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This study introduces a novel steel fiber with spherical ends, designed to enhance mechanical interlocking in
ultra-high-performance concrete (UHPC) matrices. The UHPC was further reinforced with zirconium oxide (ZrO2)
nanoparticles to improve its mechanical properties. A nonlinear finite element method (FEM), along with a
multiscale modeling approach, was used to simulate fiber pull-out and flexural behavior. Experimental tests,
including compressive and tensile strength measurements, were conducted to calibrate and validate the nu-
merical models. Results show that the optimal nanoparticle content is 1.0 wt%, which increased compressive and
tensile strengths by 37 % and 38 %, respectively. Compared to straight fibers, the spherical-end fibers exhibited
significantly improved performance, with a 124 % increase in pull-out force and a 188 % increase in pull-out
energy. In three-point bending tests, UHPC specimens with 2vol% spherical-end fibers showed a 214 % in-
crease in flexural strength over plain UHPC and about 102 % over those with straight fibers. These results un-
derscore the effectiveness of spherical-end fibers in improving the toughness and load-bearing capacity of UHPC,

making them highly suitable for high-performance structural applications.

1. Introduction

UHPC is recognized as an advanced material in various construction
productions due to its exceptional mechanical properties and durability
[1,2]. The adding of steel fibers shows a critical role in enhancing the
flexural strength, tensile strength, and crack control of this type of
concrete. In this regard, the pull-out behavior of steel fibers, which
represents the mechanical interaction between the fibers and the con-
crete matrix, is a key factor in improving the overall mechanical per-
formance of fiber-reinforced concrete. As a result, the development of
various fiber geometries and materials has attracted significant interest
from researchers [3].

The advancement of high-performance cementitious composites has
spurred substantial research into novel fiber reinforcement strategies,
with spherical-end steel fibers emerging as a promising alternative to
conventional straight fibers. Numerous studies have highlighted the
limitations of traditional straight fibers regarding pull-out behavior and
efficient stress transfer, prompting investigation into modified fiber
geometries [4,5]. Recent efforts have focused on various fabrication
techniques for these fibers, including cold forming and casting [6,7].
Experimental studies have characterized their pull-out behavior,
examining parameters such as embedment length, fiber diameter, and
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end geometry [8,9], with researchers using cohesive zone models to
numerically simulate interfacial interactions [10,11]. These models
have shown improved stress transfer and energy dissipation with
spherical-end fibers. In particular, research by Elshinawy et al. [12]
demonstrated improved mechanical properties of concrete with
end-deformed steel fibers, while Yang et al. [13] further showed that the
fiber end geometry had a large effect on the overall mechanical per-
formance. Pull-out studies by Overhage et al. [14] and Chen et al. [15]
provide valuable experimental data on the influence of fiber geometry
and embedment length. Finite Element examination was used by Pour-
aminian et al. [16] in the development of a cohesive zone model that is
particularly suitable for recycled steel fibers.

Research on mechanical properties of composites has exposed that
these fibers can substantially increase both flexural strength and
toughness [17]. Furthermore, research by Que et al. [18] and Bao et al.
[19] confirms significant improvements in flexural performance of
concrete reinforced with such fibers. Research by Gu et al. [20] further
explored the impact resistance of concrete with such fibers, demon-
strating potential applications in structures under dynamic loading.
Ongoing efforts focus on incorporating nanomaterials to further
improve mechanical and durability characteristics of these composites.
Li et al. [21] observed synergistic effects of nano-silica and hook-end
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steel fibers on cementitious composites. Studies also explore the inter-
face modification using nanomaterials as a method for improving bond
strength [22]. Finally, challenges still exist regarding efficient and
cost-effective mass production as well as optimization of geometric pa-
rameters for achieving maximum performance of fibers [23,24]. Over-
all, these studies highlight the importance of continued research into the
development, analysis and application of spherical end steel fibers in
cementitious composites. To develop optimized steel fibers as
strengthening for UHPC, Yoo et al. [25] deliberated three distinct types
of steel fibers with varying geometries, namely circular straight and
twisted triangular. The surfaces of these steel fibers were further
improved through an electrolyte solution containing ethyl-
enediaminetetraacetic acid. In a similar vein, Kim et al. [26] examined
the effectiveness of curvilinear steel fibers in enhancing the pullout
resistance of conventional straight steel fibers within a UHPC matrix.
Zhang et al. [27] introduced a novel stranded steel fiber by simply
cutting commercial steel strands. Li et al. [28,29] explored the effects of
various fiber volume fractions and end geometries on the pullout
behavior of both straight and arc-shaped steel fibers in slurry-infiltrated
fiber concrete. Schleiting et al. [30] proposed the application of a
thermoplastic elastomer coating for fibers to enhance bonding. Pullout
tests with brass-coated steel and stainless steel fibers—both with and
without the TPE coating—were conducted, alongside flexural strength
tests of UHPC reinforced with the same fibers. Additionally, Ataa et al.
[31] explored a novel steel fiber created by twisting two straight steel
wires together, investigating its pullout behavior and demonstrating its
slip-hardening capability in cement-based matrices. This research un-
derscores the continuous efforts to optimize steel fibers, aiming to
enhance pullout resistance, bonding, and overall performance in
fiber-reinforced concrete. Ultimately, these advancements contribute to
the development of high-strength materials for use in advanced struc-
tural applications. Park et al. [32] estimated the pullout resistance
performance of a newly developed double-arched steel fiber. Pullout
experiments were conducted to evaluate key parameters, such as resis-
tance load, bond strength, and energy absorption capacity, in relation to
the geometry and tensile strength of the fibers. These findings demon-
strate the superior pullout resistance of double-arched fibers, under-
scoring their potential to significantly enhance the performance of
fiber-reinforced concrete.

Steel fibers are commonly used in UHPC to improve tensile strength
and control cracking; however, conventional straight fibers often face
challenges that limit their effectiveness. One major issue is fiber slippage
under loading, which occurs due to limited mechanical anchorage and
insufficient bond strength at the fiber-matrix interface. Additionally,
stress concentrations at the fiber ends may lead to premature debonding
or even matrix cracking. These shortcomings reduce the full utilization
of the fiber tensile capacity and compromise the overall ductility and
energy absorption of the composite.

To overcome these limitations, this study introduces a novel steel
fiber with spherical ends. The spherical-end design increases the contact
area between the fiber and the surrounding concrete matrix, enhancing
mechanical interlocking and resisting pull-out more effectively. More-
over, the curved geometry of the ends distributes stresses more uni-
formly, reducing the likelihood of stress-induced damage at the
interface. This design aims to achieve more reliable anchorage, mini-
mize slippage, and ultimately enable the fiber to reach its full tensile
potential before failure. The incorporation of nanoparticles into
cementitious composites has emerged as a promising strategy for
enhancing their mechanical performance, durability, and microstruc-
tural integrity. Among various nanomaterials [33-36], zirconium oxide
(ZrO2) nanoparticles are particularly attractive due to their high chem-
ical stability, fine particle size, and strong pozzolanic reactivity. These
nanoparticles contribute to improved particle packing, reduced
porosity, and accelerated hydration kinetics by acting as nucleation sites
for calcium silicate hydrate formation [37-40].

Steel fibers are typically manufactured with smooth or patterned
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surfaces, but limitations such as slippage or premature rupture under
loading reduce their full effectiveness. To address this challenge, this
study introduces a novel type of steel fiber with spherical ends. The
spherical-end design, due to an increased contact area and improved
mechanical interlocking, has the potential to enhance pull-out behavior
and increase the load-bearing capacity of the fibers. Alongside this
innovation, the use of zirconium oxide (ZrOz) nanoparticles as a rein-
forcement in the UHPC matrix provides a basis for further improvement
in mechanical properties. By enhancing matrix homogeneity and
strengthening the bond between fibers and the matrix, these nano-
particles can play a significant role in improving concrete performance.
This study examines the pull-out behavior of novel fibers and their
impact on the mechanical properties of UHPC reinforced with zirconium
oxide nanoparticles. The main objective is to assess the potential of these
fibers to improve the mechanical performance of concrete and compare
their effectiveness with conventional steel fibers. The outcomes of this
research could contribute to the development of advanced and more
efficient materials for use in construction industry.

The structure of the present study is as follows. Section 2 outlines the
experimental design, production of specimens, and the procedures for
conducting direct tensile, uniaxial compression, fiber pull-out, and
three-point bending tests. Section 3 presents the methodology for per-
forming finite element simulations to analyze fiber pull-out behavior
and three-point bending. Section 4 focuses on presenting and discussing
both experimental and numerical results. Finally, Section 5 provides the
conclusions of the study.

2. Experimental procedures

The experimental tests aimed to determine the optimal percentage of
zirconium oxide nanoparticles for enhancing the mechanical properties
of UHPC. These tests served two primary purposes: (1) to establish the
mechanical properties required for finite element analyses and (2) to
provide empirical data for validating the results of the FE model.

2.1. Spherical-end steel fibers

This study introduces a novel steel fiber design incorporating
spherical ends, presented here for the first time. These fibers are engi-
neered to enhance bond behavior and pull-out performance in UHPC,
offering superior mechanical efficiency compared to conventional steel
fibers. While conventional fibers are widely used in UHPC, they often
suffer from limitations such as slippage within the concrete matrix and
premature rupture. By modifying the end geometry to a spherical
structure, this research demonstrates significant improvements in the
mechanical behavior of the fibers, particularly under tensile and flexural
loads. The key advantages of this design include:

1. Increased Contact Area: The spherical ends enhance mechanical
interlock with the concrete matrix, providing a stronger bond.

2. Reduction of Stress Concentration: The spherical shape minimizes
stress concentration at the fiber ends, reducing the likelihood of
slippage or localized failure.

Fig. 1 shows geometry of spherical-end steel fibers. In this figure, dy
and d, represent the fiber diameter and the spherical-end diameter,
respectively. Fig. 1b provides an example of a spherical-end steel fiber
produced using a forming method. The spherical-end steel fibers used in
this study had a shaft diameter (dp) of 0.4 mm. The diameter of the
enlarged spherical end (d,) varied between 0.5 mm and 0.8 mm across
different experimental configurations. The embedded length of the fi-
bers was fixed at 10 mm for all pull-out tests. These geometrical pa-
rameters were selected based on preliminary simulations to estimate the
effect of end anchorage on bond behavior.
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Fig. 1. Geometry and production of spherical-end steel fibers: (a) schematic
representation with fiber diameter (dy) and spherical-end diameter (d.); (b)
example of a produced spherical-end steel fiber.

2.2. Mix design

To produce UHPC with a compressive strength exceeding 100 MPa,
various mix designs were formulated. For each mixture, three
5 x 5 x 5 cm® cubic specimens were prepared to determine compres-
sive strength. After casting, the specimens were compacted for
2 minutes on a vibrating table and initially cured under laboratory
conditions (ambient temperature of 20 + 2 °C) for 24 hours. Subse-
quently, the specimens were demolded and transferred to a moist curing
chamber maintained at a temperature of 22 + 2 °C and relative hu-
midity above 95 %, where they were stored until the designated testing
age (7 or 28 days). This curing method was selected to simulate practical
curing conditions without relying on elevated-temperature steam
curing. The final mix design was selected based on the results of the
compressive strength tests, and its details are shown in Table 1. The
cement used complied with ASTM C150 standards, and the super-
plasticizer conformed to ASTM C494-Type D standards. The zirconium
oxide nanoparticles, with a purity of 99.9 %, were sourced from US
Research Nanomaterials and had an average particle size of 120 nm as
shown in Fig. 2.

2.3. Fiber pull-out test

Each pull-out specimen was designed to include only one centrally
embedded steel fiber, allowing the isolation of individual fiber-matrix
interaction. The dog-bone-shaped geometry and plastic sheet separa-
tion (Fig. 3a) ensured controlled debonding at the interface. This setup
was intentionally developed to enable direct comparison with the FEM
model, which simulates the pull-out behavior of a single fiber. No
scaling or data adjustment was required between experimental and
numerical results.

The pull-out performance of spherical-end steel fibers was examined
using small dog-bone specimens, as shown in Fig. 3a. These specimens
featured a cross-section of 25 x 25 mm? and were separated by a thin
plastic sheet to facilitate the pull-out test. Three specimens were

Table 1
Mix proportions of UHPC.

Mix Component Content (kg/m®)

Portland Cement Type II 670

Silica Fume 200

Quartz Powder 285

Silica Sand 1020
Superplasticizer (3 %) 20.1

Zirconium Oxide Nanoparticles 0-1.5 wt% of Cement

Water 178
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Fig. 2. (a) Zirconium oxide nanoparticle powder and (b) SEM image of zirco-
nium oxide nanoparticles.

prepared for each test configuration to obtain average data. During the
casting of UHPC reinforced with zirconium oxide nanoparticles, a single
fiber was embedded at the center of each dog-bone specimen. Fig. 3b
depicts the pull-out test setup. The pull-out tests were performed using
an Instron 5965 universal testing machine with a maximum load ca-
pacity of 10 kN and load measurement accuracy of + 0.5 %. Displace-
ment was measured using the machine’s built-in LVDT (Linear Variable
Differential Transformer), model Instron 2620-601, with a stroke range
of +£25mm and an accuracy of + 0.02 mm. The pull-out force was
recorded via a Model 2530-50 load cell with a resolution of 0.001 N.
Loading was applied under displacement control at a rate of 0.2 mm/
min. Displacement control was applied at a rate of 0.2 mm/min. Loading
was applied under displacement control at a rate of 0.2 mm/min. Ten-
sile strength tests were performed on specimens containing zirconium
oxide nanoparticle concentrations of 0.0, 0.5, 1.0, and 1.5 wt%.

For comparison purposes, conventional straight steel fibers were also
tested under the same conditions. These fibers had a nominal diameter
of 0.4 mm, an embedded length of 30 mm, and were made of high-
carbon steel with a tensile strength of approximately 1180 MPa. The
surface of the fibers was smooth and untreated. These parameters were
selected to ensure consistency with the spherical-end fibers, allowing for
a direct and fair comparison of their pull-out performance.

2.4. Tensile strength test

To define the tensile strength of the UHPC mortar, the briquette
tension test, detailed in ASTM C307-03, was employed. Given that ultra-
high-performance concrete has a very fine particle size distribution, this
test is suitable for obtaining the direct tensile strength of this type of
concrete. Dog-bone-shaped specimens with a length of 80 mm and a
thickness of 25 mm, as shown in Fig. 4, were fabricated. The mid-section
of the specimen has a cross-sectional area of 25 mm x 25 mm?. Tensile
strength tests were conducted using the Instron 5965 UTM, equipped
with a Model 2530-50 precision load cell (capacity 10 kN, accuracy
=+ 0.5 %) and an internal Instron 2620-601 LVDT to capture elongation
with an accuracy of + 0.02 mm. The loading rate was maintained at
0.2 mm/min under displacement control mode. The data acquisition
system was calibrated to a sampling rate of 10 Hz. Loading was applied
under displacement control at a rate of 0.2 mm/min. Tensile strength
tests were performed on specimens containing 0.0, 0.5, 1.0, and 1.5 wt%
of zirconium oxide nanoparticles.

2.5. Compressive strength test

The compressive strength test was accompanied on
50 x 50 x 50 mm°® cubic specimens, according to the ASTM C109/
C109M standard. The three-point bending tests were carried out using
the same Instron 5965 system, with the load measured by the Model
2530-50 load cell. To accurately capture beam deflection, an external
LVDT (Solartron 921994 AX/5.0/S) with a measurement range of
=+ 5 mm and resolution of 0.005 mm was positioned at mid-span. This
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Fig. 4. Direct tensile test setup according to ASTM C307-03.

external LVDT was connected to a Data Translation DT9836 data
acquisition module, allowing synchronized high-resolution recording of
load and displacement.

Fig. 5 illustrations the specimens used for the compressive strength
test. Compressive strength tests were performed on specimens contain-
ing 0.0, 0.5, 1.0, and 1.5 wt% of zirconium oxide nanoparticles.

2.6. Flexural strength test

The flexural strength of UHPC containing the novel spherical-end
fibers and reinforced with the optimal percentage of zirconium oxide
nanoparticles was estimated using a three-point bending test, following
specimens

ASTM C78 standards. Beam with dimensions of

Fig. 5. Specimens used for the compressive strength experiment.

150 x 40 x 40 mm? were tested by applying a load at one-third points
along their span. The modulus of rupture was calculated based on load at
failure point. The test was performed with a constant displacement rate
of 1.0 mm/min. To minimize support settlement and ensure proper
positioning, the edges of each specimen were precisely ground using a
lapping machine. Fig. 6 illustrates the flexural strength test specimen
and the three-point bending experiment setup.

3. Finite element simulation

The finite element method (FEM) is a powerful numerical technique
widely used for simulating the mechanical behavior of complex mate-
rials and structures under various loading conditions [41-44]. This
section details the FE method employed in this work. First, the consti-
tutive equations for concrete are presented. Then, the simulation of the
fiber pull-out process is described. Finally, the multiscale FE model used
to simulate the three-point bending behavior of ultra-high-performance
concrete in the presence of novel spherical-end steel fibers and zirco-
nium oxide nanoparticles is explained.

3.1. Constitutive equations for UHPC containing zirconium oxide
nanoparticles

Following the experimental compressive and tensile strength tests,
the optimal content of zirconium oxide nanoparticles was determined to
be 1.0 wt% ZrO2. Accordingly, finite element simulations were per-
formed on specimens with this nanoparticle content. To simulate the
nonlinear mechanical behavior of concrete, the widely used Concrete
Damaged Plasticity (CDP) model, available in ABAQUS, was utilized.
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Fig. 6. (a) Flexural strength test specimen; (b) three-point bending test setup.

The CDP model describes the inelastic behavior and failure of concrete
through the concept of isotropic damage elasticity in combination with
isotropic compressive and tensile plasticity, requiring stress-strain
curves under both compression and tension. The stress-strain curves of
the plain (cementitious matrix) and zirconium oxide nanoparticle-
enhanced UHPC under uniaxial tension and compression were ob-
tained from the experimental tests. The stress-strain curves obtained for
the ultra-high-performance concrete containing 1.0 wt% ZrO2 under
tension and compression are shown in Fig. 7. According to the ABAQUS
user manual, the stress-strain relationships for UHPC must be converted
into inelastic stress-strain relationships to be suitable for analysis using
the CDP model in ABAQUS. The inelastic strain was calculated using
Egs. (1) and (2). The inelastic stress-strain values for the UHPC are given
in Table 2.

. o,
e = S—EZ 1)
. o

g = st—,z 2)

where o, and o; represent the compressive stress and tensile stress,
respectively, and E, is the elastic modulus of the concrete.

To simulate crack propagation behavior, damage parameters for
tension and compression were defined to activate once the peak stress
was reached. This approach enabled the FE model to capture the
degradation behavior of UHPC under both tensile and compressive
loading. The compressive and tensile damage parameters implemented
in the model were derived from reference [45] and were calculated
using Eqgs. (3) and (4) for compression and tension, respectively.
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Fig. 7. Uniaxial stress-strain curves of plain and 1 wt% zirconium oxide
nanoparticle-enhanced ultra-high-performance concrete.

Table 2
Mechanical properties of 1 wt% zirconium oxide nanoparticle-enhanced ultra-
high-performance concrete used in ABAQUS.

Compression behavior Tension behavior

Comp. Inelastic Damage Tensile Crack Damage

Stress strain parameter stress, strain parameter

(MPa) Do) (MPa) D)
100.86 0 0 3.94 0 0
110.01 0.000253 0.029 3.87 7.51E—-06 0.987
114.82 0.000555 0.065 3.54 3.67E-05  0.991
113.09 0.00136 0.153 2.45 0.000172 0.993
90.31 0.002158 0.245 1.89 0.000234 0.994
75.96 0.002974 0.335 1.42 0.000325 0.996
56.74 0.004504 0.494 1.24 0.000359 0.997
48.23 0.005222 0.557 0.98 0.000546 0.997
39.31 0.00664 0.653 0.72 0.000751 0.998
28.36 0.007577 0.736 0.67 0.000874 0.999
19.38 0.008381 0.760 0.59 0.001056 0.999

—1
p—1-— @)

& (bl - 1) + B!

where D, and D, are the damage parameters of concrete in compression
and tension, respectively, and epl,c and eplt are the plastic strains cor-
responding to the compressive and tensile stresses. According to Bahij
et al. [46], the values of b, and b; were selected as 0.7 and 0.1,
respectively.

In addition, the CDP model requires five additional parameters: the
flow potential eccentricity (¢), the viscosity parameter that defines vis-
coplastic regularization (), the ratio of the second stress invariant on
the tensile meridian to the second stress invariant on the compressive
meridian such that the maximum principal stress is negative (K.), the
ratio of the initial biaxial compressive yield stress to the initial uniaxial
compressive yield stress (op0/0c0), and the dilation angle in degrees (¥).
For UHPC, these parameters were defined as 0.1, 0.0, 0.68, 1.15, and
20°, respectively, after calibrating the numerical and experimental re-
sults for the uniaxial tension and compression tests. Furthermore, the
elastic modulus for UHPC was set to 35.6 GPa in the FE models.

3.2. Mechanical behavior of fibers

The steel fibers were modeled in ABAQUS using a metal plasticity
model that accounted for both hardening and damage behavior. The
stress-strain relationship of the fibers was input into the software as a
piecewise linear function, with the elastic modulus, yield strength, and
hardening parameters determined from experimental data. The me-
chanical properties of the steel fibers are summarized in Table 3. To
represent damage, a tensile strain-based damage criterion was incor-
porated. This allowed the model to simulate the gradual degradation of
the fibers under high loading conditions, capturing their mechanical
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Table 3

Geometrical and physical properties of novel and straight steel fibers.
Parameter fiber length fiber diameter (dy) Spherical end diameter (d,) Aspect ratio fre Ef
Spherical-End 30 mm 0.4 mm 0.6 mm 50 1180 MPa 210 GPa
Straight 30 mm 0.4 mm 0.0 mm 50 1180 MPa 210 GPa

behavior more accurately during extreme loading scenarios.

3.3. Traction-separation rule between fiber and matrix

In this study, a linear elastic bi-directional uncoupled traction-
separation interaction was used to model the cohesive bond between
the fibers and the cementitious matrix. This elastic response is described
by a linear constitutive formulation in Eq. (5), which relates the traction
stress tensor (t) and the equivalent slip displacements (5) through the
elastic stiffness matrix (K). This elastic model was defined for two
effective directions: the normal axis (n) and the shear axis (s).

th | _ knn 0 n _
{5}l 2z}

The traction-separation curve can be divided into three parts: linear
elastic, linear softening, and debonding. In Fig. 8, &, is the critical sep-
aration distance, Tmqy is the interfacial strength, and & is the failure
separation distance. Also, G, is the area under the traction-separation
curve, representing the separation fracture energy.

Based on Fig. 8, the following relationship can be presented for the
interfacial behavior:

130(5/550) 0 < 6 < 550
(65/9)
T=1 To—r—7~ 050 X866, (6)
SOTSO (55)‘/550) %0 o
0 6sf <d

With the three parameters 7,9, 650, and s the cohesive behavior of the
fibers with the cementitious matrix can be defined.

The traction-separation rule parameters for the fiber-matrix inter-
face, including 750, 50, and df, were estimated using the methodology
depicted in Fig. 9. To predict these parameters for the novel spherical-
end fibers, data from pull-out tests of straight fibers without spherical
ends were employed. An embedment depth of L,= 20 mm, consistent
with the experimental setup, was considered. The estimation process
relied on the inverse finite element method, initially introduced by Liu
et al. [48], to predict mechanical properties such as elastic modulus and
viscosity. The method, as illustrated in Fig. 9, utilizes optimization
techniques to minimize the Root Mean Square (RMS) error between the
numerical simulation results and the experimental data. This approach
ensures accurate prediction of the traction-separation rule parameters
for the fiber-matrix interface [49-51].

toa

tsO

<—  Unloading

—tso

Fig. 8. Traction-separation law [47].

In the iterative process, based on the results of reference [52], the
initial values for the three parameters, 75, ds0, and &, are set to
2.8 x 1072 mm, 8.23 MPa, and 12.8 x 10~% mm, respectively. In each
iteration, the Root Mean Square (RMS) error of the pull-out force be-
tween the finite element model and the experimental results is calcu-
lated. The iterative process is stopped when the RMS error falls below
2 %. In this study, after 98 iterations, the optimization process estimates
the parameters 759, 650, and & as shown in Table 4.

3.4. Fiber pull-out simulation

The pull-out performance of the novel spherical-end steel fibers from
UHPC reinforced with 1 wt% zirconium oxide nanoparticles was
investigated using ABAQUS software. The simulation focused on
analyzing the force-displacement relationship and the energy absorbed
during the pull-out process. Fig. 10 illustrates the geometric model used
for the fiber pull-out simulation, where the steel fiber is embedded in a
cylindrical concrete matrix. The components of the pull-out model
include the concrete matrix, the steel fiber, and the fiber-matrix inter-
face. Consistent with the experimental setup, loading was applied as
displacement control at a rate of 0.05 mm/min to the outer end of the
fiber, while the bottom end of the concrete matrix was fully constrained.
For the finite element analyses, a nonlinear dynamic solution method
was employed, incorporating the effects of geometric nonlinearities to
ensure accurate representation of the pull-out behavior.

In this study, three-dimensional solid elements (C3D20R) were
employed for meshing both the concrete matrix and the steel fiber, as
depicted in Fig. 11a. A mesh sensitivity analysis was conducted to
determine the optimal element size, with the results summarized in
Fig. 11b. The sensitivity analysis plots the pull-out force against the
number of elements. It was observed that as the number of elements
increased, the pull-out force converged to a specific value. Beyond
560,000 elements, the results showed negligible variation, indicating
that further refinement would not significantly impact the accuracy of
the model. Consequently, this element count was adopted for meshing
the finite element models in this study.

3.5. Three-point bending simulation

The three-point bending test of an UHPC fiber-reinforced concrete
beam, enhanced with 1 wt% zirconium oxide nanoparticles, was simu-
lated using ABAQUS software. The simulated beam dimensions and
geometric specifications were identical to those used in laboratory ex-
periments for determining flexural strength.

The model included a three-dimensional UHPFRC beam and three
rigid bodies representing the hydraulic jack and the supports. The
concrete matrix was modeled using the CDP model, which accounts for
the distinct tensile and compressive behavior of the concrete. A dynamic
solution method was employed for the finite element analyses, incor-
porating geometric nonlinearities to accurately capture the beam’s
response under loading. A surface-to-surface contact interaction was
defined to simulate the contact between the beam and the rigid bodies,
with appropriate contact properties specified. A simple support bound-
ary condition was applied at both ends of the beam, while a displace-
ment boundary condition was imposed on the two rigid bodies to
simulate the loading conditions.

As previously mentioned, another innovation of this work is the use
of a multiscale finite element method to investigate the mechanical
behavior of UHPC reinforced with novel spherical-end fibers. In this
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Fig. 9. Inverse finite element method based on optimization techniques for estimating traction-separation rule parameters between fiber and cementitious matrix.

Table 4
Parameters of the cohesive zone model for defining the interaction between steel
fibers and cementitious composite.

@ 5 5

Steel fiber 20.15 MPa 2.1 x 107> mm 0.25 mm

approach, three-dimensional geometric models are created where indi-
vidual fibers are placed discretely with varying distributions and
random orientations. Unlike previous studies, this research incorporates
the effects of fiber orientation and quantity by positioning the fibers
randomly and irregularly to simulate the realistic conditions of fiber
distribution within the ultra-high-performance concrete. To create the
three-dimensional geometric model of randomly distributed fibers
within the matrix, a program was written in MATLAB, and the scripting
environment of ABAQUS was also used. In the three-dimensional model,
the fibers are generated within the matrix as cylindrical bodies,
consistent with their geometric shape. In the MATLAB program, the
coordinates of a point at the corner of one fiber are first generated using

arandom function, considering the dimensions and angles relative to the
coordinate axes. Then, to create another point on the fiber, the program
checks to ensure that the fiber does not intersect with adjacent fibers. If
no intersection occurs, the main axis of the fiber passes through these
two points, thus establishing the random orientation of the fiber in
space. If an intersection is detected, the program selects another point.
The intersection check is repeated until the desired number of points
(one point at the corner of each fiber) is created. Finally, the coordinates
of a specific point on each fiber and their orientation angles relative to
the coordinate axes are saved as output in a data file. This data file is
then imported into the scripting environment of ABAQUS to generate
the geometric modeling of the fibers with a random distribution in three
dimensions. In this type of modeling, the load is transferred from the
fibers to the matrix, and then the transfer of force and displacement
occurs between the matrix and the fibers. Based on this, the mechanical
behavior of fiber-reinforced concrete can be studied. The code written
allows for the geometric modeling of fiber-reinforced UHPC using the
multiscale model by accepting user-defined inputs such as the geometric
dimensions of the fibers, Young’s modulus, Poisson’s ratio, yield stress,
and the desired volume fraction. This also incorporates meshing and the

Displacement-
controlled Load

Fixed B.C

Fig. 10. Geometric model of fiber pull-out simulation showing concrete matrix, novel steel fiber, and fiber-matrix interface.
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Fig. 11. (a) finite element model of fiber pull-out; (b) mesh sensitivity analysis showing pull-out force convergence with increasing number of elements.

application of boundary conditions and interactions.

To simulate damage and debonding phenomena at the fiber-concrete
interface, the CZM theory (as described in Section 3.3) was employed,
utilizing force-displacement diagrams. The parameters of these dia-
grams, used in the finite element model, were obtained by calibrating
the numerical results with corresponding experimental data. Fig. 12
presents examples of geometric models featuring random fiber distri-
butions generated using the algorithm outlined in the preceding section.
These models correspond to a 2 wt% fiber volume fraction. The three-
dimensional geometry permits fibers to have varying orientations,
lengths, and spatial positions. Fig. 12b, ¢, and d depict fiber positions in
the xy-plane, showcasing the effectiveness of the algorithm in producing
a realistic distribution of fibers within the concrete matrix. This ran-
domized distribution closely replicates the experimental fiber arrange-
ment, providing a reliable basis for accurately predicting experimental

y (ecm)

outcomes.

After constructing the geometric model of fibers with varying vol-
ume fractions and sizes, the fibers were embedded within the UHPC
matrix. Cohesive conditions were applied at the interfaces between the
fibers and the UHPC matrix, and appropriate boundary conditions and
loading were defined to assess the flexural strength behavior of the
UHPC, reinforced with 1 wt% zirconium oxide nanoparticles and
spherical-end steel fibers. Due to the geometric complexity of the
structure, nonlinear 20-node hexahedral C3D20R elements were used to
mesh the fibers, while nonlinear 10-node tetrahedral C3D10 elements
were employed to mesh the three-dimensional matrix models. A dy-
namic load was then applied to the models to investigate the influence of
various parameters, such as the geometric and mechanical properties of
the fibers, their volume fraction, and their impact on the flexural
strength of the material. The boundary conditions and interactions

Fig. 12.

(©)

Geometric models of random fiber distributions: (a) 3D fiber distribution; (b) fiber positions in the xy-plane; (c) Meshed model of three-point bending test.
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between the fibers and the concrete matrix were precisely defined. For
the analysis, a nonlinear dynamic method was used, and the simulation
results were validated by comparing them with available experimental
data.

4. Results

4.1. Influence of zirconium oxide nanoparticle content on mechanical
properties of concrete

The average compressive strength results for three specimens are
presented in Table 5. Fig. 13 illustrates the variation in compressive
strength as a function of zirconium oxide nanoparticle substitution. The
results indicate that the incorporation of zirconium oxide nanoparticles
leads to an increase in compressive strength. Specifically, for concrete
specimens containing 1 wt% zirconium oxide nanoparticles, the
compressive strength increased by 44 % at 7 days and 37 % at 28 days.
This improvement can be attributed to the influence of zirconium oxide
nanoparticles on cement hydration, accelerating the cement hydration
process. Another contributing factor is the high stability and uniform
distribution of the nanoparticles, which enhance the mechanical prop-
erties of UHPC.

Fig. 14 presents scanning electron microscope (SEM) images,
showing the uniform distribution of nanoparticles within the concrete
matrix. The increase in compressive strength is further due to filling
properties of nanoparticles and their role in connecting and bridging
microcracks. SEM images from fractured surfaces of concrete specimens
containing 0.5 wt% nanoparticles demonstrate that ultrasonic waves
effectively dispersed the nanoparticles within the concrete mix. Addi-
tionally, while both plain concrete and concrete reinforced with 0.5 wt
% zirconium oxide nanoparticles contain small pores, fewer defects are
visible in specimens with 1 wt% zirconium oxide nanoparticles. Based
on the improved microstructure and compressive strength, concrete
modified with 1 wt% zirconium oxide nanoparticles is considered
optimal for enhancing mechanical performance.

The average tensile strength measurements for three specimens are
presented in Table 6. Fig. 15 illustrates the variation in tensile strength
as a function of zirconium oxide nanoparticle substitution. The results
indicate that the tensile strength increases with the addition of nano-
particles up to 1 wt%, after which it begins to decrease. Initially, the
tensile strength remains relatively constant with the incorporation of
nanoparticles but decreases with higher nanoparticle content. This
reduction in tensile strength can be attributed to the agglomeration and
clustering of nanoparticles at higher weight percentages. Due to their
higher surface adhesion forces, zirconium oxide nanoparticles tend to
agglomerate more at elevated concentrations, which may hinder their
beneficial effects. The tensile strength of concrete specimens containing
1 wt% zirconium oxide nanoparticles increased by 62 % at 7 days and
38 % at 28 days. This indicates that the increase in tensile strength is
more pronounced at younger ages, reflecting the accelerated hardening
of the cement paste and the enhanced early setting of the concrete. Even
in the worst-case scenario, where 0.5 wt% nanoparticles are added, the
tensile strength improved by approximately 12 %. This enhancement
can be attributed to the large specific surface area of zirconium oxide

Table 5
Compressive strength results of plain concrete specimens.

Mix ID 7-Day Compressive Strength 28-Day Compressive Strength
(MPa) (MPa)
Control 36 86
0.5 % 41 98
ZrO2
1.0% 52 118
ZrO2
1.5% 50 115
ZrO2
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Fig. 13. Compressive strength of plain UHPC and UHPC containing zirconium
oxide nanoparticles.

nanoparticles, which improves the bond between the concrete compo-
nents and inhibits the growth of microcracks within the matrix.

The efficiency of zirconium oxide nanoparticles in enhancing tensile
strength was approximately 62 %, which can be attributed to the surface
effects of the nanoparticles. These surface effects react more rapidly than
the cement itself, influencing tensile strength at both early and later
ages. The spherical shape and rough texture of ZrO» nanoparticles
enable greater bonding between the aggregate particles and the cement
paste, which results in increased adhesion strength and consequently
enhanced tensile strength [53]. Moreover, previous studies have re-
ported a phase transformation in ZrO2, where zirconia in the tetragonal
phase undergoes a martensitic transformation to the monoclinic phase
under mechanical stress. This transformation involves an approximate
4 % increase in volume, which could contribute to the inhibition of
crack propagation and further enhancement of tensile strength [54].
However, more research is needed to fully understand and isolate this
reinforcement mechanism within the cementitious matrix. Additionally,
the ZrO: nanoparticles, due to their greater surface area, increase the
packing density of cement particles, reducing the volume of permeable
pores within the concrete mixture [55]. This effect is known as the "filler
effect,” where ZrO: particles fill the voids or pores created during cement
hydration, enhancing the material’s overall strength. The "nucleation
effect” is another reinforcement mechanism, where ZrO: particles serve
as preferential nucleation sites for cement hydration products [56]. This
leads to the formation of a higher content of C-S-H tobermorite phase
and inhibits the growth of calcium hydroxide (Ca(OH)) crystals, further
strengthening the matrix.

4.2. Validation of results

The validation of the FE model for fiber pull-out was conducted by
comparing the simulation results with experimental test results for
spherical-end steel fibers and straight steel fibers, as shown in Fig. 16.
The experimental tests were performed on concrete containing 1 wt%
zirconium oxide nanoparticles, with fiber parameters of .= 10 mm,
d= 0.4 mm, and d,= 0.6 mm. The comparison shows that the FE model
accurately matches the linear elastic portion of the pull-out curve.
However, a slight deviation occurs after debonding, which is expected
due to the complexities in modeling the mechanical behavior of
cementitious composites and fibers. The error in estimating the pull-out
force and fracture energy for the straight steel fibers was found to be
3.8 % and 2.9 %, respectively—both of which are considered accept-
able. These low errors are attributed to the careful calibration between
numerical and experimental results. Following the calibration of the
traction-separation rule parameters using the results for straight steel
fibers, the model’s results for the spherical-end fibers were validated.
The maximum pull-out force for the spherical-end fibers in the
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Fig. 14. SEM images of fractured surfaces of compressive concrete specimens containing different amounts of zirconium oxide nanoparticles: (a) 0 wt%, (b) 0.5 wt%,

and (c) 1 wt%.

Table 6
Tensile strength results of plain UHPC specimens.

Mix ID 7-Day Tensile Strength (MPa) 28-Day Tensile Strength (MPa)
Control 1.38 2.86
0.5 % ZrO2 1.93 3.24
1.0 % ZrO2 2.23 3.97
1.5 % ZrO2 2.07 3.70

numerical model was 210.5 N, compared to 2

15.8 N in the experimental

results, resulting in a 3.3 % error. The absorbed energy in the numerical
model was 4.23 N.m, while the experimental results showed 3.88 N.m,
yielding a 12 % error. A key observation from the comparison between
the novel spherical-end steel fibers and straight steel fibers is the sig-
nificant improvement in the performance of the spherical-end fibers.
Specifically, the pull-out force increased by 124 %, and the pull-out

energy improved by 188 %, demonstrating
behavior of the spherical-end design.

the superior mechanical

10

Tensile strength (MPa)

1
Zr0O2 content (wt.%)

Fig. 15. Tensile strength of plain UHPC and UHPC containing zirconium oxide
nanoparticles.
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Fig. 16. Comparison of pull-out force versus slip for straight and spherical-end
(d.=0.6 mm) steel fibers (both with fiber diameter df = 0.4 mm, embedded
length I, = 10 mm, and high-carbon steel material).

4.3. Investigation of the effect of fiber geometric parameters

The presence of spherical ends on steel fibers significantly affects
their pull-out behavior compared to straight fibers, as observed in the
results presented in Fig. 17. The pull-out response of straight steel fibers
with a diameter of d= 0.5 mm is shown, highlighting the differences in
the resistive forces involved. For straight fibers, the pull-out resistance
consists of two primary components: bond resistance and frictional
resistance. As seen in Fig. 17a, the curve exhibits a sudden drop after
reaching the maximum force (point C), which corresponds to a sharp
reduction in bond resistance. Beyond point D, the only remaining
resistive force is the frictional force, which continues to oppose the fi-
ber’s pull-out but at a reduced level compared to the bond resistance
phase. The stress distribution at various marked positions along the pull-
out curve is provided in Fig. 17b, which helps to further elucidate how
the forces evolve as the fiber is pulled out of the matrix. This behavior is
typical for straight fibers, where the bond between the fiber and the
matrix plays a dominant role in resisting pull-out until failure occurs,
after which friction becomes the primary resistive force.

In contrast, the behavior of spherical-end fibers is completely
different. Fig. 18 shows the pull-out response of spherical-end steel fi-
bers. In Region 1, there is bond resistance that is completely lost at point
A. After this point, the debonding process begins from the outer part of
the fiber. Subsequently, mechanical interlocking becomes the main
resistance factor against pull-out. In this region, from point A to points B
and C, the embedment of the spherical end of the fiber in the concrete
creates an effective barrier against pull-out and causes significant tensile
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strain to develop in the fiber. Ultimately, the drop in bond resistance of
the fiber can result from two factors: either the rupture of the fiber or the
fiber being pulled out of the concrete due to the degradation of the
concrete surrounding the spherical end of the fiber. After the mechanical
interlocking of the fiber with the concrete matrix is lost, the fiber is
easily pulled out of the concrete, and the only resistive force is the
frictional force. As shown in Fig. 18b, for d,= 0.7 mm, the spherical end
of the fiber causes the concrete to be pulled out, and the failure mode is
that of fiber pull-out.

Fig. 19 shows the pull-out failure mode of spherical-end steel fibers
with a diameter of d.= 0.7 mm. As shown, with an increase in the
diameter of the spherical end of the fibers, minor failure occurs in the
upper part of the fiber-concrete interface. In this case, due to the high
contact area of mechanical interlocking, the concrete is not pulled out,
and the failure occurs as fiber rupture. Unlike conventional fibers that
separate at the interface with the matrix, in the spherical-end fibers,
failure often occurs as a rupture within the fiber itself, which indicates
that the full tensile capacity of the fibers is being utilized.

4.4. Pull-out force-slip responses

Fig. 20 illustrates the influence of the geometric parameters of fiber
ends, namely the fiber diameter dy and the end diameter d,, on the force-
slip curve for fibers with an embedment length L.= 20 mm. The pull-out
performance of straight fibers and spherical-end fibers is examined, and
several key observations can be made. For straight fibers, the slip
behavior leads to a slip-type failure, where the fiber slides out of the
matrix as it is pulled. In contrast, spherical-end fibers exhibit an addi-
tional mechanism: mechanical interlocking between the matrix and the
end of the fiber. This interlocking, in addition to the usual chemical
bonding and frictional resistance, increases the bond strength and
resistance to pull-out. Specifically, the mechanical interlocking between
the spherical end of the fiber and the cementitious composite contrib-
utes significantly to the overall bond strength, which results in a higher
bond stress and enhances the fiber’s pull-out resistance. This behavior is
particularly important because it allows the fiber to resist greater
stresses before rupture occurs, making full use of the fiber’s maximum
tensile capacity.

The configuration with d.= 0 and d= 0.4 mm is representative of a
typical smooth straight steel fiber, commonly used in UHPC applica-
tions. This fiber has no anchorage or deformation at the ends, leading to
bond-dominated pull-out behavior. Its dimensions are in line with
standard commercially available straight fibers, making it an appro-
priate reference for evaluating the enhancement provided by the
spherical-end design. The geometric parameters, such as drand d,, play a
crucial role in determining the efficiency of this bonding mechanism.
For instance, increasing the fiber diameter dyleads to a higher maximum
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Fig. 17. (a) Pull-out response of straight steel fibers from concrete reinforced with 1 wt% zirconium oxide nanoparticles and (b) stress distribution at various lo-

cations during the pull-out process.
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Fig. 18. (a) Pull-out response of spherical-end steel fibers from concrete reinforced with 1 wt% zirconium oxide nanoparticles, and (b) stress distribution at various
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Fig. 19. Pull-out failure mode of spherical-end steel fibers with a diameter of d,= 0.7 mm.

pull-out force, as a larger fiber diameter creates more mechanical
interlocking between the fiber and the matrix. Similarly, varying the end
diameter d, influences the pull-out behavior. For small values of d,, the
pull-out is predominantly slip-type. However, as d, increases, up to a
certain threshold, the pull-out behavior shifts toward a combination of
slip-type failure and fiber rupture, where the fiber undergoes fracture
due to the tensile stresses it endures. This transition enhances the fiber’s
overall performance by utilizing the maximum tensile strength of the
fiber. In summary, the pull-out force increases with both dfand d., with
the most significant effect coming from the mechanical interlocking of
the fiber end with the cementitious composite, which enhances the bond
strength and leads to greater pull-out resistance.

Based on the force-slip curves in Fig. 20, the key parameters of these
curves, including the maximum pull-out force (Ppqy), the slip value
corresponding to the maximum force (§;,4), the area under the pull-out
curve (pull-out energy, G), and the bond stress (z), are presented in

12

Table 7.
Pmax
= 7
Tmax = 4L, )]

in which Py is the maximum pull-out force, dr is fiber diameter, and le
is embedment length of fiber.

The results of the study highlight significant improvements in the
pull-out behavior of the newly presented spherical-end fibers compared
to straight fibers. Specifically, the pull-out force and total pull-out en-
ergy (the area under the force-slip curve) increase with both the fiber
diameter (dy) and the end diameter (d,). For fibers with a diameter of
0.4 mm, an increase in d, from O to 0.7 mm results in a dramatic increase
in both the pull-out force and pull-out energy, with gains of approxi-
mately 300 % and 277 %, respectively. However, the maximum pull-out
energy and displacement corresponding to the pull-out force occur at
d.= 0.6 mm. Any further increase in d, beyond this value tends to
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Fig. 20. Influence of geometric parameters of the fiber end on the force-slip
curve: (a) variation with fiber diameter dj, and (b) variation with end diam-
eter d.. The case of d.= 0, d= 0.4 mm corresponds to a conventional straight
steel fiber and is used as the reference case.

negatively affect the pull-out energy. This indicates that there is an
optimal size for d, beyond which the performance begins to deteriorate.
The newly presented fibers consistently outperform straight fibers in
terms of pull-out energy, with a worst-case scenario showing a 110 %
improvement in energy. This suggests that spherical-end fibers signifi-
cantly enhance the pull-out performance from the cementitious com-
posite. The bond stress for straight fibers is 3.89 MPa, while the bond
stress for spherical-end fibers increases up to 15.82 MPa, reflecting a
3.06-fold increase in bond strength. This increased bond stress is a key
factor in the enhanced pull-out behavior of spherical-end fibers.
Regarding failure modes, spherical-end fibers demonstrate a pull-out
failure mode, primarily due to the degradation of the concrete around
the fiber tip, which results in high pull-out energy. In contrast, when
fiber rupture occurs, the maximum tensile capacity of the fibers is fully
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utilized. The applied stress exceeds the tensile strength of the fiber
during the pull-out process, leading to fiber rupture. This behavior in-
dicates that the best performance for spherical-end fibers is achieved
when fiber rupture occurs, confirming that the fibers are effectively
utilizing their maximum tensile strength during the pull-out process.

Although an overall trend indicates that increasing dy or de leads to
improved pull-out resistance and higher bond stress, the failure modes
in Table 7 do not follow a strictly progressive pattern. Specifically, fiber
rupture does not consistently occur with increasing end diameter (d,) or
fiber diameter (dp); instead, pull-out failure reappears at certain com-
binations, particularly at intermediate aspect ratios of d./d;. This se-
lective failure behavior can be attributed to a complex interplay of the
following mechanisms:

1. Stress redistribution at the fiber tip: For certain d./d; ratios, the
spherical end creates localized stress concentrations in the sur-
rounding matrix. If the matrix around the enlarged tip is unable to
resist these stresses due to insufficient confinement or micro-
cracking, the concrete fails before the fiber reaches its tensile limit,
leading to pull-out rather than rupture.

2. Anchorage efficiency versus local matrix damage: As de increases,
mechanical interlocking improves, but so does the risk of concrete
cone failure around the fiber tip. At certain d./dy thresholds, the pull-
out force becomes high enough to cause local matrix spalling, which
in turn reduces the effectiveness of the anchorage and results in pull-
out.

3. Geometric threshold for rupture: Full utilization of the fiber’s tensile
capacity—and thus rupture—only occurs when anchorage is suffi-
cient and the applied stress is transferred effectively along the fiber’s
embedded length without inducing premature matrix failure. This
balance is disrupted at certain aspect ratios, explaining why rupture
is not always observed even when bond stress is high.

These results suggest that the failure mode is not solely a function of
increasing dy or de, but rather depends on the combined geometry, local
matrix integrity, and load transfer mechanisms. This insight is critical
for optimizing the geometry of spherical-end fibers to ensure consistent
tensile failure, which maximizes energy absorption.

4.5. Three-point bending loading

The three-point bending test was performed on an UHPC specimen
containing 1 wt% steel fibers and 1 wt% zirconium oxide nanoparticles.
Fig. 21 shows the failure pattern of the fiber-reinforced UHPC specimen
under flexural loading. In specimens containing fibers, after the for-
mation of a crack, the fibers in the UHPC prevent its propagation and, by
bridging the two sides of the crack, delay its growth and increase the
flexural strength or toughness of the concrete. Furthermore, the results
show that the presented multiscale FE model accurately estimates the
failure behavior in this specimen. The load-displacement curves ob-
tained from the FE model and the flexural strength test for the UHPC
specimen containing 1 wt% steel fibers and the plain specimen are
presented in Fig. 22. As shown, there is good agreement between the

Table 7

Pull-Out force and energy comparison for straight and spherical-end steel fibers.
No d, (mm) df (mm) de/ds Pull-out Force (N) Critical Separation (mm) Pull-out Work (N/mm) Bond Stress (MPa) Failure mode
1 0.8 0.4 2.00 155.5 6.06 0.93 6.19 Rupture of fiber
2 0.5 1.60 228.1 12.8 5.06 7.26 Pull-out
3 0.6 1.33 330.9 3.28 2.62 8.78 Rupture of fiber
4 0.7 1.14 386.5 2.82 4.69 8.79 Rupture of fiber
5 0.0 0.4 0.00 97.0 2.08 1.06 3.86 Pull-out
6 0.5 1.25 256.9 2.24 3.08 10.23 Rupture of fiber
7 0.6 1.50 285.4 6.60 5.37 11.36 Pull-out
8 0.7 1.75 397.3 2.07 3.99 15.82 Rupture of fiber
9 Straight fiber 97.7 2.07 1.06 3.89 Pull-out
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Fig. 21. Results of multiscale FE model and the experimental method showing the failure pattern of fiber-reinforced UHPC specimens under flexural loading.
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Fig. 22. Load-displacement curves obtained from the multiscale FE model and
the flexural strength test for UHPC specimens reinforced with 1 wt% zirconium
oxide nanoparticles and 1 wt% spherical-end steel fibers.

results of the laboratory specimen and the FE model.

To investigate the influence of the novel spherical-end fibers on the
flexural behavior of UHPC, Fig. 23 shows the effect of the fiber volume
fraction on the load-displacement curves obtained from the multiscale
finite element model for UHPC containing the novel spherical-end fibers
as well as straight steel fibers. The area under these curves represents the
amount of energy absorption, or toughness. As expected, the addition of
fibers increases the toughness. For the case of using 2 vol% fibers, the
area under the load-displacement curve is approximately 27.91 N.m for
the sample with novel spherical-end fibers, 27.21 N.m for samples with
straight fibers and approximately 5.27 N.m for the unreinforced sample,
which demonstrates the significant effect of the novel spherical-end fi-
bers on the toughness of fiber-reinforced UHPC. Therefore, it can be
concluded that, while the novel fibers significantly increase the flexural
strength and toughness of UHPC. Also, according to the figure, it is
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observed that with an increase in the percentage of fibers in the ultra-
high-performance concrete, a significant increase in flexural strength
and, consequently, the maximum load that the beam samples can
withstand, is observed. Furthermore, since the use of fibers increases the
mid-span displacement of the beam for the maximum force values, the
ultra-high-performance concrete with the novel fibers will have greater
ductility before fiber failure. Spherical-end steel fibers are an effective
innovation in the mechanical reinforcement of UHPC. By improving
pull-out behavior and optimally utilizing the steel capacity, these fibers
can have a wide range of applications in advanced structures and critical
civil engineering projects.

Table 8

Summary of load-displacement curve results, including the maximum load ca-
pacity in the three-point bending simulation, the corresponding displacement at
maximum load, as well as the flexural strength and toughness obtained from the
multiscale finite element model.

Fibres Fibres Max. Displacement Energy Flexural
Content Type Load at peak load absorption strength
(%) (kN) (mm) (N.m) (MPa(
0 - 2.93 0.023 0.29 6.87
0.5 Spherical- 3.48 0.221 3.44 8.16
end fibers
Straight 3.02 0.112 0.97 7.08
fibers
1.0 Spherical- 5.66 0.514 8.53 13.27
end fibers
Straight 3.41 0.046 1.89 7.99
fibers
1.5 Spherical- 7.03 0.496 11.27 16.48
end fibers
Straight 3.75 0.113 3.16 8.79
fibers
2.0 Spherical- 9.22 1.455 27.91 21.61
end fibers
Straight 4.56 0.528 5.35 10.69
fibers
10 T T T T

Sperical-end fibres
> 2.0%
—o—e— [.5%
o 1.0%
= (.5%

— 0.0%

Load (N)

2
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Fig. 23. Effect of fiber volume fraction on the load-displacement curves of ultra-high-performance concrete reinforced with 1 wt% zirconium oxide nanoparticles: (a)

spherical-end steel fibers and (b) straight steel fibers.
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Table 8 provides a comprehensive summary of the load-displacement
curve results, including the maximum load capacity observed during the
three-point bending simulation, the corresponding displacement at
maximum load, as well as the flexural strength and toughness values
derived from the multiscale finite element model for both straight steel
fibers and spherical-end steel fibers. The results underscore the signifi-
cant enhancement in concrete properties, particularly with respect to
toughness and energy absorption capacity, which are pivotal in influ-
encing the failure behavior of concrete. As evidenced in the table, the
incorporation of spherical-end steel fibers notably improves the flexural
strength of UHPC, with a 2.2-fold increase in flexural strength observed
at a 2 vol% fiber volume fraction.

It is noteworthy that the effect of fiber addition on energy absorption
capacity is more pronounced than its impact on other mechanical
properties, particularly at lower fiber volume fractions. Specifically, at a
0.5 vol% fraction of spherical-end steel fibers, the energy absorption
capacity increases by approximately 10.8 times compared to plain UHPC
reinforced with straight steel fibers. Furthermore, the data in Table 8
reveals that, as the fiber volume fraction increases, the displacement
corresponding to the maximum load also increases. The maximum in-
crease in displacement, observed for the novel spherical-end fibers at
2 vol%, is 1.45 mm. Notably, the failure displacement for these fibers is
increased by a factor of 62.3 compared to the plain concrete specimen.
Additionally, the results highlight that the enhancement in energy ab-
sorption capacity and ductility due to increased fiber content is
considerably more significant than the corresponding increase in con-
crete strength. With the addition of 2 vol% fibers, the flexural strength
of concrete reinforced with spherical-end steel fibers is approximately
214 % greater than the plain specimen, whereas the increase for straight
steel fibers is 55 %. The improved mechanical interlocking between the
novel spherical-end fibers and the concrete matrix mitigates slippage
and inhibits crack formation, thereby preserving the concrete integrity
until the fibers themselves rupture. This interlocking mechanism is a key
factor contributing to the enhanced flexural strength observed in UHPC
reinforced with spherical-end fibers.

The significant strain hardening in the post-yield stage leads to the
optimization of UHPC properties when reinforced with spherical-end
steel fibers. This strain hardening results in a considerable increase in
the energy dissipation area enclosed by the pull-out curves. Therefore,
fiber bridging is an ideal method for improving strain hardening, and
UHPC with spherical-end steel fibers may be well-suited for use in
concrete structures subjected to earthquakes or shock loading, for dy-
namic energy absorption.

The results clearly demonstrate that UHPC specimens reinforced
with spherical-end steel fibers exhibit significantly higher energy ab-
sorption capacity and ductility compared to those reinforced with con-
ventional straight fibers. At a fiber volume fraction of 2.0 vol%, the
energy absorption of specimens with spherical-end fibers reached
27.91 N.m, while that of straight fibers was limited to 5.35N.
m—representing a more than fivefold increase. Even at lower fiber
contents (e.g., 0.5 vol%), the energy absorbed by spherical-end fiber-
reinforced specimens (3.44 N.m) was over 3.5 times greater than that of
straight fiber-reinforced specimens (0.97 N.m). This enhanced perfor-
mance can be attributed to improved mechanical interlocking at the
fiber-matrix interface and delayed fiber pull-out or rupture, resulting in
a more extended post-cracking response. Furthermore, the displacement
at peak load—a proxy for ductility—increased from 0.528 mm (straight
fibers) to 1.455 mm (spherical-end fibers) at 2.0 vol%, indicating a
175 % improvement in deformability. These findings highlight the
ability of spherical-end fibers to significantly improve the toughness and
post-peak behavior of UHPC, making them particularly suitable for use
in seismic, impact-resistant, or blast-exposed concrete structures where
energy dissipation and crack control are critical.
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5. Conclusion

In this study, the advantages of using novel spherical-end steel fibers
in the reinforcement of cementitious composites were investigated using
pull-out response analyses. To this end, the influence of the end geom-
etry of the newly presented fibers on the pull-out performance of steel
fibers was studied using experimental and FE methods. The interaction
between the fibers and the cementitious composite was simulated using
the concept of a cohesive zone interface, and its parameters were ob-
tained using an inverse finite element method and the results of an
experimental test performed on a single fiber specimen. After validating
the results of the FE model with the results of the experimental exami-
nations, the influence of the geometric parameters of the spherical ends
of the fibers on the bonding characteristics of the fibers with the
cementitious composite was studied. Based on the results presented, the
following conclusions can be drawn:

This study has successfully demonstrated the significant advantages
of utilizing novel spherical-end steel fibers in the reinforcement of
cementitious composites, focusing on their impact on pull-out behavior
and flexural performance. Through a combination of experimental
testing and advanced finite element modeling, including a multi-scale
approach, key findings have been established:

Enhanced Pull-Out Performance: The incorporation of spherical
ends on steel fibers results in a substantial improvement in pull-out
performance compared to straight fibers. The spherical ends signif-
icantly enhance mechanical interlocking with the concrete matrix,
leading to a 124 % increase in pull-out force and a 188 % increase in
pull-out energy, thereby demonstrating a more efficient utilization of
the fiber’s tensile capacity.

Optimal Nanoparticle Content: The addition of 1 wt% zirconium
oxide nanoparticles to ultra-high-performance concrete (UHPC) re-
sults in the most favorable mechanical properties, with a 38 % in-
crease in tensile strength and a 37 % increase in compressive
strength. This is attributed to the nanoparticles’ role in accelerating
cement hydration and improving matrix homogeneity.

Influence of Fiber Geometry: The geometric parameters of the
spherical ends (de) significantly influence pull-out behavior. While
increasing de enhances pull-out force and energy, an optimal value of
de = 0.6 mm was identified for maximizing these properties. For de
values greater than that, concrete pull-out occurs reducing the
effectiveness of the spherical-end.

Multiscale Modeling Accuracy: The developed multiscale finite
element model accurately predicts the flexural behavior of UHPC
reinforced with spherical-end fibers. The model demonstrates the
enhanced energy absorption capacity and improved ductility asso-
ciated with the use of spherical-end fibers when compared to straight
fibers.

Superior Flexural Strength and Toughness: The use of spherical-
end steel fibers significantly improves the flexural strength and
toughness of UHPC. In particular, at a fiber volume fraction of 2 vol
%, the use of spherical-end fibers results in a 214 % increase in
flexural strength when compared to plain UHPC.

Enhanced Energy Absorption: The novel spherical-end fibers sub-
stantially increase the energy absorption capacity of UHPC. At low
volume fractions, these fibers result in a significantly higher energy
absorption capacity than that of conventional steel fibers at the same
volume fraction.

In summary, this research highlights the potential of spherical-end
steel fibers to act as a highly effective reinforcement in advanced
cementitious materials. The superior pull-out characteristics of these
fibers, coupled with enhanced mechanical interlocking, allow the full
tensile capacity of steel to be utilized, translating to notable improve-
ments in flexural strength and energy absorption capacity of UHPC. This
study demonstrates the promise of spherical-end fibers for improving
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the performance of structures subjected to various loading conditions,
including flexural stresses, as well as, dynamic loads. The findings
provide valuable insights for the development of more resilient and
efficient concrete structures, particularly in critical civil engineering
projects. Further research should focus on optimizing the fiber geometry
and exploring other potential applications of this technology.

Future research can further develop the present numerical frame-
work by validating the model under additional scenarios, such as
alternative fiber geometries (e.g., hooked-end or hybrid fibers) and
different loading conditions, including cyclic, dynamic, or impact loads.
Extending the simulation model to account for long-term durability
aspects—such as shrinkage, creep, and environmental degrada-
tion—would enhance the robustness and applicability of the findings for
real-world conditions. Moreover, investigating the performance of
spherical-end steel fibers in cementitious matrices with varying me-
chanical and physical properties, such as high-performance concrete
(HPC), normal-strength concrete (NSC), and lightweight concrete
(LWQ), is strongly recommended. These materials differ significantly in
terms of stiffness, density, and fracture behavior, which may affect the
fiber-matrix bond mechanism and failure mode. Studying such varia-
tions could provide valuable insights into how matrix characteristics
influence pull-out resistance, bond stress, and energy dissipation. These
findings would support the optimization of fiber geometry for different
matrix types and promote the broader application of spherical-end fibers
across diverse structural and non-structural concrete systems.
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