaled model since the surface area is 

reduced compared to the prototype. 

So it is found that the following parameters have to be the same for model and prototype: 

- slenderness λ 

- mean temperature T0 

- temperature difference ΔT 

- stress level 

Thus all dimensions of  the prototype should be scaled by using one specific scale factor s to 

obtain the model. Theoretically in reinforced concrete elements, the bar diameter, spacing of the 

bars and cover distance should be scaled.  
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3.3.2.2 Temperature profile 

Above, it is found that the average temperature and the temperature difference has to be the 

same for model and prototype. This means that the furnace in the scaled test must provide a fire 

curve which creates the same temperature at similar positions through the thickness in both 

model and prototype in order to achieve complete similarity in thermo-structural modeling. 

Moreover, this normalized temperature profile will ensure that the same magnitudes of 

thermally induced stresses are maintained at similar positions throughout the width. It is 

obvious that the temperature gradient in the model will be larger compared to the temperature 

gradient in the prototype. 

 

FIGURE 12: NORMALIZED TEMPERATURE DISTRIBUTION [3] 

The temperature distribution through the thickness in steady state condition is linear to a mean 

temperature T0 and a gradient ΔT/d. This linear temperature distribution is compatible with the 

axial and bending strains when one side of the model is heated. The strain generated by the axial 

extension is constant through the thickness and directly proportional to the temperature (if the 

linear thermal expansion coefficient is assumed to be constant). 

    
  

  
 

 

 
    

Bending produces a lateral displacement in de midspan that is proportional with the 

temperature gradient ΔT/d and so the strain induced by bending is a linear distribution, 

proportional to the temperature gradient. In Figure 13 the linear temperature distribution (on 

the right) is presented together with the induced thermal strains (on the left). 

In reality however, this simple thermal structural response model seems unrealistic. Under 

transient thermal conditions a curvilinear temperature distribution is observed. The related free 

thermal strain distribution is incompatible with the actual linear flexural strain. Thus, 

interlaminar shear forces are created in order to maintain the principle that plane sections 

remain plane. Therefore compression and tension forces within thickness layers across the 

section are generated. The arrows downwards between the linear and the curvilinear 

temperature distribution in Figure 13 present the compression forces (at both sides through the 



Master Thesis Kirsten Dekoning 21/72 

 

thickness) and the arrows upwards indicate the tension forces in the center of the specimen. 

[14] 

 

FIGURE 13: LEFT: COMBINED BENDING AND AXIAL STRAINS, RIGHT: EQUIVALENT TEMPERATURE 

DISTRIBUTION[8] 

3.3.2.3 Scaling of the standard fire curve 

To obtain the same temperature profile in the model as in the prototype, the prototype fire 

curve has to be adjusted. It is obvious that the model will heat faster compared to the prototype 

because of its scaled dimensions. First, the standard fire curve exposed to the prototype must be 

defined.  

3.3.2.3.1 Standard fire curve 

Promat, an international company specialized in fire protection in tunnels, did already much 

research about fire curves usable for tunnels and underground space. They propose the fire 

curves in Graph 3 which corresponds to different types of fire scenarios [17].  

 

GRAPH 3: DIFFERENT FIRE CURVES USED IN FIRE TESTS OF TUNNELS AND UNDERGROUND SPACE 
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In this research the IS0-834 fire curve mentioned in the Eurocode [18] is used. It represents a 

fully developed compartment fire. This fire curve is lower compared to the other curves and is 

based on the burning rate of general building materials. This curve is chosen because the heat 

release of fires in subway stations is less compared to the heat release of fires in for example 

road tunnels where the RWS-curve would fit better because of the burning of fuel, oil or petrol. 

Subways are electrically driven so no fuel is present. This justifies the choice of the ISO-834 

standard fire curve. In many other experiments of tunnel elements, the ISO-834 standard fire 

curve has also been used. So comparison of the results of this reduced scale fire test with these 

other experiments can be done. This is a second reason why the ISO-834 fire curve is chosen. 

The ISO-834 equation describes the temperature in function of the time: 

                       

With  t the time in minutes 

 T the furnace temperature (°C) at time t 

Ti the initial furnace temperature (°C) or the temperature before the standard 

fire initiated.  

 

3.3.2.3.2 Time scaling 

It is already mentioned that the burners of the furnace must provide the same average 

temperature and the same temperature difference in the profile of the model as in the profile of 

the prototype caused by the fire curve ISO-834. To obtain the scaled fire curve the Buckingham 

Pi theorem is applied on the conduction one-dimensional unsteady heat flow partial differential 

equation: 

   

  
  

   

   
 

With the left side the variation in time of the furnace temperature and at the right side the rate 

of the heat flow through the profile, controlled by the thermal diffusivity γ (m²/s). The 

derivative of the furnace temperature in time is a function of the thermal diffusivity γ, the 

temperature in the profile T and the thickness of the profile d with dimensions L²/t, T and L 

respectively. 

  
           

So one can distinguish 4 relevant dimensional parameters and a minimum of 3 independent 

dimensions (L, t, T) in the problem. This means 4 – 3 = 1 dimensionless Π-group can be formed. 

The core group γ, T, d is chosen. The new Π-group becomes: 
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Afterwards Π6 is integrated to obtain a more simple equation Π7: 

   
    

   
 

To obtain the time scale rule, the latter Π-group must be the same for model and prototype. 

Assuming that the model and prototype have the same material properties and thus the same 

thermal diffusivity γ: 

  
     

    
 

  
     

    
 

Above, it is already derived that model and prototype must have the same temperatures at 

similar positions through the width (Tp = Tm), therefore model and prototype must retain similar 

temperature inputs too. That is why the same temperature axis as  the ISO-834 curve in the 

prototype is suggested for the equivalent model fire curve. In that case, only the time axis is 

scaled, according to 

 
  

 

  
 

  
 

  
    

  
  

  
  

  
 

 

    

This means that the equivalent fire of a real fire of 1 hour(in the prototype) lasts 15 minutes in a 

half scale model (s = ½). [2] 

 

FIGURE 14: NORMALISED FIRE CURVES 

But in previous fire tests in which only the time of the fire curve was scaled according to the 

equation above, it was found that the temperature distributions in the model were much lower 

compared to the equivalent prototype tests. This is due to the consideration of only the 

conduction process, while in practice convection and radiation are also playing a major role in 

the heat transfer from the environment (the gas temperature in the furnace) to the surface of the 

model. So further adjustments have to be made to take the surface effects into account. (The 

boundary layer close to the surface of the specimen, also called the film thickness in which heat 

is transferred from the environment to the surface by radiation and convection, does not scale 

between the model and the prototype.) 
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In [7], [2] and [16] an alteration to the time scaling law is proposed: 

  
  

      

 

GRAPH 4:ISO-834 STANDARD FIRE CURVE FOR PROTOTYPE AND TIME SCALED FIRE CURVE FOR MODEL 

Using an equivalent fire curve with the time scaled according to s1,6 in the model, seems to give 

similar temperature distributions as in the prototype for models with a large scale factor (for 

example ½). For smaller scale factors (like 1/4) the differences in temperature distributions of 

the model and prototype become larger. So, for more reduced scales (like the subway model 

would be) further adjustments have to be considered by increasing the furnace temperature of 

the equivalent fire curve to consider the surface film effects, while still retaining the scaled time 

axis obtained from the conduction process (s²). To choose the right adjusted furnace 

temperature for the model, the heat transfer on the exposed surface is investigated. 

3.3.2.3.3 Heat flux 

Heat is transferred from the environment to the element’s surface by convection and radiation  

and is further transferred through the thickness by conduction resulting in a curvilineair 

temperature distribution. A scaling rule for the time axis was already derived from the 

conduction process. In what follows the temperature will be adapted by considering the 

convection and the radiation. [16] 
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FIGURE 15: HEAT TRANSFER PROCESSES 

The heat transfer on the exposed surface (net flux) qn occurs by convection and radiation. With 

             the convection term and             
    

   the radiation term. 

                            
    

   
   

  
 

According to [3], [15] and [16] the heat flux must be scaled in the following way: 

   
 

 
   

For creating a new model fire curve, different scenarios of heat transfer are examined. In all 

these scenarios an increased flux is required. 

3.3.2.3.3.1 Pure Convective model 

In the first case, heat transfer is assumed to occur only by convection. 

     
 

 
     

                 
 

 
                

Because the same material properties are maintained in model and prototype, the film thickness 

cannot be scaled so the film coefficient of the prototype remains the same in the model. ( hc = hc,m 

= hc,p). For equivalent temperature profiles the surface temperature must be the same in model 

and prototype ( Tw,m = Tw,p). The furnace temperature of the model in the purely convective case 

is 

           
 

 
            

In comparison with the prototype, a much larger heat flux is needed in the model. 
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3.3.2.3.3.2 Pure radiative model 

In the first stage of the heating process, the convection term will influence the heat transfer a lot 

because the convective heat transfer is linear proportional to the temperature difference 

according to the above equations. After a while, the radiative term will be the main influence 

because the radiative heat transfer is proportional to the temperature to the fourth power. This 

is one of the reasons that the net flux equation can be simplified to a purely radiative model by 

neglecting the convective term. 

In the purely radiative case the temperature of the furnace can also be calculated directly. This 

can be used as first step of the iteration process to obtain the furnace temperature of the 

complete equation. But this temperature can also be chosen as the real imposed temperature on 

the furnace. The furnace emissivity is a base property of the furnace. The wall emissivity of the 

element is a material property. For simplifying the problem, these emissivities are replaced by a 

global resultant emissivity. (εf = εw = ε) and because the same material properties are maintained 

in model and prototype the global emissivity of the model and the prototype is the same (εm = 

εp). 

     
 

 
     

         
      

   
 

 
        

      
   

           
  

 

 
     

      
  

 

 

In comparison with the convective model, the required furnace fire curve in the radiative case is 

greatly reduced to obtain the required increased flux for scale models. 

3.3.2.3.3.3 Combined model 

The most appropriate model is the model wherein no term is neglected and both convection and 

radiation are considered. 

                        
      

   
 

 
                         

      
    

From this equation the equivalent furnace temperature at suitable time intervals can be 

determined by trial and error. The furnace temperature obtained from the purely radiative 

model can be used as a start value. [3][15][16]  

This method will be executed in 5.3 to find the equivalent model fire curve. 
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3.3.3 SIZE EFFECTS 
3.3.3.1 Moisture lag 

The increased temperature gradient in the model may introduce errors associated with size 

effects. Phase changes, moisture movement, implications regarding spalling and other effects, 

which are controlled by particle and pore size or internal pressure and stress distributions 

generated by temperature gradients may not scale effectively. 

Evaporation of moisture occurs in the region of 100°C. The vapor is driven through the pores by 

the thermal gradient during the diffusion process which changes the apparent conductivity 

between the wet and the dry states and the specific heat capacity. The moisture plateau is 

achieved more quickly in the model than in the prototype because of the scaled up thermal 

gradient which promotes a higher initial apparent conductivity in the model, but the lag lasts 

longer in the model. After the moisture lag, the model and prototype follow once again a similar 

temperature history. 

The moisture movement is minimal and relatively insignificant in the overall thermo-structural 

behavior of normal weight concrete. Materials with high moisture content may prove difficult to 

model accurately ( for example young concrete). 

3.3.3.2 Spalling 

In tunnel fires the temperature can rise very quickly to high temperatures. So there is a large 

thermal shock which may produce heavy spalling. In the model this spalling effect is even 

increased by some size effects. 

A fire in an existing subway station will likely occur many years after construction. While models 

exposed to high temperatures in the laboratory will only have an age of a few months for 

practical reasons. At this young age, the hydratation of the concrete is still in progress and the 

free water content will still be large. After 28 days the concrete will reach almost its final 

strength, but the porosity and permeability are still decreasing. Because spalling is strongly 

influenced by free water content, porosity and permeability, it is important to test a model 

which is old enough to have a water content close to the real situation. In the tunnel brochure of 

Promat, an age of 90 days for testing the concrete models is proposed. [19] 

Moreover, it was found that to obtain dynamic similarity in model and prototype, a higher 

temperature gradient is needed in the model compared to that of the prototype (0). Because of 

this increased temperature gradient, the probability of spalling is also increased in the model 

with respect to the prototype. 

To reduce this increased spalling probability, polypropylene fibers can be added to increase the 

porosity and so decrease the steam pore pressure at elevated temperatures as explained in 

3.2.3.3. 
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3.3.3.3 Surface effect: film thickness 

Surface effects in the form of heat flux transfer into and out of the structural element may be 

treated by the use of a general film coefficient hf in which the convection and radiation effects 

are lumped together: 

  
   

  
           

In tests [2], there is a distinct lag between model and prototype temperature distributions, 

especially on the heat input side, where  the film thickness cannot be scaled. This means that a 

higher furnace temperature of the equivalent model fire curve is needed (so a higher heat flux) 

as mentioned in 3.3.2.3.3. The film thickness on the external (ambient) face can be scaled by 

forced convection (heat transfer at this side is almost purely convective), but plays a minor role. 

3.3.4 GROUND CONDITION 
In most reduced scale tests, the ground condition is not taken into account. In reality however, a 

tunnel is exposed to vertical en horizontal loads: the weight of the soil, the live load due to 

traffic, the hydrostatic ground water pressure and horizontal earth load are all acting on the 

tunnel segment. These loading conditions have an influence on the structural behavior of the 

tunnel during and after fire. Therefore, one will try to simulate the loading conditions in the 

planned reduced scale test 
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4 DESIGN OF A REDUCED SCALE MODEL OF A SUBWAY STATION 

4.1 PROTOTYPE 

For this master thesis, a specific subway station in China is chosen to serve as a prototype for a 

large group of similar subway stations. The subway station chosen for this research is the Ocean 

Park subway station in Wuhan of metro line 6. 

Wuhan is the capital of Hubei Province and is seen as the center of central China, economically 

and politically. Although Wuhan is the fifth city in China to have a metro system, the metro 

network is not yet extensive, but a lot of new metro lines are planned to be build or are under 

construction. The Ocean Park station is recently built and the whole metro line 6 is planned to be 

put into operation in 2016. This subway station has a typical structure for a subway station built 

in China, with 2 floors and 3 spans. So it can serve as a prototype for all subway stations with the 

same structure. For subway stations with a different structure, or bigger subway stations with 

adjacent underground space for shops or other facilities, the behavior during fire can be 

different from the behavior that will be examined in this fire test. 

 

FIGURE 16: WUHAN, CHINA (GOOGLE MAPS) 
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FIGURE 17: WUHAN METRO MAP OF 2017 

The Ocean Park Station has a length of 311.40m and a width of 21.70m. The underground 

station exists of two stories. In the lower level subways trains stop and go. This level consists of 

a central platform with a width of 13m. The public areas with the security check, the ticket office, 

walkways to the exits are located on the upper floor. The ground floor level is situated on a 

depth of 18m. The depth of the roof of the underground station is 3~4 m under the ground level. 

2 rows of columns in both levels support the structure. The spacing between the columns in each 

row is 9,12m. The cross section of the subway station is a slab-column system without beams. 

The structure rests on bored piles. 

 

FIGURE 18: SIDE VIEW OF OCEAN PARK SUBWAY STATION IN WUHAN 

http://upload.wikimedia.org/wikipedia/commons/1/14/Wuhan_Metro_Map_of_2017_in_English.png
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FIGURE 19: PROFILE OCEAN PARK SUBWAY STATION IN WUHAN 

4.2 FURNACE 

The reduced scale fire test will be executed in the laboratory of Tongji University in Shanghai, on 

the Siping campus. A furnace is available with a height of 1,7m and horizontal dimensions 3,4m x 

4,91m (the inside dimensions of the steel frame) or 3,0m x 4,5m (the inner distance between the 

fire bricks which cover the steel frame) as shown in Figure 22. A heating curve (for example IS0-

834) can be applied in the furnace, but also another heating curve can be designed and imposed 

on the furnace. In what follows, a fire curve will be designed for a reduced scale model to obtain 

similar temperature distributions through the thickness of the model and the prototype. The 

furnace can easily reach 1100°C, but it is difficult to reach 1200°C. 
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FIGURE 20: INFORMATION PANEL FURNACE 

Two burners provide heating. The furnace is covered with fire brick. The inside part of the 

furnace can’t resist load. So a solution must be found since loads will be applied on the model 

during the planned fire test to simulate the water and ground pressure on the subway station. 

For that, the reaction frame system around the surface will be used. 

 

 

 

 

 

 

FIGURE 21: THE TWO OUTLETS OF THE BURNERS OF THE 

FURNACE 

FIGURE 22: FURNACE LINING 

Steel frame 

Fire brick 
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4.3 MODEL 

The aim of the reduced scale model fire test is to investigate the structural performance of the 

concrete subway station during fire. To take the vertical and horizontal loading into account, the 

subway station will be subjected to a bidirectional loading. 

The structure of the existing subway station as shown in Figure 18 and Figure 19 is simplified to 

obtain a model that can be build on a reduced scale and behaves similar as the real subway 

station in fire. Because the lower level approximately equals the upper level, it is not necessary 

to include both in the model. So only one half of the cross section is chosen to be modeled. 

The loading of the roof of the subway station is higher compared to the loading on the second 

floor. For that reason the upper floor is chosen to serve as prototype as shown in the left part of 

Figure 23. As can be seen, the longitudinal beam is ignored because it doesn’t affect the behavior 

of the cross section. Because the moment diagram of the walls changes when excluding the 

lower level, the floor of the prototype is taken slightly thicker than in reality in order to acquire a 

similar distribution of the bending moment in the side walls. This has no implications for the 

thermal analysis since the floor will be thermally isolated from the fire. 

It is not necessary to model the whole length of the subway station. Only a small section with 2 

columns is considered in the prototype. 

 

FIGURE 23: PROTOTYPE CHOICE 

The same concrete is used in the model as in the real station. This is concrete C50 for the 

columns and C35 for the tube. Also the same steel ratio as in the real structure is used. The 

thickness of the concrete cover in the subway station in reality is determined by the 

requirements of the Chinese standard. This is 6 cm. Normally the thickness of the concrete cover 

should also be scaled geometrically. This means an equivalent thickness of the concrete cover in 

the model of only 1,5 cm. Because spalling will become a big problem when such a thin concrete 

cover is used, it is decided not to scale the concrete cover and retain the same thickness of 6 cm 

in the model. 
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FIGURE 24: DIMENSIONS OF THE PROTOTYPE(IN MM): FRONT VIEW & TOP VIEW 

4.3.1 LABORATORY SET-UP 
During the fire test, vertical and lateral load will be applied to the model to simulate the ground 

and water pressure. Since the inner part of the furnace can’t tolerate load, a more complex 

laboratory set-up is needed instead of simply placing the model in the furnace. Because the 

reaction frame system around the furnace can provide horizontal loading in both directions, the 

model will be turned over 90° as shown in Figure 25 and put on the furnace. In that case the 

hydraulic jacks of the horizontal reaction frame system can provide lateral forces on the 4 sides 

of the model to simulate the horizontal and vertical pressure on the real underground subway 

station. The load is applied on the center line of the outer surfaces. In Figure 25 the blue arrows 

represent the jacks on the ceiling slab and one side wall and the green arrows stand for the 

support system, so force equilibrium exists in both lateral directions. For the floor slab the 

support system is arranged so that the support corresponds with the columns of the lower level 

so that a similar force transmission is created. From §3.3.2.1 on p.18 the stress level must be 

equal in model and prototype. The horizontal to vertical pressure ratio is 0,6. 
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FIGURE 25: LABORATORY SET-UP 

All inside concrete surfaces are directly exposed to the furnace heat without fire protection. This 

is also the situation in a real subway station. Except the floor surface is covered with a fire 

protection layer. In a real subway station the floor isolates the underlying concrete slab from 

warming-up. The two cross section surfaces of the tube (i.e. the cross section surface which is 

shown in Figure 26) should behave as adiabatic surfaces. Thus these surfaces need also fire 

protection so that no heat is exchanged with the environment. The outside surface will be 

exposed to air. During the simulations of model and prototype in ABAQUS it will be observed 

that the outside or unexposed surface will remain at 20°C and will not warm up during the test. 

So it is concluded that there is no need to put soil around the outside surfaces. 

The remaining opening between the environment and the furnace and between the model and 

the environment will be closed. 

 

FIGURE 26: FLOOR FIRE PROTECTION IN THE MODEL 

4.3.2 SCALE FACTOR 
The geometric scale factor is taken as large as possible to minimize the deviations. But it is 

obviously dependent on the dimensions of the available furnace. Moreover, the scale factor is 

chosen in such a way that the model rests on the furnace walls. 

Therefore, the geometric scale factor is taken as ¼. So in all equations: 
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The dimensions of the model are shown in Figure 27. The size of the model becomes 5,26m x 

1,88m x 1,2m 

 

FIGURE 27: DIMENSIONS OF THE MODEL (IN MM): FRONT VIEW & TOP VIEW 

4.3.3 MEASUREMENTS 
This fire experiment has the aim to investigate the structural behavior of the concrete when the 

model is heated. The test is mainly focusing on the ceiling slab and a side wall (the sides which 

are subjected to the hydraulic jacks, i.e. the sides with the blue arrows in Figure 25).  

5 main topics will be examined. The temperature field of the structure and the furnace gas 

temperature inside the model will be measured. Also the deformation of the two important 

slabs will be measured in three directions as well as the rotation of the 3 corners which border 

the two considered slabs. Observations will be done concerning cracks and spalling after the 

‘fire’. 
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5 SIMULATION 

5.1 ABAQUS 

To predict the temperature profile in the structure and to obtain the surface temperature of the 

prototype during heating some simulations are done. These simulations have been achieved by 

making use of ABAQUS, a software application for finite element analysis. When the surface 

temperature history of the prototype during a ISO-834 fire is followed in the simulation, de 

furnace temperature of the scaled model can be predicted using the equation in §3.3.2.3.3.3 on 

page 26 to obtain similar temperature profiles in model and prototype. After that, also a 

simulation of the reduced scale model is executed to compare both temperature profiles. Also 

the temperature fields in the model resulting from simplified design fire curves are compared to 

the temperature field in the prototype. 

5.1.1 CALCULATION METHOD OF ABAQUS 
Like mentioned before, there are 3 ways of heat transfer: convection, radiation and conduction. 

Fire releases heat and the heat is transmitted to the structure by 

- Convection:               

- Radiation:             
    

   

The heat is further transferred through the structure by conduction. The three dimensional heat 

conduction partial differential equation is  

  

  
   

   

   
 

   

   
 

   

     

With a thermal diffusivity in m²/s: 

  
  

   
 

The density ρ, the heat conductivity λc and the heat capacity cp are characteristics of the material. 

By defining these 3 parameters, ABAQUS has enough information about the material to execute 

the heat transfer calculations. 

The material of the real subway station is normal concrete with a density of 2300 kg/m³ at room 

temperature. Because the heat expansion coefficient of the reinforcement bars is nearly the 

same as that of the concrete, only the concrete is modeled. The same concrete will be used in the 

fire experiment as in reality, so the three governing parameters –density, heat conduction 

coefficient and the heat capacity – are not scaled and are dependent of the temperature. The 

density and heat conductivity are decreasing functions with the temperature, while the heat 

capacity is increasing during heating. [20] 
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The density in kg/m³: 

 

 

      

               

   
           

  
   

              

      
           

   
   

              

      
           

   
   

               

 

The heat conductivity in W/(m*°C): 

            
 

   
            

 

   
 
 

 

For               . 

The specific heat in J/(kg*°C): 

 

 

    

                 

                          

     
       

 
 

              

                    

5.1.2 UNITS IN ABAQUS 
In ABAQUS no absolute but relative units are used. In the software, the time is set in minutes. 

This has some consequences for the parameters dependent on the time entered in the program. 

From the conduction partial differential equation 

  

  
   

   

     
  

   
 
   

     

is derived: 

 
  

   
  

 
 

    

 
 

      
  
   

 
  

     
 

     
  

    

 
  

  

  
  

  

     
    

       
  

    

 
  

  

  
  

  

    

Thus the parameters which contain Watt in the dimensions should be modified in ABAQUS 

according to Watt* = 60*Watt with Watt* expressed as J/min instead of J/s. So the values for the 

heat conductivity λc [W/(m*°C)], the heat transfer coefficients hc and hf [W/(m²K)] and the 

Stefan-Boltzmann constant [ W/(m²K4)] are multiplied by 60 before entering in the program. 
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5.1.3 EUROCODE 
The coefficients in the equations of convection and radiation are described in Eurocode 1: 

actions on structures, Part 1-2: General actions – Actions on structures exposed to fire (BS EN 

1991-1-2:2002) [18]. 

For the sides exposed to the ISO-834 fire curve, the heat transfer coefficient by convection is 

defined to be 25 W/m²K. For the radiative part of the heat flux transfer, 3 coefficients have to be 

defined (see 5.1.1). According to Eurocode 1, the surface emissivity of the member εw= 0,8 may 

be used. The emissivity of the fire as well as the configuration factor is equal to unity in general. 

Therefore, the Φεwεf = 1*0,8*1 may be written as a global emissivity ε = 0,8 as described in 

§3.3.2.3.3 on page 26. 

For the unexposed side the equation in §3.3.3.3 on page 28 can be used, where only heat transfer 

by convection is considered, but with an adjusted coefficient of heat transfer to contain the effect 

of heat transfer by radiation. According to the Eurocode the general heat transfer coefficient hf = 

9 W/m²K should be taken. 

5.2 FULL SCALE SIMULATION 

Like said above, first a simulation of the full scale prototype is made in ABAQUS. A tunnel unit is 

built passing different modules. The dimensions in Figure 24 are used. The depth of the tunnel 

unit is chosen to be the spacing between the columns, thus 9,12m. 

In the first module PART the different parts that make the tunnel unit are created. The first 

created part is the tunnel tube with a depth of 9,12m. Thereafter, 2 columns are added. In 

module PROPERTY a new material ‘concrete’ is created. To do this, 3 parameters are needed as 

explained in §5.1.1 on page 37. The density ρ is set as in Table 1. The density slightly decreases 

because of the decomposition of the cement matrix at elevated temperatures. The heat 

conductivity is defined as in Table 2: Heat conductivity (in seconds) according to the equation in 

5.1.1. As can be seen from Graph 6, the heat conductivity decreases with increasing temperature. 

Table 3 shows the values for the specific heat. The specific heat is an increasing function with 

temperature (Graph 7) but remains constant above 400°C. The material ‘concrete’ is assigned to 

the various parts. 

TABLE 1: TEMPERATURE 

DEPENDENT DENSITY ACCORDING 

TO THE EQUATION IN 5.1.1 

 

T (°C) Density ρ (kg/m³) 

20 2300 

115 2300 

200 2254 

400 2185 

1200 2024 

 

GRAPH 5: DENSITY IN FUNCTION OF TEMPERATURE 
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T (°C) heat conductivity λc (W/m°C) 

20 1,6423 

60 1,5690 

100 1,4982 

200 1,3328 

300 1,1838 

400 1,0512 

500 0,9350 

600 0,8352 

700 0,7518 

800 0,6848 

900 0,6342 

1000 0,6000 

1100 0,5822 

1200 0,5808 

TABLE 2: HEAT CONDUCTIVITY (IN SECONDS) 

ACCORDING TO THE EQUATION IN 5.1.1 

 

GRAPH 6: HEAT CONDUCTIVITY IN FUNCTION OF 

TEMPERATURE 

 

T (°C) Specific heat cp (J/kg°C) 

20 900 

100 900 

200 1000 

400 1100 

1000 1100 

1200 1100 

TABLE 3: SPECIFIC HEAT ACCORDING TO THE 

EQUATION IN 5.1.1 

 

 

GRAPH 7: SPECIFIC HEAT IN FUNCTION OF TIME 

In the third module ASSEMBLY all the parts are assembled in the tunnel unit. The columns are 

translated to the right position. In the module STEP The action on the structure is defined, 

namely heat transfer during 180 min. Also the incrementation is defined as shown in Table 4. 

maximum number of increments 1000 

minimum increment size 0,00001 

maximum increment size 2 

maximum allowable temperature change per increment 10°C 

TABLE 4: INCREMENTATION PROPERTIES IN ABAQUS 
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In the module INTERACTION the boundary conditions for heat transfer are defined. 

- Heat transfer by convection on the exposed sides of the tunnel unit to the ISO-834 curve. 

- Heat transfer by radiation on the exposed sides of the tunnel unit to the ISO-834 curve. 

- Heat transfer by convection on the unexposed sides of the tunnel with an adjusted heat 

transfer coefficient to take into account the effects of heat transfer by radiation. 

- No heat transfer may occur through the intersection sides, so these sides are imposed to 

be thermally isolated. 

The coefficients proposed in the Eurocode are used (see 5.1.3). With these 4 heat transfer 

conditions, the heat transfer is defined for all sides of the tunnel unit. In module LOAD the 

thermal load is imposed to the exposed sides. In the next module MESH, a mesh is given to all 

parts of the tunnel unit. The size of the elements of the mesh, important for the accuracy and the 

calculation time of the computer, is specified. In the last module JOB, the command is given to 

start a full finite element analysis. 

 

FIGURE 28: PROTOTYPE IN ABAQUS 

5.2.1 RESULTS 

 

FIGURE 29: TEMPERATURE FIELD OF THE PROTOTYPE AT THE END OF HEATING 
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ABAQUS calculates the temperature distribution in the prototype during the heating process. 

Since one is interested in the surface temperature history to design an equivalent model fire 

curve, the surface temperature histories of different parts of the prototype are checked.  

 

GRAPH 8: SURFACE TEMPERATURE HISTORIES 

In Graph 8 it is clear that the temperature distributions of certain nodes chosen on the center of 

the floor, wall, ceiling and column follow similar curves. Variations are visible due to the 

difference in thickness of the mentioned elements, but in the beginning and at the end of the test 

the temperature histories of the different members show the same temperature. The ceiling with 

the largest thickness of 84 cm shows the highest surface temperature. Since the loading on the 

ceiling is largest and in real fires the air temperature will be highest in the neighborhood of the 

ceiling, the surface temperature of the ceiling is used in the design of an equivalent model fire 

curve. Moreover, in tunnel fire accidents in the past, such as the Daegu fire in the case study, it is 

observed that the ceiling slab is most susceptible to damage. 

Because it is unnecessary to consider the whole prototype in ABAQUS to design an equivalent 

model fire curve, only a part of the ceiling slab is modeled in the software for the following 

calculations. In that way the mesh can be chosen more appropriate and the calculation time is 

largely reduced. 

5.3 EQUIVALENT MODEL FIRE CURVE 

The purpose is to execute a fire test on a reduced scale model to simulate a standard ISO-834 fire 

in a full scale subway station. To obtain the same influence of the furnace temperature on the 

scaled model as the ISO-834 fire on the prototype, the standard fire curve has also to be scaled. 

The equivalent model fire curve, imposed on the furnace, is designed in such a way that the 

mean temperature and the temperature difference through the thickness is the same in model 

and prototype, as explained in §3.3.2.1 on page 18 and §3.3.2.2 on p. 20. 

Different model fire curves will be examined by modeling the prototype exposed to the ISO-834 

fire curve, the model exposed to the considered equivalent model fire curve and comparing the 

temperature profile of both model and prototype during the heating process. 
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5.3.1 DESIGN 1 
The first equivalent model fire curve that is considered, is the fire curve proposed in §3.3.2.3.2 

where only the time axis of the ISO-834 curve is scaled according to 

         
 

 
 
 

   
  
  

 

So an ‘accelerated’ fire will be simulated in the test with a heating duration of 180/16 = 11,25 

min instead of 180 min, the fire duration in the prototype. This scaling rule is obtained by the 

Buckingham Π theorem applied on the conduction equation. The ISO-834 temperatures remain 

unchanged. The red curve in Graph 9 represents this design. 

Significant deviations of the temperature profile in the model in respect to the temperature in 

the prototype are expected since the surface effects due to convection and radiation are 

neglected. The surface temperature of the concrete is assumed to be the same as the gas 

temperature. In reality or in the test the surface temperature will be lower due to the mentioned 

phenomena. Thus, the design fire curve 1 will cause a lower temperature profile in the model 

compared to that of the prototype. 

5.3.2 DESIGN 2 
Design 2 is a second proposal for an equivalent model fire curve as explained in §3.3.2.3.2. This 

design curve is similar to design 1 with only an alteration of the time scaling law obtained by 

experiments on half scale models. 

           
 

 
 
   

   

So the duration of the heating process in the model is now 19,59 min. Slightly longer than in 

design 1 to take the surface film effects into account in an experimental way. Design curve 2 

corresponds to the green curve in Graph 9. 

 

GRAPH 9: EQUIVALENT MODEL FIRE CURVES DESIGN 1 & 2 
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5.3.3 DESIGN 3 
The third design for an equivalent model fire curve is found using the scaled heat flux rules 

applied on the radiative heat flux (§3.3.2.3.3.2) and the net heat flux (§3.3.2.3.3.3) on page 26. 

For different time intervals a starting value of the furnace temperature of the model is calculated 

by taking only the radiative heat flux into account and ignoring the convective heat flux term 

(§3.3.2.3.3.2). 

             
  

 

 
     

      
  

 

 

Tf,p , the ‘furnace temperature of the prototype’, is the ISO-834 temperature on a certain moment 

during heating. Tw,p, ‘the surface temperature of the exposed wall in the prototype’ is obtained by 

the ABAQUS simulation of the prototype in §5.2.1. 

Now, the furnace temperature of the model can be further adjusted in an iterative process by 

using the following equation in which radiation as well as convection is taken into account 

(§3.3.2.3.3.3) for a certain moment in the heating process: 

              
  

 

   
                      

      
    

  

  
             

 

 

So for the first iteration step the starting value        is calculated by the scaling law of the 

radiative heat flux equation as a rough estimation for the furnace temperature in the scaled test. 

For the second iteration step an improved value for the furnace temperature                 is 

calculated from the scaling law of the net heat flux in which               . The surface film 

coefficient hc and the emissivity ε retain the same value as in the prototype since the film layer 

cannot be scaled. For further steps the iteration converges to a fixed value of the furnace 

temperature for the considered time step as you can see in the graph below. This iteration 

process is repeated for each time step. 

  

GRAPH 10: ITERATION PROCESS OF THE FURNACE TEMPERATURES AT CERTAIN MOMENTS 
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In Graph 10 a big fluctuation is noticed for t = 2 min while fluctuations are hardly observed for t 

= 55,5 min or t = 180 min. These results were expected because in the beginning of heating, the 

temperature difference between the surface and the air is still small. From the equation of the 

net flux, one can understand that both convection and radiation contribute an important part to 

the heat transfer from the environment to the surface of the wall. The start temperature 

however, is obtained by considering only the radiative heat transfer, a big underestimation as 

seen in the graph. After further progress of the heating process, the radiative term becomes 

dominant as explained in §3.3.2.3.3.2. This is in line with the observations of t = 55,5 min and t = 

180 min where the temperature hardly fluctuates during the iteration process. 

After 8 iteration steps the furnace temperature is already accurate to 1 decimal for the first time 

step. After 11 iteration steps the furnace temperature is even accurate to 2 decimals. For time 

steps further in the heating process the accuracy is obviously achieved faster. 

Together with the time scaling (§3.3.2.3.2) 

        

The equivalent model fire curve is realized. Graph 11 shows the progress of this scaled fire 

curve. 

 

GRAPH 11: NORMALIZED FIRE CURVES 

At first sight, the progress of the equivalent model fire curve seems a little strange with a 

maximum and a minimum in the beginning of the test. This can be explained by the combined 

behavior of convection and radiation to obtain the scaled temperatures. In the discussed 

iterative equation for Tf ,m ,i+1, the equivalent model fire curve is dependent on the temperature 

difference between the furnace and the surface in the prototype and Tf,p4 – Tw,p4 which has a 

similar form. These temperature differences show also a maximum in the beginning of the 

heating test as it can be seen in Graph 12. The furnace temperature needs a rise in the beginning 

of the test to obtain the same temperature distribution in the model as in the prototype. 
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GRAPH 12: FURNACE AND SURFACE TEMPERATURE AND TEMPERATURE DIFFERENCE IN THE 

PROTOTYPE 

 

GRAPH 13: THE ISO-834 FIRE CURVE AND THE 3 EQUIVALENT MODEL DESIGN FIRE CURVES 

In the graph above, the ISO-834 fire curve is shown together with the three different scaled fire 

curves. In the design fire curve 3 the burners of the furnace must produce higher temperatures 

compared to the ISO-834 fire in the prototype. This was predicted because a higher flux is 

needed in a scaled model. 

To check these scaled fire curves, the temperature profiles of the model and prototype will be 

compared after calculation with ABAQUS. 
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5.4 REDUCED SCALE SIMULATION 

A reduced scale model with geometric scale factor ¼ is constructed in ABAQUS in the same way 

as the prototype. This model is exposed to the 3 different design fire curves as specified in §5.3. 

So only the duration of the heat transfer in the STEP module is changed to the required duration 

of the heating curve and in the module INTERACTION the equivalent model fire curve (design 1, 

design 2 or design 3) is imposed to the heat transfer boundary conditions of convection and 

radiation on the exposed sides. Also the mesh is chosen in a similar way. 

5.4.1 RESULTS 
In what follows, the temperature profile through the cross section during the heating process is 

compared for prototype and model when the prototype is exposed to the ISO-834 standard fire 

curve and the model is exposed to an equivalent model fire curve design. In the graphs the solid 

lines indicate the prototype and the dashed line indicate the model for an easy understanding. 

The results are presented with respect to the normalized time, tn, and the normalized thickness, 

dn (with xn the position in the normalized thickness), to make the comparison possible. 

5.4.1.1 Specification nodes 

In the results the temperature distribution of different ‘nodes’ are discussed. These nodes are 

created by the mesh which is similar in model and prototype. Both the prototype and the model 

have 18 nodes through the thickness of the slab. ‘Node 1’ is specified as the node on the surface 

layer of the exposed side of the slab and represents the whole exposed surface layer. (With 

‘exposed’ is meant ‘exposed to the fire curve’.) ‘Node 18’ is specified as the node on the surface 

layer of the unexposed side of the slab and represents the whole unexposed surface layer. ‘Node 

2’ until ‘node 17’ represents the parallel layers in the slab between both surface layers at equal 

distances as shown in Figure 30.  

 

FIGURE 30: SPECIFICATION OF THE NODES THROUGH THE THICKNESS OF THE SLAB 
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5.4.1.2 Comparison of the temperature profile in the prototype exposed to ISO-834 

and the model exposed to the fire curve design 1 

 

In the first case, the model is exposed to design fire curve 1 in which only the time axis from the 

ISO-834 curve is scaled with s² as explained in §5.3.1. So the total simulation of a three hours 

lasting ISO-834 heating process of the prototype lasts 11,25 minutes in the model. In Graph 14 

and Graph 15 the results for this design are presented. 

 

FIGURE 31: TEMPERATURE PROFILE OF MODEL EXPOSED TO DESIGN CURVE 1 AT THE END OF THE 

SIMULATION (ABAQUS) 

What immediately strikes is that the temperatures in the model are much lower compared to the 

temperatures in the prototype at every position through the thickness and at any time during 

heating. This was expected since the surface film effects are totally neglected. In design 1 only 

heat transfer by conduction is taken into account and so the surface temperature is considered 

to be the same as the ISO-834 temperature while in reality convection and radiation are 

responsible for the heat transfer from the air to the structure in the film layer close to the 

surface which causes lower surface temperatures compared to the gas temperatures of the fire. 

Because this is a surface film effect, the temperature difference between model and prototype is 

largest for the nodes on the exposed side of the structure and becomes smaller for the nodes 

further from the fire (see Graph 14). Especially for the first 3 nodes (or the first 10% of the 

thickness) the temperature difference is very large with a maximum temperature difference for 

the surface layer (node 1) when the fire test has progressed for 15% of about 400°C. For node 6 

(xn = 0,29) already a good accuracy is obtained with a maximum temperature difference of about 

4°C at the end of the test. In the second half part the concrete hardly feels the fire and remains at 

the ambient temperature of 20°C as seen in Graph 15. 

[°C] 
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GRAPH 14 : TEMPERATURE TIME HISTORIES FOR DIFFERENT NODES THROUGH THE THICKNESS 

(DESIGN 1) 

The same conclusion can be made for Graph 15. There is a significant temperature lag in the 

model for the exposed side, while the temperatures for model and prototype are the same and 

remains at 20°C for xn > 0,4. Especially in the first half part of the heating process when the fire 

curve is steep, so the gradient of the fire curve is large, significant temperature differences 

between model and prototype are observed at the surface layer. (Compare the curves for tn = 

0,05 with the curves for tn = 0,75 or 1 at positions xn < 0,05 in Graph 15) 

In the case study about the fire accident in Daegu it is mentioned that the spalling depth can be 

10 cm. This is about the first 10% of the cross section on the exposed side. Since the concrete at 

the exposed surface side is most damaged, the concrete close to the fire is most critical. It is 

obvious that a good reduced scale fire test requires a better accuracy of the temperature profile. 

So design fire curve 1 is not recommended in the reduced scale test. 
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GRAPH 15: TEMPERATURE PROFILE THROUGH THE THICKNESS AT CERTAIN MOMENTS DURING HEATING (DESIGN 1)
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5.4.1.3 Comparison of the temperature profile in the prototype exposed to ISO-834 

and the model exposed to the fire curve design 2 

 

In the second case, the model is exposed to design fire curve 2. Now the time axis from the ISO-

834 curve is scaled with s1,6 instead of s² (as it was the case in design 1) as explained in 5.3.2. 

which means a heating time of 19,59 min. So the model is exposed longer to the ISO-834 fire 

temperatures to shorten the temperature lag between model and prototype. The results are 

shown in Graph 16 and Graph 17. 

 

FIGURE 32: TEMPERATURE PROFILE OF MODEL EXPOSED TODESIGN CURVE 2 AT THE END OF THE 

SIMULATION (ABAQUS) 

The surface temperature (node 1) of the model is still lower compared to the surface 

temperature of the prototype.  For the second node (or xn = 0,06) the temperature in the model 

is slightly lower than the temperature of the prototype, only in the first quarter of the test. After 

tn > 0,25 the temperature in the model becomes higher than the prototype temperature. For all 

other considered nodes in Figure 30, the temperature time histories in the model are higher 

than these of the prototype, but in the half part on the unexposed side, the temperature 

difference is small because this part remains almost at 20°C, the ambient temperature. 

For node 1 and node 2 the temperature difference between model and prototype is smaller 

compared to the temperature difference when the model is exposed to design fire curve 1. The 

maximum temperature difference for node 1 is about 300°C instead of 400°C which was the case 

when the model was exposed to design curve 1. For the other 16 considered nodes through the 

thickness the temperature difference between model and prototype is larger than in design 1. 

The maximum temperature difference for node 6 is about 30°C which is nearly 8 times larger 

than in the case of design 1. But at these positions temperatures are relatively low and not really 

significant for the damage to the concrete. The reinforcement bars will be located in reality in 

the first 10% of the thickness closest to the exposed side. Since the temperatures are highest in 

[°C] 
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this region and so most damage occurs at the surface layers and reinforcement bars, it can be 

said that design curve 2 is an improvement of design 1 in the search for an equivalent model fire 

curve.  

 

GRAPH 16: TEMPERATURE TIME HISTORIES FOR DIFFERENT NODES THROUGH THE THICKNESS 

(DESIGN 2) 

From Graph 17 it is seen that the model temperature in the beginning of the test is still lower or 

about the same in the entire thickness compared to the temperature of the prototype (orange 

and brown curves). After tn = 0,1 the temperature curves of model and prototype are crossing 

each other. The center of the model shows higher temperatures than in the prototype while the 

model surface temperature still is significantly lower than these in the prototype. After a while 

the temperature difference between model and prototype at the surface becomes small, but the 

temperature difference in the center of the slab becomes larger (which is even larger than in 

design 1). 

Thus, it may be said that the heating of the model profile starts with a delay with respect to the 

heating of the prototype, but during the test the model temperatures pass the prototype 

temperatures, first in the center of the profile, later the crossing point between the curves moves 

in the direction of the exposed side. The normalized gradient of the curves in the model stays 

lower compared to these in the prototype. To make the model curves as steep as in the 

prototype, the heat flux to which the model is exposed should be increased by increasing the 

furnace temperature, which is done in design curve 3. 

 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

0 0,2 0,4 0,6 0,8 1 

T (°C) 

tn 

node 1 prototype 

node 1 model 

node 2 prototype 

node 2 model 

node 3 prototype 

node 3 model 

node 4 prototype 

node 4 model 

node 5 prototype 

node 5 model 

node 6 prototype 

node 6 model 



Master Thesis Kirsten Dekoning 53/72 

 

 

GRAPH 17: TEMPERATURE PROFILE THROUGH THE THICKNESS AT CERTAIN MOMENTS DURING HEATING (DESIGN 2)
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5.4.1.4 Comparison of the temperature profile in the prototype exposed to ISO-834 

and the model exposed to the fire curve design 3 

 

In the third case, the model is exposed to design fire curve 3. In this design, the time axis is 

scaled with s² again as in design 1 according to the dimensional analysis. Beside the scaled time 

axis, also the temperature axis is adjusted as explained in §5.3.3 to obtain the increased heat flux 

needed for the temperature gradient in the profile. 

 

FIGURE 33: TEMPERATURE PROFILE OF MODEL EXPOSED TO DESIGN CURVE 3 AT THE END OF THE 

SIMULATION (ABAQUS) 

The resulting model curves in Graph 18 and Graph 19 are almost overlapping. Just in the 

beginning of heating (tn < 0,1) the model temperature on the exposed side is slightly higher 

compared to the temperature in the prototype. This may be caused by the moisture lag as 

explained in 3.3.3.1. The largest temperature difference between model and prototype is 

observed in the surface layer ( node 1) for the very first moments of heating ( tn < 0,05) in Graph 

19. The maximum temperature difference for node 1 is 40°C. This is about 10 times more 

accurate than design test 1 and 2 in which the maximum temperature difference was 400°C and 

300°C respectively. For node 6 the maximum temperature difference is only about 1°C. For xn > 

0,3 the temperature difference between model and prototype is less than 1°C. 

One can conclude that design curve 3 is a very accurate equivalent model fire curve for the 

reduced scale test to simulate the ISO-834 fire in the prototype. There is only one problem which 

must be investigated. The temperatures in design fire curve 3 go up to 1160°C. This temperature 

is approximately the limit of the available furnace. So before imposing design fire curve 3 on the 

furnace, one has to make sure that the furnace burners can reach such high temperatures and 

that the furnace can withstand. 
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GRAPH 18: TEMPERATURE TIME HISTORIES FOR DIFFERENT NODES THROUGH THE THICKNESS 

(DESIGN 3) 
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GRAPH 19: TEMPERATURE PROFILE THROUGH THE THICKNESS AT CERTAIN MOMENTS DURING HEATING (DESIGN 3)
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5.4.1.5 Direct comparison between design fire curves 

 

5.4.1.5.1 Surface temperature distributions 

Graph 20 shows the surface temperature histories of the prototype exposed to IS0-834 and the 

model exposed to design 1, 2 and 3. As explained in the last paragraph the surface temperature 

of the prototype and the model exposed to design 3 are matching very well with slightly higher 

temperatures in the model in the beginning of the test around 100°C which may be explained by 

the size effects (moisture lag) caused by the unscaled particle and pore size of the concrete. The 

surface temperatures caused by design curve 1 and 2 are much lower with the lowest and thus 

least accurate surface temperature caused by design 1. The maximum temperature differences 

are shown in Table 5. 

 

GRAPH 20: COMPARISON SURFACE TEMPERATURE OF MODEL & PROTOTYPE 

 Maximum temperature difference between model and 
prototype 

design 1 400 °C 

design 2 300°C 

design 3 40°C 

TABLE 5: MAXIMUM TEMPERATURE DIFFERENCE BETWEEN MODEL AND PROTOTYPE 
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5.4.1.5.2 Reinforcement position 

According to the scaling theory, also the thickness of the concrete cover should be scaled 

geometrically with factor s. So the concrete cover of 6 cm in reality should be reduced to 1,5 cm 

in the model. In practice, this very thin concrete cover should give rise to a higher susceptibility 

for spalling of the model due to the higher temperature gradient, compared to the spalling 

susceptibility in the prototype. Therefore, the first idea was not to scale the thickness of the 

concrete cover in the test and retain the concrete cover thickness of 6 cm. This has the result 

that the temperature at the position of the reinforcement will be much lower in the model than 

in the prototype because the reinforcement in the model is located 4 times further from the 

exposed side in respect to the normalized thickness. This phenomenon is shown in Graph 21. 

 

GRAPH 21: TEMPERATURE TIME HISTORIES AT THE POSITION OF THE REINFORCEMENT (CONCRETE 

COVER 6 CM) 

From the graph above, it is seen that (from design 1, 2 and 3) design fire curve 2 causes the 

highest temperature in the model at the position of the reinforcement, i.e. at a position of 6 cm 

from the exposed surface, and so the smallest temperature difference between model and 

prototype. But the difference in temperature for the different design curves is almost irrelevant 

compared with the much higher temperature at this position in the prototype. So the 

reinforcement bars in the model will have a higher resistance to the thermal and external loads 

during the fire test. Also the lever arm of the steel bars in the model will be different than in the 

prototype. 

 In Graph 21 a fourth design is added in which the model is exposed to the unscaled standard fire 

curve ISO-834 for 3 hours. The temperature time history at a position of 6 cm from the exposed 

surface is closer to the prototype temperature curve. In that case both concrete cover thickness 

and fire curve are not scaled. But design 4 will cause much higher temperature distributions at 
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normalized positions, so the exposure of the model to the unscaled fire curve is not a good 

solution to obtain dynamic similarity. 

The thermal expansion coefficient of steel and concrete is about the same (12*106/°C) and the 

maximum temperature of the reinforcement bars in the prototype is about 460 °C. Thus it is 

expected that not scaling the thickness of the concrete cover will have an influence on the 

structural behavior of the reinforcement bars during the heating test. Two options are proposed: 

The first one is scaling the thickness of the concrete cover with the geometric scale factor. In that 

case the concrete cover is 1,5 cm, so attention must be payed to factors which should increase 

the concrete spalling of the surface. The tested models must have an age of 3 months or older. 

For that concrete age, the free moisture in the concrete is already much reduced and so the 

spalling effect. Also the needed steel ratio in the cross section can be distributed over more steel 

bars with smaller diameter. The second option is to scale the thickness of the concrete cover but 

not with the prescribed geometric scale factor of ¼. In that way, the thickness of the concrete 

cover can be taken slightly larger than 1,5 cm to avoid and increased spalling effect, but close 

enough to the surface so that the steel bars feel the fire as in reality. 

 

5.4.1.6 Influence of emissivity ε 

 

Because the value for the emissivity of a surface is dependent on several factors, the influence of 

the emissivity value is investigated. The furnace emissivity εf is actually dependent on the 

temperature, the emission angle and the wavelength of the heat. The emissivity of the surface of 

the concrete εw is dependent on the finishing of the surface layer. Polished concrete has a lower 

emissivity than rough concrete. Because εf is set to unity and a global emissivity is chosen for εw, 

it is worth to check whether this assumption doesn’t have a great influence on the design of the 

equivalent model fire curve. 

5.4.1.6.1 Equivalent model fire curve 

Nothing changes in design 1 and 2 when the emissivity is taken different from 0,8. Design 3 

however depends on the convection and radiation, so this design curve is modified if ε = 0,5. 

From Graph 22 it is observed that the equivalent model fire curve of design 3 is higher when the 

emissivity is chosen lower. This is obvious because when ε = 0,5 the radiation part (see the 

equation in 3.3.2.3.3) is lower and less heat will be transferred from the environment to the 

surface. This means that a higher furnace temperature is required to obtain the same 

temperature profile through the thickness of the model. So the equivalent model fire curve for ε 

= 0,5 is higher than the discussed fire design curve 3 in 0. 

In many catalogues the emissivity of concrete is estimated around 0,9 and for rough concrete 

even slightly higher, instead of the proposed value of 0,8 in the Eurocode. So when the value 0,9 

is used as the emissivity of the concrete in the calculations of ABAQUS, the obtained equivalent 

model fire curve is slightly lower. The maximum temperature of the equivalent model fire curve 

–this is at the end of the test –with the concrete emissivity set to 0,9 is 1153,5°C while the 

maximum temperature for this design fire curve is 1158,5 °C when the emissivity is set to 0,8. 

This is a small difference of 5 °C. For t = 2 min, the difference is 17°C which is slightly larger, but 

not of great importance. 
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GRAPH 22: EQUIVALENT MODEL FIRE CURVE DESIGN 3 
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5.4.1.6.2 Temperature profile 

Similar graphs are realized as in 0, 5.4.1.3 and 5.4.1.4, but now for comparing the prototype with 

emissivity 0,8 (solid curves) with a prototype having an emissivity of 0,5 (dashed curves). 

Only on the exposed side ( xn < 0,3) there are higher temperatures noticeable for a higher 

emissivity, especially on the surface layer of the exposed side where the heat transfer by 

radiation takes place. The maximum temperature difference at node 1 is about 100°C which 

appear in the beginning of the heating process. In the second half part, where the temperature 

remains at the ambient temperature of 20°C, is no temperature difference due to a reduced 

emissivity of the concrete. 

One concludes that deviations in the assumed emissivity don’t really matter in the resulting 

temperature field. 

 

GRAPH 23: TEMPERATURE TIME HISTORIES IN THE PROTOTYPE FOR DIFFERENT NODES 
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GRAPH 24: TEMPERATURE PROFILE THROUGH THE THICKNESS OF THE PROTOTYPE AT CERTAIN MOMENTS DURING HEATING
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5.5 COLUMN TEMPERATURE FIELD 

The temperature fields of the walls have a similar 

progress as the ceiling slab. The floor slab is 

covered by a fire protection layer so no great 

temperature rise in the floor slab is expected. The 

2 columns however are heated on four surface 

sides, so the columns show a two dimensional 

temperature distribution instead of the one 

dimensional temperature distribution observed 

in the ceiling slab.  

Therefore, the temperature field of the prototype 

at the end of the test is shown in Figure 34. The 

temperature of the columns in the center of the 

surface sides in the prototype exposed to ISO-834 

is 1092°C after 180 minutes as in the ceiling slab. 

At the corners of the column, the temperature is 

lightly higher with 1106°C at the end of the fire. 

In the center of the column, the temperature  

remains at 20°C. 

6 EXPECTATIONS 

On the basis of a fire experiment on immersed tube tunnel elements executed by Efectis 

Nederland BV in 2008-2009, some expectations are given about the behavior of the concrete 

during the planned fire experiment. [21][22] 

6.1 SPALLING 

During the fire test, spalling of the concrete surface layer will be audible. The severity of spalling 

may only be observed after the execution of the fire experiment. It is foreseen that the model 

will be subjected to more severe spalling than the spalling would occur in reality because of the 

increased temperature gradient in the model. 

Further, it is expected that young concrete is more susceptible to spalling compared to concrete 

of older age. In previous tests [22] it was observed that the model with an age of 28 days was 

subjected to heavy spalling of the surface layers of the side walls and the ceiling while the model 

with an age of 4 months didn’t spall significantly. 

To solve the higher spalling problem in the model, polypropylene fibers can be added to the 

concrete mix of the model. From literature research it is found that this addition doesn’t have a 

great influence on the structural behavior of the concrete during the fire. The deflection of the 

roof will be more or less the same as in the model without use of polypropylene fibers, but the 

spalling is significantly reduced. 

FIGURE 34: COLUMN TEMPERATURE FIELD OF 

THE PROTOTYPE AFTER 180 MIN 
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Different types of spalling will occur during the heating test. Violent spalling is expected to occur 

everywhere on the heated surface of the model (except the floor slab which is covered by a fire 

protection layer) due to pore pressure and the large temperature gradient. This is accompanied 

with a popping or cracking sound. Further, progressive gradual spalling or sloughing off is 

expected to occur at the heated surface of the ceiling slab. During the heating process the 

strength of the concrete will decrease due to chemical deterioration of the cement matrix and 

internal cracking. When the strength becomes too low to carry its own weight, small pieces of 

the surface layer will fall down due to the gravity force without sound. In the columns, all four 

sides will be heated. So high pore pressures will develop on the heated sides which push a part 

of the moisture further into the colder center of the column cross section. This causes an internal 

pressure, beside the compression of the heated surfaces due to the thermal gradient and the 

external loading and the entire heated surface may explode away with a loud bang. This will 

reduce the cross section of the columns significantly and will advance other failure mechanisms 

such as strength loss, shear and buckling. Also corner spalling of the columns may occur due to 

the inhomogeneous heating of the concrete (see Figure 34) around the uniformly heated 

reinforcement bars. This can cause the corners of the column to break off at the position of a 

reinforcement bar. [19] 

Because of spalling of the concrete surface protection layer, the reinforcement bars will be 

exposed at some locations to the very high temperatures of the fire. In literature it is found that 

unprotected steel loses 50% of its capacity when the temperature rises over 593°C and loses all 

of its strength when it melts at a temperature of 1482°C. So it is obvious that the unprotected 

steel will degrade fast due the thermal action. [23] 

6.2 CRACKS 

During the test, cracks will appear at the unexposed side of the ceiling. Large longitudinal cracks 

above the walls are expected and evenly distributed transverse cracks which are connected with 

longitudinal cracks. Also longitudinal horizontal cracks are expected in the walls caused by the 

hogging moment due to the deflection of the ceiling. 

For a lower temperature gradient over the thickness, the crack width will be less and the 

number of cracks reduces. This has the effect that when fire design curve 1 or 2 is applied to the 

model, smaller en less cracks will appear compared to the cracks obtained by exposing the 

model to fire design curve 3 which simulates the temperature profile of the prototype the best. 

So in case of design 1 or 2 the damage to the model will be less compared to the damage to the 

prototype due to the standard ISO-834 fire curve. 
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FIGURE 35: EXPECTED CRACK PATTERN UNEXPOSED SURFACE CEILING SLAB 

When polypropylene fibers are added to the concrete mix, it is observed that more cracks on the 

unexposed surface appear, but the crack width is limited. This has to do with a less brittle 

behavior of the concrete. 

6.3 DEFLECTION 

Due to the loading of the jacks and the support system and the decay of the concrete strength, 

the loaded walls and the loaded ceiling will bend towards the center of the tube. But also 

because of the temperature gradient through the thickness, the concrete on the exposed side will 

tend to expand, while the unheated concrete on the unexposed side will not have this intention. 

Also for that reason the slabs will bow towards the heat source, so towards the center of the 

tube. 

In [22] it is found that the deflection of the slabs is smaller when the (normalized) temperature 

gradient is smaller. This meanS that the model exposed to design fire curve 1 or 2 will show a 

smaller deflection compared to the model exposed to fire design curve 3, or the prototype 

exposed to the nominal ISO-834 fire curve. 

6.4 WATER LEAKAGE 

In the fire tests on the immersed tube tunnel models of Efectis, water was coming out the cracks 

during heating. This phenomenon was much more pronounced for young concrete of one month 

than for concrete with an age of 4 months. Models in which polypropylene was added to the 

concrete mixture, showED less water leakage compared to concrete without these fibers. 

6.5 CONCLUSION 

From the parameter study of [22] one may conclude that concrete of older age is preferable to 

reduce spalling and water leakage. The age of the concrete model is proposed to be 3 months. 

Older than 3 months will be difficult because it is the intention to carry out the fire experiment 

in the near future. If still a lot of spalling is expected, polypropylene fibers may be added. 
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7 CONCLUSION 

In scope of this master thesis, a reduced scale fire experiment on a subway station is developed 

to investigate the structural performance of the concrete exposed to high temperatures. This is 

an innovation since most fire experiments are done on tunnels rather than stations which have a 

slab-column structure. The fire test will be executed at Tongji University in the near future. 

The investigation starts with a literature research in which the chemo-physical transitions, 

which occur in the concrete during the heating process and which are responsible for the 

strength loss, are explored. 

A scaling theory, the Buckingham Pi theorem, is presented which uses dimensional analysis to 

obtain dynamic similarity between the prototype and the model. Scaling conditions for the 

temperature profile through the cross section are derived from the structural response 

equations of a simply supported beam exposed to high temperatures on one side, namely the 

lateral deflection in de mid span caused by bowing and the axial extension. It is found that all 

dimensions of the prototype must be scaled with a constant geometric scale factor which is 

determined as ¼ for this fire test. Also the temperature difference over the cross section and the 

mean temperature in the cross section must be retained in the scaled model to simulate the 

concrete behavior of a fire in the prototype. 

To obtain the same temperature distribution at similar positions through the thickness in the 

model as in the prototype, also the nominal ISO-834 fire curve which is exposed to the prototype 

must be scaled. Three design fire curves are proposed. In design fire curve 1, only the time axis is 

scaled with factor s². This scaling rule is the result of the Buckingham Pi theorem applied on the 

heat conduction equation in which the surface film effects are neglected. To consider the 

convection and radiation, responsible for these surface effects, the time scaling factor is modified 

experimentally to s1,6 in design 2. In fire design curve 3 the temperature axis is adjusted by 

considering the heat flux equation in which the heat is transferred from the environment to the 

surface of the concrete by convection and radiation, beside the time scaled axis with factor s². 

A simplified model is created and the laboratory set-up is discussed. The bidirectional loading of 

the model to simulate the vertical and horizontal water and ground pressure on the tunnel tube, 

is an innovative issue for this kind of fire experiments. Because the available furnace can’t 

withstand heavy loads, a more complex laboratory set-up is required by turning the model over 

90° and putting the model on the furnace rather than in the furnace whereby the vertical and 

horizontal pressure can be applied in the 2 lateral directions of the reaction frame around the 

furnace. 

In ABAQUS, a finite element software, a simulation of the prototype exposed to the standard ISO-

834 fire curve is executed. From the resulting surface temperature of the prototype, the 

equivalent model design fire curve 3 is defined. Then, also the reduced model exposed to the 3 

equivalent model fire curve designs is carried out in ABAQUS. The resulting temperature fields 

of prototype and model are analyzed and compared. From that comparison it is concluded that 

the temperature field in the model exposed to design 1 is much lower than that of the prototype. 

Also in design 2 a big temperature difference between model and prototype exists, but now the 

temperature distribution in the center of the model is much higher compared to the temperature 
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field of the prototype. Design fire curve 3 seems to give similar temperature fields in the model 

as in the prototype, both in the surface layer and the center of the cross section. Therefore, this 

design fire curve is recommended to serve as a scaled equivalent model fire curve in the planned 

fire experiment. The curve has a maximum temperature of 1160 °C. Before imposing this fire 

curve on the furnace, one has to make sure that the burners can reach such high temperatures 

and the furnace can withstand the fire experiment. 

Recommendations for the reduced scaled fire test: 

- All dimensions of the prototype are scaled with a fixed geometric scale factor s. This 

scale factor is taken as large as possible to minimize deviations due to size effects and is 

dependent on the size of the furnace available for the fire experiment. For the discussed 

fire experiment on the subway station the factor is ¼. 

- The steel ratio in the concrete is equal for model and prototype. 

- The stress level due to horizontal and vertical loading on the prototype retains in the 

model. 

- Equivalent model fire curve design 3 is imposed on the furnace to simulate the same 

temperature profile through the cross section (the same temperature difference ΔT and 

mean temperature T0) in the model as produced in the prototype by the standard ISO-

834 fire curve. 
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APPENDIX 1: SURFACE TEMPERATURE HISTORY OF THE CEILING 

IN THE PROTOTYPE 

 

FIGURE 36: TEMPERATURE DISTRIBUTION THROUGH THE THICKNESS OF THE PROTOTYPE CEILING 

SLAB AFTER 180 MIN EXPOSURE TO ISO-834 (ABAQUS) 

 

 

GRAPH 25: SURFACE TEMPERATURE HISTORY OF THE PROTOTYPE CEILING SLAB DURING EXPOSURE 

TO ISO-834 (ABAQUS) 
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t (min) Tw,p (°C) t (min) Tw,p (°C) t (min) Tw,p (°C) t (min) Tw,p (°C) 

0 20 13,2927 405,219 27,9858 735,62 99,2131 993,19 

1 23,985 13,5371 413,491 28,6358 742,789 101,213 996,582 

2 32,9269 13,7814 421,716 29,2859 749,604 103,213 999,898 

2,54622 39,6744 14,0258 429,89 29,9359 756,104 105,213 1003,16 

3,09244 48,6296 14,2702 438,013 30,736 763,571 107,213 1006,34 

3,49319 56,589 14,5146 446,082 31,5361 770,568 109,213 1009,46 

3,89395 66,1286 14,759 454,097 32,3363 777,159 111,213 1012,52 

4,19444 74,2788 15,0034 462,055 33,3074 784,664 113,213 1015,51 

4,49493 83,5258 15,2477 469,912 34,2786 791,757 115,213 1018,46 

4,73931 91,8375 15,4921 477,666 35,2497 798,474 117,213 1021,34 

4,98369 100,992 15,7365 485,317 36,2209 804,777 119,213 1024,18 

5,22808 110,153 15,9809 492,865 37,4536 812,259 121,213 1026,96 

5,47246 119,275 16,2253 500,308 38,6863 819,336 123,213 1029,69 

5,71684 128,372 16,4697 507,646 39,919 826,098 125,213 1032,39 

5,96122 137,447 16,714 514,88 41,3774 833,558 127,213 1035,02 

6,20561 146,503 16,9843 522,751 42,8357 840,606 129,213 1037,62 

6,44999 155,541 17,2546 530,493 44,2941 847,351 131,213 1040,17 

6,69437 164,565 17,5249 538,106 46,0238 854,909 133,213 1042,68 

6,93875 173,576 17,7952 545,59 47,7536 862,059 135,213 1045,16 

7,18313 182,576 18,0655 552,945 49,4834 868,927 137,213 1047,58 

7,42752 191,567 18,3358 560,172 51,2131 875,457 139,213 1049,98 

7,6719 200,552 18,635 568,016 53,2131 882,639 141,213 1052,34 

7,91628 209,564 18,9342 575,705 55,2131 889,556 143,213 1054,66 

8,16066 218,603 19,2334 583,241 57,2131 896,107 145,213 1056,95 

8,40504 227,668 19,5326 590,624 59,2131 902,424 147,213 1059,2 

8,64943 236,76 19,8318 597,857 61,2131 908,479 149,213 1061,42 

8,89381 245,879 20,131 604,925 63,2131 914,294 151,213 1063,61 

9,13819 255,024 20,4697 612,689 65,2131 919,941 153,213 1065,77 

9,38257 264,196 20,8083 620,222 67,2131 925,338 155,213 1067,91 

9,62695 273,393 21,147 627,53 69,2131 930,579 157,213 1070 

9,87134 282,615 21,4857 634,619 71,2131 935,639 159,213 1072,08 

10,1157 291,819 21,8244 641,496 73,2131 940,531 161,213 1074,12 

10,3601 300,954 22,2184 649,219 75,2131 945,305 163,213 1076,14 

10,6045 310,021 22,6124 656,676 77,2131 949,898 165,213 1078,13 

10,8489 319,02 23,0064 663,876 79,2131 954,38 167,213 1080,1 

11,0932 327,951 23,4004 670,83 81,2131 958,727 169,213 1082,04 

11,3376 336,813 23,8536 678,522 83,2131 962,95 171,213 1083,95 

11,582 345,606 24,3068 685,922 85,2131 967,087 173,213 1085,85 

11,8264 354,33 24,7601 693,045 87,2131 971,085 175,213 1087,72 

12,0708 362,984 25,2133 699,878 89,2131 975 177,213 1089,57 

12,3152 371,569 25,7439 707,466 91,2131 978,811 179,213 1091,39 

12,5595 380,083 26,2745 714,673 93,2131 982,526 180 1092,11 

12,8039 388,527 26,8051 721,528 95,2131 986,176   

13,0483 396,901 27,3357 728,058 97,2131 989,715   

TABLE 6: VALUES OF THE SURFACE TEMPERATURE HISTORY OF THE PROTOTYPE CEILING SLAB 

DURING EXPOSURE TO ISO-834 (ABAQUS) 
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APPENDIX 2: EQUIVALENT MODEL FIRE CURVE DESIGN 3 

Iteration 

            
  

 

 
     

      
  

 

 

              
  

 

   
                      

      
    

  

  
             

 

 

 

 

 

GRAPH 26: EQUIVALENT MODEL FIRE CURVE DESIGN 3 
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t (min) Tf,m (°C) t (min) Tf,m (°C) t (min) Tf,m (°C) t (min) Tf,m (°C) 

0 20 0,830794 1072,901 1,749113 1021,038 6,200819 1092,738 

0,0625 775,7485 0,846069 1073,222 1,789738 1019,505 6,325813 1094,797 

0,125 879,0703 0,861338 1073,446 1,830369 1018,146 6,450813 1096,835 

0,159139 913,5726 0,876613 1073,579 1,870994 1016,935 6,575813 1098,807 

0,193278 940,336 0,891888 1073,619 1,921 1015,842 6,700813 1100,787 

0,218324 956,5201 0,907163 1073,567 1,971006 1015,065 6,825813 1102,731 

0,243372 970,2915 0,922438 1073,422 2,021019 1014,555 6,950813 1104,645 

0,262153 979,3021 0,937713 1073,185 2,081713 1014,266 7,075813 1106,558 

0,280933 987,2398 0,952981 1072,877 2,142413 1014,191 7,200813 1108,406 

0,296207 992,9849 0,968256 1072,503 2,203106 1014,313 7,325813 1110,266 

0,311481 998,0938 0,983531 1072,064 2,263806 1014,738 7,450813 1112,071 

0,326755 1002,911 0,998806 1071,561 2,34085 1015,643 7,575813 1113,875 

0,342029 1007,476 1,014081 1070,995 2,417894 1016,718 7,700813 1115,658 

0,357303 1011,806 1,029356 1070,369 2,494938 1017,854 7,825813 1117,376 

0,372576 1015,917 1,044625 1069,683 2,586088 1019,569 7,950813 1119,132 

0,387851 1019,823 1,061519 1068,863 2,677231 1021,439 8,075813 1120,831 

0,403124 1023,538 1,078413 1067,976 2,768381 1023,318 8,200813 1122,528 

0,418398 1027,073 1,095306 1067,026 2,876488 1025,708 8,325813 1124,201 

0,433672 1030,437 1,1122 1066,014 2,9846 1028,203 8,450813 1125,829 

0,448946 1033,639 1,129094 1064,943 3,092713 1030,62 8,575813 1127,49 

0,46422 1036,687 1,145988 1063,817 3,200819 1033,111 8,700813 1129,088 

0,479494 1039,586 1,164688 1062,513 3,325819 1036,045 8,825813 1130,677 

0,494768 1042,332 1,183388 1061,148 3,450819 1038,833 8,950813 1132,259 

0,510041 1044,929 1,202088 1059,725 3,575819 1041,73 9,075813 1133,812 

0,525315 1047,383 1,220788 1058,249 3,700819 1044,519 9,200813 1135,365 

0,540589 1049,698 1,239488 1056,721 3,825819 1047,297 9,325813 1136,894 

0,555863 1051,876 1,258188 1055,161 3,950819 1050,059 9,450813 1138,404 

0,571137 1053,92 1,279356 1053,393 4,075819 1052,688 9,575813 1139,896 

0,586411 1055,834 1,300519 1051,617 4,200819 1055,387 9,700813 1141,347 

0,601684 1057,618 1,321688 1049,842 4,325819 1057,987 9,825813 1142,836 

0,616959 1059,275 1,342856 1048,071 4,450819 1060,566 9,950813 1144,264 

0,632231 1060,819 1,364025 1046,309 4,575819 1063,122 10,07581 1145,708 

0,647506 1062,273 1,38865 1044,293 4,700819 1065,567 10,20081 1147,121 

0,662781 1063,637 1,413275 1042,302 4,825819 1068,06 10,32581 1148,529 

0,678056 1064,911 1,4379 1040,34 4,950819 1070,465 10,45081 1149,91 

0,693325 1066,095 1,462525 1038,413 5,075819 1072,853 10,57581 1151,291 

0,7086 1067,193 1,49085 1036,26 5,200819 1075,216 10,70081 1152,672 

0,723875 1068,204 1,519175 1034,159 5,325819 1077,483 10,82581 1154,007 

0,73915 1069,129 1,547506 1032,115 5,450819 1079,788 10,95081 1155,346 

0,754425 1069,97 1,575831 1030,159 5,575819 1082,016 11,07581 1156,666 

0,7697 1070,725 1,608994 1028,063 5,700819 1084,229 11,20081 1157,994 

0,784969 1071,395 1,642156 1026,135 5,825819 1086,419 11,25 1158,489 

0,800244 1071,983 1,675319 1024,37 5,950819 1088,526   

0,815519 1072,487 1,708481 1022,762 6,075819 1090,665   

TABLE 7: VALUES FOR THE EQUIVALENT MODEL FIRE CURVE DESIGN 3 
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