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ABSTRACT 

 

EFFECTS OF FORMWORK DIMENSIONS ON THE  

MECHANICAL PERFORMANCE OF FIBER-REINFORCED 

CEMENT BASED MATERIALS 

 

The aim of this work was to study the relationship between formwork/sample 

variables and fiber properties to help define design principles of structures, generally when 

fiber reinforced materials are considered. For this purpose parameters such as formwork 

dimensions and fiber aspect ratio were varied and related to resulting fiber dispersion state 

and mechanical performance. Two parameters were defined to understand the effects of 

varying formwork dimensions on the fiber alignment and resulting mechanical 

performance. Two different length of the same steel fibers were used. One of the 

parameters was selected to be the ratio of formwork or flow width to the fiber length 

(w/fL) and the other one was the ratio of formwork thickness to the fiber length (t/fL). Two 

concrete mixtures with two different length of the same fiber were cast into formworks 

with varying thicknesses and widths to obtain various flow behaviors from the materials. 

Six different w/fL and 4 different t/fL values were obtained and results evaluated by using 

optical image analysis and mechanical tests.  

 

A series of experiments were performed to correlate the fresh and hardened state 

properties of FRCs by means of fiber dispersion and orientation. Specimens were cast 

using same mix designs, only fiber length and specimen depth parameters were varied. 

Two different mixes were prepared by varying fiber length and two different specimen 

thickness values were set. Therefore, 4 different groups of specimen were obtained. These 

FRC’s are cast into different size of moulds, having same length and depth, but various 

widths. Before exposing to flexural test, each specimen having various widths were cut in 

order to make all the specimens have the same width. After that, in order to determine the 

hardened state properties, specimens were exposed to four-point bending test. 

 

i 
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Finally, image analysis were conducted in order to better understand fiber 

orientation. To do fiber orientation analyses, specimens were cut into 2 pieces, near the 

major crack, after four-point bending tests.  Microscopic images were taken from the cross 

sections of these cut specimens by using an optical microscope. Then these microscopic 

images were analyzed by using a tensor description method and fiber orientations in each 

of the x, y and z directions were obtained. 

Results showed the importance of the formwork dimensions, hence effect of mould 

dimensions on the flow behavior, fiber orientation and resulting mechanical performance 

of the fiber-reinforced cement-based materials.  
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1.  INTRODUCTION 

 

 
 

For more than 30 years ordinary concrete materials have been reinforced with short 

randomly distributed fibers [1,2]. The use of fiber-reinforced self-consolidating concrete 

(FRSCC) continues to increase all around the world due to its many advantages compared 

to traditional concrete. The advantages of FRSCC are basically related to its fresh state 

properties, which can be adjusted according to the needs of specific applications.  

 

It is well known that FRC’s can be used for lots of semi-structural and structural 

applications. For example, FRC is often used for thin elements like slabs, floors or roof 

elements if the passing of the reinforcement bars is rather difficult, due to dimensions of 

structures. Therefore, fibers substitute the rebars completely and act as a load bearing 

element. If fibers are compared to ordinary reinforcement, their small diameter with a high 

surface area can be uniformly dispersed resulting in a randomly distributed arrangement 

and therefore crack bridging potential. 

 

On the other hand, use of fiber-reinforced cement-based materials for structural and 

semi-structural applications is hindered due to the lack of well-established codes/standards 

which define design principles. Efforts are being made for developing new standards to 

satisfy the needs of academia and industry. These documents are constituted as a result of 

years of experience of researchers and most of the information and generalized rules are 

proved by experimental studies. Therefore, the study of steel fiber-reinforced concrete can 

be named as an area, where significant efforts need to be focused.  

 

Recent studies based on extensive experimental investigations highlight the fact that 

the strength and the ductility of reinforced concrete beams are enhanced by using FRC 

instead of ordinary concrete. 

 

Effects of fiber addition on the ductile behavior, bearing capacity and shear strength of 

concrete have been studied in detail. Oh, B.H. [3] examined the increased ductility of 

beams by the addition of steel fibers. Another study by Campione [4], showed that the 

addition of fibers increases the bearing capacity of the beams and ensures more ductile 
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behaviour, at the same time reducing degradation effects under cyclic reversal loads. 

Results of the study of Lim et al. [5] showed that the first crack shear strength increases 

significantly as fibre content increases and the ultimate shear strength is also improved. 

Also, the results showed that steel fibres can greatly enhance the tensile properties of 

concrete and improve resistance to cracking. Increased ductility and flexural behavior of 

FRC beams were also studied by Chunxiang et al. [6]. The results showed that, the 

descending part of the load-displacement curve of the concrete beams without steel fibers 

is much steeper than that with steel fibers, which shows that the addition of steel fibers 

makes the high strength concrete beams more ductile.  

 

The encouraging results of all those studies about FRC beams showed  advantages of 

steel fiber-reinforced concrete, hence their results support the usage of steel-fiber 

reinforcement in structural applications. 

 

There are many variables and parameters that should be taken into account since each 

of the resulting component/structure has different structural and geometrical properties and 

the “fiber-reinforced cement-based material” used to built so called component/structure is 

also different for each application. Several experimental and theoretical studies highlight 

the fact that the principal parameters influencing the structural response of reinforced 

concrete beams are: type (monotonic or cyclic) and direction (vertical or horizontal) of 

external loads; shear span to depth ratio; strength of concrete; shape and dimensions of 

members; type, grade and arrangements of longitudinal and transverse steel 

reinforcements. Depending on the combination of the mentioned above parameters, the 

ultimate loads and failure mode can change. 

 

Features of different fibers used result in varying material properties, structural 

behavior and failure modes. Parameters such as fiber type, fiber geometry, fiber 

dimensions and fiber dispersion features enormously affect the material performance, as 

mentioned before. If structural design of fiber-reinforced materials is to be made, than the 

effect of fibers should be included into equations and predictions. For this, a well-

established background is needed.  
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Research on fiber-reinforcement of cement-based materials has been done for the last 

40 years and a remarkable literature on the subject can be found. However, more research 

is needed to quantify the effects of different fiber applications on the material performance. 

Further research is required for a comprehensive understanding and a more widespread use 

of fiber-reinforced cement-based materials.  

 

Considering these factors, a comprehensive study is conducted in this thesis to better 

understand the material properties of FRCs in the fresh and hardened states. The challenges 

in this thesis are: 

 

 To study the effects of mould constrictions on the alignment and dispersion features 

of fibers 

 To find a relationship between the fresh and hardened state properties by defined 

parameters 

Previous studies had shown the effect of flow direction on the alignment and 

distribution of fibers. Short cut discontinuous fibers had a tendency to align in the direction 

of flow and walls of formwork were found to act as barriers for the movement of fiber-

reinforced materials. This effect is known but not examined.  

 

The results obtained from previous studies highlight the need for further investigation 

of the strong connection existing between fibre dispersion, fresh state and mechanical 

properties of fibre reinforced concrete. However, there is not any study related with the 

effects of formwork dimensions on the fiber dispersion.  

 

Therefore, the main objective of this study is to investigate the effects of formwork 

dimensions/constrictions on the flow and consequently alignment of fibers. Two 

parameters which are “formwork width/fiber length” and “formwork thickness/fiber 

length” were used for this purpose. 
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2. LITERATURE REVIEW 

 

 

In this part a brief summary of the literature related with this research is given. First of 

all a more general literature of Fiber Reinforced Cement Based Materials is given. 

Following this, literature related with SFRC mix design, fiber dispersion analysis and 

mechanical performance of SFRC’s are given. 

 

2.1.  Steel Fiber Reinforced Concrete 

 

Concrete is a brittle material with low strain capacity and tensile strength. Usually 

fibers are incorporated into concrete to overcome this weakness by producing Fiber 

Reinforced Concrete (FRC) with increased tensile strength, ductility and toughness.  

 

Fiber reinforced concrete may be defined as a composite material made with 

Portland cement, aggregate, and incorporating discrete discontinuous fibers. In the recent 

decades, steel fiber reinforced concrete (SFRC) became a very popular and attractive 

material in structural engineering because of its good mechanical performance. The most 

important advantages are preventing macrocracks, delaying microcracks propagation to 

macroscopic level and the improved ductility after formation of microcracks.  

 

The general tensile behavior of concrete is demonstrated in Figure 2.1 [7]. Without 

any fiber reinforcement, the plain concrete matrix exhibits a strain-softening response with 

low tensile strength and ductility. Because, due to low fracture toughness of concrete, 

tensile cracks may easily occur when there is an applied stress. The interfacial bond 

developed between the fibers and matrix makes use of the strength and stiffness of the 

fibers in reinforcing the brittle matrix. Once the matrix cracks, load can be still transfered 

across the crack faces through the steel fibers. As the load on the composite is increased, 

the process of fiber pullout affects load carrying capacity and further contributes to energy 

dissipation. It has also been known that when using a high volume fraction of fibers with a 

high specific surface area, the crack bridging potential and the strength of the composite 

are increased [8],[9].  
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Figure 2.1. General tensile behavior of concrete 

 

The role of randomly distributed discontinuous fibers is to bridge across the cracks 

that develop and this provides some post- cracking “ductility”. If the fibers are sufficiently 

strong and well bonded to material. they permit the FRC to carry significant stresses over a 

relatively large strain capacity in the post-cracking stage.  

In addition to that, use of fibers in concrete has led to numerous advantages in construction 

technology.  It has been reported that fibers are effective in many ways, such as: 

 Fiber reinforcement has been shown to improve flexural strength and shear strength 

of cementitious materials [10,11]. 

 Fibers bridge cracks during loading and transfer the load, arresting the growth and 

coalescence of cracks, playing the role of energy absorber [12,13]. 

 The fibers reduce the shrinkage, cracking and permeability of concrete [14]. 

 The fibers enhance fatigue and impact resistance [11,15]. 

 The fibers take up internal stresses through their tension resistance and hence 

ensure the transfer of the loads, provided that a good bond exists between the fibers 

and the hardened cement matrix [16,17]. 

 

 

A huge amount of both theoretical and experimental research has been done over the 

last years, based on the possibility of replacing conventional reinforcement with Steel 

Fiber Reinforced Concrete (SFRC) elements in structural applications. Among many well 

known advantages of steel fiber reinforcement,  which may come from such a replacement, 

Te
n

si
le

 S
tr

e
n

gt
h

Strain

Plain Concrete Matrix

Fiber-Reinforced Concrete



6 

 

 

what recognised was the possibility of having, randomly oriented fiber reinforcing 

elements, randomly spaced in the structure. 

When the fiber reinforcement is in the form of short discrete fibers, they act effectively as 

rigid inclusions in the concrete matrix. Physically, they have thus the same order of 

magnitude as aggregate inclusions; steel fiber reinforcement cannot therefore be regarded 

as a direct replacement of longitudinal reinforcement in reinforced and prestressed 

structural members. [18] 

 

On the other hand a large amount of both experimental and theoretical studies have 

been done over the last decades, dating back to 1972 [19], focusing on the possibility of 

replacing conventional reinforcement of with steel fibres in reinforced concrete elements. 

Ferrara et al. [20] stated that among the several well known advantages which may come 

from such a replacement, what was quite early recognised was the possibility of having 

randomly oriented wirelike reinforcing elements, homogeneously spaced closer than the 

minimum distance obtainable with the smallest stirrups.  

 

In these last few years, studies focusing on this replacement have shown that the 

achievement within a structural element of a homogeneous distribution of randomly 

oriented fibres, is a crucial point in respect of guaranteeing the structural performance with 

a suitable degree of repeatability. Governing the dispersion and the orientation of fibers in 

concrete through a suitably balanced set of fresh state properties and a carefully designed 

casting procedure, if proved effective, would hence be a feasible way to achieve a 

mechanical performance of the FRC which is optimal to the foreseen structural 

applications.[21] Therefore it is of the main importance that, the correlation between fibre 

distribution, fresh and hardened-state properties of SFRCs need further investigation, in 

regard to designing enhanced cement composites “tailored” for specific structural 

applications. [20]  
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2.2.  SFRC Mix Design 

 

As with any other type of concrete, the mix proportions for SFRC depend upon the 

requirements in terms of strength, workability, and so on. It’s very important to have a well 

proportioned concrete, so that mixture behaves homogenously to keep fluidity, segregation 

resistance, durability and also acceptable mechanical properties.Several procedures for 

proportioning SFRC mixes are available, which mainly focuses on the workability of the 

resulting mix. However, there are some considerations that are particular to SFRC. 

 

Choice of SCC when using fibers may be advantageous, since a better dispersion 

could be possible due to superior performance of SCC in the fresh state. [22] Therefore a 

more uniform dispersion of fibers can be obtained, which is very critical for a wider 

structural use of fiber-reinforced concrete. 

 

An optimization procedure of the mix design for high performance FRC, to be 

employed for manufacturing roof elements where fibers as to serve as the only 

reinforcement has been assessed in the previous study of Ferrara et al [23] The procedure 

in that study was based on an investigation on the fresh state performance performed with 

mini-cone and Marsh cone tests. As a result of this study, they have stated that for 

optimizing a mix composition, the ability of the fresh concrete to well disperse and 

effectively drive steel fibers along the casting flow direction should be carefully evaluated.  

 

Following this, Ozyurt et al. [24], studied the mix design for thin section fiber-

reinforced cementitious materials. In that study, various self-consolidating fiber-reinforced 

mixes were tested for obtaining an acceptable static and dynamic segregation resistance, 

flowability characteristics and high overall performance. 
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2.3.  Fiber Dispersion Analysis 

 

Concrete is a weak material in tension, therefore considering a beam under loading, 

cracks in the specimen start from the micro-level with fine discontinuous microcracks 

distributed throughout the specimen. These cracks then become larger cracks with 

increasing stress and finally the specimen fails when the ultimate tensile stress is reached. 

Fibers control the starting of these microcracks and increase in their size and also control 

the cracks from the micro to the macro scale, depending on the size of fibers, by bridging 

cracks and delaying the sudden formation of larger cracks by coalescence [25].  

 

With the increasing understanding of fiber reinforcement, the use of fibers has 

extended to partially load-carrying applications such as pavements, industrial floors, wall 

panels, and precast roof elements. [26, 27] Presently, in many structural applications, 

replacing conventional reinforcement with fibers is under consideration. There are some 

concerns and issues, however, that prevent the use of fibers in structural elements. One of 

the most important issues is the control of fiber dispersion.  

 

To obtain good mechanical performance, the most important criteria is the control 

and characterization of fiber dispersion characteristics, since composite performance can 

be directly related to the effectiveness of fibers to control cracks.  

 

Fiber addition to concrete for preventing cracks may have a positive effect on the 

mechanical properties, but since fibres may not all necessarily aligned in the direction of 

stress, the effectivity is debatable. It would be better to align fibres in the direction of 

stress, which leads to improved performance of FRC in a structure. 

 

Effectiveness of fiber reinforcement is highly dependent on fiber dispersion and 

orientation. [28] Poor dispersion can cause poor fresh and hardened state properties, 

affecting the resulting overall performance of the structure. Therefore, fiber dispersion is 

an important factor that affects both fresh and hardened state properties of cement-based 

materials. Akkaya et al. [29] found that, if the fibers were well dispersed, material 

performance was improved. Therefore, investigating fiber dispersion is very important for 
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both fresh state and hardened state performance of FRC specimens. As a result, 

comprehensive research is needed so that fiber dispersion can be controlled and monitored.  

 

Various methods have been used to monitor fiber dispersion. [30,31] Chermant et 

al. [32] illustrated the use of automatic image analysis techniques to measure some 

morphological characteristics of cement, concrete and fiber reinforced concrete (FRC). 

They used X-rays on iron ribbon fibers to establish their locations within the matrix. They 

suggested a covariance function of nearest-neighbor fibers to characterize their 

distribution. 

 

  Yang [33] stated that there are four methods for fiber dispersion analysis in FRC’s. 

The fresh mixture method (FM method), the measurement of electrical resistance (ERM 

method), the scanning electron microscope method (SEM method) and the simulation 

experiment (SE method).  He suggested that the simulation experiment (SE method) is the 

best method to determine the effect of various fiber dispersion agents. In addition to that, 

different methods can be fit for different conditions and they can also be used together to 

gain the true dispersion of fibers.  

 

Akkaya [34] used SEM/optical microscopy method for locating short fibers and 

then applied statistical analysis to quantify fiber dispersion, with good results. Statistical 

methods from the theory of point processes were used in that study for describing fiber 

dispersion patterns by straightforward and easily calculated statistics.  

 

In this study data from two-dimensional cross sections were used for orientation 

analyses and Image Analysis technique was used for analyzing fiber dispersion and a tensor 

description method was employed for fiber orientation density calculations in the specimens.  

 

 

 

 

 

 

 

 

 

 



10 

 

 

2.3.1.  Image analysis 

 

 

Image analysis is one of the most commonnly used and well-studied method for 

fiber dispersion analysis. Two dimensional or three-dimensional micrographs of specimens 

can be taken and studied using appropriate equipment and image analysis programs. This 

method is a trusted method when applied appropriately. 

 

Chermant et al. [32], showed that automatic image analysis is a suitable tool to 

access to many morphological parameters. And, that should allow to stablish a beter 

understanding between morphological parameters and physical properties of civil 

engineering materials, such as fiber-reinforced concrete. Many illustrations of use of 

automatic image analysis were given in their paper [32] in order to quantify the 

morphology of the concrete matrix, microcracks and fibers in FRC. Therefore, it is 

suggested to be a suitable method for determining fiber dispersion and orientation in FRCs. 

  

It was also shown in the study of Eberhardt et al. [35] that, fiber-orientation 

measurement by two-dimensional (2D) image analysis of polished cross-sections is a rapid 

and highly efficient method for determining the fiber orientation distribution over large 

sample areas.  

 

As cocncluded from previous research, ,mage analysis is a basic method for 

examining micro-structural characteristics of materials. It can also be used for investigating 

fiber-dispersion analysis of FRCs. The method is based on obtaining microscopic images 

of sections to study dispersion of fibers. Either two dimensional or three dimensional 

microscopic images of specimens can be taken and analyzed using image analysis 

program. 

 

The measurement of fiber dispersion by 2D image analysis requires the preparation 

of a cross-section. The method of preparation depends on the technique used to image the 

specimen, e.g. scanning electron microscopy (SEM). [35] As a result, the preparation of 

the concrete specimen for inspection by reflected light microscopy requires high contrast 

between the steel fibers and concrete matrix, which may not be achieved simply by 

polishing the specimen, but also grinding with emery paper for several layers. 
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The orientation of a fiber and the location of its intersection with the section plane 

are described by the parameters (θ, φ) and (x, y), respectively. These parameters are 

straightforward to derive from an elliptical fiber cross-section by image analysis. The 

parameters that describe an ellipse are its position (xc, yc), axis lengths (a, b) and 

orientation, φ, as illustrated in Figure 2.2.  

 

Figure 2.2. The position and orientation of a fiber can be determined from the parameters 

of its elliptical cross section (a, b, xc, yc, φ).  

The calculations of orientation tensors are straightforward, and they give concise 

information about the fiber orientation density. Orientation tensors are obtained from 

moments of the orientation distribution function. The orientation of a fiber is derived from 

the parameters of its elliptical cross-section as follows: 

 

θ=arccos      (1) 

φ=φ or φ+180      (2) 

 

The two possible values for φ are the result of an ambiguity in determining the 

orientation of a fiber, due to fibers with orientations φ and φ+180 having identical cross-

sections. The diagonal components of the orientation tensor are unaffected by this 

ambiguity. [35] 

 

In this study, by referencing the method of Eberhardt et al. [35], data from two 

dimensional cross-sections were used for fiber dispersion and orientation analyses and 

second order orientation tensors were used to calculate fiber orientation. 
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A tensor description method was employed for fiber orientation density calculations 

in the specimen. This method is widely used to describe fiber orientation distribution in 

fiber-reinforced composite materials such as short fiberreinforced polymers. A detailed 

description of the method is given in Part 4.1, Experimental Methods, Fiber Dispersion 

Analysis. 

 

2.3.2.  Segregation Analysis 

 

Steel fibers have more density, compared with the cement paste or fresh concrete, 

therefore sometimes inhomogenous dispersion of fibers may occur in FRCs, due to 

improper mixing or gravitational settling. This improper alignment of fibers is called 

segregation and segregation can have a negative effect on structure performance where a 

constant tensile stress over the whole cross-section is expected. Nevertheless, whenever the 

homogeneous distribution and random orientation of fibers can be guaranteed within a 

fresh concrete, the casting into formworks and the compaction by vibration may also lead 

fibers to be oriented along preferential directions [36], with not a negligible tendency to 

segregation. 

 

Previous study of Ozyurt et al. [37] showed that the segregation of the fibers 

increased with increasing vibration. And, SCC was found to be superior to conventional 

concrete, with the features such as high segregation resistance, good placeability, and high 

mechanical performance.Therefore, choosing Self-Compacting concrete for FRC mixes 

should be better for segregation resistance, since SCC doesn’t need any vibrations. 

 

Fresh SCC must be stable to ensure the homogeneity of the mechanical strength of 

the structure. However, several problems like bleeding, settlement or segregation can ocur. 

Segregation is strongly related to composition of fresh concrete. The fresh concrete is 

usually considered as a non-Newtonian fluid since it is a mixture of aggregate, cement and 

water. The flow behavior of the fresh concrete to viscosity plays a crucial role in the 

quality of the high performance concretes. Fibers in fresh concrete usually cause 

segregation in the final product depending on the flow condition.  
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In the case of SCC, segregation may occur during transport, flowing into the 

moulds or after placement when the concrete is in a plastic state. This results in non-

uniform distribution of fibers in self-compacting, steel fiber-reinforced concrete (SC-

SFRC) 

 

If segregation appears during placing of concrete, this refers to dynamic segregation 

and if it happens afterwards, during the dormant stage this refers to static segregation)[38]. 

 

 

2.3.2.1.  Static Segregation: Segregation resistance is a critical functional requirement for 

self-consolidating concrete (SCC) during the fresh state. Because of its highly fluid nature, 

SCC is more susceptible to static segregation, compared to conventional concrete. 

Segregation is the tendency for fibers to separate from the sand-cement mortar, and static 

refers to segregation when the concrete is at rest. Static segregation consists of the 

sedimentation of the fibers of the fresh FRC under gravity forces, as seen in Figure 2.3 (a). 

Static segregation may occur after the SCC has been cast until it has hardened. 

 

2.3.2.2.  Dynamic Segregation: Dynamic stability refers to the resistance of concrete to 

separation during movement (e.g. mixing, placement into the formwork), as it is seen in 

Figure 2.3 (b). Adequate resistance of concrete to separation of constituents upon 

placement and spread into the formwork is required for SCC, when flowing through 

closely obstacles or constraints. 

 

Once the concrete has been placed in the moulds and it is in a static state, the forces 

acting on the fibers can be calculated easily from Stokes’ Law. However, during placing, 

and during horizontal flow, an aggregate particle is subjected to additional forces; the 

mixture drag and vertical drag that help to keep the particle suspended and flowing in the 

mixture. The mixture drag is proportional to the square of velocity of the mixture and the 

square of the particle diameter, whereas, the vertical drag is proportioned to the velocity of 

the mixture and the fiber dimensions. Consequently, as the velocity of the mixture is 

increased, the resistance to dynamic segregation is also increased.  
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In the last years, it was acknowledged that an SFRC material with high 

performance should have high static and dynamic segregation resistance. Because, as a 

result of segregation, there will be an inhomogenity in the distribution of fibers, which may 

lead to some fiber free areas will occur in the specimens. 

 

 

(a) 

 

(b) 

Figure 2.3. (a) A representation of static segregation of fibers in a FRC beam, (b) A 

representation of dynamic segregation of fibers in a FRC beam 

 

Previous work of Akkaya et al. [29] demonstrated that the fiber free areas in FRCs 

can act as flaws; crack initiation and propagation is favored in the fiber-free areas, leading 

to reduced strength and toughness.  

 

A crack initiates and advances from the section of a composite that has larger fiber-

free matrix areas. [29] Therefore, size and amount of this fiber free areas have an important 

role in the initiation and propogation of the cracks in the specimen. As a result, segregation 

is an important problem for FRC’s and need to be examined in detail, in order to have 

satisfiying mechanical performance.  
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2.4.  Mechanical Performance of FRC’s 

 

Behavior of fresh concrete can eventually have significant effects on mechanical 

performance of hardened concrete. Therefore, examining fresh state behavior of concrete 

and fiber orientation has importance on determining mechanical performance of FRCs. 

 

Steel fibers are generally found to have much greater effect on the flexural strength 

of SFRC than on either the compressive or tensile strength, with increases of more than 

100% having been reported. The increase in flexural strength is particularly sensitive, not 

only to the fiber volume, but also to the aspect ratio of the fibers, with higher aspect ratio 

leading to larger strength increases. 

 

Fibers are added to concrete not only to improve the strength, but primarily to 

improve the toughness, or energy absorption capacity. Commonly, the flexural toughness 

is defined as the area under the complete load-deflection curve in flexure; this is sometimes 

referred to as the total energy to fracture. Alternatively, the toughness may be defined as 

the area under the load-deflection curve out to some particular deflection, or out to the 

point at which the load has fallen back to some fixed percentage of the peak load. 

 

Fresh and hardened state properties of FRC specimens were connected by means of 

fiber dispersion and orientation. In the previous studies, fresh state properties were found 

to affect segregation and dispersion of fibers and therefore mechanical performance of 

FRC. [39] 

 

It was observed that preferred orientation of fibers results in non-homogenous 

material properties throughout a specimen. Therefore, it was concluded that the mechanical 

performance of composite materials may vary in different parts of the specimen. 

Consequently both fiber dispersion analysis and four-point bending tests should be 

performed for clearly understanding the effects of fiber orientation on mechanical 

performance. 

 

The results obtained from all these studies highlight the need for further 

investigation of the strong connection existing between fiber distribution and therefore 
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mechanical properties of fiber reinforced concrete. [20] Carrying out a detailed study on 

various formwork and fiber dimensions, in terms of both fresh state and hardened state 

performance would be a remarkable improvement for figuring out this connection between 

fiber distribution and mechanical properties of FRC’s. 

 

2.4.1.  Four-Point Bending Test 

 

Four-point bending tests were performed to study the effects of fiber orientation on 

mechanical performance. Tests were carried out on unnotched specimens in order to 

classify and characterize the SFRC tested. Four-point bending tests are usually performed 

to investigate fibers performances and to evaluate their possible use for the design of 

structural members, by means of the derivation of ductility and tenacity of the material 

according to standards [40]. 

 

The addition of steel fibers significantly improves many of the engineering 

properties of mortar and concrete, notably impact strength and toughness [41]. The 

improved fresh state and mechanical performance of fiber-reinforced concrete comes from 

its increased capacity to absorb energy during fracture. An unreinforced concrete shows a 

brittle behavior, at the occurrence of cracking stresses during failure. On the other hand, 

the ductile fibers in fiber-reinforced concrete continue to carry stresses even after the 

cracking of matrix, which helps providing structural integrity and unity.  

 

Further, if properly designed, fibers undergo a pullout process, and the frictional 

work needed for pullout leads to a significantly improved energy absorption capability. 

This energy absorption attribute of SFRC is often termed “Toughness”. [42] The 

importance of fiber geometry and matrix strength on the toughness characteristics of SFRC 

has been clearly established by earlier researchers [43, 44]. 

 

Performance of fiber-reinforced concrete is affected in different ways by the 

amount and aspect ratio of fibers in the concrete. As mentioned in ASTM C1609, in some 

cases, fibers may increase the residual load and toughness capacity at specified deflections 

while producing a first-peak strength equal to or slightly greater than the flexural strength 

of the concrete without fibers. In other cases, fibers may significantly increase the first-
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peak and peak strengths while affecting a relatively small increase in residual load capacity 

and specimen toughness at specified deflections. [45]  

 

The first-peak strength characterizes the flexural behavior of the fiber-reinforced 

concrete up to the onset of cracking, while residual strengths at specified deflections 

characterize the residual capacity after cracking. [45]  

 

Boulekbache et al. [46] mentioned that a cracked concrete can continue to support 

further increases in loading without widening the crack width through fiber crack stitching 

and through the deformation of the fibres, which causes increased crushing and splitting of 

the matrix. And as a result, at the end of the loading stage, failure is very ductile and soft 

since most of the energy is absorbed by the deformed fibres. For the fiber reinforced 

concrete, more than one peak load may occur, one at the end of the cement matrix 

contribution and others when the fibres reach their ultimate capacity. 

 

Specimen toughness is an important parameter for determining mechanical 

performance of the specimens, since it measures the energy absorption capacity. The 

results of this test method are used for comparing the performance of various fiber-

reinforced concrete mixtures or in research and development work. [45] They may also be 

used to monitor concrete quality, to verify compliance with construction specifications, 

obtain flexural strength data on fiber-reinforced concrete members subject to pure bending, 

or to evaluate the quality of concrete in service. 
 

2.4.2.  Flexural Toughness 

 

Steel fiber reinforced concrete (SFRC) is distinguished from plain concrete by its 

ability to absorb large amount of energy and to undergo large deformations before failure. 

The preceeding characteristics are referred to as toughness. Flexural toughness can be 

measured by taking the area under theload-deflection curve in flexure.  

 

The addition of steel fibers to concretenot only results in a large increase in flexural 

strength, but also a considerable increase in toughness. After cracking, the cracks can not 

extend without stretching and debonding of the fibers. As a result, a large additional energy 
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is absorbed before complete separationof the specimen occurs. Toughness can be measured 

in various ways.  

 

There are, however, a number of uncertainties regarding how FRC flexural 

toughness should be measured, interpreted, or used. Various flexural toughness test 

methods have been developed in different countries. ASTM-C1018, JSCE-SF4, and NBP 

No. 7 are three of the most commonly used test methods.  

 

Lianrong et al. [47] studied the effects of testing and material variables on both the 

load-deflection response and the flexural toughness of FRC, investigated the 

reproducibility of the flexural toughness test methods of FRC discussed difficulties in 

toughness evaluation, defined various flexural toughness parameters, assessed relative 

advantages and disadvantages of different methods of characterizing toughness, and 

developed recommendations for a more suitable procedure for FRC flexural toughness 

evaluation. Finally, he stated that the load-deflection response of FRC is an experimental 

property and so are the flexural toughness parameters derived from the response, and 

depend not only on material variables but also on testing factors.  

 

Out of various testing variables, the deflection measuring system, the loading 

system, and specimen size/geometry are the three most important factors; while amongst 

the various material variables, fibre content and fibre type/profile are the most important. 

The major difficulties in measuring the load-deflection response, caused by either 

extraneous deformations, first crack determination, or instability, has much more 

significant effects on ASTM toughness parameters than on JSCE toughness parameters. 

[47] As stated by Lianrong [47], ASTM parameters may not be particularly sensitive in 

distinguishing either amongst different fibre contents for SFRC with similar low fibre 

contents, whereas JSCE parameters are more sensitive in this regard.  

 

An accurate measurement of deflection is very important to characterize toughness 

of FRC.[42] Calculation of toughness indexes requires an accurate assessment of the first-

crack energy, which constitutes the denominator in the definition of the various indexes. In 

addition, it is mentioned by Nataraja et al. [42] that the identification of first-crack 
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deflection is not so simple with ASTM method, due to the substantial non-linearity of load 

deflection curves even prior to attaining the peak load.  

 

Identifying the correct occurrence location of the first crack, which is crucial and 

one of the main problems with the ASTM method, is not a concern with the JSCE method. 

Unlike the ASTM method, the instability in the load-deflection plot right after the first 

crack is not of major concern in the JSCE method, since the end point deflection of 

span/150 is too far out in the curve to be affected by the instability in the initial 

portion.[42] 

 

However, as mentioned by Nataraja et al., JSCE technique is sometimes criticized 

for the chosen deflection of span/150, as it is considered excessive for many applications. 

Since this deflection is purely arbitrary, any other suitable limit can be used based on the 

serviceability requirements, and the method can still be used. 

 

  And the main advantages of  JSCE are that it is a simple method and flexural 

toughness can be determined easily by using any deflection measuring technique, without 

using any sophisticated  instrumentation for determining the toughness factor.  And in this 

method, determination of first crack, which is very difficult to identify, is not required. 

Furthermore, it was suggested by Nataraja et al. that the flexural toughness factor 

calculated using this approach has good correlation with the fiber-reinforcing index, which 

is (Vf.L/df), where Vf is volume fraction of fibers, L is fiber length and df is fiber diameter. 

 

Therefore, considering the reliability and efficiency of various toughness 

parameters, JSCE SF-4 method was used for toughness calculations in this study. 
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3.  EXPERIMENTAL STUDIES 
 

 

 

3.1. Materials and Mix Design 

 

 

Concrete mix used is adapted from one of the previous studies of Ozyurt et al. [24]. In 

previous study of Ozyurt et. Al [24] the mix design for a fiber-reinforced cement-based 

material was optimized for thin section precast elements. Different self-consolidating fiber-

reinforced mixes were experimentally examined and mixes which showed the best 

performance was chosen in that study. In this study, mix designs were calculated based on 

the previous study’s results.  

 

3.1.1. Materials 

 

3.1.1.1.  Cement: The cement used for concrete specimens was CEM I 42.5 R, which was 

produced by Akcansa. Physical, mechanical and chemical properties of this cement is as 

following. 

 

Table 3.1.  Physical properties of cement 

(g/cm³) 3,14

(min.) 139

(min.) 194

(mm) 0

(cm²/g) 3870

 (%) 5,9

 (%) 0,4

Physical Properties

Specific Gravity 

Initial Setting Time 

Final Setting Time

Le Chatelier

Residue on 90µm sieve

Residue on 45µm sieve

Specific Surface 

 

 

Table 3.2.  Mechanical properties of cement 

Standards Test Results

≥ 20 Mpa 30,5

- 46,0

≥ 42,5 Mpa

≤ 62,5 Mpa
Standard Strength 28 day 59,3

Mechanical Properties

Mechanical Properties/ day

Early Strength 2 day

Early Strength 7 day
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Table 3.3.  Chemical properties of cement 

(%) 19,67

(%) 0,3

(%) 4,45

(%) 3,43

(%) 64,31

(%) 1,12

(%) 2,99

(%) 2,24

(%) 0,0412

(%) 0,21 - 0,76

(%) 0,78

(%) 1,15

64,24

8,02

6

10,44

0,99

Chemical Properties

SiO2

Insoluble Residue

Al2O3

Fe2O3

LSF

CaO

MgO

SO3

Loss on Ignition

Cl

Na2O /K2O

Tayin edilemeyen

S.CaO-Free Lime

M
in

er
al

og
ic

al
 

Co
m

po
si

tio
n

C4AF

C3A

C2S

C3S

 

 

3.1.1.2.  Slag:  The slag used for concrete specimens was produced by Akcansa. Chemical 

and physical properties of this slag is as following. 

 

Table 3.4.  Chemical properties of slag 

-

0,1

-

45,12

10,63

1,12

35,12

6,24

0,3

0,2

1,23

0,0185

0

99,98

Fe2O3

Insoluble

Chemical Properties

Ca CO3 + Mg CO3

H2O

SiO2

Al2O3

CaO

MgO

Total

Loss on Ignition

Cl

K2O

Na2O

S 
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Table 3.5.  Physical requirements of slag 

(g/cm³) 2,92

(cm²/g) 4240

 (%) 1

 (%) 0

 (%) 0

(N/mm²) 12,4

Physical Requirements

Specific Gravity 

Specific Surface 

Residue on 45µm sieve

Residue on 90µm sieve

Residue on 200µm sieve

Activity Test Value  

 

3.1.1.3.  Sand:  Specific gravity of the sand used for concrete mixtures was 2,65 g/cm³ and 

grain diameter size less than or equal to 1mm. 

 

3.1.1.4.  Steel Fibers:  Specific gravity of steel fibers used for concrete mixtures was 7,17 

kg/m³. Two types of these steel fibers were used, one of them having 6mm length and the 

other one 13mm length. Both of these fibers have the same diameter of 0,16 mm. 

 

3.1.1.5.  Superplasticizer:  A new generation of superplasticizer, called GLENIUM 51, 

having 1,075 kg/m³ specific gravity, was used 1,2-1,3 % in the concrete mixtures. This 

superplasticising admixture based on chains of modified polycarboxylate ether. It provides 

flowable concrete with the lowest water/cement ratio without segregation or bleeding. 

When compared to to traditional superplasticizers, the addition of GLENIUM 51 will 

improve the physical properties and thus the durability of concrete. 

 

3.1.2. Mix Design 

 

This mix was proved to have high overall performance. The mix proportions of the 

fiber-reinforced SCC used was as follows. Cement: Sand: Slag: Water: Plasticizer: Fiber: 

524 :1229 :440 :235 :21 :100 kg/m
3
. Two different length of a short cut steel fiber were 

used (6mm and 13mm). Both fibers had a diameter of 0,16mm. A polycarboxylate based 

hyperplasticizer is used for all mixes. 
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3.2.  Formwork Dimensions 

 

First of all, three different sizes of moulds have been prepared, in order to obtain 

various flow behaviors under different constraints. Moulds were designed to have same 

length (500 mm) and depth (50mm), but different widths of 100 mm, 200mm and 300mm 

as seen in Figure 3.1. Therefore the first parameter, which was pre-defined to be “flow 

width/fiber length” varied as is seen in Table 3.1. Two different mixes were cast by 

varying fiber length. Specimen thickness was also varied to be either 25mm or 50mm and 

the 2nd parameter which was determined to be “flow thickness/fiber length” varied from 

1,9 to 8,3 as is seen in Table 1.   

 

 

 

Figure 3.1.  Formwork dimensions 

 

 

Table 3.6.  Parameters investigated in the scope of the study 

 Fiber length 

         (mm) 

Flow 

width (mm) 

6 13 

 

100 16,7 7,7 Formwork or flow 

width/fiber length 

(w/fL) 

200 33,3 15,4 

300 50 23,2 

Flow thickness (mm)  

25 4,2 1,9 Formwork 

thickness/fiber length 

(t/fL) 

50 8,3 3,9 
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As a result 4 groups of specimen were obtained, having 100mm, 200mm and 

300mm widths. The specimens were numbered according to their thickness and fiber 

lengths. (i.e: For the 1st group, the specimens were named as 25/06, the number on the left 

hand side implying the specimen thickness and the number on the right hand side showing 

the fiber length). Specimens were demoulded the day after casting and cured for 28 days 

minimum.  

 

Videos of flow were recorded during casting, in order to examine the variety in 

flow lines according to the mould sizes. A simple representation of the expected FRC flow 

lines was made and given in Figure 3.2. This figure is based on visual observations. Self 

compacting concrete mix was cast from one end of the moulds and left to flow to the other 

end until the mould is full. From the representation below it can be hypothesized that 

alignment of fibers in the flow direction may be higher in the single (S) specimens when 

compared to double (D) and triple (T) specimens due to formwork constrictions. Therefore 

specimens shown with (S) are expected to perform better under bending load.   

 

  

Figure 3.2.  Predicted flow lines 

 

Before exposing to any mechanical tests, the 200mm-width specimens were cut into 

two and the 300mm-width specimens were cut into three, in order to make all the 

specimens have the same width of 100mm (Figure 3.3).  

 



25 

 

 

 

Figure 3.3.  Beam specimens before cutting procedure 

 

 

3.2. Determination of Specimen Codes 

 

After that, each specimen was named accordingly (Figure 3.4). “S”, representing single 

for 100 mm-width specimens, “DR” and “DL” representing Double Right and Double Left 

parts for 200 mm-width specimens, and “TR”, “TM” and  “TL” representing Triple Right, 

Triple Middle and Triple Left parts according to the flow direction for 300 mm-width 

specimens. Finally, total number of 24 specimens, (12 having 25x100x500 and 12 having 

50x100x500 dimensions) were obtained. 

 

 

Figure 3.4.  Representation of Group 50/13 of specimens and specimen codes 
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4.  EXPERIMENTAL METHODS 

 

 

4.1.  Fiber Dispersion Analysis 

 

Control and monitoring of fiber dispersion features are very important for obtaining 

desired results from the materials. Dispersion features of fibers dominate the properties of 

materials and affect the structural performance. Therefore quantification and modeling of 

fiber dispersion is very important for design purposes. In this study, the use of self-

consolidating concrete (SCC), may be helpful in guaranteeing a uniform dispersion of 

fibers, because of its rheological stability and self-placability 

 

 Image analyses were used to evaluate fiber dispersion features of the specimens 

produced in this study. Image analysis is a well-understood and trusted method and proved 

to give reliable results. Important fiber dispersion features in this study were considered to 

be fiber segregation and fiber alignment/orientation. Sections next to the main cracks 

formed after four-point bending tests were chosen to obtain most representative results. A 

visual examination of the cross-sections was first made. No significant sign of fiber 

segregation was found.  

 

 The SCC mix used in this study was adopted from a previous study of the authors as 

mentioned before and it was specifically optimized to obtain high segregation resistance 

(Ozyurt et al., 2009). Segregation was not the main concern, but it was still checked in the 

cross-sections, which were examined to quantify the fiber alignment/orientation. To 

quantify the orientation of fibers a tensor description method, which is widely used in the 

fiber-reinforced polymer composite industry was used. Application of this method to the 

fiber-reinforced cement-based materials was done by Ozyurt et al. [37]. Details of the 

procedure applied could be found elsewhere (Advani and Tucker, 1987) [48]. A short 

introduction to the method will be given here.  

 

 The orientation state of a single fiber can be defined using in-plane (φ) and out of 

plane angles (θ), as seen in Figure 4.1 and represented by Equation 1. 
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Figure 4.1.  Orientation state of a single fiber 
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(3) 

 

In equation 1, aij stands for the components of the orientation tensor; px, py, and pz 

and give the orientation state of a single fiber in reference directions and are calculated as 

follows. 

 

,    ,     x y zp Sin Cos p Sin Sin p Cos        (4)                                                                          

  

In-plane (φ) and out-of-plane (θ) angles for every fiber were measured using an 

image analysis program. Fn in Eq. 1 gives the weighing function which is used to account 

for the effect of fiber orientation on the probability of a fiber being intercepted by the cross 

section under consideration. The probability of intercepting a fiber that is aligned vertical 

to the cutting plane is much higher compared to a fiber aligned parallel to the section. Fn is 

calculated by using Equation 3. 

 

1
  for ,       for    and  arccosn c n c c

L d
F F

LCos d L
    



 
      

     

 
          

 

In this study, the orientation densities in the reference directions were needed. 

Therefore, only the main diagonal components of the tensor were calculated to obtain the 

alignments in the X, Y and Z directions, respectively. 

 

 

 

(5) 
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4.2.  Mechanical Performance 

 

In order to assess the correlation between the mechanical performance of the fibre 

reinforced cementitious composite and the orientation of the fibres as due to the casting 

process, the beam specimens were tested in four-point bending, according to the test set-up 

shown in Figure 4.2 by using an MTS Closed-Loop Displacement Controlled Dynamic 

Testing Machine with 100 kN capacity. Loading was applied in displacement control, 

which was monitored using 4 LVDTs (Linear variable displacement transducer) that had a 

maximum range of ± 25 mm. Four displacement read-outs were monitored and average of 

the 4 values were used to draw load vs. deflection curves of the specimens.  

 

For measuring crack opening displacement (COD), 2 LVDTs were placed 

horizontally on the sides of specimens and average of these 2 values were used to draw 

Load vs. COD curves, in order to gain more information about crack behavior, in addition 

to Load vs. deflection curves. 

 

 

Figure 4.2.  Four-point bending test setup 

 

Loading setup is given in Figure 4.2. Span length (L) was 400 mm and gap between 

the loading heads was 150 mm. Geometry of a 25 mm thick specimen, support and loading 

position is shown representatively in Figure 4.3 

.  
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Figure 4.3.  Geometry, support and load position 

 

Loading was performed controlling the displacement of the machine actuator, 

which was applied at a rate of 0.1 mm/min. Testing continued until approximately 10 mm 

vertical displacement was reached.  

 

Toughness of the specimens was evaluated according to JSCE standard SF-4 

method. In this SF-4 method, the area under the load vs. deflection curve up to a deflection 

of a value equal to the L/150 is obtained. From flexural toughness results, a flexural 

toughness factor (FT) is calculated. This method is considered to be more representative 

and less susceptible to evaluation errors when compared to the toughness indices suggested 

in ASTM C 1018 (Nataraja et al., 2000). It was possible to obtain deflection values up until 

10mm and therefore area under the curve with an end point deflection of 10mm was used 

when calculating Flexural Toughness (FT), instead of using L/150 value as the end point 

deflection. The JSCE SF-4 equation for flexural toughness is as following in Eqn.4: 

 

          
 

 

where, A is the area under Load-Deflection curve (mm²), L is the span length (mm), b is 

the width of the specimens (mm) and h is the thickness of specimens (mm).  

 

In this study, since end point deflection values for specimens were about 10 mm, 

         value was taken as the area under the load vs. deflection curve upto 10 mm 

deflection. 

150 175 175 

400 50 50 

500 

2
5

(6) 
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5. RESULTS AND DISCUSSIONS 

 

 

5.1. Fiber Dispersion 

 

5.1.1.  Effect of Mould Constrictions on the Fiber Dispersion State 

 

To do fiber alignment analyses, beam specimens were cut into 2 pieces following 

four-point bending tests.  Cutting was done near the major crack to obtain a representative 

information about the fiber dispersion state right next to the major crack, as seen in Figure 

5.1.  

 

 

Figure 5.1.  Crack region, where specimens cut for image analysis 

 

The preparation procedure includes the cutting of the specimen near the fracture 

zone. Although the specimen was cut so as to give a view of the fracture, the actual crack 

departed from one side of the cross section and did not pass close to the fibers on the 

opposite side of the cross section. Obtaining a smooth, clear surface of the specimens is 

important, since the appearance of their surfaces in the reflecting light microscope is 

determined by their  reflection behaviour or, in other words, their roughness. Therefore, 

cross section surfaces rubbed by emery paper.  

 

After that, microscopic images were taken from the cross sections by using an 

optical microscope. Then the fiber cross sections were marked on the image file in Adobe 

Photoshop, and the center coordinates of each fiber location were found using the ImageJ 

image analysis program. Then these microscopic images were analyzed by using a tensor 
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description method as summarized in 3.1. Considering the time, associated with the image 

processing, it was decided to choose some representative sections from single, double and 

triple samples of each group and the orientation density analyses were carried out on these 

subsections. The selected sections are from S, DL, TL, TM (making 12 sections in total), 

DR and TR sections were eliminated since nearly the same orientation results were 

expected from DR-DL and TR-TL sections due to the symmetry. Figure 5.2 shows 

examples of both thin and thick cross sections examined, position of the sections relative to 

X direction and sub-sections. 

 

 

Figure 5.2.  a) a sample 25 mm cross-section examined for the fiber alignment analysis, b) 

cutting direction of sections, c) sub-sections selected for analyses 

 

 

Figure 5.2.  (contd.) d) a sample 50 mm cross-section examined for the fiber alignment 

analysis, e) cutting direction of sections, f) sub-sections selected for analyses 
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As a result of image analysis, fiber orientations in each of the x, y and z directions 

were obtained for S (single), DL (double left) and TL (triple left) specimens and given in 

Table 5.1.  

 

Table 5.1.  Fiber Orientation density results and variation of w/fL and t/fL parameters for 

the specimens 

 

 

5.1.2.  Effect of Specimen Width on the Fiber Dispersion State 

 

Variation in the fiber orientation densities (FOD) in the casting direction (x-dir.) of 

specimens having 6 mm fibers are shown in Figure 5.3 (a) and variation in the fiber 

orientation densities (FOD) in the casting direction (x-dir.) of specimens having 13 mm 

fibers are shown in Figure 5.3 (b) respectively. 

 

x y z w/fL t/fL

S 25 6 0,703 0,165 0,132 16,7

DL 25 6 0,672 0,177 0,151 33,3

TL 25 6 0,659 0,184 0,156 50,0

TM 25 6 0,660 0,177 0,163 50,0

S 50 6 0,707 0,148 0,144 16,7

DL 50 6 0,664 0,158 0,177 33,3

TL 50 6 0,618 0,199 0,183 50,0

TM 50 6 0,626 0,197 0,177 50,0

S 25 13 0,568 0,235 0,197 7,7

DL 25 13 0,588 0,197 0,216 15,4

TL 25 13 0,496 0,311 0,193 23,2

TM 25 13 0,562 0,223 0,214 23,2

S 50 13 0,632 0,151 0,217 7,7

DL 50 13 0,601 0,177 0,223 15,4

TL 50 13 0,547 0,206 0,247 23,2

TM 50 13 0,551 0,234 0,215 23,2

Specimen

4.2

8.3

1.9

3.9
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(a) 

 

(b) 

Figure 5.3.  (a), (b) Effect of w/fL on the FOD of specimens having 6 mm and 13 mm 

fibers 

 

This difference in the alignment of specimens having same mixture proportions, 

same fiber content and same thickness is only due to their initial formwork widths, in 

which casting has been done. Formwork widths of S, DR and DL specimens were less than 

TL, TM and TR specimens; therefore there were less space for fibers to flow freely in 

single (S) and double (D) specimen formworks compared with triple (T) specimens. This 

flow width constraint caused nearly 1D flow in single (S) and double (D) specimens, 

therefore fibers aligned in casting direction (x-dir) were more that of double (D) and  triple 
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(T) specimens. Because, fibers have more free space to move with an increase in flow 

width. 

Figure 5.4 shows variation in the orientation densities in the X direction with an 

increase in pre-defined w/fL parameter. As can be seen in Table 5.1 and Figure 5.4, fibers 

have the tendency to align in the flow direction and density of alignment decreases with an 

increase in specimen width (flow width/fiber length).  

 

 

Figure 5.4.  Effect of flow width/fiber length ratio on the orientation density in the X 

direction 

 

The single specimens showed the highest alignment in the flow direction due to 

formwork constrictions as expected. The DL specimens obtained by cutting the specimens 

with a width of 200mm shows greater fiber alignment in the flow direction when compared 

to TL specimens which were obtained by cutting the specimens with a width of 300mm. 

Figure 5.4 also shows that the fibers with a length of 6mm are more effectively aligned in 

the flow direction when compared to the fibers with a length of 13mm. This was expected 

since these fibers are shorter and their movement is easier when compared to longer fibers.  
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5.1.3.  Effect of Specimen Thickness on Fiber Dispersion 

 

Specimen thickness was also expected to be an important parameter since it is a 

restriction for the fibers that align in the Z direction. Formwork thickness/fiber length 

(t/fL) parameter is varied by changing the formwork thickness for the fibers with two 

different lengths.  

 

Figure 5.5 shows variation in the orientation densities in Z direction with an 

increase in pre-defined t/fL parameter. Alignment of the fibers in the Z direction is found 

to increase with an increasing thickness of specimens as is seen in Figure 5.5. This 

parameter is separately evaluated for 2 fibers with different length since fiber dispersion is 

dominated by various parameters such as mechanical interlocking of fibers which may 

cause different results. 

 

 

Figure 5.5.   Effect of formwork thickness/fiber length ratio on the orientation density in 

the Z direction 

 

As it can be seen from Figure 5.5, different orientation densities were observed since 

with a decrease in formwork thickness, hence a decrease in t/fL parameter, fibers tend to 

align more in casting direction (x-dir.) and less in z-direction. And, with an increase in 

formwork thickness, hence an increase in t/fL parameter, there will be more space for 

fibers to freely flow and therefore fibers tend to align more in z-direction.  
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5.2.  Segregation Analysis 

 

The most important point in SFRC is obtaining a random dispersion and tailored 

orientation of fibers. On the other hand, addition of fibers to the SCC may bring up some 

issues such as static and dynamic segregation of fibers.  

 

Segregation of fibers are related with the viscosity and yield stress of paste, balance 

between the driving force of the flowing fresh mix due to viscosity, self weight of the 

fibers, and further by the cross-section shape.  Fresh state properties of fiber-reinforced 

concretes (FRCs) were correlated to hardened state properties by quantifying fiber 

segregation. Therefore, for a succesful fresh state and hardened state performance, static 

and dynamic segregation of fibers should be prevented. 

 

5.2.1.  Static Segregation Resistance 

 

In order to check the static segragation resistance of specimens, cross sections, 

which were taken before for image analysis were studied. Only Single (S) and Triple Left 

(TL) specimen cross sections were chosen to be examined for segregation analysis. 

Number of fibers in the upper part and lower part of these cross sections were counted 

seperately as seen in Figure 5.6.   

 

(a) 

Figure 5.6.  (a) Fiber amounts in each square of S25-13 and TL 25-13 specimens.  

 

S 25-13

11 2 2 3 3 4 5 6

9 6 4 7 123
4 7 5 9 4 9 11 12

2 6 4 6 9 8

4 12 9 101
5 6 6 10 7 7

TL 25-13

5 5 4 4 8 8 4 10

13 5 5 5 124
6 7 4 4 4 4 6 13

10 6 4 6 7 13

9 7 5 99
3 2 10 3 7 7

Total No.
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(b) 

Figure 5.6.  (contd.)  (b) Fiber amounts in each square of S50-06 and TL 50-06 specimens. 

 

Calculation of fibers per unit length would be more convenient to make comparison 

between the segregation resistance of mixes. Therefore, amounts of fiber per unit square 

(fiber/m²) were calculated seperately for both upper and lower sections of specimens. 

Furthermore, for more clear understanding of segregation resistance, it would be more 

convenient to compare the percentages of fibers in both upper and lower parts of the cross 

sections. (Table 5.2).  

 

 

 

 

 

 

 

 

 

S 50-06

4 4 6 4 1 4 6 2

4 3 5 4 78
4 4 3 3 6 2 4 5

4 5 3 6 4 4

6 5 1 67
6 6 5 5 5 2

5 7 5 6 5 4 4 4

6 4 3 5 105
7 3 8 4 7 5 5 8

4 6 6 5 5 6

7 7 6 97
7 7 8 7 8 8

TL 50-06

5 6 5 2 3 1 3 2

5 4 4 5 73
5 2 4 3 4 3 4 3

5 4 5 7 6 6

5 6 7 79
4 4 4 4 4 8

3 8 7 7 4 7 5 5

5 7 6 8 120
6 5 3 8 7 7 5 7

6 6 5 8 4 7

8 6 7 102
8 7 7 9 9 5

Total No.
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Table 5.2.  Fiber amounts and percentages of the specimens  

 

 

It was seen from Table 5.2 when the fiber percentages per unit area were compared, 

there is very small amount of static segregation in specimens having 25 mm thickness. 

Specimens having 50 mm thicknesses, showed less resistance to static segregation when 

compared to 25 mm specimens. Although, there is higher static segregation in thick (50 

mm) specimens, these amounts are stil in the allowable limits. Therefore, static segregation 

of all the specimens are at negligible amounts. 

 

 

 

 

 

Specimen Total Fiber Total Sq. Area Fiber/UnitArea

Upper Half 

% Fiber/ 

Unit Area

Lower Half 

% Fiber/ 

Unit Area

123 320 0,384

101 240 0,421

124 320 0,388

99 240 0,413

109 320 0,341

103 240 0,429

107 320 0,334

113 240 0,471

78 320 0,244

67 240 0,279

105 320 0,328

97 240 0,404

73 320 0,228

79 240 0,329

120 320 0,375

102 240 0,425

151 320 0,472

148 240 0,617

191 320 0,597

153 240 0,638

65 320 0,203

75 240 0,313

123 320 0,384

61 240 0,254

0,520

0,520

0,560

0,580

0,580

0,590

0,480

0,450

0,470

0,410

0,420

0,420

0,440

0,480
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S 50-13
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0,530

0,550
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S 25-06

TL 25-13

S 25-13
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5.2.2.  Dynamic Segregation Resistance 

 

In order to check the dynamic segragation resistance of specimens, cross sections, 

which were taken before for image analysis were studied. Single (S) specimen cross 

sections, having 25 mm thickness were chosen to be examined for segregation analysis.  

 

Cross sections were taken both from middle part and from the end part of the 

beams, in order to examine how effective is the concrete mixture to drive fibers throughout 

the mould. Two planes obtained from the middle part (plane 1) and the end part (plane 2) 

of the beams were examined. Relative positions of the planes are shown in Figure 5.7 

below. Plane 2 is obtained 20 mm inside from the end of the mould considering the 

maximum fiber length (13mm) used for the mixtures.  

 

Figure 5.7.  Relative positions of the planes, which are examined for dynamic segregation  

 

Table 5.3.  Results of Dynamic Segregation Analysis 

 

 

As is seen in Table 5.3 some dynamic segregation were found in the specimens. 

However, these values could be considered negligible, since there are very small difference 

between number of fibers in Plane 1 and number of fibers in Plane 2. 

 

 

 

 

20 mm230 mm250 mm

500 mm

Plane 2Plane 1

Middle Part End Part

S 25-06 1539 1287

S 25-13 1175 1041

Number of Fibers
Specimen
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5.3.  Mechanical Performance 

 

In this work the correlations between toughness properties of SFRC and fiber 

dispersion related issues, as influenced by the formwork dimensions have been 

investigated. Therefore, as a final goal of this work the correlation existing between the 

mechanical performance of the fiber-reinforced composite, as measured through four-point 

bending tests, and the dispersion of the fibers, as studied through Image Analysis and 

influenced by the fresh state behavior, has also been tentatively assessed from the 

quantitative point of view. 

 

5.3.1.  Load vs. Deflection 

As a result of 4-point flexural test it was observed from the Load vs. Deflection 

curves those 4 groups, each having 6 specimens, showed different behavior as seen in 

Figure 5.8 (a-d). 

 

Figure 5.8.  (a) Force vs Displacement curves of 25/06 
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It can be seen from Figure 5.8 (a) that, S, DR and DL specimens showed strain 

hardening behavior, whereas TL, TM and TR specimens showed strain softening behavior. 

This difference in the behavior of specimens having same mixture proportions, same fiber 

content and same thickness is only due to their initial formwork widths, in which casting 

has been done. Formwork widths of S, DR and DL specimens were less than TL, TM and 

TR specimens; therefore there was less space for fibers to flow freely in single (S) and 

double (D) specimen formworks. This flow constraint caused nearly 1D flow in single (S) 

and double (D) specimens, therefore fibers aligned in casting direction (x-dir) were more 

than that of triple (T) specimens. As seen from Table 5.1, fiber orientation density (FOD) 

of S 25-06 specimen is the highest (0,703) and following this DL (0,672), which is slightly 

less than single (S) specimen and finally TL and TM having nearly the same FOD (0,66) in 

the x-direction. This makes sense that S specimen having the highest FOD in casting 

direction, since single moulds have the least width and hence more restriction on the flow, 

forcing it to be nearly 1D. As a result of this difference in alignment, specimens having 

more fibers aligned in the casting direction had more control on crack formation by better 

bridging cracks. Hence, sudden formation of larger cracks were prevented and specimens 

showed more ductility compared to ones having less fibers aligned in the casting direction. 

 

In addition to that, again due to the fiber orientation densities in casting direction, 

maximum load beared by S 25-06 is the highest of them all, and then comes sequentially 

DR 25-06, DL 25-06, TL 25-06, TM 25-06, and TR 25-06. This was expected, since S 25-

06 has the highest FOD in casting direction, which caused higher flexural strength, 

compared with the specimens having less FOD in the casting direction. 
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Figure 5.8.  (b) Force vs Displacement curves of 25/13 

It can be seen from Figure 5.8 (b) that, all of the specimens of group 25-13 showed 

strain hardening behavior. Compared with specimens of 25-06 group, the only difference 

of 25-13 group is fiber length, apart from that mixture proportions, fiber content and 

formwork thicknesses are all the same. Only S, DR and DL specimens showed strain 

hardening behavior with 6 mm long fibers, but with 13 mm long fibers all groups of 

specimens showed strain hardening behavior. This difference in fiber length caused the 

different behavior of specimens due to the increased load bearing capacity with increased 

aspect ratio of fibers. As the aspect ratio of fibers increased, the risk of pulling out of fibers 

from the concrete matrix decreases. Therefore, ductility and toughness of the specimens 

increases. 

 

The differences in the behavior of same group of 25-13 specimens having same 

mixture proportions, fiber content and thickness is also due to their initial formwork 

widths. Flow constraint in moulds, caused nearly 1D flow in single (S) and double (D) 

specimens, therefore fibers aligned in casting direction (x-dir) were more than that of triple 

(T) specimens. As seen from Table 5.1, fiber orientation density (FOD) of DL 25-06 

specimen is the highest (0,588) and following this S (0,568), which is slightly less than 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 2 4 6 8 10 12 14 16

Fo
rc

e
 (N

)

Deflection (mm)

25/13 Specimens

S

TL

TM

DR

DL

TR



43 

 

 

single (DL) specimen and finally TL having (0,496), TM having (0,562) FOD in the x-

direction. DL has the highest FOD in casting direction for 25-13 group specimens. As a 

result of this difference in alignment, specimens having more fibers aligned in casting 

direction had more control on crack formation by bridging cracks better. Hence specimens 

showed more ductility compared to ones having less fibers aligned in the casting direction. 

 

For 25-13 group specimens, the maximum load is beared by TR 25-13, compared to 

single (S) and double (D) specimens. However, S 25-13 was expected to have the highest 

maximum load. This may be due to the FOD of TR 25-13 in casting direction. But, TR 25-

13 FOD wasn’t calculated, since it was expected to be nearly the same as the TL 25-13 due 

to symmetry.  Although, maximum load of S 25-13 is less than that of TR 25-13 and DL 

25-13, still it has higher Young’s Modulus (hence being more stiff) and it is more ductile 

than TR and DL specimens. 

  

Another difference between the Force-Displacement curves of 25-06 and 25-13 

specimens, is that maximum load beared by all of the 25-13 specimens are higher than that 

of 25-06 specimens. As it was seen in Figure 5.8 (a) that, maximum load of S 25-06 

specimen was about 3600 N, whereas maximum load of S 25-13 specimen was nearly 

4400N.  It can be said that increased fiber length, made FRC specimens more resistant to 

flexural strength, since fiber aspect ratio has increased. As it was also stated in the study of 

Yazıcı et al.[49], flexural strength of SFRC is significantly improved with increasing 

aspect ratio (l/d).  
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Figure 5.8.  (c)  Force vs Displacement curves of 50/06 

Since these graphs are showing only Force-Displacement relationship, specimen 

groups having 25 mm and 50 mm thickness will be compared independently. As it was 

seen from Figure 5.8 (c) that, all of the specimens of group 50-06 showed strain softening 

behavior.  

 

The differences in the maximum load of 50-06 specimens having same properties 

are due to their initial formwork widths, as mentioned before. All specimens showed 

similar behavior. Flexural toughness parameter will be used to evaluate ductility of 

different specimens. S 50-06 again beared the highest load. This result is also confirmed by 

FOD values, S specimen having 0,707 and DL, TL, and TM having FOD values 

respectively, 0,664, 0,618 and 0,626, which are very close to each other. 
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Therefore, again due to the differences in formwork widths, hence due to FOD in casting 

direction, maximum load beared by S 50-06 is the highest of them all, and then comes 

sequentially DR 50-06, DL 50-06, TL 50-06, TM 50-06, and TR 50-06.  

 

Figure 5.8.  (d) Force vs Displacement curves of 50/13 

It can be seen from Figure 5.8 (d) that except TM 50-13 specimen, all of the 

specimens of 50-13 group showed strain hardening behavior. The difference in the 

behavior of TM 50-13 specimen is due to a pre-loading error occured during the 

experiment. It was seen from the figure that again, single (S) specimen bears the highest 

load, when compared to the double (DR, DL) and triple (TR, TM, TL) specimens. 

 

As seen from Table 5.1, fiber orientation density (FOD) of S 25-06 specimen is the 

highest (0,632) and DL, TL and TM specimens have the following FOD values, 

respectively (0,601- 0,547- 0,551). 

 

These results imply the important relation between fiber orientation and flexural 

strength. It also shows the ability of image analysis to represent fiber dispersion state in the 

specimen. 
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Comparison between Force-Displacement curves of 50-06 and 50-13 specimens, 

shows that at maximum load beared by all of the 50-13 specimens are higher than that of 

50-06 specimens. As it was seen in Figure 5.8 (c-d), maximum load of S 50-06 specimen 

was about 8800 N, whereas maximum load of S 50-13 specimen was nearly 16000N. This 

difference between the maximum loads beared by the specimens are due to the fact that, 

increased fiber length, made FRC specimens more resistant as it was mentioned by various 

researchers. 

5.3.2.  Load vs. Crack Opening Displacement (COD) 

Load-COD behavior of specimens are related with the effectiveness of the fresh 

concrete to align fibers along the flow direction due to its viscosity. In addition to that, they 

give information about the relationship between fiber orientation results and mechanical 

performance of the specimens in the hardened state. The concrete flow in Single (S) 

specimens were nearly 1D flow, since they have both narrow thickness and width. 

Therefore, it was expected that the flow will be more parallel to the long sides of the 

moulds, when compared with the double (D) and triple (T) specimens. Load-COD 

behavior of all group specimens are shown in the Figure 5.9 (a-c): 

 

(a) 

Figure 5.9.  (a) Graph, showing relationship between Force and Crack Opening 

Displacement (COD) of the 25-13 specimens  
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(b) 

Figure 5.9.  (b) Graph, showing relationship between Force and Crack Opening 

Displacement (COD) of the 50-13 specimens  

 

 

(c) 

Figure 5.9.  (c) Graph, showing relationship between Force and Crack Opening 

Displacement (COD) of the 50-06 specimens  
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Load-COD relation could not be obtained for all the specimens since crack 

occurred out of the LVDT measurement range for some of the specimens. As is seen from 

Figure 5.9 (a-c) Force-COD curves are obtained for some specimens of 25-13, 50-13 and 

50-06 groups.  

 

In Figure 5.9 (a), it can be seen that S 25-13 beared more load compared to DR 25-

13, before failure observed. Therefore, more force is needed for S 25-13 sepcimen to 

observe the same amount of crack opening displacement as DR 25-13. 

 

It can be seen that, S 50-13 specimen resist much more load compared to TM 50-13 

specimen, in Figure 5.9 (b). As a result, for the same amount of crack opening, more force 

is needed for S 50-13 specimen. For 50-06 specimens, as seen in Figure 5.9 (c), again 

single (S) specimen bears the highest load compared to TL, TM and TR specimens.  

 

These different Load-COD behavior of the specimens are again due to different 

fiber orientation densities (FOD). Since, single (S) specimens had higher FOD in the 

casting direction (x-dir) they  had more control on crack formation and propogation by 

better bridging cracks. As a result, they have more resistance on the cracks to propogate 

and single (S) specimens undergo higher loads before observing the same crack opening 

displacement, compared to ones having less fibers aligned in the casting direction. 

5.3.3.  Flexural Strength (    ) 

The addition of fibers leads to improvements in ductility, toughness, and flexural 

strength [11],[50]. From the bending tests flexural strengths were determined, with the 

following      formula: 

 

                                                              
    

         
 
                                                  (7)      

                                           

where      is flexural strength (N/mm²), P is the fracture load (N), L is the distance 

between the supports (mm), B is the width of the specimen (mm), D is the depth of the 

specimen (mm) and    is the notch depth (mm). For     calculations in present study,    

is taken as zero, since loading was applied to unnotched beams. 
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Previously, it was mentioned that two parameters were defined to understand the 

effects of varying formwork dimensions on the fiber alignment and resulting mechanical 

performance. One of the parameters was selected to be the ratio of formwork width to the 

fiber length (w/fL) and the other one was the ratio of formwork thickness to the fiber 

length (t/fL). Therefore, in order to determine the relationship between formwork 

dimensions and mechanical performance clearly, it is needed to consider formwork width 

and formwork thickness separately. 

 

5.3.3.1.  Relationship Between (w/fL) Parameter and Flexural Strength:  For all group of 

concrete mixtures, one of the variables were formwork width, whereas mixture 

proportions, fiber content and formwork thickness kept constant. Therefore, different flow 

behaviors were expected since with a decrease in formwork width, there would be less 

space for material to flow freely and with an increase in formwork width there would be 

more space for material to flow freely. This flow width constraint caused nearly 1D flow in 

single (S) and double (D) specimens, and as a result, steel fibers aligned in casting 

direction (x-dir) more than that of triple (T) specimens. Therefore, different alignment of 

fibers in casting direction caused some differences in the mechanical performance of 

specimens, which are casted to moulds having different widths.  

 

For better understanding of the relationship between formwork width and 

mechanical performance, a parameter relating formwork width to fiber length (w/fL) were 

determined. For 6 mm fibers, this w/fL parameter is set to be 16.7, 33.3 and 50 

respectively for single (S), double (D) and triple (T) specimens. And, for 13 mm fibers it is 

7.7, 15.4 and 23.2 respectively for single (S), double (D) and triple (T) specimens. In 

Figure 5.10 (a) and (b) the relationship between w/fL and flexural strength can be seen. 
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(a) 

 

(b) 

Figure 5.10.  (a-b) Graphs, showing relationship between Flexural Strength and (w/fL) 

parameter 

 

As it is seen from Figure 5.10 (a) and (b) that flexural strength is dependent on 

formwork width. Flexural toughness of specimens decreases with an increase in the w/fL 

parameter for all of the groups. Considering specimens with 6 mm fibers, for beams with 

25 mm thickness, an increase in w/fL parameter causes a greater decrease in flexural 

strength, compared with the ones having 50 mm thickness. On the other hand, considering 

specimens with 13 mm fibers, for beams with 50 mm thickness, an increase in w/fL 

parameter causes a greater decrease in flexural strength, compared with the ones having 25 

mm thickness. Therefore, flexural strength of thin specimens having fibers with smaller 

aspect ratio and thick specimens having fibers with higher aspect ratio are more affected by 

flow width. 
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5.3.3.2.  Relationship Between (t/fL) Parameter and Flexural Strength:  As it was 

mentioned before, for all group of concrete mixtures, another variable was formwork 

thickness, whereas mixture proportions, fiber content and formwork width kept constant. 

Therefore, different flow behaviors were expected since with a decrease in formwork 

thickness, fibers tend to align more in casting direction (x-dir.), but with an increase in 

formwork thickness, there will be more space for fibers to freely flow and therefore fibers 

tend to align in all directions. Hence a decrease of the fiber alignment in x-direction and an 

increase of the fiber alignment in z-direction is expected.  

 

For better understanding of the relationship between formwork thickness and 

mechanical performance, a parameter relating formwork thickness to fiber length (t/fL) 

were determined. For 6 mm fibers, t/fL parameter is 4.2 and 8.3 respectively for 25 mm 

and 50 mm specimens. And, for 13 mm fibers it is 1.9 and 3.9 respectively for 25 mm and 

50 mm specimens. In Figure 5.11 (a-f) the relationship between t/fL and flexural strength 

      can be seen. 

 

 

(a) 

Figure 5 .11.  (a) Graph, showing the relationship between Flexural Strength (    ) and 

Flow Thickness/ Fiber Length (t/fL) parameter for S groups 
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(b) 

 

(c) 

Figure 5 .11.  (contd.) (b-c) Graphs, showing the relationship between Flexural Strength 

(    ) and Flow Thickness/ Fiber Length (t/fL) parameter for DR and DL groups 

 

As it is seen from Figure 5.11 (a-c) single and double specimens made with 13 mm 

fibers have higher flexural strengths when compared to the specimens made with 6 mm 

fibers. 

 

For all groups of single and double specimens, an increase in t/fL parameter 

decreases flexural strength. Considering specimens with 13 mm fibers, an increase in t/fL 

parameter causes less decrease in flexural strength, when compared to specimens with 6 

mm fibers. From this result it can be concluded that, short fibers are more affected by the 

changes in flow thickness. 

 

Only exception to that are seen when TR and TM specimens were examined. 

Flexural strength of TR 25/06 and TM 25/06 are found to be greater than TR 50/13 and 

TM 50/13. 
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(d) 

 

(e) 

 

(f) 

Figure 5.11.  (contd.) (d-f) Graphs, showing the relationship between Flexural Strength 

(    ) and Flow Thickness/ Fiber Length (t/fL) parameter for TR, TM and TL groups 
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As it is seen from Figure 5.11 (d-f) that for triple (T) specimens with 13 mm fibers, 

don’t have higher flexural strengths in all cases, when compared with the specimens 

having 6 mm fibers. This can be due to the differences in fiber orientation density (FOD). 

Because, triple (T) specimens have more flow width while casting, compared to S and D 

specimens; therefore, they have less FOD in the casting direction. As a result of increase in 

flow thickness, a decrease in FOD in casting (x) direction and an increase in FOD in z-

direction is observed, since there are more free space for fibers to rotate and align in z-

direction.  

 

Table 5.4.  FOD of triple (T) specimens in the z-direction 

Specimen FOD in z-direction 

TL 25-06 0,156 

TM 25-06 0,163 

TL 50-06 0,183 

TM 50-06 0,177 

TL 25-13 0,193 

TM 25-13 0,214 

TL 50-13 0,247 

TM 50-13 0,215 

 

As it was shown in Table 5.4, triple specimens with same fiber aspect ratios having 

50 mm thickness have more fibers oriented in z-direction compared with the specimens 

having 25 mm thickness. Therefore, as it was seen from Figure 5.11 (d-f) that specimens 

with 50 mm thickness have less toughness strength, since they have more fibers oriented in 

the z-direction and less fibers oriented in the x-direction, compared with the specimens 

having 25 mm thickness. As a result, FOD in the z-direction increases, when thickness is 

increased from 25 to 50 mm and that leads to higher      values for the specimens with a 

higher thickness. 
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5.3.4.  Flexural Toughness 

 

The toughness of fiber-reinforced concrete (FRC) materials can be considered as 

their energy absorption capacity, which is usually characterised by some portion of the area 

under the load-displacement curve obtained during a flexure test. [51] Most toughness 

measurements have been performed on un-notched beams in flexure using a four-point 

loading arrangement.  

 

The most common method to measure toughness is to use the load-deflection curve 

obtained using a simply supported beam loaded from four points (four-point bending) [52]. 

The two widely used standard test methods are the ASTM C 1018 standard test method 

and the Japan Society of Civil Engineerrs (JSCE) standard SF-4 method. In this study, 

JSCE SF-4 method was used for flexure toughness calculations. The JSCE SF-4 equation 

used for flexural toughness calculations is as following in Eqn.5: 

 

                                           
          

                                                             (8) 

 

 

where, FT is the flexural toughness (MPa), A is the area under Load-Deflection curve 

(N.mm), L is the distance between supports (mm), b is the width of the beams (mm) and h 

is the thickness of the beams (mm). 

  

In this study, since end point deflection values for specimens were about 10 mm, 

         value was taken as the area under the load vs. deflection curve upto 10 mm 

deflection. 

JSCE flexural toughness (FT) at a deflection  = 10mm were calculated for all the 

specimens as explained in 4.2 and results are evaluated by means of the two parameters 

defined in the beginning of the project.  

5.3.4.1.  Relationship between (w/fL) parameter and Flexural Toughness: As it can be seen 

from Figure 5.12 (a) and (b) that flexural toughness of specimens decreases with an 

increase in the w/fL parameter for all the groups as expected. This is due to decreased 

alignment in the casting direction with an increase in the formwork width as shown in 
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Table 5.1 and Figure 5.4. It is clearly seen that flexural toughness is dependent on 

formwork dimensions. 

 

 

(a) 

 

(b) 

Figure 5.12.  (a), (b) Relationship between w/fL parameter and flexural toughness 

 

5.3.4.2.  Relationship between (t/fL) parameter and Flexural Toughness: Formwork 

thickness also creates a constriction for the fibers and effects their alignment. Evaluation of 

t/fL parameter clearly shows in the Figure 5.13. (a-d) that flexural toughness of groups of 

specimens decreases when t/fL increases.  
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(a) 

 

(b) 

 

(c) 

Figure 5.13.  (a-c) Relationship between Flexural Toughness (FT) and Flow Thickness/ 

Fiber Length (t/fL) parameter for S, DR and DL groups 
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(d) 

 

(e) 

 

(f) 

Figure 5.13.  (contd.) (c-f) Relationship between Flexural Toughness (FT) and Flow 

Thickness/ Fiber Length (t/fL) parameter for TR, TM and TL groups 
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Increased t/fL means lower numbers of aligned fibers in the flow direction and this 

result in less number of fibers which will work to arrest cracks. This result could also be 

confirmed by using the results of image analysis (Figure 5.5). Orientation density in the Z 

direction decreases when t/fL value decreases and this means greater orientation density in 

the XY plane with a greater flexural toughness as a result.  

 

Figure 5.14.   Effect of w/fL and t/fL on the flexural toughness of specimens 
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6.  CONCLUSIONS 

 

The main objective of this study was to investigate the effects of formwork 

dimensions/mould constraints on the fiber dispersion features and resulting mechanical 

performance. For this purpose, two parameters were defined (w/fL and t/fL) and following 

results were drawn as a result of experimental study: 

 

 Short-cut steel fibers have a tendency to align in the flow direction. 

 Formwork walls act as barriers and constrict fibers as well as material. 

 If there is more space for the material to spread in the formwork, fibers also spread 

in the plane instead of being aligned in the casting direction. Alignment in the 

casting direction decreases with an increasing formwork width. Short fibers better 

flow with the material and align themselves in the direction of the flow. Ability of 

long fibers to align themselves in the direction of flow was found to be less than 

short fibers, probably due to mechanical entanglement.  

 Alignment in the Z direction increases when the ratio of formwork thickness/fiber 

length increases. This is expected considering that the fibers have more free space 

to move inside the formwork with an increasing thickness.  

 In general, different dispersion characteristics are desired for different applications: 

while a 1-D alignment could be beneficial for a tensile or bent member which will 

bear loads in only 1 direction, random alignment (in three directions) of fibers 

would be necessary for a member which will meet forces from two (i.e. a slab) or 3 

directions. This study focus on beam specimens and the alignment of fibers in the 

XY plane and especially in the X direction increases the probability of hitting fibers 

through the main crack path resulting in greater resistance to opening of cracks. 

These results show that mechanical performance of the materials could be 

increased to an important extent if a proper design observing requirements of the 

application is done. 

 The strength of a structure made of fibre reinforced concrete is dependent of the 

fibre alignment and fibre distribution, which both can be influenced by the 

properties of fresh concrete. 
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 Flexural toughness of the specimens decreases with an increasing w/fL value. 

Formwork thickness/fiber length parameter was also found to be effective on the 

flexural toughness values, FT decreasing with an increase in t/fL. 

 

 Results of this experimental study show the extent to which the formwork 

dimensions/restrictions affect fiber dispersion features and resulting mechanical 

performance.  

 

 Remarkable variations were seen in FT values when the two parameters were varied. 

These results emphasize the importance of considering the effects of the parameters such 

as the ratio of formwork width/fiber dimension and formwork thickness/fiber dimension in 

the fiber-reinforced cement-based materials design procedure.  
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