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ABSTRACT 

Although concrete in general is a non-combustible material, the fire resistance of 

concrete structures depends, to a large extent, on the mechanical material behaviour. 

Fire tests have shown that SCC is often susceptible to explosive spalling due to fire 

exposure, in a similar manner to HPC. But there are hardly any studies available that 

report properties of specimens at high temperatures. Therefore, the authors have 

studied the mechanical behaviour of SCC to provide thermo mechanical characteristics 

for structural fire design. The analysed SCC reveals a significant differing thermal 

induced strength evolution in comparison to ordinary concrete. 
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INTRODUCTION 

Self-compacting concrete (SCC) is a high performance building material, whose fresh 

and hardened concrete properties have been tested intensively in the last two 

decades. However, the fire behaviour of SCC has not yet been sufficiently investigated. 

Although concrete in general is a non-combustible material, the fire resistance of 

concrete structures depends, to a large extent, on the material behaviour and 

additionally on the structural and geometrical parameters of the structural 

elements [0]. The material behaviour of ordinary concrete (OC) during a fire exposure 

was intensively analysed in the last century and the findings from that time are 

integrated in the European standard for the structural design of reinforced concrete 

structures EN 1992 (EC 2). The structural fire design is regularised in part 1-2 of EC 2 

[0]. As a result of the implementation of EC 2, the fire resistance of concrete members 

and/or concrete structures can be verified with simplified calculation methods and/or 

advanced calculation models in addition to the common fire design procedure with 

tabulated data. For these calculation methods, thermo-mechanical material properties 

are required. In EC 2, different material specifications are made for ordinary concrete, 

high performance concrete (HPC) and steel. Main parameters of the stress-strain 

relationships of concrete at elevated temperatures (θ) are the compressive strength 

(fc,θ) and the ultimate strain (εc1,θ) corresponding to fc,θ. Values for these parameters 

are specified within a table for OC separately for quartzitic and calcitic aggregates as a 

function of temperature, whereby the compressive strength is related to the 

characteristic compressive strength at 28 days (fck). For HPC, only values for the 

relative compressive strength (fc,θ/fck) are given in EC 2, but no values for the ultimate 

strain. The comparison of the fc,θ/fck - values shows that OC as well as HPC lose their 

strength continuously with increasing temperature, whereby the strength of HPC 

decreases significantly in the lower temperature range. The difference in the thermal 

material behaviour of OC and HPC leads to different fire resistances of structures. This 

raises the question: What are the thermo-mechanical properties of SCC? In EC 2, no 

information regarding SCC is given. But structural engineers need valid data concerning 

the thermo-mechanical material behaviour of SCC for a reliable fire design of 

structures, all the more so as the composition and the microstructure of SCC is clearly 

different from OC and HPC. 

Fire tests have shown that SCC is often susceptible to explosive spalling due to fire 

exposure, in a similar manner to HPC [0-0]. This leads to a reduction of the cross 

section of concrete members and to the loss of the thermal insulation of the 

reinforcing steel bars. As a consequence, the load-bearing capacity of reinforced 

concrete members is suddenly reduced. Currently, the most effective and economical 

method to prevent explosive concrete spalling is the application of polypropylene 

fibres (PP-fibres). Due to the thermal decomposition of the PP-fibres micro channels 

are created and simultaneously connected due to a net-like micro crack formation. 

This increases the permeability of fire exposed concrete and leads to a thermo-

mechanical (micro crack formation) and a thermo-hydraulic (water vapour flow) stress 
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relief [0]. However, the stiffening effect of PP-fibres on the consistency of the fresh 

concrete has to be taken into consideration in developing SCC-mixtures with PP-fibres. 

Publications also exist that deal with the thermal induced change of mechanical 

properties of SCC [0-0]. 

There are hardly any studies available that report properties of specimens at high 

temperatures (steady-state tests) or during heating (transient tests). Most articles deal 

with the compressive strength of SCC-specimens after a heat treatment at the cooled-

down stage (residual compressive strength). But this kind of measurement values is 

not entirely suitable for the evaluation of the fire resistance according to EC 2. In fact, 

for structural fire design thermo-mechanical properties of concrete need to be 

generated by tests recommended by RILEM [0-0]. Recently, a study on the thermo-

mechanical behaviour of SCC at high temperatures was published by BAMONTE & 

GAMBAROVA [0]. However, they did not specifically consider transient creep tests, which 

are needed for comparing deformation properties of SCC at high temperatures with 

values given in EC 2. The aim of the present study is to provide usable data for 

structural fire design and to acquire new forms of knowledge on the specific material 

behaviour of SCC in the event of fire. 

EXPERIMENTAL SETUP 

For this purpose, a powder-type SCC with a high amount of limestone powder was 

selected to represent an extreme example, as the main difference between SCC and 

OC/HPC is seen in the high amount of inert mineral powder. Limestone powder is 

often used to produce SCC because of its cost-effectiveness. The mix proportions and 

the fresh and hardened concrete properties of the SCC are indicated in Table 7. 

Table 7. Components and properties of the analysed SCC without PP-fibres (SCC-0PPf) and with  

               1.5 kg/m³ PP-fibres (SCC-1.5PPf)  

SCC mix proportions  

[kg/m³] 

SCC-

0PPf 

SCC-

1.5PPf 

 Fresh concrete 

properties 

SCC-0PPf SCC-1.5PPf 

Cement CEM I 42,5 R 287 287  Air void contents [%] 1.0 1.5 

Limestone powder 287 287  Slump flow [mm] 700 690 

Water 174 174  V-funnel flow time [s] 7.5 10.0 
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   0-0.5 mm 310 310     

0.5-1.0 mm 191 191  Hardened concrete 

properties 

SCC-0PPf SCC-1.5PPf 

1.0-2.0 mm 175 175  

2.0-4.0 mm 119 119  fc,cube
1 [N/mm²] 58 56 

4.0-8.0 mm 119 119  fc,cube,90d
1 [N/mm²] 62 60 

8.0-16.0 mm 673 673  fc,cyl
2 [N/mm²] 50 48 

Polypropylene fibres - 1.5  fc,cyl,90d
2 [N/mm²] 58 53 

Superplasticizer 3.5 9.3  Density [g/cm³] 2.3 2.3 
    1Measured at cubic specimens with 150 mm side length. 
    2Measured at cylindrical specimens with 100 mm diameter and 300 mm height. 
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Specimens with 1.5 kg/m³ (SCC-1.5PPf) and without PP-fibres (SCC-0PPf) were 

produced to investigate systematically the influence of PP-fibres on the thermo-

mechanical behaviour. 

Temperature (θ), stress (σ) and strain (ε) are the main test parameters in thermo-

mechanical tests, which can be constant or transient during testing. SCHNEIDER 

describes in [0] six practical testing regimes as a result of different combinations of 

these parameters. For the determination of concrete properties for structural fire 

design, two testing regimes are decisive: the steady-state compressive strength test [0, 

0] and the transient creep test [0]. In the present study, specimens with a diameter of 

100 mm and a height of 300 mm were tested in steady-state compressive strength 

tests. Figure 12 shows the thermo-mechanical testing machine and its specification. 

The machine is equipped with a special extensometer which enables the measurement 

of sample deformations during the thermo-mechanical loading. Thin bars of quartz 

glass connect the loading plates to displacement transducers in order to measure the 

length change of the specimen. They are guided by a spring system that ensures the 

parallel movement of the quartz glass bars. Although in real fire scenarios concrete 

members are exposed to fast increasing temperatures, the compressive strength as a 

material property has to be measured at constant temperatures in steady-state tests. 

This ensures that the tested specimens have hardly any temperature gradient between 

the heated surface and the core, which prevents additional internal stresses. 

Figure 12. Thermo-mechanical testing machine 

 

Specification: 

1 Cylindrical specimen (Ø = 100 mm, h = 300 mm) 

2 Servo-hydraulic machine (max. Load: 1150 KN) 

3 Electric furnace (max. Temperature: 750 °C) 

4 Water-cooled loading plates 

5 Extensometer 
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RESULTS AND DISCUSSION 

Table 8 indicates the thermo-mechanical exposure (top) and the results (bottom) of the 

analysed SCC. At first, specimens are heated very slowly (1 K/min) until reaching the 

target temperatures and then followed by a steady temperature phase for at least one 

hour in order to avoid a temperature gradient during heating (Cf. cell a) in Table 8)  

Table 8. “Hot” compressive strength test according to the RILEM recommendation [0, 0]: 

Thermo-mechanical exposure (schematic) and results measured at SCC-0PPf 

(continuous line) and SCC-1.5PPf (dashed line) 

Thermo-mechanical exposure (consecutively) 
Thermal condition (1. Step) Mechanical load (2. Step) 

a) b) 
  

Measurement results 
“hot” stress-strain-relations “hot” relative compressive strength 

c) d) 
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Afterwards, the mechanical load is applied to the “hot” specimen with a constant 

loading rate (Cf. cell b) in Table 8). The thermo-mechanical test devise of BAM enables 

a strain-controlled loading (0.025 ‰/s), which allows for the determination of the 

post-failure softening behaviour. As a measurement result, the stress-strain-relations 

for different temperatures are depicted in the cell c) of Table 8. The diagram shows the 

evolution of the compressive strength and the uniaxial strain at different temperature 

levels. The dashed lines indicate the results of SCC with 1.5 kg/m³ PP-fibres (SCC-

1.5PPf). As expected, the curves reveal generally that, at higher temperatures, the 

strength decreases whereas the ductility increases. But it is interesting to note a major 

decline of compressive strength at 100 °C. Both SCC-0PPf and SCC-1.5PPf retain a 

significant strength reduction at that temperature of nearly 30 % in comparison to the 

initial compressive strength at 20 °C. However, this phenomenon is known from high 

temperature tests at HPCs (e.g. [0]). But the initial strength of the analysed SCC (Cf. 

Table 7) is at the border between OC and HPC, similar to most of the SCCs used in 

practise. For a better visualisation of this differing behaviour the relative compressive 

strength (fc,θ/fck) is plotted against temperature in cell d) of Table 8. A comparison with 

values of OC and HPC from EC 2 show that it is not always useful to classify concrete 

into strength classes. Furthermore it is remarkable that at 300 °C the initial strength 

level is reached once again, followed by a monotonically decreasing strength 

development. At 200 °C, the influence of the PP-fibres is noticeable. Specimens with 

PP-fibres reach at 200 °C already their initial strength and specimens without PP-fibres, 

in contrast, reach only 90 % of their initial strength. The authors assume that this 

phenomenon may be explained by the activation of van der Waals’ forces due to a 

faster dehydration and densification of the cement/limestone-matrix in specimens 

with PP-fibres, but this will be the object of further investigations. Currently, the 

authors are monitoring the specific damage process by acoustic emission analyses 

during thermo-mechanical tests. 

CONCLUSIONS AND OUTLOOK 

To summarise the findings of this contribution the following conclusions can be drawn: 

• The properties of SCC at high temperatures have not been sufficiently 

investigated yet. Furthermore, the specific composition of SCC allows no clear 

classification according to EC 2. 

• The analysed SCC reveals a significant differing thermal induced strength 

evolution in comparison to relevant values of OC and HPC in EC 2. 

• This leads to two consequences: on the one hand, the analysed SCC has to be 

classified as a HPC-class 2 (C 70/85 and C 80/95) according to EC 2, and on the 

other hand, the values for the calculation of the fire resistance of members 

made of SCC still has to be experimentally determined. 
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Another important material behaviour, which needs to be determined for structural 

fire design is the deformation of concrete during heating under constant load 

(transient creep). Values for the temperature dependent ultimate strains (εc1,θ) given 

in EC 2 can be derived from transient creep tests. This will be the subject of a further 

publication. 
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