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Abstract: One of the problems that concrete structures may face is fire 

exposure, which can cause several issues for concrete structures, 

deterioration, reduction in serviceability, and potentially demolition. In this 

study, self-compacting concrete was used and reinforced with steel fiber as a 

volume fraction Vf by 0.75, 1.25, and 1.75% for both hook and micro steel 

fiber. The fresh and mechanical properties of all the tested mixes were 

examined. It was observed that the addition of fibers reduced the fresh 

properties and increased the mechanical properties for both types of fibers, 

especially for hook steel fiber. To study the effect of fire exposure on the 

properties of concrete, the samples were subjected to direct burning at 

temperatures reaching 300, 400, and 500°C for one hour of exposure, 

followed by gradual cooling to ambient temperature. It was noted that the 

mechanical properties significantly decreased with increasing burning 

temperatures, and the presence of fibers mitigated the deterioration that 

concrete is subjected to during burning. This enhancement was directly 

proportional to the augmentation of fiber volume fraction for both types, 

except for 1.75% hook steel fiber at 400 and 500°C, where there was a 

decrease in the improvement rates. Moreover, as for 1.75% micro steel fibers, 

this behavior was observed at 500°C only. 

Keywords: self-compacting concrete, hook steel fiber, micro steel fiber, 

percentage volume fraction, fire flame, and mechanical properties 

1 Introduction 

Fire is concerned as one of the most severe risks on concrete structures. When concrete is 

exposed to high temperatures during a fire, it can suffer significant damage, including cracking, 

spalling, and a reduction in strength [1-4]. These effects not only weaken the structure but can also 

make it unsafe for use afterwards. As buildings become more complex and safety standards more 

demanding, understanding how different types of concrete behave under fire conditions is increasingly 

important [5-8]. Although conventional concrete has been the subject of extensive research regarding 

its behavior under fire exposure, comparatively less attention has been given to advanced materials 

such as Self-Compacting Concrete (SCC) [9-12]. SCC is an innovative type of concrete characterized 

by its ability to flow under its own weight and fully consolidate without the need for external vibration, 

enabling it to fill complex formwork and encapsulate dense reinforcement [13-16]. This 

self-compacting capability is achieved through a carefully proportioned mix that typically incorporates 

a higher content of fine materials, chemical admixtures, and, in many cases, supplementary 
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cementitious materials such as fly ash or ground granulated blast furnace slag.[17] While these 

modifications enhance the workability, uniformity, and mechanical performance of SCC, they also 

introduce uncertainties regarding the material's response to elevated temperatures [18, 19]. Because of 

its different composition and behavior, SCC may respond to fire in ways that differ from conventional 

concrete. Its dense structure, while beneficial for strength and durability, can also trap moisture, which 

increases the risk of explosive spalling under high temperatures [20, 21]. 

 The utilization of fiber enhances the mechanical characteristics of SCC and restrains the 

development of cracks. However, these improvements vary and depend on fiber type, and the 

percentage of volume fraction, [22-25]. Moreover, the workability, aggregate particles size and fiber 

percentage should be taken into consideration when utilizing fiber in self-compacting concrete. Using 

a single fiber type enhances the properties of concrete at a restricted level, unlike the utilization of 

more than one type of fiber in which it enhances the properties of concrete even further [26,27]. 

Increased strength and toughness were noticed when using a combination of macro-fiber (0.5mm in 

diameter) and micro-fiber (less than 0.022 mm in diameter) when studying failure processes at 

different stages for concrete. Adding steel fibers helps improve concrete resistance to cracking and 

helps it retain strength after exposure to fire. However, unlike polypropylene fibers, steel fibers are 

less effective at relieving internal vapor pressure, so their reduction of the occurrence of spalling is 

insignificant. Even so, their contribution to maintaining the structural integrity of SCC under fire 

conditions is well recognized [28, 29]. The effect of burning at temperatures at (300, 400, and 500) OC 

on high-performance concrete (HPC) was studied, and its impact on some mechanical properties after 

reinforcement with steel fibers for two burning durations (1 and 1.5 hour) was examined. It was 

concluded that the compressive strength decreased with the increased of exposure burning duration 

and also with higher burning temperatures, where the residual strength was between 36-78% for 

reference mix and between 49-89% for fiber-reinforced concrete [30]. In another study, the effect of 

steel fibers on the microstructure and toughness of concrete exposed to high temperatures of 500 OC 

was examined. The study showed that adding fibers increases the resistance to bending and splitting 

and reduces the loss occurring after exposure to fire. On the other hand, concrete without fibers was 

more sensitive and deteriorated more than concrete with steel fibers. As for the toughness test, the 

presence of fibers reduced the deterioration caused by burning, with an increase in toughness by 

600-800% compared to the concrete without fibers [31]. Other research found that adding steel fiber 

with (0.25 and 0.5) % and polypropylene fiber of (0.15) % as volume percentages to lightweight 

self-compacting concrete exposed to burning at temperatures of (300, 450, and 600) OC, improved the 

compressive strength, splitting tensile strength, and ultrasonic pulse velocity, especially at burning 

temperatures of (450 and 600) OC [32]. The addition of micro steel fibers in proportions (0.5, 1, and 

1.5) % as a volumetric ratio had an impact on the behavior of reactive powder concrete exposed to 

burning temperatures of (300, 400, and 500) OC. The results showed that the reference mix (without 

fibers) yielded the worst results in the approved tests compared to the fiber-containing mixes for all 

burning temperatures, especially at 500 OC. The 1.5% fiber content improved the properties at 300 

OC by (6.67, 4.13, and 7)% for compressive, splitting, and flexural strengths, respectively [33]. This 

study investigates the influence of different types of steel fibers specifically hooked and micro steel 

fibers—incorporated at varying volume fractions (0%, 0.75%, 1.25%, and 1.75%) on the mechanical 

properties of self-compacting concrete (SCC) subjected to fire flame at different temperatures 

(ambient, 300 °C, 400 °C, and 500 °C). The specimens were cooled (quenching) using gradual cooling 

method to assess the combined effects of fiber type, dosage, and fire exposure on SCC performance. 

The study of steel fiber-reinforced self-compacting concrete (SCC) under the influence of high 

temperatures or fire is of great importance due to the increasing use of this type of concrete in modern 

structures such as high-rise buildings, bridges, and complex reinforcement structures. Although 

self-compacting concrete (SCC) is characterized by high workability and good density, exposure to 

high temperatures may lead to deterioration in its microstructure, increased porosity, and the 

formation of micro-cracks, which negatively affects its mechanical performance. This research aims to 

explore how different steel fiber types, added in varying amounts, influence the strength and durability 

of self-compacting concrete after being exposed fire flame at different temperatures with gradual 

cooling method, the study seeks to understand how these combined factors affect the concrete’s 
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performance and to determine which fiber configurations offer the best protection under fire 

conditions. 

2 Materials  

Self-compacting concrete employed for this study consists of many main components to inshore a 

designed compressive strength of (𝑓𝑐
′ ≈ 45 MPa). Ordinary Portland cement OPC (CEM I 42.5 N), 

according to the IQS 5/ 2019 [34], and type I according to ASTM C150/C150M-20 [35] 

specifications, was used. Tab. 1 displays the chemical composition and main compounds for (OPC), 

while the physical properties are illustrated in Tab. 2. A Nominal size of (10) mm coarse aggregate 

conforming to the requirements of IQS 45/1984 [36], and Nominal size (9.5-2.36) according to ASTM 

C33/C33M-18 [32] was utilized; sieve analysis, and physical with chemical characteristics for coarse 

aggregate are presented in Tab. 3 and Tab. 4, respectively. Fine aggregate classified as zone 2 

according to IQS 45/1984[36], and fulfills ASTM C33/C33M-18[37] was used, physical and chemical 

properties, and sieve analysis; are displayed in Tab. 5 and Tab. 6, respectively. The additive material 

applied in this study was silica fume by 3% as a partial replacement by weight of cement, which 

conforms to ASTM C1240-20 [38] with accelerated pozzolanic strength activity index at 7 days of 

115%. Physical properties and chemical analysis of silica fume are illustrated in Tab. 7 and Tab. 8, 

respectively. To enhance SCC workability Super-Plasticizer, type F was utilized conforming ASTM 

C494/ C494M-17 [39]. Technical properties for the super-plasticizer used are listed in Tab. 9. Two 

types of steel fibers, micro steel fiber and hooked steel fiber, were adopted, as shown in Fig. 1. The 

Properties of the steel fibers are illustrated in Tab. 10. 

Table 1. Chemical Composition and Main Compounds of OPC 

Chemical Composition Result IQS No. 5/2019 Limits ASTM C150-20 Limits/ type I 

Lime (CaO) 63.4 ----- ----- 

Silica (SiO2) 22.1 ----- ----- 

Alumina (Al2O3) 3.72 ----- ----- 

Iron Oxide (Fe2O3) 2.41 ----- ----- 

Magnesia (MgO) 3.82 ≤5.0 ≤6.0 % 

Sulfate (SO3) 2.53 ≤ 2.8 If C3A > 3.5 ≤3.0 if C3A≤8% 

Insoluble residue (I.R) 0.86 ≤1.5 ≤1.5 % 

Loss on Ignition (L.O.I) 1.13 ≤4.0 ≤3.0 % 

 Main Compound of 

OPC 

  

Tri Calcium Silicate (C3S) 54.42   

Di Calcium Silicate (C2S) 22.39   

Tri Calcium Aluminate (C3A) 5.78   

Tera Calcium Aluminate Ferrite 

(C4AF) 

7.32   

Table 2. Physical Properties of OPC 

Physical Properties Result IQS No. 

5/2019 Limits 

ASTM C150-20  

Limits/ type I 

Specific surface area m2/kg (Blain method) 334 ≥ 250 ≥ 260 

Initial setting time, (min) 131 ≥ 45 ≥ 45 min 

Final setting time, (hr.: min) 5:14 ≤ 10 ≤375min  

Compressive strength, (MPa)    @ 2 day 

@ 28 day 

19 

42.8 

≥ 10    

≥ 42.5 

@ 3 day       ≥ 12                                             

@ 7 day       ≥ 19 

Table 4. Chemical and physical properties of coarse aggregate 

Property Test Result IQS No. 45/1984Limits  

Specific gravity 2.61 ------ 

Absorption 0.9% ------ 

Sulfate content (SO3) 0.06% ≤0.1%  

Dry rodded density kg/m3 1602  ------ 
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Table 3. Sieve analysis of coarse aggregate 

Sieve size (mm) Passing % 
IQS No. 45/1984Limits  

Nominal size (10) mm 

Limits of ASTM C33-18 

Nominal size (9.5-2.36) 

14 100 100 - 

12.5 100 - 100 

10 93 85-100 85-100 

4.75 20 0-25 10-30 

2.36 2 0-5 0-10 

Table 5. Chemical and Physical Properties of Fine Aggregate 

Property Specification Result IQS No. 45/1984Limits  

Specific gravity ASTM C128 2.58 -------- 

Absorption  ASTM C128 0.94% -------- 

Dry rodded density  ASTM C29/C29M 1638kg/m3 -------- 

Sulfate content SO3 Iraqi Reference Guide 

No.500/3, 2018 
0.37% ≤0.5% 

Fine particles passing 

from sieve 75 µm  

Iraqi Reference Guide 

No.500/4, 2018 
3.18% ≤5.0% 

Table 6. Sieve analysis of Fine Aggregate 

Sieve size (mm) Passing % IQS No. 45/1984Limits - zone (2) Limits of ASTM C33-18 

10 100 100 100 

4.75 95 90-100 95-100 

2.36 80 75-90 80-100 

1.18 69 55-90 50-85 

0.6 51 35-59 25-60 

0.3 22 8-30 5-30 

0.15 3 0-10 0-10 

0.075 0  0-3 

Table 7. Physical Properties for Silica Fume 

Physical Properties Result ASTM C1240-20 

Percent retained on 45-µm (No.325) sieve  6% ≤ 10 

Accelerated pozzolanic Strength activity index @ 7 days 115 % ≥ 105 

Specific surface area  18 m2/gm ≥ 15 

Table 8. Chemical Analysis for Silica Fume 

Oxide composition Oxide content % ASTM C1240-20 

SiO2 90.9 ≥ 85.0 

Al2O3 0.36 ---- 

Fe2O3 1.22 ---- 

CaO 1.8 ---- 

SO3 0.56 ---- 

MgO 2.21 ---- 

Na2O 0.17 ---- 

K2O 0.09 ---- 

L.O. I 2.2 ≤ 6.0 

Moisture content 0.4 ≤ 3.0 

Table 9. Technical Properties for Super-Plasticizer 

Appearance Transparent or Light Brown Liquid 

Calcium Chloride Nil 

Density 1.10 ± 0.02 gm/ml 

Viscosity 450 cPs @ 20°C 

Setting time Initial and final setting time depends on temperature, cement quantity and dosage used 

Packaging Packed in 20-liter Jerrycans or 1000-liter IBCs 

* Manufacturers data 
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Table 10. Steel Fibers Properties 

Appearance Hook steel fiber      Micro steel fiber 

Length           (mm) 35 13 

Diameter         (mm) 0.55 0.2 

Aspect ratio       (l/d) 64 60 

Tensile Strength   (MPa) 2200 ≥ 2850 

Density         ( kg/m3) 7800 7850 

            * Manufacturers data 

  
Fig.1. steel fibers: a-micro steel fiber, b- hooked steel fiber. 

3 Mix proportions  

Several trial mixes were conducted before starting the main mix to achieve the desired 

workability according to EFNARC, 2005 [40] and the designed strength. Seven mixes had been 

prepared with a fixed amount of w/c ratio, silica fume and water reducing agent. As mentioned earlier, 

the research intends to investigate two types of steel fibers with different percentages of volume 

fractions (Vf %) as 0.75% up to 1.75% with increments of 0.5% in self-compacting concrete and 

exposed to fire ranging in temperature between 300 to 500°C. Tab. 11 lists the constituents for the 

prepared mixes. 

Tab. 11. Mix proportions for SCCmixes 

Mixes 
Cement 

kg/m3 

Silica Fume 

kg/m3 

Sand 

kg/m3 

Gravel 

kg/m3 

Water 

kg/m3 

Micro steel fiber 

Vf % 

Hooked steel fiber 

Vf % 

MR 557 16.7 755 879 172.1 0 0 

MS0.75 557 16.7 755 879 172.1 0.75 0 

MS1.25 557 16.7 755 879 172.1 1.25 0 

MS1.75 557 16.7 755 879 172.1 1.75 0 

MH0.75 557 16.7 755 879 172.1 0 0.75 

MH1.25 557 16.7 755 879 172.1 0 1.25 

MH1.75 557 16.7 755 879 172.1 0 1.75 

SP = 0.9 l /100 kg of cement / Silica fume = 3% replacement by cement weight / w/p = 0.3 

4 Testing method and discussion  

4.1 Fresh properties 

The main characteristic of self-compacting concrete is its high workability without segregation 

easing the process of concreting filling up densely reinforced formwork. Hence, slump flow, T500 

(filling capacity), V funnel (viscosity) and L-box test (passing ability) were conducted in accordance 

with the European guideline and many researches [11,12][40-43]. Also, for segregation characteristics, 

the sieve-segregation index test is investigated.  

The fresh properties of SCC and the effect of both types of fibers (micro steel and hooked end) 

on the workability of fresh SCC samples were conducted, as shown in Tab. 12. 

a b 



Awad et al., SUEM, 2026, 2(1): 000016 

000016-6 

 

Table 12. Fresh Properties of SCC mixes 

Mixes 
Slump flow 

(mm) 
T500mm (sec) 

V-funnel 

(sec) 
L-box Segregation index, % 

MR 776 3.6 9.3 0.94 13.9 

MS0.75 744 4.7 10.1 0.91 12.2 

MS1.25 715 5.5 11.4 0.89 10.5 

MS1.75 688 6.3 12.5 0.82 9.1 

MH0.75 723 5.2 10.8 0.89 11.5 

MH1.25 691 6.1 12.1 0.85 9.6 

MH1.75 657 7.7 14.3 0.81 8.1 

(EFNARC, 2005) 

Limits 

SF1 550 - 650 

SF2 660 - 750 

SF3 760 - 850 

T500 > 2, 

V-funnel (9 to 25) 
≥ 0.8 

SR1 ≤ 20 

SR2 ≤ 15 

4.1.1 Slump and T500mm tests  

The results of slump test for the SCC mixes containing both types of fiber are shown in Fig.2. As 

a general observation, the increase in volume of any types of fiber reduced the workability of the mix 

proportionally [44]. In comparison to the control mix, SCC mixes containing micro steel fiber showed 

a reduction in slump reaching 11.34% at the volume fraction of 1.75%. However, the reduction in 

slump readings exhibited by SCC mixes containing hooked end fiber was higher in comparison to 

their micro-steel counterparts at all volume fraction percentages [30]. At the volume fraction of 1.75% 

of hooked end fiber, the slump of SCC mixes was reduced to 15.3% in compared to the control mix. 

This is due to the differences in surface area, geometry and the interaction of these different types of 

fiber with the fresh mix. Hooked end fiber anchor themselves mechanically into the mix leading the 

SCC mix to resist flow. In addition, the higher surface area of bonding that hooked end fiber possesses 

increases the friction, hence, reducing the flow of the mix. 

       
 Fig. 2. Effect of micro and hook steel fiber on slump test  

 
Fig. 3. Effect of micro and hook steel fiber on T500 test  

Concerning to T500mm test, micro-steel fiber SCC mixes showed times lower in comparison to 

SCC mixes containing hooked end fiber at similar volume fractions as shown in Fig.3. Mixes 

containing micro steel fiber exhibited times of 4.7, 5.5 and 6.3 seconds at volume fractions of 0.75, 

1.25 and 1.75% respectively. Whereas hooked end SCC mixes exhibited times of 5.2, 6.1 and 7.7 
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seconds at similar volume fractions. The increase in time that SCC mixes containing hooked end fiber 

to complete the T500mm test is due to longer length and larger diameter that this fiber has in comparison 

to that of the micro-steel fiber. Longer fiber tends to experience more entanglement with each other 

during flow leading to resisting the movement of the mix. 

4.1.2 V-funnel test 

This test investigates the mix’s overall flow through a narrow opening. However, this test has a 

higher sensitivity towards blocking or fiber interlocking in comparison to the T500mm. Increased times 

were exhibited by SCC mixes containing fiber regardless of fiber type as shown in Fig.4. SCC mixes 

containing hooked end fiber showed increased time readings in comparison to their micro-steel fiber 

counterparts at the same volume fractions. SCC mixes containing hooked end fiber showed higher 

time readings that reached 14.3 seconds at a volume fraction of 1.75%. In comparison to SCC mixes 

containing micro-steel fiber, at a similar volume fraction, the V-funnel reading was 12.5 seconds. 

Therefore, a similar trend was exhibited as the T500mm test. This is compatible with the fact that hooked 

end fiber may interlock on each other or with the coarse aggregate inside the funnel leading to highly 

viscous mix leading to the reduction of passing ability.  

       

Fig. 4. Effect of micro and hook steel fiber on V-funnel test  

4.1.3 L-box test 

To ensure that SCC mixes can flow through congested reinforcement, the L-box test is crucial for 

passing ability. Fig.5 shows the L-box test behavior for the control and SCC mixes containing 

micro-steel and hooked end fibers. Regardless of fiber type, SCC mixes containing fiber showed 

lower L-box readings than that exhibited by the control SCC mix and the higher volume fraction of 

fiber in the SCC mix leads to a lower L-box reading. When comparing SCC mixes containing both 

types of fiber, micro-steel fiber SCC mixes show a higher passing ability reading than those exhibited 

by hooked end SCC mixes with similar volume fractions. Micro steel fiber SCC mixes exhibited 

readings ranging from 0.91 to 0.82. While hook end SCC mixes showed readings ranging from 0.89 to 

0.81. The possibility of fiber bridging in SCC mixes containing micro-steel fiber is lower than that of 

SCC mixes containing hooked end fiber. This is caused by the lower mechanical interlocking of 

micro-steel fibers and to their shorter and thinner geometry. It is known that the thicker longer hooked 

end fiber has a high tendency to entanglement leading to the restriction of movement. 

 
Fig. 5. Effect of micro and hook steel fiber on L-box test 
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4.1.4 Segregation index test  

The sieve-segregation index test according to Tab. 12, it was observed that all mixes fall within 

the EFNARC (2005) specifications and are classified as (SR2). However, it was noted, according to 

Fig.6, that the effect of the fibers is inversely proportional to the segregation index for both types of 

fibers and for various percentages used. The reduction percentage reached to (34.5, 41.7) % for the 

two types of steel fibers (micro and hook) used with 1.75 volume fractions, respectively. The addition 

of hook type fiber had the most significant effect compared to micro type fiber, for the same volume 

fractions the reduction percentage reached 10.9% due to the fiber length and the interlocking of hook 

type fibers within the mixes.  

 
Fig. 6. Effect of micro and hook steel fiber on segregation index test  

4.2 Hardened properties  

A total of 252 specimens were casted and prepared. A cubic specimen of 100mm for compressive 

strength, cylinders having the dimensions of 100mm in diameter and 200mm in length for splitting 

tensile strength, and prisms of (75×75×380) mm for flexural strength. Samples were demolded after 

24 hours and immersed in water up to the age of 28days ASTM C192/C192M-24 [45]. However for 

fire flam exposure 187 specimens were kept in laboratory conditions, in terms of temperature and 

humidity, for another 28 days allowing the specimens to dry out completely and prevent any moisture 

from existing within the specimens’ core. This is done to prevent the occurrence of internal stresses 

when these samples are subjected to high temperatures causing the specimens to spall [3] [7].  

    
Fig. 7. Burning furnace 

       
Fig. 8. Digital thermometer 
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Specimens were subjected to fire using a steel furnace having the dimensions of 

(3000×1350×500) mm as shown in Fig.7, with constant-steady burning temperatures of (300, 400 and 

500) °C using a thermocouple as demonstrated in Fig. 8, The selected burn degrees were achieved 

based on ASTM E119 [46]. Cooling procedures were implemented on the specimens to replicate the 

thermal response of structural elements subjected to fire exposure. 

4.2.1 Compressive Strength 

This test was conducted according to BS EN 12390-3:2019 [47]. At standard ambient 

temperature (25°C), the compressive strength results indicated that increasing the fiber volume 

fraction led to higher compressive strength, particularly with hooked steel fibers as illustrated in Tab. 

13. Fig. 9 (a, and b) shows the compressive strength results for micro and hook steel fibers at ambient 

and different burning temperatures. 

Table 13. Compressive strength results at different burning temperatures using micro and hook steel fibers 

Compressive strength (MPa)  

                      Micro steel fiber Hook steel fiber 

Temp. oC MR MS0.75 MS1.25 MS1.75  MR MH0.75 MH1.25 MH1.75 

25 48.00 49.70 52.80 53.4  48.00 50.64 54.24 55.87 

300 39.90 41.84 45.83 46.70  39.90 43.50 47.45 49.20 

400 32.98 34.83 37.80 39.10  32.98 36.45 39.60 40.70 

500 15.85 16.87 19.30 16.50  15.85 18.10 20.24 17.10 

 
(a) Micro steel fiber                          (b) Hook steel fiber 

 Fig.9. Effect of burning temperatures and different Vf % on the compressive strength of SCC 

The strength values ranged from 48 MPa to 55.87 MPa as the volume of hooked steel fibers 

increased. However, in the case of self-compacting concrete (SCC) specimens with micro steel fiber, 

this trend aligned with that of hooked steel fibers reaching to 53.4 MPa. When comparing the 

performance of both types of fibers, it is clearly visible that the SCC specimens with micro steel fibers 

were inferior in terms of compressive strength when compared to SCC specimens containing hook 

steel fibers. This is due to the better interlocking mechanism that hooked fibers have due to their 

deformed ends.  

When subjected to fire flam with different temperatures, compressive strengths were reduced for 

all specimens with and without fiber as display in Tab. 14 and Fig. 10 (a, and b) for both micro steel 

and hooked end fiber specimens     .  

Table 14. Reduction in compressive strength results at different burning temperatures using micro and hook 

steel fibers 

Reduction in compressive strength (%) 

                    Micro steel fiber Hook steel fiber 

Temp. oC MR MS0.75 MS1.25 MS1.75 MR MH0.75 MH1.25 MH1.75 

300 16.88 15.81 13.19 12.55 14.80 14.10 12.52 11.94 

400 31.28 29.91 28.41 26.78 29.20 28.02 26.99 27.15 

500 66.98 66.06 63.45 69.10 73.17 72.60 70.39 76.75 
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(a) Micro steel                        (b) Hook steel fiber 

Fig.10 reduction percent of compressive strength for different Vf % and burning temperatures 

Specimens that contain fibers (micro and hooked end steel fibers) experienced less reduction in 

compressive strength than specimens without steel fibers. Specimens with micro steel fibers 

experienced compressive strength lower than those of hooked steel fiber specimens. This is due to 

hooked-end fibers’ better mechanical anchorage that provides a stronger bonding with the concrete 

matrix; hence, effectively arresting the growth of both micro and macro cracks during and after the 

burning process. After the samples were subjected to burning, a decrease in compressive strength 

values was observed with increasing burning temperatures from (300-500)oC. This decrease 

diminishes with the addition of higher volumetric ratios of fibers, for both the hook and micro steel 

fibers used, compared to the same mixes at ambient temperature. When using a 1.75% ratio of hook 

fiber, a difference in this behavior was observed at 400 oC and 500oC, where the augment of reduction 

was (27.15, 69.39) % respectively. Moreover, when using 1.75% of micro fiber, the same behavior  

was observed only at a burning temperature of 500 oC, where it reached 69.10%. Adding 1.75% 

of hooked fibers reduce the workability of fresh concrete due to the non-uniform distribution of these 

fibers within the concrete matrix. When exposed to high burning temperatures above 400 O C, the 

efficiency of these fibers in bridging cracks decreases, and they lose part of their mechanical 

resistance at elevated burning temperatures. This results in a reduction in the efficiency of these fibers 

in improving properties at lower temperatures . Moreover, at high temperatures, damage may also arise 

due to the mismatch in thermal expansion between the steel fibers and the surrounding concrete matrix. 

Stress concentration at the fiber–matrix interface may result from differential thermal strain during 

heating because steel fibers have a higher coefficient of thermal expansion than concrete. This 

mechanism may enhance localized porosity surrounding the fibers and hasten the creation of micro 

cracks in the ITZ, and this is more clearly noticed for hook steel fiber than micro steel fiber at higher 

burning temperatures [48]. 

4.2.2 Splitting Tensile Strength 

SCC specimens containing both types of fiber when tested for splitting tensile strength according 

to ASTM C496/C496M-17 [49], exhibited similar trends as compressive strength. Tab. 15, Fig 11(a, 

and b) displays the tensile strength results for samples with both types of fiber at ambient temperature 

and at different burning temperatures. 

Table 15. Splitting tensile strength results at different burning temperatures using micro and hook steel fibers 

Splitting tensile strength (MPa) 

            Micro steel fiber   Hook steel fiber 

Temp. o C MR MS0.75 MS1.25 MS1.75  MR MH0.75 MH1.25 MH1.75 

25 3.29 3.89 4.30 4.50  3.29 4.46 4.98 5.52 

300 2.88 3.50 3.94 4.20  2.88 3.95 4.45 5.03 

400 2.51 3.10 3.58 3.83  2.51 3.43 3.90 4.21 

500 1.31 1.80 2.12 1.78  1.31 1.96 2.38 2.12 

Generally, splitting tensile strength increased with increasing the volume fraction of fiber in the 

mix. When comparing the performance of both types of fibers, there was no doubt that hooked fiber 
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specimens exhibited higher resilience to splitting tensile than those with micro steel fiber. Splitting 

tensile strengths ranged from 3.89 MPa to 4.50 MPa for specimens with micro steel fiber; however, 

readings ranging from 4.46 to 5.52 MPa were exhibited by SCC specimens with hooked steel fibers.  

 

(a)Micro steel fiber                    (b) Hook steel fiber 

Fig.11. Effect of burning temperatures and different Vf % on the splitting tensile strength of SCC 

Similar to compressive strength, splitting tensile strength results decreased with increasing 

temperatures for all specimens with and without fiber addition. Fig. 12 (a, and b) Tab. 16 lists the 

loss percentages in splitting tensile strengths for specimens with and without fiber at ambient and 

elevated temperatures.  

Table 16. Reduction in splitting tensile strength results at different burning temperatures using micro and hook 

steel fiber 

Reduction in splitting tensile strength (%) 

                 Micro steel fiber Hook steel fiber 

Temp. oC MR MS0.75 MS1.25 MS1.75  MR MH0.75 MH1.25 MH1.75 

300 12.36 10.01 8.38 6.59  12.36 11.47 10.53 8.92 

400 23.86 20.31 16.71 14.99  23.86 23.12 21.76 23.70 

500 60.06 53.72 50.75 60.49  60.06 56.15 52.21 61.55 

  
(a) Micro steel fiber          (b) Hook steel fiber 

Fig.12 reduction percent of splitting tensile strength for different Vf % and burning temperatures 

With the elevation of temperatures, specimens without fibers exhibited strength loss higher than 

those contain steel fibers for all burning temperatures reaching to 60.06% at 500°C. Similarly to 

compressive strength, splitting tensile strength loss also increased. This is due to the degradation of 

the sample’s matrix and possible de-bonding. When comparing splitting tensile strength loss of 

specimens containing fibers, hooked end fiber specimens showed higher losses in splitting tensile 

strengths than those containing micro-fibers. The losses in splitting tensile strengths reached to 23.70% 

and 61.55% for SCC samples containing 1.75% addition of hooked fibers when subjected to 400°C 

and 500°C, respectively. Whereas specimens having the same circumstances but with micro-steel fiber 

showed 14.99% and 60.49% splitting tensile strength loss for the same temperatures. This can be 

attributed to the behavior of both fibers when subjected to elevated burning temperatures. Micro steel 

fibers are less dependent on mechanical anchorage and have the tendency to distribute cracks evenly. 
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Unlike hook ended fibers are more reliant on bond and mechanical interlocking in which they 

deteriorate with increasing burning temperatures. Moreover the principal microstructural failure 

mechanisms of the fiber-matrix interface in fiber-reinforced concrete subjected to 500 °C include 

interfacial deboning caused by dehydration and thermal stresses, initiation of micro cracking in the 

Interfacial Transition Zone (ITZ), damage from differential thermal expansion, an increase in local 

porosity due to water evaporation, the formation of fiber pull-out channels, and localized matrix 

micro-spalling around fibers [50, 51]. 

4.2.3 Flexural Strength 

Flexural strength was tested based on the specification ASTM C293/C293M-16 [52]. Fig 13 (a, 

and b) and Tab. 17 illustrates the flexural strengths for both micro steel and hooked end fiber 

specimens at ambient and elevated temperatures.  

Table 17. Flexural strength results at different burning temperatures using micro and hook steel fibers 

Flexural strength (MPa) 

          Micro steel fiber     Hook steel fiber 

Temp. oC MR MS0.75 MS1.25 MS1.75  MR MH0.75 MH1.25 MH1.75 

25 4.78 5.72 6.23 6.61  4.78 6.20 6.82 7.36 

300 3.95 4.93 5.47 5.84  3.95 5.21 5.80 6.32 

400 3.34 4.10 4.65 4.97  3.34 4.41 4.90 5.15 

500 1.80 2.35 2.90 2.34  1.80 2.53 3.30 2.56 

(a) Micro steel fiber                         (b) Hook steel fiber 

 Fig.13. Effect of burning temperatures and different Vf % on the flexural strength of SCC 

In ambient temperatures, SCC specimens containing both types of fiber exhibited higher flexural 

strength readings than the control specimens. As expected, the increase in fiber addition increased the 

flexural strengths for both types of fiber. However, specimens containing hooked end steel fiber 

showed higher flexural strengths than those exhibited by specimens containing micro-steel fiber. 

Flexural strengths of hook-end fiber specimens ranged from 6.2 MPa at a fiber addition level of 0.75% 

to 7.36 at an addition level of 1.75%. Whereas the flexural strengths of specimens containing micro 

steel fiber were 5.72 MPa to 6.61 MPa at the same fiber addition levels mentioned above.  

Fig. 14 (a, and b) and Tab. 18 lists the flexural strength losses percentages for all specimens for 

micro steel and hooked end fibers respectively.  

Table 18. Reduction in flexural strength results at different burning temperatures using micro and hook steel 

fibers 

Reduction in flexural strength (%) 

Micro steel fiber                Hook steel fiber 

Temp. oC MR MS0.75 MS1.25 MS1.75  MR MH0.75 MH1.25 MH1.75 

300 17.42 13.74 12.20 11.68  17.42 15.97 14.96 14.13 

400 30.17 28.27 25.37 24.84  30.17 28.87 28.15 30.03 

500 62.37 58.88 53.45 64.61  62.37 59.19 51.61 65.22 

As a general observation, all specimens, with and without fiber, showed lower flexural strengths 

when subjected to elevated burning temperatures. The higher the temperature the higher the loss in 
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flexural strength when attempting a comparison for each specimen individually. However, a new 

rhythm was observed when comparing between specimens that have different fiber content. The loss 

of flexural strength was lower in the samples containing fiber addition ratios of 0.75%, 1.25%, and 

1.75% compared to the same mix at ambient temperature, with improved behavior as the fiber volume 

ratio increased. This rhythm was seen with both micro and hooked end fibers at burning temperature 

of 300°C. At 500°C burning temperature, micro-fiber specimens containing 0.75 and 1.25 exhibited a 

flexural strength loss of 58.88% and 53.45% respectively in comparison to hook fiber 59.19% and 

51.61%. Concerning 1.75% addition for hook steel fiber the reduction raises for both 400 and 500°C 

reaching to 30.03% and 65.22%, respectively compared to micro steel fiber which gained a reduction 

of 64.61% at 500°C only. The argument that the optimal fiber content 1.25% plays a huge role in 

toughness and in crack control for the two types of fiber used. The optimal fiber content creates a 

matrix where fibers are well distributed across the paste which effectively bridges cracks. In addition, 

it helps in delaying crack propagation in which the residual strength is increased. Furthermore, higher 

fiber content will lead in poor dispersion, clumping of fibers creating weak zones and micro-cracking 

under thermal stress due to fiber interaction. When there is no fiber, there is nothing to bridge or delay 

micro-cracking when it occurs.  

 

(a) Micro steel fiber                  (b) Hook steel fiber 

Fig.14 reduction percent of flexural strength for different Vf % and burning temperatures 

5 Correlations 

The effect of elevated burning temperatures, fiber type and fiber addition on properties of SCC 

concrete samples is analyzed.  It is worth mentioning that all burnt samples were gradually cooled 

and brought to room temperature then were tested for their mechanical properties. As a general 

observation, compressive strength decreases with an increase in burning temperature. However, type 

of fiber also affects the performance of SCC samples when subjected to elevated temperatures. 

Tab.19 and Fig.15 lists the R2 values and equations for compressive strength plotted against 

temperature for different types of fiber and increasing fiber addition. 

Table 19. R2 values and equations between compressive strength and temperature 

Fiber addition% Fiber type equation R2 

0.75 
Micro steel 𝑌 = −0.0002𝑥2 + 0.0492𝑥 + 48.445 0.9876 

Hooked end 𝑌 = −0.0002𝑥2 + 0.0554𝑥 + 49.235 0.9870 

1.25 
Micro steel 𝑌 = −0.0002𝑥2 + 0.0584𝑥 + 51.352 0.9913 

Hooked end 𝑌 = −0.0003𝑥2 + 0.0633𝑥 + 52.655 0.989 

1.75 
Micro steel 𝑌 = −0.0003𝑥2 + 0.079𝑥 + 51.38 0.9843 

Hooked end 𝑌 = −0.0003𝑥2 + 0.0851𝑥 + 53.718 0.9814 

A linear regression model accounted for 70% of the data’s variance (R2 =0.7).  A non-linear 

alternative was selected due to its superior predictive power, explaining 98% of the variance (R2 =0.98) 

due to its more accurate framework for characterizing the relationship between the variables. R2 

values range between (0.9814 and 0.9913) suggesting that the correlation between compressive 

strength, fiber type and temperature is strong and far from random. It is important to note that R2 

values for micro steel SCC specimens are higher than those exhibited by hooked end SCC specimens. 

This is due to the more consistent and predictable way that micro steel fibers vary with temperature 
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than that of SCC specimens containing hooked end fiber. It can be reasoned to micro-steel’s better 

consistency in dispersion because of their shorter and finer nature, they tend to disperse more 

uniformly leading to fewer voids and weak zones and behave more homogeneously when subjected to 

heat. In other words, as temperature rises, specimens containing micro-steel fiber lose strength 

following a smoother, more linear pattern; hence, the high regression fit. 

  

(a) 0.75 Vf % for micro and hook steel fiber        (b) 1.25 Vf % for micro and hook steel fiber 

 

(c) 1.75 Vf % for micro and hook steel fiber 

Fig.15 correlation between compressive strength and burning temperatures 

  

(a) 0.75 Vf % for micro and hook steel fiber      (b) 1.25 Vf % for micro and hook steel fiber  

 

(c) 1.75 Vf % for micro and hook steel fiber 

Fig.16 correlation between flexural strength and burning temperatures:  
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Tab. 20 and Fig.16 shows the R2 values and the best fit correlation equations between flexural 

strength readings and temperature. When observing the correlations between flexural strength 

readings, fiber type and temperature, a different rhythm arises. As the proportion of fiber increases 

(>0.75%), hook end fiber samples show higher R2 readings than those of micro-steel fiber. This is an 

indication that the data of micro-steel SCC specimens show a more scattered trend. This could be 

reasoned to the stronger anchorage of hooked end fiber has with the matrix of the SCC sample. When 

cracking propagates, more hooked end fibers engage providing constant bridging, delaying crack 

width propogation leading to an increase in flexural strength. Unlike hooked end fibers, micro steel 

fiber behaves in a different manner. As micro-steel fiber content increases, nonlinear behavior in 

flexural strength is exhibited. High quantity of micro-steel fiber in SCC causes an increased number of 

voids within the matrix. This causes the increase in flexural strength to be less uniform; hence, 

reducing the R2 values 

Table 20. R2 values and equations between flexural strength and temperature 

  

(a) 0.75 Vf % for micro and hook steel fiber      (b) 1.25 Vf % for micro and hook steel fiber  

 

(c) 1.75 Vf % for micro and hook steel fiber 

Fig.16 correlation between flexural strength and burning temperatures  

Tab.21 lists the R2 values and equations conceived by correlating splitting tensile strength and 

burning temperature at the age of 56 days. Fig.17 shows the correlation between these two properties 

at the same age. It is obvious that hooked end SCC samples showed higher R2 values than those 

obtained from micro-steel SCC samples. In other words, the splitting tensile strength reduction 

followed a predictable and more consistent pattern in comparison to that of the SCC samples 
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Fiber addition% Fiber type equation R2 

0.75 
Micro steel Y = −2E − 05X2 + 0.0049X + 5.59 0.9939 

Hooked end Y = −2E − 05X2 + 0.0043X + 6.0918 0.9906 

1.25 
Micro steel Y = −2E − 05X2 + 0.005X + 6.1074 0.9936 

Hooked end Y = −2E − 05X2 + 0.0029X + 6.7525 0.9975 

1.75 Micro steel Y = −3E − 05X2 + 0.0092X + 6.3764 0.9807 

 Hooked end Y = −3E − 05X2 + 0.0079X + 7.1662  0.9926 
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containing micro-steel fiber. This can be reasoned to fiber geometry, thermal degradation behavior 

and homogeneity. Mechanical anchorage provided by hooked end fibers improves bond strength 

between the fibers and the mix matrix, and as temperature rises it results in an even stress-strain 

response. At elevated temperatures, deterioration of paste microstructure occurs. This where the 

hooked end fibers show superior crack bridging ability for a longer duration causing smooth and 

constant strength loss in comparison to micro-steel fibers. Furthermore, hooked end fibers tend to 

limit localized damage and have the ability to distribute stress more in a more efficient manner. 

Table 21. R2 values and equations between splitting tensile strength and temperature 

Fiber addition% Fiber type equation R2 

0.75 
Micro steel    𝑌 =  −2𝐸 − 05𝑥2 +  0.0045𝑥 +  3.7745 0.9775 

Hooked end 𝑌 = −2𝐸 − 5𝑥2 + 0.0047𝑥 + 4.3427 0.9836 

1.25 
Micro steel    𝑌 =  −2𝐸 − 05𝑥2 +  0.0054𝑥 +  4.1595 0.9852 

Hooked end 𝑌 = −2𝐸 − 05𝑥2 + 0.0054𝑥 + 4.1595 0.9666 

1.75 
Micro steel    𝑌 =  −3𝐸 − 05𝑥2 +  0.0085𝑥 +  4.2743 0.9498 

Hooked end   𝑌 = − 3𝐸 − 05𝑥2 + 0.0082𝑥 +  5.3157 0.9876 

  

(a) 0.75 Vf % for micro and hook steel fiber      (b) 1.25 Vf % for micro and hook steel fiber  

 

(c) 1.75 Vf % for micro and hook steel fiber 

6 Statistical Conjectures 

For the sake of quantitatively assessing the performance of the concrete samples with different 

types of fiber subjected to different temperatures was meaningful from a statistical perspective, a 

two-factor analysis of variance (ANOVA) without replication was conducted for all investigated 

properties, putting into consideration fiber dosage (0% -1.75%) and burning temperatures 

(25°C-500°C) as independent variables. The null hypothesis suggests that there are no performance 

differences shown by the concrete samples regardless of fiber dosage volumes and burning 

temperatures.  A confidence level of 95% (α = 0.05) was adopted, where a statistically significant 

effect is indicated through a p-value less than 0.05. 

Tab.22 above shows that both temperature and dosage level have significant impact on the 

performance parameters namely (compressive, flexural and tensile strengths) regardless of fiber type. 
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Although both types of fiber show significant differences, p-values for specimens containing 

micro-steel fiber are slightly lower than those of hook-ended specimens through all performance 

parameters. This indicates that concrete specimens containing micro-steel fiber show higher 

sensitivity to temperature and dosage changes than those containing hook-ended fiber. The F-critical 

value for all performance parameters and for both types of fiber is equal to 3.862. The f-statistics 

values show that temperature is more significant than fiber dosage when observing their effect on 

compressive strength. However, fibre dosage is much more critical for tensile strength.  

Table 22. Summary of two-factor ANOVA results 

Performance parameter Type of fiber 
Source of 

variation 
P-value F-statistic 

Significant 

difference 

Yes/no 

Compressive strength 

Micro-steel 
Temperature 

Dosage level 

9.8E-10 

0.0023 

368.7026 

10.89855 

yes 

yes 

Hook-ended 
Temperature 

Dosage level 

1.3E-09 

0.0008 

342.7194 

14.72618 

yes 

yes 

Flexural strength 

Micro-steel 
Temperature 

Dosage level 

2.8 E-07 

0.001 

102.6029 

13.68819 

yes 

yes 

Hook-ended 
Temperature 

Dosage level 

5.9E-07 

0.0001 

86.87023 

24.82781 

yes 

yes 

Tensile strength 

 

Micro-steel 
Temperature 

Dosage level 

2.1E-07 

6.2E-05 

110.0000 

28.60000 

yes 

yes 

Hook-ended 
Temperature 

Dosage level 

8.7E-07 

2.4E-07 

79.01958332 

36.06923176 

yes 

yes 

Tab.23 lists the mean, SD and CV% for the performance parameters at different burning 

temperatures and fiber types.  

Table 23. Statistical analysis 

parameter Temperature mean      SD CV% 

Compressive 

strength 

oC micro hook micro hook micro hook 

25 50.975 52.188 2.562 3.545 5.025 6.793 

300 44.0675 45.013 3.954 4.159 8.972 9.241 

400 36.178 37.433 2.782 3.472 7.689 9.275 

500 17.13 17.823 1.507 1.856 8.797 10.414 

Flexural strength 

oC micro hook micro hook micro hook 

25 5.835 6.291 0.792 1.111 13.568 17.666 

300 5.048 5.298 0.822 0.991 16.277 18.704 

400 4.265 4.450 0.714 0.801 16.734 18.007 

500 2.348 2.548 0.449 0.613 19.131 24.043 
oC micro hook micro hook micro hook 

 25 3.995 4.563 0.534 0.952 13.372 20.873 

Tensile strength 300 3.630 4.077 0.577 0.912 15.908 22.371 

 400 3.255 3.49 0.582 0.746 17.873 21.374 

 500 1.775 1.965 0.368 0.470 20.728 23.893 

The in-depth statistical analysis shown in the table above sets a firm conclusion that a massive 

drop in strength is observed at the 500°C. The compressive strength drops about 30% when 

temperature is increased from 25°C to 400°C while strength plummets by over 50% when temperature 

is increased from 400°C to 500°C in comparison to micro steel fiber, the results also show that hook 

ended fibers show a consistent superior behavior in which a higher mean is observed.  Due to 

concrete’s nature, compressive strength has a relatively low CV% (roughly 5-10%) in comparison to 

flexural and tensile strengths where a higher CV% was observed. Furthermore, CV% increased as the 

temperature rises to 500°C. in addition, specimens containing hook ended fiber show a higher mean 

(higher strength), but micro-steel specimens were observed to show higher consistency (lower CV%).  

7 Conclusions 

• The workability of self-compacting concrete declines with the increase in the volume fraction 
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of steel fibers for both types used. 

• The use of hook steel fiber had a greater impact on workability than micro steel fiber. 

• The compressive, flexural, and splitting tensile strength were improved by increasing the 

percentage of added fibers, and the rate of increase for flexural and splitting was much higher 

than for the compressive strength. 

• The percentage increase for all hard properties was higher when using hook steel fibers 

compared to micro steel fibers. 

• When samples are exposed to burning, the hardened properties values generally decline with 

increasing burning temperatures. 

• The presence of fibers helped to reduce the rates of SCC impact after exposure to different 

temperatures, as it reduced the percentage reductions for all hardened properties. 

• This enhancement was directly proportional to the augmentation of fiber volume fraction for 

both types; except for 1.75% hook steel fiber at 400 and 500 oC burning temperatures, where 

there was a decrease in the improvement rates. Moreover, as for 1.75% micro steel fibers, this 

behavior was observed at 500 oC only. 

• At 300 oC burning temperature, 1.75% was the best Vf for both types used. 

• At 400 oC burning temperature, 1.75% was the best Vf for micro steel fiber, and 1.25% was the 

optimal Vf for hook steel fiber. 

• At 500 oC burning temperature, 1.25% was the optimal Vf for both types used. 

 

8 Recommendations 

A section for the proposed recommendations was added after the conclusions section. 

• Conducting a Scanning Electron Microscopy (SEM) examination SEM (Microscopy), FTIR 

(Fourier-Transform Infrared Spectroscopy) , and X-ray CT (Computed Tomography). 

• Burning at temperatures above 500°C and studying the effect of very high temperatures on 

concrete behavior. 

• Using more than one type of extinguishing method, such as gradual and sudden, and their 

impact on the properties of concrete. 

• Using polypropylene fibers as hybrid fibers with steel fibers. 

• Using hybrid fibers of both types in the same mix. 

• Studying additional properties such as the modulus of elasticity, load-deflection curve, and 

absorbed energy. 

• investigating the pull-out behavior or bond-slip relationship between fibers and concrete. 
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