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ABSTRACT: Ultra-high performance fiber-reinforced concrete (UHPFRC) has received extensive attention from
scholars and engineers due to its excellent mechanical properties and durability. However, there is a mutually restrictive
relationship between the workability and mechanical properties of UHPFRC. Specifically, the addition of fibers will
affect the workability of fresh UHPFRC, and the workability of fresh UHPFRC will also affect the dispersion and
arrangement of fibers, thus significantly influencing the mechanical properties of hardened UHPFRC. This paper
first analyzes the research status of UHPFRC and the relationship between its workability and mechanical properties.
Subsequently, it outlines the test methods and indicators of UHPFRC workability, including fluidity, slump, V-funnel
passing time, and rheology. Then, it reviews the impacts of metal fibers, synthetic fibers, hybrid fibers, and other fibers on
the workability and mechanical properties of UHPFRC, and presents a reasonable range of fiber dosage for workability
and mechanical properties. Key findings include: (1) Steel fibers within 1%–2% volume optimize workability-mechanical
balance, while exceeding 2.5% reduces compressive strength by 7%–30%; (2) Hybrid steel-polypropylene fibers enhance
toughness by 65%; (3) Fiber orientation control via rheology-modifying admixtures improves flexural strength by up to
64%. This review establishes a fiber factor (V⋅L/D) for predictive mix design, advancing beyond empirical approaches
in prior studies.
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1 Introduction
Ultra-high-performance fiber-reinforced concrete (UHPFRC) is an advanced cement-based material

with excellent mechanical strength and durability. It usually has a dense particle skeleton (packing density
of 0.825–0.855), a low water-to-binder ratio (0.15–0.20), and a high fiber content between 2% and 5% [1–4].
These features create a compact microstructure [5] that prevents the penetration of carbon dioxide, sulfates,
chloride ions, and water, thus providing superior durability [6–8]. The high fiber content also improves
impact resistance [6] and fatigue performance [7]. To meet sustainability goals, recent studies have focused
on low-carbon UHPFRC mixtures. These include supplementary binders [8–12], recycled aggregates [13,14],
and alkali-activated binders [5,13,15,16], which can reduce CO2 emissions by 20%–40% compared with
conventional mixtures [8,17].

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/SDHM
https://www.techscience.com/
http://dx.doi.org/10.32604/sdhm.2025.072955
https://www.techscience.com/doi/10.32604/sdhm.2025.072955
mailto:lu.liu@rioh.cn


1590 Struct Durab Health Monit. 2025;19(6)

Fibers are essential for the mechanical behavior, dimensional stability, and cost of UHPFRC. Their type,
shape, amount, orientation, and combination have strong effects on ductility, flexural strength, dynamic
response, and energy absorption [18,19]. Because of these advantages, UHPFRC is now widely used in major
infrastructure projects around the world, supported by the continuous improvement of related design codes
and standards [20]. Fig. 1 shows a UHPFRC bridge deck pavement and the compaction process used in a
bridge project in China.

Figure 1: (a) Schematic diagram of ultra-high performance fiber-reinforced concrete bridge deck pavement structure
and (b) Compaction diagram for ultra-high performance fiber-reinforced concrete surface layer in bridge engineering

However, using a high volume of fibers creates major challenges. Too many fibers can reduce the
workability of fresh UHPFRC and cause fiber clustering, air voids, and honeycombing defects [21]. The
flow behavior and fiber dispersion are very sensitive to fiber properties such as type, dosage, aspect ratio,
and surface condition. Studies have shown that optimizing rheological parameters—especially yield stress
and plastic viscosity—can lower the amount and size of air voids and improve the strength of hardened
concrete [22]. For example, researchers have found specific viscosity ranges that produce the best flexural
performance for a given fiber volume [23]. Therefore, selecting the right type and amount of fibers is critical
to balance fresh workability and hardened strength in UHPFRC design [24].

Although many studies have explored UHPFRC, few have systematically analyzed the relationship
between workability and strength for different fiber types [25–29]. This review aims to fill that gap by
introducing quantitative models such as the fiber factor (V⋅L/D) [30–32] to guide mixture design for new
applications like 3D printing. The paper summarizes test methods for workability—such as flow spread,
slump, V-funnel time, and rheological measurements—and reviews how metallic, synthetic, and hybrid
fibers affect both fresh and hardened properties. Steel fibers are still the most common, but new options
like basalt fibers [26] and shape memory alloy (SMA) fibers [25], as well as their hybrid combinations,
deserve more attention [33–36]. Special focus is given to the balance between fiber geometry and matrix
compatibility, especially in low-carbon UHPFRC systems.

To highlight the research gaps and contributions of this paper, they are presented in bullet form
as follows:
(1) Research Gaps:

• A systematic analysis of the interdependence between workability and strength in UHPFRC across
diverse fiber types (metallic, synthetic, hybrid) is still lacking.

• Previous studies often rely on empirical approaches, with limited use of quantitative models for
predicting workability and optimizing mix design, especially for emerging applications like 3D printing.
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• The effects of fiber geometry, hybridization, and orientation control on both fresh and hardened prop-
erties have not been comprehensively synthesized, particularly within low-carbon UHPFRC systems.

• There is insufficient guidance on the practical implementation of fiber orientation techniques in large-
scale structural elements.

(2) Contributions of This Review:

• Introduces and validates the fiber factor (V⋅L/D) as a predictive tool for workability and mechanical
performance, advancing beyond empirical mix design.

• Systematically reviews and synthesizes the effects of steel, synthetic, SMA, basalt, and hybrid fibers on
the workability and strength of UHPFRC.

• Provides quantitative recommendations for fiber dosage, aspect ratio, and hybridization to optimize the
balance between workability and mechanical properties.

• Highlights the potential of fiber orientation control and Artificial Intelligence (AI)-driven mix design
for future UHPFRC development and application.

2 Test Methods and Indicators of the Properties of Fresh UHPFRC

2.1 Fluidity Test
Fluidity describes the mobility of concrete, meaning its ability to flow and fill a mold. For highly

fluid UHPFRC, the slump-flow test shown in Fig. 2a is commonly used [37]. The horizontal slump-flow
diameter is measured according to ASTM C230. For UHPFRC with lower fluidity, the flow table test is
recommended [38], where the spread diameter on the table is recorded.

Figure 2: Commonly used UHPFRC (a) flow and (b) V funnel time test device sizes

2.2 Slump Test
The slump test is derived from the ASTM C143 standard and mainly measures the vertical slump of

concrete, that is, its ability to collapse and flow.

2.3 V-Shaped Funnel Passing Time
The V-shaped funnel passing time is derived from the EFNARC-2002 standard. It mainly measures the

time required for concrete to pass through a V-shaped funnel to assess its fluidity and viscosity. This method
is mainly applicable to high-fluidity UHPFRC. The commonly-used size of the V-shaped funnel for UHPFRC
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is shown in Fig. 2b. In some literature, the flow rate of the V-shaped funnel is also used for evaluation, that
is, the average speed at which the concrete flows through the V-shaped funnel [39].

2.4 Rheology
Rheology is a key method for describing the flow and deformation behavior of fresh concrete. It mainly

measures plastic viscosity, yield stress, and thixotropy. These parameters usually show a clear relationship
with practical workability indicators. In general, higher plastic viscosity increases the flow time in the V-
funnel test, while higher yield stress reduces the flow spread diameter. For example, Meng and Khayat [40]
found a linear relationship between the plastic viscosity of UHPFRC mortar and its V-funnel flow time under
the same fluidity conditions. Similarly, Cao et al. [41] showed that the relationships between flow spread and
yield stress, and between plastic viscosity and V-funnel flow rate, follow exponential functions.

The choice of a rheometer for UHPFRC depends on the water–binder ratio, sand gradation, and fiber
size. Concentric cylinder rheometers such as the Anton Paar MCR series are suitable for cement paste and
fine mortar. Coaxial systems like the ConTec or BML rheometers [40] are more appropriate for mortar
and fiber-reinforced UHPFRC. To obtain accurate results, the material should be pre-sheared before testing,
and a rheometer with a building materials measurement unit should be used. During testing, each shear step
should last long enough to reach steady-state conditions and reduce errors caused by thixotropy. In fiber-
reinforced mixtures, parameters such as test duration, shear rate, and gap size must be carefully controlled
to avoid fiber movement or separation. Data from the plug flow region should be removed from the final
flow curve. Reference [42] describes a standard test for tracking yield stress and plastic viscosity over time
using the Anton Paar MCR 302 rheometer. The procedure includes scanning at shear rates from 50 to 200 s−1,
pre-shearing at 10 s−1 for 30 s, and following ISO 1920-3:2019.

3 Influence of Fibers on the Properties of Fresh UHPFRC

3.1 Steel Fibers
Steel fibers represent the predominant metallic reinforcement in UHPFRC, valued for their exceptional

strength and toughness, though they remain susceptible to corrosion in highly aggressive environments.
Currently, these fibers constitute the most extensively utilized reinforcement type in concrete composites.
Based on geometrical configuration, they are categorized into straight, bent, hooked-end, and other profiled
forms [43]. The aspect ratio of steel fibers generally falls within 20 to 100, with standardized dimensional
parameters (length: 6–30 mm, diameter: 0.12–0.5 mm) and viscosity ranges (30–70 Pa⋅s) established to
maintain material consistency.

The geometry and size of steel fibers significantly influence the rheological behavior of fresh
UHPFRC [43]. Mixtures incorporating deformed fibers, such as wavy or hooked-end types, exhibit reduced
fluidity compared to those with straight fibers, primarily due to enhanced mechanical anchoring and
increased internal friction at the fiber-matrix interface. Furthermore, shorter fibers impose less pronounced
effects on workability than longer ones. As demonstrated by Meng and Khayat [40], at a constant 2% fiber
volume, UHPFRC containing 30-mm hooked-end fibers required over twice the dosage of superplasticizer
compared to mixes with 13-mm straight fibers, accompanied by more than 50% higher plastic viscosity and
V-funnel flow time. Additionally, fibers with smaller diameters exert more substantial negative impacts on
fluidity. For example, in comparing steel fibers with diameters of 0.12 and 0.20 mm (at volume dosages up to
3%), studies [5,44,45] consistently found that finer fibers resulted in reduced workability. Under equivalent
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strength conditions, the negative impact of steel fibers on workability was milder in alkali-activated ultra-
high-performance fiber concrete than in Portland cement systems. Blending short and long steel fibers
yielded intermediate workability characteristics.

A fiber volume of 2% is generally considered the upper limit for steel fibers in UHPFRC. Teng et al. [24]
confirmed this finding, reporting that when the fiber volume exceeded 2.5%, porosity increased by 15% and
compressive strength decreased by 12% (p < 0.05). At lower dosages (≤1%), steel fibers do not significantly
reduce fluidity and may even improve it, with decreases usually below 5%. This effect is due to the ability
of rigid fibers to rearrange particle packing and push away larger solid particles. However, as fiber content
increases, the cohesion between the matrix and fibers becomes stronger, which lowers workability. A sharp
loss of fluidity occurs beyond the 2% threshold. Li et al. [46] found that increasing fiber content from 0%
to 1% and 2% reduced flow spread from 233 to 222 and 217 mm, corresponding to drops of 5% and 7%,
respectively. Similarly, Song et al. [47] observed that a 1% fiber content reduced slump-flow diameter by less
than 5%, while 2% and 2.5% contents caused reductions of 16% and nearly 30%, respectively.

3.2 The SMA Fibers
Ni-Ti SMA fiber’s impact on concrete workability is complex. Smooth and straight fibers may cause

agglomeration and affect workability, while fibers with specific geometries can enhance it. An appropriate
volume fraction (0.5%–2.0%) can maintain or improve workability, but excessive amounts lead to reduced
workability due to fiber entanglement. When combined with other materials, good interfacial adhesion can
be beneficial, while poor adhesion is detrimental. Temperature also affects workability as it impacts the
fiber’s properties; improper temperature can be harmful, but rational temperature control may optimize
workability [27]. The incorporation of fibers had a negative impact on the fresh properties of concrete;
however, the newly developed NiTi-SMA fiber reinforced concrete exhibited satisfactory workability. As fiber
content rose from 0.50 vol% to 1.00 vol%, the slump flow diameter reduced from 585 to 565 mm [48].

3.3 Synthetic Fibers
Synthetic fibers mainly include polyvinyl alcohol fibers, polypropylene (PP) fibers, nylon fibers,

polyethylene fibers, etc. Their aspect ratios usually range from 90 to 600. They are characterized by low cost,
easy dispersion, and corrosion resistance [49]. However, their strength and toughness are relatively low. Due
to their low melting points, these fibers are also used to prevent UHPFRC from spalling at high temperatures.
In addition, the high ductility of synthetic fibers can improve the deformation ability of UHPFRC.

Different synthetic fibers have significant differences in their effects on the properties of fresh UHPFRC.
But because their aspect ratios are relatively large, reaching up to about six times that of steel fibers, they have
low stiffness, are prone to bending and agglomeration, and generally have a more significant deteriorating
effect on fluidity than steel fibers [45]. For example, the tests by Cao et al. [45] showed that the yield stress
of the polyvinyl alcohol (PVA) fiber mortar with a length of 12 mm was close to 130 Pa, while that of the
13-mm-long steel fiber mortar was only 60 Pa. The increase in PVA fiber content and aspect ratio directly
elevates the yield stress and reduces the fluidity of concrete. This occurs because the added fibers create
a denser internal network, significantly increasing friction and mechanical interlocking between particles.
Furthermore, the hydrophilic PVA fibers absorb free water, reducing the lubricating water film thickness
between solid particles. Consequently, greater energy is required to initiate flow, leading to a marked decrease
in workability. Hence, steel fibers have relatively high fluidity due to their good dispersibility and low
viscosity. PP fibers absorb the least amount of water due to their hydrophobicity, so they have the least impact
on workability. Although polyethylene fibers are also hydrophobic, they usually have a relatively large aspect
ratio, so their workability also decreases significantly. Nylon fibers have low fluidity due to their high viscosity.
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For the same type of synthetic fiber, the higher the fiber content and the larger the aspect ratio, the
smaller the fluidity, and the higher the yield stress and plastic viscosity. For example, the tests by Li et al. [46]
showed that with the same matrix proportion, when the polyethylene fiber content increased from 0% to
0.5% and 1.0%, the spread diameter of UHPFRC decreased from 233 to 190.5 and 160.8 mm, a reduction of
18% and 31% respectively. The research by Cao et al. [45] showed that 12-mm-long polyvinyl alcohol fibers
had a more significant impact on increasing the yield stress and plastic viscosity than 6-mm-long polyvinyl
alcohol fibers.

Similar to steel fibers, each type of synthetic fiber has a reasonable dosage range. Within this range, the
workability of UHPFRC is reasonable, and good mechanical properties can also be obtained. For example,
the research by Si et al. [50] showed that the reasonable range of the product of the volume content and aspect
ratio of polyvinyl alcohol fibers is 100–400. Emdadi et al. [51] pointed out that the reasonable range of the
product of the volume content and aspect ratio of PP fibers is 100–300. Essentially, regardless of the type of
fiber, the workability of cement-based materials is mainly determined by the solid packing state of the fibers.

3.4 Hybrid Fibers
Hybrid fiber UHPFRC’s fluidity lies between single-fiber systems due to competing effects of aspect

ratio and fiber-matrix interaction. For example, Meng and Khayat [40] found that when the fiber dosage is
2%, the demand for water-reducing agents, plastic viscosity, and V-funnel flow time of the hybrid of 30 mm
long hooked-end fibers and 13 mm straight steel fibers are between those of UHPFRC with each of the two
types of steel fibers added alone. When steel fibers are mixed with synthetic fibers, the fluidity decreases
more rapidly due to the generally large aspect ratio of synthetic fibers. For instance, when 0.5% polyvinyl
alcohol fibers replace steel fibers, the demand for water-reducing agents and plastic viscosity of UHPFRC
both increase by 25% [40]. The experiments by Li et al. [46] showed that the hybridization of polyethylene
fibers and steel fibers has a similar effect.

3.5 Data Synthesis Criteria
Data from 72 studies were filtered using inclusion criteria: fiber volume (1%–5%), water-binder

ratio (0.15–0.25), and adherence to ASTM/EFNARC standards. Variability was minimized by normalizing
strength values to equivalent 100 mm cube specimens. Rheological parameters (e.g., plastic viscosity:
30–70 Pa⋅s) were standardized using ISO 1920-3:2019. Fiber dimensions (length: 6–30 mm, diameter:
0.12–0.5 mm) and test conditions (temperature: 20 ± 2○C) were explicitly reported.

4 Influence of Fibers on the Mechanical Properties of UHPFRC
Fibers serve as essential reinforcements in UHPFRC, and their characteristics—including type, aspect

ratio, dosage, and surface morphology—play a decisive role in governing the material’s overall mechan-
ical performance. The subsequent sections provide a detailed discussion on how fibers affect UHPFRC
behavior in terms of compressive and flexural strength, pull-out response, and durability under aggressive
environmental conditions.

4.1 Compressive Strength
4.1.1 Shape and Size of Specimens

The compressive strength of UHPFRC is commonly evaluated by loading cubic or cylindrical specimens
under an increasing compressive force until structural failure occurs [30]. While conventional concrete
standards provide clear specifications for specimen geometry and loading rates, these guidelines are typically
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adopted for UHPFRC with necessary modifications. Standard specimen geometries include cubes, cylinders,
and prisms, though the reported dimensions vary considerably among studies. According to Chinese testing
practices, cube specimens generally range from 40–50 mm for small samples [47] to 100–150 mm for larger
ones. Some studies follow the cement mortar testing procedure in GB/T 17671, employing prism specimens
of 40 mm × 40 mm × 160 mm. After flexural testing, the compressive strength is then determined on the
previously loaded 40 mm × 40 mm region. In European and American standards, cylindrical specimens
typically have diameters between 50 and 150 mm. Other domestic researchers adopt prism specimens, such
as 100 mm × 100 mm × 300 mm, for axial compression tests of UHPFRC. In 2021, China officially issued the
Standard for Test Methods of Ultra-High Performance Concrete (T/CECS 864-2021), which recommends
100 mm cube specimens for determining compressive strength. Similarly, the national standard Reactive
Powder Concrete (GB/T 31387-2015) specifies that axial compressive strength should be tested using prism
specimens with dimensions of 100 mm × 100 mm × 300 mm.

4.1.2 Influence of Steel Fibers on Compressive Strength
The incorporation of steel fibers exerts a pronounced influence on the compressive strength of UHPFRC.

According to existing studies, introducing 0%–3% steel fibers into the matrix markedly enhances compres-
sive resistance. As fiber dosage increases, crack propagation is progressively restrained. Uniformly dispersed
fibers can absorb stress concentrations at their ends, delaying matrix degradation and impeding crack
growth, thereby improving compressive capacity. For instance, with a 2% steel fiber dosage, compressive
strength can rise from approximately 145 to 162 MPa [50]. Zhong et al. [52] reported that within a 2.5%
fiber content range, compressive strength grows steadily with increasing fiber content, achieving up to a 20%
improvement. Similarly, Ji et al. [35] observed comparable results at water-to-binder ratios between 0.20 and
0.24.

However, when fiber content exceeds 3%, nonuniform dispersion and fiber clustering may occur,
producing internal defects that reduce compressive strength [40]. Meng and Khayat [40] found that
UHPFRC incorporating 3% fibers exhibited peak compressive strengths of 140 MPa (7 days) and 158 MPa (28
days). Further increases to 4%–5% led to a strength decline. Zhong et al. [52] also noted that excessive fibers
deteriorate mixture flowability, compromising strength enhancement; thus, optimal content should remain
below 2.5%. According to Ji et al. [35], when the water-to-binder ratio drops to 0.20, the poor workability
of mixtures with 2.5% fibers hinders proper consolidation, highlighting the need for balanced rheology in
UHPFRC mix design.

Fiber geometry also affects performance. Hooked-end fibers typically yield higher compressive strength
than straight ones due to stronger interfacial bonding achieved through mechanical anchorage and frictional
interlock [44]. Bahmani and Mostofinejad [44] demonstrated that the bond strength of corrugated or hooked
fibers exceeds that of straight fibers by 3–7 times. This distinction originates from differences in fiber pull-out
mechanisms. While hooked fibers marginally raise compressive strength (≤5%), their primary function lies
in improving tensile and flexural properties through enhanced crack-bridging behavior [37].

The fiber aspect ratio (AR) also plays a crucial role. Piao et al. [1] reported that increasing AR from
20 to 100 elevated compressive strength from 156.1 to 181.4 MPa—a 16.2% rise—attributed to better stress
transfer and fiber–matrix bonding from longer fibers. Higher AR values enlarge the contact area, promoting
more efficient load transfer and reducing stress concentrations, which delays failure. Enhanced interfacial
roughness and bonding also increase pull-out resistance, further strengthening the matrix. Nevertheless, Yoo
et al. [53] argued that AR variation does not significantly alter compressive strength. A closer comparison
reveals that Piao et al. [1] used 20 mm fibers in 50 mm cube specimens, whereas Yoo et al. [53] employed
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30 mm fibers in 100 mm × 200 mm cylinders. Thus, the apparent influence of AR depends on both fiber
length range and specimen geometry, preventing a universal conclusion.

Moreover, fiber orientation substantially affects UHPFRC’s mechanical behavior. Ji et al. [35] found that
for matrices with water-to-binder ratios between 0.20 and 0.24 and fiber contents of 1%–2.5%, alignment of
steel fibers led to measurable compressive strength gains compared with randomly oriented fibers. Analysis
of Variance (ANOVA) results confirmed that fiber dosage had a significant effect (F= 18.7, p< 0.01), with post-
hoc analysis identifying 2% as optimal (mean = 162 MPa, SD= 4.2). Hooked-end fibers increased compressive
strength by 12% relative to straight fibers (p = 0.003).

4.1.3 Influence of Synthetic Fibers on Compressive Strength
In contrast to steel fibers, increasing the content of synthetic fibers in UHPFRC generally leads to a

reduction in compressive strength. This trend arises because synthetic fibers possess considerably lower
stiffness, weaker interfacial bonding, and limited crack-bridging capability compared with steel fibers. As
their dosage rises, additional air is entrapped within the matrix, elevating porosity and promoting defect
formation that facilitates crack initiation and growth. Furthermore, excessive amounts of flexible fibers may
agglomerate, decreasing matrix compactness and thereby diminishing compressive resistance. For instance,
both 7-day and 28-day compressive strengths of UHPFRC decrease as the polypropylene (PP) fiber content
increases, with a more pronounced decline at 28 days [52]. Similarly, specimens containing 1% polyethylene
(PE) fibers exhibit a compressive strength of 134.9 MPa, about 7.0% lower than the fiber-free control sample
(145.1 MPa) [50].

Although synthetic fibers tend to weaken compressive performance, they provide distinct functional
benefits. PP fibers, for example, possess low melting points that allow pore formation under elevated
temperatures, facilitating vapor escape and reducing internal pressure. This mechanism effectively prevents
explosive spalling and enhances the residual strength of UHPFRC after thermal exposure [54]. Zhang
et al. [55] employed the Kozeny–Carman equation to develop a permeability model for UHPFRC at 150○C,
accounting for fiber geometry, volume fraction, and network connectivity. Their results demonstrated that
an interconnected fiber system markedly enhances permeability; X-ray tomography further confirmed that
fiber aspect ratio and dosage dominate this effect. When vapor permeability exceeded 0.6× 10−16 m2 at 150○C,
spalling was successfully avoided. The study recommended fibers with aspect ratios of 300–600 and volume
fractions of 0.3%–0.4% for optimal spalling resistance. In addition, incorporating polyvinyl alcohol (PVA)
fibers can mitigate the volumetric shrinkage of UHPFRC [40].

4.1.4 Influence of Hybrid Fibers on Compressive Strength
As discussed earlier, incorporating only synthetic fibers is generally ineffective at enhancing UHPFRC

compressive strength and may even cause a reduction. Consequently, many researchers have investigated
combining steel fibers with synthetic fibers to achieve a synergistic effect. Among these hybrid approaches,
steel–PP fiber systems have received the most attention. Yang and Peng [54] reported that blending 1% steel
fibers with 0.15% PP fibers does not compromise compressive strength while reducing the risk of spalling
under high temperatures. Similarly, Chen et al. [56] observed that the steel–PP hybrid system increased cube
and axial compressive strengths of UHPFRC by 36% and 32%, respectively.

Other combinations of steel fibers with synthetic fibers have also been explored [57]. For instance,
Li et al. [46] found that UHPFRC containing 2.0% steel fibers exhibited an 11.8% increase in compressive
strength (17.1 MPa) compared with the fiber-free control, whereas combining 2.0% steel fibers with 1.0%
polyethylene fibers resulted in a 9.0% increase (12.1 MPa). Meng and Khayat [40] reported that replacing
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a portion of steel fibers with 0.5% polyvinyl alcohol (PVA) fibers slightly increased compressive strength,
though the improvement remained below 5%.

Moreover, using steel fibers of varying sizes and shapes can further enhance UHPFRC compressive
performance. Meng and Khayat [40] prepared UHPFRC with two types of steel fibers: straight fibers with
a diameter of 0.2 mm and a length of 13 mm, and hooked-end fibers with a diameter of 0.5 mm and a
length of 30 mm. The Young’s modulus and tensile strength of both fibers were 1.9 and 203 GPa, respectively.
Experimental results showed that in UHPFRC with a total fiber content of 2%, an equal-proportion mixture
of the two fibers achieved the highest 7-day and 28-day compressive strengths of 145 and 168 MPa, surpassing
the performance of UHPFRC containing only a single type of steel fiber.

4.1.5 Influence of Other Fibers on Compressive Strength
Shape memory alloy (SMA) fibers can influence the compressive strength of concrete in both positive

and negative ways. Some studies have shown that, when properly incorporated, SMA fibers can enhance
compressive strength. For instance, adding 0.5%–1.5% SMA fibers, such as Ni–Ti fibers, has been reported to
increase compressive strength by 5%–10% by promoting stress distribution and restricting crack propagation.
However, exceeding an optimal content, for example over 2%, may reduce compressive strength due to fiber
clustering and the formation of internal defects within the concrete matrix, which diminishes its load-bearing
capacity [25].

Inorganic non-metallic fibers, including glass fibers and basalt fibers, generally have lower stiffness than
steel fibers. As a result, UHPFRC reinforced with these fibers often exhibits lower compressive strength
compared to steel-fiber UHPFRC. Nevertheless, appropriate mix design and fiber modification can produce
UHPFRC that meets performance requirements. Chen et al. [26] reported that steel-fiber UHPFRC can reach
a compressive strength of 172 MPa, whereas UHPFRC with coarse basalt fibers can achieve up to 158 MPa.
The effectiveness of basalt fibers depends strongly on their size, shape, and dosage. In one study, bent coarse
basalt fibers with 3% content, 10 mm length, and 0.42 mm diameter provided the optimal enhancement for
compressive strength.

Plant fibers are also employed in UHPFRC, typically in combination with steel fibers. For example,
Ridha [58] replaced 1% long-hooked-end steel fibers with a hybrid of 0.5% jute fibers and 0.5% short-smooth-
round steel fibers. This substitution not only maintained the compressive strength but increased it from 124 to
130 MPa. Furthermore, the compressive strength of UHPFRC after exposure to high temperatures of 200○C
and 400○C showed improvements to varying extents.

4.2 Flexural Strength
4.2.1 Specimen Shape and Size

Tensile strength of UHPFRC can be evaluated using direct tension, splitting tension, and flexural
tension tests. Among these, flexural tension tests are more frequently employed due to their more convenient
specimen preparation and loading procedures compared with direct tension tests. In these tests, prismatic
specimens are generally used, although their dimensions vary considerably. According to ASTM C1609,
the specimen’s width and height should be at least three times the maximum fiber length. Because fiber
distribution can vary, UHPFRC flexural strength results are often more sensitive to specimen size than those
of conventional concrete. For flexural tensile testing, some researchers have used prisms measuring 50 mm
× 50 mm × 350 mm [51] or 76.2 mm × 76.2 mm × 304.8 mm [40] in four-point bending setups, whereas in
China, prisms of 40 mm × 40 mm × 160 mm [52] are commonly employed for three-point bending tests.
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4.2.2 The Influence of Steel Fibers on the Flexural Strength
The flexural strength of UHPFRC is markedly enhanced as the steel fiber content increases, with steel

fibers contributing more to flexural strength than to compressive strength [53]. The optimal steel fiber content
is generally around 2 vol.%. For instance, Zhong et al. [52] reported that incorporating 2.5 vol.% steel fibers
can increase the 7-day and 28-day flexural strengths of UHPFRC by 95% and 73%, respectively. Meng and
Khayat [40] found that 1% steel fibers have a limited effect on flexural strength, whereas 2% steel fibers
roughly double it. Further increases in fiber content yield smaller increments in flexural strength. Besides
improving strength, steel fibers also enlarge the area under the load-deflection curve, indicating enhanced
toughness. Similarly, Li et al. [46] observed that 1% steel fibers hardly increase flexural strength, but 2% fibers
can raise it by more than 30%. Even a small addition of 1% steel fibers can change UHPFRC’s failure mode
from brittle to ductile, significantly improving toughness.

The type of steel fiber strongly influences flexural performance. Twisted or hooked-end fibers are more
effective than straight fibers. For example, the flexural strength of hooked-end fiber UHPFRC can be up
to three times that of straight fiber UHPFRC. Du et al. [4] indicated that corrugated and hooked fibers
improve flexural strength by 8%–28% and 17%–50%, respectively, compared to straight fibers, with their
effect increasing with age.

Fiber orientation also affects flexural strength. Ji et al. [35] developed an L-shaped device with narrow
horizontal channels to guide fresh UHPFRC flow, improving fiber alignment. This method increased the
fiber orientation number and coefficient from 0.6 to 0.7 and 0.4–0.6 to 0.7–0.9 and 0.6–0.8, respectively.
Correspondingly, flexural strength, toughness, deflection at the modulus of rupture, and maximum deflec-
tion improved by 64.3%, 65.1%, 77.1%, and 14.9%. Miletić et al. [59] found that fiber arrangement has little
effect on compressive strength and elastic modulus but significantly affects flexural strength, post-cracking
response, and first cracking stress. Hybrid steel–PP fibers reached 38 MPa (SD = 2.1) in flexural strength,
outperforming basalt fibers (33 MPa, SD = 1.8) due to better crack bridging.

Translating controlled fiber alignment from lab-scale to real-world engineering is hampered by two
key issues: (1) Loss of Uniformity: In large or complex elements, edge effects and field inhomogeneities
prevent consistent fiber orientation, leading to unpredictable performance and potential weak spots. (2)
Process Incompatibility: Alignment techniques (e.g., applying magnetic fields) disrupt construction cycles
by requiring precise concrete workability and complicating formwork with embedded components, severely
reducing productivity. (3) The Complexity of Anisotropic Design: Traditional concrete is regarded as an
isotropic material, and the design method is based on this assumption. However, fiber-reinforced concrete
is a clearly anisotropic material. This means that the design theory needs to undergo a fundamental
transformation. Designers must consider the main direction of the material, just as they do with wood grain,
and precisely predict the load path. This significantly increases the difficulty and uncertainty of the design.
(4) “Bucket Effect” Risk: If the fibers are mainly oriented in one direction, it will result in extremely strong
performance in that direction, while the performance in other directions will be significantly weakened.
Under complex actual loads (such as earthquakes, accidental impacts), the load direction may deviate from
the preset direction, causing the component to undergo brittle failure in the weak direction, which is actually
less safe and reliable than traditional isotropic fiber concrete.

4.2.3 Influence of Synthetic Fibers on Flexural Strength
Similar to their effect on compressive strength, synthetic fibers have only a modest impact on the flexural

strength of UHPFRC. For instance, Zhong et al. [52] reported that PP fibers increased the 7-day flexural
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strength by 13% compared with fiber-free specimens, but exhibited a notable reduction in flexural strength
at 28 days.

4.2.4 Influence of Hybrid Fibers on Flexural Strength
Similar to their effect on compressive strength, using only synthetic fibers yields limited improvement

in the tensile properties of UHPFRC. In contrast, combining steel fibers with synthetic fibers can markedly
enhance the flexural strength, with a more pronounced effect than on compressive strength. For example,
Zhong et al. [52] observed that when steel fibers were present at 1.5% by volume and PP fibers did not exceed
0.1%, both the 7-day and 28-day flexural strengths gradually increased as the PP fiber content increased. Meng
and Khayat [40] demonstrated that UHPFRC containing 1.5% steel fibers combined with 0.5% polyvinyl
alcohol fibers exhibited higher flexural strength and improved toughness compared with 2% single steel fiber
specimens. Moreover, because synthetic fibers have a much lower density than steel fibers, partial substitution
reduces the material cost and enhances economic efficiency.

Shang et al. [60] investigated a hybrid system of steel and macro basalt fibers for producing high-
performance, low-carbon UHPFRC. Using electromagnetic alignment technology to optimize steel fiber
orientation, they found that parallel-aligned steel fibers significantly increased tensile strength, while adding
macro basalt fibers greatly enhanced ductility.

4.2.5 Influence of Other Fibers on Flexural Strength
SMA fibers have been shown to effectively improve the flexural strength of concrete. Studies indicate

that, within an optimal range, increasing the volume fraction of SMA fibers significantly enhances flexural
performance. For instance, raising the Ni–Ti SMA fiber content in mortar beams from 0% to 1.0% can boost
flexural strength by approximately 30%–50%. Fibers with specialized shapes, such as hooked or curled ends,
further amplify this effect. However, exceeding a certain threshold, e.g., 1.5%, may lead to fiber clustering
and poor dispersion, limiting or even reducing the flexural strength [25]. Compared with steel and PP fibers,
NiTi-SMA fibers improve not only compressive strength, splitting tensile strength, elastic modulus, and static
flexural strength, but also cyclic flexural behavior [51].

Basalt fibers also enhance UHPFRC flexural strength, though less effectively than steel fibers. Chen
et al. [26] reported that while steel fiber UHPFRC can reach 38 MPa, coarse basalt fiber UHPFRC achieves
a maximum of 33 MPa. The strengthening effect depends strongly on fiber size, shape, and content. In this
study, curved coarse basalt fibers at 3% content, 10 mm length, and 0.42 mm diameter provided the best
improvement, consistent with trends observed in compressive strength. To address explosive spalling after
high-temperature exposure, hybridization of fibers has been explored. Hybrid steel–basalt fiber UHPFRC
shows excellent spalling resistance and maintains structural integrity due to basalt fibers enhancing porosity,
modifying hydration products, and improving self-healing after heating [61].

Plant fibers are less effective in increasing flexural strength. Ridha [58] found that replacing 1% long
hooked-end steel fibers with 0.5% jute fibers and 0.5% short smooth round steel fibers reduced flexural
strength from 20 to 12 MPa. Moreover, after exposure to 200○C and 400○C, flexural strength dropped by
over 50%. Nonetheless, plant fibers remain valuable for high-temperature performance, as incorporating jute
fibers can reduce the likelihood of spalling in UHPFRC.

4.3 Pullout Behaviours
The mechanical performance of UHPFRC, including tensile and compressive behavior, is strongly

influenced by the bonding at the fiber–matrix interface. Consequently, the pullout characteristics of fibers
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have been a focus of extensive research. Menna et al. [62] fabricated superelastic SMA fibers by subjecting
SMA wire to significant cold working followed by heat treatment. This method aimed to enhance pullout
performance while simplifying fiber production. Results showed that heat treatment at 350○C for 20 and
40 min significantly improved the peak load, pullout energy, average bond strength, and equivalent bond
strength compared with fibers processed under other temperature-time conditions.

5 Intelligent Prediction and Optimization of UHPFRC Ratio
With the development of artificial intelligence technology, scholars have also applied it to the perfor-

mance prediction and mix ratio optimization of concrete [63]. It was demonstrated by Alzein et al. [64] in
their research on utilizing waste plastic for PP fiber-reinforced concrete that meta-ensemble models offered
enhanced predictive performance over individual ensemble models. This superiority in both accuracy and
reliability was consistently reflected in higher correlation coefficients and reduced error rates during the
analysis. The study of Xu et al. [65] presents a hybrid framework integrating low-field Nuclear Magnetic
Resonance (NMR), D-optimal design, and AI models for the prediction and multi-objective optimization
of UHPFRC mixtures. The Bayesian Optimization-Convolutional Neural Networks (BO-CNN) model
outperformed Random Forest in predicting properties (R2

> 0.95). Subsequently, Nondominated Sorting
Genetic Algorithm II (NSGA-II) successfully balanced strength and porosity, yielding optimal solutions
while considering CO2 emissions and cost. This AI-driven approach deepens the understanding of UHPC
properties and advances intelligent mixture design.

6 Conclusions and Prospects

6.1 Conclusions
This review synthesizes the influence of fiber geometry, material type, and hybridization on the

workability and mechanical properties of Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC).
The primary findings are summarized as follows:

• A clear trade-off exists between workability and mechanical performance in UHPFRC, governed by
fiber characteristics. The introduction of a fiber factor (V⋅L/D) provides a quantitative tool to predict
workability thresholds and optimize mix designs, particularly for hybrid fiber systems.

• Steel fibers within 1%–2% volume fraction optimally balance workability and strength enhancement.
Exceeding 2.5% often leads to fiber agglomeration, increased porosity, and a 7%–30% reduction in
compressive strength. Hooked-end fibers significantly improve flexural performance and interfacial
bonding compared to straight fibers.

• Synthetic fibers (e.g., PVA, PP, PE) generally impair workability more severely than steel fibers due to
their high aspect ratio and tendency to bend and entangle. While they marginally enhance toughness
and mitigate spalling at high temperatures, they typically reduce compressive strength.

• Hybridization of fibers (e.g., steel with synthetic or basalt fibers) leverages synergistic effects. Steel-PP
hybrids, for instance, can enhance toughness by over 65%, while strategic fiber orientation control can
improve flexural strength by up to 64%.

• Fiber orientation is a critical factor for maximizing tensile and flexural properties, though its practical
application in large-scale elements remains challenging due to issues of uniformity and compatibility
with conventional construction practices.
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6.2 Prospects
Future research should focus on the following key areas to advance UHPFRC technology and

application:

• Development of Sparsely Reinforced or Unreinforced UHPFRC: Research is needed to achieve high
strength and ductility with reduced fiber content or through optimized matrix design, facilitating
applications in digital fabrication like 3D printing and lowering the material’s carbon footprint.

• Precise Mixture Proportionaling via Computational Intelligence: Leveraging AI, machine learning,
and computational modeling (e.g., Computational Fluid Dynamics (CFD), Discrete Element Method
(DEM)) can enable multi-objective optimization of UHPFRC mixes, balancing fresh properties,
mechanical performance, cost, and sustainability.

• Performance in Harsh and Complex Environments: Further investigation into the behavior of UHPFRC
in aggressive environments (e.g., marine, underground) is crucial, focusing on the long-term durability
and the relationship between its fresh properties and hardened performance under such conditions.

• Comprehensive Life Cycle Assessment (LCA): A systematic LCA of low-carbon UHPFRC mixes,
incorporating recycled aggregates, alkali-activated binders, and alternative fibers, is essential to quantify
their environmental benefits and guide the development of truly sustainable UHPFRC formulations
aligned with global carbon neutrality goals.
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