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Abstract 

High-strength concrete is characterized by dense microstructure, lower porosity, and 

high durability. Still, it exhibits poor mechanical performance when subjected to 

elevated temperatures because of its inability to facilitate adequate water vapor 

dissipation, leading to cracking and spalling. Hybrid fibers were integrated into the HSC 

matrix to address this inherent limitation. A hybrid fiber-reinforced concrete (HFRC) 

comprises two or more types of fibers blended within the concrete mixture. HFRC has 

top-notch thermo-mechanical properties. This research aims to enhance the mechanical 

properties and thermal stability of HSC under thermal stress conditions. A systematic 

investigation assessed the mechanical properties, mass degradation, and surface cracking 

exposed to elevated temperatures. In this study, hybrid fibers (HF) were added to HSC 

specimens with varying proportions of 0.25%, 0.5%, 0.75%, and 1%, and then exposed 

to temperatures of 300°c, 600°c, and 800°c at a rate of 50c/min. Empirical findings 

revealed that hybrid fiber-reinforced concrete exhibited superior mechanical properties 

relative to the control specimen. This improvement can be due to the basalt fibers filler 

properties and the hybrid fiber ability to bridge cracks. 0.5% hybrid fiber reinforced 

concrete demonstrated optimal mechanical properties, whereas concrete with 0.75% 

hybrid fiber exhibited the least mass degradation. The toughness was increased with the 

increasing content of HF in concrete It was noted that too many hybrid fibers in concrete 

can have adverse effects, resulting in clumping. This is not only causing voids but also 

diminishes the amount of cement present, which in turn minimizes the strength of the 

concrete.  

Key words: High Strength Concrete (HSC), Hybrid Fiber Reinforced High Strength 

Concrete (HFR-HSC), Hybrid Fiber Reinforced Concrete (HFRC), Basalt fiber (BF), 

Steel fiber (SF), Compressive and Flexural Strength.   



x 
 

Table of Contents 

Thesis Acceptance Certificate ...................................................................................... iii 

Declaration .................................................................................................................... iv 

Plagiarism Certificate (Turnitin Report) ........................................................................ v 

Copyright Statement ...................................................................................................... vi 

Acknowledgement ........................................................................................................ vii 

Dedication .................................................................................................................. viii 

Abstract ......................................................................................................................... ix 

List of Tables .............................................................................................................. xiii 

List of Figures ............................................................................................................. xiv 

List of Abbreviations .................................................................................................... xv 

CHAPTER 1 ................................................................................................................... 1 

INTRODUCTION .......................................................................................................... 1 

1.1 General ................................................................................................................ 1 

1.2 Objectives ............................................................................................................ 3 

1.3 Research Overview ............................................................................................. 3 

1.4 Research Significance ......................................................................................... 4 

1.5 Thesis Overview .................................................................................................. 4 

CHAPTER 2 ...................................................................................................................... 6 

LITERATURE REVIEW .................................................................................................. 6 

2.1 General ................................................................................................................ 6 

2.2 Basalt Fiber ......................................................................................................... 6 

2.2.1 Properties of Basalt Fiber............................................................................. 7 

2.3 Steel Fiber ........................................................................................................... 9 

2.3.1 Application of Steel Fibers ........................................................................ 10 

2.4 High Strength Concrete ..................................................................................... 11 

2.5 Silica Fume ........................................................................................................ 12 

2.5.1 Uses of Silica Fume ................................................................................... 12 

2.5.2 Chemical Reaction of Silica Fume` ........................................................... 13 

2.6 Testing Procedure Based on Loading and Heating Regime. ............................. 13 

2.7 Previous Research on the Mechanical Properties of Concrete at High 

Temperatures. ............................................................................................................... 14 

2.7.1 Compressive Strength ................................................................................ 14 



xi 
 

2.7.2 Flexural Strength Test ................................................................................ 16 

2.7.3 Elastic Modulus ......................................................................................... 18 

2.7.4 Stress-Strain Compressive Curve .............................................................. 19 

CHAPTER 3 .................................................................................................................... 21 

EXPERIMENTAL PROGRAM ...................................................................................... 21 

3.1 General .............................................................................................................. 21 

3.2 Formulation of Experiments for Material Properties ........................................ 21 

3.3 Materials ............................................................................................................ 22 

3.3.1 Cement ....................................................................................................... 22 

3.3.2 Fine Aggregates ......................................................................................... 22 

3.3.3 Coarse Aggregates ..................................................................................... 23 

3.4 Admixture .......................................................................................................... 25 

3.4.1 Super Plasticizer......................................................................................... 25 

3.4.2 Silica Fume ................................................................................................ 25 

3.5 Fiber Additives .................................................................................................. 26 

3.5.1 Importance of Fibers .................................................................................. 26 

3.5.2 Steel Fiber .................................................................................................. 26 

3.5.3 Basalt Fiber ................................................................................................ 26 

3.6 Mix Proportions. ................................................................................................ 26 

3.7 Sample Preparation ........................................................................................... 27 

3.8 Material Property Tests ..................................................................................... 29 

3.9 Fire Loading Characteristics ............................................................................. 29 

3.10 Target Temperature, Heating Rate, and Hold Time for Test Method. .............. 29 

3.11 Test Apparatus and Procedure ........................................................................... 30 

3.11.1 Compressive Strength Test ........................................................................ 33 

3.11.2 Flexural Strength Test ................................................................................ 33 

3.11.3 Stress-Strain Curve .................................................................................... 34 

3.11.4 Modulus of Elasticity (E) ........................................................................... 34 

3.11.5 Mass Loss................................................................................................... 34 

CHAPTER 4 .................................................................................................................... 35 



xii 
 

RESULTS AND DISCUSSIONS .................................................................................... 35 

4.1 General .............................................................................................................. 35 

4.2 Elevated Temperature Mechanical Properties ................................................... 35 

4.2.1 Compressive Strength ................................................................................ 35 

4.2.2 Stress-Strain Curve .................................................................................... 37 

4.2.3 Modulus of Elasticity E ............................................................................. 41 

4.2.4 Compressive Failure Mode ........................................................................ 42 

4.2.5 Load Vs Displacement Variations ............................................................. 44 

4.2.6 Flexural Strength ........................................................................................ 45 

4.2.7 Energy Absorption Capacity (Toughness) ................................................. 47 

4.2.8 Compressive Toughness Index .................................................................. 48 

4.2.9 Crack Energy and Toughness Index .......................................................... 49 

4.2.10 Mass Loss................................................................................................... 51 

4.2.11 Visual Inspection ....................................................................................... 52 

CHAPTER 5 .................................................................................................................... 56 

CONCLUSION AND RECOMMENDATION ............................................................... 56 

5.1 Conclusion ......................................................................................................... 56 

5.2 Recommendations ............................................................................................. 57 

REFERENCES ............................................................................................................. 59 

 

 

  



xiii 
 

List of Tables 

Table 1: Properties of Basalt Fibers. .......................................................................... 8 

Table 2: Chemical Composition of Basalt Fiber. ....................................................... 9 

Table 3: Properties of Steel Fibers. .......................................................................... 11 

Table 4: Raw Ingredients of Cement. ....................................................................... 22 

Table 5: Properties of Aggregates. ........................................................................... 22 

Table 6: Gradation of Fine Aggregate. ..................................................................... 23 

Table 7: Gradation of Coarse Aggregate. ................................................................. 24 

Table 8: Chemical Properties of Superplasticizer. ................................................... 25 

Table 9: Properties of Silica Fume. .......................................................................... 25 

Table 10: Mix Design in Kg/m3. .............................................................................. 27 

Table 11: Overview of Cylinders and Beams Samples with Temperatures. ............ 28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

List of Figures 

Figure 1: Chopped Basalt Fibers. ....................................................................................... 8 

Figure 2: Steel Fibers. ...................................................................................................... 11 

Figure 3: Silica Fume. ...................................................................................................... 12 

Figure 4: Gradation Curve of Fine Aggregate and ASTM Lower and Upper Limits. ..... 23 

Figure 5: Sieve Shaker. .................................................................................................... 24 

Figure 6: K-Type Thermocouples Drilled Inside the Specimen. ..................................... 30 

Figure 7: Temperature Vs Time Graph of Prism Beams. ................................................ 32 

Figure 8: Electric Furnace for Heating the Samples to Targeted Temperatures. ............. 32 

Figure 9: Compression Testing Machine. ........................................................................ 33 

Figure 10: Flexural Test Assembly ASTMC (293/293-16). ............................................ 33 

Figure 11: Universal Hydraulic Testing Machine for Flexural Strength Test. ................ 34 

Figure 12: Variation of Compressive Strength as A Function of Temperature. .............. 37 

Figure 13: Fiber Crack Arresting Mechanism. ................................................................ 39 

Figure 14: Stress-Strain Curve of Cylinders. ................................................................... 40 

Figure 15: Modulus of Elasticity Of Concrete Cylinders. ............................................... 42 

Figure 16: Compressive Failure Mode of Cylinders at Targeted Temperatures. ............ 44 

Figure 17: Load Vs Deflection Curve of Beams with Different Elevated Temperatures.

 .......................................................................................................................................... 45 

Figure 18: Flexural Strength of Beams with Different Temperatures. ............................ 46 

Figure 19: Compressive Toughness of Concrete Cylinders at Different Temperatures. . 48 

Figure 20: Compressive Toughness Index is a Function of Temperature. ...................... 49 

Figure 21: Crack Energy is a Function of Temperature. .................................................. 49 

Figure 22: Flexural Toughness Index is a Function Of Temperature. ............................. 50 

Figure 23: Mass Loss of Concrete Cylinders with Varying Temperature, (b) Mass Loss 

of Concrete Beams with Varying Temperature. .............................................................. 51 

Figure 24: External Surface of Concrete Cylinders at Different Temperature. ............... 54 

Figure 25: External Surface of Concrete Beams at Different Temperature. .................... 55 

 

 

 

 



xv 
 

 

 

List of Abbreviations 

HSC High strength Concrete 

HFRC Hybrid Fiber Reinforced Concrete 

HFR-HSC Hybrid Fiber Reinforced High Strength Concrete 

FRC Fiber Reinforced Concrete 

HF Hybrid Fiber 

SF Steel Fiber 

BF Basalt Fiber 

CS Control Sample 

ASTM American Society for Testing Material 

CH Calcium Hydroxide 

CSH Calcium Silicate hydrate 

TI Toughness Index 

MT Mass at Target Temperature 

ACI American Concrete Institute 

 



1 
 

CHAPTER 1 

INTRODUCTION 

1.1 General 

Concrete is prevalent in construction and is often employed in building projects. Over 

their functional lifetime, civil engineering structures face environmental risks, including 

earthquake forces and fire hazards[1–3]. Fire exposure can damage concrete structures 

by reducing their strength and possibly leading to sudden breaks, even though concrete 

tends to be more resistant to fire than metal, as a six-story building 'Industry Facilitation 

Centre in Islamabad, Pakistan, experienced extensive concrete chipping and notable 

warping of its reinforcement and its members, after being exposed to fire [4], [5]. Hence, 

it is crucial to comprehend how fire affects concrete's material and chemical 

characteristics to make structures capable of enduring high temperatures during fire 

exposure. 

 Increased interest in high-strength concrete (HSC) can be attributed to its superior 

compressive strength, which reduces the weight and size of structural elements, along 

with its refined microstructure, lower porosity, and enhanced durability[6–8]. When 

HSC is subjected to elevated temperature, may cause thermal cracking and unfavorable 

chemical changes, compromising its structural application. The accumulation of 

substantial pore pressure inside the HSC may be a potential factor contributing to 

explosive spalling [9]. The evaporation of free and chemically bound water produced 

vapor pressure, resulting in tensile stress within the concrete. This can lead to concrete 

spalling[10–12]. The thermal gradient may also contribute to spalling the concrete's 

exterior surface from the interior layer [13], [14], Therefore, it is significant to 

investigate the mechanical behavior of fiber-reinforced concrete (FRC) at high 

temperatures to overcome the fire risk. FRC has top-notch thermo-mechanical properties 

over conventional concrete and gained increasing interest in the recent few years [15]. 

such as high compressive, flexural, and tensile strength [16–20], good impact resistance 

and ductility [21], [22], better energy absorption capability, reduce internal pore pressure 

in concrete [7]. Previous literature shows that numerous investigations were carried out 

on FRC with different fibers like basalt, steel, polypropylene, glass, and banana threads 

[23], and studied their mechanical properties at elevated temperatures. Steel fiber 

reinforced concrete (SFRC) shows superior residual mechanical properties when 

subjected to higher temperatures than plain concrete. It can provide more effective 



2 
 

resistance against explosive spalling [24], [25]. incorporation of basalt fibers into 

concrete reduced vapor pressure and improved residual mechanical properties [12]. 

Thus, integrating steel and synthetic mineral fibers to make hybrid fiber-reinforced 

concrete thermally stable enhances mechanical properties and resistance against fire.  

In this topic hybrid fiber reinforced high strength concrete (HFR-HSC) prepared by 

mixing steel and basalt fiber under elevated temperature is investigated. Currently, the 

construction industry offers a diverse range of organic and inorganic fibers. However, a 

significant number of these fibers exhibit deficiencies in terms of durability, structural 

strength, or affordability for use in moderate loadings. Currently, the building sector is 

seeing a high demand for BF. Basalt fiber is derived from a natural volcanic basalt rock, 

which serves as the primary raw material. The process of producing basalt fiber involves 

subjecting the raw material to high temperatures within a furnace, namely in the range of 

1450 to 15000c, resulting in its melting. Subsequently, the liquefied substance is 

compelled to pass through a crucible bushing composed of platinum and rhodium, 

resulting in the formation of fibers [26]. In general, basalt fibres exhibit several 

advantageous characteristics that position them as a workable replacement for glass 

fibres in the reinforcement of composites utilised across various industries including 

marine, motor vehicles athletic devices, civil engineering. The initial expense associated 

with basalt fibers is contingent upon the quality and composition of chemicals of the 

source substance, resulting in production of several types of fibers with distinct thermal, 

chemical, and mechanical properties [26].                           

The utilization of hybrid fiber-reinforced concrete (HFRC) in the construction sector has 

experienced significant advancements in recent decades. Moreover, HF has different 

lengths, forms, modulus of elasticity, and density that can improve overall mechanical 

properties and resistance to cracks at different levels in the concrete matrix when 

subjected to mechanical stress [27–29]. Adding steel and basalt fibers to concrete is 

more fire-resistant and shows better residual mechanical capability when subjected to 

elevated temperatures than plain concrete. Steel fibers play a crucial role in HFRC by 

offering bridging capabilities to improve strength, toughness, and strength retention at 

higher temperatures than conventional concrete [30]. Based on the findings, it was seen 

that a high steel-fiber dosage decreases compressive strength. This was attributed to the 

higher density of steel fibers, which resulted in local gaps within the concrete [31]. 

Basalt fibers also improve stability by the filler effect to strengthen concrete and restrict 
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crack propagation by bridging development. As temperature increases, partially melted 

basalt fibers provide channels for water vapor to evaporate, thus decreasing pore 

pressure so less strength reduction occurred compared to the control sample. Any 

increase beyond the optimum percentage strength is reduced. This strength reduction 

could be due to the clumping of the fibers, which forms more voids and creates weak 

zones within the concrete [32]. Thus, adding basalt and steel fibers in HSC can be 

reliable and improve strength at elevated temperatures. 

This research investigates hybrid fiber-reinforced high-strength concrete's residual 

compressive and flexural strength, modulus of elasticity, toughness, visual inspection, 

and mass loss at elevated temperatures. Hybrid fibers (HF), with various types, tensile 

strength, modulus of elasticity, length, and morphologies, can improve concrete 

mechanical properties and fracture resistance at different stages. In addition, basalt fibers 

(BFs) resist cracks at the micro and macro levels, while steel fibers (SFs) resist at the 

macro level. Basalt fibers fill the remaining voids, and the high modulus of elasticity of 

HF makes concrete denser; further, the crystallization process starts on the surface of 

BF, making concrete stable at a high temperature. Therefore, varying percentages of HF 

are induced in concrete and study residual strength. In this formulation, different 

concentrations of HF, i.e., 0.25%, 0.5%, 0.75%, and 1%, were added by volume of 

concrete. As the authors know, no study has been conducted on these specific 

percentages of hybrid fibers in HSC. The lengths of steel and basalt were 24mm and 

18mm. 

1.2 Objectives  

• To study compressive and flexural strength of hybrid fiber reinforced 

high strength concrete (steel and basalt fibers). 

• To determine the efficient ratio of basalt-steel fiber for compressive, 

flexural, elastic modulus and toughness of hybrid fiber-reinforced 

concrete. 

1.3 Research Overview  

The following tasks are carried out to achieve research objectives.  

• Literature review.   

• Test set up compression test, Flexural test assembly and steel assembly 

for furnace.  
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• Execute tests at elevated temperature.   

• Evaluathe experimental results.   

• Conclusion and recommendations. 

1.4 Research Significance  

In high rise buildings, nuclear sector and offshore structure uses of high strength 

concrete has been increasing for last two decade. HSC have more advantages over 

normal strength concrete its b/c of compact microstructure, high durability, low 

permeability, high compressive strength, lower porosity and decreasing cross section of 

structural member. Furthermore, the exponential growth in the application of concrete as 

a building material has demonstrated that the financial investment needed to sustain the 

intended durability of concrete during its lifespan is not cost-effective. It is feasible to 

make concrete having high compressive strength. At elevated temperature HSC behave 

differently and collapse as compared to Normal strength concrete (NSC). HSC perform 

poorly swhen expose to high temperature and thermal cracks are generated. HSC has 

less inter. The HSC has less interconnected smaller pores and high density which 

prevent rapid escape of water vapor under elevated temperature exposure. Then concrete 

get failed in an explosive manner when vapor pressure surpasses tensile strength. To 

overcome this issue and improving residual strength fiber reinforced concrete is 

excellent substitute. 

FRC has high tensile and compressive strength as compared to conventional concrete, 

excellent energy absorption capacity, impact resistance, reduce crack propagation, 

resistance to freezing and thawing, thermal stability, reducing spalling of concrete. This 

research investigates residual compressive and flexural strength of hybrid fiber 

reinforced high strength concrete at elevated temperature. Hybrid fibers, with a variety 

of type, tensile strength, modulus of elasticity, length, and morphologies, have the 

potential to enhance the mechanical properties and fracture resistance of cement-based 

composites at various phases. Therefore, varying proportions of hybrid fiber is induced 

in concrete and then study the residual strength.  

1.5 Thesis Overview 

Chapter 1 introduction of HSC and its behavior when exposed to elevated temperatures, 

research objectives and research significance has been discussed.  
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Chapter 2 A brief literature review about properties of SFs and BFs in general and their 

need to use in high strength concrete. Performance of HSC has been discussed in detail 

at elevated temperature in addition to that test methods (residual) have been discussed.  

Chapter 3 This chapter discuss test setup and equipment’s used to valuate      mechanical 

properties. Moreover, it describes an overview of the tests and methods to find out 

mechanical properties. 

Chapter 4 This chapter is concern with analyze, evaluate, and discuss the results of 

material property tests.  Results of thermal and mechanical properties of specimens.  

Chapter 5 Brief description about conclusions and recommendations  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 General  

In this chapter briefly discusses basalt and steel fiber, their production and usage in 

concrete. Steel and basalt fibers' properties at normal temperature have been explored, 

and literature on HSC properties at elevated temperature has been discussed. In the 

construction industry, concrete is mostly used due to its high elastic modulus, 

compressive strength, molded to any shape, simplicity of preparation, water tightness, 

resistance to corrosive agents and increased fire resistance. In high building and offshore 

structures HSC is preferred on NSC it’s b/c of high compressive strength, durability, and 

compact microstructure. Since concrete was initially introduced to the construction 

industry, the quality of the material has steadily improved. The compressive strength of 

concrete is a direct predictor of its durability; concrete with a higher compressive 

strength has a bigger modulus of elasticity, tensile strength, and lower permeability, and 

so is more durable. The usage of HSC has become quite prevalent since the development 

of superplasticizers (SP) or high-range water reducers (HRWRs). In terms of greater 

durability and economics, HSC has a lot of benefits. Because of the smaller cross 

sections, the use of HSC in high-rise building columns has become a supplementary 

technique in contemporary construction practices. Numerous investigations have been 

undertaken to examine the performance of concrete at escalating temperatures. When 

compared to NSC, the data demonstrate that HSC performs poorly at higher 

temperatures, despite its superior performance in all other situations.  

2.2 Basalt Fiber  

The construction industry currently offers a wide range of organic and inorganic fibers. 

However, a significant portion of these fibers suffer from deficiencies in terms of 

durability, structural strength, or affordability when used under moderate loadings. 

Currently, the building sector is utilizing basalt fiber (BF) as a highly sought-after fiber. 

Basalt rocks undergo a process of melting at a temperature range of around 1500 to 1700 

degrees Celsius. The substance undergoes rapid melting and afterward solidifies into a 

glassy, virtually amorphous state. The composition of several basaltic rocks is 

predominantly comprised of two crucial minerals, namely plagiocene and pyroxene, 

which collectively account for around 80% of their overall composition. Basalt is mainly 
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composed of silicon oxide. Silicon dioxide (SiO2), with an acceptable weight percentage 

range of 43.3-47%, is the predominant component, followed by aluminum oxide (Al2O3) 

with an optimal range of 11-13% weight percentage. The composition of calcium oxide 

(CaO) and magnesium oxide (MgO) exhibits a significant degree of similarity, with the 

best range for CaO falling within 10-12% and the optimal range for MgO falling 

between 8-11%. The presence of other oxides is often observed at levels below 5%.  

2.2.1 Properties of Basalt Fiber 

Basalt has a wide temperature range of applicability, spanning from extremely cold 

temperatures of about -200°C to relatively high temperatures of 700-800°C [33]. It has a 

superior operational temperature range and enhanced tensile strength compared to E-

glass fiber. Additionally, it demonstrates commendable resistance against chemical 

aggression, impact loads, and fire while emitting fewer toxic fumes [34]. The utilization 

of basalt fiber reinforcement presents a promising alternative approach within the fiber-

reinforced polymer (FRP) strengthening systems. The study revealed that the tensile 

strength of basalt fiber was approximately 30% and 60% of the tensile strength exhibited 

by carbon fiber and high-strength glass (S-glass) fiber, sequentially. The decrease in 

strength was notably more pronounced in the carbon and glass fibers, but the basalt 

fibers exhibited a retention of around 90% of their strength at normal temperatures up to 

600°C [35]. Compressive, flexural, and split tensile strength of BFRC improved by 0.18–

4.68%, 14.08–24.34%, and 6.30–9.58% correspondingly. When the length of the BF 

rises to 22 mm, the related strengths experience an increase ranging from 0.55% to 

5.72%, 14.96% to 25.51%, and 7.35% to 10.37%, respectively [36]. The heat resistance 

of basalt filament was examined by experimental means. The experimental findings 

indicate that the resistance remains consistent until reaching a temperature of 350°C, 

after which a little decline occurs till reaching 500°C. At a temperature of 700°C, a 

fracture of the basalt filament was seen, resulting in the breakage of nearly all the 

filaments at 800°C [37]. The tensile strength of these fibers is often somewhat higher 

than that of E-glass fibers and significantly more than that of SF. The observed increase 

in strength was more pronounced when utilizing longer, 50 mm BF compared to 36 mm 

BF [38]. Scanning electron microscopy (SEM) pictures reveal that a favorable adhesion 

between the surface of BF and the hydrated cement matrix is achieved during the initial 

stages of development. The optimal proportion of BF is around 0.3% of their volume 

[36]. Heat transfer is considerably reduced at all temperature levels when a significant 
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quantity of glass and basalt fiber is used [39]. Basalt fibers significantly improved the 

HPFRC's tensile splitting strength and flexural strength. The ITZ between the aggregates 

and the paste in HPFRC was investigated by the utilization of a field emission scanning 

electron microscope (FESEM). The examination demonstrated that integrating Basalt 

fibers resulted in an enhancement of the ITZ. The incorporation of BF at concentrations 

of 1%, 2%, and 3% resulted in an enhancement of the flexural strength of the concrete 

by 17.1%, 34.14%, and 26.14%, correspondingly, compared to the flexural strength of 

the control sample [40]. Nevertheless, producers of basalt provide basalt continuous 

strands and fabric that exhibit a comparative strength increase of around 30%, stiffness 

enhancement of 15-20%, and weight reduction of 8-10% when compared to E-glass 

materials [26].  The concrete's mass loss in the case of HFRC with a 12 mm basalt fiber 

was lower than that seen with 25, 37, and 50mm fibers. This may be attributed to the 

fact that using longer fibers with higher content resulted in the production of more 

porous concrete. Consequently, this porous concrete included more free water that 

evaporates at rising temperatures [41]. The most crucial constituent of basalt fiber is 

SiO2, Al2O3, Fe2O3 and MgO. 

 

Figure 1: Chopped Basalt Fibers. 

Table 1: Properties of Basalt Fibers. 

Fiber length 18mm 

Thickness 18micro meter 

Modulus of elasticity 75GPA 

Strength 1800Mpa 

Elongation 2.6% 
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Table 2: Chemical Composition of Basalt Fiber. 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 

52.5% 17.5% 10.3% 4.63% 8.59% 3.34% 1.46% 1.38% 0.28% 0.16% 0.06% 

 

2.3 Steel Fiber 

 Resistance to fire of SFRC has garnered significant interest, and many studies focused 

on examining the residual qualities of SFRC. The use of SFRC demonstrates superior 

residual mechanical qualities in comparison to plain concrete when subjected to extreme 

temperatures. Additionally, SFRC indicates a higher level of effectiveness in mitigating 

the potential hazard of explosive spalling [42]. Incorporating polypropylene or steel 

fibers into conventional concrete can enhance strength and increase fire resistance 

properties. This delays the occurrence of cracks and the potentially hazardous 

phenomenon of explosive concrete spalling [43].  

Combining hybrid fibers in ultra-high-performance concrete has a high initial crack and 

ultimate strength. The compressive strength, strength at an initial crack, and maximum 

tensile strength of UHPC with 1.5% steel fiber is 149Mpa, 9.8Mpa, and 14.3Mpa while 

UHPC containing SF 1.0%-Bf 0.5% have 128 Mpa, 13.42Mpa and 14.74Mpa [20].  The 

findings revealed that using 0.25% SF by volume enhances the compressive, tensile, and 

shear strength within a range of 8-26%, 7-197%, and 2-21% sequentially [44]. The 

incorporation of SF is beneficial in mitigating the propagation of crack width. A higher 

concentration of steel fibers showed a notable crack width reduction [45]. A combination 

of hybrid polypropylene (PP) and steel fibers effectively eliminated the occurrence of 

explosive spalling, even when a low dose of fibers was employed. This may be due to a 

notable enhancement in permeability. In the current investigation, the necessary PP fiber 

concentration to avoid spalling is 4 kg/m3. For specimens with Polypropylene-Steel fiber 

dosage (Pa-Sb; a=4, 6; b=79, 157, 236) kg/m3, the specimens stayed intact following 

heating, and explosive spalling was prevented [24] . The recycled aggregate, 

compressive strength decreases with rising temperatures. However, the inclusion of steel 

fibers effectively reduces this adverse effect. The steel-fiber RAC with silica fume has 

outstanding compressive performance in high-temperature environments because of the 

coupling effect of the two materials [46]. Steel fibers may increase a material's ability to 

withstand high temperatures, and the extent of the enhancement depends on the amount 

of fiber used. Steel fibers used to fiber-reinforced concrete increase its toughness 
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compared to concrete without steel fibers. The relative residual compressive strength of 

SFRC has a positive correlation with increasing fiber content at a temperature of 400 °C. 

Nevertheless, that is not always the case when the temperature hits 600 °C [47]. The 

sensitivity of the rate of SFRC is shown to grow as the volume fraction of fibers 

increases until it reaches a critical value of around 1.5% to 2.5%. However, beyond this 

critical value, the rate sensitivity diminishes when the dose of fibers exceeds 2.5% [48]. 

The specimens were directly exposed to the flame of fire and temperature were 

measured with an infrared thermometer. Once subjected to the fire test, it was seen that 

specimens containing a 1% addition exhibited superior performance compared to 

specimens containing a 2% addition. The strength of the modifier was shown to be 

better than without addition [43]. Most studies have shown that when the concentration 

of steel fiber reached 1%, the most effect was seen. The incorporation of SF in concrete 

demonstrated a notable enhancement in the flexural strength, particularly when the 

exposure temperature was below 800°C. The effectiveness of the steel fiber diminishes 

progressively due to oxidation and corrosion once the temperature exceeds 800°C. It 

was observed that the residual flexural strength of single steel FRC exhibited the 

greatest value [42]. In the experimental concrete, RC80/60 BN type SF were included at 

varying rates of 0%, 0.5%, 1%, and 1.5% by volume. In relation to the steel-fiber 

additive, the samples with a steel-fiber additive content of 1.0% exhibited the lowest 

decrease in strength at temperatures of 900°C, 1100°C, and 1200°C. However, for a 

temperature of 1000°C, the samples with an SF additive content of 1.5% showed the 

least strength loss. The effectiveness of steel-fiber additive was destroyed when exposed 

to temperatures over 10000c [49]. SFRC subjected to elevated temperatures of up to 1200 

°C is beneficial. Additionally, it has been shown that heated concrete's thermal 

performance is unaffected by a steel fiber concentration of 1%. The addition of steel 

fibers has a minimal impact on Poisson's ratio, resulting in a slightly higher value 

compared to the CS. The Poisson's ratio decreases as the temperature increases, 

eventually reaching insignificant values at a temperature of 1000 °C [50].  

2.3.1 Application of Steel Fibers  

Steel fiber is used in many civil engineering structures. In-situ tunnel lining, road 

concrete, safety barriers, retaining walls, precast concrete, shotcrete, flooring, and 

bridges etc. 
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Figure 2: Steel Fibers. 

Table 3: Properties of Steel Fibers. 

Fiber length 24mm 

E 195Gpa 

Diameter 0.53mm 

Aspect ratio 45 

Tensile strength 2722Mpa 

2.4 High Strength Concrete 

 ACI 363R-9200 [51] defines HSC as concrete with a compressive strength of at least 55 

MPa. Compared to conventional strength concrete, HSC is more resilient and more 

robust. High-rise buildings are increasingly using HSC, which was previously more 

often used in projects like bridges, offshore constructions, and infrastructure projects. 

Columns are one of the principal applications of HSC in construction. [52]. High-

strength concrete (HSC) may be effectively produced at various concrete plants by 

including refined additives, like silica fumes and water-reducing admixtures, in the 

context of HSC, the mineral admixtures often employed [32]. In high-strength concrete 

w/c ratio decreases and increases the binder content. To achieve the required workability 

superplasticizers are used. Silica fume is well recognized and mostly employed 

pozzolanas in construction. Its incorporation into concrete mixes leads to reduced levels 

of porosity, permeability, and bleeding. This is primarily attributed to the interaction 

between the oxides (SiO2) present in silica fume and the calcium hydroxides generated 

during the hydration process of conventional Portland cement. Pozzolanic reactions' 

main effects are decreased heat emission, increased strength, and a more compact pore 

size distribution [53]. The composition of HSC and NSC exhibits minimal distinctions, 
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with the primary differentiating factor being their structural behavior. Specifically, HSC 

and NSC differ in terms of their susceptibility to strength loss and explosive spalling. 

High-strength concrete (HSC) specimens exhibit a tendency to undergo explosive 

spalling, even when subjected to modest heating rates of 5ºC/min or less. 

2.5 Silica Fume 

Silica fume is defined in ACI 116R, “is very fine nanocrystalline silica produced in 

electric arc furnace as a byproduct of the production of elemental silicon or alloy 

containing silicon”. It is made up of very tiny round particles with a mean size of 4 to 

8x10-6 inches as shown in Fig 3. The silica fume is dark grey. SiO2 is colorless, the color 

is determined by iron oxide and cardon. The greater the carbon concentration, the silica 

fume becomes darker [54]. The findings of this study demonstrate that an increase in the 

proportion of silica fumes leads to a decrease in the workability of concrete. However, it 

also enhances the concrete's immediate mechanical characteristics, such as the 28-day 

compressive strength and secant modulus [53]. It enhances abrasion resistance, bond 

strength, compressive strength, reduce workability and protects rebar from corrosion.  

• By using SF, toughness and bond strength can be increased.   

• Abrasion resistance and durability is enhanced.  

2.5.1 Uses of Silica Fume 

• Silica-fume shotcrete is a material that finds application in several engineering 

contexts, such as rock stabilization, mine tunnel linings, and the restoration of 

deteriorated bridge and marine columns, piles, and grouting for oil wells. 

• Services for product repair A wide variety of cementitious repair treatments use 

silica fume [55].  

 

Figure 3: Silica Fume. 
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2.5.2 Chemical Reaction of Silica Fume` 

Silica fume has a high degree of reactivity as a pozzolanic substance. It is because of 

high amorphous SiO2 and extreme finesse. The role of silica fume in concrete may be 

examined through three fundamental mechanisms: Refining pore size and densifying the 

matrix by the reaction with free lime. Silica fumes react with free lime change 

orientation of CH to C-S-H and decrease thickness of ITZ. Compared to mortar made 

just of regular Portland cement, the addition of silica fume causes the thickness to be 

reduced. Additionally, there is a reduction in the degree of orientation of calcium 

hydroxide during the transition phase. Therefore, SF improves compressive strength and 

durability [55].                 

2.6 Testing Procedure Based on Loading and Heating Regime. 

Most test programs examining the deterioration of concrete's material characteristics at 

increasing temperatures employ one of three test methods: stressed, unstressed, or 

unstressed residual property tests. In the pre-heating step of the stress test, a load of 

magnitude equal to 40% of the member capacity is applied. The member is heated at a 

set pace until it reaches the specified temperature, at this point, it is maintained at that 

degree, and no additional heating is allowed. A complicated assembly of the furnace and 

loading equipment is required to perform tests under this loading and heating regime, in 

which the sample is placed in the furnace while the load is applied. Because unique 

preparations are necessary, it is a sophisticated system that is only sometimes found in 

structural engineering laboratories. This feature is usually found in laboratories 

dedicated to studying the fire characteristics of buildings. This loading and heating 

regime accurately depicts the real-life situation of structures in the case of a fire. 

Unstressed test circumstances are the second testing scenario. The specimen or part is 

not loaded in preheating circumstances in this case. In contrast to the stressed approach, 

the member or specimen is not loaded, and heating is administered at a controlled rate 

until the appropriate temperature is achieved. The temperature is then maintained 

consistently, and load is added at a predetermined pace until the structure fails. This 

heating and loading regime do not accurately represent the structural circumstances 

during a fire. Due to the lack of stressed test condition equipment, this testing condition 

is becoming increasingly essential. Although the findings obtained under unstressed test 

settings range in magnitude from those obtained under stressed test conditions, they 
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follow the same pattern, and the building under fire behaves similarly in each of these 

scenarios. Heat 

2.7 Previous Research on the Mechanical Properties of Concrete at High 

Temperatures. 

This section contains research papers that summarize flexural strength, modulus of 

elasticity, compressive strength, and mass loss at high temperatures. Heating rate, testing 

procedures (stressed, unstressed, or unstressed residual), size of the specimens, moisture 

content during heating, coarse and fine aggregates, strength (NSC or HSC), cement 

content, silica fume.  

2.7.1 Compressive Strength  

Compressive test is a simple method of assessing concrete quality. In most of the grey 

structures, concrete is structurally active in compression. Although concrete is generally 

known for its ability to withstand fire, it is essential to note that its mechanical properties 

may still be significantly diminished. The compressive strength is mainly influenced by 

temperature [32]. concrete compressive strength under fire is dependent on several 

variables, including strength at standard temperature (NSC or HSC), nature of loading 

and heating regimen (stressed, unstressed, or unstressed residual), heating rate, 

aggregate cement ratio, w/c ratio, coarse aggregate type (normal weight siliceous and 

calcareous, or lightweight), and a variety of other variables [56]. The microstructure of 

high strength concrete (HSC) is compact and impermeable; vapor pressures caused by 

high temperatures generate tensile stress, resulting in unavoidable degradation in HSC 

compressive strength. HSC loses average strength up to 40% of its room temperature 

strength between 100°C and 450°C, while NSC loses 10 to 19% of its normal 

temperature strength. Recent research has revealed that both mixture I and mixture II of 

high-performance concrete can explosively spall. The phenomenon of explosive spalling 

occurred within a specific temperature range spanning from 240°C to 280°C [11]. With 

250 and 350kg/m3 cement dosages, they had room temperature compressive strengths of 

28.16 and 48.99 MPa, respectively. After test specimens were subjected to five target 

temperatures: 100, 200, 400, 600, and 800 degrees Celsius, he looked at how 

compressive strength altered under unstressed residual conditions. The experiment's 

results point to a negative relationship between temperature and the remaining 

compressive strength of concrete, demonstrating that increasing temperature causes 

strength to decline. The compressive strength of the material decreased by 
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approximately 33 to 48% within the temperature range of 400 to 6000C. This decline in 

strength may be due to two main factors: the CSH gel's dehydration and the volumetric 

expansion caused by the conversion of Ca (OH)2 to CaO. The specimens were heated to 

8000c, which resulted in a considerable loss of strength. The experimental findings 

indicate that concrete decreases around 70% in residual compressive strength at 

escalating temperatures. [57].  

When subjected to temperatures up to around 400°C, a strain-hardening cementitious 

matrix reinforced with hybrid fibers generally loses compressive strength by less than 

20%. Nevertheless, when temperatures rise above this range, the rate at which strength 

diminishes also rises, resulting in a minimal retention of strength (less than 10% of the 

strength at average temperature) beyond 800-900°C [58]. Compressive strength falls as 

temperature rises, although additives may improve concrete's qualities while it's 

overheated [59]. The decrease in compressive strength of concrete after exposure to 

elevated temperatures was because of dehydration of hydrates of ettringite, CSH gel and 

the expulsion of capillary pore water [60]. The rate of heating and heating temperature 

also affects concrete properties subjected to elevated temperature and generate fractures 

in concrete. When concrete is heated to a temperature of 200°C or above, its 

compressive strength declines. When the temperature increases beyond the ambient 

level to 300°C, the breaking strength of concrete mostly stays constant or may even 

show a little increase. The compressive strength of concrete experiences a significant 

drop during the temperature range of 300 to 8000c. After reaching 800°C, most of the 

breaking strength of concrete has been destroyed [61]. The water vapor pressure caused 

by bound and free water due to elevated temperature causes cracks, which decreases the 

strength of concrete [13]. The initiation of micro-cracks increased permeability.  The 

pore pressure within concrete exhibits a progressive increase over time as one descends 

further into its interior. This observation demonstrates that in the event of a first spalling, 

prolonged concrete exposure to increased temperatures will result in the accumulation of 

pore pressure over time inside the unaffected deeper areas. Consequently, this 

phenomenon will ultimately result in the occurrence of several instances of spalling 

throughout various levels of the concrete [7]. In comparison to normal temperature, the 

remaining compressive strength of high strength concrete drops to 20% and 40% at 

200°C and 400°C, respectively. Concrete specimens heated to 400oc experienced severe 

degradation due to the breakdown of CH at temperatures over 3500c [9]. For unstressed 
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condition, compressive strength of high strength concrete samples was 65%, 67%, 53% 

and 37% at 100°C, 200°C, 400°C and 600ᴼC consequently as compared to normal 

temperature [62]. Strength reduces with the increase in temperature and decreases more 

in smaller size samples. They also concluded that samples having air entrainment agent 

and fibers shows greater residual strength as compared to controlled specimens [63]. 

Silica fumes improve compressive strength by 19% and 25%. It is b/c SF chemically 

reacts with CA(OH)2 which forms CSH. The addition of cementitious materials, such as 

silica fume (SF), in concrete has been shown to be advantageous due to their ability to 

operate as effective fillers and undergo pozzolanic reactions. These reactions contribute 

to the development of a very compact microstructure in concrete containing SF. 

Therefore, the moisture content of concretes that have additional cementitious materials 

such as silica fume exhibits reduced permeability compared to OPC concretes [64]. At 

high temperatures, the transition zone and bonding between the aggregate and cement 

paste are poor due to contraction and expansion after being exposed to high 

temperatures, chemical degradation of the hydration product substantially reduced the 

strength of concrete. It was discovered that the three concrete samples' leftover 

compressive strengths were almost comparable after being heated to a temperature of 

600°C. However, when comparing the relative residual compressive strengths, it was 

found that the concretes containing 6% and 10% SF exhibited reductions of 6.7% and 

14.1% respectively, in comparison to the OPC concrete respectively, after exposure to 

600 0C. The thick microstructure of concrete, which results in internal pressure from the 

transfer of the interlayer water to water vapor, is what causes the drop in strength for SF 

[64].f 

2.7.2 Flexural Strength Test  

Flexural strength is the capacity of a material to withstand deformation brought on by 

applied stress from outside. It is well known that concrete's flexural strength is much 

lower than its compressive strength [65]. Flexural strength, sometimes called modulus of 

rupture, bend strength, or transverse rupture strength, is a fundamental characteristic of a 

material. It is specifically defined as the stress that a material experiences immediately 

prior to yielding during a flexure test. 

The volume fractions of the steel fibers added to the mixture were 0.5%, 1.0%, 1.5%, 

and 2.0%. Fiber-reinforced concrete's flexural strength improved by 126.6% at 2%. High 
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strength concrete under high loading develops cracks, the evenly distributed steel fibers 

in concrete composite block and arrest propagation of cracks [66]. SFRC has 3-81% 

higher flexural strength than control sample. Steel fiber significantly improves flexural 

strength in comparison to split tensile and compressive strength. As aspect ratio of steel 

fiber increases the relative flexural strength also increases [67]. The experimental 

findings indicate that the flexural strength exhibits an upward trend with a rise in the 

volume of fibers from 0% to 2%. This trend is observed irrespective of the replacement 

ratio of recycled aggregate, whether it is 0% or 100%. This finding implies a 

relationship between the number of fibers and the improvement in flexural strength 

provided by steel fibers, due to the possibility of increasing the flexural strength of 

reinforced concrete with additional cohesion (RAC) by the introduction of steel fibers 

[68]. The use of steel fibers enhances the flexural performance of hybrid Fiber-

Reinforced Concrete (HFRC). Throughout the entirety of the loading procedure, the 

incorporation of steel fiber has been seen to substantially enhance both the bending 

stress and toughness of hybrid Fiber-Reinforced Concrete (HFRC). When the steel fiber 

volume content is increased from 0.5% to 1.5% in specimens with a polyvinyl alcohol 

(PVA) fiber volume content of 1.0%, the bending strength of HFRC significantly 

increases from 4.94 MPa to 7.39 MPa, demonstrating a considerable gain of 49.6%. 

Steel fibers are added to HFRC to increase its flexural strength and toughness via the 

process of bridge action, which stops fractures from spreading. The addition of extra 

fiber has little to no effect on the flexural properties of HFRC when the total fiber 

percentage surpasses 2.0%. [69]. With an increase in temperature, the MOR decreases 

more quickly than compressive strength. Tensile strength of concrete is more sensitive 

than compressive strength because of the development of micro and macro fractures 

[58]. 

The results of this research show that adding basalt fibers to composites significantly 

improves their tensile strength, flexural strength, and toughness index. It is important to 

note, nevertheless, that there was no appreciable increase in compressive strength [26]. 

The ultimate flexural capacity of basalt macro fibers concrete beam is improved as 

compared to control beam with no fibers. However, by adding BF into concrete beam 

have maximum deflection at failure than corresponding beams with no fibers [70]. 

According to the experimental results, adding basalt fibers at a concentration of 0.25 

percent significantly increases flexural strength compared to the control sample. 
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Furthermore, it was noted that concrete with a 1% fiber content had enhanced strength. 

This was evidenced by residual strength gains of 94.2% and 64.96% when subjected to 

300°C and 600°C, sequentially. Additionally, the basalt fibers form a network within the 

concrete and that’s why concrete withstands high stress [12]. Concrete having basalt 

fibers fail is same brittle failure as conventional concrete and no bridging phenomena 

was observed [38]. The user has provided a numerical reference. The inclusion of 0.5% 

fibers in basal fiber reinforced concrete had a notable improvement of 7.32% in its 

flexural strength. The enhanced strength of concrete is due to the stabilizing effect of 

short fibers, as well as the presence of high elasticity and high tensile strength. The 

basalt fibers act as a medium for transmitting stresses at elevated temperatures, and 

because of the fibers' weakening, further stresses are released. When exposed to 

temperature conditions, the remaining strength of BFRC displays higher values 

compared to standard concrete. The specimens' flexural fractures, both those with and 

those without fibers, are quite distinct. As the number of chopped fibers increased, the 

flexural strength increased as well. The inclusion of a 1.5% by total volume of mix of 

BF content resulted in significant enhancements in the flexural strength of various types 

of aggregates. Specifically, the flexural strength of natural aggregate improved by 

74.55%, untreated recycled concrete aggregate had a 61.45% rise, and treated RCA 

exhibited the highest improvement of 82.65% [71].  

2.7.3 Elastic Modulus   

The stress-strain connection is measured by the modulus of elasticity, which is a crucial 

factor in determining how concrete deforms in response to operating loads [72]. The 

attribute that was most negatively damaged, according to the analysis of the remaining 

mechanical parameters, was the modulus of elasticity. This phenomenon is commonly 

observed in concrete subjected to extreme temperatures [9]. The modulus of elasticity of 

different types of concrete at ambient temperature falls within the range of 5×103 to 

35×103 MPa. This value is affected by several variables, including the w/c ratio, life 

of concrete, and the kind and number of aggregates used. Although there is a noticeable 

amount of variation in the stated test results, both forms of concrete show a similar trend 

of decreasing elastic modulus as temperature rises. The presence of excessive thermal 

stresses and physical and chemical changes in the concrete's microstructure may be 

blamed for the drop in modulus seen in both NSC and HSC [73]. The results of a 

previous study indicate that the elastic modulus of HSC under fire may not be 
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significantly affected by the addition of SF. However, it is highlighted that the selection 

of aggregate variety has a more significant influence on the final strain of HSC [32].  

Higher temperatures cause the basalt fibers to soften, which reduces their brittleness. 

However, when subjected to high temperatures, elastic modulus in the specimens with 

BFRC decreased in a manner like that seen in the specimens without fibers. The 

decomposition of hydration products is responsible for the reduction in stiffness and 

elasticity modulus. The filler effects brought on by the presence of short fibers, the 

crack-bridging properties demonstrated by these fibers, along with their excellent tensile 

strength and elasticity, are the main factors that contribute to the increase in strength of 

BFRC [12].  The addition of PP fiber to FRC did not improve the residual elastic 

modulus. Furthermore, the influence of fiber dose and fiber type became negligible 

beyond 600°C. The overall behavior of the concrete remains consistent regardless of the 

proportioning of PP-F and/or S-F fibers [74]. When comparing the different mixes, it 

was observed that the mixes containing 1% steel fibers exhibited a superior preservation 

of the elastic modulus compared to the concretes created with PP fibers or a mixture of 

PP and steel fibers. As the temperature rises, the loss of compressive strength is greater 

than the decline in elastic modulus [75].  The inclusion of fibers did not alter the 

observed relationship between the modulus of elasticity and temperature. Fiber-

reinforced concrete (FRC) that incorporates both polypropylene and steel fibers exhibit 

an 8% increase in modulus of elasticity as compared to normal concretes. The reduction 

in residual modulus of elasticity is comparatively less pronounced in FRC as compared 

to non-FRC specimens. This effect is particularly evident at a temperature of 750°C 

[76]. Concrete's secant modulus rises when silica fume replacement amount is raised 

[53]. The elastic modulus of elasticity of RAC at room temperature and after exposure to 

2000C decreases with increasing steel fibers, but for specimen elastic modulus increases 

with inclusion of steel fibers after exposure to 4000C and 6000C the most significant 

effect on elastic modulus when steel fibers 1.5% [45]. 

2.7.4  Stress-Strain Compressive Curve  

Concrete stress-strain compressive response is critical since it is a required input 

parameter in mathematical models that anticipate the reaction of a concrete structural 

element. To model the response of a concrete structural section exposed to fire using a 

numerical technique such as finite element modeling, a constitutive model of concrete 

must be provided that can capture the strains at various stress levels and temperatures. 
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Compressive stress-strain curve in reactive powder concrete exhibits similarities when 

subjected to temperature variations, particularly in relation to varying steel fiber 

contents. At 300°C, the shape of the stress-strain curve exhibits minimal deviation from 

its initial unheated form. As temperatures escalate to the range of 300–700°C, there is a 

noticeable flattening of the stress-strain curves along with a downward and rightward 

shift in the position of the peak points. Upon subjecting the concrete to temperatures 

between 800–900°C, the peak points demonstrate a tendency to shift upwards and 

leftwards once more [77]. After exposure to a temperature of 600°C, the concrete 

specimens' average strain at the peak of tension is almost 4.8 times higher than that of 

the unheated concrete specimens. In the context of recycling aggregate Concrete (RAC), 

it is often observed that a concrete mixture containing a larger proportion of steel fibers 

tends to exhibit a little greater strain at the point of maximum stress especially at 400°C 

and 600°C [45]. Under unstressed circumstances, a study was conducted in which the 

stress-strain response of HSC mixtures containing FA was measured. The temperatures 

exposed were 250°C, 450°C, 550°C, 650°C, 750°C, and 850°C, with a rate of heating 

was 2°C/min. For capturing the stress-strain response, they used a strain-controlled 

approach. The cylinders were 80 x 300 mm in size and had a compressive strength of 

91.8 MPa at room [78]. 
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CHAPTER 3 

EXPERIMENTAL PROGRAM 

3.1 General  

The HFRC (basalt and steel fibers) at elevated temperature needs a detailed test program 

with various concrete mix regimes. The test thesis will include compressive and flexural 

strength tests, Post crack energies, stress strain graphs, elastic modulus, Pre-crack 

energies, toughness index, and mass loss. Various authors have explored high strength 

concrete in depth in the literature, but there is no one set of studies that covers the 

mechanical characteristics of steel and basalt fibers intruded in concrete at high 

temperature. To understand the fire and spalling behavior of concrete, basic mechanical 

tests namely flexural and compressive test, stress strain curve, elastic modulus, and mass 

loss are performed at temperatures of 23°C, 300°C, 600°C and 800°C under residual test 

conditions. The details about the test program and procedure, materials and mixed 

regime are discussed in this chapter. The mechanical and material qualities that were 

assessed are provided in graphical form, and the data obtained was also compared with 

control mixtures. This chapter presents the details about the materials, methods and 

procedures used in this study. All mechanical and material parameters that were 

investigated were graphed, and the produced data was compared to control mixtures. 

3.2 Formulation of Experiments for Material Properties 

The test program was carried out elevated temperature material property tests on all five 

formulations of concretes. Cylindrical specimens of dimension (300mm height x 150mm 

diameter) along with small beam specimens of dimension (100mmx100mmx400mm) 

were fabricated from each batch of concrete mixes, at 28-days of curing these specimens 

were then subjected to escalating temperatures from 23℃-800℃. The compressive 

strength tests were conducted according to the ASTM C-39 standard, whereas the 

flexural strength testing was according to ASTM C293/C293M−16 standard. The study 

employed the residual test method to investigate the mechanical and material 

characteristics of the mixtures at different exposure temperatures. 
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3.3 Materials   

3.3.1 Cement 

 OPC Type-I” Cherat cement limited,” according to ASTM C150 [79], is used as a 

binder. 

Table 4: Raw Ingredients of Cement. 

Item Percentage of Oxides by weight 

Cao 63.52 

SiO2 21.23 

Al2O3 5.55 

Fe2O3 3.23 

SO3 2.54 

MgO 0.92 

K2O 0.63 

Free Lime 0.54 

Na2O 0.14 

 

3.3.2 Fine Aggregates 

The fineness modulus of fine aggregate was 2.62 and obtained from the river.  

Furthermore, the results for grading and standard (ASTMC33/C33M-13 2013) [80] are 

presented in Table 6 mentioned below. Fine and coarse aggregate properties are 

mentioned in Table 5 below. 

Table 5: Properties of Aggregates. 

 

 

Aggregate type Coarse aggregate Fine aggregate 

Specific gravity 2.68 2.43 

Fineness modulus 7.29 2.61 

Water absorption 0.69% 1.19% 

Max size of aggregate 12.5mm -- 
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Table 6: Gradation of Fine Aggregate. 

. 

 

Figure 4: Gradation Curve of Fine Aggregate and ASTM Lower and Upper Limits. 

3.3.3 Coarse Aggregates 

The coarse aggregate, with a maximum size of 12.5 mm, was employed under saturated 

surface dry conditions. The coarse aggregates' physical properties are summarized in 

Fig 5, and their gradation is listed in Table 7 below. 

 

 

 

Sieve 

No 

Sieve 

Sizes 

(mm) 

Retained 

Weight 

(gm) 

Percentage 

retained 

Cumulative 

% 

retained 

Percentage 

Passing 

ASTM 

Lower 

Limit 

ASTM 

Upper 

Limit 

#4 4.75 8 1.64 1.63 98.36 95 100 

#8 2.36 35 7.17 8.81 91.19 80 100 

#16 1.18 73 14.6 23.7 76.3 50 85 

#30 0.6 128 26.22 50 50 25 60 

#50 0.3 170 34.83 84.83 15.17 5 30 

#100 0.15 74 15.16 100 0 0 10 

Total 

(gm) 

 
488 
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Table 7: Gradation of Coarse Aggregate. 

 

 

Figure 5: Gradation Curve of Coarse Aggregate and ASTM Lower and Upper Limits 

 

 Figure 5: Sieve Shaker.  

 

 

Sieve 

No  

Sieve 

Sizes 

(mm) 

Retained 

weight 

(gm) 

Percentage 

retained  

Cumulative 

% 

retained 

Percentage 

Passing 

ASTM 

Lower 

Limit 

ASTM 

Upper 

Limit 

1.5 38.1 0 0 0 100 95 100 

1 19.08 160 3.18 3.18 96.82 80 100 

0.75 12.7 350 6.37 9.56 90.08 50 55 

0.5 9.525 1915 37.22 47.13 52.86 30 35 

0.375 4.76 1200 23.32 70.45 29.54 5 20 

0.1875 25.4 1520 29.54 100 0 0 0 

pan   0  
    

Total (gm) 5145      
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3.4 Admixture 

3.4.1 Super Plasticizer 

High-performance water-reducing admixtures were added to improve concrete quality at 

a low w/c ratio. The carboxylic acid derivative-based chemical admixture was used. 

Superplasticizer chemorite-303SP was used as water water-reducing admixture with 

ASTM C494-19 [81]. It was obtained from the chemical supplier IMPORIENT 

Chemical (PVT) LTD. 

Table 8: Chemical Properties of Superplasticizer. 

 

3.4.2 Silica Fume 

The research's mineral admixture used is Densified Silica Fume. This densified silica 

fume has a very high density and average particle size, leading to the improved 

microstructure of the resulting concrete. It is particularly suitable for mixing concrete 

where concrete must resist sulfates and chloride from the surrounding environment. It 

was obtained from the chemical supplier IMPORIENT Chemical (PVT) LTD. Chemical 

admixture having ASTM C1240 [82]. 

Table 9: Properties of Silica Fume. 

 

composition Carboxylic acid derivative 

Form Whitish pale liquid 

Density at 250c 1.06±0.01kg/lit 

Chloride content Nil (EN 934) 

Storage life Minimum 12 months 

Appearance Grey powder 

size 0.5 µm 

Dry density  450 kg/m3 

Specific surface 15-30 m2/g 

Specific gravity 2.2-2.3 

Storage life Minimum 24 months 
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3.5 Fiber Additives 

3.5.1 Importance of Fibers 

FRC has shown to be quite effective in various applications, like slabs on grade, 

shotcrete, architectural and design panels, prefabrication products, offshore platforms, 

constructions in seismic zones, thick and thin repairs, crash barriers, foundations, and 

hydraulic structures. Fibers might enhance the characteristics of concrete if they are 

added to it. The fundamental vulnerability of ordinary concrete arises from microscopic 

fissures located at the contact between the mortar and aggregate. FRC is a composite 

material made mostly of conventional concrete with fine fiber reinforcement. Fibers are 

crucial in mitigating fracture formation by enhancing the mechanical properties of 

inherently brittle materials like cement concrete, which typically exhibit poor tensile 

strength and impact resistance. The resulting composite material gains improved crack 

resistance, enhanced flexibility, and distinctive post-cracking behavior prior to ultimate 

collapse by including fibers. 

3.5.2 Steel Fiber 

This research study utilized 24 mm long fibers with an aspect ratio of 45. The fibers’ 

diameter was 0.559 mm, and density was 7.85g/cm3. Its melting point is about 17000c. 

3.5.3 Basalt Fiber 

Basalt fibers (BFs) were ordered from Jiangsu Horyen International Trade Shanghai, 

China. It is manufactured at a temperature of 1500-16000c. 

3.6 Mix Proportions.    

One experimental group consisted of a high-strength concrete (HSC) formulation. In 

contrast, the other experimental group consisted of four modified high-strength concrete 

formulations that contained SFs and BFs with varying percentages (0.25% HFR-HSC, 

0.5% HFR-HSC, 0.75% HFR-HSC, 1% HFR-HSC) were prepared. In this hybrid fiber 

reinforced concrete, both SFs and BFs are added in equal proportion by percentage, like 

in 0.25%, half percentage of steel fibers and half of basalt fibers were added. Steel fibers 

have high density, so the quantity of steel fibers was higher than basalt fibers. All mixes 

are made with a low w/c ratio of 0.35, with plasticizer by 1 percent by weight of cement. 

After 24 hours, the samples were de-molded and put in a water tank for 28 days. To 

analyze the strength evolution of formulations, compressive strength tests were done 
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according to ASTM C39 [83] and flexural test was according to ASTM 

C293/C293M−16 [84].   

Table 10: Mix Design in Kg/m3. 

Mix ID 
CM FA CA Sf Water  SP 

% 

BFs  SFs  

HSC  440 627 1253 44 154 4.39 0 0 

HFRC-0.25% 440 627 1253 44 154 4.39 0.125 0.125 

HFRC-0.5% 440 627 1253 44 154 4.39 0.25 0.25 

HFRC-0.75% 440 627 1253 44 154 4.39 0.375 0.375 

HFRC-1% 440 627 1253 44 154 4.39  0.5  0.5 

Note: CM (cement), FA (fine aggregate), CA (coarse aggregate), Sf (silica fume), SP 

(supper plasticizer), BFs (basalt fibers), SFs (steel fibers)  

3.7 Sample Preparation    

For each kind of formulation, concrete samples with dimensions of 150 x 300 mm were 

cast in the cylinders, and 100 x 100 x 400 mm were cast in the case of beam specimens 

for each temperature variation 03 sample and before casting cylinders and prism beams, 

applied oil on their inner surface to have a smooth surface of samples. The concrete 

specimens were allowed to remain within the molds for 24 hours after pouring. Samples 

were carefully molded and placed in water tanks for 28 days in a controlled environment 

of 130c. Compressive and flexural strength tests were conducted at 28 days.  

   

                                           (a)                                           (b) 

a) Oiling of the internal surface of molds. It was done 24 hours before casting 

specimens. The primary purpose of it was to have a smooth surface of cylinders. (b) 

small amount of steel and Basalt fibers were added after the addition of coarse 

aggregates into the mixer 
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.                  

       (c)                        (d) 

(c) Hybrid fibers were added in small proportions after adding fine aggregate. (d) Hybrid 

fibers were added in small amounts after cement. Avoid voids and spread equally in the 

mix to prevent the balling effect. 

   

                                                 (e)                                                 (f) 

 (e) concrete specimens after casting. f) Concrete samples in a curing tank for 28 days. 

Figure 7: Mixing, Casting and Curing of Concrete Specimens.  

 

Table 11: Overview of Cylinders and Beams Samples with Temperatures. 

Temp  

Mix Type 

Cylinders Beams CS 

HFRC-

0.25% 

HFRC-

0.5% 

HFRC-

0.75% HFRC-1% 

230C 2 2 2 2 2 10 10 

3000C 2 2 2 2 2 10 10 

6000C 2 2 2 2 2 10 10 

8000C 2 2 2 2 2 10 10 

Total = 40x2= 80 



29 
 

. 

A total of 40 cylinders and 40 prism beams were cast for residual testing at elevated 

temperatures. Two concrete specimens were designated for high temperature material 

property tests at each target temperature. Before residual test all cylinders were capped 

with gypsum mortar [85].  

3.8 Material Property Tests  

The mechanical properties testing was conducted on heat-treated samples in their 

residual state. The material property tests were assessed, including compressive and 

flexural strength, stress-strain curve, elastic modulus, and mass loss. This section briefly 

discusses the testing approach and technique, testing equipment, testing variables, and 

fire loading characteristics.  

3.9 Fire Loading Characteristics  

Two main fire-loading factors influence the test findings of samples subjected to high 

temperatures. Heating rate and targeted temperatures. Due to a lack of suitable higher-

temperature testing standards, these two properties were chosen based on previous 

research on concrete specimens at high temperatures. 

3.10 Target Temperature, Heating Rate, and Hold Time for Test Method.  

The most frequently used target temperatures are 23 , 300 , 600,  and 800 . Types 

of aggregates significantly impact concrete fire response as calcareous aggregates tend 

to dehydrate at 800 . This temperature, i.e., 800,  is also selected for the study of 

microstructure and crack pattern analysis. To assess the mechanical characteristics of 

concrete at elevated temperature conditions, the heating rate used by several researchers 

lies in the range of (2-50c)/minute. The heating rate varies in case of a realistic fire; 

sometimes the elevation rate may rise to 25ºC/min  [86]. This study carefully determined 

a constant rate of 5°C/min. In this study, samples were tested at target temperatures 

23°C, 300°C, 600°C, and 800°C. When subjecting a concrete sample to heating in an 

electric furnace, the temperature of the furnace rises at the specified rate. A proper hold 

time must be supplied to the sample under heat treatment to achieve a thermal steady 

state. A thermocouple was used to detect the core temperature of specimens.it is simply 

wire. The k-type thermocouple was used for this purpose. A hole was created from one 

of the cylinder's round ends, a thermocouple was placed, and then cement paste was 

grouted into the hole and left to set. All the mixes were given a suitable hold time 
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according to thermocouple values to achieve a thermal steady state [87]. The data 

recorder was then equipped with thermocouples to measure the temperature record over 

time. Then, the thermocouple cylinder was placed within the heating chamber, which 

was heated to the desired temperature. The temperature data was measured about time 

and plotted accordingly. The samples were kept for two hours after the target 

temperature to achieve both core and furnace temperature thermal stability. It is clear 

from the above that the control concrete cylinder's core takes 2 hours and 25min to attain 

3000C temperature, 3 hours, and 26 minutes to attain 6000C, and 4 hours and 55min to 

attain 8000c.The core temperature of samples containing SF-BF 0.25% reaches 3000c at 

2 hours and 22 min, 3 hours and 23 min to achieve 6000c. The core temperature of 

samples containing SF-BF 0.5% reaches 3000c at 2 hours and 19 min, 3 hours and 15 

min to attain 6000c.  

                                                                                                      

                                                    (a)                                                            (b) 

Figure 6: K-Type Thermocouples Drilled Inside the Specimen. 

3.11 Test Apparatus and Procedure   

According to ASTM-C39 and ASTM C239/C239M-16, the specimens' compressive and 

flexural strengths were evaluated. A controlled loading rate of 0.2 Mega Pascal per 

second was used to create the stress-strain curves. The stress-strain results of the 

response curves were also used to calculate the modulus of elasticity based on the 

specified variables. A furnace with a 1200 °C capacity was utilized for temperature 

control, and a computerized temperature-time controller was placed in the furnace to 

regulate time and maintain the necessary conditions. K-type thermocouples were 

inserted into the core of a typical sample to monitor temperature changes and guarantee 

that concrete specimens were receiving a balanced dispersion of heat. During the testing, 

temperature measurements for representative samples were obtained, which helped 
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determine the required hold time and heating rate by RILEM test guidelines 

(“Recommendation of RILEM TC 129-MHT ‘Test Methods for Mechanical Properties 

of Concrete at High Temperatures’ Modulus of Elasticity for Service and Accident 

Conditions,” 2004). The samples were heated to the required temperatures at a regulated 

rate of 5°C/min. Based on temperature-time graphs, a hold duration of 2.5 hours (150 

minutes) was prescribed to maintain thermal equilibrium (stationary state) conditions. 

The specimens were allowed to cool down to the ambient temperature to reduce the 

effects of heat shock. The targeted temperatures were 23°C, 300°C, 600°C, and 800°C, 

sequentially. To determine mass loss, the mass of every sample was counted both before 

and after the fire exposure. Record initial temperature note time after five minutes note 

final temperature.  It was calculated that the rate of cooling was 60c/min. 

      

(a)     (b) 

      

(c)      (d) 

 

(e) 



32 
 

Figure 9: Temperature Vs Time Graphs of Cylinders. 

      

(a)      (b) 

      

(c)      (d) 

 

(e) 

Figure 7: Temperature Vs Time Graph of Prism Beams. 

 

Figure 8: Electric Furnace for Heating the Samples to Targeted Temperatures. 
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3.11.1 Compressive Strength Test 

After being heated to the required temperature, the specimens were allowed to cool until 

they reached a state of thermal stability. Since there are no published testing standards 

for high-temperature compressive testing of concrete specimens, the ASTM (ASTM 

C39/C39M-16b 2016) testing method for room temperature is used to evaluate the 

compressive strength of the concrete at the appropriate temperature (fc', T). The 

compression loading rate was 0.2Mpa/sec [83] and tested two cylinders at each target 

temperature. 

 

Figure 9: Compression Testing Machine. 

3.11.2 Flexural Strength Test 

 Flexural strength is often used as a substitute for tensile strength. Alternately, the 

computation of the extreme fiber stresses brought on by the bending moment may be 

utilized to calculate the modulus of rupture while bending a part. The load was delivered 

to the specimen steadily to keep it under constant and shock-free pressure. 0.9 to 1.2 

MPa per minute [125 and 175 psi per minute] of the load will be applied to the tension 

face each minute [84]. 

 

Figure 10: Flexural Test Assembly ASTMC (293/293-16). 
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Figure 11: Universal Hydraulic Testing Machine for Flexural Strength Test. 

3.11.3 Stress-Strain Curve  

While performing compression tests, the stress-strain response of concrete specimens 

was captured using a data-collecting system. The rate of loading was kept at 0.2Mpa/sec 

till the failure. Load and deformation data were obtained using a load data gathering 

system connected to a universal testing machine and LVDTs. Based on the load 

deformation response, the stress-strain curve was plotted at the desired temperatures. 

3.11.4 Modulus of Elasticity (E)  

concrete specimens were evaluated using the stress-strain curves with a relationship 

described in ASTM C469 [88]. 

3.11.5 Mass Loss 

Concrete samples were first weighed before being heated to determine the mass loss. 

Subsequently, the specimens were heated to a predetermined temperature and allowed to 

cool down to the ambient temperature. Later, the specimens were reweighed using a 

precision weighing scale to measure to a minimum resolution of 0.001 grams. The 

following relationship was used to compute relative mass loss at a specific temperature. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 General 

This chapter summarizes and analyses the results of tests done on concrete specimens, 

including mass loss, mechanical properties, and compressive failure mode, and visual 

observations were taken to determine how the color and surface cracking of samples 

changed after they were removed from the electric furnace. The resulting mechanical 

properties data for HSC and modified HSC with steel fibers and basalt fibers at different 

percentages are used to construct relationships for various material properties as a 

function of temperature spanning from 23 to 800 °C. 

4.2 Elevated Temperature Mechanical Properties 

4.2.1 Compressive Strength 

The compressive failure load of the samples was measured at various temperatures, as 

shown in Fig.15, showing that residual compressive strength varies with temperature in 

terms of both absolute and relative values. 

The compressive strength of concrete decreases with increasing temperature shown in 

Fig (15), namely in control (HSC), 0.25% HFR-HSC, 0.5%HFR-HSC, 0.75%HFR-

HSC, and 1%HFR-HSC, due to hydrothermal impacts, such as the loss of water and 

chemical changes that occur within the concrete matrix [89]. A noticeable difference 

occurs by removing adsorbed and free water, resulting in increasing pore pressure, 

which continues till 3000c [90], further increase in temperature to 400°C, and 

decomposition of C-S-H and CH occurred, which caused a significant loss of strength 

[8]. The changes above the threshold of 5000c are dramatic and irreversible [91]. 

Moreover, an essential factor contributing to the decline in strength at 600°C is the 

thermal instability of aggregates, which is caused by the de-carbonation process of 

limestone taking place within the temperature range of 600-800°C [92]. Modified HSC 

samples surpassed control samples, especially b/w 2000c and 6000c. Modified HSC 

basalt fibers decrease thermal stress by reducing pore pressure, while steel fibers bridge 

the fissures arising from hydrothermal changes. The inherent ability of basalt and steel 

fibers to bridge cracks has maintained the integrity of the load-bearing area, hence 

improving the strength retention. This characteristic facilitates the homogeneous 

dispersion of thermal loads and mitigates the heat transmission between the exterior 



36 
 

surface and concrete interior. Later, lower tensile stresses and thermal cracking are 

generated. Due to the basalt and steel fibers' anchoring properties, fracture development 

was reduced. Thermal fractures decreased compressive strength in the absence of this 

mechanism in the control sample (HSC).  

The incorporation of hybrid fibers into HSC samples resulted in an improved 

microstructure of the specimens, leading to a higher compressive strength at ambient 

conditions up to 4.39%, 22.41%, and 9.61% for (0.25%-HFRC, 0.5%-HFRC and 

0.75%-HFRC), respectively, in comparison to control specimen, further increase to 1% 

HFRC strength decreases to 4.25% from the reference sample. As the fiber increases, 

the compressive strength of modified samples increases, and maximum strength 

achieved at 0.5% hybrid fibers reinforced concrete. However, beyond 0.75% fiber 

addition then strength reduction occurs which is due to agglomeration of fibers, non-

uniform distribution of fibers, and formation of pores, which causes the formation of 

weak zones within concrete. When fibers increase beyond optimum level, then upward 

trajectory of entrapped air was observed [93]. Additionally, their reduced stickiness with 

cement paste may also decrease strength [94]. At room temperature, the specimen 

reaches its maximal strength. When exposed to a temperature of 3000c, the specimens' 

strength significantly decreased. At this temperature concrete with 0%,0.25%, 0.5%, 

0.75% and 1% addition of hybrid fibers the strength reduction was 32.55%, 28.08%, 

24.95%, 25.35% and 33.9% respectively. Interfacial bonding in the region between 

cement paste and aggregate is lost because of internal water evaporation [95],[96]. 

Stress induced by evaporation pressure over 4000 c resulted in the disintegration of C-S 

products [97]. At 6000c strength reduction were 49.09%, 46.42%, 44.71%, 42.21%, 

52.23% respectively. Around 400-6000c a notable amount of C-S and C-S-H product 

decompose, that’s why rapid strength loss occurs [98]. However, the hybrid modifier 

samples show better retention of strength as compared to control specimen. The 

specimen containing 0.5% fibers exhibits the best strength preservation, followed by 

0.75% and 0.25%, it may be attributed to the superior heat-resistant material 

incorporated in the matrix. The thermal stress, which is directly related to the 

characteristics of the microstructure of concrete, may be responsible for the loss in 

compressive strength. The specimens composed of basalt fibers exhibited significant 

resistance against spalling and steel fibers resist cracking at macro level. At 800 0c 

concrete with 0%, 0.25%, 0.5%, 0.75% and 1% hybrid fibers (HF) strength were 
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reduced to 85.08%, 84.43%, 84.43%, 83.74, and 86.94%. It was observed that at 600 0c 

the concrete with 0.75% HF strength reduction was lesser than others. When concrete 

cylinders were heated to high temperatures, the presence of steel fibers significantly 

reduced the rate at which the cylinders disintegrated completely. After being subjected 

to a compression test, the cylinders' structural integrity is improved according to the 

quantity of steel fibers that are present in the material. In addition, the fracture will often 

become more dispersed and zigzag-shaped as the proportion of steel fiber in the material 

increases. The strength decreased beyond 0.75%, possibly related to a weak contact 

between the fibers and the cement. The heterogeneity of the mixture, which results from 

a greater amount of hybrid fibers, may be responsible for the observed decrease in 

compressive strength. This heterogeneity, in turn, reduced the amount of cement 

utilized. Moreover, the robust connection provided by fibers and their increased 

resistance to being pulled out contribute to the enhancement of characteristics [99], [96]. 

 

Figure 12: Variation of Compressive Strength as A Function of Temperature. 

4.2.2 Stress-Strain Curve 

The cylinder specimens were [150x300mm] in accordance with ASTM C-39. The 

stress-strain curve for each specimen was created by performing compression tests on 

cylinders at a constant loading rate of 0.2 MPa/sec, as was explained earlier. The 

significant features associated with the stress-strain curves, such as compressive 

strength, elastic modulus, post-fracture energy, and compressive toughness, were 

derived by averaging the results from three specimens with the same composition. 

The experimental findings demonstrate that the incorporation of HF leads to a notable 

change in the stress-strain curve. Specifically, the branch of the curve that is going 

downwards becomes more flattened when a concrete mixture contains hybrid fibers. 
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The flattened curve after peak stress indicates that by addition of fibers change brittle to 

ductile behavior. It is common for the initial slope of the stress-strain curve to decrease 

as well as the compressive strength of a material when it is subjected to elevated 

exposure temperatures. The stress-strain graphs at ambient temperature for HFR-HSC 

show ductile behavior with superior peak load and peak strain than CS. The 

increased post-peak phase shown by these graphs suggests an enhanced capacity to 

absorb energy, as shown in Fig 17. The high-temperature effect reduced both maximum 

stress and peak strain for all combinations of concrete mixture compared to the 

specimens tested at room temperature. When fiber content increased from 0.25% to 

0.75%, the peak stress of HFRC was more than CS at room temperature; beyond the 

0.75% addition of HF, the peak stress decreased by 4.25%. The previous study likewise 

revealed a higher maximum stress when steel fibers were added in the HFRC [99]. 

Moreover, the increased peak stress of HFRC can be related to the incorporation of 

basalt fibers at different concentrations. The literature also reported the optimize peak 

stress with a 0.15% basalt fiber content in concrete [101]. The superior mechanical 

capabilities exhibited by basalt fibers, along with their excellent compatibility with 

cement matrices, have led to the notable improvement in peak stress observed in 

composite matrix [102]. The peak stress of concrete having 0.25% basalt fibers was also 

observed by researcher [12]. Ultimate strain also increases with increasing fibers 

content. The observed enhancement in the strain capacity of HFRC demonstrates a 

beneficial synergistic effect comparable to that of CS. The stress-strain curves 

demonstrate that the area beneath them increases as the dosage of steel fibers increases. 

This indicates that a higher content of steel fibers leads to improved ductility and 

toughness [77]. Similarly steel and basalt fibers in concrete offer bridge effect after peak 

load, that’s why area under stress-strain curve increases. In addition to proper bond b/w 

HF and concrete matrix enhance peak stress and ultimate strain [41]. In contrast, steel 

fiber can only successfully stop fractures from spreading at the macro level, while basalt 

fiber can effectively stop cracks from spreading at the meso level, as depicted in Figure 

16, certain portions of basalt fiber contribute at the micro level. Moreover, the 

incorporation of hybrid fiber into concrete results in enhanced residual strength when 

exposed to fire, mostly due to its confinement mechanism. Up to 3000c, there was little 

difference between the HFRC-0.5% and HFRC-0.75% formulations in terms of the 

retained strength. This can be seen in Figure 17 (c) and (d). 



39 
 

 

Figure 13: Fiber Crack Arresting Mechanism. 

However, 0.5% of the modified samples performed better than any of the other modified 

formulations because, at temperatures of 300, 600, and 8000c, they maintained up to 

75%, 55%, and 18% of their original strength. 

 

        

          (a)     (b) 

     

 

 

 

 

 

 

(c)                                                          (d) 
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(e)                                                        (f) 

     

(g)                                                                  (h) 

 

(k) 

Figure 14: Stress-Strain Curve of Cylinders. 

However, samples treated with 0.75% at 300, 600, and 8000c maintained up to 74.64%, 

57.58%, and 16.58% of their initial values, respectively. The modifier samples having 

0.25% HF at 300, 600 and 800 0C retained up to 71.54%, 53.26%, and 15.26% of their 

initial values. In addition, the increase in values compared to the control samples at the 

ambient level was approximately 4%, 22.56% and 9.56% for 0.25%, 0.5%, and 0.75% 

hybrid fibers additives respectively. Although, strength increases when HF content 
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increases to 0.75%, after this when fiber content increases to 1% then strength reduction 

occurs. At ambient level the strength of HFRC-1% is 4.05% less than control sample, at 

300 0C,600 0C, and 8000C it was 6.35%,10.33% and 16.19%. However, the toughness, 

post crack energy increases with increasing fibers, which enhances ductility of concrete. 

4.2.3 Modulus of Elasticity E 

The modulus of elasticity as per (ASTMC469/C469M-14 2014) was derived from the 

stress-strain plots [88]. When temperature increases, then elastic modulus decreases, 

and it is dependent on several parameters, including aggregate type, w/c ratio, exposure 

temperatures, and microstructure. Decrease in elastic modulus of concrete with rise in 

temperature can be due to the transformation of cement hydrates, which causes a 

change in microstructure, a rise in shrinkage, and ultimately the chemically bound 

water loss produced by this reaction. Test outcome indicated that retention of modulus 

of elasticity of modified samples is higher than control sample especially in the range 

of 300-8000c, by crack bridging action of fibers reinforcement. The addition of fibers 

alters brittle behavior to elastic mode.  

The mean elevation in modulus of elasticity at normal temperature of 0.25%-HFRC, 

0.5%-HFRC, and 0.75%-HFRC is around 2.16%, 9.92 %, and 4.69% compared to CS, 

respectively, while decreased with 1%-HFRC by 2.14% than CS. The strain at the 

compressive strength is positively associated with fiber volumetric ratio. This showed 

that an increase in HF content led to an increased increase in the strain. On the other 

hand, the elastic modulus had a negative correlation, which suggests that a rise in the 

fiber volumetric ratio resulted in a drop in the elastic modulus. When the fiber content 

in concrete exceeded 0.75%, a little reduction in the elastic modulus of concrete was 

noted. The integration of increased amount of fiber may be responsible for the 

existence of extra voids in concrete [103]. The reduction in modulus of elasticity of 0%, 

0.25%-HFRC, 0.5%-HFRC, 0.75%-HFRC and 1%-HFRC at 300°C are 17.87%, 

12.77%, 13.6% and 18.7% respectively. At 600°C the reduction in E is 28.558%, 

26.8%, 25.15%, 23.89, and 30.89%. Modulus of elasticity decreases sharply after 

6000c, at 8000c the value of E reduced to 61.38%, 60.43%, 60.28%, 59.68% and 

63.62% Correspondingly. The better performance of the modified samples may be 

associated with stabilizing the load-carrying area by means of greater interlocking and 

improved adhesion between the fibers and the cement matrix. The inclusion of steel 

fibers improves elastic modulus up to dose of 1% [45]. 
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Figure 15: Modulus of Elasticity Of Concrete Cylinders. 

4.2.4 Compressive Failure Mode 

After the application of the high-temperature treatment, the cylinders were put to 

compression testing (as seen in Fig. 19). The outcomes of these experiments 

demonstrated the causes of failure for a variety of concrete mixes, with each mix being 

a representative random pick from a set of three mixtures. As the load was applied to 

the control samples to their nearest maximum threshold, vertical cracks appeared on the 

concrete, having an audible cracking sound. Following the occurrence of peak load, the 

cracks exhibited rapid propagation throughout the specimen, resulting in a quick failure 

process. The experimental results obtained from the tests conducted on cylinders 

subjected to 6000c- 8000c revealed spalling off concrete cylinders at the maximum load 

for the control sample, while only cracks were observed for the HF modifier samples. 

When exposed to high temperatures, concrete cylinders that include HF do not 

completely deteriorate as quickly as those that do not have HF. When the quantity of 

HF in the mixture was higher, the cylinders produced after the compression test were 

more integral. When fibers content increases, the cracks follow a zigzag pattern. Lateral 

expansion was observed, especially with 1% HF modifier samples. The failure pattern 

of HFRC was quite ductile. After being subjected to a compression test, the cylinders' 

structural integrity is improved according to the quantity of HF in the material. At 

elevated temperature failure pattern of HFRC-0.5% and HFRC-0.75% is different from 

other additives and control sample. It is cleared from Fig 19 cracks in the control 

sample is vertical while in fibers additives the cracks pattern is zigzag.  

 230c 3000c 6000c 8000c 
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Figure 16: Compressive Failure Mode of Cylinders at Targeted Temperatures. 

4.2.5 Load Vs Displacement Variations 

A load system designed for flexural testing; we were able to determine the ultimate 

load at which specimens collapsed when subjected to varying temperatures. Load 

versus displacement values that are dependent on temperature have been shown for 

hybrid fiber-reinforced specimens. The dimension of beam sample was 

[100x100x400 mm] based on ASTM C293/C239M-16. In all the Figures 0.5% of 

the modified samples performed better in terms of load retention than any of the 

other modified formulations at 3000c ,6000c and 8000c it retained up to 82.26%, 

38.96%, and 11.32% of their original values. While 0.75% modified samples at 

3000c ,6000c and 8000c retained up to 90.28%, 42.21% and 13.11% of their strength 

at room temperature. In addition, 0.25% HF modifier samples at 3000c, 6000c and 

8000c retained up to 81.42%, .34% and 12.22% of their original value. 1% additive 

retain up to 82.25%, 38.68%, and 13.01% while control sample retain up to 81.29%, 

32.48% and 8.3% respectively, to their original value. 

 

(a) 



45 
 

  

(b)         (c) 

   

(d)      (e) 

Figure 17: Load Vs Deflection Curve of Beams with Different Elevated Temperatures. 

4.2.6 Flexural Strength 

Flexural strength is an indirect measure of the material's tensile strength, also called 

modulus of rupture, which is a material's ability to bend without breaking. When HF is 

added to concrete, there was a noted rise in bending strength. This can be attributed to 

HF's superior tensile properties, the strong bond between the fibers and the matrix 

facilitating force distribution, and the even distribution of fibers within the matrix. At 

higher temperatures, modified samples outperformed control samples in terms of 

performance and improved fire endurance due to force transfer mechanism form matrix 

to fibers. Steel fibers have a higher thermal conductivity, this property of steel fibers 

makes it easier for heat to flow inside concrete, which slows the growth of cracks. 

Consequently, specimens with steel fibers have increased flexural strength [44]. In 

addition, basalt fibers trap air inside concrete, which serves to dissipate heat and reduces 

the amount of integrity lost at high temperature [12]. It was examined that with 

increasing fibers content flexural strength was increased by 6-15% at normal 

temperature. Essentially, the joining effect of the equally spaced fibers across the 

fractures effectively inhibits the spread of small fissures in the initial phase and 

successfully delays the formation of large cracks at subsequent stages. As a result, the 
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flexural strength is increased. Temperature increase results in a reduction in flexural 

strength [104]. 

The remaining strength of concrete with 0.5% HF surpassed that of other samples at 

both standard and increased temperatures. However, strength degradation at 3000c, 

6000c and 8000c of HFRC- 0.75% is lower than other additive and control sample. 

When compared to the Control specimens, the HFRC specimens show excellent 

increases in strength at ambient levels as modified 0.25%, 0.5%, and 0.75% specimens 

exhibit increases in strength by 6%, 15%, and 9%, respectively, as shown in Figure 21. 

The sample with 1% fibers had a 3% lower flexural strength than the CS sample, which 

might be due to an irregular scattering of the fibers, in addition to a weaker stickiness 

with the cement paste. Furthermore, fiber coagulation may result in excessive voids, 

resulting in a less dense matrix with lesser strength. The flexural strength degradation at 

3000c of CS, HFRC-0.25%, HFRC-0.5%, HFRC-0.75%, and HFRC-1% was about 

18.03%, 15.41%, 14.02%, 9.79% and 17.74% respectively. At 6000c the downfall of 

CS, HFRC-0.25%, HFRC-0.5%, HFRC-0.75%, and HFRC-1% was about 61.15%, 

59.41%, 57.02%, 56.79% and 62.74%.  Furthermore, at 8000c the residual strength of 

CS, HFRC-0.25%, HFRC-0.5%, HFRC-0.75%, and HFRC-1% was about 91.15%, 

87.41%, 88.02%, 86.79% and 86.89% of their original strength respectively.  Due to the 

reinforcing capabilities of fiber, using fiber in cement compounds results in a stronger 

link between the cement compounds and the aggregate. However, the decrease in 

bending strength that occurs at higher temperatures is caused by unequal expansion 

between the aggregate and cement layers as well as the production of extra internal 

stresses inside the concrete itself. Furthermore, increasing fiber content beyond 

optimum level may reduce cement which causing reduction in strength.  

 

Figure 18: Flexural Strength of Beams with Different Temperatures. 
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4.2.7 Energy Absorption Capacity (Toughness)  

The compressive toughness (TC) of concrete is determined by calculating the area 

below the stress-strain curve until there is a decrease of 20% in the peak stress. This 

measurement determines how much energy the concrete can absorb before it breaks 

and how well it can resist deformation when compressed [105], [106]. When 

temperature increases, the compressive strength and peak strain of all samples 

decreases, which leads to a reduction in the material's toughness. At room 

temperature, it was discovered that the inclusion of steel fibers had a favorable 

impact on the toughness of FRC [107], [108]. Abrasion resistance and toughness 

may all be significantly improved in concrete by including even a tiny number of 

basalt fibers as a reinforcing element [109]. When compared to PC, steel fibers 

almost doubled the toughness of unheated concrete, and this capacity also increased 

when the concrete was heated to higher temperatures [75]. If the specimen has a 

larger compression energy, this suggests that the matrix is performing more 

effectively. 

The Energy absorption values for each specimen (CS, HFRC-0.25%, HFRC-0.5%, 

HFRC-0.75%, and HFRC-1%) were determined and charted against specific 

temperatures as shown in Fig 22. At room temperature, data indicated HSC total 

energy intake is 0.1757 which is lesser than 0.22566, 0.276739, 0.282578 and 

0.235951, for HFRC-0.25%, HFRC-0.5%, HFRC-0.75%, and HFRC-1%), 

respectively. The results demonstrate that introducing hybrid fibers increases energy 

absorption while decreasing with escalating temperature. It was observed at ambient 

temperature, 3000c and 8000c toughness of modified samples increases up to HFRC-

0.75%, further increases in fiber content decreases in toughness, which can be 

attributed to creation of voids and lower adhesion of fibers with cement at higher 

dosage. 
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Figure 19: Compressive Toughness of Concrete Cylinders at Different Temperatures. 

4.2.8 Compressive Toughness Index  

The toughness index (TI) is a representation of the percentage of change, whether 

that change is an increase or a reduction, in the sample of modified hybrid fibers in 

comparison to the control sample material at the given temperatures. 

TI =
𝑇𝑐 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟𝑠 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

Tc of control samples at the target temperature
  [110]. 

The compressive toughness index of all samples is shown in Fig 23. The decrease or 

increase in toughness index of modified sample can be defined from the baseline of 

control sample. The toughness index at 230c, 3000c, and 8000c for the modified 

sample increases to 0.75% fiber additive, and a further increase in fiber content 

decreases. However, TI of 1% additive is still higher than control sample.  TI of 

modified samples i.e., HFRC-0.25%, HFRC-0.5%, HFRC-0.75%, and HFRC-1%, at 

ambient temperature was 28.95%, 57.69%, 60.49%, and 34.26% relative to the 

control specimens. TI is a useful tool for accurately measuring the increased energy 

consumption in the modified specimens [101]. When compared to the control 

specimen, modified samples demonstrate a similar pattern of rising toughness index 

with increases of 29.63%, 64.4%, 85.92%, and 81.13%, respectively, at 3000c. The 

increasing trend in toughness index of modified samples at 6000c and 8000c up to 

28.3%, 55.10%, 77.97%, 85.79% and 25.29%, 94.41%, 85.55%, 

52.24%respectively. This toughness index behavior suggests that the hybrid fibers in 

the sample matrix have improved deformability and fracture resilience. Toughness 

index indicates towards enhanced fracture and ductility characteristics [105]. The 

area that lies under the stress-strain curve is used in the calculation of the toughness 

index (TI). This area displays how much energy the specimen can absorb before it 

fails and predicts how well the specimen can withstand deformation when subjected 

to compression. 
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Figure 20: Compressive Toughness Index is a Function of Temperature. 

4.2.9 Crack Energy and Toughness Index 

The area under the load-deflection curve from zero to ultimate load is used to calculate 

total absorbed energy, also known as flexural toughness; this value cannot exceed 20% 

of the material's peak strength ASTMC 1609 [112]. The higher the fiber content, the 

greater the resistance to the propagation of cracks, and less steep the load-deflection 

curve of the HFRC beyond the peak load. The crack energy and ductility of concrete is 

enhanced by bridging effect of HF, thus sudden failure after peak load is eliminated. It 

was determined from the results that HFRC has a slower load drop after peak and 

superior load absorption capacity than CS [100]. The hybrid fibers increased ductility 

and crack energy, preventing brittle failure after maximum load due to the bridge effect. 

It was observed at ambient temperature that total energy absorb for CS is 2.54 KN.mm 

which is lower than 2.64 KN.mm, 4.35 KN.mm, 4.561 KN.mm and 3.921 KN.mm for 

HFRC-0.25%, HFRC-0.5%, HFRC-0.75% and HFRC-1% respectively. There is an 

increase in energy absorption by adding HF at all target temperatures. In Fig 24 it was 

observed at all temperatures, toughness increases up to 0.75%, further increases in fiber 

content decreases in crack energy. 

 

Figure 21: Crack Energy is a Function of Temperature. 



50 
 

The HFRC enhanced resistance against load as compared to CS due to the addition of 

HF.  Opposition to load is due to load transferring mechanism from concrete to hybrid 

fibers. The decline trend is observed with 1% additive at 6000c. If the specimen has a 

larger crack energy this suggests that the matrix is performing more effectively. 

However, crack energy decreases with escalating temperature due to decreased HFRC 

and the control sample strength. The crack energy at 3000c, 6000c of 0%, HFRC-0.25%, 

HFRC-0.5%, HFRC-0.75%, and HFRC-1% decreases by 6.6%, 4.54%, 19.77%, 

16.64%, 17.113% and 54.72%, 50.37%, 33.56%, 34.66%, 27.82% respectively. The 

decreasing trend of crack energy was very quick for 8000c which is 97.63%, 92.04%, 

93.33%, 93.32%, 95.16% respectively.   

The composite has a greater proportion of steel with a high elastic modulus and tensile 

strength, it can absorb more energy after the first fracture. The kind of fiber, its length, 

and the amount of fiber used are the three most important parameters that determine the 

toughness index. The toughness index defines quality of fiber and discriminates b/w low 

and high-energy absorbing fiber and mix. The toughness index of modified sample is 

greater than control sample observed at all temperatures.  

 

Figure 22: Flexural Toughness Index is a Function of Temperature. 

In Fig 25 it is cleared at ambient temperature that incremental increases in toughness 

index of modified sample as compared to control samples was 4%, 71%, 79% and 54% 

respectively. At temperature of 3000c and 6000c a similar improvement in toughness 

index of modified sample was observed with an increase of 2%, 13% 10%, 11% and 

9%, 45%, 43%, 58%, respectively compared to control sample. The toughness index 

behavior implies that the hybrid fibers in the sample matrix have improved 

deformability and fracture resilience. 
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4.2.10 Mass Loss 

Concrete expose to elevated temperature, the evaporation of freely present moisture 

within the concrete's pores and chemically bound water because of conversion reaction 

take place leading to mass loss [113]. The ratio of mass at target temperature to mass at 

ambient temperature (MT/M) was determined to assess the amount of mass loss that 

occurred across all the samples [105]. It was observed from previous studies that change 

in mass at elevated temperature conditions is contingent upon the type of hydration 

products and aggregates utilized in the construction of the concrete [114]. High strength 

concrete modifier shows minute mass loss in range of 3000c to 8000c than control 

sample. Under extreme heat conditions up to 8000c. The reduced mass in altered sample 

is traced back to the elevated presence of nucleation site. This phenomenon is inherent 

in basalt, which nucleates at rising temperature [35]. The primary element influencing 

the thermal stability of basalt fibers is their behavior in terms of crystallization. 

Essentially, the high levels of iron oxides in basalt fiber play a key role in initiating the 

crystallization process. The burning of ferrous cations marks the beginning of this 

process, which ultimately leads to the creation of a spinel-like structural stage on the 

surface of the fiber. Divalent cations such as calcium, magnesium, and iron diffuse from 

the core of the fiber to its surface, where they chemically combine with oxygen in the 

surrounding to produce nanocrystalline layers of Cao, MgO, and (Mg, Fe)3O4. 

Furthermore, as the temperature increases, the nucleation sites formed by the spinel 

crystals facilitate the crystallization of pyroxene phases [26]. Apart from the basalt 

fibers steel fibers also perform thermally stability at elevated temperature, because of 

high density and was confirmed by [114].   

  

 (a)      (b) 

Figure 23: Mass Loss of Concrete Cylinders with Varying Temperature, (b) Mass Loss 

of Concrete Beams with Varying Temperature. 



52 
 

4.2.11 Visual Inspection 

 The ability to evaluate the serviceability of fire damage concrete depends on visual 

observation. The emergence of cracks and alterations in color can provide 

comprehensive insights regarding the temperatures to which the material was exposed 

[110]. Thoroughly assessing the fire-damaged structure is essential, involving 

comprehensive examination to conclude the severity of fire, which includes visible 

deterioration, the scale of the fire, and the pattern of its spread [5]. Elevated 

temperatures primarily induce thermal cracking and crazing in concrete by vaporization, 

dehydration of the binding paste, and breakdown of the microstructure [113]. A visual 

analysis of both control and altered high-strength concrete (HSC) exposed to 

temperatures ranging from 23-8000c reveals localized cracking, as displayed in Fig 27 

and 28. The pattern of fissures was consistent, and less cracking was noticeable in the 

modified samples in comparison to the CS within the 600-8000c range. There was no 

significant surface cracking detected on any of the samples when subjected to 

temperatures ranging from 23 to 300 degrees Celsius. This may be attributed to a less 

significant weakening of the aggregate-paste bond as well as a reduced thermal gradient 

between the specimen's core and surface. A considerable number of visible cracks were 

observed at 6000c in control and 0.25% hybrid modifier concrete, however minor cracks 

were found on 0.5% and 0.75% additives while fever hair line cracks on surface of 1% 

additive HFRC. At 8000c severe cracks were observed in control and modifier except 

1% additive, where cracks were less as compared to others. The modified samples 

demonstrated a higher resistance to cracking, because of the effective role of hybrid 

fibers within the concrete matrix in countering tensile thermal stresses.  Cracking in 

modifier specimen was observed to be less compared to control sample. However, at 

elevated temperature the presence of partially or fully melted basalt fibers resulted in the 

creation of channels on the fiber bed. These channels acted as passageways for 

the vapor and gases that were being produced within the specimen, allowing them to 

escape. These interconnected channels within the specimen facilitated the exit of gases 

and vapors, thereby reducing the buildup of internal pressure and minimizing the 

occurrence of cracks [12]. The cracking is initially, can be attributed to the thermal 

expansion of cement paste, which results in localized ruptures in the connection between 

cement and aggregate. At elevated temperatures, the drying shrinkage, driven by water 

loss, begins to surpass thermal expansion. These two contrasting mechanisms gradually 
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deteriorate and fracture the concrete. In Steel fiber reinforced concrete lesser cracks 

were observed, which showed that Prescence of steel fibers can delay cracks by bridging 

effect [50]. Visual observation of concrete samples revealed no significant color change 

until 6000c. 
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Figure 24: External Surface of Concrete Cylinders at Different Temperature. 
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Figure 25: External Surface of Concrete Beams at Different Temperature. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

Based on the facts presented, the following are the findings drawn from this empirical 

study. 

• The incorporation of hybrid fiber results in a significant improvement in the 

mechanical characteristics of concrete, which can be seen prior to as well as 

after exposure to fire. However, the degree of strength enhancement is 

contingent upon the quantity of fibers, the composition of the mix, and the 

dispersal of fibers within the concrete. Nevertheless, superior endurance in terms 

of maintaining strength and structural integrity is noticeable at elevated 

temperatures by HFRC. 

• The compressive strength enhancement at ambient temperature was 4.39%, 

22.41% and 9.61% for (HFRC-0.25%, HFRC-0.5% and HFRC-0.75%) 

respectively as compared to CS, in addition to 1% HFRC decreases strength to 

4.25% from control sample. At 600oC, control sample, 0.25%, 0.5%, 0.75%, and 

1% additives retain their strength up to 50%, 53.57%. 55.28%, 57.12% and 

52.23% respectively. While at 8000C, specimens retained up to 14.49%, 15.69% 

16.12%, 16.25% and 13.05% of their original strength, respectively. 

• The incorporation of HF to the concrete mix increased the flexural strength by 

6%, 15.12% and 9% for HFRC-0.25%, HFRC-0.5% and HFRC-0.75%, 

respectively as compared to control sample, considering HFRC-1% the flexural 

strength reduced to 3% as compared to CS. At 8000C control sample, 0.25%, 

0.5%, 0.75%, and 1% additives retained about 8.39%, 14.38% 12.76%, 13.11% 

and 13.05% of their original flexural strength, respectively.  

• The decrease in strength is related to mix heterogeneity induced by higher 

hybrid fiber content, which also lowers amount of cement. In addition, non-

uniform distribution and cluster of fibers causing internal voids decreasing 

strength. Moreover, the crack connecting effect, high tensile strength of hybrid 

fiber and filler effect of basalt fiber results in improved properties. 

• After being subjected to compression testing, cylinders with a higher percentage 

of hybrid fibers retain a higher level of integrity. Moreover, when the percentage 
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of fibers in the material increases, fractures will often become more zigzag-

shaped and spread. 

• A rise in the amount of HF in concrete enhances both ultimate and peak strain 

because HF contributes to crack resistance after the peak load is reached. The 

improved strain capacity at ambient and elevated temperature indicates the 

beneficial impact of HF compared to the reference sample. 

• The existence of HF in the mix leads to gradual decline in the mechanical 

characteristics of HFRC as temperature rises, owing to reinforcing action and 

better fire resistance, compared to the control sample, apart from mix containing 

1% additives. 

• The weight reduction of concrete for HFRC was relatively less compared to 

control sample. It is due to the nucleation site of basalt fiber at high temperature 

and substantial density of steel fiber. 

• The inclusion of Hybrid fibers prevented crack growth through fiber bridging, 

resulting in delayed crack propagation and significant enhancement in the 

toughness of HFRC. The optimum content of hybrid fibers to achieve high 

toughness was found to be 0.75% and 1% additives. 

• The stress-strain curve of modified concrete exhibits a notable difference as 

compared to control sample and increases with increasing fibers content. 

• Surface cracking from visual assessment in modifier specimen was observed to 

be less compared to control sample. However, at elevated temperature the 

presence of partially or fully melted basalt fibers resulted in the creation of 

channels on the fiber bed. These channels served as conduits allowing the 

internally produced vapors and gases from the sample to be released, which 

reduced the buildup of internal pressure and minimizing the occurrence of 

cracks. The bridging effect of steel fibers also contributes to reducing cracks. 

5.2 Recommendations 

• Further study can be done on 0.5% HF in concrete under compression and 

flexural for ambient as well as on elevated temperature. What’s the best ratio 

between steel and basalt fibers to withstand high temperatures? Is it a 1:1 ratio, 

or does one fiber dominate? in concrete under compression test for ambient as 

well as on elevated temperature? Apart from this impact resistance, durability, 

ductility, and chemical resistance can also be studied. 
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