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Abstract 

This thesis presents the results of a research program examining the effects of macro-synthetic 

fibers on the shear and flexural behaviour of high-strength concrete (HSC) beams subjected to 

static and blast loads. As part of the study, a series of seventeen fiber-reinforced HSC beams are 

built and tested under either quasi-static four-point bending or simulated blast loads using a shock-

tube. The investigated test parameters include the effects of: macro-synthetic fibers, fiber 

hybridization, combined use of fibers and stirrups and longitudinal steel ratio and type.  

The results show that under slowly applied loads, the provision of synthetic fibers improves the 

shear capacity of the beams by allowing for the development of yield stresses in the longitudinal 

reinforcement, while the combined use of synthetic fibers and stirrups is found to improve flexural 

ductility and cracking behaviour. The results also show that the provision of synthetic fibers delays 

shear failure in beams tested under blast pressures, with improved control of blast-induced 

displacements and increased damage tolerance in beams designed with combined fibers and 

stirrups. The study also shows that the use of hybrid fibers was capable of effectively replacing 

transverse reinforcement under both loading types, allowing for ductile flexural failure. Moreover, 

the use of synthetic fibers was effective in better controlling crushing and spalling in beams 

designed with Grade 690 MPa high-strength reinforcement. Furthermore, the results demonstrate 

that synthetic fibers can possibly be used to relax the stringent detailing required by modern blast 

codes by increasing the transverse reinforcement hoop spacing without compromising 

performance. As part of the analytical study, the load-deflection responses (resistance functions) 

of the beams are predicted using sectional (moment-curvature) analysis, as well as more advanced 

2D finite element modelling. Dynamic resistance functions developed using both approaches, and 

incorporating material strain-rate effects, are then used to conduct non-linear single-degree-of-

freedom (SDOF) analyses of the blast-tested beams. In general, the results show that both methods 

resulted in reasonably accurate predictions of the static and dynamic experimental results. 
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Notations 

Symbol Definition 

ὃ  Area impacted by the blast pressure 

ὃ   Area of steel rebar 

ὃ   Toughness 

ὃ   Toughness corresponding to displacement when load reached 85% of peak load  

ὃ   Toughness corresponding to maximum displacement 

Ὠ  Section depth 

Ὠ  Steel reinforcement bar diameter 

Ὠ  Fibre diameter 

Ὁ  Modulus of elasticity, plain concrete 

Ὁ  Modulus of elasticity, fiber-reinforced concrete 

Ὁ  Modulus of elasticity, steel 

Ὢ   Peak fiber-reinforced concrete tensile stress  

Ὢ  Compressive concrete strength 

Ὢȟ  Equivalent flexural strength 

Ὢ  Steel stress 

Ὢ   Steel strain hardening stress 

Ὢ  Steel ultimate stress 

Ὢ  Steel yield stress 

Ὂ   Bond efficiency of fiber 

Ὅ  Reflected impulse 

ὑ  Stiffness  

ὑ   Load-mass transformation factor 

ὰ  Fibre length 

ὰ  Plastic hinge length 

ά  Total mass of the system 

ὓ   Moment capacity 

ὖ  Driver pressure 

ὖ  Reflected pressure 

ὖ   Analytical ultimate load 

ὖ   Flexural load capacity 

ὖ  Shear load capacity 

ὖ   Experimental ultimate load 

Ὑ  Resistance of the member 

ὸ  Positive phase duration 

ό  Deflection at mid-height 

ό  Acceleration at mid-height 
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ὠ  Fibre volume ratio 

‐  Steel yield strain 

‐  Steel rupture strain 

‐   Steel hardening strain 

‐  Steel ultimate strain 

‐  Steel yield strain 

‐  Dynamic strain rate 

‐  Static strain rate 

‏   Analytical mid-span displacement 

‏   Experimental mid-span displacement 

—   Maximum support rotation 

‰  Curvature 

†ὦέὲὨ  Matrix bond strength 

ῳ   Displacement at yielding of reinforcing bar  

ῳ   Displacement when load reached 85% of peak load  

ῳ   Residual displacement  

ῳ   Maximum displacement  
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Acronyms 

Acronym Definition 

ACI  American Concrete Institute 

ASTM  American Society of Testing and Materials  

CMOD Crack mouth opening displacement 

CSA S850 Canadian Standards Association for the design and assessment of buildings 

subjected to blast loads 

CTOD  Crack tip opening displacement 

DIF  Dynamic increase factor 

F  Flexural crack width 

FE  Finite element 

FEA  Finite element analysis 

FRC  Fiber-reinforced concrete 

FRP  Fibre-reinforced polymer 

HS  High-strength (steel reinforcement) 

HSR  High-strength reinforcement 

HSC  High-strength concrete 

HSFRC           High-strength fiber-reinforced concrete 

HSS  Hollow steel section 

HYB  Hybrid fibers 

HYFRC Hybrid fiber-reinforced concrete 

LTD  Load transfer device 

LVDT  Linear variable displacement transducer 

MASF  Macro-synthetic fibers 

MISF  Micro-synthetic fibers 

MMFX Microcomposite multistructural formable steel 

NS  Normal-strength (steel reinforcement) 

NSC  Normal-strength concrete 

PP  Polypropylene 

PVA  Polyvinyl alcohol 

SA  Sectional analysis 

SCC  Self-consolidating concrete 

SDOF  Single-degree-of-freedom 

SFRC  Steel fiber-reinforced concrete 

SNFRC Synthetic fiber-reinforced concrete 

SHPB  Split Hopkinson Pressure Bar 

TNT  Trinitrotoluene 
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Chapter 1: Introduction 

1.1 General 

Concrete structures subjected to severe loads such as blast, impact or earthquakes are 

vulnerable to fail suddenly without warning. Indeed, many recent earthquakes (e.g. Haiti, Mexico 

City and others) as well as terrorist attacks (e.g. Oklahoma City Bombing) have demonstrated the 

devastating effects of extreme loads on concrete structures, which can lead to loss of life as well 

as severe economic losses. Design considerations accounting for the mitigation of blast loads on 

such structures have become a major concern in order to ensure the publicôs safety.  

High-strength concrete (HSC) is a material that has seen rapid growth in the past few 

decades, and is now commonly used in building and bridge applications. HSC may be defined as 

concrete which has a compressive strength greater than 60 MPa. Despite its advantages which 

include enhanced strength and stiffness, HSC also has negative features, which include brittle 

behavior in compression and poor tensile resistance. These brittle properties, along with HSCôs 

poor fragmentation resistance, can raise concerns about the safety and ductility of structures built 

with this material when exposed to extreme loading. The use of fibers is one potential solution to 

increase HSCôs toughness in compression, while also allowing for increased tensile resistance and 

improved fragmentation resistance. These enhanced qualities make high-strength fiber-reinforced 

concrete better suited for the design of structures exposed to impact and blast loads.  

While important research is available on the impact and blast performance of fiber-

reinforced concrete, most previous tests have focussed on steel fibers. Recently, there has been 

increased interest in the potential of using synthetic fiber-reinforced concrete (SNFRC) in 

structural applications. Macro-synthetic fibers, which are larger and coarser than traditional micro-

synthetic fibers, can provide concrete with similar toughness and resistance to steel fibers. The 

improved toughness and fragmentation resistance of SNFRC make it well-suited to increase the 

damage tolerance of high-strength reinforced concrete members subjected to blast loads.  

This thesis presents the results of a combined experimental and analytical study which aims 

at better understanding the influence of macro-synthetic fibers on the behaviour of  high-strength 

reinforced concrete structures exposed to both static and dynamic loads, with a particular focus on 

high-strength concrete beams.  

1.2 Research Objectives 

This thesis aims at examining the potential of using macro-synthetic fibers to improve the 

flexural and shear behavior of high-strength concrete beams subjected to both quasi-static and 

extreme blast loading. This objective is achieved by testing a series of large-scale beams built with 

fiber-reinforced high-strength concrete under four-point bending and simulated blast loads using 

a shock-tube. The study also examines the influence of various design variables including the 
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ability of fibers to replace transverse reinforcement, the combined use of fibers and stirrups, as 

well as the effects of hybrid fibers, longitudinal steel ratio and longitudinal steel type. In addition, 

the research aims at examining the ability of both sectional analysis and more advanced finite 

element modelling to predict the static and dynamic responses of reinforced concrete beams built 

with macro-synthetic fibers.  

1.3 Scope 

As part of this study, seventeen beams are built and tested. Nine beam specimens are tested 

under quasi-static four-point bending, while the remaining eight beams are tested under simulated 

blast loads using the University of Ottawa shock-tube. The design parameters investigated in the 

study include: 

¶ The effect of macro-synthetic fibres, with companion beams built with and without fibers;  

¶ The effect of hybrid fibers, with beams built with 0.75% synthetic fibers or a hybrid mix 

of  0.75% synthetic fibers and 0.25% steel fibers; 

¶ The effect of combined use of fibers and stirrups, with companion beams built with and 

without shear reinforcement; 

¶ The effect of longitudinal reinforcement ratio, with beams constructed with either 2-15M 

or 2-20M normal-strength (400 MPa) bars;  

¶ The effect of steel reinforcement type, with companion beams built with normal-strength 

(400 MPa) and high-strength (690 MPa) steel bars; 

¶ The ability of macro-synthetic fibers to relax blast detailing, with companion beams 

detailed with different hoop spacings (s = 100 mm and s = 50 mm). 

For the static tests, the responses of the specimens are assessed in terms of: failure mode, 

maximum load-carrying capacity, maximum displacement, ductility and toughness. The 

performance criteria for the dynamic tests are assessed based on: maximum and residual mid-span 

displacements, magnitude of blast pressure at failure and failure mode, and damage tolerance 

including crack control and secondary fragmentation.  

This research also includes a comprehensive analytical study which aims at: 1) predicting 

the flexural and shear capacities of the beams using various equations proposed in the literature, 

2) simulating the static and dynamic resistance functions of the beams using sectional analysis and 

finite element modelling, and 3) predicting the dynamic responses of the beams using non-linear 

single-degree-of-freedom (SDOF) analysis. 
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1.4 Thesis Breakdown 

This thesis contains nine chapters as shown in Figure 1-1, and is divided as follows: 

Chapter 1 ï Introduction 

¶ Introduces the significance of the thesis, presents the research objectives, and 

defines the scope. 

Chapter 2 ï Literature Review 

¶ Provides background information regarding the thesis topic and summarizes 

previous research on the static, impact and blast performance of reinforced concrete 

beams and structural components constructed with synthetic fibers and fiber-

reinforced concrete materials. 

Chapter 3 ï Experimental Program 

¶ Describes the experimental program, including an overview of the test matrix, 

specimen design details, material parameters, test setups and testing protocols. 

Chapter 4 ï Experimental Results of the Static Tests 

¶ Presents and describes the individual behaviour of each of the beams tested under 

quasi-static loading with the results presented in terms of load-deflection response.  

Chapter 5 ï Experimental Results of the Shock-Tube Tests  

¶ Summarizes the detailed results from the dynamic experimental program with the 

results presented in terms of pressure-displacement time histories. 

Chapter 6 ï Discussion of Static Experimental Results 

¶ Discusses the effects of various parameters including the effects of macro-synthetic 

fibers, hybrid fibers and steel reinforcement type on the quasi-static behaviour of 

the FRC beams. 

Chapter 7 ï Discussion of Dynamic Experimental Results 

¶ Summarizes key observations from the blast tests regarding the effects of macro-

synthetic fibers, hybrid fibers, longitudinal reinforcement ratio and type.   

Chapter 8 ï Prediction of Static & Dynamic Response 

¶ Compares the flexural and shear strength predictions performed using various 

models;  

¶ Explains the procedure implemented to predict the static and dynamic response of 

the specimens using sectional analysis, finite element analysis (FEA) and single-

degree-of-freedom (SDOF) modelling; 
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¶ Summarizes the analytical predictions along with a comparison between the 

experimental and analytical response regarding various aspects. 

Chapter 9 ï Conclusion & Recommendations 

¶ Summarizes the conclusions from the research program and proposes 

recommendations for further research. 

 
Figure 1-1 Thesis organization 
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Chapter Nine 

Conclusion & Recommendations 

Thesis Organization 
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Chapter 2: Literature Review 

2.1 Chapter Overview 

This chapter provides a literature review related to the thesis research topics. The first section 

presents an introduction to macro-synthetic fibers (MASF) and the effect of such fibers on key 

concrete properties. The next section reviews previous research on the shear and flexural behaviour 

of synthetic fiber-reinforced concrete (SNFRC) beams under static loading. The final section 

reviews previous research which has examined the effects of synthetic fibers on the material and 

structural response of concrete under impact and blast loads. 

2.2 Macro-Synthetic Fiber-Reinforced Concrete 

2.2.1 Synthetic Fibers 

The addition of fibers in concrete improves many of its properties, including its tensile 

resistance, post-cracking capacity and flexural toughness. Over the years, extensive research has 

examined the behavior of fiber-reinforced concrete (FRC), both at the material and structural level. 

As result of this research, several codes worldwide (ACI 318, fib Model Code) now include 

provisions that allow for the use of fibers in certain structural applications, including in beams. 

However, the majority of this research has focussed on steel fibers.  

Recently, there has been renewed interest in the use of synthetic fibers in concrete 

structures. Synthetic fibers can be varied in their composition (e.g. polyethene (PE), polypropylene 

(PP), polyvinyl alcohol (PVA), polyester (PES), acrylics (PAN), polyamides (PA), aramid and 

carbon), geometry and physical characteristics (Zheng & Feldman, 1995). The physical properties 

corresponding to the different types of synthetic fibers are summarized in Table 2-1. Table 2-2 

shows the properties related to durability. Among the mentioned types, polypropylene (PP) fibers 

are the most widely used as they donôt influence concrete water requirements.  

These fibers are available in three physical forms: monofilament, fibrillated or both as 

shown in Figure 2-1. Unlike monofilament fibers which are smooth, fibrillated fibers can provide 

efficient mechanical anchorage to the cement paste due to their ability to evenly disperse (Laning, 

1992). Synthetic fibers can be further classified into two categories based on dimensions: micro-

synthetic fibers and macro-synthetic fibers (MISF and MASF). Micro-synthetic fibers are typically 

less than 19 mm long and are used to resist cracks formed due to plastic shrinkage (Euclid, n.d.). 

Macro-synthetic fibers (also known as ñstructuralò fibers) are larger and coarser than traditional 

micro-synthetic fibers (as shown in Figure 2-2) and can provide concrete with similar toughness 

and resistance to steel fibers and light gage steel reinforcement (Mahoney, 2005).  
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2.2.2 Effects of Synthetic Fibers on Concrete Properties 

The addition of synthetic fibers to concrete affects many of its properties, both in the fresh 

state and hardened state, including: workability, plastic/drying shrinkage, compressive strength, 

tensile strength, flexural strength and post-cracking resistance. A comprehensive review of the 

effects of synthetic fibers on these properties is provided in Yin et al. (2015). 

Compressive strength: 

A review of the literature indicates that although the provision of synthetic fibers has no 

significant effect on the peak compressive strength of concrete, the benefit is more pronounced 

when examining the post-peak performance (see Figure 2-3a). Carnovale (2013) studied the 

effects of both macro-synthetic (2-3%) and steel fibers (0.5-1%) on the compressive behaviour of 

high-strength concrete cylinders having compressive strengths ranging from 51 to 72 MPa. Typical 

stress-strain curves for HSC and high-strength fiber-reinforced concrete (HSFRC) are shown in 

Figure 2-3b. The results show that the peak stress was not significantly affected by the fibers, 

although the fibers increased the strain at peak stress. However, both the steel and synthetic fibers 

improved the toughness and post-peak capacity of HSC in compression. 

Tensile strength: 

The addition of fibers significantly affects the post-cracking tensile resistance of concrete. 

Amin et al. (2017) studied the post-cracking response of FRC with macro-synthetic PP fibers using 

a series of matched direct uniaxial and indirect three-point prism and round-panel tests. The direct 

tensile tests were conducted on hourglass specimens (see Figure 2-4b), with two different fiber 

dosages investigated (4 and 8 kg/m3: labelled as FRC4 and FRC8). The results from the tests are 

shown in Figure 2-4c. It can be observed the that the PP-FRC specimens show a sharp decrease 

in stress after peak, with significant opening of the main dominant crack. After crack stabilization, 

the specimens show an increase in stress with increasing crack opening. It can also be observed 

that the direct tensile response remains relatively constant at larger crack widths (w > 2.5 mm).  

Flexural strength: 

Due to the difficulties in conducting direct tensile tests, indirect tests (on prims or round 

panels) are typically used to determine the post-cracking properties of FRC. Examples of 

standardized tests include the European Standard EN14651 and ASTM C1609 three and four-point 

prism bending tests. Reddy & Subramaniam (2017) investigated the flexural response of macro-

synthetic fibers on the flexural response of 150 mm × 150 mm × 500 mm prims tested under three-

point bending. Parameters investigated include the effects of fiber type (polypropylene and 

polyolefin-based macro fibers) and fiber content (4, 6 and 8 kg/m3). When compared to 

conventional concrete, SNFRC showed improved toughness with increasing fiber content as 

shown in Figure 2-5b. This same result can also be observed in Amin et al. (2017) tests presented 

previously (compare results for FRC4 and FRC8).  
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Table 2-1 Physical properties of synthetic fibers (Adapted from Zheng & Feldman, 1995) 

 

Table 2-2 Properties related to durability for synthetic fibers (Adapted from Zheng & 

Feldman, 1995) 

 

 
  

a) Monofilament b) Fibrillated c) Monofilament self-fibrillat ing 

Figure 2-1 Physical forms of synthetic fibers (Adapted from Trottier et al., 2002) 

  

a) Micro b) Macro 

Figure 2-2 Synthetic fibers (Adapted from Euclid Chemical, n.d.) 
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a) Yin et al. (2015) b) Carnovale (2013) 

Figure 2-3 Average stress-strain curves of compressive test 

  

a) Methods to determine the tensile properties of PPFRC b) Details of uniaxial tension test specimens 

 

c) Round panel test results for FRC4 and FRC8 respectively 

Figure 2-4 Amin et al. (2017) 

  

a) Test setup  b) Load vs. CTOD response of SNFRC beams 

Figure 2-5 Reddy & Subramaniam (2017)  



9 

 

2.3 Previous Research on Behaviour of FRC Beams under Static Loading 

2.3.1 Overview of Previous Tests 

Extensive research over the past three decades has examined the effect of steel fibers on 

the shear and flexural behaviour of beams (Parra-Montensinos, 2006). Published research on the 

shear and flexural behaviour of synthetic fiber-reinforced concrete (SNFRC) beams is more 

limited. Table 2-3 and Table 2-4 present a summary of some of these studies. It can be observed 

that limited studies have focused on high-strength SNFRC beams (Ὢ Ó 60 MPa).  

2.3.2 Shear Response of SNFRC Beams 

Li et al. (1992) conducted an early study which examined the shear response of 60 steel 

and synthetic fiber-reinforced mortar beams with cross-sections of 127×64 mm and 228×127 mm 

under center-point loading (Figure 2-6a). Both macro-steel fibers and micro-synthetic fibers 

(acrylic, aramid, and high-strength polyethylene) were investigated in beams having varied fiber 

contents, tension steel ratios and shear span-effective depth (a/d) ratios. Figure 2-6b shows mortar 

prism test results for different fibers. The beam results showed that using 1% steel, polyethylene 

or aramid fibers increased shear resistance by 100-200%. The authors noted that the steel and 

polyethylene fibers were most effective when compared to the aramid and acrylic fibers. The 

responses of the beams were also affected by both the a/d ratio and beam depth. 

Majdzadeh et al. (2006) investigated the shear capacity of fourteen 150 mm × 150 mm × 

1000 mm FRC beams under four-point load as illustrated in Figure 2-7a. The main parameters 

investigated were the fiber volume (0.5-1.5%) and fiber type, with one type of hooked-end steel 

fiber and two types of macro-synthetic fibers (self-fibrillating and straight), investigated. Results 

showed that as the fiber volume increased, the shear strength also increased for all fiber types. The 

optimal volume fraction for the three types of fibers used was found to be 1%, with no 

improvements beyond this value. In general, the authors concluded that, at a given fiber volume 

fraction, steel fibers were better than synthetic fibers. However, with a specific range of material 

shear strength, synthetic fibers were found to be more efficient (Figure 2-7b). Energy absorption 

capacity (area under the load-deflection curves) also improved upon adding fibers. The authors 

noted that steel fibers performed best, though synthetic fibers were still effective. Finally, beams 

with either steel fibers and stirrups or straight synthetic fibers and stirrups showed synergistic 

effects. Figure 2-7c shows the results for the FRC beams with straight synthetic fibres. 

Conforti et al. (2015) presented another study which investigated the shear behaviour of 

FRC beams reinforced with macro-synthetic fibers. A total of 22 deep (430 mm × 890 mm × 3000 

mm) and 14 wide-shallow (250 mm × 330 mm × 6000 mm) beams were tested under four-point 

bending as shown in Figure 2-8a. Three types of members were used in both types of beams: 

members without shear reinforcement, members with minimum shear reinforcement, and members 

with only polypropylene (PP) fibers as shear reinforcement (at a volume fraction of 1.45%). 

Figure 2-8b and Figure 2-8c summarize the results for both types of beams. Results showed that 
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in wide-shallow beams, PP fibers can completely substitute the shear reinforcement. However, in 

deep beams, PP fibers can only substitute the minimum shear reinforcement. Nonetheless, the use 

of 1.45% of PP fibers caused a 100% increase in the shear strength of the deep beams. Fibers also 

had a positive impact on cracking, resulting in a more diffused crack pattern where the cracks are 

smaller and more closely spaced.  

Altoubat et al. (2009) investigated the effect of macro-synthetic fibers on the shear strength 

of beams built without stirrups. A total of  27 beam specimens with cross-sections of 280×460 mm 

(Phase 1: 13 beams) and  230×390 mm (Phase 2: 14 beams) were tested under center-point bending 

as shown in Figure 2-9a. The length of the beams varied between 1.9 and 3.2 m. The shear span-

depth ratio (a/d = 2.3 and 3.5 for short and slender beams, respectively) and synthetic fiber content 

(0.5, 0.75 and 1%) were varied in both beam sets. Results show that macro-synthetic fibers 

significantly improved the shear strength, ductility, and toughness of both the short and slender 

beams (see Figure 2-9b). The use of 0.5%, 0.75% and 1% fibers increased shear resistance by 

14%, 23%, and 30% for slender beams. Similarly, for the short beams, adding 0.5% and 0.75% 

fibers increased shear strength by 20% and 28%. The fibers also affected the cracking pattern and 

failure mode. Adding macro-synthetic fibers at volume fractions of 0.5-0.75-1% also increased the 

deflection at maximum load by 63-93-100% for the slender beams. Similarly, for the short beams 

and fiber volumes of 0.5% and 0.75%, the deflection increased by 103% and 138%. In the RC 

beams, a single diagonal crack occurred at failure, whereas multiple diagonal cracks and improved 

arching action were observed in the slender beams. Similarly, adding fibers in the short beams 

changed the mode of failure from web-shear cracking (in the control beams) to flexural-shear 

cracking (in the FRC beams). Moreover, while fibers did not change the load that caused the first 

diagonal crack, they slowed the propagation and widening of the major diagonal crack. Thus, the 

provision of synthetic fibers effectively redistributed stresses in the beam and improved the strain 

capacity. 

In a related study, Altoubat et al. (2012) compared the results of short and slender SNFRC 

beams with 230×390 mm cross-sections, built with and without stirrups (Figure 2-10a). Each 

group had 4 types of beams: one control with no fibers, one with minimum stirrups, one with 

fibers, and one with hybrid reinforcement (fibers and minimum stirrups). By using fibers alone, 

the shear strength of short and slender beams increased by 18 and 14% respectively. Similarly, 

using minimum stirrups alone increased the shear strength of short and slender beams by 19%. 

However, hybrid reinforcement increased the shear strength of short and slender beams by 42 and 

69% respectively, which means that hybrid reinforcement had a synergistic effect on shear 

strength. This effect was more significant in long (slender) beams suggesting that it depends on 

the slenderness of beams. For ductility, beams with either fibers or minimum stirrups were more 

ductile than the control beams without stirrups. Moreover, beams with hybrid reinforcement 

showed a significant improvement in ductility. Figure 2-10b shows the test results for short beams.  

In a further paper presented by the same research group, Yazdanbakhsh et al. (2015) 

assessed the ability of 11 analytical shear models originally developed for steel FRC beams to 
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predict the shear capacity of the tested macro-synthetic FRC beams. It was shown that the fib-

MC2010, RILEM, Swamy et al., Mansur et al., and Ashour et al. equations predicted the shear 

strength of the slender SNFRC beams accurately, although more conservative results were 

obtained for the short beams. Finally, the authors used a statistical method to calibrate the original 

RILEM model for predicting the shear resistance of the SNFRC beams.  

Karthik & Maruthachalam (2015) examined the shear behaviour of 10 hybrid fiber-

reinforced concrete beams with length of 1700 mm under four-point bending as shown in Figure 

2-11a. In addition to investigating the benefits of adding scrim bled steel (ST) fibers and synthetic 

fibers (recycled polyethylene terephthalate ï RPET and polypropylene ï PP) to plain concrete, 

different hybrid fiber combinations were also studied: ST + RPET and ST + PP. The fiber dosage 

ranged from 0.12-0.5% for all types of fibers. Results show that beams containing hybrid fibers 

(ST + PP) provided the best performance (see Figure 2-11b) due to the synergy effect, where steel 

fibers contributed in bridging the cracks while synthetic fibers delayed the formation of micro 

cracks.  

A few studies have also investigated the benefits of implementing synthetic fibers in self-

compacting concrete (SCC) beams, including: Grenough & Nehdi (2008), Conforti et al. (2017) 

and AbdelAleem et al. (2018). Several recent studies have also compared the effects of steel and 

macro-synthetic fibers on the shear resistance of FRC beams, as well as the synergy of transverse 

reinforcement and fibers in SNFRC beams, including: Joshi et al. (2018), Navas et al. (2018) and 

Arslan & Keskin (2019). However, as shown in Table 2-3, most of these studies were conducted 

on normal-strength concrete beams, with Ὢ < 60 MPa. 
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Table 2-3 Summary of previous shear tests on SNFRC beams 
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Arslan & 

Keskin (2019) 
23 

3P 

bending 
SNFRC 150 240 1400-2200 2.5-4.5 21 492 1.28 15-20 

0.34-

0.45 
PP 0-3  × 39 - 78 

AbdelAleem et 

al. (2018) 
12 

4P 

bending 

SCC 

250 250 1500 2.5 

38-65 

417 2.03 - - 

- - N/A - - - 

SNFRC 

(VC) 
28-34 

SN 0.2-1 ×  19 0.66 29 

SN 0.2-1  × 38-54 0.64-0.8 29-76 

Joshi et al.  

(2018) 
11 

1 

4P 

bending 

OPC 

200 300 3500 5 58 1860 0.4 - - 

- - N/A - - 2.3.3 - 

5 SFRC SF 0.35-1 N/A 30 0.6 2.3.4 50 

5 SNFRC PO 0.35-1  × 50 0.5 2.3.5 100 

Navas et al.  

(2018) 
16 

3P 

bending 
SNFRC 229-305 552 5060-5970 3.8-4.87 42.17 579 

1.67-

2.25 

None, 300 or 

330 
0-0.15 PO 0-1.1  × 48 0.85 2.3.6 57 

Conforti et al. 

(2017) 
6 

2 
3P 

bending 

SCC 
2490 500 6000 3.1 70 1790 0.89 

200 0.16 - - N/A - - - 

4 SNFRC None or 200 0-0.16 PP 0-1.1  × 40 0.75 53 

Conforti et al. 

(2015) 
36 

14 wide-

shallow 
4P 

bending 
SNFRC 

430-890 250-330 3000 2.5 26-31 
- 

1.15-1.3 None or 150 0-0.1 
PP 1.5  × 40 0.75 2.3.7 58.3 

22 deep 150-300 600-800 6000 2.5 30-34 1-1.12 None or 200 0-0.32 

Karthik & 

Maruthachalam 

(2015) 

10 
4P 

bending 

OPC, 

SFRC, 

SNFRC, 

HYFRC 

- 200 1700 3.85 40 - - - - 

C 0.12-0.5 N/A 50 1 50 

RPET 0.12-0.5  × 38 0.02 1900 

PP 0.12-0.5  × 38 0.1 380 

Altoubat et al. 

(2012) 
16 

8 slender 3P 

bending 
SNFRC 230 390 

2700 3.5 
42 - 3.18 None or min. 0-0.17 PM 0-0.5  × 40 - 90 

8 short 1900 2.3 

Parmentier et 

al. (2012) 
28 

4 

4P 

bending 

OPC 

200 300 2500 0.5-2.5 52 - 1.21 - - 

- - N/A - - - 

24 

SFRC UN 
0.3-0.5 

 × 50 1 50 

SFRC CEA  × 54 1 54 

SNFRC PM 0.5  × 50 - - 

Altoubat et al. 

(2009) 
27 

13 slender 3P 

bending 
2.3.8 SNFRC 

280 460 1900-3200 3.5 
41 - 

2.15 
- - PM 

0.5-1 
 × 40 - 2.3.9 90 

14 short 230 390 1901-3200 2.3 3.18 0.5-2 

Greenough & 

Nehdi (2008) 
13 

1 
4P 

bending 

SCC 

200 300 2400 3 40 400 1.7 - - 

- - N/A - - - 

9 SFRC SF 0.5-1 N/A 50 0.7-1 43-50 

3 SNFRC PP 0.5-1  × 50 0.83 63 

Majdzadeh et 

al. (2006) 
14 

4P 

bending 

SFRC 

150 150 1000 3 43 - - None or 75 0-0.28 

HE 

0-1.5 

N/A 60 

- 

80 

SNFRC 
PP-FB  × 54 360 

PP  × 50 85 

Li et al.  

(1992) 
60 

51 small 
3-point 

bending 

SFRC 63.5 127 

280-1300 1~3 23 440-460 1.1-2.2 - - 

HE 1 N/A 30-50 

- 

60-100 

9 large SNFRC 127 228 PE 1 ×  12.7 334 

Fiber type: SF = steel fiber, SN = synthetic fiber, HY = hybrid fiber; HE = hooked-end, C = Crimped, UN = undulated, CEA = conical end anchorage; PM = polymeric mix, PP = polypropylene, PE = polyethylene, PP-FB = 

polypropylene-fibrillated, PM = polymeric, PO = polyolefin , RPET = recycled polyethylene terephthalate 
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a) Test setup 
b) Load vs. deflection curve for mortar reinforced beams 

with different types of fibers 

Figure 2-6 Li et al. (1992) research 

 

 

 

a) Test setup 
b) Shear strength of RC beams vs. 

material shear strength of FRC 

c) Load vs. displacement for FRC beam 

with synthetic 2 

Figure 2-7 Majdzadeh et al. (2011) research 

 

 
 

a) Geometry of beams 
b) Load vs. mid-span deflection of 

wide-shallow beams 

c) Load vs. mid-span deflection of 

deep beams 

 Figure 2-8 Conforti et al. (2015) research 
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a) Test setup b) Load-deflection curves for slender beams 

Figure 2-9 Altoubat et al. (2009) research 

 

 

a) Test setup b) Load-deflection curves of short beams 

Figure 2-10 Altoubat et al. (2012) research 

 

 

a) Test setup b) Load-deflection curves of HYFRC (ST & PP) 

Figure 2-11 Karthik & Maruthachalam (2014) research 
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2.3.3 Flexural Response of SNFRC Beams 

In addition to the studies on shear resistance, a few studies have also examined the flexural 

behavior of FRC beams built with synthetic fibers (see Table 2-4).  

Wang & Belarbi (2005) examined the flexural behaviour of 12 FRC beams reinforced with 

glass or carbon fiber-reinforced polymer (GFRP, CFRP) bars and polypropylene (PP) fibers under 

four-point flexural loading and cyclic loading as shown in Figure 2-12a. Three types of FRP bars 

were used, including No.4 CFRP and No.4 or No.8 GFRP bars. Results show that, at service load, 

the beams with 0.5% PP fibers had smaller crack widths when compared to plain concrete as shown 

in Figure 2-12b. Moreover, the ultimate strain in the FRC beams was significantly larger than that 

of plain concrete. Finally, the ductility index was improved upon the addition of fibers. 

Suji et al. (2007) examined the flexural performance of 12 PFRC (polypropylene fiber-

reinforced concrete) beams under four-point bending as shown in Figure 2-13a. The beams were 

reinforced with 6 mm diameter stirrups, with 10 and 8 mm bars as tension and compression 

reinforcement. The main parameter investigated was the volume of PP fibers (0.1, 0.2, 0.3%). 

Results show that fibers improved the ductility of beams with 0.2% of fibers being the ideal dosage. 

Fibers also reduced the crack width but didnôt change the crack pattern. Moreover, the load 

capacity of fiber-reinforced concrete beams increased when compared to the control beams, but 

the increase was in minor increments. Finally, fibers increased the rigidity of the beams. Figure 

2-13b shows a summary of the results obtained. 

Yang et al. (2012) studied the effect of synthetic fibres on the flexural response of high-

strength concrete beams, however the HSC beams in this study were reinforced with FRP bars. 

The geometry of the tested beams can be seen in  Figure 2-14a. Two types of FRP reinforcement 

were used: 9 mm CFRP bars and 13 mm GFRP bars. In addition, both steel fibers (at a volume 

percentage of 1%) and macro-synthetic fibers (at a volume percentage of 2%) were investigated. 

Results show that both types of fibers decreased the crack widths, as shown in Figure 2-14b, and 

delayed the initiation of flexural cracks. Figure 2-14c shows that the failure of CFRP beams with 

synthetic and steel fibers was brittle due to FRP bar rupture. However, GFRP beams with synthetic 

and steel fibers showed improved ductility as shown in Figure 2-14d, due to the increased ultimate 

compressive strain capacity and improved post-peak behaviour of FRC. In terms of cracking 

response, synthetic fibers at 2% by volume were better than steel fibers at 1% by volume in CFRP 

beams. However, steel fibers performed better in terms of restraining the depth of the cracks. 

Rajkumar & Vasumathi (2013) presented a further study which investigated the flexural 

performance of 12 FRC beams confined with FRP. Figure 2-15a shows the test setup. The beams 

had a cross-section of 150×230 mm and were 2000 mm long. The main parameter investigated 

was the volume fraction of macro-synthetic fibers (0.3, 0.5, and 0.7%). Results show that the beam 

with 0.7% fibers gave the best behaviour compared to the other beams as demonstrated in Figure 

2-15b. Moreover, the cracking behaviour of the beams improved with the addition of fibers. 

Similar conclusions have been reported by Bernard (2019), where the the provision of synthetic 
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fibers was found to reduce the mean spacing between cracks as well as the mean flexural crack 

widths. 

Athiappan & Vijaychandrakanth (2014) tested the flexural performance of 6 concrete 

beams, including 3 control beams and 3 with 0.3% sisal fibers (by weight of cement) as shown in 

Figure 2-16a. Sisal fiber is a hard and tough fiber extracted from the leaves of sisal plants. The 

beams had a cross-section of 150×300 mm and were 1500 mm long. Results show that the flexural 

strength of beams increased with the addition of fibers as shown in Figure 2-16b. Moreover, 

adding 0.3% by volume of sisal fiber improved the ductility of beams. 

Sahoo et al. (2014) examined the flexural response of 6 FRC beams with dimensions of 

150 mm ×150 mm × 2000 mm. The beams were doubly-reinforced with 12 mm bars for the tensile 

and compressive reinforcement, and 8 mm stirrups as shown in Figure 2-17a. Two types of fibers 

were used in the experiment: steel fibers and polypropylene fibers, with volume fractions of 0.5 or 

1%. The effect of combined (hybrid) fibers was also investigated. Results show that both fibers 

improved the post-peak resistance with steel fibers being more effective. Moreover, the post-yield 

strain-hardening behavior was improved by using 1% volume fraction of both types of fibers. 

However, both fibers didnôt significantly improve the ultimate flexural resistance of the beams. As 

for ductility, polypropylene fibers were more effective than steel fibers. Steel FRC specimens had 

a lower stress level in the longitudinal bars compared to RC specimen. However, PFRC 

(polypropylene fiber-reinforced concrete) and CFRC (combined fiber-reinforced concrete) 

specimens had high strain levels in the longitudinal bars due to the low-modulus polypropylene 

fibers. Adding fibers also improved the post-peak residual strength response of the beams as shown 

in Figure 2-17b and Figure 2-17c. Finally, results show that to get a better flexural response and 

reduce costs, a percentage of steel fibers can be replaced by polypropylene fibers. 

Aulia & Rinaldi (2015) investigated the bending capacity of 4 high-strength fiber-

reinforced concrete beams as shown in Figure 2-18a. The beams had a cross-section of 150×300 

mm and were 2200 mm long. The beams were doubly-reinforced with 16 mm and 12 mm tension 

and compression bars, and 12 mm stirrups. Three environmentally friendly synthetic fibers were 

used in the analysis: polypropylene fiber (at 0.2% concrete volume), tie wire fiber (at 2% concrete 

volume), and used rubber tie fiber (at 0.75% concrete volume). The main parameter investigated 

was the effect of fiber type on the bending capacity of high-strength concrete beams. Results show 

that both the bending capacity and the failure behavior were improved with the addition of 

synthetic fibers. Fibers also enhanced the ultimate deflections of the beams leading to an increase 

in ductility. Tie wire fiber gave the highest increase in flexural capacity. Moreover, this type of 

fiber contributed the most to the delay of reinforcement yield strains at a higher load. However, 

polypropylene fibers had the highest contribution in terms of ultimate deflection and ductility. 

Figure 2-18b shows the test results for all the tested beams. 

Sundar et al. (2017) tested the flexural strength of 4 reinforced concrete beams containing 

synthetic fibers. The test setup is shown in Figure 2-19a. The beams had a cross-section of 
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150×200 mm and were 1200 mm long. Two types of polypropylene fibers, with 2 different lengths 

of 12 and 24 mm, were used, at 0.5% volume by weight. Results show that fibers improved the 

flexural strength of concrete as shown by the red curve in Figure 2-19b. 

Zhang et al. (2018) investigated the performance of twelve 150 mm × 150 mm × 1100 mm 

reinforced self-consolidating concrete (SCC) beams containing hybrid fibers under four-point 

bending as illustrated in Figure 2-20a. The main parameters investigated were the fiber type (steel 

fiber ï SF, micro & macro polypropylene ï PP fibers and their combinations), fiber content (SF: 

20 ï 50 kg/m3, micro PP: 0.5 ï 1 kg/m3, macro PP: 2 ï 6 kg/m3) and longitudinal steel ratio. Results 

show that the hybrid use of SF and macro PP provides significant enhancements in the overall 

performance of the beams including: enhanced ultimate flexural bearing capacity, reduced 

deflection, reduced steel reinforcement strain and stress and localized cracks (see Figure 2-20b). 

However, these enhancements become less significant with the increase in longitudinal steel ratio.  
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Table 2-4 Summary of previous flexural tests on SNFRC beams 

Authors No. of beams 
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method 

Type of 

concrete 

Beam dimensions (mm) 
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Bernard (2019) 12 
4P 

bending 
SNFRC 300 300 3600 32 16 500 - - - - PP 

4.0-4.5 

kg/m3  × 54-58 - 
27-

580 

2.3.4 Zhang et al. (2018) 12 
2.3.5 4P 

bending 

SFRC/ 

SNFRC/ 

HYFRC 

(SCC) 

2.3.6 150 2.3.7 150 2.3.8 1100 65 8-10 
475-

491 

0.56-

1.31 
278 60-120 

0.38-

0.76 

HE 
20-50 

kg/m3 
N/A 60 0.75 80 

PP 
0.5-1.0 

kg/m3 
×  9 0.018 500 

PP 
2-6 

kg/m3 
 × 45 0.74 61 

Sundar et al. (2017) 4 
4P 

bending 
SNFRC 150 200 1200 33-38 12 415 - 415 150 0.45 PP 0.5%  × 12-24 - ~800 

Aulia & Rinaldi 

(2015) 
4 

4P 

bending 

SNFRC 

(HSC) 
150 300 2200 64 15.8 407 2.8 412 80 1.85 

PP 0.2% ×  12 0.018 66.7 

TW 2%  × 50 1 50 

URT 0.75%  × 60 - - 

Sahoo et al. (2014) 7 
4P 

bending 

SFRC 

150 200 2000 32-39 12 500 1.35 500 

End: 65  

Middle 

1/3 span: 

130 

0.52-

1.03 

HE 0.5-1% N/A 60 0.75 8 

SNFRC PP 1%  × 40 0.5 - 

Athiappan & 

Vijaychandrakanth 

(2014) 

6 

3 
4P 

bending 

OPC 

150 300 1500 40 12 - 0.65 - 200 0.34 

- - N/A 

2.3.9 - 2.3.10 - 2.3.11 - 
3  SNFRC SI 0.3% - 

Rajkumar & 

Vasumathi (2013) 
12 

4 4P 

bending 

OPC 
150 230 2000 55 - - - - - - 

- - N/A - - - 

8 SNFRC PP 0-0.7%  × 42 0.24 175 

Yang et al. (2012) 6 

CFRP 
4P 

bending 

SFRC 

(HSC) 
230 250 2300 76-104 

9 

2.3.12 - 

0.15 

477 80 0.85 

HE 1% N/A 30 0.5 60 

GFRP 
SNFRC 

(HSC) 
13 0.31 PO-C 1%  × 40 - 35.8 

Suji et al. (2007) 12 

4 
4P 

bending 
SNFRC 100 200 1800 

48 

10 415 0.98 - 130 0.43 PP-FB 0-0.3%  × 24 - - 4 52 

4 57 

Wang & Belarbi 

(2005) 
12 

2-#4 GFRP 

4P 

bending 

OPC 

178 229 2032 

48 

13 690 3.51 

- 89 0.9 

- - N/A - 

2.3.13 - 2.3.14 - 

2-#8 GFRP 25 552 3.6 

2-#4 CFRP 13 2069 3.16 

2-#4 GFRP 

SNFRC 30 

13 690 4.71 

PP 0.5%  × 57 2-#8 GFRP 25 552 4.83 

2-#4 CFRP 13 2069 4.24 

Fiber type: SF = steel fiber, SN = synthetic fiber, HY = hybrid fiber; HE = hooked-end; PP = polypropylene, PO-C = polyolefin-crimped, PP-FB = polypropylene-fibrillated, TW = tie wire, URT = used rubber tires, SI = sisal   
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a) Test setup b) Crack width of plain and FRC beams 

Figure 2-12 Wang & Belarbi (2005) research 

 

 

  

a) Beam cross-section b) Summary of test results 

Figure 2-13 Suji et al. (2007) research 
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a) Test setup and cross-section of specimen b) Load vs. maximum crack width 

  

c) Load vs. mid-span deflection of CC series beams d) Load vs. mid-span deflection of GG series beams 

Figure 2-14 Yang et al. (2012) research 

 
 

a) Test setup b) Load vs. deflection curve for different beams 

Figure 2-15 Rajkumar & Vasumathi (2013) research 
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a) Test setup b) Load vs. deflection curve for tested beams  

Figure 2-16 Athiappan & Vijaychandrakanth (2014) research 

 

a) Geometry of specimens 

  

b) Load vs. displacement curve for beams with 

single fiber 

c) Load vs. displacement curve for beams with 

combined fibers 

Figure 2-17 Sahoo et al. (2014) research 
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a) Test setup b) Load vs. deflection curve for different beams 

Figure 2-18 Aulia & Rinaldi (2015) research 

 
 

a) Detail of reinforcement used b) Load vs. deflection curve 

Figure 2-19 Sundar et al. (2017) research 

  

a) Test setup b) Load vs. deflection curve 

Figure 2-20 Zhang et al. (2018) research 
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2.4 Previous Research on Impact and Blast Performance of SNFRC 

2.4.1 Previous Impact tests 

This section summarizes previous studies which have examined the effect of synthetic 

fibers on the dynamic properties of concrete under impact, including tests on smaller-scale 

cylinders/prisms, panels/plates and beams (see Table 2-5).   

Small-scale tests on cylinders and prisms: 

Wang et al. (1996) tested 9 small concrete beams under impact tests (1 with no fibers, 2 

with fibrillated polypropylene fibers, 5 with hooked-end steel fibers, and 1 with long crimped steel 

fibers) using a drop-weight setup. The fiber content used in the specimens ranged between 0.25-

1.5%. The beams had a cross-section of 102×102 mm and were 355 mm long. Cumulative impact 

tests were conducted using a 60 kg impact hammer held at a 150 mm drop-height as shown in 

Figure 2-21a. Sample results for 0.25% and 0.5% PP fibers are shown in Figure 2-21b. Results 

show that adding 0.5% of polypropylene fibers by volume increased the fracture energy by only 

21%. Hence, this type of fiber wasnôt as effective under dynamic loading. Beams with 0.75% 

crimped steel fiber had a similar result to beams with 0.75% hooked steel fibers. Findings show 

that as the volume of hooked steel fibers increases, the fracture energy increases. However, there 

is a critical value of fibers at which this fracture energy increases. This value was found to be 

between 0.5% and 0.75% for hooked steel fibers.  

Zhang (2008) conducted impact tests on FRC cylinders in compression and beams in 

flexure. The cylinders had a diameter of 100 mm and a height of 200 mm. The beams had a cross-

section of 100×100 mm and were 350 mm long. For the compression tests, a 578 kg mass was 

dropped with a maximum drop-height of 2.5 m. Figure 2-22a shows the setup. For the impact 

flexural tests, a drop-weight of 60 kg was used with a maximum drop-height of 2 m. Two types of 

fibers were used in the analysis: a steel fiber with flattened ends (at 0.5% volume fraction) and a 

synthetic fiber made of a blend of polypropylene and polyethylene (at 1% volume fraction). The 

main parameters investigated were the type and volume of fibers used. For the flexural impact test, 

PP fibers showed more efficient energy absorption capacity at low drop heights while steel fibers 

were more efficient at higher drop heights. Moreover, the stress rate sensitivity of concrete was 

reduced when the fiber content was high. For the compressive impact tests, results show that the 

strength increased as the drop-height increased, for both the PP and steel FRC. Moreover, the 

compressive strength under impact was higher for steel FRC, while the PP-FRC had a large scatter 

of results. Figure 2-22b shows the result for synthetic FRC.  

Nia et al. (2012) conduced a further impact study on twelve 150×64 mm cylindrical 

specimens using a drop-weight setup. In the tests, a mass with a weight 4.54 kg at a height of 457 

mm was released repeatedly hitting a steel ball which in turn hit the concrete sample. Figure 2-23a 

shows the test setup. The specimens tested were as follows: 2 plain concrete, 6 polypropylene 

FRC, and 4 steel FRC. The fiber content ranged from 0.5-1% for steel fibers and from 0.2-0.5% 
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for synthetic fibers. The specimens were also prepared with 2 water-cement ratios: 0.36 and 0.46. 

Results show that even though both types of fibers improved the impact strength of concrete, steel 

fibers performed better than polypropylene fibers. This is due to their hooked ends, which provided 

more cohesion, and their larger length. Moreover, fibers improved the energy absorption capacity 

of concrete regardless of the water-cement ratio. Figure 2-23b shows the results obtained. 

Weidner et al. (2012) investigated the effect of impact loading on 100×200 mm cylinders 

under low-velocity impacts using a drop hammer setup as shown in Figure 2-24a. The main 

parameters investigated were: concrete composition (normal weight concrete ï NWC vs. fiber-

reinforced concrete ï FRC), drop heights, and loading types (room temperature vs. elevated 

temperature, up to 400ęF). Macro-synthetic fibers were added at 1% by volume of the FRC. Results 

show that, for compression tests at room temperature, the DIF and strain rates were higher for the 

FRC specimens compared to that of the NWC for both 8 ft and 16 ft drop heights. On the other 

hand, for tension tests, the FRC specimens had lower DIF than NWC. At elevated temperatures, 

the DIF and strain rates were lower for the FRC when compared to NWC for both compression 

and tension. Compared to room temperature, elevated temperatures caused a decrease in DIF and 

strain rates in FRC for both 8 ft and 16 ft drop heights. Figure 2-24b summarizes the test results 

for several samples. 

Saadun et al. (2016) examined the dynamic response of nine 50×50 mm cylindrical 

concrete specimens under high-velocity impact loads. The main parameter investigated was the 

effect of adding macro-synthetic polypropylene (PP) fiber on dynamic compressive strength and 

dynamic increase factor (DIF) of concrete. Three samples were casted for three mix types: plain 

concrete (SC3) and concrete mixed with varying amounts of PP fibers (SC1: 1 kg/m3 and SC2: 2 

kg/m3). Specimens were tested using a Split Hopkinson Pressure Bar (SHPB) setup under a strain 

rate of 10 s-1 as shown in Figure 2-25a. Results show that the ultimate dynamic compressive 

strength of concrete was increased significantly when PP fibers were added, with the increase 

observed being proportional to the volume of PP fibers. In addition, PP fibers at 2 kg/m3 were 

better able to absorb impact, recording lower critical strains when compared to plain concrete. 

Finally, results show that the DIF is directly proportional to the increase in volume of PP fibers as 

shown in Figure 2-25b. Figure 2-25c to Figure 2-25e compares the stress-strain curve for the 

three samples tested under dynamic load.   

Zhang et al. (2019) investigated the behaviour of 37×74 mm hybrid fiber-reinforced 

concrete cylinders under impact loads using a Split Hopkinson Pressure Bar (SHPB) apparatus as 

shown in Figure 2-26a. The main parameters investigated were: fiber hybrid ratio (ὠ = 0.05, 

0.075, 0.1% for basalt fiber ï BF and ὠ = 0.15, 0.25, 0.35, 0.5% for macro-synthetic 

polypropylene fiber ï SF) and strain rate. Results show that a ratio of 0.075%-0.35% (BF-SF) was 

considered optimal as it provided the best impact resistance with different fiber enhancement 

contributions. For instance, BF was effective in enhancing the impact strength while SF improved 

impact toughness as illustrated in Figure 2-26b. Finally, increasing the strain rate was found to 

improve the overall impact response. 
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Tests on panels and plates (slabs): 

Mindess & Yan (1993) tested small circular concrete and FRC plates under low velocity 

impact loading as shown in Figure 2-27a. A drop-weight with a mass of 345 kg was used with 

impact velocities ranging from 1.34 to 2.67 m/s. The specimens had a diameter of 245 mm and a 

thickness of 25 mm. Two concrete mix designs were tested: normal-strength (40 MPa) and high-

strength (75 MPa). The fibers used in the analysis were fibrillated polypropylene fibers (0.5% by 

volume) or hooked steel fibers (1% by volume). Results show that both fibers increased the peak 

load and fracture energy of concrete as shown in Figure 2-27b. However, steel fibers had a greater 

effect compared to polypropylene fibers. This was attributed to the fact that they not only had a 

larger volume but also their elastic modulus was higher. Nonetheless, both fibers reduced the 

damage on the back faces of the specimens. 

Xu et al. (2004) tested 5 centrally loaded round panels under low velocity impact loading 

as shown in  Figure 2-28a. The tested panels were as follows: 1 plain HSC, 2 HSC with steel 

fibers and 2 HSC with a blend of polypropylene and polyethylene synthetic fibers. The panels had 

a diameter of 650 mm and a thickness of 60 mm, while the fiber content ranged between 0.5-1%. 

Results show that the peak load increased with the addition of fibers, however the increase in 

strength was slightly lower for the panels with synthetic fibers when compared to steel fibers. All  

panels with fibers showed a more ductile behaviour when compared to plain panels. For the 

synthetic fiber panels, fibers tended to break under low-velocity impact loading due to reduced 

impact resistance contribution. For the steel fiber panels, fibers pulled-out during loading leading 

to more impact resistance. The effect of the loading rate was also analyzed. Results show that 

panels tested at 300 mm drop-height showed less toughness when compared to companion panels 

tested at a lower drop-height of 150 mm. Finally, as the fiber volume increased, the toughness 

under impact resistance increased with steel fibers being more effective than synthetic fibers as 

shown in Figure 2-28b. 

Horska et al. (2015) examined the performance of 9 FRC plates under impact loading using 

the setup shown in Figure 2-29a. The square slabs had dimensions of 300×300 mm with variable 

thicknesses (30/60/120 mm). The fibers used in the study were polypropylene and steel fibers at a 

fiber content of 9 and 80 kg/m3 respectively. The main parameters investigated were the effects of 

fiber type, fiber content, and slab thickness. Results show that slabs reinforced with steel fibers 

were able to slow the burden of the impact the most. Moreover, samples with a depth of 120 mm 

were almost able to stop the burden. On the other hand, slabs with 30 mm depth had the least 

impact resistance. Figure 2-29b summarizes the static and dynamic strength of different slabs. 

Ong et al. (1999) investigated the resistance of 10 square slabs under low velocity projectile 

impact. The test was achieved by dropping a 43 kg projectile from a height of 4 m as shown in 

Figure 2-30a. The slabs had a size of 1 m × 1 m and were 50 mm thick. The main parameters 

investigated were the fiber type and volume. Studied fiber types included: polyolefin, polyvinyl 

alcohol (PVA) and steel, while the volume fraction was either 1% or 2%. Results show that 

concrete slabs reinforced with steel fibers had the best performance in terms of energy absorption 
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and cracking characteristics. Moreover, for the same fiber volume, slabs with PVA fibers had 

higher fracture energy and energy absorption capacities compared to polyolefin fiber-reinforced 

slabs as shown in Figure 2-30b. Finally, the mode of failure for both PVA and steel fibers was 

pullout while that of polyolefin fibers was pullout and rupture. 

Tests on larger-scale beams: 

Several previous studies have examined the effect of steel fibers on the impact performance 

of larger-scale reinforced concrete beams, including: Min et al. (2014), Jin et al. (2017), Ulzurrun 

& Zanuy (2017) and Lee et al. (2018). In comparison, research on the impact performance of 

reinforced concrete beams built with synthetic fibers is scarce.  

Banthia et al. (1987) assessed the impact performance of 50 beams using an instrumented 

drop-weight test setup as shown in Figure 2-31a. The specimens tested were as follows: 19 

normal-strength concrete beams, 19 high-strength concrete beams, 6 fiber-reinforced concrete 

beams with 1.5% by volume steel fibers, and 6 fiber-reinforced concrete beams with 0.5% by 

volume polypropylene fibers. The beams had a cross-section of 100×125 mm and were 1400 mm 

long. A 345 kg impact hammer was dropped from various heights at the midpoint of the simply 

supported beams. Results show that for both normal-strength and high-strength concrete, the 

impact strengths and fracture energies increased with the increase in stress rate. Under dynamic 

loading, fiber-reinforced concrete was found to have improved impact resistance when compared 

to plain concrete due to its increased ductility. However, steel fibers gave better results than 

polypropylene fibers as they had multiple peaks in the load vs. deflection plot. Figure 2-31b shows 

a sample result for the polypropylene fiber-reinforced concrete. 

Chorzepa et al. (2017) presented a further study which investigated the behavior of 14 

reinforced concrete beams using a drop-weight impact test setup. The beams had a cross-section 

of 150×254 mm and were 2286 mm long. Figure 2-32a and Figure 2-32b show the beam details 

and test setup respectively. Four types of fibers were used: microscale polyvinyl alcohol (PVA) 

(0.5% by volume), carbon nanofibers (CNF) (0.01% by volume) and macroscale polypropylene 

and steel fibers (0.5% by volume). The main focus of the study was the effect of combining 

multiscale fibers on the impact performance of the beams. Results show that beams with CNF 

alone didnôt show any enhancements as the failure mode was brittle. On the other hand, macroscale 

polypropylene and steel fibers improved ductility and toughness. Moreover, using multiscale fibers 

noticeably altered the mechanism of impact energy dissipation by reducing spalling damage. For 

example, combining microscale PVA and macroscale fibers was effective in minimizing the local 

crushing damage. Figure 2-32c shows the mid-span deflection-time history for several specimens.
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Table 2-5 Summary of previous impact tests 

Study Test method 
No. of 

specimens 

Specimen 

type 
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Zhang et 

al. (2019) 
SHPB 12 Cylinder No - 37 - 74 HYFRC 101-102 42.5 

BF 0.05-0.1% ×  12 0.015 800 

PP 0.15-0.5%  × 15 0.8 19 

Chorzepa 

(2017) 

Drop weight 

(flexure) 
14 Beam Yes 150 254 2286 - 

SNFRC 

6096 41.1-51 

CNF 0.01% N/A 0.05-0.2 0.0001 500-2000 

SNFRC PVA 0.5% ×  8 0.038 211 

SNFRC PP 0.5%  × 54 0.5 108 

SFRC HE 0.5% N/A 30 0.55 55 

Saadun et 

al. (2016) 

Drop weight 

(compressive) 

3 
Cylinder No - 50 - 50 OPC 10 s-1 

33 - - N/A - 
- - 

6 28-35 PP 1-2 kg/m3  × 38 & 54 

Horska et 

al. (2015) 

Drop weight 

(flexure) 
9 Tile No 300 30-120 300 - 

OPC 

4100 - 

- - N/A - 

- - SNFRC PP 9 kg/m3  × 54 

SFRC FE 80 kg/m3 N/A 13 & 60 

Weidner 

et al. 

(2012) 

Drop weight 

(comp. & 

tensile) 

89 Cylinder No - 203.2 - 101 
OPC 

2438-4877 mm 75 
- - N/A - 

- - 
SNFRC PP 1  × 50.8 

Nia et al. 

(2012) 

Drop weight 

(compressive) 

2 

Cylinder No - 64 - 150 

OPC 

457 mm - 

- - N/A - - - 

4 SFRC HE 0.5-1% N/A 60 0.75 80 

6 SNFRC PP 0.2-0.5% ×  12 0.02 600 

Zhang 
(2008) 

Drop weight 

(compressive) 
160 Cylinder No - 200 - 100 

SFRC 

(HSC) 
250-1000 mm 

54-121 

FE 0.5-1% N/A 30 

- - 
Drop weight 

(flexural) 
192 Beam No 100 100 350 - 

SNFRC 

(HSC) 
250-1500 mm PM 0.5-1%  × 50 

Xu et al. 

(2004) 

Drop weight 

(flexural) 

1 

Round 

panel 
No - 6012 - 650 

HSC 

150-300 mm 80 

- - N/A 50 

- - 
2 

SFRC 
(HSC) 

SF 0.5-1% N/A 50 

2 
SNFRC 

(HSC) 
PM 0.5-1%  × 50 

Ong et al. 

(1999) 

Drop weight 

(flexure) 
10 Slab No 1000 50 1000 - 

SNFRC 

4000 - 

PO 

0-2% 

 × 50 0.63 79 

SNFRC PVA ×  12 0.2 60 

SFRC HE N/A 30 0.5 60 

Wang et 

al. (1996) 

Drop weight 

(flexural) 

1 

Beam No 102.4 102.4 355.6 - 

OPC 150 mm 

- 

- - N/A - - - 

2 SNFRC 151 mm PP-FB 0.25-0.5%  × 38 0.5 76 

5 SFRC 152 mm HE 0.25-1.5% N/A 30 0.5 60 

1 SFRC 153 mm LC 0.75% N/A 50 1 50 

Mindess 

& Yan 

(1993) 

Drop weight 
(flexural) 

14 
Circular 
plates 

No - 25.4 - 245 

SNFRC 

2500 mm 40-75 

PP 0.5% ×  - - - 

SFRC HE 1% N/A 30 0.5 60 

Banthia 
et al. 

(1987) 

Drop weight 

(flexure) 
50 Beam Yes/No 100 125 1400 - 

OPC (SFRC 

& SNFRC) 
0.15-0.5 

42 
- - N/A - 

- - HE 1.5 N/A 50 
HSC (SFRC 

& SNFRC) 
82 

PP-FB 0.5  × 37 
Fiber type: SF = steel fiber, SN = synthetic fiber, HY = hybrid fiber; HE = hooked-end, FE =flattened ends, LC = long crimped; BF = basalt, PP = polypropylene, CNF = carbon nanofiber, PP-FB = polypropylene fibrillated, PO = 

polyolefin, PVA = polyvinyl alcoholic, PM = polymeric mix 
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a) Test setup b) Bending load vs. deflection for polypropylene FRC 

Figure 2-21 Wang et al. (1996) research 

 
 

a) Drop-weight impact machine 
b) Toughness improvement with increasing strain 

rate for synthetic FRC 

Figure 2-22 Zhang (2008) research 

  

a) Specimen test setup 
b) Ratio of impact strengths of FRC (with different types 

of fibers and volumes) to that of PC for 1st crack 

Figure 2-23 Nia et al. (2012) research 
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a) Test setup b) Dynamic increase factor vs. strain rate 

Figure 2-24 Weidner et al. (2012) research 

 

 

a) SHPB setup b) Experimental results 

   

c) Stress-strain for SC1 under 

dynamic load 

d) Stress-strain for SC2 under 

dynamic load 

e) Stress-strain for SC3 under 

dynamic load 

Figure 2-25 Saadun et al. (2016) research 
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a) SHPB apparatus 

  

b) Fiber hybrid ratio effect on impact strength c) Fiber hybrid ratio effect on impact toughness 

Figure 2-26 Zhang et al. (2019) research 

  

a) Tip of test setup 
b) Load vs. deflection curve for different plates under impact 

(for 75 MPa concrete) 

Figure 2-27 Mindess & Yan (1993) 
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a) Round panel setup 
b) Effect of fiber type and volume on panel 

toughness at 40 mm deflection 

Figure 2-28 Xu et al. (2004) research 

  

a) Test setup b) Static and dynamic strength of different slabs 

Figure 2-29 Horska et al. (2015) 

 
 

a) Test setup b) Effect of fiber type and volume on fracture energy 

Figure 2-30 Ong et al. (1999) research 
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a) Test setup 
b) Load vs. deflection curve for plain and 

polypropylene FRC beams 

Figure 2-31 Banthia et al. (1987) research 

 

 

a) Beam details b) Drop-weight impact test setup 

 

c) Mid-span deflection-time history 

Figure 2-32 Chorzepa et al. (2017) research 
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2.4.2 Previous Blast Tests on SNFRC Structures 

As shown in Table 2-6, limited studies have examined the effect of synthetic fibers on the 

blast performance of concrete structures, with most previous tests conducted on panel and slab 

type elements (see Table 2-6) as discussed in this section. 

Previous tests on panels and slabs: 

Ohtsu et al. (2007) examined the dynamic failure of 4 slabs (reinforced concrete (RC), 

polyvinyl alcoholic fiber-reinforced concrete (PVAFRC) with 5% fiber volume fraction, 

polyethylene fiber-reinforced concrete (PEFRC) with 4% fiber volume fraction, and 

polypropylene fiber-reinforced concrete (PPFRC) with 1.5% fiber volume fraction) under blasting 

as shown in Figure 2-33a. The slabs had dimensions of 60 cm × 60 cm × 10 cm. The main 

parameter investigated was the effect of fiber addition on the flexural toughness of concrete 

exposed to blast. Results show that RC slab (with 0.2 kN·m flexural toughness) had the largest 

spall area, while the PEFRC slab (with 45.9 kN·m toughness) had the smallest spall area (Figure 

2-33b). Hence, adding polymeric fiber reinforcement improves the flexural toughness of concrete 

which in turn decreases the damaged volume.  

Foglar & Kovar (2013) investigated the blast resistance of 5 bridge decks (3 FRC and 2 

RC) using 25 kg of TNT charges placed at a distance from the slab. Figure 2-34a shows the 

experimental setup. The specimens were 6 m long, 1.5 m wide and 0.3 m thick. Polypropylene 

synthetic fibers were used at a volume fraction of 0.5% and 1%. Slabs were reinforced 

longitudinally and transversally. The compressive strength of concrete used in the specimens was 

either 30 or 55 MPa. The main parameters investigated were the effects of fiber volume, concrete 

compressive strength and the combination of both on blast resistance. Results show that fibers 

changed the failure mode from brittle to ductile. Moreover, debris was more attached by the fibers 

making it harder to eject during the tests, with the volume of debris reduced. Specimens with 

higher compressive strength performed better and were less damaged. Combining fibers and high- 

strength concrete improved the blast performance of slabs significantly. Figure 2-34b shows a 

comparison of the blast performance of the different specimens. 

Tabatabaei et al. (2013) tested 7 panels (3 RC and 4 FRC) using 34 kg of TNT at a standoff 

distance of 1675 mm and zero angle of incidence as shown in Figure 2-35a. The panels measured 

1830×1830 mm and were 165 mm thick. Two types of fibers were used in the analysis (long carbon 

fiber Type A and long carbon fiber Type B). The fiber was added at 1.5% and 1% by volume for 

Type A and B respectively. The main parameter investigated was the effect of fiber on blast 

performance of panels. Results show that the spalling resistance of concrete increased significantly 

with the addition of long carbon fibers (either Type A or B). Moreover, fibers reduced the degree 

of cracking and increased blast resistance. Figure 2-35b shows the surface damage of panels. It 

was also found that fibers contributed to a significant decrease in flying debris.   

Pantelides et al. (2014) tested eighteen 1.2 m square panels (RC and FRC) with different 

thicknesses under blast detonations as shown in Figure 2-36a. Figure 2-36b shows the specimen 
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details. Macro-synthetic polymer fibers were used in this study at a volume of 1% for the FRC 

specimens. Reinforcement consisted of steel and/or GFRP (glass fiber-reinforced polymer) bars. 

Figure 2-36c provides a description of the panels. The main parameters investigated were the 

effects of macro-synthetic fibers, GFRP bars and their combination on the blast resistance of 

concrete. Results show that in RC panels, GRFP bars caused a brittle failure when compared to 

the ductile failure caused by steel bars. Reinforcing FRC panels with steel bars was found to 

enhance the blast performance when compared to FRC panels without steel bars. Among the panels 

tested, the FRC panel with steel bars (C4) showed the best results as shown in Figure 2-36d.  

Drdlova et al. (2018) examined the blast resistance of 500×500×40 mm hybrid fiber-

reinforced high-performance concrete panels exposed to explosives at 100 mm from the specimen 

as illustrated in Figure 2-37a. The main parameter investigated was the effect of combining fibers 

with various geometries (high-modulus steel/middle-modulus PVA and high-modulus steel/low-

modulus PP). Results show that hybrid reinforcement significantly enhances the overall blast 

resistance in terms of reduced spalling and fragmentation. The performance of the steel-PVA (50 

mm and 12 mm respectively) fiber-reinforced panel significantly outperformed that of the 

companion specimen containing steel-PP fibers due to the high tensile strength and modulus of 

elasticity of PVA, which further strengthened the fiber-matrix bond strength (see Figure 2-37b 

and Figure 2-37c). 

Previous tests on vehicle barriers: 

Coughlin et al. (2010) tested the behaviour of 5 portable concrete vehicle barriers under 

satchel sized contact charge explosives as shown in Figure 2-38a. One barrier was a control barrier 

with normal concrete. Two other barriers were fiber-reinforced, one had nylon fibres while the 

second had carbon fibers. Both had 1.5% fibers by volume. The final two barriers were constructed 

with a mix of steel and synthetic fibers each with a different fiber volume (3.8% and 5%). The 

barriers had a rectangular shape with dimensions of 3050×1070×610 mm. The main parameters 

investigated were the type of fiber and the fiber content. Results show that using fiber-reinforced 

concrete reduced damage and helped keep damaged concrete more intact. Both the 3.8% and 5% 

steel/synthetic fiber mixes had similar performance. In other words, when a certain level of fiber 

volume is reached, adding more fibers wonôt affect the results. Finally, fibers with high surface 

area, like carbon fibers, gave fragments greater cohesiveness resulting in larger fragments. Figure 

2-38b shows the percentage of barrier fragment ejected during blast. 
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Previous tests on beams: 

To the knowledge of the author there exists no research on the blast behavior of SNFRC 

beams. However, a limited number of studies have focussed on steel FRC. 

Magnusson et al. (2010) examined the blast performance of plain and steel fiber-reinforced 

concrete beams with dimensions of 300 mm × 160 mm × 1720 mm under air blast loading, which 

was applied at a standoff distance of 10 m (see Figure 2-39a). The beams were constructed with 

NSC or HSC and were reinforced with varying longitudinal ratios and stirrups spaced at 200 mm. 

Results show that the use of steel fibers prevented brittle failures under dynamic loading while 

ensuring a ductile failure mode due to the enhanced shear strength and ductility as shown in Figure 

2-39b.  

Among these studies, four were conducted at the University of Ottawa. The test program 

involved beams having similar characteristics in terms of specimen detail and test setup in order 

to allow for comparison between the results. Algassem (2016) tested the behaviour of plain and 

steel fiber-reinforced high-strength concrete beams with dimensions of 125 mm × 250 mm × 2440 

mm under dynamic blast loads using a shock-tube as illustrated in Figure 2-40a. The results show 

that the use of steel fibers led to significant improvements including: increased shear capacity, 

reduced maximum and residual mid-span displacements, reduced blast fragments and increased 

damage tolerance. Fibers at a volume of 1% were also sufficient to replace transverse 

reinforcement (see Figure 2-40d and Figure 2-40e).  

Li (2016) examined the static and dynamic behaviour of 125 mm × 125 mm × 2440 mm 

HSC beams detailed with high-strength reinforcement. Results show that reinforcing the beams 

with high-strength bars increased blast capacity and controlled maximum and residual 

displacements. Adding steel fibres was found to be effective in controlling crack width, increasing 

fragmentation resistance, reducing displacements and further increasing blast load capacity. 

Despite these enhancements, the combined use of HSC and high-strength steel led to a more brittle 

failure as illustrated in Figure 2-40b and Figure 2-40c.  

Castonguay (2017) investigated the behaviour of 18 steel fiber-reinforced concrete beams 

under quasi-static (see Figure 2-40h) and simulated blast loading using the shock-tube. The 125 

mm × 125 mm × 2440 mm beams were cast with normal-strength self compacting concrete. The 

results illustrated in Figure 2-40i show the significant effect of steel fibers in improving shear and 

flexural capacity of the beams. Furthermore, increasing fiber content to a certain volume fraction 

was found to improve the overall blast response by reducing mid-span displacement, improving 

damage tolerance and reducing fragmentation. Further increases in fiber content was found to 

negatively affect workability without any noticeable enhancements in performance.   

Charles (2019) examined the effect of reinforcement detailing by testing 17 HSC beams 

under static and dynamic loading. Results show that the provision of compression bars and closely 

spaced ties improved the blast performance by controlling displacement, increasing blast capacity 

and minimizing damage (see Figure 2-40f and Figure 2-40g). 
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Table 2-6 Summary of previous blast tests 
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Drdlova et 

al. (2018) 
Live test 11 Panel 0.1-0.15 100 500 40 500 114 - - - - - - - 

SF 

3 

N/A 30-50 
0.6-

0.8 

50-

63 

PP ×  6-12 
0.01

8 

333-

667 

PVA ×  6-12 
0.04-

0.1 

120-

150 

Pantelides 

et al. 

(2014) 

Live test 18 

Normal 

steel 

Panel 6.2-15.6 1000 1200 
152-

356 
1200 46-51 

10

-

16 

152-

305 
420 

0.61-

1.72 

152-

305 
420 - - - N/A - - - 

GFRP 

10

-

16 

152-

305 

717-

758 

0.61-

1.72 

152-

305 

717-

758 
- P 1  × 50 0.9 56 

Foglar & 

Kovar 

(2013) 

Live test 5 
Bridge 

deck 
25 450 1500 300 6000 

30 or 

55 
16 140 500 0.5 150 - 0.07 PP 0.5-1  × 54 - - 

Tabatabaei 

et al. 

(2013) 

Live test 7 Panel 34 1675 1830 165 1830 45-54 13 150 407 0.82 300 - 0.03 LC 1-1.5  × 100 - - 

Coughlin 

et al. 

(2010) 

Air blast 

loading 

using C-4 

explosives 

5 
Vehicle 

barrier 

Canôt be 

disclosed 

due to 

sensitive 

nature of 

research 

- 610 1070 3050 ~35 - - - - - - - 

N 1.5  × 75 

- - 

C 1.5  × 75 

FE 2-2.5 N/A 30 

PP 
0.06

6 
×  Variable 

PP 

/PE 

0.4-

1.8 
 × 

Variable 

or 50 

Ohtsu et 

al. (2007) 
Close-in 4 Slab 

0.01 of 

SEP 
- 600 100 600 39-63 10 120 - 1.2 120 - 0.22 

PVA

/PE 

/PP  

1.5-5  × 30 - - 

Fiber type: SF = steel fiber, SN = synthetic fiber; FE = flattened ends; P = polymer, PP = polypropylene, PE = polyethylene, PVA = polyvinyl alcoholic, LC = long carbon, N = nylon, C = carbon  
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a) Test setup b) Damage patterns for each specimen 

Figure 2-33 Ohtsu et al. (2007) research 

 

 

 

a) Experimental setup b) Blast performance of different specimens 

Figure 2-34 Foglar & Kovar (2013) research 
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a) Blast test setup b) Surface damage of panels from both front and back 

Figure 2-35 Tabatabaei et al. (2013) research 

 

 
 

a) Test setup b) Specimen details 

  

c) Detailed description of panels d) Test results 

Figure 2-36 Pantelides et al. (2014) research 
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a) Blast setup 

  

b) Steel + PP c) Steel + PVA 

Figure 2-37 Drdlova et al. (2018) research 

 

 

a) Test setup (plan view) b) Percentage of barrier fragment ejected during blast 

Figure 2-38 Coughlin et al. (2010) research 
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a) Test setup b) Sample support reaction-deflection curves of tested beams 

Figure 2-39 Magnusson et al. (2010) research 

 

Algassem (2016) 
 

 

 

 
b) Plain HSC c) HSC with 1% steel fibers 

Li (2016) 
 

 

 

 
d) Plain HSC + HSR e) HSC with 1% steel fibers + HSR 

Charles (2019) 

  

a) Blast test setup f) Plain HSC + 10M + d/2 g) Plain HSC + 10M + d/4 

 

Castonguay (2017) 

 
h) Static test setup i) Load vs. displacement curves 

Figure 2-40 Previous research performed at uOttawa 
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2.5 Summary 

This chapter presented a literature review related to the shear and flexural behaviour of 

synthetic fiber-reinforced concrete beams under static loading. It also reviewed previous studies 

on the effect of synthetic fibers on the structural response of concrete under impact and blast loads. 

Based on these studies, the following conclusions can be summarized below: 

¶ Material studies on SNFRC show that the use of synthetic fibers improves the post-peak 

capacity of concrete in compression with no significant effect on peak compressive 

strength. Moreover, the addition of synthetic fibers significantly affects the post-cracking 

tensile resistance of concrete with improved toughness; 

¶ A limited number of studies have investigated the shear and flexural behaviour of SNFRC 

beams, especially in the case of high-strength concrete (Ὢὧ
ᴂ

 60 MPa). Based on these 

studies, the use of macro-synthetic fibers improved the shear strength, ductility and 

toughness of beams while also resulting in a more diffused cracking pattern with reduced 

crack widths; 

¶ Research on the dynamic properties of concrete tested under impact indicates that the 

addition of synthetic fibers improves the impact resistance and toughness of concrete under 

dynamic loading, though the energy absorption capacity of synthetic fibers is greater at 

lower drop heights (strain-rates).  Some studies also indicate that synthetic fibers are less 

effective under impact when compared to steel fibers; 

¶ The behaviour of SNFRC under blast loads is not well understood, especially in the case 

of beams and elements built with high-strength concrete. Moreover, most previous research 

has focused on elements subjected to near-field blasts. Nonetheless, previous tests 

conducted on panels and slabs indicate that adding synthetic fibers improves the flexural 

toughness which in turn leads to a reduction in the volume of damage. 

In summary, limited research exists on the response of high-strength concrete beams 

reinforced with macro-synthetic fibers. Moreover, the ability of macro-synthetic fibers to improve 

the blast resistance of concrete requires further study, especially in the case of beams and elements 

subjected to far-field type blasts. Furthermore, there is a need to examine the potential of using 

macro-synthetic fibers to relax stringent blast detailing requirements in modern blast codes.  
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Chapter 3: Experimental Program 

3.1 Chapter Overview 

The experimental research program includes seventeen beams built with macro-synthetic 

fiber-reinforced concrete which are tested under static and dynamic loads. Parameters investigated 

include the effects of: macro-synthetic fibers, hybrid fibers, combined use of fibers and stirrups, 

longitudinal reinforcement type and ratio. This chapter summarizes the details regarding beam 

specimen designs, material properties, specimen construction, experimental setups and testing 

procedures.   

3.2 Specimen Specifications 

A total of seventeen beams were constructed and tested in this research program. Nine of the 

beams were tested under quasi-static four-point bending, and eight were tested under simulated 

blast loading using the University of Ottawaôs shock-tube. Most of the beams were cast using 

either plain high-strength concrete (HSC) or high-strength macro-synthetic fiber-reinforced 

concrete (HSFRC), with two beams casted with normal-strength self-consolidating concrete 

(SCC). The beam design details are summarized in Figure 3-1.  

All specimens had dimensions of 125 mm × 250 mm × 2440 mm and were tested over a 

simply-supported span of 2232 mm, with a constant moment region of 750 mm and shear spans of 

741 mm, resulting in a shear span to depth ratio (a/d) of 3.7. The longitudinal reinforcement 

consisted of either: 2-15M or 2-20M (Canadian size) normal-strength bars, or 2-No.5 (US size) 

ASTM A1035 Grade 690 MPa high-strength bars. The No.5 and 15M bars were detailed with 90° 

hooks (except for the 15M used for the SCC specimens), while the 20M bars were detailed with 

180° hooks to provide adequate development of the tension steel. Eight of the seventeen beams 

were designed with transverse reinforcement which consisted of either U-shaped stirrups spaced 

at 100 mm in the shear spans (minimum stirrups required by the CSA A23.3 standard) or closed 

hoops spaced at 100 mm along the span of the beam (relaxed blast detailing at s = d/2 rather than 

the d/4 spacing required in the CSA S850 standard). Stirrups and hoops were made from 6.35 mm 

smooth steel wire. To facilitate construction, 2-6.35 mm bars were also provided in the shear spans 

of most beams (the exception was the doubly-reinforced beam which was provided with 2-10M 

top bars over the full span). The clear cover to the longitudinal bars was kept at 41 mm for all 

beams. Macro-synthetic fibers were implemented in all the fiber-reinforced concrete beams at a 

fiber content of 0.75% by volume of concrete (6.8 kg/m3), with two specimens having a hybrid 

mix of 0.75% macro-synthetic fibers and 0.25% smooth straight steel fibers (19.5 kg/m3).  

The specimens can be divided into three categories based on longitudinal steel ratio (rebar 

size), which include the: 15M series, 20M series and No.5 high-strength steel series. Table 3-1 

shows a summary of the design details for the various beams within each series, including 
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specimen ID, concrete mix type, fiber type and volumetric ratio (Vf), steel reinforcement properties 

and loading type. The specimen nomenclature follows this logic: 

CONCRETE TYPE - FIBER % and TYPE - STEEL REBAR SIZE - STIRRUPS 

For instance, HSC-0.75%S1-15M-0 is the label for a beam constructed with high-strength 

concrete (HSC) having 0.75%S1 fibers and reinforced with 15M normal-strength longitudinal 

reinforcement with no stirrups, while HSC-0.75%S1-15M-S is the companion beam with stirrups. 

Similarly, HSC-0.75%S1-No.5(HS)-S is the label for the companion beam constructed with No.5 

high-strength bars and stirrups.  

The following nomenclature was used for one of the beams with top continuity bars: 

CONCRETE TYPE - FIBER % and TYPE - STEEL REBAR SIZE (BOTTOM - TOP) - STIRRUPS 

HSC-0.75%S1-20M-10M-d/2 is the ID for a beam built with high-strength concrete 

containing 0.75% macro-synthetic fibers and reinforced with 20M normal-strength longitudinal 

reinforcement, 10M compression bars at the top and closed ties spaced at 100 mm all the way. 

Table 3-1 Specimen designation and main properties 

S
e
ri
e

s 

Beam ID 
Concrete 

Type 

Fibers Steel Reinforcement Properties 

Test 

Type1 

Type 
Vf 

(%)  
Type 

Grade 

(MPa) 

Amount 

& Size 

Stirrup 

Spacing 

(mm) 

S
e
ri
e

s
 1

5
M 

SCC-0.75%S1-15M-0 SCC 
Synthetic 

(S1) 
0.75 NS 400 2-15M - S 

SCC-0.75%S1-15M-S SCC 
Synthetic 

(S1) 
0.75 NS 400 2-15M 100 S 

HSC-0%-15M-0 HSC - - NS 400 2-15M - S/D 

HSC-0.75%S1-15M-0 HSFRC 
Synthetic 

(S1) 
0.75 NS 400 2-15M - S/D 

HSC-0.75%S1-15M-S HSFRC 
Synthetic 

(S1) 
0.75 NS 400 2-15M 100 S/D 

S
e
ri
e

s
 2

0
M 

HSC-0.75%S1-20M-0 HSFRC 
Synthetic 

(S1) 
0.75 NS 400 2-20M - S/D 

HSC-0.75%S1-20M-S HSFRC 
Synthetic  

(S1) 
0.75 NS 400 2-20M 100 S/D 

HSC-0.75%S1-20M-10M-d/2 HSFRC 
Synthetic  

(S1) 
0.75 NS 400 2-20M 100* D 

HSC-HYB-20M-0  HSFRC 

Synthetic  

(S1) 
0.75 

NS 400 2-20M - S/D 
Steel 

(OL) 
0.25 

S
e
ri
e

s
 

N
o

.5
 

HSC-0.75%S1-No.5(HS)-S HSFRC 
Synthetic 

(S1) 
0.75 HS 690 2-No.5 100 S/D 

1: S: Static Test; D: Dynamic Test 

*: Closed hoops provided over the full span 
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 Steel Reinforcement Details Cross-Section 
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a) SCC beams with 0.75%S1 fibers  

 
b) HSC beams with no fibers or 0.75%S1 fibers  

 
c) HSC beams with 0.75%S1 fibers or hybrid fibers  
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d) SCC beams with 0.75%S1 fibers and stirrups  

 
e) HSC beams with 0.75%S1 fibers and stirrups  

 
f) HSC beams with 0.75%S1 fibers and stirrups  

 
g) HSC beams with 0.75%S1 fibers and closed hoops  

Figure 3-1 Beam dimensions and reinforcement details 
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3.2.1 Series 15M 

A total of eight specimens were constructed using 15M normal-strength reinforcement. 

The beams can be divided into two groups, with two beams casted with self-consolidating concrete 

(SCC) and the remaining six beams casted with high-strength concrete (HSC). Both SCC 

specimens were tested under quasi-static loading. Three of the HSC specimens were tested under 

static four-point bending while the three companion beams were tested under dynamic loading. 

This series included beams with either stirrups, macro-synthetic fibers, or both.  

3.2.2 Series 20M 

This series included seven high-strength concrete beams reinforced with 20M normal-

strength bars. Four of the specimens had macro-synthetic fibers incorporated at a volumetric ratio 

of 0.75%, two of which had no stirrups (one for static loading and one for dynamic loading) and 

the other two were detailed with stirrups spaced at 100 mm in the shear spans (one for static loading 

and one for dynamic loading). One of the specimens constructed for dynamic loading and 

reinforced with 0.75% macro-synthetic fibers had 10M bars at the top of the beam section with 

closed stirrups spaced at 100 mm all the way. The last two beams in this series had no stirrups and 

included hybrid fibers. The two types of fibers used for this specimen were macro-synthetic fibers 

with a fraction volume of 0.75% and smooth straight steel fibers with a volume of 0.25%.  

3.2.3 Series No.5 

The last series included two beams (one for static and one for blast) which were built with 

American Size No.5 high-strength bars. Both beams were detailed with stirrups spaced at 100 mm 

in the shear spans and were reinforced with 0.75% macro-synthetic fibers.   

3.3 Materials 

This section describes the materials used for this research, which include: concrete mixes, 

steel reinforcement bar types and fiber types.  

3.3.1 Concrete Parameters 

Three types of concrete were used in this study: self-consolidating concrete (SCC), high-

strength concrete (HSC) and high-strength fiber-reinforced concrete (HSFRC). The concrete was 

mixed using the large pan-mixer at the University of Ottawa Structures Laboratory.  

The SCC used consisted of a pre-packaged mix, shown in Figure 3-2, with a specified 

strength of 40 MPa. The mix contained a maximum aggregate size of 10 mm with a sand-to-

aggregate ratio of roughly 0.45 and a water-cement ratio of approximately 0.42. An air-entraining 

admixture, a super-plasticizer and a viscosity-modifying admixture (VMA) were incorporated into 

the blend in the form of dry powder. Table 3-2 shows the properties of the pre-packaged MS-S10 

SCC mix provided by the manufacturer (King Packaged Materials Company). Table 3-3 shows 

the properties of the HSC and HSFRC mixtures. The high-strength concrete mix in this study 
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contained Portland cement, slag, silica fume, two sizes of coarse aggregate (9.5 mm and 19 mm), 

sand and liquid admixtures (a super-plasticizer and a set retarder) and had a target strength of 100 

MPa. Figure 3-3 presents the materials used for the HSC base mix. The HSFRC mix was 

constructed with a similar HSC base mix, with the addition of fibers. 

Table 3-2 KING SCC mix properties 

Mix Component Content (kg/m3) 

HSF Cement 500  

Fine Aggregate  915 

Coarse Aggregate  765 

Mass Density 2300 

Table 3-3 HSC and HSFRC mix properties 

Solid Component 

Content (kg/m3) 

Plain HSC 
HSFRC 

(Synthetic) 

HSFRC 

(Hybrid)  

Type GU Cement 373 373 373 

Slag 164 164 164 

Silica Fume 48 48 48 

Sand 740 740 740 

Fine Aggregate (9.5 mm) 560 1120 1120 

Coarse Aggregate (19 mm) 560 - - 

Fiber Content 

(S1, OL) 
- 6.8 (S1) 

6.8 (S1) 

+ 

19.5 (OL) 

Liquid Component Content (L/m3) 

Water 176 176 176 

Super-Plasticizer 7.5 10 11 

Retarder 1.9 1.9 1.9 

 
Figure 3-2 KING SCC 
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a) Type GU Cement b) Silica Fume c) Slag 

   

d) Coarse Aggregate (19 mm) e) Fine Aggregate (9.5 mm) f) Sand 

  

g) Super-Plasticizer h) Retarder 

Figure 3-3 Materials for HSC mix 
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3.3.2 Steel Reinforcement Parameters 

Five types of steel reinforcement were used in this study. The first type was smooth non-

deformed wire which had a diameter of db = 6.35 mm and a cross-section of Ab = 32 mm2 and was 

used as either the transverse reinforcement or the compression reinforcement in the shear spans 

(for easier construction of the cages). The second type, which was used as compression steel for 

one of the dynamic specimens, consisted of deformed normal-strength steel (10M) with a diameter 

of db = 11.3 mm and a cross-section of Ab = 100 mm2. The remaining three types of deformed steel 

were used for the tension longitudinal reinforcement and consisted of either normal-strength steel 

(15M and 20M) or high-strength ASTM A1035 bars (No.5). The 15M and No.5 rebars had 

diameters of db = 16.0 mm and db = 15.9 mm, respectively, with a cross-section of Ab = 200 mm2, 

while the 20M rebar had a diameter of db = 19.5 mm and a cross-section of Ab = 300 mm2.  

Steel coupons were tested using the GALDABINI SUN 60 Universal Floor Standing 

Testing Machine shown in Figure 3-4. Table 3-4 summarizes the properties of all five types of 

steel used, including steel ID, bar diameter and area, yield strain and strength, ultimate strain and 

strength and strain at rupture. Figure 3-5, Figure 3-6 and Figure 3-7 show the stress-strain curves 

for each type of steel. A comparison of the stress-strain relationship of all steel reinforcement used 

is demonstrated in Figure 3-8. 

Table 3-4 Steel reinforcement mechanical properties 

Steel 

ID 

Steel 

Reinforcement 

Bar 

Diameter 

db (mm) 

Bar Area 

Ab (mm2) 

Yield Ultimate Rupture 

ey 
fy 

(MPa) 
eu 

fu 

(MPa) 
e r  

6.3NS  Non-deformed 6.35 32 0.0031 559 0.063 617 0.069 

10M Regular 11.3 100 0.0026 477 0.149 569 0.173 

15M Regular 16.0 200 0.0027 434 0.137 586 0.209 

20M Regular 19.5 300 0.0030 426 0.143 568 0.202 

No.5 MMFX2 15.9 200 0.0065 886 0.049 1144 0.107 
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Figure 3-4 GALDABINI Universal Floor Standing Testing Machine; testing steel rebar 
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Coupon Test Stress-Strain Relationship 

  

a) Rebar size 6.35 mm (Non-deformed) 

  

b) Rebar size 10M 

Figure 3-5 Stress-strain relationships for different types of steel bars with photographs 
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Coupon Test Stress-Strain Relationship 

  

a) Rebar size 15M 

 

 

b) Rebar size 20M 

Figure 3-6 Stress-strain relationships for different types of steel bars with photographs 
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Coupon Test Stress-Strain Relationship 

  

a) Rebar size No.5 

Figure 3-7 Stress-strain relationships for different types of steel bars with photographs 

 

 
Figure 3-8 Comparison of stress-strain relationships for different types of steel bars used 
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3.3.3 Fibers Parameters 

Two types of fibers were used in this research. The main fiber used in all the fiber-

reinforced concrete beams was macro-synthetic fibers designated as ñS1ò fibers. These 

polypropylene fibers had a length of 50 mm, with a tensile strength of 625 MPa, and partially 

fibrillate when mixed in concrete. The other fiber used for the hybrid mix was smooth straight 

steel fibers having a length of 13 mm and a tensile strength of 2750 MPa (designated as ñOLò 

fibers). Table 3-5 summarizes the properties for both types of fibers, while Figure 3-9 shows 

sample photos. The synthetic fiber-reinforced concrete beams were built with HSC containing 

0.75% (Vf = 6.8 kg/m3) of macro-synthetic fibers. The smooth straight steel fibers were used in 

the hybrid mix at a volumetric ratio of 0.25% (Vf  = 19.5 kg/m3). 

Table 3-5 Fiber properties 

Fiber ID  Fiber Name 
Length 

l f (mm) 

Diameter 

df (mm) 

Cross-Section 

(mm × mm) 

Aspect 

Ratio 

(mm/mm) 

Tensile Strength 

(MPa) 

S1 
TUF-

STRAND 
50 - 0.37 × 1.1 74 625 

OL OL 13/.20 13 0.21 - 62 2750 

 

  

a) S1 b) OL 

Figure 3-9 Photographs of fibers 

3.4 Construction of Test Specimens 

The construction of the seventeen beams was accomplished at the University of Ottawa 

Structures Laboratory. The following procedures were followed: preparing the formwork, bending 

the steel bars, building the steel cages, applying the strain gauges, casting of the concrete and 

finally curing the beams. 

3.4.1 Preparation 

The first step was to build a wood formwork to be used for casting the beams. 4ôĬ 8ô sheet 

of 1/2ò thick plywood was used as the base of the form with 2ò Ĭ 4ò studs placed on the sides to 

provide lateral support when casting the specimens. The form was able to fit seven specimens at a 
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time with 3/4ò thick plywood being installed as a separator. Figure 3-10 shows the formwork after 

it was ready to be used. 

The steel cages were built either with or without stirrups. The transverse reinforcement 

consisted of either U-shaped stirrups or closed stirrups made from 6.35 mm wire and bent using a 

manually operated jig. The U-shaped stirrups were spaced at 100 mm in the shear spans for beams 

with shear reinforcement. Two top 6.35 mm wires were also provided in the shear spans to 

facilitate construction. The closed stirrups were used in only one of the 20M specimens tested 

under dynamic loading and were spaced at 100 mm throughout the entire length. Both the No.5 

high-strength steel and 15M normal-strength steel were bent to have a 90° hook at both ends 

(except for the 15M used for the SCC specimens where the bars were kept straight). The 20M 

normal-strength bars were bent to have a 180° hook at both ends. Figure 3-11 to Figure 3-15 show 

photographs of the different steel cages after construction. Once the cages were ready, a strain 

gauge was installed at the mid-span of the longitudinal steel bar. A 120 Ý strain gauge was used 

on one of the bars for the static specimens and a 350 Ý strain gauge was used on both bars for the 

dynamic specimens. To prevent concrete from adhering to the form and allow for an easier removal 

of the beams, oil was applied into each row of the form using a brush. This also allows the reuse 

of the formwork. After oiling, 41 mm plastic chairs were placed inside the form to provide 

adequate clear cover. Finally, the steel cages were inserted inside the formwork.  

 
Figure 3-10 Beam wood formwork 

  

Figure 3-11 20M rebar with 10M compression bar and closed stirrups all the way 
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Steel cages with 90° hooks (no stirrups) 

 

  

Figure 3-12 15M rebar without stirrups 
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Steel cages with 90° hooks (with stirrups) 

 

  

Figure 3-13 15M & No.5 rebars with stirrups 
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Steel cages with 180° hooks (no stirrups) 

 

  

Figure 3-14 20M rebar without stirrups 
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Steel cages with 180° hooks (with stirrups) 

 

  

Figure 3-15 20M rebar with stirrups 

3.4.2 Mixing and Curing 

Concrete was mixed at the University of Ottawa Structures Laboratory using a 420-volt 

electric pan-mixer, as shown in Figure 3-16, with a capacity of 225 L. Once the mix was ready, 

the concrete was poured inside the form in layers and a vibrator was used throughout for both the 

HSC and HSFRC mix to ensure the concrete is well consolidated. The remaining mix was used to 

cast concrete cylinders and flexural beam prisms. After levelling the beams and allowing the 

concrete to dry for around three hours, all the specimens (beams, cylinders and prisms) were 

covered with a wet burlap sheet (as shown in Figure 3-17) and then a plastic sheet on top (to keep 

moisture) and cured for seven consecutive days. The beams were then removed from the form and 

air-cured until the day of testing.  


















































































































































































































































































































































