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1. Introduction 
 

Concrete is a cement-based composite material, which 

has become one of the most widely used building materials 

in the world due to its relatively low price and many 

advantages (Somayaji 2001). As a structural composite, the 

cement matrix in concrete consists of the combination of 

two or more non-miscible phases to form a macroscopically 

homogeneous material, which is essentially a heterogeneous 

brittle composite material (Bastos et al. 2016). As a result, 

concrete is relatively brittle, and its tensile strength is 

typically only about one-tenth of its compressive strength 

(Mehta and Monteiro 2006). In order to increase the energy 

absorption capacity and toughness of concrete, fibers of 

various shapes and sizes made of steel, plastic, glass and 

natural materials have been blended into the cement matrix 

to form so-called fiber reinforced concrete (FRC) (Xiong 

and Richard Liew 2015, Xu et al. 2016, Kim et al. 2016, 

Lee and Yi 2016, Nematzadeh and Poorhosein 2017, 

Saleem 2017, Zhang et al. 2018). Fibers can inhibit crack 

initiation, thereby reducing the source and size of cracks. In 

the stress process, the fiber not only inhibits the extension 

and expansion of cracks in the matrix, but also alleviates the 

stress concentration at the crack tip, so that the concrete’s 

tensile strength, deformation ability, and resistance to 

dynamic load capacity are significantly improved. 

Based on compressive strength, concrete can be divided 
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into four major categories: low-strength concrete (less than 

20 MPa), medium-strength concrete (20-40 MPa), high-

strength concrete (more than 40 MPa), and ultra-high-

strength concrete exceeding 150 MPa (Larrard and Sedran 

2002). The use of high-strength concrete (HSC) has many 

advantages such as greatly reducing the size of structural 

concrete components and effectively increasing the 

available space of structures, and thus its application has 

been increasing in construction projects. However, high 

temperatures and fires can cause damage to HSC, including 

mechanical degradation and chemical degradation. Among 

them, mechanical degradation is mainly caused by thermal 

strain incompatibility and excessive pore pressure. As for 

chemical degradation, it mainly occurs in the form of 

dehydration, dihydroxylation, and decomposition of 

calcium silicate hydrates and other products of cement 

hydration (Way and Wille 2016). Once mechanical 

degradation has combined with chemical degradation, 

premature failure of the concrete accelerates, which in turn 

leads to failure of reinforced high-strength concrete 

structures. Therefore, fire damage is a special failure mode 

of reinforced high-strength concrete structures, which has a 

great impact on the overall safety of the structure and is of 

great significance and value. 

With the increase of the application of HSC, the 

research of its fire resistance has been paid more and more 

attention. In particular, HSC has been found to be 

susceptible to explosive spalling in an environment with 

rapidly rising temperatures. The spalling is mainly caused 

by thermal stress due to the temperature gradient during 

heating (Sanjayan and Stocks 1993, Chan et al. 2000, Ko et  
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Abstract.  Thermal energy from high temperatures can cause concrete damage, including mechanical and chemical 

degradation. In view of this, the residual mechanical properties of high-strength fiber reinforced concrete with a design strength 

of 75 MPa exposed to 400-800°C were investigated in this study. The test results show that the average residual compressive 

strength of high-strength fiber reinforced concrete after being exposed to 400-800°C was 88%, 69%, and 23% of room-

temperature strength, respectively. In addition, the benefit of steel fibers on the residual compressive strength of concrete was 

limited, but polypropylene fibers can help to maintain the residual compressive strength and flexural strength of concrete after 

exposure to 400-600°C. Further, the load-deflection curve of specimen containing steel fibers exposed to 400-800°C had a better 

fracture toughness. 
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Table 1 Planning of experimental variables 

Group 
Mix 

No. 
fc′ 

Fiber content 

(Volume %) 

Targeted 

temperature (°C) 

Control 

group 
N75 75 MPa 0 

400, 600, 

and 800 

Experimental 

group 

F75-S 75 MPa SF (1%) 
400, 600, 

and 800 

F75-P 75 MPa PP (0.1%) 
400, 600, 

and 800 

F75-M 75 MPa 
SF (1%)+PP 

(0.1%) 

400, 600, 

and 800 

Notes: fc′=specified concrete strength; SF=steel fiber; 

PP=Polypropylene fiber. 

 

 

al. 2011). In view of this, many researchers have been 

engaged in exploring the spalling behavior of HSC at high 

temperatures. For instance, Varona et al. (2018) investigated 

the mechanical properties of hybrid fiber reinforced normal- 

and high-strength concrete after exposure to high 

temperatures. Their test results clearly showed that the 

effect of high temperature on the residual mechanical 

properties of hybrid fiber reinforced concretes was not as 

severe as that of steel fiber reinforced concrete found in 

previous references. In addition, it is worth mentioning that 

polypropylene fibers can mitigate or prevent the explosive 

spalling (Poon et al. 2004, Siddique and Kaur 2012, Ding et 

al. 2012, Ozawa and Morimoto 2014, Yan et al. 2015). This 

is mainly because the polypropylene fibers melt after the 

temperature inside concrete reaches approximately 170 °C, 

which produces microchannels for the release of the vapor 

pressure in the concrete. As a result, the amount of heat 

absorbed is less for dehydration of chemically bound water 

(Bilodeau et al. 2004, Kodur 2014, Xiong and Richard Liew 

2015). In addition, some experimental studies show that 

polypropylene fiber can improve the relative residual 

compressive strength of concrete composites after a fire 

(Qadi and Sleiman 2014, Serrano et al. 2016). However, the 

effect of polypropylene fibers on the mechanical 

degradation of various strength HSCs is a function of 

temperature. Some experimental studies have pointed out 

that polypropylene fibers have a negative effect on the 

residual mechanical properties of concrete after high-

temperature exposure because they significantly reduce the 

residual compressive strength, elastic modulus, and tensile 

strength as well as they increase the peak strain (Sideris et 

al. 2009, Sideris and Manita 2013, Khaliq and Kodur 2011). 

In summary, the effect of polypropylene fiber on the 

mechanical degradation of concrete is not fully understood 

and remains to be further explored (Chan et al. 2000, Poon 

et al. 2004). 

In view of the above considerations, the residual 

mechanical properties of high-strength fiber reinforced 

concrete with a design strength of 75 MPa exposed to 400-

800°C were investigated in this study. 

 

 

2. Experımental procedure 
 
2.1 Experimental program 

Table 2 Physical properties of coarse/fine aggregate 

Aggregate 

type 
γd (SSD) Wa (SSD) (%) 

Uw (dry-rodded)  

(kg/m3) 
FM 

Fine aggregate 2.60 1.25 - 2.70 

Coarse 

aggregate 
2.63 1.17 1532 - 

Notes: γd=specific weight; Wa=water absorption; SSD=saturated 

surface dry condition; Uw=unit weight; FM=fineness modulus. 

 

Table 3 Mix proportions of concrete 

Group 
Mix 
No. 

Cement 
(kg/m3) 

Slag 
(kg/m3) 

Water 
(kg/m3) 

Aggregate 

(kg/m3) SP 
(kg/m3) 

Steel 

fiber 

(kg/m3) 

PP 
(kg/m3) 

FA CA 

Control 

group 
N75 386 128 180 645 1020 3.375 - - 

Experimental 

group 

F75-

S 
386 112 180 645 1020 3.375 78 0 

F75-

P 
386 112 180 645 1020 3.375 0 0.9 

F75-

M 
386 112 180 645 1020 3.375 78 0.9 

Note: F=fiber concrete; N=ordinary concrete; digits=strength 

level; FA=fine aggregate; CA=coarse aggregate; 

SP=superplasticizer; PP=polypropylene fiber. 

 
 

In this study, the test variables include concrete types 

(control group: ordinary concrete; experimental group: fiber 

reinforced concrete), fiber types (steel fiber and 

polypropylene fiber), and fire temperature (400, 600, and 

800°C). The planned variation of the experimental variables 

is shown in Table 1. 

 

2.2 Materials  
 

Materials used for making specimens included cement, 

slag, fine and coarse aggregates, fiber, and superplasticizer. 

Local ordinary Portland cement (OPC) with a specific 

gravity of 3.15 and a fineness of 3400 cm
2
/g in accordance 

with ASTM C150/C150M (ASTM C150/C150M-15 2015) 

was used throughout the research work. Locally available 

slag with a specific gravity of 2.9 and a fineness of 6000 

cm
2
/g was used. Fine and coarse aggregates were selected 

in accordance with ASTM C33/C33M (ASTM C33/C33M-

13 2013). The fine aggregate was obtained from a local 

river, and the coarse aggregate was continuous grading 

crushed stone with a maximum particle size of 19 mm. The 

specific weight, water absorption, and unit weight of these 

aggregates are shown in Table 2. Local steel fibers with a 

density of 1.78 g/cm
3
 and polypropylene fibers with a 

melting point of 160°C to 170°C and a density of 0.9 g/cm
3
 

were used. In order to ensure the good workability of the 

prepared concrete, a superplasticizer, Sikament-1250 

produced by Sika Taiwan Co., Ltd., was used. 

 

2.3 Mix proportions 
 

The 28-day design compressive strength of high-

strength concrete was 75 MPa. Some trial mixtures were 

prepared to obtain the target strength at 28 days of age, 

along with proper workability of 90 to 200 mm. The mix 

proportions for the FC and the NC are given in Table 3. The  
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Fig. 1 Compressive strength test configuration 

 

 

Fig. 2 Flexural strength test configuration 

 

 

abbreviations for identifying each concrete indicate the type 

of concrete -fiber concrete (F) or ordinary concrete (N), the 

strength of concrete (75 MPa), and the type of fiber (S: steel 

fiber, P: polypropylene fiber, M: hybrid fiber). Prior to 

mixing, the aggregates were cured indoors until the required 

saturated surface-dry condition was reached. In mixing, the 

cement, slag, fiber, and fine and coarse aggregates were 

first uniformly mixed. Thereafter water and superplasticizer 

were slowly added and mixing was continued until the 

uniform mix was obtained. After the concrete was mixed, 

its fresh properties were first measured and recorded. 

 

2.4 Fabrication of specimens 
 

Concrete specimens for each test were cast out of each 

mixture and compacted using an external vibrator. Along 

with each mixture, twelve 100 mm in diameter200 mm in 

height cylindrical specimens were cast for compressive 

strength test and elastic modulus test; twelve prism 

specimens (3600 mm in length100 mm in width100 mm 

in thickness) were cast for flexural strength of concrete. 

After casting, all the specimens were covered overnight 

with a wet hessian and polyethylene sheets for a period of 

24 hours. The specimens were then demolded after 24 

hours. Following demolding, all the specimens were placed 

in a water bath in the laboratory. After curing, the 

specimens were removed from the water bath one day 

before the test. 

 

2.5 Testing methods and instrumentation 
 

According to the ASTM C39 standard test method, 

cylindrical specimens were used to test at 28 days of age 

(Fig. 1). As for the flexural strength, it is based on ASTM 

C78 standard test method for concrete flexural strength 

(Fig. 2). The elastic modulus of concrete was tested in 

accordance with ASTM C469 using cylindrical specimens 

at 28 days of age. On the other hands, the specimens were 

heated at a prescribed rate (10°C/min.) until the temperature 

inside the furnace reached the target temperatures. After  

Table 4 Results of slump and unit weight of concrete 

Group Mix No. Slump (cm) Unit weight (kg/m3) 

Control group N75 21 2259 

Experimental 

group 

F75-S 20 2338 

F75-P 9 2270 

F75-M 9 2347 

 

 

achieving the targeted maximum temperature, the furnace 

temperature was maintained for 60 minutes to achieve a 

better thermal steady state in the whole specimen. The 

furnace power switch was turned off immediately, and the 

specimens were cooled to room temperature by opening the 

furnace door before the residual strength tests were carried 

out. 

 

 

3. Experimental results and discussion 
 

3.1 Fresh properties of concrete 
 

The result of the fresh properties of each concrete 

mixture was listed in Table 4. As can be seen from the table, 

the slump value ranged from 9 to 21 cm. The N75 mix of 

the control group had a slump of 21 cm, indicating that it 

had very good workability. As for the experimental group, 

the F75-S mix with steel fiber had a slump of 20 cm, but the 

slump of both the F75-P and F75-M mixes with 

polypropylene fiber was only 9 cm. The reason is that the 

polypropylene fibers are very fine (about 50000-300 million 

strands per kilogram), resulting in a stiffer mixture and 

leading to reduced workability. Moreover, Table 4 shows 

that the unit weight of the control group was 2259 kg/m
3
. 

For the experimental group, the unit weight of the F75-S 

and F75-M mixes with the addition of steel fiber was 

heavier (between 2338 and 2347 kg/m
3
), while the unit 

weight of the F75-P mix only with the addition of 

polypropylene fiber was lighter (2270 kg/m
3
). 

 

3.2 Compressive strength 
 

The measured compressive strength of each concrete 

mixture at 28 days of age was listed in Table 5, which was 

the average of three specimens. As can be seen from the 

table, the measured compressive strength was higher than 

the 28-day compressive strength required at room 

temperature. In addition, the compressive strength of the 

experimental group concrete incorporating steel fiber or 

polypropylene fiber was not significantly improved. This is 

because a relatively low fiber volume fraction was used in 

the designed concrete mixture. Moreover, even the addition 

of polypropylene fibers had a slight negative impact on the 

compressive strength of concrete. 

It can be seen from Table 5 that the residual compressive 

strength of each group of concrete generally decreased with 

increasing temperature. However, when the temperature 

was 400°C, the residual compressive strength of the N75 

and F75-P specimens increased instead. This is because of 

rapid drying of the concrete specimen (Siddique and Kaur  
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Fig. 3 Comparison of relative compressive strength ratio of 

concrete specimens 

 

 

2012). Although the furnace temperature was maintained 

for an hour, the temperature inside the concrete was still 

lower than 400°C. Under the high temperature drying 

effect, the water vapor in the test specimen was evaded, 

which contributed to the improvement of strength. The test 

of Li and Bu (2011) also shows that the compressive 

strength of concrete after 200-300°C was increased with the 

increase of temperature. In addition, the results of Drzymała 

et al. (2017) show that the compressive strength of fiber 

concrete after 300°C was also higher than the initial value 

measured at 20°C. Deshpande et al. (2019) indicated that a 

slight increase in residual strength compared to room 

temperature strength may be associated with the favorable 

changes in the microstructure at high temperatures and the 

inherent variability of concrete material. Cheyrezy et al. 

(1995), Tai et al. (2011) have shown that high temperature 

could accelerate the pozzolanic reaction, increase the 

hydration product, reduce the diameter of the pores, and 

help to increase the compressive strength of concrete. But 

the residual compressive strength of each concrete mix 

decreased significantly after being exposed to 600°C. The 

reason is the strength loss was mainly caused by physical 

changes in the temperature range below 400°C. However, in 

the temperature range of 600-800°C, the attenuation of 

strength was mainly due to chemical degradation in 

hydrated products and aggregates, which was not directly 

related to the content and type of fibers (Deshpande et al. 

2019). Especially, the residual compressive strength 

retained by the test specimens at 800°C was about 20% to 

30% of their respective compressive strength at room 

temperature. After exposure to high temperatures of 400, 

600, and 800°C, the average residual compressive strength 

of the experimental group was 88%, 69%, and 23% of the 

room-temperature strength, respectively.  

The relative compressive strength ratio was defined as 

the ratio of the strength after exposure to the target high 

temperature to the original strength at room temperature. 

The trend of this value versus temperature is shown in Fig. 

3. The results of Drzymała et al. (2017) are also plotted in 

Fig. 3 for a comparison. As can be seen from the figure, the 

relative compressive strength ratio of the test results of 

Drzymała et al. was higher than 1 at a temperature range of 

300 to 450°C. According to the test results in Fig. 3, the 

variation with temperature follows a similar trend for the 

Table 6 Results of elastic modulus 

Group 
Mix 

No. 

Elastic 

modulus (GPa) 

Residual elastic modulus 

(GPa) 

Room 

temperature 

High temperature 

400 °C 600 °C 800 °C 

Control group N75 32.3 27.1 24.2 2.7 

Experimental 

group 

F75-S 31.6 26.4 15.5 6.5 

F75-P 37.3 25.0 23.1 2.0 

F75-M 38.6 30.6 13.3 6.8 

 

 

F75-S and F75-M specimens. That is to say, the relative 

compressive strength ratios of the F75-S and F75-M 

specimens decreased rapidly with increasing temperature. 

By contrast, the relative compressive strength ratios of the 

F75-P specimens changed more slowly with increasing 

temperature. This is because the polypropylene fibers 

melted at high temperatures and created additional passages 

in this manner that helped to relieve internal vapor pressure 

and maintain a certain residual strength. From this result, 

the benefit of steel fibers to the residual compressive 

strength of concrete was limited. In contrast, polypropylene 

fibers can inhibit spalling after exposure to 400-600°C, 

thereby reducing internal flaws and effectively helping to 

maintain the residual strength of the concrete. This result is 

like the findings of Dong et al. (2008). However, as the 

temperature was further increased, the residual compressive 

strength ratios of each group of concrete significantly 

deteriorated; especially at a temperature of 800°C, the 

residual compressive strength ratios were below 0.30. After 

further inspection, it can be found that the residual 

compressive strength ratio of the concrete in the control 

group was slightly higher than that in the experimental 

group. 

 

3.3 Elastic modulus 
 

The modulus of elasticity is defined by the slope of the 

linear region of the stress-strain curve. The results of the 

test for the elastic modulus of concrete specimens at 28 

days of age are shown in Table 6. At room temperature, the 

elastic modulus of the F75-S specimen was a little less than 

that of the N75 specimen. But the magnitudes of the 

modulus of the F75-P and F75-M mixes were higher than 

that of the N75 specimen. On the whole, the residual elastic 

modulus of the concrete specimens decreased with 

increasing temperature in the fire test. In other words, 

exposure to high temperature resulted in a loss of elastic 

modulus in each group of concrete. As can be seen in Table 

6, after exposure to different temperatures, the elastic 

modulus for the N75 specimens ranged from 2.7 to 27.1 

GPa, while the elastic modulus for the F75-S, F75-P, and 

F75-M specimens ranged from 6.5 to 26.4 GPa, from 2.0 to 

25.0 GPa, and from 6.8 to 30.6 GPa, respectively. At a 

temperature of 400°C, the residual elastic modulus of each 

concrete mix can be maintained at about 67-84% of the 

room-temperature value. With a further increase in 

temperature to 600°C, the residual elastic modulus of each 

concrete mix can still maintain about 34-75% of the room-

temperature value. For concrete with polypropylene fibers,  
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Fig. 4 Comparison of elastic modulus of concrete 

specimens 

 

 

when temperature ranged at 400-600°C, the loss of elastic 

modulus was not significant. But after exposure to 800°C, 

the residual elastic modulus of the F75-P specimens was 

only 6% of the original value, while the residual elastic 

modulus of the F75-S and F75-M specimens was still 25% 

and 23% of the original value, respectively. The decrease in 

the elastic modulus of concrete exposed to high 

temperatures is mainly due to the increase in the volume of 

the porous and the cracking of the interface zone between 

the paste and the aggregate. 

Moreover, the relative elastic modulus ratio versus 

temperature curves for each group of concrete are shown in 

Fig. 4. The results of Drzymała et al. (2017) are also plotted 

in Fig. 4 for a comparison. From Fig. 4, it can be seen that 

the relative elastic modulus ratio was a function of the 

mixture proportions and exposure temperature. After 

exposure to 400°C, the relative elastic modulus ratio of all 

the mixtures dropped sharply. This is due to the combined 

effect of mechanical degradation and chemical degradation. 

In addition, the variation of the relative elastic modulus 

ratio for the F75-S specimen was quite similar to that of the 

F75-M specimen. It is worth noting that as the temperature 

rose, the decreasing trend of the relative elastic modulus 

ratio was obviously more serious than the decreasing trend 

of the compressive strength. This is because the elastic 

modulus is more sensitive to cracks at the macroscopic or 

microscopic scale induced by high temperatures (Hsu et al. 

1963). 

On the other hand, the stress-strain curves of the F75-S 

and F75-M specimens are shown in Fig. 5. It can be seen 

from Fig. 5 that the stress-strain curves of the F75-S and 

F75-M specimens were similar after 400-800°C. The initial 

slope of ascending branches of the stress-strain curves 

showed a linear relationship before exposure to high 

temperatures, and its slope was quite steep. However, after 

exposure to high temperatures, the stress-strain curves of 

some specimens at the beginning of loading exhibit atypical 

nonlinearities, also known as a concave-up curve. This 

result is consistent with Chang et al. (2006), Tai et al. 

(2011). The reason for this is that during this pre-elastic 

hardening, the concrete stiffened as it approached the linear 

elastic region (Way and Wille 2016). Chang et al. (2016) 

believe that the closing of pre-existing cracks from heating 

and cooling can cause this behavior. The matrix shrinkage 

 
(a) Experimental group F75-S 

 
(b) Experimental group F75-M 

Fig. 5 Stress versus strain curve of concrete specimens 

 

Table 7 Results of flexural strength 

Group 
Mix 

No. 

Flexural 

strength (MPa) 

Residual flexural 

strength (MPa) 

Room 

temperature 

High temperature 

400 °C 600 °C 800 °C 

Control group N75 7.4 7.7 5.1 1.7 

Experimental 

group 

F75-S 7.9 11.4 5.8 2.0 

F75-P 6.7 9.5 5.9 1.1 

F75-M 7.5 9.9 5.7 1.5 

 

 

caused by dehydration of calcium hydroxide, thermal 

incompatibility between aggregates and cement paste, and 

the expansion of steel fiber are factors that cause cracking 

(Zheng et al. 2012). On the whole, the initial slope of 

ascending branches decreased with increasing temperature. 

This is attributed to the decomposition and dehydration of 

the hydrated product at high temperatures and cracks caused 

by pore pressure. In addition, the descending slope after the 

peak stress was influenced by the mixture proportions of the 

specimen and exposure temperatures. As the exposure 

temperature increased, the curve gradually became flatter 

and more extended until the concrete specimens crushed. In 

other words, although the ductility of the test piece 

increased with increasing temperature, the peak stress 

rapidly decreased. 

 

3.4 FLexural strength 
 

The results of the test for the flexural strength (i.e., 

modulus of rupture) of concrete specimens at 28 days of age 

are shown in Table 7. At room temperature, the flexural 

strength of the F75-P specimens was a little less than that of 

the N75 specimens. But the flexural strength of the F75-S 
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and F75-M specimens were higher than that of the N75 

specimen. This is due to the bridging effect of the fibers, the 

flexural strength of the concrete increases, and the fracture 

behavior of the concrete becomes more ductile. After 

exposure to different high temperatures, although thermal 

energy generated by high temperature caused cracks to form 

between the cement paste and fibers, the fibers could 

prevent crack propagation and help to strengthen the 

specimen to some extent. As can be seen in Table 7, after 

exposure to 200-800°C, the residual flexural strength of the 

N75 specimens ranged from 1.7 to 7.7 MPa, while the 

residual flexural strength for the F75-S, F75-P, and F75-M 

specimens ranged from 2.0 to 11.4 MPa, from 1.1 to 9.5 

MPa, and from 1.5 to 9.9 MPa, respectively. At a 

temperature of 400°C, the concrete specimens reached peak 

strength. This is because the temperature inside the test 

specimen was still lower than 400°C although the furnace 

temperature was maintained for 60 minutes. In other words, 

the average temperature of the test specimen had not yet 

reached 400°C. Owing to the rapid drying of the specimen 

exposed to high temperature, the moisture in matrix pores 

can be easily evaporated (Siddique and Kaur 2012). As a 

result, the residual flexural strength increased due to the 

effect of high-temperature drying. However, after being 

exposed to 600°C for 60 minutes, the residual flexural 

strength of each concrete mix decreased significantly. 

Especially, after exposure to 800°C, the residual flexural 

strength of the F75-P specimens was 16% of the original 

value; while the residual flexural strength of the F75-S and 

F75-M specimens was 25% and 20% of the original value, 

respectively.  

Moreover, the relative flexural strength ratio versus 

temperature curves for each group of concrete are shown in 

Fig. 6. From Fig. 6, when the temperature was 600°C, the 

residual flexural strength ratios of the concrete specimens 

decreased significantly; among them, the residual flexural 

strength ratios of the experimental group were higher than 

0.7, while the residual flexural strength ratio of the control 

group was lower than 0.7. Overall, the addition of fiber 

mitigated to a certain degree the degradation in flexural 

strength of HSC after exposure to high temperatures. 

The load versus midspan deflection curves for each 

group of concrete specimens are shown in Fig. 7. As can be 

seen from Fig. 7, in most cases, the load-displacement curve 

was linear in the region before the peak point. In addition, 

 

 

 

Fig. 6 Comparison of the relative flexural strength ratio of 

concrete specimens 

the influence of adding fiber was the mechanical benefit 

which ensued from the ability of the fiber to bridge the 

cracks. Therefore, all test specimens of the experimental 

group incorporating fiber showed greater loads and 

displacement capabilities than the control group. In 

particular, test specimens incorporating steel fibers 

exhibited a better displacement capacity. When the 

temperature was 400°C, regardless of the control group or 

the experimental group, the slope of the initial slope of 

ascending branches of the load versus midspan deflection 

curves was greater than the slope at room temperature. The 

ultimate flexural load of the control group N75 increased 

only slightly, while the ultimate flexural load of the 

experimental group (F75-S, F75-P, and F75-M) increased 

significantly. The reason for this is as described previously, 

mainly due to the effect of high-temperature drying, which 

increased its strength and, in turn, increased the flexural 

load of the test specimen (Siddique and Kaur 2012). It is 

also worth noting that the increase in the ultimate flexural 

load of the N75 specimen was minimal. In addition, when 

the temperature was 600°C, the slope of the ascending 

branches of the load versus midspan deflection curves 

reduced regardless of the control group or the experimental 

group, but there was no case of rapid decay. However, 

when the temperature was 800°C, the slopes of ascending 

branches of the load versus midspan deflection curves of 

the control and experimental groups significantly reduced. 

Regarding the descending branches of the load versus 

midspan deflection curves, the rate of decline in the flexural 

load of the test specimens at the room temperature or at 

high temperatures was more moderate in the F75-S and 

F75-M specimens with steel fibers. This indicates that the 

F75-P specimen, which used polypropylene fibers alone, 

did not provide excellent strength and ductility at low to 

medium temperatures, but steel fibers provided fiber 

bridging at higher temperatures, allowing the F75-S and 

F75-M specimens to retain a significant proportion of their 

flexural strength and ductility. In other words, the post-peak 

behavior at higher temperatures is mainly affected by steel 

fibers rather than by polypropylene fibers. 

On the other hand, in order to further understand the 
differences between the control group and the experimental 
group, the load versus midspan deflection curves at room 
temperature and at various fire temperature were analyzed. 

At room temperature and at different elevated heating 
temperatures, the toughness (i.e., the area under the load 
versus deflection curve up to fracture) of the control group 
was relatively lower than that of the experimental group. In 
addition, Fig. 8 shows that the load-deflection curves of the 
F75-S and F75-M specimens were both more ductile at 

room temperature or at various fire temperatures. From Fig. 
8, the presence of fibers increased the toughness of the 
experimental group. Moreover, the load versus midspan 
deflection curves of the F75-S and F75-M specimens 
showed two peak points; the first peak was the ultimate 
flexural load; the second peak was due to the load provided 

by the steel fibers after the cracks were formed. The failure 
deflection of the N75 and F75-P specimens was quite close 
to the crack deflection at room temperature or at various fire 
temperatures. At room temperature, the bridging effect of 
polypropylene fibers made the flexural strength and  
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ductility of the F75-P specimen better than that of the N75 

specimen. However, at higher temperatures, the melting of 

the polypropylene fibers led to complete loss of fiber 

bridging, resulting in a brittle failure behavior. In contrast, 

as can be seen from Fig. 8, the specimen containing steel 

 

 

 

fibers exhibited strain hardening behavior. Therefore, the 

F75-S and F75-M specimens could achieve a failure 

deflection of more than 6 times the crack deflection, 

indicating that the load-deflection curve was more ductile. 

In other words, the post-peak region of the specimen 

 

  

 

 (a) Control group N75 (b) Experimental group F75-S  

 

  

 

 (c) Experimental group F75-P (d) Experimental group F75-M  

Fig. 7 Load-deflection curves of concrete specimens before and after high temperatures 

 

  

 

 (a) Room temperature (b) Fire temperature 400°C  

 

  

 

 (c) Fire temperature 600°C (d) Fire temperature 800°C  

Fig. 8 Comparison of the load-deflection curves of concrete specimens before and after high temperatures 
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containing steel fibers had a better toughness. Overall, the 

load versus midspan deflection curves of the N75 and F75-

P specimens were similar, while the load versus midspan 

deflection curves of the F75-S and F75-M specimens were 

similar, and both had a better flexural toughness. 

 

 

4. Conclusions 

 
In this study, the effects of individual and hybrid fiber 

on the residual mechanical properties of high-strength fiber 

reinforced concrete were investigated after exposure to 400-

800°C in addition to the room temperature. On the basis of 

the above experimental results and discussion, the following 

conclusions were drawn: 

• The benefit of steel fibers on the residual compressive 

strength of concrete was limited. In contrast, 

polypropylene fibers can inhibit spalling after exposure 

to 400-600°C, thereby reducing internal cracks and 

helping to maintain the residual compressive strength 

and flexural strength of the concrete. 

• High-strength fiber reinforced concrete lost its 

modulus of elasticity much faster than its compressive 

strength when exposed to high temperatures. 

• After exposure to 800°C, the flexural load of each 

series of concrete decreased rapidly, and its residual 

flexural load ratio was less than 0.25.  

• Both at room temperature or elevated temperatures, the 

load-deflection curve of fiber reinforced concrete had a 

better fracture toughness. Especially, the typical load-

deflection response of the steel fiber reinforced 

specimen showed a double peak, indicating that its 

toughness was better.  
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