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A B S T R A C T  

 

Concrete has good strength and durability; however, it suffers from spalling and significant reduction of 
strength when exposed to fire. This study was aimed to enhance the fire resistance of concrete by 

applying two different techniques: 1) reinforcing with fiber, and 2) applying a fire-proof coating. For 

this purpose, mixes were made with steel fiber (SF), glass fiber (GF), and polypropylene fiber (PPF) 
applied at 0.5-2% of cement weight; in addition to a mix prepared with a 15 mm layer of fireproof coating 

material and a control mix. All mixes were subjected to elevated temperatures of 200-800 °C, and 

physical and mechanical properties were evaluated. According to the test results, both techniques were 
effective in enhancing the fire resistance of concrete mixes. The maximum residual compressive and 

flexural strengths were obtained for mix containing 0.5% GF, which were 117% and 145% higher than 

that of the control mix at 800 °C, respectively. Also, concrete with fireproof coating showed up to 76% 
and 113% higher compressive and flexural strengths compared to that of the control mix, respectively. 

It was found that addition of fibers in the manufacturing process of the concrete is a more desirable and 

economically-efficient approach to enhance the fire resistance. However, for an existing concrete 
structure, applying fireproof coating is the only option and can enhance the fire resistance comparably. 

doi: 10.5829/ije.2022.35.05b.08 
 

 
1. INTRODUCTION1 
 
Concrete is one of the most used construction materials 

worldwide due its good mechanical and durability 

properties, availability of raw materials, and relatively 

low maintenance cost [1]. However, concrete shows a 

significant strength loss when exposed to fire due to 

moisture loss, excessive cracking, and impairment of the 

cement matrix [2]. The study of concrete under fire dates 

back to the early 1900’s and it was mainly focused on the 

behavior of cement paste and mortars [3]. Ma et al. [4] 

presented a comprehensive review on the effects of high 

temperatures on the mechanical properties of concrete. 

Exposure of concrete to elevated temperatures results in 

spalling [5], i.e., removal of some portions of the surface 

layer of the concrete, and external cracking, which is 

caused by the evaporation of the free water and 

decomposition of the paste [6]. The previously 
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mentioned phenomena can expose the steel 

reinforcements inside the concrete to heat, which can 

have devastating effects on the load-bearing capacity and 

stability of the concrete structure. Furthermore, the 

alkalinity tends to reduce as a result of carbonation, 

which is intensified by fire, and thus the corrosion risk of 

steel rebars escalates [7, 8]. At temperatures beyond 400 

°C, the paste begins to shrink and the aggregates expand, 

which cause a significant strain gradient in the matrix [9]. 

It increases the cracking in the matrix and reduces the 

bond between paste and aggregates, resulting in further 

degradation of strength. At extreme temperatures, e.g., 

800-1000 °C, the decomposition of the hydration 

products and loss of chemically-bound water lead to 

significant impairment of the microstructure and result in 

60-80% reduction of strength [10]. 

Due to the risks associated with exposure of concrete 

to fire and its widespread application in civil engineering 
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structures such as buildings, bridges, tunnels, etc, it is of 

paramount importance to enhance the fire resistance of 

concrete through effective and cost-efficient techniques 

[11]. In order to enhance the performance of concrete 

under fire, various methods have been proposed and 

examined. One of the most effective practices is the 

utilization of fibers such as steel, glass, basalt, and 

polypropylene fiber (PPF) in concrete [12–16]. The use 

of fibers can improve the fire resistance of concrete by 

mitigating the formation and propagation of thermal 

induced cracks [17, 18]. Furthermore, fibers enhance the 

load-bearing capacity of concrete by providing additional 

strength by sewing effect and bridging over the cracks 

[19, 20]. Afroughsabet and Ozbakkaloglu [21] studied 

the performance of concrete incorporating a combination 

of PPF and steel fiber (SF) and reported that the highest 

enhancement in strength was achieved for PPF and SF 

contents of 0.15% and 0.85%, respectively. Serrano et al. 

[22] studied the compressive and tensile behavior of 

concrete subjected to an open flame with temperature of 

400°C. It was shown that PPF-reinforced concrete was 

more resistant to fire than the SF-reinforced counterpart, 

and addition of 2% PPF increased the residual 

compressive strength of concrete by 68% over that of the 

control mix. Sun and Xu [23] showed that using 0.9% 

PPF in concrete leads to the optimal compressive 

strength, fatigue, and dynamic performance. However, 

the melting of PPF can create channels for the evaporated 

water to escape [24], and Lee et al. [25] reported that 

using high contents of PPF resulted in the formation of 

micro-cracks in concrete subjected to 400°C. Similar 

findings were reported by Yermak et al. [26] that PPF-

reinforced concrete mixes were more porous than the SF-

reinforced counterparts. Jameran et al. [27] studied the 

fire behavior of concrete with SF and PPF. The total fiber 

content was kept constant at 1.5% and different 

proportions of SF and PPF were incorporated into the 

concrete. The highest residual strength after fire exposure 

was achieved at 100% SF and 0% PPF contents. 

Moghadam and Izadifard [28] compared the performance 

of SF and glass fiber (GF) in improving the fire resistance 

of concrete. It was observed that mix reinforced with 

0.25% GF showed the highest tensile strength, which was 

213% higher than that of the control mix . 

The addition of fiber for enhancing the fire resistance 

of concrete can only be done during the manufacturing 

process, and thus this method cannot be used for 

retrofitting purposes. In order to enhance the fire 

behavior of existing concrete structures, a layer of 

fireproof coating material can be applied. In this context, 

several studies proposed and examined different types of 

coatings for improving the behavior of the concrete at 

elevated temperature [29–31]. Temuujin et al. [32] 

investigated the utilization of a metakaolin-based 

geopolymer coating for fireproofing concrete. The 

coating exhibited a thermal expansion of 3% at 800°C 

and concrete specimens maintained their strength for one 

hour at 1000°C. Hou et al. [33] used a type of 

cementitious thermal insulation material as fire-retardant 

coating to improve the fire resistance of concrete beams 

reinforced with 2% SF and 0.2% PPF. Results showed 

that the insulated beam exhibited about 38% higher fire 

endurance compared to that of the uninsulated one. 

Furthermore, several studies have investigated the effect 

of thermal insulation on the fire behavior of concrete 

structures strengthened with fiber-reinforced polymer 

(FRP) composites [34–37] 

In the light of the previous studies, this paper aimed 

to present a direct comparison between the performance 

of  concrete  reinforced  with  different  types  of  fibers 

and  concrete  with  fireproof  coating,  which  has  not 

been done before. The objectives of the present research 

are: (1) Determining the type and content of the fiber, 

which leads to the maximum enhancement of fire 

resistance of the concrete; (2) Answering the question 

how effectively a fireproof coating can enhance the fire 

resistance of an existing concrete structure; and (3) 

Comparing the fire behavior of fiber-reinforced and 

fireproof coated concretes.  The fresh and hardened 

properties of concrete mixes were evaluated. 

Furthermore, the residual compressive and flexural 

strengths as well as the mass loss of mixes were measured 

after exposure to elevated temperatures ranging from 200 

to 800 °C. 

 

 

2. EXPERIMENTAL PROGRAM 
 

2. 1. Materials 

 

2. 1. 1. Portland Cement          In this study, Type II 

Portland cement from Ardestan cement plant was used 

with a density of 3.15 g/cm3. The chemical and physical 

characteristics of the cement and the values 

recommended by the Iranian Standard No. 389 in Tables 

1 and 2, respectively. 
 

2. 1. 2. Fine Aggregate           Natural sand with particle 

size of 0-5 mm from Isfahan Soffeh mine was used as 

fine aggregate in this study (Table 3). The fineness 

modulus of the sand was equal to 3.1 based on 

determined based on ASTM C-125 standard [38]. The 

gradation curve of the sand and the recommended upper 

and lower bounds of ASTM C33 [39] are shown in 

Figure 1. 

 

2. 1. 3. Coarse Aggregate       Natural gravel with 

maximum size of 19 mm was used as coarse aggregate in 

the present research. Sieve analysis was done for the 

gravel based on ASTM C33, and the gradation curve is 

shown in Figure 2 and the physical characteristics are 

given in Table 4. 
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TABLE 1. Chemical characteristics of the cement used in this 

study 

Chemical 

composition 

Type II cement 

Iranian Standard ISIRI 

389 result (%) 
Test result (%) 

SiO2 > 20 22±0.4 

Al2O3 < 6 5±0.3 

Fe2O3 < 6 3.82±0.2 

CaO 62-66 64±0.5 

MgO < 5 1.9±0.2 

SO3 < 3 1.5±0.2 

K2O 0.5-1 0.49±0.15 

Na2O 0.2-0.4 0.25±0.15 

C3A 5-8 6.51±1 

Free CaO - 1.2±0.2 

L.O.I. < 3 1±0.2 

 

 
TABLE 2. Physical characteristics of the cement used in this 

study 

 

Specific 

surface 

area 

(g/cm2) 

Setting time 

(min) 

Compressive 

strength (kg/cm2) 

Initial Final 
3 

days 

7 

days 

28 

days 

Allowable 

value 

(ISIRI 389) 

> 2800 > 45 < 360 > 100 > 175 > 315 

Measured 

value 
3000±50 90±5 150±10 ≥ 170 ≥ 275 ≥ 370 

 
 

TABLE 3. Physical characteristics of fine aggregate (sand) 

Property Value 

Apparent specific weight (kg/m3) 2570 

Water absorption (%) 4.6 

Apparent density (g/cm3) 2.54 

Fineness module (F.M) 3.1 

Percent passing #200 sieve (%) 3.4 

 

 

2. 1. 4. Fibers            The fibers used in this study 

consisted of SF, GF, and PPF. SF was two-way hooks 

with length of 30-50 mm. Since SF can remain functional 

even at high temperature of 1200 °C, the incorporation of 

these  fibers  can  enhance  the  resistance  of  concrete  

in fire condition as well as the mechanical properties 

[18, 40].  The GF used in the present work was of type 

“High Silica” with length of 12 mm. GF consists of very 

thin and flexible fibers, which are produced with 

diameters ranging from 5 to 25 μm. These fibers are more 

 
Figure 1. Gradation curve of fine aggregate (sand) 

 

 

 
Figure 2. Gradation curve of gravel 

 

 
TABLE 4. Physical characteristics of coarse aggregate (gravel) 

Property Value 

Apparent specific weight (kg/m3) 2693 

Water absorption (%) 1.2 

Apparent density (g/cm3) 2.68 

Saturated moisture with a dry surface (%) 0.5 

 

 

economically efficient than the other types of fibers and 

also possess high tensile strength. The PPF used in this 

study was provided from Afzir company, Iran, Tehran, 

and was chopped to increase their grip with paste. The 

properties of fibers used in the present study are 

summarized in Table 5 (see Figure 3). 

 

 
TABLE 5. Characteristics of fibers used in this paper 

Fiber 

type 

Length 

(mm) 
Color 

Elasticity 

module 

(GPa) 

Diameter 

(mm) 

Specific 

weight 

(g/cm3) 

Melting 

temperature 

(°C) 

SF 30-50 Copper 200 0.8 7.85 - 

GF 12 White 70 
0.011-

0.015 
2.6 550 

PPF 12-13 White 5 0.02 0.91 160 
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Figure 3. Fibers used in this study: (a) GF, (b) PPF, (c) SF 

 

 
2. 1. 5. Fireproof Coating         In this study, mineral 

coatings were used, which can be applied to the concrete 

by spraying or manual application. This coating is a 

powder (Figure 4), which is a combination of mineral 

adhesives, lightweight fine materials, fibers, and 

additives. It can turn into fireproof mortar when mixed 

with water. Fire retardant coating or fire resistance 

coating has some special additives in it, which provide a 

very high durability against fire and reduces the potential 

of cracking and spalling. It was purchased from Iran 

Construction Clinic located in Tehran. The properties and 

technical information of the coating used are given in 

Table 6. The mix design for the fireproof coating and the 

mix design for the subbase used for better adhesion 

between concrete and coating are shown in Table 7 . 

 

 

 
Figure 4. Fireproof coating used in this study 

 

 
TABLE 6. Physical characteristics of the fireproof coating 

Test result Test standard 
Technical 

characteristic 

Specific weight 
(kg/m3) 

ASTM E-605 About 700 

Compressive strength 
(kg/m2) 

ASTM E-761 More than 35 

Electrical 
conductivity (W/m.C) 

----- Less than 0.2 

Surface burning 

spread characteristic 

ASTM E-84 

BS 476 

Class A 

Class O 

Fire resistance 
ASTM E-119 

ISO 834 
More than 4 hours 
based on thickness 

TABLE 7. Mix design of fireproof coating and subbase 

Coating 

type 

Liquid to 

powder 

ratio 

Powder 

(kg/m3) 

Water 

(kg/m3) 

Liquid 

(kg/m3) 

Sublayer 

coating 
0.5 500 --- 250 

Fireproof 

coating 
0.6 500 300 --- 

 
 
2. 2. Mix Design            Concrete mixes were prepared 

with different fiber types including SF, GF, and PPF and 

different fiber contents including 0.5%, 1%, 1.5%, and 

2% of the cement weight. For comparison purposes, a 

control mix was prepared as well without any fibers. 

Furthermore, in order to compare the two methods of 

enhancing the fire resistance of concrete, the control mix 

was coated with a 15 mm fireproof layer and its behavior 

at elevated temperatures of 200, 400, 600, and 800 ℃ was 

compared to that of the other concrete mixes. The mix 

proportioning of concrete mixes is presented in Table 8. 

It should be noted that all mixes were prepared with a 

constant water-to-cement (w/c) ratio of 0.52. In Table 8, 

the control mix is denoted as Normal Concrete (NC) and 

fiber-reinforced mixes are referred to with a two-part 

code name: the first part denotes the fiber type and the 

second  part  denotes  the  fiber  content  in  percentage. 

Also, the  mix  with  fireproof  material  is  referred  to  

as  FPC-NC. 

The mixing process consisted of dry mixing of the 

coarse and fine aggregates for 2 minutes in the 

mechanical mixer. Then, 50% of the water was poured 

into the mixer with the cement and mixing was continued 

for 90 s. After that, fibers (if any) were gradually added 

to the mixture with the remaining water. The substances 

were mixed together until a homogenous mix was 

obtained and the fibers were properly dispersed. As for 

the concrete mix with fire proof coating, the coating layer 

was prepared in advance to the mixing day. In order to 

prepare the coating layer, the powder was mixed with 

water to achieve a mortar with average consistency . 

The fresh mix was poured into the molds in three 

layers and each layer was compacted by using a standard 

rod. The specimens were left in the laboratory 

environment for 24 h and then were demolded and 

submerged in a water tank at 23 ± 2 °C for further curing. 

For mix with fireproof coating, first, the concrete 

specimens were cured at temperature of 23 ± 2 °C and 

humidity of 50% ± 5% for 24 h. Then, the surface of the 

specimens was carefully dried and cleaned; then, placed 

at the center of a 130 mm×130 mm×130 mm mold. Next, 

the coating was poured into the mold around the 

specimen. After 48 h, the molds were opened and the 

specimens were placed in the moist room. Note that the 

curing was not done inside of a water tank for mix with 

fireproof coating. 

(a) (b)

(c)
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TABLE 8. Concrete mix designs (kg/m3) 

Name Cement Water Sand Gravel Fiber 

NC 1 420 220 800 880 --- 

SFC-0.5 2 420 220 800 880 2.1 

SFC-1 420 220 800 880 4.2 

SFC-1.5 420 220 800 880 6.3 

SFC-2 420 220 800 880 8.4 

PPFC-0.5 3 420 220 800 880 2.1 

PPFC-1 420 220 800 880 4.2 

PPFC-1.5 420 220 800 880 6.3 

PPFC-2 420 220 800 880 8.4 

GFC-0.5 4 420 220 800 880 2.1 

GFC-1 420 220 800 880 4.2 

GFC-1.5 420 220 800 880 6.3 

GFC-2 420 220 800 880 8.4 

FPC-NC 5 420 220 800 880 --- 

1 NC: Normal concrete 
2 SFC-0.5: Fiber-reinforced concrete with 0.5% SF 
3 PPFC-0.5: Fiber-reinforced concrete with 0.5% PPF 
4 GFC-0.5: Fiber-reinforced concrete with 0.5% GF 
5 FPC-NC: Normal concrete with fireproof coating 

 

 
3. TESTING METHODS 
 

The workability of the fresh concrete was evaluated by 

using slump test following the guidelines of 

C143/C143M-12 [41]. The compressive and flexural 

strengths of cubic and beam specimens with dimensions 

of 100 mm×100 mm×100 mm and 100 mm×100 

mm×500 mm were determined based on the provisions 

of ASTM C39/C39M-16 [42] and ASTM C78/C78M-16 

[43], respectively. Note that the tests were conducted on 

three specimens for each mix in order to ensure 

repeatability of the test results. 

The specimens were heated at temperatures of 200, 

400, 600, and 800 °C to evaluate the effects of fiber type 

and dosage as well as the fireproof coating on the 

elevated temperature behavior of concrete mixes. This 

was done in an electric oven at a heating rate of 6 °C/min 

until the target temperature was reached. The specimens 

were kept in the oven for 2 h to obtain steady-state 

thermal condition. Finally, after 24 h of cooling, the mass 

loss, residual compressive strength, and residual flexural 

strength of specimens were determined. 

 

 
4. RESULTS AND DISCUSSIONS 
 
4. 1. Slump       The results of slump test for different 

concrete mixes are shown in Figure 5. 

Based on the test results, it is obvious that the 

workability of the fresh concrete was reduced when 

fibers were added. Furthermore, by increasing the fiber 

content, a higher reduction of slump was noticed. This 

could be attributed to the fact that when fibers are added 

to the mix, a network of fiber-matrix forms, which 

increases the internal friction. Therefore, a higher water 

content is required to obtain the same slump value. 

However, since the water-to-cement ratio has been kept 

constant in this study, the slump value decreases 

constantly with increasing fiber content. The reduction 

percentage in concrete mixes containing less than 1% 

fiber was below 10%. This is in agreement with the 

results of Jhatial et al. [44] who reported 8.7% reduction 

in slump of concrete containing 1% SF as compared to 

that of the control concrete. however, at the maximum 

dosage of fiber, i.e., 2%, about 17%, 20%, and 19% 

reduction in slump was observed for mixes reinforced 

with SF, PPF, and GF compared to that of the control 

mix, respectively. Mastali et al. [45] also observed 16% 

reduction in slump flow of concrete with 2% GF content. 

Also, it is observed that the SF-reinforced mixes showed 

a higher workability compared to PPF- and GF-

reinforced mixes. A reason behind this could be the 

smooth surface of SF, which facilitates a better 

dispersion compared to other fiber types. PPF-reinforced 

mixes showed the highest reduction in workability, 

which could be related to the hydrophobic nature of PPF 

[46], which repels the water, and thereby air bubbles tend 

to attach to the fibers. This is supported by earlier 

findings [47, 48]. 

 

4. 2. Effect of Elevated Temperatures on Mass Loss 
of Mixes           Figure 6 shows the mass loss of mixes 

after exposure to the elevated temperatures. According to 

the test results, the weight of the samples decreased with 

an increase in temperature. The mass losses of the control 

mix at temperature of 200, 400, 600, and 800 ℃ were 

 

 

 
Figure 5. Slump of concrete mixes 
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Figure 6. Mass loss of mixes at different temperatures 

 

 
about 2.5%, 4%, 8.6%, and 16.1%, respectively, 

compared to the value of mass at room temperature. The 

mass loss due to exposure to temperatures in the range of 

200-400 °C is mostly related to the evaporation of free 

water, which increased the porosity of the matrix [49]. At 

higher temperatures, the destruction of the hydration 

products of cement, i.e., calcium silicate hydrate (C-S-H) 

gel and calcium hydroxide (Ca(OH)2), and the 

evaporation of free water are responsible for the decrease 

in the mass of concrete mixes [50]. At an extreme 

temperature of 800 ℃, the impairment of the 

microstructure becomes more significant and the 

chemically-bound water evaporates, which further breaks 

the chemical bonds and causes severe decomposition of 

the hydration products [51]. 

In general, the mass loss of fiber-reinforced mixes 

was lower than that of the control mix. This could be 

related to the bridging effect of fibers, which mitigated 

the formation and propagation of micro-cracks due to 

heat exposure [15]. As a result, the stability of the 

specimens was enhanced at elevated temperature as less 

channels were available for the evaporated water to 

escape [52], and thereby less moisture loss occurred. The 

lower mass loss of fiber-reinforced mixes was more 

obvious at lower fiber contents. Mix with 0.5% GF 

demonstrated the lowest mass loss, and the weights of the 

specimens containing 0.5% GF were decreased by 

1.25%, 2.31%, 4.85%, and 10.14% at temperature of 200, 

400, 600, and 800 °C as compared to that of the plain 

concrete, respectively. However, the mass loss showed 

an increasing trend with fiber content. For example, 

adding 2% GF to the concrete resulted in 2.22%, 4.36%, 

7.58%, and 14.75% reduction in mass at temperature of 

200, 400, 600, 800 °C compared to that of the control 

mix, respectively. Similarly, mix containing 0.5%, 1%, 

1.5%, and 2% PPF showed about 12%, 12%, 12.2%, and 

15.1% mass losses at 800 ℃. This could be due to the 

melting of fibers at elevated temperatures, which 

increased the porosity of concrete mixes. The higher 

mass loss in SF-reinforced mixes confirms this as the 

specific gravity of SF is much higher than that of the PPF 

and GF. 

Moreover, test results showed that the lowest mass 

loss belonged to mix insulated with fireproof coating. 

The mass losses of mix FPC-NC were about 0.2%, 1%, 

3.5%, and 7.4%, respectively, at temperatures of 200, 

400, 600, and 800 °C compared to the mass at the ambient 

temperature. The fireproof coating prevented the heat to 

reach the inner parts of the specimens, and as a result, less 

fire-induced micro-cracks formed in the specimen and 

the escape of the evaporated water became more difficult. 

 

4. 3. Effect of Elevated Temperatures on the 
Compressive Strength of Mixes           Table 9 shows 

the compressive strength of mixes at different 

temperatures. Based on the test results, unlike the general 

trend of the compressive strength with increasing 

temperature, there was a slight increase in compressive 

strength at 200 °C. For example, the compressive 

strength of the control mix was increased about 12% 

when the temperature was increased from 23 °C to 200 

℃. This could be due to the fact that heat treatment can 

promote hydration reaction of Portland cement and lead 

to further dissolution of CaO and SiO2 [26]. As it can be 

observed in the table, an increase in compressive strength 

at 200 ℃ was more pronounced for fiber-reinforced 

mixes. The maximum increase for the concrete 

reinforced with SF, PPF, and GF was 17%, 23%, and 

25% compared to the corresponding value at 23 ℃, 

respectively . 
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TABLE 9. Compressive strength of mixes before and after 

exposure to elevated temperatures 

Mix\ 

Temperature 
23 °C 200 °C 400 °C 600 °C 800 °C 

NC 45.0 50.5 40.3 25.3 11.45 

      

FPC-NC 43.6 48.5 42.5 31.1 20.1 

      

SFC-0.5 47.1 53.9 43.1 26.7 11.9 

SFC-1 48.0 55.3 45.0 27.7 12.8 

SFC-1.5 51.0 59.5 48.6 33.1 14.8 

SFC-2 41.8 47.0 38.0 22.7 10.4 

      

PPFC-0.5 52.4 64.6 50.5 37.6 22.3 

PPFC-1 45.4 52.9 42.3 30.4 14.9 

PPFC-1.5 44.9 51.6 41.7 28.7 14.3 

PPFC-2 38.2 42.9 35.4 23.4 10.7 

      

GFC-0.5 53.1 66.2 51.8 39.1 24.8 

GFC-1 50.8 60.9 48.0 35.8 17.3 

GFC-1.5 47.0 55.4 43.9 30.3 15.0 

GFC-2 39.4 44.9 36.5 24.6 12.0 

 

 

However, compressive strength was reduced at 

temperatures in the range of 400-800 °C. Exposure to 

temperatures of 400, 600 and 800 °C reduced the 

compressive  strength  of  the  control  mix  by 10%, 44%, 

and 75% compared to the corresponding value at the 

room temperature, respectively. The highest drop in the 

28-day compressive strength of the control mix happened 

as the temperature increased from 400 °C to 800 ℃. Such 

high temperatures weakens the van der Waal’s forces 

between C-S-H layers and reduces the surface energy, 

thereby resulting in the formation of weaker silanol 

groups with Si-OH:OH-Si bonds [53]. Furthermore, the 

evaporation of the free water and the chemically-bound 

water resulted in the formation of micro-cracks, which 

contributed to the loss of strength . 

Generally, adding fibers to the concrete enhanced the 

compressive strength. In SF-reinforced mixes, the 

highest compressive strength at room temperature was 

obtained by adding 1.5% SF, which led to 13% higher 

compressive strength than that of the control mix as 

shown in Figure 7. In PPF- and GF-reinforced mixes, the 

maximum compressive strength at room temperature was 

achieved by adding 0.5% fiber, which led to 17% and 

18% higher compressive strength than that of the control 

mix, respectively. The strength gain can be justified by 

the sewing effect of fibers, which bridged over the micro-

cracks and increased the load-bearing capacity of 

concrete mixes [54]. However, it was observed that a 

high content of fiber has an adverse effect. For example, 

concrete mixes reinforced with 2% fiber, regardless of 

the fiber type, showed a lower compressive strength 

compared to that of the control mix. When the amount of 

fibers increases, it reduces the workability of the mixture 

due to the friction between fibers and paste. This has a 

negative effect both on the compaction of the fresh mix 

and dispersion of the fibers. The non-uniform dispersion 

of fibers can cause fiber balling, which in turn increases 

the porosity of the concrete and lowers the strength [55]. 

In addition, fibers used in this study are hydrophobic, and 

therefore air bubbles can attach to their surface and 

become entrapped inside the concrete, which further 

increases the porosity [20]. 

The test results at elevated temperature indicated that 

the addition of fibers benefited the fire resistance of 

concrete mixes. In SF-reinforced mixes, the highest 

residual compressive strength was obtained by using 

1.5% SF, which increased the compressive strength by 

18%, 21%, 31%, and 29% at 200, 400, 600, and 800 °C 

compared to the corresponding residual compressive 

strength of the control mix, respectively. On the other 

hand, the residual compressive strength of the PPF- and 

GF- reinforced mixes was reduced with fiber content, i.e., 

the minimum fiber content (0.5%) led to the maximum 

fire resistance. Among all fiber-reinforced mixes, the mix 

reinforced with 0.5% GF showed the highest residual 

compressive strength. Based on the test results, the 

compressive strength of mix GFC-0.5 after exposure to 

temperatures of 200, 400, 600, and 800 ℃ was 31%, 

29%, 54%, and 116% higher than that of the control mix, 

respectively. It can be observed that adding 0.5% GF can 

have a significant contribution to the fire resistance of 

concrete due to the bridging effect of fibers, which 

limited the formation and propagation of micro-cracks. 

However, using a higher content of GF resulted in a 

constant reduction in the residual compressive strength. 

For example, the residual compressive strength of mix 

containing 2% GF was about half of that of the mix 

containing 0.5% GF at 800 ℃. Similarly, increasing the 

fiber content in PPF-reinforced mixes reduced the 

residual compressive strength. For example, the 

compressive strength of mix with 2% PPF was about half 

of that of the mix with 0.5% PPF at 800 ℃. This can be 

attributed to the low melting point of PPF, which resulted 

in an increase in void content when fibers melted at 

elevated temperatures [56]. 

Moreover, the results showed that insulating the 

concrete with fireproof coating can be effective in 

maintaining the compressive strength after heat 

exposure. According to Table 9, mix FPC-NC showed a 

strength reduction of 3%, 29%, and 54% after being 

subjected to the elevated temperatures of 400, 600, and 

800 °C, respectively. Also, consistent with the other 

concrete mixes, there was an increase of about 11% at 

200 °C compared to the corresponding value at the room  
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Figure 7. Ratio of compressive strength of mixes to compressive strength of the control mix 

 
 
temperature. Comparing the results with fiber-reinforced 

mixes indicated that the fire resistance of mix FPC-NC 

was comparable to that of the mix GF-0.5. Thus, it can be 

concluded that using a 15 mm layer of the fireproof 

coating used in this study is as effective as reinforcing the 

concrete with 0.5% GF in enhancing the fire resistance of 

the concrete. In the insulated concrete, the fireproof layer 

reduces heat transfer to the inside of the concrete, and 

thereby mitigates the moisture loss and degradation of the 

microstructure. On the other hand, in fiber-reinforced 

mixes with fiber content up to 1.5%, the additional 

strength provided by the fiber-matrix bond and the 

bridging effect of fibers outweighed the negative 

influence of fiber agglomeration and increased void 

content . 

 
4. 4. Effect of Elevated Temperature on the 
Flexural Strength of Concrete Mixes           Table 10 

shows the flexural strength of mixes at different 

temperatures. 

Generally, the reduction in the flexural strength was 

more pronounced than the compressive strength. This 

could be related to the higher dependency of the flexural 

behavior of the concrete on cracking as compared to the 

compressive strength [46, 57]. Exposure of concrete to 

elevated temperatures creates numerous cracks as a result 

of loss of moisture and degradation of the microstructure 

through decomposition of the hydration products. When 

subjected to bending, cracks tend to open and propagate, 

which negatively affects the flexural strength. However, 

the compressive load applied to the specimens can help 

in closing the micro-cracks and the compressive strength 

is more affected by the strength of the matrix itself and 

also the interlocking between aggregate and paste [58]. 

TABLE 10. Flexural strength of mixes before and after 

exposure to elevated temperatures 

Mix\ 

Temperature 
23 °C 200 °C 400 °C 600 °C 800 °C 

NC 4.91 5.68 4.03 2.41 0.00 

      

FPC-NC 7.02 7.95 6.62 5.12 2.55 

      

SFC-0.5 6.13 7.22 3.84 3.14 0.00 

SFC-1 6.27 7.57 5.24 3.43 0.93 

SFC-1.5 7.03 8.57 6.54 4.38 1.43 

SFC-2 5.37 6.16 2.75 1.53 0.43 

      

PPFC-0.5 6.87 8.45 6.25 4.98 2.30 

PPFC-1 6.24 7.47 5.41 4.03 1.11 

PPFC-1.5 6.22 7.25 4.07 3.25 0.57 

PPFC-2 5.49 6.11 2.89 2.09 0.24 

      

GFC-0.5 7.92 9.83 7.63 5.90 3.29 

GFC-1 7.54 9.05 6.51 5.08 2.11 

GFC-1.5 7.08 8.20 4.66 3.58 1.09 

GFC-2 6.52 7.07 3.25 2.68 0.79 

 

 
All fiber-reinforced mixes exhibited a higher flexural 

strength than that of the plain concrete. The optimum 

fiber content for different types of fibers based on the 

flexural strength test results was the same as that obtained  
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Figure 8. Ratio of flexural strength of mixes to flexural strength of the control mix 

 

 
from the compressive strength results. Maximum flexural 

strength in SF-, PPF-, and GF-reinforced mixes was 

achieved by using 1.5%, 0.5%, and 0.5% fiber, 

respectively. The flexural strengths of mix SF-1.5, PPF-

0.5, and GF-0.5 were about 43%, 40%, and 61%, 

respectively, higher than that of the control mix at the 

ambient temperature. As it can be observed, GF-0.5 with 

28-day flexural strength of 7.92 MPa showed the highest 

flexural strength among all mixes. 

At elevated temperature, consistent with the results of 

the compressive strength test, the flexural strength of 

mixes exhibited an increase at 200 °C, and then was 

reduced monotonically as the temperature was increased. 

For example, the control mix showed 16% higher 

flexural strength after exposure to 200 °C, which could 

be ascribed to the positive effect of heat exposure on the 

hydration of Portland cement and formation of C-S-H 

gel. Similarly, fiber-reinforced mixes showed 

enhancements in the flexural strength at this temperature. 

In agreement with the compressive strength, the 

maximum level in the residual flexural strength of fiber-

reinforced mixes at 200 °C with respect to the ambient 

temperature was obtained in mix GF-0.5, which was 

about 24%. The lowest level in the flexural strength at 

this temperature was observed in mix FPC-NC, which 

was 13%. Since the fireproof coating limited the heat 

transfer to the inside of the concrete specimen, the 

increase in strength was limited as well. By increasing 

the temperature, the flexural strength of the concrete 

mixes started to decrease. For example, the residual 

flexural strength of the control mix after exposure to 

temperatures of 400 and 600 °C was 18% and 51% lower 

than the corresponding value at the ambient temperature. 

At 800 °C, spalling occurred in the specimen and it 

exploded in the oven, and thus no data is available 

regarding  the  flexural  strength  of  the plain  concrete 

at this temperature. It could be related to the higher 

surface-to-volume ratio of the beam samples as 

compared to that of the cube samples, which increased 

the area of the surface exposed to heat. The degradation 

of the flexural strength at elevated temperature could be 

due to evaporation of free water, decomposition of the 

dehydrated products, and mismatch between the strain of 

the paste and that of the aggregates due to high 

temperature gradient. Upon exposure to fire, the paste 

tends to shrink as it loses water and the binding gel 

becomes damaged, whereas aggregates tend to expand 

[59, 60]. The difference between the change in the 

volume of the paste and aggregates reduces the paste-

aggregate bond, and thereby reduces the load-bearing 

capacity of the concrete . 

In line with the results of compressive strength, fiber-

reinforced mixes showed a superior performance at 

elevated temperature compared to the plain concrete. In 

SF-reinforced mixes, the residual flexural strength 

increased up to a fiber content of 1.5%. Similar to the 

control mix, mix containing 0.5% SF failed at 800 °C and 

did not show any strength; however, at 200-600 °C, it 

showed 27%-30% higher residual flexural strength than 

that of the control mix as shown in Figure 8. Mix 

reinforced with 1% SF performed slightly better than mix 

with 0.5% SF; whereas, mix with 1.5% SF showed the 

highest residual flexural strength in SF-reinforced mixes. 

The residual flexural strengths of mix SFC-1.5 at 200, 

400, and 600 °C were 51%, 62%, and 82% higher than 

that of the control mix, respectively. However, using 2% 

SF resulted in the lowest flexural strength in SF-

reinforced mixes, which was even lower than that of the 

control mix. For example, the residual flexural strengths 

of mix SFC-2 at 400 and 600 ℃ were 54% and 58% lower  
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than that of the control mix, respectively. Heat treatment 

had a negative effect on the fiber-matrix bond as the 

fibers start to soften and the paste starts to contract. 

Therefore, additional strength provided by the fiber-

matrix bond reduces with temperature, lowering the 

contribution of fibers to the flexural strength [61]. 

Furthermore, as the amount of fibers exceed a critical 

value,  the  fiber  balling  effect  increases  the  porosity 

of the concrete, which is further intensified when fibers 

melt  at  extreme  temperatures  and  leave  behind  pores 

and gaps. 

Moreover, the PPF-reinforced mixes performed 

superior to SF-reinforced mixes at elevated temperature. 

The flexural strengths of the optimal mix, i.e., mix PPF-

0.5, were reduced by 9%, 27%, and 66%, respectively, at 

400, 600, and 800 °C. It may be attributed to the 

flexibility of PPF, which enables it to bend in different 

directions and fill in the pores and gaps more effectively 

than SF. Also, mix PPF-0.5 outperformed the control mix 

by showing 49%, 55%, and 107% higher flexural 

strength at the same temperatures. The crack arrestment 

by fibers mitigated the propagation of the thermal-

induced micro-cracks and the bridging action of fibers 

over the cracks contributed to the strength gain [16]. As 

the fiber content was increased, the fire resistance of 

PPF-reinforced mixes began to decline. For the sake of 

illustration, the residual flexural strengths of mix PPF-

0.5, PPF-1, PPF-1.5, and PPF-2 at 800 °C were 66%, 

82%, 91%, and 96% lower than the corresponding value 

at 23 °C, respectively. As mentioned earlier, as the 

content of fiber increases in the mix, the workability 

drops, and thus the quality of compaction of the mix and 

fiber dispersion reduce as well. As a result, the porosity 

of  the  concrete  increases,  which  has  a  negative  effect 

on its strength. The exposure to elevated temperatures 

can further increase the gaps and pores in the concrete as 

a  result  of  degradation  of  C-S-H  gel  and  melting  of 

fibers. 

In agreement with the compressive strength results, 

the highest residual flexural strength was obtained in GF-

reinforced mixes. Addition of 0.5% GF led to minimum 

losses of strength after heat treatment at 400, 600, and 

800 °C, which were 4%, 25%, and 58%, respectively. 

Furthermore, the residual flexural strengths were 

enhanced by 73%, 89%, and 145% at 200, 400, 600 °C 

compared to that of the control mix, respectively. 

Although the flexural strength was reduced with 

increasing fiber content in GF-reinforced mixes, the 

residual  flexural  strength  of  all  GF-reinforced  mixes 

was  still  higher  than  that  of  the  control  mix  at  all 

temperatures. For the sake of illustration, the strength 

losses  at  800 ℃  in  mix  containing  0.5%,  1%,  1.5%, 

and  2%  GF  were  58%,  72%,  85%,  and  88%,  

 

 

 

respectively. Similar reports can be found in the previous 

studies. Ravikumar and Thandavamoorthy [62] showed 

that  the  compressive  strength  losses  at  300 °C  in 

concrete  reinforced  with  0.5%  and  1%  GF  were  25% 

and  10%,  while  the  strength  loss  of  the  control  mix 

was 32%. 

Moreover, the fireproof coating has shown to be 

effective in increasing the residual flexural strength when 

exposed to fire. The strength reductions at 400, 600, and 

800 °C were 6%, 27%, and 64%, respectively; however, 

the residual flexural strengths were still 40%, 64%, and 

113% higher than that of the control mix at the same 

temperatures.  Fire  insulation  improved  the  resistance 

and  stability  of  the  concrete  against  fire  by  limiting 

the amount of heat reaching to the core of the concrete 

[37]. 

 

4. 5. Analysis of Variance (ANOVA)            In this 

section, ANOVA method was employed to quantify the 

influence of temperature, fibers, and their interaction on 

compressive strength and flexural strength of concrete 

mixtures. ANOVA is a widely used method to calculate 

the contribution of variables involved in a problem [63, 

64]. Since two variables were involved in this study, two-

way ANOVA was performed to rank the input 

parameters including temperature, fiber percentage, and 

their interaction based on their significance to the 

problem. 

Figure 9(a)-(f) shows the ANOVA results of 

compressive strength and flexural strength. Figure 9(a)-

(c) illustrates the ANOVA results regarding compressive 

strength. As seen, the contribution of temperature was 

significantly higher than that of the fiber percentage. For 

example, the contribution of temperature for concrete 

reinforced  with  SF  was  90%  while  the  contribution 

of fiber percentage was 4.2%. Furthermore, it was 

observed that the contribution of fiber percentage was 

higher  in  case  of  PPF  and  GF  and  it  increased  to 

12% and 18%, 

respectively. This owed to the higher melting point of 

these fibers, which increased their influence on strength 

of mixtures at elevated temperatures. This agreed with 

the compression test results, where concrete containing 

SF showed the highest reduction in strength at elevated 

temperature. For example, the compressive strength of 

mix with the optimum SF content was reduced from 50 

MPa at 23 °C to 14 MPa at 800 °C, while that of the mix 

with the optimum GF content was reduced from 53 MPa 

to 24 MPa. Similar results were observed for flexural 

strength. With reference to Figure 9(d)-(f), the 

contribution of fiber percentages for concrete containing 

SF, PPF, and GF were 9.8%, 14.7%, and 23.3%, 

respectively. 
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(a) 

 
(d) 

 
(b) 

 
(e) 

 
(c) 

 
(f) 

Figure 9. ANOVA results for the compressive strength of (a) SF-reinforced mixes, (b) PPF-reinforced mixes, (c) GF-

reinforced mixes; and ANOVA results for the flexural strength of (d) SF-reinforced mixes, (e) PPF-reinforced mixes, (f) 

GF-reinforced mixes 

 
 
5. CONCLUSIONS 
 

This study investigated the fire resistance of concrete 

reinforced with three different types of fibers including 

SF, PPF, and GF incorporated at four different fiber 

contents including 0.5%, 1%, 1.5%, and 2%. The 

elevated temperature performance of the mixes was 

compared to that of the concrete insulated with a 15 mm 

layer of fireproof coating. The workability, mass loss, 

residual compressive and flexural strengths of mixes 

were evaluated. Based on the test results, the following 

conclusions are drawn: 

• The inclusions of fibers results in reduced 

workability. The reduction is below 10% generally 

for fiber content less than 2%; however, by adding 

2% fiber, the slump value reduced by up to 20%. PPF-

reinforced mixes showed the lowest workability 

among fiber-reinforced mixes and SF-reinforced 

mixes are the most workable. 

• Concrete mixes exhibit an increase of 8%-25% in the 

mechanical strength at 200 °C compared to the 

corresponding value at the ambient temperature. The 

use of fibers enhances the fire resistance. The 

optimum fiber content for SF-, PPF-, and GF-
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reinforced mixes were 1.5%, 0.5%, and 0.5%, 

respectively. 

• The reduction of the flexural strength was more 

obvious compared to the compressive strength. It can 

be related to the higher sensitivity of flexural strength 

to the presence of thermal-induced cracks than 

compressive strength. 

• The maximum residual compressive and flexural 

strengths were obtained for mix containing 0.5% GF, 

which were up to 117% and 145% higher than that of 

the control mix, respectively. 

• The insulation of the concrete with fireproof coating 

is a very effective technique to enhance the fire 

resistance of an existing concrete structure. As the 

temperature increases, the effectiveness of the 

fireproof coating becomes more pronounced. At 800 

°C, the insulated concrete exhibits up to 76% and 

113% higher compressive and flexural strengths 

compared to that of the control mix, respectively. 

It can be concluded that in order to achieve the highest 

fire resistance of concrete, 0.5% GF should be added 

during the construction process. Whereas, fireproof 

coating technique can be applied after the construction 

process, which can enhance the fire resistance to a level 

comparable to that of the mix reinforced with 0.5% GF. 
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Persian Abstract 

 چکیده 
 یش مطالعه افزا ینبرد. هدف از ا یحال، هنگام قرار گرفتن در معرض آتش از پوسته پوسته شدن و کاهش قابل توجه استحکام رنج م ین با ادارد.  یبتن استحکام و دوام خوب

  یشه ش  یاف(، الSF)  یفوالد  یافبا ال  ییهامنظور، مخلوط  ینا  ی. برایق( اعمال پوشش ضد حر2و    یاف،با ال  یت ( تقو1مختلف:    یکمقاومت بتن در برابر آتش با استفاده از دو تکن 

(GFو ال )یلن پروپ   ی پل  یاف  (PPF  با )مخلوط کنترل    یکشده بود، ساخته شد. مواد و    یه پوشش نسوز ته  مترییلی م  15  یهکه با ال  ی عالوه بر مخلوط  یمان،درصد وزن س  2تا    5/0

  یک هر دو تکن  یش،آزما  یجقرار گرفتند. با توجه به نتا  یابیمورد ارز  یکی و مکان  یزیکیقرار گرفتند و خواص ف  سانتیگراددرجه    800-200 یباال  یها در معرض دماهاهمه مخلوط

 117 یب به دست آمد که به ترتدرصد  GF 5 /0 یمخلوط حاو یبرا یماندهباق یو خمش ی بتن مؤثر بودند. حداکثر مقاومت فشار یهامقاومت در برابر آتش مخلوط یشدر افزا

نسبت   یباالتر ی و خمش یدرصد مقاومت فشار 113درصد و  76تا  یببتن با پوشش نسوز به ترت ین بود. همچن یگراده سانتدرج 800رل در از مخلوط کنت بیشتر  صددر 145 و

  ین ر آتش است. با امقاومت در براب یشافزا ی کارآمدتر برا یتر و از نظر اقتصادمطلوب  یکردی بتن، رو یدتول ینددر فرآ یافبه مخلوط شاهد نشان داد. مشخص شد که افزودن ال

 دهد. یشافزا یایسهتواند مقاومت در برابر آتش را به طور قابل مقای است و م ینهموجود، اعمال پوشش نسوز تنها گز یسازه بتن یک یحال، برا
 


