- ‘ R =4

s=\ materials MDPI
P opy
Article

A Study on the Influencing Factors of the Mechanical Properties
of Steel-Fiber-Reinforced Cement Concrete

Fangyuan Gong "*1, Yiming Yao {7, Hongkuan Li ? and Yuanping Xu 2

W) Check for updates

Academic Editor: Sukhoon Pyo

Received: 28 February 2026

Revised: 28 March 2026

Accepted: 30 March 2026

Published: 8 April 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Civil and Transportation Engineering, Hebei University of Technology, 5340 Xiping Road, Beichen

District, Tianjin 300401, China; 202331605046@stu.hebut.edu.cn

2 Huitong Construction Group Co., Ltd., No. 69, Shiji East Road, Baoding 074000, China;
m18833244184@163.com (H.L.); 18630206864@163.com (Y.X.)

*  Correspondence: fgongl@mtu.edu

Abstract

This study systematically investigates the influence of steel fibers on the mechanical prop-
erties of cement concrete. End-hook, shear, and milling type steel fibers were selected,
with comparisons made to copper-plated and corroded steel fibers. The effects of fiber
type, aspect ratio (40-60), and volume content (0.5-1.5%) on the compressive, flexural, and
splitting tensile properties of concrete were analyzed. A multi-objective mechanical perfor-
mance prediction model was established using a combined macro- and micro-scale testing
approach, integrated with response surface methodology (RSM) and I-optimal design. The
results indicate that steel fibers can significantly enhance the overall mechanical properties
of concrete. Among the types tested, the end-hook fiber exhibited the best performance in
compressive and splitting tensile strength, and the 28-day compressive strength increased
by 41% compared with plain concrete, while the milling fiber showed the greatest improve-
ment in flexural strength, and the value reached up to 72%. Furthermore, the failure mode
observations indicated that steel fiber incorporation fundamentally altered the fracture
behavior of concrete, transitioning it from brittle fracture to quasi-ductile behavior with
post-crack load-carrying capacity, particularly for end-hook and milling fiber types. An
optimal parameter window for the fiber reinforcement effect was identified, with the best
comprehensive performance achieved at an aspect ratio of 50-60 and a fiber content of
0.5-1.0%. The enhancement effect of copper-plated and corroded steel fibers was limited
due to reduced interfacial bonding performance. The developed model demonstrates high
prediction accuracy, providing a theoretical and experimental basis for the engineering
application of fiber-reinforced concrete.

Keywords: steel fiber; I-optimal; mechanical properties; cement concrete

1. Introduction

As the core material of modern infrastructure construction, cement concrete has been
widely used in the world because of its excellent compressive performance, easy forming
and economy [1-3]. As the world’s largest cement producer, China is more dependent
on it in infrastructure construction. However, the inherent brittleness and low tensile
strength of concrete materials make it easy for cracks to form during service. These cracks
continue to expand under the combined action of load and environment, which not only
significantly weakens the bearing capacity and durability of the structure, but also brings
high maintenance costs and even causes catastrophic accidents in extreme cases, which
seriously threatens public safety.
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In order to effectively improve the crack resistance and toughening performance of
concrete, fiber reinforcement technology has become one of the most promising modifica-
tion methods in engineering applications [4]. Among available reinforcement strategies,
fiber-reinforced concrete has emerged as the most extensively studied composite system,
with comprehensive reviews documenting performance improvements across compressive,
tensile, and flexural responses for both steel and synthetic fiber types [5]. By uniformly
incorporating a large number of short and discrete fibers into the cement matrix, the tech-
nology uses the interfacial bonding force between the fiber and the matrix to form an
effective ‘bridging’ stress at the tip of the micro-crack, thereby inhibiting the initiation and
expansion of the crack, so that the concrete can still maintain a certain residual strength and
significant deformability after cracking [6]. Among many fiber types, steel fiber can achieve
efficient stress transfer and energy absorption due to its thermal expansion coefficient
similar to that of concrete, its high elastic modulus, and its excellent tensile strength, thus
occupying a dominant position in structural applications [7]. A large number of engi-
neering practices [8,9] show that the incorporation of steel fiber can significantly improve
the tensile, bending, impact and fatigue resistance of concrete. Critically, beyond these
strength improvements, steel fibers are well known to substantially enhance the ductility
and energy absorption capacity of concrete. Plain concrete fails in a sudden and brittle
manner under tensile and flexural loading; fiber incorporation fundamentally changes
this behavior by bridging cracks and sustaining residual load after first cracking, thereby
enabling a quasi-ductile failure mode that is essential for structural safety.

The reinforcement effect of steel fiber on concrete is affected by its own geometric and
physical parameters. The key parameters include the shape of the fiber (such as end-hook
type, shear type, and milling type) [10], aspect ratio (ratio of length to diameter) [11],
volume content [12] and surface state [13] (such as smooth, copper plating, or corrosion).
These parameters directly determine the dispersion of the fiber in the mixture, the spatial
distribution and orientation in the hardened body, and the interfacial bonding properties
formed with the cement matrix. For example, the end-hook fiber enhances the mechan-
ical bite force through the anchoring effect of the end [14]; single-fiber pull-out studies
have further quantified the anchoring contribution of the hooked end, demonstrating that
mechanical anchorage can account for more than 50% of total pull-out energy [15]; the
aspect ratio affects the pull-out work and toughening efficiency of the fiber. In particular,
the effects of aspect ratio on flexural and mechanical performance have been systemat-
ically evaluated across both recycled and conventional aggregate concrete [12], and the
equivalency of corrugated and hooked fibers in bond strength has been established [16].
The volume content is directly related to the average spacing of the fibers and the number
of bridging cracks [17-21]. These beneficial effects have been consistently demonstrated
across a wide range of concrete strength grades, from normal- to ultra-high-strength ma-
trices, with fiber dosage and length simultaneously exerting a synergistic influence on
the tensile and flexural response [19]. In the domain of ultra-high-performance matrices,
Yoo et al. [20] examined the interplay of fiber shape, aspect ratio, and volume fraction
on flexural performance simultaneously, providing a multi-factor perspective; yet such
systematic investigations remain scarce for normal-strength concrete, particularly when
different fiber types are tested within a unified experimental framework.

The mechanical behavior of cracked concrete and the theoretical framework for de-
scribing it have been progressively established through decades of systematic research.
Research on the fracture mechanics of concrete has undergone decades of development,
accumulating extensive theoretical and experimental achievement [22]; the development of
a series of theories and models (such as fiber spacing theory [23] and the equivalent crack
model [24]) has gradually deepened the understanding of material fracture behavior. Sys-
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tematic research of steel-fiber-reinforced concrete has also been carried out. From the early
mechanism exploration to the later performance characterization and model establishment,
rich results have been accumulated. Although Chinese scholars started relatively late in this
field, they quickly kept up with the international pace through continuous experimental
research [25], theoretical innovation and engineering practice, and formulated relevant
design and construction procedures [26-30], which greatly promoted the standardized
application of steel-fiber-reinforced concrete. In recent years, with the development of
new cement-based materials such as ultra-high-performance concrete, steel fiber, as its
key reinforcing component, has shown a broader application prospect [31]. Alongside
these material-level advances, a parallel and increasingly prominent research trend has
emerged: the integration of systematic experimental validation with data-driven predictive
modeling. This combined paradigm has proven effective in capturing the complex, non-
linear relationships governing the mechanical behavior of fiber-reinforced cementitious
systems. Shafaie et al. [32] demonstrated this approach by coupling push-out and slant
shear tests with a fuzzy logic inference system to predict the interfacial bond strength
of fiber-reinforced self-compacting concrete, achieving high predictive accuracy with a
limited number of experimental runs. In the domain of steel-fiber-reinforced concrete
(SFRC) property prediction, Kang et al. [33] integrated an extensive literature-based experi-
mental database with machine learning algorithms to simultaneously predict compressive
and flexural strengths, systematically quantifying the influence of fiber volume fraction
and mix design parameters. Zheng et al. [34] further demonstrated that ensemble learn-
ing methods exhibit a distinct advantage in modeling the nonlinear flexural response of
SFRC, with an optimal R? of 0.96. Congro et al. [35] employed artificial neural networks
to predict the residual flexural strength of fiber-reinforced concrete across multiple fiber
and matrix parameters, with all regression coefficients exceeding 0.92. Beyond machine
learning approaches, response surface methodology (RSM) has been widely validated as a
statistical optimization tool for cementitious mix design, capable of modeling nonlinear
multi-factor interactions with far fewer experimental runs than full factorial designs [36].
At the level of individual performance indices, RSM with D-optimal design has been
applied directly to SFRC systems, simultaneously optimizing fiber volume fraction and
aspect ratio to maximize splitting tensile strength and toughness under multi-objective
constraints [37]. Despite these advances, existing modeling studies predominantly rely
on aggregated published datasets and tend to focus on single mechanical performance
indices, without systematically addressing the interaction effects among fiber shape, aspect
ratio, and volume content within a unified experimental framework, nor targeting the
simultaneous optimization of multiple mechanical properties.

Despite remarkable research outcomes, several important directions in current SFRC
research require further exploration. First, as mentioned, the lack of studies on multi-
parameter coupling effects makes it difficult to achieve the optimal balance between
performance and cost in material design. Second, recent studies employing scanning
electron microscopy (SEM) have introduced the concept of a Fiber Interfacial Transition
Zone (FITZ)—a 30 um wide strip around the fiber that is more susceptible to microc-
racking than the conventional aggregate—paste ITZ [38]—while nano-modification studies
have shown that the pore structure and microhardness of the ITZ can be systematically
improved [3]. The microstructure, composition of hydration products, chemical bonding
state, and their evolution during stress in the ITZ are key to deeply understanding stress
transfer, fiber pull-out, and damage mechanisms, yet related research is still insufficient.
Additionally, comparative studies between different fiber materials are notably lacking.
For example, the actual effectiveness of copper-plated steel fiber in improving corrosion
resistance and the long-term effect of corroded steel fiber on interfacial properties are crucial
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for the scientific selection of fibers in engineering practice. Finally, existing mechanical
performance prediction models often fail to fully consider key factors such as complex
fiber shape, three-dimensional random distribution, and interface bond-slip constitutive
relationships, resulting in limited model accuracy and generalizability.

To address the aforementioned challenges, this study aims to conduct systematic
research. The core contents include: designing and implementing mechanical property
tests for SFRC covering different fiber types (end hook, shear, and milling), different aspect
ratios, and different volume contents, with comparisons to copper-plated and corroded steel
fibers to comprehensively evaluate the characteristics and application potential of various
fibers. In terms of theoretical modeling, a mechanical performance prediction model
considering multiple factors (fiber type, aspect ratio, and content) will be constructed
based on response surface methodology (RSM) and I-optimal experimental design. Multi-
objective optimization of the mix proportion will subsequently be performed to identify
the optimal combination of fiber parameters.

In summary, steel fiber reinforcement technology holds clear and significant value
for improving the safety, durability, and sustainability of concrete structures. Through
systematic experimentation and data modeling methods, this study aims to expand the ex-
isting research and provide solid theoretical support and feasible technical solutions for the
efficient and precise application of steel-fiber-reinforced concrete in highway engineering
and other infrastructure fields. This study focuses on quantifying the macroscopic effects
of fiber parameters through experimental design and statistical modeling, and discusses
the underlying mechanisms based on observed mechanical responses.

2. Raw Materials and Experimental Design
2.1. Raw Materials
2.1.1. Aggregate

The coarse aggregate used in this test is limestone, and the fine aggregate is river sand,
which is provided by Huitong Road and Bridge Construction Group Highway Engineering
Co., Ltd. (Gaobeidian City, China). The technical indicators of coarse and fine aggregates
are shown in Table 1. The surface state of coarse and fine aggregate is shown in Figure 1.

Table 1. Material collection technical indicators.

Value Water Absorption Apparent Density Su];f:l::iDry Bulk Density Crushing Value Needle Flake
(%) (kg/m?) ty (kg/m®) (%) Content (%)
(kg/m?)
Fine aggregate 1.25 2676 2654 2646 - 0.8
Coarse aggregate 0.21 2890 1740 1870 6.4 1

Figure 1. The surface state of coarse and fine aggregate.
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2.1.2. Fiber Materials

The fibers used in this experiment include end-hook steel fiber, shear steel fiber, milling
steel fiber, and copper-plated end-hook steel fiber, which were provided by Hebei Baihang
Engineering Co., Ltd. (Handan, China). In addition, self-made corroded end-hook steel
fiber was also used in this experiment. The parameters of various fibers are shown in
Table 2.

Table 2. Overview of various types of fibers.

Material Type Surface State Tensile Strength (MPa) Length-Diameter Ratio Selection
End-hook steel fiber Cold-drawn steel wire 1150 40/50/60
Shear steel fiber Cold-rolled strip 450 40/50/60
Steel fiber Milling steel fiber Ingot milling pin 650 40/50/60
Copper-plated steel fiber Anti-rust treatment 2695 60
Corroded steel fiber Rust treatment - 60

Through literature research and investigation, three types of steel fibers—end-hook
type, shear type and milling type—were selected as the preparation materials, and
three different aspect ratios were selected for each type. In terms of other fibers, cor-
roded steel fibers and copper-plated fibers were selected as controls. The steel fiber density,
chemical composition, tensile strength, bending performance and other indicators were
optimized to meet the requirements of the specification. The technical indicators of various
fibers are shown in Tables 3—-6.

Table 3. Technical index of steel fiber.

Inspection Item Unit Technical Requirement Experimental Result
Surface of steel fiber should be clean and dry; no oil stain and other . .
P . . ~ - . . ; . . . -, Complied with the
resentation quality impurities; total weight of bonding sheets, iron pins and impurities requirements
contained in steel fibers less than 1%. !
Tensile End-hook type MPa 1000 < fu < 1100 1150
strenoth Shear type MPa 400 < fu < 700 450
& Milling type MPa 600 < fu < 1000 650
Bending performan Bending performance of steel fiber: meeting the requirement of less Non-breaking rate in a
¢ § periormance than 95% non-breaking rate in a single 90° bend test. single 90° bend test: 100%
Shape qualification rate % >90 100
Table 4. Technical index of copper-plated fiber.
Performance Index Unit Index Requirements Test Result
Tensile strength MPa >2085 2695
Length mm 13+13 12.98
Equivalent diameter mm 0.2 +£0.02 0.2
Draw ratio - 65+ 6.5 65
. Cold bending 90 20/20 20/20
Bending performance - . .
continuously continuously

Three types of steel fibers, namely end-hook type, shear type and milling type, were
selected as the preparation materials, and three different aspect ratios of 40, 50 and 60 were
selected for each type, as shown in Figure 2. In order to analyze the influence of fiber
surface state on the crack resistance of fiber-reinforced concrete, the corroded steel fiber
was prepared, and the best simple preparation conditions of corroded steel fiber (10% NaCl
solution, soaking for 10 days) were optimized by setting the control group. A number of
corroded steel fibers were prepared according to this condition, which were in contrast
with copper-plated fibers and ordinary steel fibers.
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Table 5. Cement performance parameter.

Project Standard Requirement Test Result
Initial setting time (min) >45 159
Final setting time (min) <600 270
Fineness (%) <10 2.5
3d flexural strength (MPa) >3.5 45
3d compressive strength (MPa) >17.0 21.2
28d flexural strength (MPa) >6.5 8.1
28d compressive strength (MPa) >42.5 49.0
Loss on ignition (%) <5.0 1.93

Table 6. Fly ash performance parameters.

Project Standard Requirement Test Result
Fineness (%) <30 22
Water demand ratio (%) <105 97
Water content (%) <1 04
Loss on ignition (%) <8 2.7

Milling steel fiber with an aspect ratio of 40.

End-hook steel fiber with a length—diameter ~End-hook steel fiber with a length—-diameter ratio  End-hook steel fiber with a length-diameter
ratio of 40. of 50. ratio of 60.

Figure 2. Different types of steel fibers with different aspect ratios.

In order to optimize the best corrosion conditions and change the surface state of the
fiber to form a contrast effect with the surface state of ordinary steel fiber and copper-plated
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fiber, ordinary steel fiber was soaked in different salt water concentrations of 5%, 10% and
15%, and compared with the evaporation group without steel fiber in the same natural
environment, as shown in Figure 3. After 10 days’ treatment, the mass changes of end-hook
steel fiber immersed in different salt water concentrations of 5%, 10% and 15% were 7.5 g,
11 g and 7 g, respectively, indicating that the corrosion effect of steel fiber is best under
10% salt water concentration, and the corrosion effect of NaCl solution with different
concentrations for 10 days is shown in Figure 4; thus, this condition was selected to prepare
corroded steel fiber.

Figure 5 shows the micro-surface morphology of different types of steel fibers before
incorporation. It can be clearly observed from the figure that there are significant differences
in the initial surface state of different fibers. The surface of the hooked steel fiber is relatively
clean, and the longitudinal lines formed by the cold drawing process are relatively dense.
Milled steel fibers and shear steel fibers have highly rough and irregular textures, which are
considered to provide stronger physical meshing and interfacial friction when combined
with the cement matrix. In contrast, the surface of copper-plated steel fiber is very smooth
and homogeneous. The surface of the corroded steel fiber is not a dense steel body but

is covered by a layer of loose and porous corrosion products, which has poor structural
integrity.

Soaked in 5% NaCl solution for 3 days. Soaked in 10% NaCl solution for 3 days. Soaked in 15% NaCl solution for 3 days.

Figure 3. Cont.
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. Soaked in 15% NaCl solution for 7 days.

Soaked in 5% NaCl solution for 10 days.Soaked in 10% NaCl solution for 10 days. Soaked in 15% NaCl solution for 10 days.

Figure 3. The corrosion process of steel fiber under different NaCl concentrations.

- T .
PP

(@) (b) (©)

Figure 4. Corrosion effect of different concentrations of NaCl solution for 10 days: (a) 5%; (b) 10%;
(c) 15%.

2.1.3. Cementitious Materials

Among the cementing materials used in the experiment, the cement is P.O 42.5 ordinary
Portland cement produced by Jinyu Jidong Cement Group Co., Ltd. (Hengshui, Hebei,
China), the fly ash is secondary fly ash, and the slag powder is 595 slag powder. The
performance parameters are shown in Tables 5-7. The morphology of the cementitious
material is shown in Figure 6.

https://doi.org/10.3390/ma19081493
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— 00pm JEO! 025 — 100pm JEOL 9/
15.0kV LED s 15.0kV LED SEM

(d)

Figure 5. The micro-surface morphology of different types of steel fibers before incorporation:
(a) end-hook steel fiber; (b) shear steel fiber; (c) milling steel fiber; (d) copper-plated steel fiber;
(e) corroded steel fiber.

Table 7. Slag powder performance parameters.

Project Standard Requirements Measured Results
Density (g/ cm? ) >2.8 291
Specific surface

area/(m?/kg) =400 424

7d total activity (%) >70 82
28d total activity (%) >95 110
Mobility ratio (%) >95 103
Water content (%) <1.0 0.2
Loss on ignition (%) <3.0 1.1

P.O 42.5 cement Slag owder

Figure 6. Morphology of cementitious materials.
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2.2. Mix Proportion Design

Based on the discontinuous grading design (coarse aggregate: 10-20 mm single-grain
limestone crushed stone) and the principle of slurry volume optimization, the water-binder
ratio was strictly controlled at 0.36, which meets the requirements of low hydration heat and
high compactness of high-strength concrete. The total content of fly ash and slag powder
in the cementitious system is 36%, and the strength and impermeability in the later stage
are improved by the pozzolanic effect and micro-aggregate filling. The sand ratio is 46.2%,
which is significantly higher than Specification for Mix Proportion Design of Ordinary
Concrete (JGJ 55-2011) [39] to compensate the gap defect of single-grain coarse aggregate
grading. The benchmark matching was determined through system trial matching, as
shown in Table 8.

Table 8. Benchmark mix ratio of steel-fiber-reinforced concrete.

Component Cement Water Sand Stone Slag Powder Fly Ash Additive
Proportion 1 0.566 3.41 3.98 0.305 0.261 0.003

2.3. Grading Design

The performance of cement stabilized macadam is significantly affected by gradation
structure. The skeleton dense structure has both a coarse aggregate skeleton and a fine
aggregate filling function, and has excellent stability and crack resistance, so this structure
is adopted in the experiment. The gradation design of steel fiber cement concrete should
consider the distribution and orientation of steel fiber and its bond with the matrix in order
to exert the effect of strengthening and toughening. Therefore, the maximum particle size
of coarse aggregate is limited to 10~20 mm in this study. This restriction is mainly based
on two aspects: firstly, to prevent large aggregates from hindering the uniform dispersion
and three-dimensional orientation of steel fibers, to prevent fibers from “bridging” or
gathering, and to weaken the crack resistance; secondly, smaller aggregate helps to improve
the workability of fiber-reinforced concrete and reduce segregation. At the same time, the
maximum aggregate particle size is less than two-thirds the length of the steel fiber to
ensure effective function.

On this basis, the discontinuous grading design is adopted, and the coarse aggregate
is 10~20 mm single-particle limestone macadam. According to Pebble and Crushed Stone
for Construction (GB/T 14685-2022 [40]), the sand ratio is increased to 45%, and coarse
sand with fineness modulus of 2.9 is selected to compensate for the increase in porosity
caused by discontinuous gradation. This design forms a stable skeleton with mortar as
the continuous phase and coarse aggregate as the dispersed phase, which fully wraps the
coarse aggregate and steel fiber, ensures the bonding strength of fiber-matrix interface,
improves the cohesion of mixture and reduces the risk of fiber agglomeration. The grading
design follows Standard for Design of Steel Fiber Reinforced Concrete Structures (JGJ/T
465-2019) [30], and the specific grading is shown in Table 9.

Table 9. Aggregate grading.

Mesh Size (mm)

Mass Percentage Passing Through Sieve Holes with Different Apertures (%)

26.5 19 16 13.2 9.5 475 236 1.18 0.6 0.3 0.15 0.075

Value of Pass Rate (%)

100 95 95 95 50 46 27 18 12 6 3 2
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2.4. Specimen Preparation and Experimental Scheme
2.4.1. Specimen Preparation

Cube specimens (100 mm x 100 mm x 100 mm) were used for compressive and
splitting tensile strength tests. Prism specimens (100 mm x 100 mm x 400 mm) were
used for flexural strength and toughness tests. All specimens were prepared by vibration
compaction in accordance with the Test Methods of Cement and Concrete for Highway
Engineering (JTG 3420-2020) [41]. The mixing process for steel fiber concrete is illustrated
in Figure 7.

Add coarse aggregate Add fine aggregate Add cementitious materials Add steel fiber in batches

—

Mix well

(E— i

Mix 2min

I 1

1 1

1 1

1 1

1 1
< - !
1 1

Extrusion | 1
1 1

1 1

1 1

Maintenance Molding Artificial mixing, measuring slump Slowly add water, additives

Figure 7. Flow chart of steel fiber cement concrete mixing.

According to the designed aggregate gradation and test scheme, a series of test steps,
such as batching, mixing, oil brushing, charging and tamping, were carried out, respectively.
Finally, the specimens were placed on a vibrating table together with the test formwork for
compaction, and after a period of time, the formworks were removed and moved to the
standard curing room for curing.

2.4.2. Indoor Experimental Design

A three-factor, multi-level experimental design was employed to systematically study
the effects of aspect ratio (Factor A), volume content (Factor B) and fiber type (Factor C) on
the mechanical properties of concrete.

Factor A (aspect ratio): Three levels: small (S, 40), medium (M, 50), and large (L, 60).
(Copper-plated and corroded fibers used a single aspect ratio of 60.)

Factor B (volume content): Three levels: 0.5%, 1.0%, and 1.5%.

Factor C (fiber type): Five types, including end-hook (DS), shear (SS), and milling (MS)
steel fibers, as well as copper-plated (C) and corroded (X) steel fibers.

The experimental group should be composed of one reference group and
45 (5 x 3 x 3) fiber-reinforced concrete groups. However, considering that copper-plated
steel fiber and corroded steel fiber are used as the research contrast of surface properties,
the core research goal is to verify the independent influence of steel fiber surface state on
interfacial bonding properties. In order to avoid the redundancy of variables, only one
aspect ratio of these two fibers was selected as the experimental material. Finally, one group
of plain concrete experiments and 33 groups of fiber concrete experiments were carried out,
and each group underwent cube compressive, flexural and splitting tensile experiments,
respectively. Among the fiber types, DS is end-hook steel fiber, SS is shear steel fiber, MS is
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milling steel fiber, C is copper-plated steel fiber and X is corroded steel fiber. In the aspect
ratio of fiber, S is small aspect ratio, M is medium aspect ratio and L is large aspect ratio.

2.4.3. Experimental Plan

Mechanical property tests were conducted on a total of 318 compressive specimens,
159 flexural specimens, and 318 splitting tensile specimens after standard curing to the
specified ages (7 and 28 days). The compressive strength, splitting tensile strength and flex-
ural tensile strength of the specimens were tested according to the Standard of Mechanical
Properties Test Method of Ordinary Concrete (GB/T 50081-2019) [42].

The cube compressive strength and splitting tensile strength tests were all completed
by a micro-electro-hydraulic servo pressure testing machine (HYE-2000, Sanyu Machinery
Equipment Co., Ltd. Yantai, China), and the experimental instruments are shown in
Figures 8 and 9 below.

Top board <——
100mm

Down board «——

\—H

100mm

lp

Top board
Cylindrical pad iron

Semi-circular cushion block
\ /

Wooden padding

Wooden padding <

—_
o~~~ Semicircular cushion block

Figure 9. Cube splitting tensile test instrument and schematic diagram.

The compressive strength test adopts a 100 mm x 100 mm x 100 mm cubic nonstan-
dard specimen. The obtained data were multiplied by the size conversion coefficient of
0.9 according to the Standard of Test Method of Fiber Concrete (CECS 13-2009) [27] to
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convert it into the standard cubic compressive strength. The splitting tensile strength
test also adopts a 100 mm cube specimen, and the test results are multiplied by the size
conversion coefficient of 0.85 according to the Standard for Test Methods of Fiber Concrete
(CECS 13-2009) [27].

In the experiment, a central beam specimen with the size of 100 mm x 100 mm x 400 mm
was used. In order to ensure the accuracy of the test data, a press with a small range was used
for the bending and tensile strength test. The curing age was 7d and 28d, and the specimen was
taken out of the room after the curing period had ended. Prior to testing, the surface moisture of
each prism specimen was removed using a damp cloth. The specimen was then positioned on
the support frame with an overhang of 50 mm at each end, yielding an effective span of
300 mm between the two supports. This 300 mm span was subsequently divided into
three equal segments of 100 mm each by marking two lines on the specimen surface using
colored chalk. The two loading points of the indenter were aligned with these two marked lines,
consistent with the four-point bending configuration specified in CECS 13-2009 [27].

l
fi= g 0

where f¢ is the flexural strength of concrete, in MPa; F is the load when the specimen is
damaged, in n; [ is the span between supports, in mm; b is the section width of the specimen,
in mm; and & is the section length of the specimen, in mm.

According to the standard [27], the final flexural strength should be obtained by
multiplying the data by the size conversion coefficient of 0.8.

3. Test Results and Analysis of Mechanical Properties

In this study, a total of 34 distinct fiber-reinforced concrete mixtures, including
one plain concrete reference group, were designed and tested. For each mechanical
property—cube compressive strength, flexural strength, and splitting tensile
strength—three replication specimens were made and tested for each mixture. The strength
value for each mixture was calculated in accordance with GB/T 50081-2019 [42]: the arith-
metic mean of the three measurements was reported as the representative strength if the
difference between any individual test result and the median of the three replicates did not
exceed 15% of the median; if not, the median value was adopted. All results are expressed
as measured representative intensity values, with the standard deviation of each dataset
shown as error bars in the figures.

3.1. Cube Compressive Strength

In this study, the effects of fiber type, aspect ratio, and volume content on the cube
compressive strength of cement concrete were systematically investigated. The results
indicate that fiber incorporation significantly influences compressive strength, with the
degree of enhancement or reduction depending on the synergistic interaction between
fiber material, geometry, and content. Ordinary steel fibers generally exhibited a good
reinforcing effect. In contrast, copper-plated and corroded steel fibers performed poorly
within the tested dosage range, even leading to a deterioration in the matrix strength.

Among the three kinds of steel fibers, the reinforced effect of end-hook steel fiber on
cement concrete is more prominent, as shown in Figure 10, and its 28-day compressive
strength is the highest among all fiber groups. The 28-day strength of the DS-L-0.5 group
reached 53.3 MPa, which was 41% higher than that of the reference group (37.8 MPa). This
level of enhancement is consistent with the range reported in the literature: Zhang et al. [1]
found that hooked-end fibers with 1.0-1.5% content increased compressive strength by
4-24% in normal-strength concrete, while the effect is amplified in higher-strength matrices
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due to improved fiber-matrix compatibility. The reinforcement effect of end-hook fiber is
highly sensitive to the dosage. Under each aspect ratio, 0.5% dosage usually corresponds
to the highest 7-day strength. When the content increased to 1.0%, the 28-day strength
decreased slightly; although the strength increased to 1.5%, it did not exceed the peak
value of the 0.5% dosage group. This shows that excessive fibers may introduce local
defects and weaken the compactness of the matrix, thus offsetting the reinforcement effect.
This inversely correlated trend at higher dosages has been corroborated by multiple prior
studies, wherein compressive strength reached a plateau or even decreased beyond a
1.0-1.5% fiber volume fraction due to fiber agglomeration and matrix discontinuity [1,9].
From the long-term performance, the end-hook fiber significantly promoted later strength
growth: the strength growth rate of the control group was 18% from 7 days to 28 days,
while that of the end-hook fiber group was generally between 25% and 39%, which reflected
its positive role in bridging micro-cracks and delaying damage accumulation.
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Figure 10. Compressive strength and strength growth rate of hooked-steel-fiber-reinforced

cement concrete.

Shear type and milling steel fiber also have an obvious reinforcement effect, and
the experimental results are shown in Figures 11 and 12. The results show that the
optimal parameter combination of shear-steel-fiber-reinforced concrete is different from
that of milling-steel-fiber-reinforced concrete, and the shear steel fiber reaches the peak
strength of 50.4 MPa at the medium length-diameter ratio and 1.0% content (SS-M-1). The
strength of milled steel fiber changes more smoothly, and the peak strength of the medium
length—diameter ratio group (MS-M-1) is 49.8 MPa, and the strength decreases by 11.2%
after exceeding the optimal dosage, which is smaller than that of end-hook fiber and shear
fiber, indicating that its surface texture enhances the mechanical bite force and is evenly
distributed, with little damage to the continuity of the matrix.
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The experimental results of copper-plated steel-fiber-reinforced and corroded steel-

fiber-reinforced are shown in Figures 13 and 14. The performance of corroded steel fibers

was even poorer, showing only a slight 9% increase at the 0.5% dosage (X-0.5). At higher

dosages, the strength fell below that of the reference group. Furthermore, the later-age

strength gain rate for all corroded fiber groups was significantly lower than that of the

control group. Corrosion products disrupted the integrity of the fiber—matrix interface,

hindered effective bonding, and may have inhibited cement hydration.
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Figure 13. Compressive strength and strength growth rate of copper-plated steel-fiber-reinforced

cement concrete.
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Figure 14. Compressive strength and strength growth rate of corroded-steel-fiber-reinforced

cement concrete.

In summary, steel fibers can significantly improve the compressive strength of concrete,

but their reinforcing effect is confined to an optimal window of content and aspect ratio. The

enhancement effect of copper-plated and corroded steel fibers was limited due to interfacial
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issues. Fiber incorporation generally promoted later-age strength gain, demonstrating its
positive role in bridging micro-cracks and enhancing long-term performance.

3.2. Flexural Strength

Flexural strength is a key index for evaluating the crack resistance and toughness of
fiber-reinforced concrete. In this study, the effects of different fiber types and the parameters
on the flexural properties of cement concrete were systematically investigated. The results

are presented in Figures 15-19.
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Figure 15. Flexural strength and strength growth rate of hooked-steel-fiber-reinforced cement concrete.

60
7+ [ 28d flexural strength 6.5 3 _ —n— 28d flexural strength growth rate
i = 50 n
~6 g / e "
< © | 4 I
< 404 \ /
% 5 £ 40 / \ / \\
3 5 r / [
5 4 - 30 / \ / ‘\ f’ \\
2 = f’ / / [ ]
= 1] / / /
E 3 % 20 / J" ¥
3 o / \/
S / L]
=2 2 /
2 g 10 /
=)
1 @ /.
N o4 m

T T T v T T T T T
Control §8-8-05 8881 $8-81588-M05 S5M-1 SSM1588L-05 SSL1 S8L15
Experimental group

o

Control  $$-§05 SS-S-1  SS-S-1.5 SS-M-0.5 SS-M-1 SS-M-15 SS-LO5 SS-L-1 SSL-15
Experimental group

Figure 16. Flexural strength and strength growth rate of shear-steel-fiber-reinforced cement concrete.
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Figure 17. Milling-steel-fiber-reinforced cement concrete flexural strength and strength growth rate.

The data show that the addition of fibers can significantly alter the flexural properties
of concrete, but the toughening effect is highly dependent on fiber geometry, surface
characteristics, aspect ratio, and volume content. Generally, milling and end-hook type
steel fibers were most effective in improving flexural strength, while other fibers exhibited
limited or even negative reinforcing effects due to the inherent limitations.
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Figure 18. Flexural strength and strength growth rate of copper-plated steel-fiber-reinforced

cement concrete.

—m— 28d flexural strength growth rate

I 284 flexural strength

53

28d flexural strength (MPa)

IN
=1
!

28d flexural strength growth rate (%)
[=]
\.

T T T
Control X-0.5 X-1 X-15
Experimental group

Control X-0.5 X-1 X-15 C-0.5 C-1  C-L5 DS-S-0.5 DS-S-1 DS-S-1.5

Experimental group

Figure 19. Flexural strength and strength growth rate of corroded-steel-fiber-reinforced

cement concrete.

The flexural performance of end-hook steel fiber relied primarily on its end-anchorage
mechanism. Its optimum flexural strength was achieved in the medium aspect ratio group
with 1.5% content (DS-M-1.5), reaching 6.5 MPa with a 51% increase. The anchoring
mechanism of the hooked end has been independently quantified by pull-out experiments
showing that the hook contributes 50-57% of total pull-out energy [15], which directly
underpins the flexural bridging capacity observed in this study. The end hook provides a
mechanical interlock during fiber pull-out, effectively delaying crack propagation. Unlike
the compressive behavior, the flexural strength of the composite increased continuously
with fiber content within the tested range. This indicates that the anchoring effect can
be fully utilized at higher contents. However, in the large-aspect-ratio group, strength
decreased at the 1.5% dosage, suggesting that the combination of excessive fiber length and
high content may impair dispersion uniformity.

Milling steel fiber exhibited the best flexural performance overall. Its 28-day flexural
strength peaked in the MS-L-1 group at 7.4 MPa, which was 72% higher than the control
group (4.3 MPa). This magnitude of improvement is supported by recent comparative
studies: Zhao et al. [43] demonstrated that milled fibers consistently outperformed hooked
fibers in flexural performance across varying aspect ratios, attributing this advantage to the
stronger mechanical interlock generated by their rough surface texture. This is attributed
to its rough surface morphology, which enhances mechanical interlock and friction at the
fiber-matrix interface, thereby providing higher bridging stress during crack propagation.
The flexural strength increased with aspect ratio, with the large-aspect-ratio groups show-
ing the best performance across all dosage levels. Its strength varied moderately with
content, indicating that milling fiber can effectively realize its toughening potential even at
lower contents.
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The flexural performance of shear steel fiber was particularly sensitive to content. The
strength of the best-performing group (SS-M-1) was 6.5 MPa, but strength decreased in all
groups when the dosage increased to 1.5%. Due to the lack of end anchorage or distinct
surface texture, it relies primarily on chemical bonding with the cement paste, resulting in a
relatively weaker interface. At high contents, the straight fibers are prone to agglomeration,
forming defects that disrupt stress transfer and lead to a decline in the reinforcing effect.

The flexural properties of copper-plated and corroded steel fibers were severely limited
by interfacial issues. The copper-plated fiber achieved a strength of 5.3 MPa at 0.5% content.
However, as the content increased, agglomeration induced by the smooth surface caused
strength gain to stagnate, with a maximum increase of only 23%. The performance of
corroded fiber was even poorer. The strength of the best group (X-1) was only 4.5 MPa,
a mere 5% increase, while the strength of the other groups was even lower than that of
the reference concrete. The loose oxide layer formed by corrosion products creates a weak
transition zone at the interface, significantly weakening the fiber bridging effect.

Beyond the quantitative strength data reported above, the failure modes observed
during the four-point bending tests provided important qualitative evidence of the ductility
improvement imparted by steel fiber incorporation. Plain concrete specimens failed in a
sudden and brittle manner: upon reaching peak load, a single dominant crack propagated
rapidly through the cross-section, resulting in immediate and complete separation of the
specimen with no residual load-carrying capacity. In contrast, all fiber-reinforced specimens
exhibited a markedly different fracture behavior. After first cracking, the bridging fibers
continued to transfer stress across the crack faces, preventing catastrophic separation and
allowing the specimens to sustain a measurable residual load over considerably larger mid-
span deflections before eventual failure by fiber pull-out or rupture. This transition from
brittle fracture to quasi-ductile behavior was most evident in the milling and end-hook fiber
groups, consistent with their superior interfacial bonding mechanisms; the rough surface
texture of milling fibers and the mechanical anchorage of end-hook fibers both enhance
the fiber—-matrix interaction during crack opening, thereby prolonging energy dissipation.
Shear steel fiber groups also demonstrated improved post-crack integrity compared to plain
concrete, though the absence of mechanical anchorage made the fibers more susceptible to
pull-out at higher deflections. The copper-plated and corroded fiber specimens showed
the least improvement in post-crack behavior, with specimens exhibiting relatively abrupt
load drops after peak, consistent with the weak interfacial bonding that also limited their
strength performance. These observations confirm that the incorporation of steel fibers
represents not merely a strength enhancement strategy but a fundamental improvement
in the fracture ductility of concrete, a characteristic of critical importance for structural
applications subjected to impact, seismic, or fatigue loading.

In summary, steel fibers can significantly improve the flexural strength and toughness
of concrete through mechanisms such as mechanical interlock and end anchorage, with
the milling type exhibiting the best overall performance. The enhancement provided by
copper-plated and corroded fibers was limited by interfacial bonding. Unlike the trend
for compressive strength, flexural strength generally increased with fiber content. This
indicates that a higher fiber proportion can more effectively bridge macro-cracks and fully
utilize the crack-resistance potential under flexural and tensile stresses.

3.3. Splitting Tensile Strength

In this study, the effects of different types of fibers on the splitting tensile strength of
cement concrete are systematically investigated. The results are shown in Figures 20-24,
and the data show that there are significant differences in fiber reinforcement effects, which
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mainly depend on the mechanical properties, geometric characteristics of fibers and their
interfacial bonding properties with the cement matrix.
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Figure 20. Splitting tensile strength and strength growth rate of hooked-steel-fiber-reinforced
cement concrete.
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Figure 21. Splitting tensile strength and strength growth rate of shear-steel-fiber-reinforced
cement concrete.
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Figure 22. Splitting tensile strength and strength growth rate of milling-steel-fiber-reinforced
cement concrete.

Regarding splitting tensile strength, steel fibers exhibited an excellent reinforcing
effect. The 28-day splitting tensile strength of end-hook steel fiber increased regularly
with both content and aspect ratio. The strength of the medium-aspect-ratio group (DS-M-
1.5) reached 5.9 MPa, representing a 79% increase over the reference group’s strength of
3.3 MPa. It is noteworthy that the splitting tensile strength continued to increase with
fiber content, contrasting with the “optimal content” phenomenon observed in the com-
pressive tests. This indicates that the end-anchorage effect is more fully mobilized under
tensile stress.
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Figure 23. Splitting tensile strength and strength growth rate of copper-plated steel-fiber-reinforced
cement concrete.
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Figure 24. Splitting tensile strength and strength growth rate of corroded-steel-fiber-reinforced
cement concrete.

Milling steel fiber performed best. The 28-day strength of the medium-aspect-ratio
group (MS-M-1) reached 6.5 MPa, the highest value among all experimental groups and a
97% increase compared to the reference group. This is attributed to the strong mechanical
interlock provided by the milled surface texture, which ensures effective stress transfer.
However, when the content exceeded 1.0%, strength generally declined, indicating that the
enhancement effect still exhibits an optimal threshold in terms of content.

The performance of shear steel fiber showed obvious sensitivity to content. In the
medium-aspect-ratio group, peak strength (5.7 MPa) was achieved at 1.0% content (SS-
M-1) and decreased to 4.9 MPa when the content increased to 1.5%. This inverted U-
shaped trend stems from the straight fiber morphology, which is prone to agglomeration
at high contents, leading to decreased stress transfer efficiency. In terms of strength
development, shear steel fiber significantly promoted later-age strength gain. The strength
gain rate from 7 to 28 days for the SS-M-1 group reached 39%, far exceeding the 14% of the
reference group.

The splitting tensile strength of copper-plated steel fiber exhibited an initial increase
followed by a decrease. At 1.5% content, the highest strength reached 5.6 MPa; however,
the improvement was significantly lower than that achieved with ordinary steel fibers. The
smooth copper-plated surface reduces the inter-fiber friction coefficient, leading to severe
agglomeration when the content exceeds a critical value. The later-age strength gain rate of
the C-1.5 group was only 12%, substantially lower than that of other dosage groups.

The behavior of corroded steel fiber was more complex, with strength showing non-
monotonic changes. The strength was 4.1 MPa for the X-0.5 group, dropped to 3.6 MPa
for X-1, and then rose to 4.3 MPa for X-1.5. This fluctuation stems from the dual effect of
corrosion on the interface: moderate corrosion increases surface roughness and enhances
mechanical interlock, whereas excessive corrosion causes the oxide layer to spall, creating a
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weak zone. The degradation of the fiber—-matrix bond by corrosion products is consistent
with findings from UHPC studies, where pre-corroded steel fibers caused a reduction in
interfacial bond strength due to the formation of a loose, porous oxide layer at the fiber
surface [2]. The dual effect of moderate corrosion increasing surface roughness while
excessive corrosion forming a weak zone, observed in this study, was also noted in single-
fiber pull-out investigations [18]. The later-age strength gain rate of all corroded fiber
groups was lower than that of the reference group, indicating that interfacial damage
continued to develop under long-term loading.

In summary, steel fibers, especially the end-hook and milling types, can significantly
improve the splitting tensile strength of concrete. The enhancement is primarily achieved
through end anchorage and the mechanical interlock provided by surface texture. The
enhancement effect of copper-plated and corroded steel fibers was limited due to in-
terfacial problems. The results of this study provide an important basis for the ma-
terial design and engineering application of fiber-reinforced concrete in tensile-stress-
dominated environments.

4. Mix Proportion Optimization Design and Model Establishment

4.1. Response Surface Methodology (RSM) and CCD Experimental Design
4.1.1. Experimental Design

In this study, a three-factor, three-level central composite design (CCD) within the
response surface methodology (RSM) framework was implemented using Design-Expert
13 software. The model responses were the cube compressive strength, flexural strength,
and cube splitting tensile strength. The experimental design matrix and results are pre-
sented in Table 10, where Factor A represents the steel fiber aspect ratio, Factor B the
volume content, and Factor C the fiber type.

Table 10. CCD experimental design matrix and results for mechanical properties.

Experimental A B (%) c 7d Compressive 28d Compressive 28d Flexural Teigilsféltt;;?\g th 28d Splitting Tensile
Group Strength (MPa) Strength (MPa) Strength (MPa) (MPa) 8 Strength (MPa)

1 50 0.5 End hook 40.3 49 5.7 4.5 5.5
2 60 0.5 Shear 35.9 45.4 5.1 4 4.6
3 60 15 Milling 34 423 6.6 3.8 5
4 40 0.5 Shear 335 42.1 4.6 3.5 42
5 50 15 Milling 35.3 442 6.5 44 5.7
6 50 1 Milling 413 52.7 74 48 6.6
7 50 1 End hook 412 52.1 6.7 51 6.2
8 40 0.5 End hook 37.8 44.6 5 42 49
9 60 1 Shear 36 49.2 6.3 4.2 5.5
10 60 0.5 Milling 36.7 44.6 7.3 4.8 5.9
11 60 1 End hook 404 53.6 6.4 43 5.1
12 50 1 Shear 39.5 52.2 6.8 45 59
13 40 0.5 Milling 35.2 425 6.2 4 5.1
14 40 15 Shear 323 40.1 5.6 3.6 45
15 60 1 Milling 37.8 46.5 74 4.7 6.2
16 40 15 End hook 33.1 451 5.9 47 5.6
17 50 15 End hook 35.6 495 6.5 5.1 59
18 40 1 Milling 325 39.3 6.4 42 5.8
19 50 15 Shear 33.6 433 6.3 3.9 49
20 50 1 Shear 36.3 50.4 6.5 4.1 5.7
21 40 1 End hook 35.5 449 5.6 45 5.3
22 50 1 End hook 379 49.2 6.3 4.8 59
23 50 1 Shear 40.2 51 6.4 4.2 6.1
24 40 15 Milling 33.1 40.8 6.1 4.1 5.4
25 60 15 End hook 38.1 53.9 6 4.2 4.9
26 40 1 Shear 34.8 445 5.8 37 48
27 50 1 End hook 39.9 51.6 6.4 5 6.3
28 60 0.5 End hook 427 53.3 6.1 4.8 5.8
29 50 0.5 Shear 35.2 441 4.9 3.8 47
30 50 1 Milling 38.6 488 7.7 5 6.1
31 50 0.5 Milling 37.4 45.8 6.8 45 53
32 50 1 Milling 39.6 49.8 7.6 49 6.5
33 60 15 Shear 31.8 39.6 54 4.2 5.4
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Based on the data in Table 10, quadratic polynomial regression models for the var-
ious strength responses were developed using Design-Expert 13 software, as shown in
Equations (2)—(6).

Y] = 3890+ 1.42A — 1.54B 4+ 1.65C; — 1.39C, — 0.2833AB + 1.04AC; — 0.9056 AC,

) ) )
—0.7889BC; + 0.3944BC, — 1.99A% — 1.92B

Y, = 50.22 +2.47A — 0.7B + 2.86C; — 1.22Cy — 0.3583AB + 1.89AC; — 1.22AC, )
+0.9667BC; — 0.7333BC, — 2.91A% — 3.26B2

Y; = 6.81 +0.3A + 1.778B — 1.97C; — 0.4606C, — 0.1917AB + 0.0333AC; @

—0.1667AC, + 0.0889BC; + 0.2722BC, — 0.414A% — 0.614B?
Y; = 4.66 + 0.1389A — 0.0056B + 0.2879C; — 0.3939C, — 0.175AB — 0.1556 AC; )
+0.1278 AC, + 0.0889BC; + 0.0722BC, — 0.3202A2 — 0.2202B2
Y5 = 6.05 + 0.1556 A + 0.0722B + 0.0879C; — 0.3758C, — 0.1917AB — 0.1556 AC; ©)

+0.1778 AC, — 0.0389BC; + 0.1444BC, — 0.4474A% — 0.564B>

where Y7 is 7d compressive strength, Y; is 28d compressive strength, Y3 is 28d flexural
strength, Y, is 7d splitting tensile strength, Y5 is 28d splitting tensile strength; A is the
fiber aspect ratio, B is the fiber volume content (%), and C; and C; are dummy variables
encoding the categorical factor of fiber type. When the fiber is hooked at the end, C; = 0
and C; = 0; when the fiber is shear type, C; =1 and C; = 0; when the fiber is milling type,
Ci=0and C, =1.

4.1.2. Analysis of Variance

The analysis of variance (ANOVA) results for the CCD experiments is summarized in
Table 11. According to the ANOVA results, the quadratic polynomial regression models for
all five mechanical property indices were highly significant (p-value < 0.0001). Furthermore,
the lack-of-fit p-value for each model was greater than 0.05, indicating that the models
were well fitted, with no significant unexplained systematic variation, and that errors were
primarily due to random factors.

Table 11. Analysis of variance for the CCD experimental models.

Strength Index 7d Compressive 28d Compressive 28d Flexural Te171(siilse}J ;ltt:::éth T::silipsltl:::ggth
Strength (MPa) Strength (MPa) Strength (MPa) (MPa) (MPa)
Model <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
A 0.0010 0.003 <0.0001 0.0115 0.0663
B 0.0004 0.2367 0.0068 0.9128 0.3787
p-value C 0.0007 0.0004 <0.0001 <0.0001 0.0005
AB 0.5391 0.6159 0.0152 0.0096 0.0648
AC 0.1206 0.0840 0.1335 0.0878 0.2561
BC 0.3409 0.4754 0.0008 0.0988 0.4351
Misfitting term 0.6909 0.0913 0.1998 0.1876 0.1069
Predicted R? 0.7183 0.6941 0.9143 0.7749 0.8010
Adjusted R? 0.8151 0.7993 0.9598 0.8523 0.9067

Regarding the influence of individual factors, the sensitivity of each strength index
varied. For the 7-day compressive strength, the steel fiber aspect ratio (A), volume content
(B), and type (C) all had extremely significant effects (p < 0.01), with the order of influence
(based on effect estimates) being content (B) > type (C) > aspect ratio (A). For the 28-day
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compressive strength, fiber type (C) had an extremely significant effect, and aspect ratio
(A) a significant effect, while the effect of content (B) was not significant. For flexural
strength, aspect ratio (A), content (B), and type (C) all exhibited highly significant influences,
with the order of importance being A > C > B. For splitting tensile strength, fiber type
(C) was a highly significant factor at both 7 and 28 days. The 7-day strength was also
significantly affected by aspect ratio (A), whereas content (B) did not show a significant
influence at either age.

Regarding model goodness-of-fit, the difference between the coefficient of determi-
nation (R?) and the adjusted R? was less than 0.2 for all models, indicating good model
reliability. Additionally, the adequate precision values for all models were substantially
greater than 4, further confirming that the models had a good signal-to-noise ratio and
predictive capability. This allows for effective navigation and optimization within the given
factor space.

The study uses predicted R? to evaluate the predictive ability of the model. Predicted
R? reflects the model’s ability to interpret new data. It can be seen from Table 11 that the
difference between predicted R? and adjusted R? of all response variables is less than 0.2,
which preliminarily indicates that the established model not only fits the existing data well
but also has certain generalization prediction ability.

In summary, the established RSM models can reliably characterize the influence of
steel fiber parameters (type, aspect ratio, and content) on the various mechanical properties
of concrete. Based on these models, the optimal factor combinations for each individual
response are presented in Table 12.

Table 12. Classification of optimal influencing factors.

Optimal Length- Optimal Optimal Fiber Strength Value
Strength Type Dl;ameter Ragtio Dos?age (%) F Type (I%/IPa)
7d compressive strength 56.668 0.672 End-hook type 42.131
28d compressive strength 59.228 1.155 End-hook type 54.294
28d flexural strength 55.780 0.880 Milling type 7.617
7d splitting tensile strength 49.124 1.112 End-hook type 4.959
28d splitting tensile strength 51.613 0.972 Milling type 6.345

Table 12 lists the specific fiber parameter combinations and the corresponding pre-
dicted strength values required to maximize each mechanical property index individually.
The results show that the optimal aspect ratio, volume content, and fiber type differ sig-
nificantly depending on the specific strength property. Consequently, it is difficult for a
single fiber parameter combination to simultaneously maximize all mechanical proper-
ties. Furthermore, the sensitivity of the different strength indices to the fiber geometric
characteristics (aspect ratio and type) and content varies considerably.

Table 13 further gives the global optimal fiber parameter combination determined
after comprehensively considering all five strength indices and its corresponding predicted
strength values. Compared with the peak values of the individual strengths in Table 12, the
predicted strength values under the comprehensive optimal conditions are all lower than
the corresponding single optimal values, but the other mechanical indices are close except
for the 28d flexural strength, which is greatly reduced due to the use of hook-end fibers.
The comprehensive scheme provides a practical fiber reinforcement ratio for engineering
application with multi-performance objectives in mind.
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Table 13. Comprehensive optimal factor combination for multi-objective optimization.

Comprehensive Optimal Conditions of CCD Experiment

Draw ratio 52.497
Volume content (%) 0.966

Fiber type End-hook type

Strength type Optimal strength value (MPa)

7d compressive strength 41.189
28d compressive strength 53.962
28d flexural strength 6.655
7d splitting tensile strength 4.922
28d splitting tensile strength 6.104

4.2. I-Optimal Optimization Method

Following the design and analysis of the CCD experiments using RSM, the statistical
relationships between the factors and response values have been established in this study. It
provides a foundational model for subsequent process optimization. The CCD incorporates
a D-optimality criterion, which minimizes the generalized variance of the model parameter
estimates by maximizing the determinant of the information matrix. However, high
accuracy in parameter estimation cannot guarantee stability in prediction. Prediction
stability is also a critical objective when developing a predictive model. Therefore, an I-
optimal design within the RSM framework using Design-Expert 13 software was employed
to achieve better model prediction performance in this study.

4.2.1. Principle of the I-Optimal Method

Among various optimal design criteria, I-optimality (Integrated Variance Optimality)
has garnered significant attention due to its advantage in minimizing prediction variance,
particularly in scenarios where model prediction accuracy is the primary concern. The
I-optimal design seeks to optimize the experimental design by minimizing the average
prediction variance (APV) over a specified experimental region or region of interest (ROI).
Mathematically, this is equivalent to minimizing the integrated variance of the predicted
response across the region. Specifically, for a linear or polynomial regression model with
parameter vector 3, the variance of the predicted response at any point x is given by:

Var(j(x)) = 21 (x) M (§) f(x) )

where f(x) is the regression vector at point X, and M — 1(¢) is the information matrix
derived from design ¢, o2,

The I-optimal criterion seeks to minimize the integral of the prediction variance on the
domain x, which is expressed mathematically as:

ming / Var(9(x))dx = o?min; / FT()MY(@) f(x)dx ®)
X X

This integral is equivalent to the weighting of the trace of the inverse of the information
matrix on the integral of the outer product of the regression vector, that is:

mingtr(Mfl(g)B) )
where the elements of matrix B are:

[ i@ (10)
X
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The core application of I-optimal design is in complex system optimization problems
where accurate prediction over a region is more critical than precise parameter estimation.
In this study on the mechanical properties of steel-fiber-reinforced concrete, the value of
this method is particularly evident. When the primary goal is to accurately identify the
optimal mix proportion (to maximize mechanical properties) within a multi-dimensional
parameter space, it is essential to account for the interaction effects among key factors such
as steel fiber type (end-hook, shear, and milling), aspect ratio (40-60), and volume content
(0.5-1.5%).

For example, the experimental data of this study show that the peak flexural strength
of end-hook steel fiber can reach 6.5 MPa under the medium length—diameter ratio and
1.5% dosage (DS-M-1.5), which is 51% higher than that of the control group, but its optimal
compressive strength group (DS-L-1) is in a completely different parameter range. However,
due to the surface texture characteristics, milled steel fiber shows a unique feature of slow
decrease in splitting tensile strength optimization, and the strength only decreases by 12.3%
when the content is 1.5%. This multi-objective, nonlinear response characteristic is suitable
for building a high-precision prediction model through I-optimal design, and the global
optimal solution can be achieved within the preset material performance target domain.

For the high cost and lengthy duration of fiber-reinforced concrete experimentation,
I-optimal design enhances prediction reliability at critical performance thresholds by opti-
mally allocating limited experimental resources across the design space. Compared to a
CCD, which may require testing at least 27 parameter combinations, an I-optimal design
can concentrate experimental efforts on sensitive regions and more accurately predict per-
formance inflection points with a reduced number of trials. This approach can significantly
reduce experimental cost and time while maintaining, or even improving, the overall
prediction accuracy of the model.

Compared to the traditional D-optimality criterion, which focuses on precise parameter
estimation by maximizing the information matrix determinant, the I-optimality criterion
focuses on minimizing the average prediction variance across the region of interest. This
makes it particularly suitable for fitting complex, high-dimensional models and provides
more accurate predictions within the specified experimental domain, which is crucial for
mixture design problems. The key differences between these two optimization criteria are
summarized in Table 14.

Table 14. The difference between the two optimization design methods.

Trait

I-Optimal D-Optimal

Optimization objective
Mathematical form
Applicable scenario

Output focus

Minimize the average variance of the
predicted response
min | Var[§(x)]dx Maxdet(XTX)
Parameter optimization
(finding the best combination)
Flat area of the response surface Confidence interval of model coefficients

Maximize the accuracy of parameter estimation

Factor significance analysis

4.2.2. Experimental Design Results of the I-Optimal Method

The optimal design of response surface based on the I-optimal criterion is shown in
Table 15. It shows that the I-optimal design generated by Design Expert 13 software in this
study only needs 22 groups of experiments, which significantly reduces the demand for
experimental resources and is a reduction from the 33 groups of experiments required by the
CCD design. This simplification of the experimental amount stems from the optimization
of the prediction variance of the design space by the I-optimal algorithm.
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Table 15. Experimental design and results based on the I-optimal method.
Experimental A B (%) c 7d Compressive 28d Compressive 28d Compressive 7d Splitting Tensile 28d Splitting Tensile
Group ° Strength (MPa) Strength (MPa) Strength (MPa) Strength (MPa) Strength (MPa)
1 50 05  Endhook 403 49 57 45 55
2 60 1 End hook 40.4 53.6 6.4 43 5.1
3 60 15  Endhook 38.1 53.9 6 42 49
4 40 1 End hook 355 449 5.6 45 53
5 40 15  Endhook 33.1 451 5.9 47 5.6
6 60 05  Endhook 427 53.3 6.1 48 5.8
7 50 15  Endhook 35.6 495 65 5.1 59
8 50 1 End hook 37.9 49.2 63 48 59
9 40 1 End hook 375 45.8 5.8 46 5.4
10 60 05 Shear 35.9 45.4 5.1 4 4.6
11 40 15 Shear 323 401 5.6 3.6 45
12 50 1 Shear 36.3 50.4 65 41 5.7
13 40 05 Shear 335 421 46 35 42
14 50 05 Shear 35.2 441 49 3.8 47
15 60 15 Shear 31.8 39.6 5.4 42 5.4
16 50 1 Shear 39.5 522 6.8 45 59
17 50 1 Mill 39.6 49.8 7.6 49 6.5
18 40 05 Mill 35.2 425 62 4 5.1
19 40 15 Mill 33.1 40.8 6.1 4.1 5.4
20 60 05 Mill 36.7 44.6 7.3 438 5.9
21 60 15 Mill 34 423 6.6 3.8 5
2 50 1 Mill 38.6 48.8 7.7 5 6.1
The statistical test results of the model are shown in Table 16, and the data confirm
the effectiveness of the I-optimal design. The quadratic model of each response variable
has passed significance verification (p-values of the model are all <0.05): 7d compres-
sive strength (p; = 0.0025), 28d compressive strength (p; = 0.0037), 28d flexural strength
(p1 = 0.0001), 7d splitting tensile strength (p; = 0.0105) and 28d splitting tensile strength
(p = 0.0156). At the same time, the p-value of the missing item for all models is >0.05, which
indicates that the model error only comes from random variation, there is no systematic
deviation, and the regression model has a high degree of fitting. Under the I-optimal
optimization design, the predicted R? of all models is positive, and the difference between
the predicted R? and the adjusted R? is less than 0.2, which indicates that the model has not
been over-fitted. It is worth noting that the I-optimal prediction R? is basically the same as
the CCD model, and some indicators are even better. This fully proves that the I-optimal
design can ensure the prediction accuracy of the model.
Table 16. I-optimal optimization model parameters.
; P2 ; 2 ; 2
Model (Quadratic) P1 (Missing Item) Sum of Squares  Freedom  Mean Square  Adjusted R Predicted R

7d compressive strength
28d compressive strength
28d flexural strength
7d splitting tensile strength
28d splitting tensile strength

0.0025 0.6576 159.25 11 14.48 0.8830 0.7542
0.0037 0.0506 372.34 11 33.85 0.8725 0.7323
0.0001 0.1249 12.63 11 1.15 0.9410 0.8762
0.0105 0.1978 3.73 11 0.3394 0.8382 0.7602
0.0156 0.1178 5.73 11 0.5213 0.9223 0.7969

Y, = 38.56 + 1.24A — 1.43B + 1.56C; — 1.50C; — 0.4756 AB + 1.40AC; — 0.7644AC,

Based on the above analysis, the mechanical properties prediction model of steel-fiber-
reinforced concrete is finally established as follows (11)—-(15):

) 5 (11)
—0.5211BC; + 0.2935BC, — 1.23A% — 2.23B
Y, = 50.23 + 2.24A — 0.4336B + 2.69C; — 1.45C, — 0.7685AB + 2.87AC; 12)
—1.54AC, 4+ 1.52BC; — 0.9541BC, — 2.46 A% — 3.81B2
Y3 = 6.88 4 0.2909A + 0.1880B — 0.2379C; — 0.5393C, — 0.2279AB + 0.1068 AC; 13)

—0.2159AC, + 0.1511BC;q + 0.2368BC, — 0.4953 A2 — 0.6192B2
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Yy = 4.67 4+ 0.1288A + 0.0013B + 0.2503C; — 0.3693C, — 0.1815AB — 0.1424 AC; (14)
+0.1462AC; + 0.0951BC; + 0.1311BC, — 0.3955A2 — 0.1403B2
Ys = 5.954 0.1402A + 0.0746B + 0.0677C; — 0.3658C, — 0.1890AB — 0.1446 AC;

15
+0.1848AC, — 0.0466BC; + 0.2712BC, — 0.6180A2 — 0.2568 B2 (15

where Y1, Y, Y3, Y4 and Y5 are 7d compressive strength, 28d compressive strength, 28d
flexural strength, 7d splitting tensile strength and 28d splitting tensile strength, respectively;
A is the length—diameter ratio of steel fiber; B is the content of steel fiber; and C; and C, are
virtual variables of steel fiber types.

The model coefficient shows that the quadratic terms of aspect ratio (A) and content
(B) significantly affect the compressive strength, while fiber type (C) mainly dominates the
splitting tensile performance through the interaction between linear terms and content.

4.2.3. Prediction Results of the Model

The prediction performance of the I-optimal model was compared with the results
of the CCD model. The comparison of predicted versus actual values for compressive,
flexural, and splitting tensile strength across different fiber types is shown in Figures 25-27.
A quantitative comparison of the prediction variance for the two models is presented in
Table 17. The data indicate that the I-optimal model achieved lower prediction variance for
most response variables, despite using fewer experimental runs, confirming its superior
efficiency and prediction stability.
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Figure 25. Comparison of the tested and predicted compressive strength of steel-fiber-reinforced
concrete: (a) end-hook steel fiber; (b) shear steel fiber; (c) milling steel fiber.
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Figure 26. Comparison of the tested and predicted flexural strength of steel-fiber-reinforced concrete:
(a) end-hook steel fiber; (b) shear steel fiber; (c) milling steel fiber.
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Figure 27. Comparison of the tested and predicted splitting tensile strength of steel-fiber-reinforced
concrete: (a) end-hook steel fiber; (b) shear steel fiber; (c) milling steel fiber.
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Table 17. Comparison of the prediction variance of the two models.
Model CCD Model Predicted I-Optimal Model
Variance Predicted Variance

7d compressive strength 2.471 2.111

28d compressive strength 5.944 5.443

28d flexural strength 0.079 0.063

7d splitting tensile strength 0.072 0.045

28d splitting tensile strength 0.116 0.124

For example, the predicted variance pairs of the two models are shown in Table 17.
The data show that the predicted variance of the response variables is basically lower than
that of the CCD model, and only the 28d splitting tensile strength model is slightly higher.
Among them, the variance of 7-day splitting tensile strength decreased the most. Taking
the 28d flexural strength as an example, the prediction variance of the I-optimal model
is only 0.063, which means that the 95% confidence interval width of the optimal ratio is
20.3% narrower than that of the CCD model. On the whole, I-optimal response surface
design basically achieved a reduction in global prediction variance under the condition
that the experimental amount was reduced by 33% and achieved good results.

4.3. Determination of Optimal Mix Ratio
4.3.1. Definition of Objective Functions and Constraints

To tackle the challenge of improving several mechanical properties at once, which
often work against each other, as shown by the single-objective optima in Table 12, a
multi-objective optimization was carried out using the established I-optimal regression
models (Equations (11)—(15)). The primary objective of the multi-objective optimization
was to maximize the five key mechanical properties of SFRC simultaneously (Y1-Y5). The
optimization was constrained within the experimental design space to ensure the validity
of the predictions. The constraints for the independent factors were: 40 < A < 60 (aspect
ratio); 0.5% < B < 1.5% (fiber volume content); and C € {End-hook, Shear, Milling} (fiber
type). Copper-plated and corroded fibers were excluded from the optimization based on
their demonstrated limited reinforcing efficiency.

4.3.2. Desirability Function Approach for Multi-Objective Optimization

Given the conflicting nature of the objectives, a Desirability Function Approach (DFA)
was employed to find a single optimal solution that offers the best trade-off among all
responses. This method is integrated into the Design-Expert software and is widely used for
such problems. In this approach, each predicted response (Y;) is first transformed into an
individual desirability value (d;), which is unitless and ranges from 0 to 1 (d; = 0 represents
a completely undesirable response; d; = 1 represents a fully desirable response).

Since the goal for all five mechanical properties is to achieve the highest possible value,
the “maximize” desirability function was applied. The individual desirability for each
response is calculated as follows (16):

0 (if Y; < Low;)
di = { i (if Low; <Y; < Highy) (16)
1(if Y; > High;)

where Low; and High; are the lower and upper acceptable bounds for the response i, typically
set to the minimum and maximum predicted values from the model within the design
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space. Subsequently, these individual desirabilities are combined into a single composite
desirability (D) by calculating their weighted geometric mean (17):

1

D= (Hd“’) L (17)
i=1

where 7 is the number of responses (here, 1 = 5) and w; is the importance weight assigned
to each response i.

4.3.3. Weighting Strategy and Solution Selection

In this study, as the objective was to achieve a balanced and comprehensive im-
provement in the overall mechanical properties, equal importance was assigned to all five
strength indices. Therefore, the weights were set as w; = 1 fori=1,2,3,4,5.

The optimization process was then executed by searching the factor space (defined
by the constraints on A, B, and C) to find the combination that maximizes the composite
desirability D. This ensures that the selected solution is not optimal for just one property
but performs well across all five, representing the best compromise. The results of this
multi-objective optimization, including the optimal factor settings and the corresponding
predicted strengths, are presented in Table 18. The comprehensive optimal ratio identified
through I-optimal optimization is highly consistent with the conclusion drawn from the
prior CCD analysis. The results indicate that incorporating end-hook fibers with an aspect
ratio of 52.43 and a volume content of 0.98% into cement concrete facilitates the collaborative
optimization of multiple strength properties. The convergence of the optimal solutions
from both design methods confirms the robustness of the underlying relationship between
fiber parameters and mechanical response. It also highlights the capability of the I-optimal
design to enhance prediction efficiency without compromising the physical interpretability
of the models.

Table 18. Comprehensive optimal influencing factors after I-optimal optimization design.

Comprehensive Optimal Condition

Draw ratio 52.431
Volume content (%) 0.978

Fiber type End-hook type

Strength type Optimal strength value (MPa)

7d compressive strength 40.778
28d compressive strength 53.971
28d flexural strength 6.699
7d splitting tensile strength 4.893
28d splitting tensile strength 5.982

5. Conclusions

This study systematically investigated the comprehensive effects of steel fiber type,
aspect ratio, and volume content on the mechanical properties of cement concrete and
compared the performance with copper-plated and corroded fibers. A multi-objective
prediction model for the mechanical properties of steel-fiber-reinforced concrete was es-
tablished using a combined macro- and micro-scale experimental approach and response
surface methodology optimization. The main conclusions are as follows:

(1) Steel fibers significantly enhance the overall mechanical properties of concrete. End-
hook, shear, and milling steel fibers effectively improve the compressive, flexural, and
splitting tensile strength of concrete. Among them, end-hook steel fiber performs
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best in compressive and splitting tensile strength, increasing the 28-day compressive
strength by up to 41%. Milling steel fiber performs best in flexural strength, achieving
an improvement of up to 72%. This improvement is primarily attributed to the
enhanced bridging effect and frictional bond at the fiber—matrix interface. For milling
fibers, their irregular surface texture is considered the primary factor contributing to
this enhanced bond, as inferred from their superior flexural performance.

Steel fiber incorporation fundamentally transforms the failure mode of concrete from
brittle fracture to quasi-ductile behavior. Observations during the four-point bend-
ing tests consistently showed that plain concrete failed suddenly with complete
specimen separation at peak load, while all fiber-reinforced specimens maintained
structural integrity after first cracking, with fibers bridging the fracture plane and
sustaining residual load over larger deformations. This ductility improvement was
most pronounced for end-hook and milling fiber types, attributable to their mechani-
cal anchorage and surface interlock mechanisms, respectively. The enhancement of
post-crack energy absorption capacity is a critical complement to the strength improve-
ments documented in this study and underscores the structural safety benefits of steel
fiber reinforcement.

The reinforcing effect of fibers exhibits a clear synergistic dependency on param-
eters and an optimal application window. The reinforcing effect is influenced by
both the aspect ratio and the volume content, with a clearly identifiable optimal
range for each. Compressive strength increased significantly at lower fiber contents
(0.5-1.0%), whereas flexural and splitting tensile strength showed a continuing in-
creasing trend with higher content within the tested range. The overall reinforcing
effect was optimal when the aspect ratio was within the range of 50-60. Values outside
this range weakened the fiber bridging and anchoring effects.

The surface state of the fiber has a decisive influence on its reinforcing effectiveness.
The reinforcing effect of copper-plated and corroded steel fibers was significantly
lower than that of ordinary steel fibers due to reduced interfacial adhesion. The
smooth surface of copper-plated fibers promotes agglomeration, while the oxide layer
on corroded fibers weakens the interfacial bond. Both conditions result in limited
mechanical improvement, underscoring that the integrity of the fiber—-matrix interface
is a prerequisite for effective reinforcement.

The response surface methodology (RSM) models, particularly the I-optimal design,
demonstrated high-precision predictive capability. The RSM models developed using
both CCD and I-optimal designs accurately predicted multiple mechanical properties
of fiber-reinforced concrete, exhibiting high goodness-of-fit and low prediction error.
The I-optimal method maintained high prediction accuracy even with a 33% reduction
in the number of experimental runs compared to the CCD, providing a reliable and
efficient tool for the multi-objective optimization of fiber—concrete mix proportions.

This study systematically investigated the influence of key parameters on the mechan-

ical properties of steel-fiber-reinforced concrete and establishes reliable optimization path-

ways for mixture design. The established prediction models and optimization methodology

provide a theoretical basis and technical support for the material design and application

of high-performance fiber-reinforced concrete in infrastructure projects such as highways

and bridges. Future work should prioritize the quantitative characterization of flexural

toughness through systematic recording of full load—deflection curves and calculation

of toughness indices in accordance with CECS 13-2009, providing a more rigorous and

complete evaluation of the ductility improvements associated with steel fiber incorpora-

tion. Additionally, dynamic load response, durability, and long-term performance warrant

further investigation.
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