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and rather a soft fracture which is more sensible in steel 
fiber reinforced specimens. The behavior of strain-hardening 
and after that, strain-softening could be seen in specimens 

containing steel fibers which may imply the bridging 
phenomenon. Also, this behavior is observed in specimens 
containing PET fibers. In return, specimens containing fibers 
represented more ductile behavior. Also, it could be observed 
that by adding fibers, the area under load-displacement curve 
has been increased which states the improvement of flexural 
toughness. The amount of increase for specimens containing 
steel, polypropylene and PET fibers in comparison with 
SCC2 are 6, 1.5 and 2 times, respectively. The main reason 
is the rather desirable distribution of fibers in a cementitious 
matrix which keeps the micro cracks together and prevents 
their growth.
The behavior of post-peak area of specimens containing 
steel fibers compared to polypropylene and PET fibers had 
more ductility. In Figure 14 and also partially in Figure 17 
specimens containing steel fibers showed the strain hardening 
behavior. By increasing temperature, the amount of toughness 
in specimens without fibers had a reduction of about 42.6%, 
but fiber reinforced specimens had more toughness than the 
unheated SCC2 specimens up to 600 ͦ C (except 3% decrease 
in SCC2-PP3 specimens in 600 ͦ C).
It could be seen that Load-displacement diagrams in most Fig. 13. Load-displacement curve of unheated specimens

(20  ͦ C)

Fig. 14. Load-displacement curve of specimens under heat 
regime (200  ͦ C)

Fig. 15. Load -displacement curve of specimens under heat 
regime (300  ͦ C) 

Fig. 16. Load -displacement curve of specimens under heat 
regime (400  ͦ C)

Fig. 17. Load -displacement curve of specimens under heat 
regime (600  ͦ C)
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cases are linear in the area before the peak-point. The slope 
of this line could be proportional to fracture modulus or static 
elasticity modulus [24]. By the increase in heat regime, the 
slope of line decreases which implies the drop in flexural 
toughness. The drop amount of this line for specimens without 
fibers compared to unheated SCC2 specimens is 55% and for 
specimens containing steel, polypropylene, and PET fibers 
are 52, 53 and 52.5%, respectively. It seems that temperature 
affects the behavior of deflection of corresponding flexural 
peak-point. Temperature rise has shifted the peak point to 
the right hand of Load-displacement diagram. The change 
amounts of peak-deflection point are presented in Table 6.

4- Analysis and prediction of (numeral) results
In recent years, computational methods and techniques have 
been developed for the evaluation of structural elements’ 
performance under elevated temperatures, but related articles 
on this subject have been poorly developed in the literature. 
However, the modeling can be a suitable solution for 
prediction of concrete structures behavior or performance in 
the elevated temperatures conditions. In this study, in addition 
to the comparison of experimental results with the proposed 
models by other researchers, a regression analysis performed 
on experimental results and formulations for compressive 
strength, modulus of elasticity, flexural strength, modulus 
of rupture, maximum flexural load and corresponding strain 
were presented.

4- 1- Compressive strength of FRSCC
In this section, the main focus is on making a logical relevance 
for compressive strength of fiber reinforced self-compacting 
concrete specimens under various heating regimes. Therefore, 
prediction relations and models of compressive strength for 
concrete mixtures containing steel and polypropylene fibers 
under various heat regimes studied by other researchers, are 
presented in Table 7. Comparing experimental results of 
Self-compacting concrete compressive strength containing 

0.4% steel fibers and 0.02% polypropylene fibers in room 
temperature (20 oC) with the proposed model presented in 
references [25, 26] has less than 18% and 5% difference, 
respectively.
In this section, the proposed relations for the compressive 
strength of simple self-compacting concrete and the concretes 
containing steel, polypropylene and PET fibers under various 
heating regimes based on regression analysis with second-
degree equation (parabolic) presented in Equations 2 to 5. 
Figure 18 indicates the comparison between the compressive 
strength of fiber reinforced self-compacting concretes under 
various heating regimes performed in this experiments with 
the results of other studies.

' ' 6 2  1 10  0.0002   1.0473 200 600cT cf f T T C T C−= − × + + → ° ≤ ≤ °   (2)

' ' 6 2  2 10  0.0009   0.9542 200 600cT st cf f T T C T C−

−
= − × + + → ° ≤ ≤ °   (3)

' ' 6 2  2 10  0.0009   0.7959 200 600cT pp cf f T T C T C−

−
= − × + + → ° ≤ ≤ °   (4)

' ' 6 2  2 10  0.0009   0.8159 200 600cT pet cf f T T C T C−

−
= − × + + → ° ≤ ≤ °   (5)

4- 2- Elasticity Modulus of FRSCC
Affecting factors on compressive strength have a direct 
influence on the modulus of elasticity. Proposed models of 
researchers for concrete’s modulus of elasticity under various 
heating regimes are displayed in Table 8. The difference 
between experimental results for modulus of elasticity in 
this research with the results of modeling performed by other 
researchers for steel and polypropylene fibers is less than 
11.2% and 7.7%, respectively.
Proposed relations for the modulus of elasticity of fiber 
reinforced self-compacting concretes in Equations 6 to 
9 are presented for specimens without fibers and with 
steel, polypropylene and PET fibers. In Figure 19 also a 

MIX ID T20 T/T20 (%) T200 T/T20 (%) T300 T/T20 (%) T400 T/T20 (%) T600 T/T20 (%)
SCC 190.15 - 174.6 -8.4 173.3 - 8.9 140.6 -26 109.7 - 42.6

SCC2-ST4 1148.7 504 918.9 383 763.5 301 788.7 314.7 539.1 183.6
SCC2-PP3 290.8 52 307.6 61 279.6 46.8 269.2 41.5 184.4 - 3
SCC-PET2 394.1 107 352.4 85.2 290.8 52.6 243 27.6 212.5 11.6

Table 5. The toughness results of prismatic samples under flexural test

∆1 (mm) ∆1/∆0
*

MIX ID 20 ͦ 200  ͦ 300  ͦ 400  ͦ 600  ͦ 20 ͦ 200  ͦ 300  ͦ 400  ͦ 600  ͦ
SCC2 0.55 0.51 0.57 0.59 0.62 1 0.91 1.01 1.02 1.127

SCC2-ST4 0.73 0.76 0.78 0.91 1.1 1.32 1.38 1.41 1.65 2
SCC-PP3 0.52 0.58 0.63 0.68 0.73 0.94 1.03 1.14 1.23 1.32

SCC-PET2 0.56 0.61 0.7 0.76 0.81 1.01 1.1 1.27 1.38 1.47
∆f

**/∆1 ∆uf
***/∆f

SCC2-ST4 1 1.04 1.068 1.24 1.5 4.8 5.2 4.48 3.5 3.18
SCC-PP3 1 1.11 1.21 1.3 1.4 4.8 4.3 4.76 2.82 2.32

SCC-PET2 1 1.089 1.25 1.35 1.44 3.98 4.09 4.28 3.28 2.45

Table 6. Corresponding deflection of peak flexural load

*: ∆0 is 0.55 mm, **: ∆f is fibrous specimens deflection, ***: ∆uf is fibrous specimens ultimate deflection
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comparison is made on the modulus of elasticity for plain 
and fiber reinforced self-compacting concretes under various 
heating regimes. It could be observed that the obtained results 
have rather desirable consistency with the results of other 
researchers.

' ' 8 2  1 10  0.0011   1.0136 20 600cT cE E T T C T C−= − × + + → ° ≤ ≤ °   (6)

' ' 7 2  2 10  0.0009   1.0602 20 600cT st cE E T T C T C−

−
= − × + + → ° ≤ ≤ °   (7)

' ' 8 2  6 10  0.0011   1.0543 20 600cT pp cE E T T C T C−

−
= × − + → ° ≤ ≤ °   (8)

' ' 7 2  3 10  0.0013   1.0503 20 600cT pet cE E T T C T C−

−
= × − + → ° ≤ ≤ °   (9)

4- 3- Flexural Strength FRSCC
Considering this fact that the majority of fiber effects in 
sections and flexural concrete elements such as beam and slab 
is more sensible, various studies in the field of heat effects 
on flexural strength (modulus of rupture) are performed. For 
example, of these kinds of experiments, the work of Anson 
and Lau [36] is mentionable. They measured the compressive 
and flexural strength of concrete containing steel fibers in 
temperatures between 105 oC to 1200 oC. They stated that in 
high temperatures fibers will play an effective role in keeping 
the flexural toughness of concrete.
In Table 8, the proposed model by researchers is presented 
for the evaluation of fiber reinforced concrete under 
various heating regimes. The results of flexural strength in 
this research for prismatic specimens containing steel and 
polypropylene fibers under room temperature (20 oC) with 
predicted results by other researchers have the difference less 

Ref ( )MPacff ′ Pred Exp

[25] 240.14 1.02c f st f stf V V
− −

′+ + 71.21 60.7

[26] 46.36c f ppf V
−

′− 54 53.7

cTf ′

[25]

1.0 20

6 2) : 0.93 0.0025 7 10 100 400

7 2) : 1.0452 0.00092 2 10 100 600

6 2) : 1.0242 0.0006 2 10 400 800

c

I T T C T C
f
cT st II T T C T C

III T T C T C

→ °

−+ − × → ° ≤ ≤ °
′

−− − + × → ° ≤ ≤ °

−+ − × → ° ≤ ≤ °









[26]
7 2

1.0 20

1.0237 0.00105 1 10 100 800
cT pp

c
f

T T CT C
− −

→ °
′

− + × → ° ≤ °





Table 7. Proposed model by researchers for concrete compressive strength under various heating regimes

Fig. 18. Comparison between compressive strength of fiber reinforced self-compacting concretes under various heating regimes: 
a) steel fibers, b) polypropylene and PET fibers
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Ref ( )GPacfE Pred Exp

[25] 1.9c f stE V −+ 24.09 26.8

[26] 31.77c f ppE V −− 22.37 24.1

cTE

[25]
7 2

1.0 20

1.1344 0.0017 5 10 100 800
cf st

C
E

T T CT C
− −

→ °

− + × → ° ≤ °





[26]
7 2

1.0 20

1.01 0.0013 10 100 800
cf pp

C
E

T T CT C
− −

→ °

− + → ° ≤ °





Table 8. Proposed model by researchers for modulus of elasticity under various heating regimes

Fig. 19. Comparison of modulus of elasticity for self-compacting concretes under various heating regimes: a) steel fibers
b) polypropylene and PET fibers

Ref (MPa)crff Pred Exp

[25] 22.71 0.6cr f st f stf V V− −+ + 5.38 5.63

[26] 1.7261cr f ppf V −− 4.16 4.7

crTf

[25]
7 2

1.0 20

1.095 0.0012 2 10 100 1100
crf st

C
f

T T CT C
− −

→ °
′

− + × → ° ≤ °





[26]
7 2

1.0 20

1.1 0.0019 8 10 100 900
crf st

C
f

T T CT C
− −

→ °
′

− + × → ° ≤ °





Table 9. Researchers’ proposed model for flexural strength (modulus of rupture) of concrete under various heating regimes
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than 4.6% and 13%, respectively. The proposed relations for 
flexural strength of self-compacting concrete in Equations 
10 to 13 are presented for specimens without fibers and 
with steel, polypropylene and PET fibers, respectively. In 
Figure 20, also the comparison of flexural strength for self-
compacting concrete with and without fibers under various 
heating regimes.

' ' 6 2  1 10  0.0001   0.9969 20 600crT crf f T T C T C−= − × − + → ° ≤ ≤ °   (10)

' ' 6 2 5  1 10  2 10   1.3411 20 600crT st crf f T T C T C− −

−
= − × − × + → ° ≤ ≤ °   (11)

' ' 6 2 4  1 10  1 10   1.1265 20 600crT pp crf f T T C T C− −

−
= − × − × + → ° ≤ ≤ °   (12)

' ' 7 2 4  4 10  5 10   1.191 20 600crT crf f T T C T C− −= − × − × + → ° ≤ ≤ °   (13)

4- 4- Flexural Load Peak-Point and the Corresponding 
Deflection
In flexural load peak-point, produced micro cracks in 

prismatic specimens will develop and turn to macro cracks. 
Considering the relevance of flexural load peak-point with 
flexural strength (modulus of rupture), the proposed Equations 
10 to 13 can make a good estimation of flexural load peak-
point. Equations 14 to 17 for the corresponding deflection of 
flexural load peak-point is presented for prismatic samples 
without fibers and with steel, polypropylene and PET fibers, 
respectively. In Figure 21 also the regression model for 
flexural load peak-point and corresponding deflection has 
been presented for various heating regimes.

0.0006  [0.9701 ] 20 600T

cT c e C T C∆ = ∆ → ° ≤ ≤ ° (14)

0.0008  [1.3955 ] 20 600T

cT st c e C T C
−

∆ = ∆ → ° ≤ ≤ ° (15)

0.0007  [1.0665 ] 20 600T

cT c e C T C∆ = ∆ → ° ≤ ≤ ° (16)

0.0007  [1.1214 ] 20 600T

cT pet c e C T C
−

∆ = ∆ → ° ≤ ≤ ° (17)

Fig. 20. Comparison of flexural strength of fiber reinforced self-compacting concrete under various heating regimes a) steel fibers
b) polypropylene and PET fibers

Fig. 21. Regression equation a) flexural load peak-point b) corresponding deflection with flexural load peak-point under various 
heating regimes
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5- Conclusion
In this research, the effect of high temperatures on mechanical 
properties of FRSCC was evaluated. The following 
conclusions can be drawn from this study: 
•	 Using various types of fibers had negative effects on 

fresh self-compacting concrete and by increasing the 
fiber content, its effect gets more tangible.

•	 The presence of steel fibers causes the increase of 
compressive strength at the maximum amount of 10% 
and adding polypropylene and PET fibers caused a drop 
in strength about 15% and 15.5% in unheated specimens, 
respectively. By increasing temperature up to 600 °C, 
the compressive strength of steel, polypropylene and 
PET fiber reinforced specimens in comparison to SCC2 
specimens had 30, 37.5 and 34.5% decrease, respectively. 
Also, the amount of maintaining compressive strength 
(stability against heat) of fiber reinforced samples in 600  
ͦ C was 8% to 21%.

•	 Steel fibers containing specimens in comparison to 
unheated SCC2 specimens had 3.8% drop and compared 
to SCC2-ST4 had 28.2% drop. The specimens containing 
polypropylene and PET fibers had 33% and 26.1% 
decrease compared to SCC2 unheated specimens. Also, 
the amount of keeping strength in elevated temperatures 
for specimens containing polypropylene fibers was 
13.5% to 40% and for PET was 14% and 17%.

•	 The amount of flexural toughness by increasing heat for 
specimens without fibers had a decrease up to 42.5%; 
however, fiber reinforced specimens heated up to 600 

ͦC showed more toughness in comparison to unheated 
SCC2 specimen (except 3 percent decrease in SCC2-PP3 
in 600  ͦC).

•	 The influence of adding fiber reinforcement on the 
fire performance of concrete was twofold. On the one 
hand, the material compaction got more difficult. The 
total porosity was slightly increased and this led to 
the increased permeability, which reduced the risk for 
explosive spalling. On the other hand, there was the 
mechanical benefit which ensues from the ability of the 
fiber to bridge the cracks.

•	 Addition of steel fiber eliminated the spalling tendency 
of FRSCC mixtures and it shifted threshold temperatures 
to higher levels. Polypropylene or PET fiber reinforced 
mixtures were not destroyed at any temperature achieved 
in this research. Additions of these types of fibers 
increased the spalling resistance of FRSCC mixtures. 
However, they had a negative effect on concrete’s residual 
mechanical properties. It is therefore recommended to 
use polypropylene or PET fires as part of a total spalling 
protection design method in combination with other 
materials such as external thermal barriers. Otherwise, 
the overall thickness of the concrete members should 
be increased to provide a sacrificial layer who will be 
removed after a fire in order to efficiently repair the 
structure.

•	 Comparison of experimental results in this research such 
as compressive strength, flexural strength, modulus of 
elasticity with the proposed model of other researchers 
had rather desirable consistency. The proposed 
compressive strength relationship is simple and reliable 
for modeling the compressive behavior of FRSCC at 
elevated temperatures. Also, using these relationships in 

the finite element method is more simple and suitable. 
The difference between results was due to the difference 
in concrete type, water-cement ratio, heating rate, heat 
amount.

•	 The proposed relationships for the compressive strength, 
flexural strength, elasticity modulus, flexural load peak-
point and flexural load- deflection of FRSCC with 
different types of fibers at elevated temperatures are 
in a good reasonable agreement with the experimental 
results. Also, the relationships are proposed for the 
above-mentioned mechanical properties that can 
calculate these properties related to the fiber type and 
different temperatures. The paper emphasized the fact 
that additional tests at different temperatures are needed 
to investigate the role of initial compressive and tensile 
stresses on the FRSCC compressive strength, strain at 
peak stress, modulus of elasticity, free thermal strain, 
load-induced thermal strain, creep strain and transient 
strain.

Nomenclature
fc' compressive strength without fiber
fcf' compressive strength with fiber
fcT' compressive strength at elevated temperatures
Vf Fiber content
Ec modulus of elasticity without fiber
Ecf modulus of elasticity with fiber
EcT modulus of elasticity at elevated temperatures
fcr Flexural strength without fiber
fcrf Flexural strength with fiber
fcrT Flexural strength at elevated temperatures

Δc
Corresponding deflection to flexural load peak-
point without fibers

Δcf
Corresponding deflection to flexural load peak-
point with fibers

ΔcT
Corresponding deflection to flexural load peak-
point in elevated temperatures
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