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Abstract

Ultra high-performance concrete (UHPC) is a novel material with superior strength, durability, and ductility
compared to conventional concrete. The addition of fibers to UHPC enhances its mechanical properties, improves
its ductility, and enhances its resistance to cracking and spalling. This review paper provides a comprehensive
overview of the effect of fibers on the properties of UHPC. The intention is to give an overview of the research
field and supply guidance for future research. The paper describes the different types of fibers that can be added
to UHPC and their characteristics. The review examines the effect of fiber content, length and aspect ratio on the
mechanical properties of UHPC.
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I. INTRODUCTION

Ultra-high-performance concrete (UHPC) is a relatively new material that has gained popularity in recent
years due to its exceptional mechanical properties, such as high compressive strength, low permeability, and high
durability. UHPC is an advanced fiber-reinforced concrete that consists of a high volume of cement, silica fume,
fibers, superplasticizer (SP) and other supplementary cementitious materials. It is designed by the dense packing
theory of solid materials, and keeping the water content very low (w/b < 0.2). These features lead to the high
compressive strength of UHPC (>150 MPa, approximately 3—16 times higher compared to normal concrete), as
well as excellent ductility and energy absorption properties [1].

However, UHPC has some drawbacks, such as its brittleness and natural tendency to form shrinkage
cracks. One strategy for overcoming these restrictions and improving UHPC performance is fibre reinforcement.
In the past few decades, there has been a lot of research on the use of fibres in UHPC, and the findings are
encouraging. Research has been done on the effects of various fibre types on the characteristics of UHPC,
including steel, polypropylene, glass, carbon, natural fibres, etc. Although UHPC applications have been
successfully demonstrated in several nations, their use remains less widespread. There are a number of known
challenges, such as a lack of understanding of structural behaviour, methods for material characterization, and
widely used design standards. Possibility of designing light and thin structures is one factor encouraging increased
use [2].

UHPC is a type of concrete that has high compressive strength (150-200 MPa), a lower water to cement
ratio of 0.2 or less, high bending strength, tensile strength >7 MPa, a maximum aggregate diameter of less than 1
mm, superior ductility in tension and bending, high fracture toughness, and low maintenance requirements. It has
a high workability (200 mm) and maintains its pumpability despite having a low water to cement ratio [6-9]. Due
to its superior compressive and tensile strengths and toughness performance, UHPC has been a desirable
alternative material for high elevation buildings, pre-stressed girders, as well as long span bridges [10,11].

Il. FIBRE REINFORCEMENT IN CONCRETE
Fiber reinforced concrete (FRC) has been used in modern construction for more than 60 years [12].
However, the idea of adding fibres (like straws and horsehair) to brittle materials to strengthen them was
developed more than a thousand years ago [13]. The construction industry now uses a variety of fibre reinforced
concrete types for various applications [14]. One of them is UHPC with fibre reinforcement, also known as
UHPFRC. Reducing the brittleness of the cementitious matrix is one goal of using fibres. Fibers can control the
brittle fracture process, affect cracking behaviour, and provide strength and toughness after cracking [12].
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Figure 1: Some frequently used steel fibres [16]

The fibre reinforcement can be characterised by differences in material (steel, mineral or synthetic fibres),
geometry, aspect ratio (fibre length divided by fibre diameter) and mechanical properties [15]. Different sizes of
straight fibres as well as different deformed fibres, such as hooked-end, corrugated, and twisted fibres, are
available in a variety of geometrical lengths and shapes (Fig. 1). The volume fraction or percentage (vol.-%) is
the standard way to express the fibre content. For the same volume fraction, smaller fibre geometry will produce
more fibres than larger geometry. Longer fibres can increase the ultimate strength by being able to control the
propagation of macrocracks, whereas a high number of smaller fibres are more densely distributed in the
cementitious matrix and can effectively control the development of microcracks [13]. When compared to
commercially available UHPC-mixes, the fibre volume fraction in conventional FRC frequently ranges from 0.25
to 2 vol-% [16, 17], whereas it has been reported that between 2 and 6 vol-% of fibres are present in UHPC-mixes
[18]. The mechanical properties are anticipated to be impacted by both fibre content and geometrical variations
(shape, length, aspect ratio).

I11. IDEAL UHPC

Three factors affect the strength of UHPC: the pore structure of the cement paste, the quality of the
aggregate, and the structure of the aggregate-matrix and fiber-matrix interfaces. The interface area, which is the
weakest of these qualities, could be strengthened by lowering the water to cement ratio and keeping aggregate
diameter below 1 mm. Both techniques have upper bounds, though. Fly ash, slag, and silica fume are examples of
cementitious materials that not only reduce production costs but also improve strength [4, 19, 20]. High strength
concrete is directly impacted by the aggregate quality. UHPCs are not generally used when traditional concrete is
productive because of its elevated manufacturing price, providing the required output. In this regard, researchers
identified three key elements that can be reduced to lower costs without sacrificing product quality, namely the
amount of high-strength fibre added to the mixture, the amount of powder, and the curing [21,22]. In most cases,
natural sand can be used in place of silica sand while maintaining superior mechanical performance and ductility.
UHPC strength is unaffected significantly using natural sand [22]. The fibre content can vary significantly
depending on the concrete type and application.

The fibres in concrete are typically a mixture of several short fibres and a few longer fibres when the
workability attribute is crucial [23]. However, it has been shown that 2.5% steel fibres with an aspect ratio of 40
to 60 produce the best results in terms of fresh and hardened concrete characteristics. To ensure low porosity, the
fibres' length should be set to the largest aggregate diameter. The length of the fibre should be at least ten times
the maximum overall diameter. The UHPC can't be used unless high-performance plasticizers are added. The
ability of the fibres to mix into the concrete and the workability of the concrete are significantly influenced by the
aspect ratio of the fibres. Particularly as the aspect ratio rises, workability declines. There are four requirements
that must be met in order to get the best performance out of UHPCs: (1) using sand with a grain size of 150 to 600
mm to increase homogeneity, (2) adding cement and silica fume to increase density, (3) adding steel fibres to
increase ductility, and (4) applying temperature treatment (90 °C) to enhance the UHPC microstructure and
increase early age durability [24,25].

IV. PROPERTIES OF FIBRE REINFORCEMENT

Several investigations examined the effect of fibre content by increasing the content from 0 up to 2-3
vol-%. Only five of the investigations reviewed [26, 27] examined the impact of fibres above 4 vol%. Numerous
studies have looked into the impact of fibre shape [26, 28, 29, 30] and compared it to various deformed fibre types
(hooked-end, corrugated, twisted, and spiral) of various lengths and diameters. Hooked-end fibres with a length
of 30 mm and a diameter of 0.3 to 0.6 mm were frequently investigated among the deformed fibres [26, 28, 29].
Micro hooked-end and corrugated fibres were investigated in some studies [28].

Straight microfibers with a diameter of about 0.2 mm and a length of 12—-13 mm was the most frequently
studied type of fibre [26, 27, 28, 29, 30]. Eleven of the papers that were included reported on hybrid combinations
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[26], whereas many papers [27, 28, 29, 30] reported on the effects of single fibre combinations. The following
provides a summary and discussion of the findings from all of those.

V. COMPRESSIVE STRENGTH

51 TEST SETUP

In order to measure compressive strength, cylinders or cubes are subjected to increasing compressive
loads until failure. The dimensions of the test specimens and the loading rates for conventional concrete are
governed by a number of standards. With minor adjustments and requirements, these procedures are frequently
suitable for UHPC [1]. The included studies used cubes ranging in size from small cubes (40-50 mm) [26, 27, 28,
29, 30] to larger cubes (100-150 mm) [26, 27, 28, 29, 30] for compressive testing. Additionally, compressive
strength tests on cylindrical specimens of various sizes were conducted [26, 27, 28, 29, 30]. It has been noted that
the test specimen size variations can affect the results of compressive strength [26, 27]. A study by Josef and Bily
[30] showed that size dependency decreases with increasing strength and varies for different mix composition,
making the issue of size effect rather complicated. The included papers do not completely address the question
of whether variations in size and geometry affect the effectiveness of fibre reinforcement. Only three studies [31,
32, 33] looked into the effects of using cylinders and different-sized cubic samples (50 mm and 100 mm cubes).
In the majority of investigations, compressive strength measurements were taken in accordance with a
standardised process. This might be the Eurocode (EN 12390-3:2009-7) [34], the ASTM standard C39 [41,42],
the Korean standard (KS F 2405) [62] or the Chinese standard (GB/T 17671-1999) [36]. Other studies used the
ASTM standard C1609 [37] or the Chinese standard CECS 13:2009 [38] as standards for fibre reinforced concrete.
Chinese standard GB/T 31387-2015 for reactive powder concrete has been used in two studies [39]. No study
made use of a standard specifically created to measure the compressive strength of UHPC. The French standard
for the production of UHPFRC [35] and Swiss recommendation for UHPFRC [4] are both referring to the
European standard for conventional concrete, EN 12390-3 [34]. A practise standard for the production and testing
of UHPC has been published by ASTM [40]. Also, this standard refers to a test method for conventional concrete,
ASTM C39/C39M Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens
[41]. Other UHPC standards could also be referencing conventional concrete standards.

52 EFFECTS OF STEEL FIBRES ON COMPRESSIVE STRENGTH

Like conventional concrete, compressive strength is one of the most significant and frequently measured
properties of UHPC [1]. To prevent explosive behaviour at failure, fibre inclusion is crucial [32, 25, 30, 35].
UHPC with fibres exhibits compressive behaviour similarly to conventional concrete with only minor differences.
The increased stiffness and compressive strength make the biggest difference. The constituent materials, mix
proportions, curing circumstances, and fibre content all affect compressive strength [1]. Many of the included
research papers discussed how steel fibres affected compressive strength.

In different studies, the effect of fibre content on compressive strength has been examined. According to
some studies, fibre inclusion only had a 10% or less impact on compressive strength [21, 32, 35, 39]. According
to Arora et al. [24], the volume of hydration products and the packing density of aggregates have a significant
impact on compressive strength. More significant effects were discovered in other studies; the addition of fibres
increased compressive strength by more than 50% [31]. The capacity of the fibres to postpone the development
and spread of cracks may help to explain this increase [31, 45]. The compressive strength increased in line with
an increase in fibre content [31, 33, 27, 45]. However, adding more fibres might eventually have a negative impact
on compressive strength. This effect was described by Meng and Khayat [26] when the fibre content was greater
than 3 vol-%. Fiber agglomeration and trapped air were used to explain the detrimental effect on compressive
strength. Le Hoang and Fehling [35] reported that the mixes with 3 vol-% of fibres also exhibited fibre
agglomeration.

It is clear from the cited papers that the inclusion of any volume fraction of fibres has little impact on the
compressive strength of cylindrical test specimens. The presence of fibres appears to result in a slight boost in
compressive strength for large cubes (100 mm). However, this effect does not appear to depend on the fibre
fraction; rather, it appears to only distinguish between UHPC that has been reinforced with fibre and one that has
not. Small cubes (40-50 mm) are the only ones that appear to benefit from an increase in the volume fraction of
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fibres up to 3 vol%. The compressive strength appears to be decreasing for higher levels towards the level of
UHPC without fibres. Possible explanations for this decline in compressive strength include fibre agglomerations,
decreased workability, and trapped air. A significant question, though, is whether some of the observed variations
in results can be attributed to test specimen geometry rather than actual fibre effects. In comparison to cubes,
cylinders are generally thought to represent a more uniaxial stress distribution. Due to the presence of corners and
lower height/cross-section dimension ratio, internal shear stress has a greater impact on compressive failure in
cubes. The variations in test results may be better explained by variations in factors like constituent materials, mix
proportion, and curing regimes than by variations in test specimen geometry. As a result, we can say there is a
possibility that the geometry of the test specimen may have an impact on the results of investigations but it is to
be proved for the same.

Deformed fibres can more effectively span cracks because they have higher pull-out strength than straight
fibres [26, 27]. The improved pull-out strength is not evident on the compressive strength of UHPC; all papers
concluded that the influence of using deformed fibres was within £ 15%. Little difference in compressive strength
was discovered by Liu et al. [36] when they compared macro (I = 30 mm) and micro (I = 13 mm) hooked-end
fibres. Yoo et al. [42] observed a slight increase in compressive strength for straight fibres compared to macro
deformed fibres. This result was explained by the greater number of fibres available to bridge and postpone the
spread of microcracks in comparison to deformed macro fibres. Furthermore, a worsened fibre distribution was
seen for the deformed fibre types. Differences in fibre length were also found to have a low level of influence
(£15%) [20, 23, 35, 39, 42].

V1. EFFECTS OF FIBER GEOMETRY, LENGTH, AND VOLUME CONTENT
An innovative form of twisted steel fibre known as "Torex fibre" was created by Naaman [51] in the late
1990s. This fiber's polygonal cross-sectional geometry, which allows for twisting along its axis, is made possible
by the use of very high-strength steel wire.

The fibre intrinsic efficiency ratio, which is closely related to the post-cracking strength of composites,
was the fundamental concept used to determine the cross-sectional geometry of the Torex fibre. Compared to a
circular fibre with an identical cross-sectional area, triangular or square-shaped fibres are 28% and 12% more
effective at raising the value of the FIER, respectively [52, 53]. The adhesion and frictional bonding elements
improved as the FIER value increased, and twisting the fibres improved the mechanical bond. Figure 3 [48, 54]
depicts the typical fibre stress and slip curves for straight, hooked-end, and twisted steel fibres embedded in a
UHPFRC matrix.

Det WOy 1 1mm
: X SE 106

Figure 2: Typical example of Torex twisted triangular steel fiber [43]
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Figure 3: Effect of fiber geometry on pullout behavior of steel fibers embedded in UHPFRC matrix (S =
straight, H = hooked-end, and T = twisted) [44]

As shown in the figure, Wille and Naaman [48] stated that the use of twisted (and hooked-end) steel
fibres produced a maximum fibre stress that was three times greater than that of the short straight steel fibres (df
= 0.2 mm and Lf = 13 mm); sf,max = 2900 MPa vs. sf,max = 1100 MPa, respectively). With the use of the
deformed (twisted and hooked-end) steel fibres, as opposed to the short straight steel fibres, the tensile strength
and post-cracking strain capacity of UHPFRC were also significantly improved [7, 54].

Tensile strength and strain capacity of the specimens with 2 vol% of twisted steel fibres were 14.9 MPa
and 0.61%, respectively; these values are roughly 32% and 205% higher than those of the specimens with 2 vol%
of short straight steel fibres (Fig. 4).
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Figure 4: Comparison of direct tensile response of UHPFRC with different types of steel fibers at Vf =
2.0% [45]

Additionally, according to Yoo and Yoon [49], UHPFRC beams with twisted steel fibres have a flexural
strength that is roughly 1.7 times greater than beams with short straight steel fibres. By using twisted steel fibres
instead of short, straight steel fibres, the compressive behaviours, such as the compressive strength, strain capacity,
and elastic modulus, were also improved. However, the improvement was relatively negligible in comparison to
what was seen for the tensile and flexural performance. Using long, straight steel fibres, Yoo et al. [3, 50, 54]
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recently proposed a different technique for enhancing the flexural performance of UHPFRC under uniaxial and
biaxial stress states as well as its fracture energy capacity.
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Figure 5: Biaxial flexural response of UHPFRC panels (placing concrete at the center) [46]

As seen in Fig. 5, lengthening the fibres significantly increased the flexural strength, deflection capacity,
and toughness of UHPFRC. The flexural strength and deflection capacity of UHPFRC panels with long straight
steel fibres (Lf/df = 19.5/0.2 = 97.5) were respectively 26% and 13% higher than those with medium (Lf/df =
16.3/0.2 = 81.5) and short (Lf/df = 13/0.2 = 65) straight steel fibres. Additionally, compared to medium and short
steel fibres, fracture energies that were almost 121% and 35% higher were obtained when using long steel fibres
[3]. This is primarily brought on by the fact that using longer steel fibres expands the area where the fibre and
matrix are bonded, which increases the fiber's capacity to carry load and slip [51]. Additionally, the fibre length
at the same diameter had a negligible impact on the number of fibres at crack surfaces, which is a significant factor
influencing the post-cracking tensile behaviour. For instance, the numbers of fibers per unit area were found to be
34.00/cm2 for short fibers, 33.12/cm2 for medium fibers, and 35.79/cm2 for long fibers [3]. Although the actual
number of fibres included in the mixture decreases with fibre length at an identical volume fraction (because the
fibres are included in the mixture based on their volume content), the likelihood that fibres will be present at crack
surfaces increases with fibre length, which accounts for the negligible change in the number of fibres detected per
unit area. As the fibre volume fraction increased, the post-cracking flexural strength, strength factors in the tri-
linear (or bi-linear) tension-softening curve, and fracture energy increased almost linearly. In contrast, the fibre
volume fraction had little impact on the first-cracking flexural strength and the corresponding deflection
[31,52,53].

Up to a fibre volume fraction of 3%, adding more steel fibres marginally increased the elastic modulus
and compressive strength [53]. The ideal fibre volume fraction that yields the highest compressive strength varies
depending on the researcher because the homogeneity of the fibre dispersion has a significant impact on
compressive strength. According to Prabha et al. [54], UHPFRC with 2 vol% of 13-mm-long straight steel fibres
provided the highest compressive strength up to a fibre volume fraction of 3%, while Yunsheng et al. [31] reported
that the compressive strength continuously increased with an increase in the fibre volume up to 4% (the specimen
with 4 vol% of steel fibres exhibited a compressive strength that was 30—50 MPa higher than that without fibres).
Additionally, by including up to 2 vol% of steel fibres in the matrix, the performance of the fibre pullout was
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enhanced [53]. Tensile strength and strain capacity of UHPFRC were increased from 8 to 14 MPa and 0.17 to
0.24% for straight steel fibres and from 8 to 15 MPa and 0.33 to 0.61% for twisted steel fibres, respectively, by
increasing the fibre volume from 1.5 to 2.5%. The tensile strength of UHPFRC increased with increasing fibre
volume from 9 to 14 MPa in the case of hooked-end steel fibres, but the strain capacity remained constant at
roughly 0.46% [7].

VIl. EFFECTS OF FIBER ORIENTATION
UHPFRC has been used to fabricate structures using a variety of placement techniques due to its high
fluidity and suitable viscosity to prevent fibre segregation from the cement matrix [55-58]. According to
Boulekbache et al.'s study [59], which is depicted in Fig. 6, different flow velocities cause the fibres in flowable
fiber-reinforced concrete to rotate. The fibres are affected by the fluid's forces and moments, which causes them
to be aligned either parallel to the flow direction (shear flow in Fig. 6(b)) or perpendicular to the flow direction

(radial flow in Fig. 6(a)).
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Figure 6: Schematic view of fiber orientation in (a) fountain (radial) flow, (b) canal channel (shear) flow
[47]

Using two different placement techniques, Yang et al. [55] constructed steel bar-reinforced UHPFRC
beams: (1) placing concrete at one end of the forms and letting it flow to the other end, and (2) placing concrete
at the centre and letting it flow to both ends. According to their test results, the beams with concrete placed at one
end were able to support a maximum load that was 15% greater than those with concrete placed in the middle.
This results from more fibres being oriented in the direction longitudinal to the beam length due to UHPFRC's
flowability. Along with producing rectangular slabs using various placement techniques, Ferrara et al. [56] and
Kwon et al. [57] also looked into the impact of fibre orientation on the flexural performance of UHPFRC. The
beams (T series) placed in the vertical direction of the flow direction performed poorly in comparison to the beams
(L series) placed in the parallel direction in the case where concrete was placed at one short edge of the mould
and allowed to flow [56]. This resulted from the fibres' perpendicular alignment to the beam length, as depicted
in Fig. 7.
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Figure 7: Effect of fiber orientation on the flexural response; (a) schematic view of slab casting and beam
cutting, (b) flexural load-COD curves [48]

The beams placed parallel to the flow direction also demonstrated significantly lower load carrying
capacities than the beams in other areas for the case where concrete was placed at the centre (radial flow) [57].
Additionally, they displayed deflection softening behaviour, which is unusual for UHPFRC flexural behaviour.
The aforementioned observations make it abundantly clear that the characteristics of the fibre orientation have a
big impact on the mechanical and structural performance under tension and flexure. In order to quantitatively
assess how the fibre orientation characteristics, affect the mechanical properties of UHPFRC, a number of studies
[3,4,50,51,56] were carried out and produced some insightful results. The flexural behaviour of uniaxial UHPFRC
beams was studied by Wille and Parra-Montesinos [60] in relation to the casting method (layer-casting and
middle-casting) and casting speed of a layer-casting method. They claimed that by speeding up the casting process,
it was possible to avoid a snake-like flow pattern and obtain a thinner layer with a preferred fibre alignment in the
beam axis, which enhanced flexural performance. Additionally, the middle-cast beams showed a middle flexural
strength value between the layers-cast beams with a high casting speed and the middle-cast beams with a low
casting speed. Similar to this, Yoo et al. [3] reported that beams cast in the middle provided higher flexural strength
than beams cast in the edge; however, the casting method had no appreciable impact on the fracture energy because
the advantage of the higher strength was counterbalanced by a steeper decrease in the post-peak stress. As shown
in Fig. 8, they also carried out image analysis in order to rationally analyse the test results and confirmed that the
beams cast in the middle contained more steel fibres than the beams cast in the edge did (at the region of maximum
moment).

Casting at Casting at
the edge the middle
(A) (B)
i .
Z’ ‘ (unit: mm)
X Specimen
Cutting | | |
surface x

400

Figure 8: (a) schematic description of cross-sectional saw cut of UHPFRC beams, (b) transformed binary
images obtain at the middle of beams with a size of 100x100x400 mm3 (using straight steel fibers with a
length of 30 mm and a diameter of 0.3 mm) [49]
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In comparison to panels cast using other placement techniques, such as casting randomly, casting at one
edge, and casting at various points around the panel's perimeter, UHPFRC panels cast in the centre demonstrated
noticeably higher flexural strengths. Fig. 9 displays the test outcomes from ASTM C 1550.
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Figure 9: Round panel tests; (a) picture for test setup (ASTM C 1550), (b) biaxial flexural behaviors [50]

Barnett et al.'s [4] analysis of X-ray computed tomography (CT) helped to explain their findings. As an
alternative, Yoo et al.'s [50] image analysis was carried out using binary images at the crack surfaces that were
transformed from RGB images obtained with a high-resolution camera. From these analyses, they deduced that,
in contrast to other panels with different placement techniques, a greater proportion of the steel fibres in the panels
cast in the centre were aligned perpendicular to the flow direction because of the gradient of the flow velocity.
The panels cast in the centre had greater flexural strength and toughness compared to their counterparts as a result
of the improved fibre alignment. Based on Jeffery's equation [65] and the supposition that there were no
interactions between the fibres, Kang and Kim [62] numerically examined the rotational motion of the fibres.
They claimed that as the flow distance increased, the fibres gradually grew more perpendicular to the flow
direction (for radial flow) and parallel to the flow direction (for shear flow). These numerical outcomes are in line
with the outcomes of the shear and radial flow image analysis performed by Yoo et al. [3,51].

VIII.  CONCLUSION
The research papers were analysed by using a structured literature search to look at the effects of fibre content,
type, and combination on the compressive strength of UHPC. The study's findings demonstrate that:
. Despite the development of specific UHPC standards, standardised practises for conventional or fibre
reinforced concrete are frequently used. Even the dedicated UHPC standards refer to conventional concrete
standards for some tests, like compressive strength.

. The test results are frequently said to be affected by geometry differences. It is evident from the analysis
of the total results from all the papers included in this review that the geometry affects compressive strength.
. There have been investigations into different fibre types, from micro to macro, straight or deformed

(hooked-end, twisted or corrugated). High strength steel fibres (tensile strength > 2000 MPa) were primarily used
for all fibre geometries. The cumulative results indicate little difference between using straight and deformed
fibres for compressive strength. At at higher fibre volumes, s traight fibres perform better. As a result, the ideal
fibre type appears to be influenced by the fibre volume fraction. The strength decreases at high content levels.
Fibre agglomeration and air trapped inside the fibres may help to partially explain this.

. In UHPC, fibre reinforcement is required to prevent explosive behaviour during failure. Several
investigations reported that the compressive strength was affected by the inclusion of fibre reinforcement, giving
UHPC higher strength. However, there was little discussion of the effects of variations in test specimen geometry
and other variable factors. When the individual results are contrasted, it appears that adding fibres has little impact
on compressive strength when tested on cylinders but more significant effects when tested on large cubes (100
mm). For small cubes (40-50 mm) there seems to be an increase in compressive strength as a function of fibre
content up to 3 vol-%.

WWW.ijres.org 149 | Page



The Effect of Fibre in Ultra High-Performance Concrete (UHPC): A Review

[1.
12).
[3].
[41.
(5]
[6].
7.
8].
[9].

[10].
[11].
[12].
[13].
[14].
[15].
[16].
[17].
[18].
[19].
[20].
[21].
[22].

[23].
[24].

[25].
[26].
[27].
[28].
[29].
[30].
[31].
[32].
[33].

[34].
[35].

[36].
[37].

[38].
[39].
[40].
[41].

REFERENCES
Jihao Gong, Yuwei Ma, Utilization of fibers in ultra-high performance concrete: A review, Composites Part B: Engineering Vol. 241,
15 July 2022, 109995
D.-Y. Yoo, N. Banthia, Mechanical properties of ultra-high-performance fiber reinforced concrete: a review, Cem. Concr. Compos. 73
(2016) 267-280.
R.J. Shi, Z. Xiang, S.G. Liu, D.H. Wang, Y.Z. Ju, Mechanical properties of reactive powder concrete: a review, in: IOP Conference
Series: Materials Science and Engineering, 2019, vol. 62.
F.U.A. Shaikh, S. Luhar, H.S. Arel, I. Luhar, Performance evaluation of Ultrahigh performance fibre reinforced concrete — a review,
Constr. Build. Mater. 232 (2020).
C. Shi, Z. Wu, J. Xiao, D. Wang, Z. Huang, Z. Fang, A review on ultra high performance concrete: Part | Raw materials and mixture
design, Constr. Build. Mater. 101 (2015) 741-751.
F. Lagier, B. Massicotte, J.-P. Charron, Experimental investigation of bond stress distribution and bond strength in unconfined UHPFRC
lap splices under direct tension, Cem. Concr. Compos. 74 (2016) 26-38.
S.J. Barnett, J.-F. Lataste, T. Parry, S.G. Millard, M.N. Soutsos, Assessment of fibre orientation in ultra high performance fibre
reinforced concrete and its effect on flexural strength, Mater. Struct. 43 (7) (2010) 1009-1023.
C.M. Tam, V.W. Tam, K.M. Ng, Assessing drying shrinkage and water permeability of reactive powder concrete produced in Hong
Kong, Constr. Build. Mater. 26 (1) (2012) 79-89.
D.K. Thai, S.E. Kim, Failure analysis of UHPFRC panels subjected to aircraft engine model impact, Eng. Fail. Anal. 57 (2015) 88—
104.
M.A. Saleem, A. Mirmiran, J. Xia, K. Mackie, Ultra-high-performance concrete bridge deck reinforced with high-strength steel, ACI
Struct. J. 108 (5) (2011) 601.
B.A. Graybeal, Flexural behavior of an ultrahigh-performance concrete Igirder, J. Bridge Eng. 13 (6) (2008) 602-610.
R.F. Zollo, Fiber-reinforced concrete: an overview after 30 years of development, Cem. Concr. Compos. 19 (2) (1997) 107-122.
A.M. Brandt, Fibre reinforced cement-based (FRC) composites after over 40 years of development in building and civil engineering,
Compos. Struct. 86 (1) (2008) 3-9.
L. Soufeiani, S.N. Raman, M.Z.B. Jumaat, U.J. Alengaram, G. Ghadyani, P. Mendis, Influences of the volume fraction and shape of
steel fibers on fiber-reinforcedconcrete subjected to dynamic loading — a review, Eng. Struct. 124 (2016) 405-417.
K. Hannawi, H. Bian, W. Prince-Agbodjan, B. Raghavan, Effect of different types of fibers on the microstructure and the mechanical
behavior of ultra-high performance fiber-reinforced concretes, Compos. Part B: Eng. 86 (2016) 214— 220.
Ingrid Lande Larsen, Rein Terje Thorstensen, The influence of steel fibres on compressive and tensile strength of ultra high performance
concrete: A review, Construction and Building Materials 256 (2020) 119459.
M.B. Eide, J.-M. Hisdal, Ultra High Performance Fibre Reinforced Concrete (UHPFRC)-State of the art: FA 2 Competitive
constructions: SP 2.2 Ductile high strength concrete, 8253612982, 2012.
H.G. Russell, B.A. Graybeal, Ultra-high performance concrete: a state-of-the-art report for the bridge community (No. FHWA-HRT-
13-060), 2013.
C. Shi, Z. Wu, J. Xiao, D. Wang, Z. Huang, Z. Fang, A review on ultra high performance concrete: Part |. Raw materials and mixture
design, Constr. Build. Mater. 101 (2015) 741-751.
A.N. Mohammed, M.A.M. Johari, A.M. Zeyad, B.A. Tayeh, M.O. Yusuf, Improving the engineering and fluid transport properties of
ultra-high strength concrete utilizing ultrafine palm oil fuel ash, J. Adv. Concr. Technol. 12 (4) (2014) 127-137
D.-Y. Yoo, N. Banthia, Mechanical properties of ultra-high-performance fiber reinforced concrete: a review, Cem. Concr. Compos. 73
(2016) 267-280.
S.-T. Kang, J.-K. Kim, The relation between fiber orientation and tensile behavior in an Ultra High Performance Fiber Reinforced
Cementitious Composites (UHPFRCC), Cem. Concr. Res. 41 (10) (2011) 1001-1014.
P. Rossi, Ultra-High Performance Fiber-Reinforced Concretes, Concr. Int. 23 (12) (2001) 46-52.
B.A. Tayeh, B. Abu Bakar, M. Megat Johari, A. Zeyad, Microstructural analysis of the adhesion mechanism between old concrete
substrate and UHPFC, J. Adhes. Sci. Technol. 28 (18) (2014) 1846-1864.
B.A. Tayeh, B.A. Bakar, M.M. Johari, M. Ratnam, The relationship between substrate roughness parameters and bond strength of ultra
high-performance fiber concrete, J. Adhes. Sci. Technol. 27 (16) (2013) 1790-1810.
Weina Meng, Kamal H. Khayat, Effect of hybrid fibers on fresh properties, mechanical properties, and autogenous shrinkage of cost-
effective UHPC, J. Mater. Civ. Eng. 30 (4) (2018) 04018030, https://doi.org/10.1061/(ASCE) MT.1943-5533.0002212.
M. Pourbaba, E. Asefi, H. Sadaghian, A. Mirmiran, Effect of age on the compressive strength of ultra-high-performance fiber-reinforced
concrete, Constr. Build. Mater. Article 175 (2018) 402-410.
K. Wille, S. EI-Tawil, A.E. Naaman, Properties of strain hardening ultra high performance fiber reinforced concrete (UHP-FRC) under
direct tensile loading, Cem. Concr. Compos. 48 (2014) 53-66.
K. Wille, D.J. Kim, A.E. Naaman, Strain-hardening UHP-FRC with low fiber contents, Mater. Struct./Materiaux et Constructions 44
(3) (2011) 583-598.
Z.Wu, K.H. Khayat, C. Shi, How do fiber shape and matrix composition affect fiber pullout behavior and flexural properties of UHPC?,
Cem. Concr. Compos. 90 (2018) 193-201.
Srinivas Allena, Craig Newtson, Mohammad Tahat, in: Advances in Civil Engineering and Building Materials, CRC Press, 2012, pp.
195-198, https://doi. org/10.1201/b13165-40.
A. Alsalman, C.N. Dang, W.M. Hale, Development of ultra-high performance concrete with locally available materials,** (in English),
Constr. Build. Mater. Article 133 (2017) 135-145.
S. Kazemi, A.S. Lubell, Influence of specimen size and fiber content on mechanical properties of ultra-high-performance fiber-
reinforced concrete, (in English), ACI Mater. J. 109 (6) (2012) 675-684.
Testing hardened concrete-Part 3: Compressive strength of test specimens, EN 12390-3:2009-7, 2009.
Concrete — Ultra-high performance fibre-reinforced concrete — Specifications, performance, production and conformity, NF P18-
470, 2016.
Method of testing cements-Determination of strength, GB/T1767-1999, 1999.
Standard test method for flexural performance of fiber-reinforced concrete (using beam with third-point loading, ASTM
C1609/C1609M, 2012.
Standard test methods for fiber reinforced concrete (in Chinese), CECS 13: 2009, 2009
Reactive powder concrete, GB/T 31387-2015, 2015.
Standard Practice for Fabricating and Testing Specimens of Ultra-High Performance Concrete, ASTM C1856/C1856M, 2017.
Standard test method for compressive strength of cylindrical concrete specimens, ASTM C39/39M, 2014.

WWW.ijres.org 150 | Page



The Effect of Fibre in Ultra High-Performance Concrete (UHPC): A Review

[42].
[43].

[44].

[45].
[46].

[47].
[48].
[49].
[50].

[51].
[52].

[53].
[54].
[55].
[56].
[57].
[58].
[59].
[60].
[61].
[62].
[63].
[64].

[65].

Standard test method for compressive strength of cylindrical concrete specimens, ASTM C39/39M, 2012.

A.E. Naaman, Engineered steel fibers with optimal properties for reinforcement of cement composites, J. Adv. Concr. Tech. 1 (3)
(2003) 241-252.

K. Wille, A.E. Naaman, Pullout behavior of high-strength steel fibers embedded in ultra-high-performance concrete, ACI Mater J. 109
(4) (2012) 479-488.

K. Wille, D.J. Kim, A.E. Naaman, Strain-hardening UHP-FRC with low fiber contents, Mater Struct. 44 (3) (2011) 583-598.

D.Y. Yoo, G. Zi, S.T. Kang, Y.S. Yoon, Biaxial flexural behavior of ultra-high performance fiber-reinforced concrete with different
fiber lengths and placement methods, Cem. Concr. Compos 63 (2015) 51-66.

B. Boulekbache, M. Hamrat, M. Chemrouk, S. Amziane, Flowability of fibre reinforced concrete and its effect on the mechanical
properties of the material, Constr. Build. Mater 24 (9) (2010) 1664-1671.

L. Ferrara, N. Ozyurt, M. Di Prisco, High mechanical performance of fibre reinforced cementitious composites: the role of “casting-
flow induced” fibre orientation, Mater Struct. 44 (1) (2011) 109-128.

D.Y. Yoo, S.T. Kang, Y.S. Yoon, Effect of fiber length and placement method on flexural behavior, tension-softening curve, and fiber
distribution characteristics of UHPFRC, Constr. Build. Mater 64 (2014) 67-81.

S.J. Barnett, J.F. Lataste, T. Parry, S.G. Millard, M.N. Soutsos, Assessment of fibre orientation in ultra high performance fibre
reinforced concrete and its effect on flexural strength, Mater Struct. 43 (7) (2010) 1009-1023.

A.E. Naaman, New fiber technology: cement, ceramic and polymeric composites, Concr. Int. 20 (7) (1998) 57-62.

Y. Zhang, W. Zhang, W. She, L. Ma, W. Zhu, Ultrasound monitoring of setting and hardening process of ultra-high performance
cementitious materials, NDT E Int. 47 (2012) 177-184.

A.E. Naaman, Engineered steel fibers with optimal properties for reinforcement of cement composites, J. Adv. Concr. Tech. 1 (3)
(2003) 241-252.

Y. Zhang, W. Zhang, W. She, L. Ma, W. Zhu, Ultrasound monitoring of setting and hardening process of ultra-high performance
cementitious materials, NDT E Int. 47 (2012) 177-184.

I.H. Yang, C. Joh, B.S. Kim, Structural behavior of ultra high performance concrete beams subjected to bending, Eng. Struct. 32 (11)
(2010) 3478-3487.

L. Ferrara, N. Ozyurt, M. Di Prisco, High mechanical performance of fibre reinforced cementitious composites: the role of “casting-
flow induced” fibre orientation, Mater Struct. 44 (1) (2011) 109-128.

S.H. Kwon, S.T. Kang, B.Y. Lee, J.K. Kim, The variation of flow-dependent tensile behavior in radial flow dominant placing of Ultra
High Performance Fiber Reinforced Cementitious Composites (UHPFRCC), Constr. Build. Mater 33 (2012) 109-121.

D.Y. Yoo, N. Banthia, S.T. Kang, Y.S. Yoon, Effect of fiber orientation on the rate dependent flexural behavior of ultra-high-
performance fiber-reinforced concrete, Compos Struct. (2016) (under review).

B. Boulekbache, M. Hamrat, M. Chemrouk, S. Amziane, Flowability of fibre reinforced concrete and its effect on the mechanical
properties of the material, Constr. Build. Mater 24 (9) (2010) 1664-1671.

K. Wille, G.J. Parra-Montesinos, Effect of beam size, casting method, and support conditions on flexural behavior of ultra-high-
performance fiberreinforced concrete, ACI Mater J. 109 (3) (2012) 379-388.

S.T. Kang, B.Y. Lee, J.K. Kim, Y.Y. Kim, The effect of fibre distribution characteristics on the flexural strength of steel fibre-reinforced
ultra high strength concrete, Constr. Build. Mater 25 (5) (2011) 2450-2457.

S.T. Kang, J.K. Kim, Numerical simulation of the variation of fiber orientation distribution during flow molding of Ultra High
Performance Cementitious Composites (UHPCC), Cem. Concr. Compos 34 (2) (2012) 208-217.

C. ASTM, 1550-12a. Standard Test Method for Flexural Toughness of Fiber reinforced Concrete (Using Centrally Loaded Round
Panel), Annual Book of ASTM Standards, ASTM International, West Conshohocken, PA, 2012, p. 14.

G. Zi, H. Oh, S.K. Park, A novel indirect tensile test method to measure the biaxial tensile strength of concretes and other quasibrittle
materials, Cem. Concr. Res. 38 (6) (2008) 751-756.

G.B. Jeffery, The motion of ellipsoidal particles immersed in a viscous fluid, Proc. Roy. Soc. Lond. 102 (715) (1922) 161-179.

WWW.ijres.org 151 | Page



