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Abstract: Steel fiber is the most widely used type of fiber in concrete because of its advanced and economical manufacturing facilities,
reinforcing effect, and ability to cope with changing environmental conditions. The use of steel fiber in concrete can reduce the amount of
reinforcement used and increase the crack resistance of concrete, which extends the service life of concrete structures, reduces the frequency
of maintenance and repairs, and consequently lowers energy consumption and emissions. Many studies focus on the postcracking behavior of
steel fiber–reinforced concrete (SFRC). However, it is also crucial to examine the precracking behavior of SFRC at early age. A temperature
stress test machine (TSTM) was used to investigate the autogenous shrinkage (AS), tensile creep (TC), and cracking behavior of hooked-end
SFRC (HSFRC) at early age under uniaxial constant restrained condition. Analysis and experimental findings demonstrated that (1) the
addition of steel fiber increased the splitting tensile strength and modulus of elasticity of HSFRC. The 1-, 3-, and 7-day splitting tensile
strength and modulus of elasticity increased with an increase in curing temperature. However, a decrease was observed at 28 days as the
curing temperature increased; (2) increasing steel fiber content had a significant influence on reducing TC and AS of HSFRC. TC and AS of
HSFRC increased with increasing curing temperature; and (3) early-age cracking potential of HSFRC decreased as steel fiber content in-
creased. Increased curing temperature resulted in a concomitant elevation in the potential for early-age cracking in HSFRC. DOI: 10.1061/
JMCEE7.MTENG-17246. © 2024 American Society of Civil Engineers.
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Introduction

Nowadays, the utilization of concrete composites reinforced with
advanced fibers, including basalt fibers (Li et al. 2022), glass fibers
(Guzlena and Sakale 2021), carbon fibers (Liu et al. 2020), polymer
fibers (Chen et al. 2020), and steel fibers (Abdallah et al. 2016) has
become prevalent within the construction industry. Steel fiber is the
most widely used one among various kinds of fibers and is consid-
ered an adequate choice for concrete because of its advanced and
economical manufacturing facilities, reinforcing effect, and ability

to cope with changing environmental conditions (Afroughsabet
et al. 2016; Kalpana and Tayu 2020). The use of steel fiber in con-
crete reduces the amount of reinforcement used, leading to a de-
crease in the consumption of building materials and reliance on
natural resources. Moreover, the addition of steel fibers enhances
the crack resistance of concrete, resulting in an extended service life
for concrete structures, reduced maintenance and repair frequency,
and lowered energy consumption and emissions (Shao et al. 2022;
Wang et al. 2023). Steel fiber–reinforced concrete (SFRC) is ap-
plied in various concrete constructions, such as maritime applica-
tions and tunnel linings (Da Silva et al. 2020). Steel fibers are
randomly distributed throughout the concrete, which transfers the
internal stress before cracks appear. When cracking occurs in the
concrete matrix, steel fibers play a crucial role as crack-bridging
agents, effectively retarding crack propagation (Afroughsabet et al.
2016). The addition of steel fibers transforms the material from a
brittle to a pseudo-ductile behavior (Haddad and Smadi 2004).
Steel fiber can be categorized into different geometric shapes, such
as straight, crimped, spiral, twisted, and hooked-end steel fibers
(Abdallah et al. 2017). Hooked-end steel fiber, known for its high
mechanical anchorage effect and high tensile strength, is the most
wide type in the market (Da Silva et al. 2020). Numerous studies
have been conducted on various properties of SFRC, including
mechanical properties (Alrawashdeh and Eren 2022), fracture prop-
erties (Murugan et al. 2020), durability properties (Afroughsabet
et al. 2016), and pull-out strength (Abdallah et al. 2018). In general,
the addition of steel fibers to concrete enhances its mechanical
properties (Afroughsabet et al. 2016). Concrete subjected to re-
straint because of its limited tensile strength and strain capacity
may develop cracks over time (Bentz and Snyder 1999), allowing
moisture and aggressive chemical ions, such as bromine and acid
sulfate, to penetrate and compromise its quality (Hubert et al.
2014). The formation of cracks at early age can negatively affect
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the concrete quality and compromise the structural integrity of
buildings (Sahmaran et al. 2015). Therefore, numerous investiga-
tions have been conducted to examine the cracking characteristics
of SFRC (Barros et al. 2005; Frazão et al. 2022). However, most
studies in the field of SFRC focus on postcracking behavior, con-
sidering the primary function of steel fibers in bridging cracks and
transferring stress across them once initial cracking occurs. It is
equally crucial to examine the precracking behavior of SFRC at
early age (Afroughsabet et al. 2016). Hence, investigations on
the early-age cracking behavior of hooked-end SFRC (HSFRC) are
necessary.

Early-age cracking behavior is affected by complex interactions
of mechanical properties, tensile creep (TC), thermal, and autog-
enous shrinkage (AS) (Mehta and Monteiro 2014; Wei et al. 2017).
TC plays a significant role in early-age concrete among these fac-
tors, and it is essential in decreasing shrinkage-induced stress.
Many investigations have been published on the creep of concrete
reinforced with fibers (Garas et al. 2009; Zheng et al. 2019), while
unclear conclusions about the influence of fiber on the TC are
drawn because of significant variations in experimental data. Zheng
et al. (2019) studied the TC of lightweight aggregate SFRC with
different steel fiber contents (0, 0.5%, 1%, and 2%). The results
showed that the TC was reduced significantly by adding steel fiber.
Garas et al. (2009) also reported similar results on TC in the re-
search on ultrahigh-performance concrete (UHPC) reinforced by
steel fiber. However, Bissonnette and Pigeon (1995) reported an
opposing trend, indicating that TC increased by adding steel fibers.
These studies reveal that variations in the contents of steel fibers
incorporated into concrete have a varied impact on its TC, and that
the influence of steel fibers on TC also differs with the shape of the
fibers. Therefore, the study of the effect of hooked-end steel fibers
on the TC of SFRC is necessary. The existing studies reveal that
the curing temperature significantly impacts the creep of concrete
(Jin et al. 2021; Wei et al. 2017; Zhao et al. 2015). However, the
conclusions drawn from previous studies on TC of concrete cured
at different temperatures are controversial. Wei et al. (2017) studied
early-age TC of concrete cured at 23°C and 43°C. The results re-
vealed that an increase in curing temperature promoted the develop-
ment of TC. A similar finding was also reported by Hauggaard et al.
(1999). However, the TC of steel fiber–reinforced UHPC was in-
vestigated in the study by Garas et al. (2012), which depicted that
TC of UHPC cured at 90°C for 48 h decreased by about 63% when
compared to the UHPC without thermal treatment. This reduction
can be chiefly attributed to the accelerated cement hydration at a
high temperature leading to an early strength gain and a denser mi-
crostructure, which in turn potentially reduces TC. Further inves-
tigations are necessary to evaluate the effects of curing temperature
and steel fiber content on the TC of HSFRC at early age. The
accuracy of creep measurement of early-age concrete would be
affected by the development of AS (Lee et al. 2006). Thus, AS of
early-age HSFRC at different curing temperatures is of great im-
portance to be investigated to more accurately assess the TC and
cracking behavior of SFRC at early age.

A temperature stress test machine (TSTM) is designed to exam-
ine the characteristics of concrete, such as temperature process,
restrained stress, AS, and TC behavior of concrete under uniaxial
constant restrained conditions. Springenschmid et al. (1968) devel-
oped the first TSTM to investigate the restrained stress caused by
hydration heat in 1985. In 1994, Kovler proposed a closed-loop
restraining system for a TSTM based on the principles proposed
by Bloom and Bentur (1993). A TSTM could control the temper-
ature process of concrete by utilizing the temperature-controlling
molds and create an adiabatic environment to more accurately sim-
ulate the working conditions of mass concrete under uniaxial

constant restrained condition. In addition, the TC values measured
in the TSTM test (uniaxial constant restrained condition) are differ-
ent from those obtained from the direct tensile test because of dif-
ferent restraint degrees. The TC values obtained from these two
conditions might even result in opposing conclusions (Kolver
et al. 1999; Shen et al. 2020; Zhang and Qin 2006). A TSTM
was used to investigate the TC and AS of concrete reinforced with
5D hooked-end steel fiber volume fraction (0, 0.12%, 0.24%, and
0.36%) by Kang et al. (2023). However, the effects of different steel
fiber shapes, higher steel fiber contents, and different curing tem-
peratures on TC and AS of HSFRC were not clear. Most impor-
tantly, at this stage, there are no studies that simultaneously
consider the effects of curing temperature and steel fiber content
on the early-age cracking potential in hooked-end steel fiber–rein-
forced concrete under the combined influences of temperature,
shrinkage, creep, and restrained stress. Therefore, utilizing a TSTM
to investigate the effects of steel fiber content and curing temper-
ature on early-age cracking behavior of HSFRC under uniaxial
constant restrained condition is necessary.

This research aimed to investigate the effects of steel fiber con-
tent and curing temperature on early-age AS, TC, and cracking
behavior of HSFRC under uniaxial constant restrained condition
To achieve this, effects of different steel fiber contents (0, 0.3%,
0.6%, and 0.9% by volume of concrete) and curing temperatures
(20°C, 35°C, and 50°C) on temperature, restrained stress, AS, and
TC of HSFRC at early age were evaluated with TSTM.

Experimental Program

Mixture Proportions and Materials

In this research, six mixtures with a water-to-cement (w/c) ratio
of 0.37 were prepared. Mixtures SF06-20, SF06-35, and SF06-50
were subjected to three curing temperatures (20°C, 35°C, and
50°C), respectively, with a constant steel fiber content of 0.6%.
Additionally, Mixtures SF00-20, SF03-20, SF06-20, and SF09-20
were subjected to the curing temperature of 20°C, with varying
steel fiber contents of 0, 0.3%, 0.6%, and 0.9%, respectively.
Hooked-end steel fibers (Dramix 3D steel fibers manufactured
by Bekaert) were utilized to substitute coarse aggregates partly
by volume, as recommended by Nataraja et al. (1999). Table 1 de-
picts the compositions and curing temperatures of six mixtures. The
same raw materials were utilized in six mixtures.

Ordinary portland cement (PO 42.5) was utilized in accordance
with Chinese National Standard GB 175 (Chinese Standard 2018)
and ASTM C150 (ASTM 2020). Table 2 presents the chemical and
physical properties of ordinary portland cement. The coarse aggre-
gate was crushed limestone with particle sizes ranging from 5 to
25 mm, and the fine aggregate was natural river sand with a fine-
ness modulus of 2.25. The hooked-end steel fiber used in this re-
search had a length of 60 mm and a diameter of 0.75 mm, as
depicted in Fig. 1. The hook length and angle of the steel fiber were
about 4 mm and 45°, respectively. A polycarboxylate-based super-
plasticizer was employed to regulate the workability of the mixture.
The slump values obtained for Mixtures SF00-20, SF03-20, SF06-
20, SF09-20, SF06-35, and SF06-50 were 165, 153, 142, 131, 142,
and 142 mm, respectively.

During specimen preparation, the mixer was utilized to blend
dry components, including coarse aggregates, fine aggregates,
cement, and steel fibers, for 3 min to ensure consistent distribution
of ingredients. Tap water was added into the mixer gradually, along
with the superplasticizer. The resultant mixture was mixed for
3 min to complete the process.
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Mechanical Test

The splitting tensile strength and modulus of elasticity of six mix-
tures at different ages were tested in accordance with the Chinese
Standard GB/T 50081 (Chinese Standard 2019). The splitting ten-
sile strength was tested on concrete cubes with a dimension of
150 × 150 × 150 mm; the modulus of elasticity was tested on con-
crete prims with a dimension of 150 × 150 × 300 mm. After being
poured, the samples were covered with plastic film and were re-
moved from molds after 1 day. Subsequently, samples of Mixtures
SF00-20, SF03-20, SF06-20, and SF09-20 were subjected to curing
at a constant temperature of 20°C in a temperature- and humidity-
controlled curing cabinet until the moment of testing. Samples of
the mixtures labeled SF06-35 and SF06-50 were placed in a curing
cabinet, where they were cured at constant temperatures of 35°C

and 50°C, respectively, until the time of testing. The relative humid-
ity in the cabinet was over 95%. The final results for splitting ten-
sile strength and modulus of elasticity were the average of the
results of three identical samples. The 28-day compressive strength
tested for Mixtures SF00-20, SF03-20, SF06-20, SF09-20, SF06-
35, and SF06-50 were 40.60, 45.05, 47.35, 49.72, 48.12, and
50.32 MPa, respectively.

TSTM Test

Testing Equipment
Fig. 2 depicts that TSTM comprises two dog bone–shaped molds, a
stepper motor, a temperature control system, a displacement meas-
urement system, and a load recording system. The primary struc-
ture of the TSTM consists of two horizontal steel frames, with
stainless steel supports located beneath the horizontal frame.
Two molds of identical dimensions were used for the measurement
of free and restrained shrinkage deformations. The interior of the
TSTM mold is composed of an aluminum alloy template, while the
exterior consists of an insulating layer. The insulating layer is con-
structed with wooden boards on the exterior and insulating foam on
the interior. Numerous water pipes are arranged within the blue
insulating layer for circulating liquid, allowing for the control of
concrete specimen temperature by adjusting the temperature of
the circulating liquid. The length of the center part of the molds
was 1,500 mm. The deformation was measured using a displace-
ment sensor that was installed on the straight section of the spec-
imens. The gripped end of the restrained shrinkage specimen was
attached to a stepper motor. In this research, when the incremental
deformation of the restrained specimen approached 2 μm, the step-
per motor was used to pull or push the restrained shrinkage speci-
men back to the original position, thus ensuring it was subjected
to full restraint (Zhang and Qin 2006). The temperature and the
restrained stress of specimens were monitored utilizing the temper-
ature sensor and load cell, respectively. The heating–cooling sys-
tem in the TSTMwas utilized to regulate the temperature process of
concrete. In the TSTM test, a restrained specimen and a free speci-
men were tested for one mixture.

Testing Procedure and Curing Mode
As recommended by Wei and Hansen (2013), the mold was
covered with a plastic film sheet to minimize friction between
the molds and the concrete specimens prior to fresh concrete being
poured directly into the molds, then each concrete specimen was
promptly sealed to diminish moisture evaporation. Concrete spec-
imens were subjected to the same curing mode in a single test, as
recommended by Shen et al. (2016). Data collection using a com-
puter started immediately following the pouring process, and the
data were recorded at an interval of 5 min.

The TSTM tests were conducted at temperature-controlled con-
ditions using a constant-temperature curing mode. The effect of

Table 2. Chemical and physical properties of ordinary portland cement

Item Value

SiO2 19.9%
Al2O3 4.6%
Fe2O3 3.0%
CaO 64.6%
MgO 0.78%
SO3 2.37%
Na2O 0.06%
K2O 0.65%
Cl− 0.01%
3-day compressive strength 21.8 MPa
28-day compressive strength 47.6 MPa
Blaine fineness 342 m2=kg
Initial setting time 182 min
Final setting time 251 min

Table 1. Mixture proportions and curing temperatures of HSFRC

Mixture composition Unit SF00-20 SF03-20 SF06-20 SF09-20 SF06-35 SF06-50

Water kg=m3 170 170 170 170 170 170
Cement kg=m3 456 456 456 456 456 456
Fine aggregate kg=m3 710 710 710 710 710 710
Coarse aggregate kg=m3 1,064.0 1,055.9 1,047.8 1,039.7 1,047.8 1,047.8
Superplasticizer kg=m3 4.05 4.05 4.05 4.05 4.05 4.05
Hooked-end steel fiber kg=m3 0 23.55 47.10 70.65 47.10 47.10
Steel fiber content % 0 0.3 0.6 0.9 0.6 0.6
Curing temperature °C 20 20 20 20 35 50

Fig. 1. Hooked-end steel fiber.
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curing temperature on the properties of HSFRC at early age was
studied. Three curing temperatures (20°C, 35°C, and 50°C) were
used in this research. Mixtures SF00-20, SF03-20, SF06-20, and
SF09-20 were subjected to a constant temperature of 20°C for
240 h after pouring. To ensure that the maturity of Mixtures
SF06-35 and SF06-50 was similar to that of Mixture SF06-20 when
the temperature of Mixtures SF06-35 and SF06-50 reached 20°C,
Mixtures SF06-35, and SF06-50 were cured at constant tempera-
tures of 35°C and 50°C for 112 and 50 h, respectively. Eq. (1) was
used to determine the duration of curing at peak temperature, as
recommended by Shen et al. (2016)

te ¼
Z

t

0

exp

�
EaðTÞ
R

�
1

Tref þ 273
− 1

TðtÞ þ 273

��
dt ð1Þ

where te = equivalent age of 20°C; t = age of concrete (in days);
EaðTÞ = activation energy (in kJ=mol); R = ideal gas constant

(8.315 J · mol−1 · K−1); Tref = reference temperature of 20°C;
and TðtÞ = time-dependent temperature (in °C).

Subsequently, the temperature of the concrete specimen was
gradually decreased at a rate of 1°C=h until cracking. To reduce
the impact of viscoelastic and thermal gradients, the rate of 1.0°C=h
was employed in this research, as recommended by Shen et al.
(2016). The temperature process of constant-temperature curing
mode for the TSTM test is depicted in Fig. 3.

Calculation Procedure of AS
The deformation of concrete measured in a closed system is re-
ferred to as AS, which is sometimes known as self-desiccation
shrinkage. This measurement excludes volume changes due to
the loss or ingress of substances, variations in temperature, and
the application of external force and restraint. In all types of con-
crete, some degree of AS is observed; however, it is particularly
significant in high-strength concrete, characterized by high cement

Fig. 2. (a) Schematic diagram of TSTM; (b) schematic diagram of specimen mold (mm); and (c) photo of TSTM.
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content and a low water-to-cement ratio, where it cannot be ignored
(Mehta and Monteiro 2014).

AS can be determined by computing the difference between the
total deformation and thermal deformation, as given in Eq. (2) (Chu
et al. 2012)

εas ¼ εtf − α ×ΔT ð2Þ

where εas = AS deformation (in με); εtf = total deformation of free
shrinkage specimen (in με); α = coefficient of thermal expansion
(CTE) (in με=°C); and ΔT = temperature change (in °C).

Given that the CTE value can change over time and with var-
iations in moisture content in concrete (Sellevold and Bjøntegaard
2006), a modified prediction model was employed to determine the
CTE value, as given in Eq. (3) (Shen et al. 2017)

αTðtÞ ¼ αk × ½1þ 41 × ðt · 24Þ−m� ð3Þ
where αTðtÞ = CTE value that changes over time (in με=°C); αk =
mean value of CTE during cooling period (in με=°C); andm ¼ 2.0.

Eq. (4) was employed to determine the mean value of CTE dur-
ing the cooling period, considering that the results of CTE tend to
stabilize after 24 h when concrete is cured at 20°C (Viviani et al.
2007)

αk ¼
Δε
ΔT

¼ εckf − εcof0
Tckf − Tcof0

ð4Þ

where εckf = strain of free shrinkage specimen at cracking age
(in με); εcof0 = strain of free shrinkage specimen at the initiation
of the cooling period (in με); Tckf = temperature of free shrinkage
specimen at cracking age (in °C); and Tcof0 = temperature of free
shrinkage specimen at the initiation of the cooling period (in °C).
The results of the mean value of CTE during the cooling period
for Mixtures SF00-20, SF03-20, SF06-20, SF09-20, SF06-35, and
SF06-50 were 7.80, 7.79, 6.51, 5.98, 6.56, and 6.51 με=°C,
respectively.

Eq. (5) was employed to determine AS in this research, as rec-
ommended by Chu et al. (2012)

εasðtÞ ¼ εtfðtÞ − αTðtÞ × ½TðtÞ − Ttime−zero� ð5Þ

where εasðtÞ = AS that changes over time (in με); and Ttime−zero =
time-zero temperature (in °C). Given that the rigidity of fresh

concrete is low and no stress was produced during the TSTM test,
the value of AS is established to be zero prior to the time-zero point
(Bentur 2001; Lura et al. 2001). The methods for determining the
time-zero point are different (Bentur 2001; Darquennes et al. 2011;
Huang and Ye 2017; Lura et al. 2001; Meddah and Tagnit-Hamou
2011). Given that this research focused on the examination of de-
formation caused by stress, the point at which the restrained stress
occurred was established as the time-zero point of deformation
(Cusson and Hoogeveen 2007; Lura et al. 2001).

Calculation Procedure of TC
The calculation of early-age concrete creep through the TSTM test
is given in Eq. (6), as recommended by Kovler (1994)

εtr ¼ εsh þ εc þ εe ¼ 0 ð6Þ

where εtr = total strain of restrained shrinkage specimen (in με);
εsh = free shrinkage (in με); εc = creep (in με); and εe = elastic
strain (in με). The εc and εe were positive values, the deformation
directions of which were the same as the tensile stress, and the εsh
was a negative value. Fig. 4 depicts the correlation between elastic
strain, creep, and free shrinkage. In the TSTM test, free shrinkage is
obtained from the free shrinkage specimen. However, the restrained
specimen, besides exhibiting shrinkage deformation, experiences
creep under the external constraint loads, owing to being repeatedly
pulled and compressed back to its original position during the com-
pensation cycles. The elastic strain of the restrained specimen dur-
ing each cycle is recorded, thereby cumulatively calculating the
total deformation of the restrained specimen. Since the only varying
factor between the free and restrained specimens is the restraint
condition, with all other factors held constant, the difference in de-
formation between the two specimens can be utilized to determine
the magnitude of creep. In this research, only basic creep was con-
sidered, as the specimens were maintained in a sealed condition
during the TSTM test.

Specific TC is commonly expressed as basic TC per unit of ap-
plied stress when the loading is maintained at a constant level
(Kolver et al. 1999; Mehta and Monteiro 2014). In this research,
given that the restrained stress changed over time, specific TC
was expressed as the ratio of cumulative basic TC to the corre-
sponding restrained stress, as recommended by Zhao et al. (2019).
Eq. (7) was employed to determine the specific creep (Cusson and
Hoogeveen 2007)
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Fig. 3. Temperature process of constant temperature curing mode for
TSTM test.
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(Cumulative curve)
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Fig. 4. Correlation between elastic strain, creep, and free shrinkage.
(Reprinted from K. Kovler et al., “Tensile creep behavior of high
strength concretes at early ages,” Materials and Structures, Vol. 32,
pp. 383–387, © 1999, Springer Nature.)
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CspðtÞ ¼
ΔεcðtÞ
σcðtÞ

ð7Þ

where CspðtÞ = specific creep at t h (in με=MPa); ΔεcðtÞ = cumu-
lative basic TC at t h (in με); and σcðtÞ = restrained stress at t h
(in MPa).

The creep–shrinkage ratio calculated utilizing Eq. (8) plays
a crucial role in assessing the early-age relaxation behavior of
concrete (Zhang and Qin 2006)

KðtÞ ¼ ΔεcðtÞ
εshðtÞ

ð8Þ

where KðtÞ = creep–shrinkage ratio at t h; and εshðtÞ = free shrink-
age at t h (in με).

Calculation Procedure of Stress Reserve
The cracking potential could be evaluated utilizing stress reserve, as
given in Eq. (9) (Shen et al. 2016; Shi et al. 2014)

φ ¼ ðσcr − σrtÞ
σcr

× 100% ð9Þ

where φ = stress reserve; σcr = cracking stress (in MPa); and σrt =
stress at room temperature (in MPa).

Results and Discussion

Mechanical Properties of HSFRC

Splitting Tensile Strength
Fig. 5(a) depicts the test results splitting tensile strength at 1, 3, 7,
and 28 day, which are expressed as the mean values of three iden-
tical specimens. The splitting tensile strength of all concrete mix-
tures increased with age because of the continued formation of
calcium silicate hydrate (C-S-H) during the ongoing hydration pro-
cess of cement. At a consistent curing temperature of 20°C, there
was generally an enhancement in the splitting tensile strength as the
steel fiber contents increased at all ages. Steel fibers act as dispersed
reinforcements, forming a three-dimensional network that resists
crack propagation by bridging across cracks. The crack-
bridging effect prevents the development and propagation of
cracks, ultimately increasing the tensile capacity of concrete. Addi-
tionally, steel fibers help disperse and distribute stresses, reducing
stress concentrations and enhancing the concrete’s ability to with-
stand tension. The inclusion of steel fibers provides localized
reinforcement, similar to traditional steel reinforcement, further im-
proving the material’s resistance to tensile forces (Afroughsabet
et al. 2016). For instance, the 28-day splitting tensile strength for
Mixtures SF00-20, SF03-20, SF06-20, and SF09-20 was 2.88,
3.12, 3.29, and 3.68 MPa, which increased by 8.3%, 14.2%, and
27.8% as steel fiber content increased from 0 to 0.3%, 0.6%,
and 0.9%, respectively. A similar trend can be found in other stud-
ies concerning the splitting tensile strength of concrete reinforced
with various contents of steel fibers (Mohammadi et al. 2008;
Sahmaran and Yaman 2007; Yazici et al. 2007). Fig. 6 depicts the
increased degree of splitting tensile strength with increasing con-
tents of steel fibers in different shapes in Mohammadi et al. (2008),
Sahmaran and Yaman (2007), and Yazici et al. (2007). To minimize
the impact of the concrete matrix on the experimental results,
the percentage increase of splitting tensile strength with the addi-
tion of different shapes and contents of steel fibers was calculated
based on the results of the respective reference groups without
steel fibers. The results reveal that, within a specific range of fiber

volume fraction, the enhancement in tensile strength exhibits an
approximately linear correlation. Among the assessed fiber types,
hooked-end steel fibers demonstrated the most pronounced en-
hancements in tensile strength across varying volume fractions,
while straight steel fibers yielded relatively minimal enhancements.
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Fig. 5. (a) Splitting tensile strength of six mixtures; and (b) modulus of
elasticity of six mixtures.

0.0 0.5 1.0 1.5 2.0

0

10

20

30

40

50

60

f
o

eer
ge

d
desaerc

nI

)
%(

ht
g

nerts
el i s

net
g

nitt il
ps

Steel fibre volume fraction (%)

Experimental data in this research (hooked-end steel fibre)

Research by Yazici et al. (hooked-end steel fibre) (2007)

Research by Sahmaran and Yaman (straight steel fibre) (2007)

Research by Mohammadi et al. (corrugated steel fibre) (2008)
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The hooked-end steel fiber showed a higher degree of enhancement
in splitting tensile strength than other steel fibers in different shapes
at similar steel fiber contents. Furthermore, despite potential dis-
crepancies in concrete matrices across various experiments, it was
observed that fibers of identical morphology consistently presented
analogous enhancement trends. This underscores the importance of
fiber shape in dictating tensile strength outcomes.

The 1-, 3-, and 7-day splitting tensile strength increased with
increasing curing temperature at a steel fiber content of 0.6%.
However, samples cured at 50°C exhibited a lower 28-day split-
ting tensile strength than those cured at 20°C. The results of
Mixtures SF06-20, SF06-35, and SF06-50 reveal that elevating
the curing temperature to 35°C and 50°C results in an enhance-
ment of the initial strength development. However, it results in a
decline in 28-day tensile strength. A possible explanation for these
results may be that high-temperature curing has been observed to
enhance the early-age tensile strength of concrete because of ac-
celerated hydration reactions and subsequent initial strength gain.
However, this strength improvement is primarily due to structural
adjustments and hydration product formation. Over time, the in-
fluence of high-temperature curing diminishes, potentially result-
ing in the formation of large pore structures within the concrete.
These pores can increase permeability, reduce the density of ce-
mentitious matrix, and potentially lead to lower tensile strength.
(Jin et al. 2021).

Modulus of Elasticity
Fig. 5(b) depicts the results of the modulus of elasticity. The modu-
lus of elasticity for all concrete mixtures increases with age.
Fig. 5(b) shows that from 1 to 3 days, the modulus of elasticity
in the concrete specimens increased rapidly. After 3 days, while
the modulus continued to rise, the rate of increase slowed down.
The initial rapid growth in the modulus of elasticity is largely
due to the quick pace of chemical reactions during the early stages
of cement hydration. The slower rate of increase after 3 days sug-
gests that the initial rapid hydration process begins to taper off. As
the most reactive cement particles have already combined with
water to form the strength-giving hydrates, the remaining unhy-
drated cement reacts more slowly. Simultaneously, the growing
crystalline structures within the concrete matrix make it harder
for water to penetrate and sustain the hydration reaction. Further-
more, the concrete’s internal structure becomes more stable, which
naturally leads to a reduced capacity for further increases in stiff-
ness and strength.

When the curing temperature was 20°C, the incorporation of
steel fiber into the mixture led to an enhancement of the modulus
of elasticity at all ages. The possible cause of this phenomenon
might be that the incorporation of steel fibers leads to a decrease
in the total cumulative pore volume and average pore diameter, re-
sulting in denser and more compact concrete than concrete without
steel fibers (Zheng et al. 2019). In addition, steel fiber has a higher
modulus of elasticity than concrete, which may increase the modu-
lus of elasticity of the composite. This phenomenon is typically due
to the ability of the fibers to maintain their shape and distribute
stress when subjected to force, thereby enhancing the overall
modulus of elasticity of HSFRC. Therefore, the modulus of elas-
ticity of HSFRC increased as steel fiber content increased.

The results show that an elevation in curing temperature signifi-
cantly enhanced the modulus of elasticity at 1, 3, and 7 days. How-
ever, the values of the modulus of elasticity at 28 days were
essentially consistent across different curing temperatures. For in-
stance, the 3- or 28-day modulus of elasticity for Mixtures SF06-
20, SF06-35, and SF06-50 was 42.19, 43.92, and 45.74 GPa or
46.32, 46.26, and 46.23 GPa, respectively. Elevating the curing

temperature is known to accelerate the hydration reactions, which
are crucial for the early strength and modulus of elasticity develop-
ment in concrete. Faster hydration at higher temperatures promotes
quicker formation and densification of the microstructure, thus
enhancing the modulus of elasticity at 1, 3, and 7 days. The con-
crete at 28 days is likely to have reached a stage of relative matu-
ration. At this point, the rate of hydration reactions has decelerated,
and the microstructure has become more stable. This maturation
leads to a stabilization in the values of the modulus of elasticity,
thereby making the 28-day modulus of elasticity values essentially
consistent across different curing temperatures.

Results of TSTM Test

The TSTM system was used to quantify the temperature pro-
cess, total deformation strain, and restrained stress. Total defor-
mation was obtained from free shrinkage specimen, while
restrained stress was obtained from the restrained shrinkage speci-
men. Both specimens for the same mixture underwent the same
curing mode.

Influence of Steel Fiber Content on Measured Curves
Fig. 7 depicts the results of the temperature process, restrained
stress, and total deformation. Fig. 7(a) depicts that the pouring tem-
peratures of Mixtures SF00-20, SF03-20, SF06-20, and SF09-20
were 25.44°C, 19.16°C, 20.17°C, and 21.83°C, respectively. The
temperature of the HSFRC was adjusted to around 20°C within
1 h and then subjected to a constant-temperature curing process
through the temperature control system. The four mixture speci-
mens underwent a curing process at 20°C for 240 h, followed
by a cooling process with a rate of 1.0°C=h until cracking occurred.
The cracking temperature for Mixtures SF00-20, SF00-20, SF03-
20, SF06-20, and SF09-20 was −5.38°C, −5.72°C, −7.79°C,
and −14.02°C, respectively. As steel fiber content increased from
0 to 0.3%, 0.6%, and 0.9%, the cracking temperature decreased
correspondingly.

The total deformation of HSFRC with varying contents of steel
fibers is depicted in Fig. 7(b). In this research, the negative value of
strain represents shrinkage, and the positive value represents expan-
sion. The specimens of four mixtures exhibited small expansion
deformation due to internal temperature rise at a very early age after
pouring, and then gradually shrank because of the development
of AS during the period of constant-temperature curing. The total
deformation of HSFRC at 240 h for Mixtures SF06-20, SF06-35,
and SF06-50 was −97, −86, −58, and −46 με, respectively. The
magnitude of the total deformation decreased by 11.3%, 40.2%,
and 52.6% as steel fiber content increased from 0 to 0.3%,
0.6%, and 0.9%. The reduction in deformation in the presence of
steel fibers can be attributed to several factors. On one hand, steel
fibers enhance the tensile strength of the concrete, which in turn
reduces the extent of deformation under external loads or temper-
ature variations. On the other hand, the fibers help in arresting the
propagation of cracks that might occur because of shrinkage or
thermal effects. By bridging the cracks, they provide a sort of
“stitching” effect, which maintains the integrity of the material
and reduces the deformation. During the cooling period, four spec-
imens shrank rapidly until cracking.

Fig. 7(c) depicts the restrained stress of HSFRC. In this re-
search, the positive value represents tensile stress, while the neg-
ative value represents compressive stress. The restrained stress
of four concrete specimens developed slowly with the develop-
ment of total deformation during the constant-temperature curing
period, and then tensile stresses developed rapidly during the
cooling period. Cracking stress for Mixtures SF00-20, SF03-20,
SF06-20, and SF09-20 was 1.24 (at 265.58 h), 1.38 (at 269.15 h),
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1.59 (at 270.50 h), and 1.67 MPa (at 274.17 h), respectively.
Cracking stress and cracking age both increased with increasing
steel fiber content.

Influence of Curing Temperature on Measured Curves
Fig. 8 depicts the temperature process, total deformation, and re-
strained stress of HSFRC at different curing temperatures. Fig. 8(a)
depicts that the pouring temperature for Mixtures SF06-20, SF06-
35, and SF06-50 was 20.17°C, 18.95°C, and 14.98°C, respectively.
Mixtures SF06-20, SF06-35, and SF06-50 were cured at 20°C,

35°C, and 50°C for 240, 112, and 50 h, respectively, and then
cooled down with the same rate of 1.0°C=h until cracking occurred.
The cracking temperature for Mixtures SF06-20, SF06-35, and
SF06-50 was −7.79°C, −1.04°C, and 5.21°C, respectively. The
cracking temperature increased with increasing curing temperature
ranging from 20°C to 35°C and 50°C, respectively.

Fig. 8(b) depicts the total deformation of HSFRC at different
curing temperatures. The specimens at different curing tempera-
tures expanded first because of a temperature increase, then shrank
during constant-temperature curing and cooling periods. The re-
sults of maximum expansion of HSFRC were 13, 126, and 178
με for Mixtures SF06-20, SF06-35, and SF06-50, which increased
significantly as curing temperature increased. The development rate
of shrinkage was slow during the constant-temperature curing
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period and accelerated significantly during the cooling period for
three mixtures. The findings indicated that temperature variation
significantly influenced the total deformation of concrete.

Fig. 8(c) depicts the restrained stress of HSFRC at different
curing temperatures. The maximum compressive stress of Mixture
SF06-20 was nearly 0, and the maximum compressive stress of
Mixtures SF06-35 and SF06-50 was −0.24 and −0.32 MPa, re-
spectively. A possible explanation might be that the concrete cured
at higher temperatures has a higher modulus of elasticity and CTE
(Zhao et al. 2019). During the cooling period, tensile stress expe-
rienced a rapid increase until cracking occurred. The cracking stress
for Mixtures SF06-20, SF06-35, and SF06-50 was 1.64 MPa
(at 270.50 h), 1.57 MPa (at 143.20 h), and 1.55 MPa (at 96.42 h),
respectively. Hence, as curing temperature increased from 20°C to
35°C and 50°C, there was a corresponding decrease in both crack-
ing stress and cracking age.

Early-Age AS of HSFRC

Influence of Steel Fiber Content on AS
Fig. 9 depicts AS results of Mixtures SF00-20, SF03-20, SF06-20,
and SF09-20. The results showed that AS developed quickly during
the initial hours after time-zero, and then the development rate of
AS decreased gradually. Besides, the incorporation of steel fibers
had a significant influence in reducing AS. For instance, AS at the
cracking age of Mixtures SF00-20 (265.58 h) was−100,−90,−62,
and −52 με for Mixtures SF00-20, SF03-20, SF06-20, and SF09-
20, respectively. The magnitude of AS decreased by 10.0%, 38.0%,
and 48.0% as steel fiber contents increased from 0 to 0.3%, 0.6%,
and 0.9%, respectively. AS was reduced by adding steel fiber, and
the decreased degree compared with Mixture SF00-20 changed
with time, as depicted in Fig. 9. The decreased degree of AS de-
creased rapidly in the initial phase and then gradually stabilized at a
stable value. The stable value of the decreased degree compared
with Mixture SF00-20 for Mixtures SF03-20, SF06-20, and
SF09-20 was around 15%, 30%, and 45%, respectively. The reduc-
tion in the AS of concrete resulting from the addition of steel fiber
can be attributed to the following reasons. First, steel fibers act as
reinforcement within the concrete matrix, providing internal re-
straint against the volume changes that occur during the early stages
of hydration. The internal restraint limits the movement and shrink-
age of the cementitious matrix, reducing the AS of the concrete.
Second, steel fibers enhance the tensile strength of concrete, which

helps to minimize the cracking and subsequent shrinkage of the
concrete (Noushini et al. 2014). Therefore, AS was reduced effec-
tively by adding steel fiber. A similar trend can be found in other
studies concerning the AS of concrete reinforced with various con-
tents of steel fibers (Bandelj et al. 2011; Meng and Khayat 2018;
Miao et al. 2003; Zheng et al. 2019). Fig. 10 depicts the decreased
degree of early-age AS with increasing contents of steel fibers in
different shapes in Bandelj et al. (2011), Meng and Khayat (2018),
and Zheng et al. (2019). To minimize the impact of the concrete
matrix on the experimental results, the percentage reduction in
AS with the addition of different shapes and contents of steel fibers
was calculated based on the AS of the respective reference groups
without steel fibers. The results revealed that within concrete,
when incorporated at an identical content, hooked-end steel fibers
used in this research exhibited superior shrinkage reduction effi-
ciency, followed by shear and wavy types of steel fibers, while 2D
hooked-end and straight steel fibers showed similar and compa-
ratively lower efficiency. The 3D hooked ends of steel fibers
enable better embedment in the concrete matrix, enhancing
anchorage with the aggregate and cementitious matrix. This im-
proved anchorage enhances the interaction between fibers and
concrete, more effectively reducing the AS of concrete than
the other types of steel fibers.

Influence of Curing Temperature on AS
Fig. 11 depicts the impact of curing temperature on the AS of
HSFRC. All three mixtures show a rapid decrease in the early
hours, suggesting a quick onset of AS. After the initial steep de-
cline, the rate of shrinkage slows down for the mixtures cured
under all temperatures. However, this deceleration occurs at dif-
ferent rates depending on the curing temperature. The findings
revealed that a rise in curing temperature from 20°C to 35°C
and 50°C results in a corresponding rise in the rate and magnitude
of AS. The magnitude of AS at the cracking age of Mixture SF06-
50 (96.42 h) increased by 123.3% and 134.9% as curing temper-
atures increased from 20°C to 35°C and 50°C. In addition, the
average development rate of AS in the first 40 h after pouring
for Mixtures SF06-20, SF06-35, and SF06-50 was −0.50, −1.92,
and −2.41 με=h, respectively, the magnitude of which increased
by 284.0% and 382.0% with increasing curing temperature.
Similar trends regarding the effect of curing temperature on AS
can be found in the study by Jiang et al. (2014). The temperature
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dependence of cement hydration and self-desiccation has contrib-
uted to the difference in the development rate of AS between the
three mixtures (Sant 2012). The effect of curing temperature on
the AS deformation of concrete is mainly achieved by affecting
the rate of water evaporation and cement hydration inside con-
crete. When concrete is subjected to a higher curing temperature,
the rate of water evaporation will accelerate, which will speed up
the loss of water content inside the concrete and lead to an in-
crease in AS deformation.

To better compare the AS of HSFRC at different curing temper-
atures, Fig. 11(b) depicts AS for Mixtures SF06-20, SF06-35, and
SF06-50, which was maturity transformed by utilizing Eq. (1), as
recommended by Sant (2012). The equivalent cracking age was
252.00, 245.04, and 244.16 h for Mixtures SF06-20, SF06-35,
and SF06-50, respectively. However, AS curves in Fig. 11(b) at
different curing temperatures were in different patterns. For in-
stance, the development rate of AS was different for three mixtures
in the first few hours after time-zero, and the AS of concrete at the
equivalent age of 244 h for Mixtures SF06-20, SF06-35, and SF06-
50 was −62, −99, and −102 με, respectively. The results indicated
that maturity transformation failed to describe the temperature-
dependent deformation processes. The curing temperature would
influence the cement hydration rate, internal relative humidity,
and microstructural arrangement of the system, which might cause
the difference between the AS of Mixtures SF06-20, SF06-35, and
SF06-50 at the equivalent age (Lothenbach et al. 2008). Therefore,
although the maturity concept can be utilized to predict the degree
of reaction, it fails to describe the process of AS of concrete at dif-
ferent curing temperatures.

Early-Age TC Behavior of HSFRC

Influence of Steel Fiber Content on TC Behavior
Fig. 12 depicts the basic TC, specific TC, and creep–shrinkage ratio
of HSFRC with different steel fiber contents. Basic TC was estab-
lished based on the point at which restrained tensile stress occurred.
The creep behavior is affected by numerous factors, including
temperature process and restrained stress (Zhang and Qin 2006).
AS of concrete developed quickly during the constant temperature
curing period, leading to the development of tensile stress in con-
crete. The thermal shrinkage that occurred during the cooling
period would further increase the tensile stress. All the mixtures
exhibit a similar trend: a gradual increase in TC with time. There
is a slight acceleration in the creep rate after approximately 120 h
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Fig. 11. AS of HSFRC at different curing temperatures: (a) evolution
of AS with age; and (b) evolution of AS with equivalent age.

0 40 80 120 160 200 240 280

0

40

80

120

160

200

240

Age (h)

SF00-20

SF03-20

SF06-20

SF09-20

0 40 80 120 160 200 240 280

0

100

200

300

400

500

600

700

800

Age (h)

SF00-20

SF03-20

SF06-20

SF09-20

0 40 80 120 160 200 240 280
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

oitar
e

ga
k

nir
hs-

peer
C

Age (h)

SF00-20

SF03-20

SF06-20

SF09-20

(
peerc

elis
net

c isa
B

)
(

peerc
elis

net
cifice

p
S

)a
P

M/

(a)

(b)

(c)

Fig. 12. (a) Basic TC; (b) specific TC; and (c) creep–shrinkage ratio of
HSFRC with different steel fiber contents.
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for all specimens. The incorporation of steel fibers reduced the ba-
sic TC during the constant-temperature curing period. For instance,
the basic TC at 240 h for Mixtures SF00-20, SF03-20, SF06-20,
and SF09-20 was 83, 73, 38, and 22 με, which decreased by
12%, 54.2%, and 73.5% as steel fiber content increased from 0
to 0.3%, 0.6%, and 0.9%, respectively.

Fig. 12(b) depicts the curves of specific TC. The specific creep
varied greatly in the initial phase, then decreased gradually and sta-
bilized at a stable value. Similar trends are reported in the study
(Zhao et al. 2019). The findings showed that the specific TC
decreased as steel fiber content increased. Fig. 12(c) depicts the
curves of creep–shrinkage ratio. The creep–shrinkage ratio de-
creased with increasing steel fiber content during the constant-
temperature curing period. The result reveals a decrease in the
degree of stress relaxation by adding steel fibers.

The results showed a significant decrease in the basic TC, spe-
cific TC, and creep–shrinkage ratio by adding steel fibers, indicat-
ing that the incorporation of steel fiber effectively reduced the TC
behavior of HSFRC. A possible explanation for these results may
be that the presence of steel fibers increases the frictional resistance
between the fiber and the surrounding matrix. The enhanced fric-
tional interaction contributes to improved load transfer and reduces
the potential for creep deformation. In addition, the influence of
internal restrain increases with increasing steel fiber content.
The restraint limits the development of microcracks and reduces
the TC response of the concrete over time. With an increase in steel
fiber content, there is a corresponding enhancement in the concrete
matrix’s microstructure. This enhancement is crucial for effective
load transfer, which mitigates the creep phenomenon. Moreover,
the physical integration of steel fibers within the concrete serves
as a blockade to the matrix’s movement, thereby impeding the ad-
vancement of creep. The presence of these fibers throughout the
concrete leads to a synergistic composite effect, bolstering the ma-
terial’s capacity to withstand prolonged tensile stresses without sig-
nificant deformation.

Influence of Curing Temperature on TC Behavior
The basic TC, specific TC, and creep-shrinkage ratio of HSFRC at
different curing temperatures are depicted in Fig. 13. The analysis
was performed at the same equivalent age to study the influence of
curing temperature. Fig. 13(a) depicts that an increase in curing
temperature increased the basic TC. For instance, the basic TC
at the equivalent age of 160 h for Mixtures SF06-20, SF06-35,
and SF06-50 was 35, 89, and 98 με, which increased by 154.3%,
and 180.0% as curing temperature increased from 20°C to 35°C and
50°C, respectively. In addition, the initial basic creep rate of
HSFRC significantly increased as the curing temperature increased,
particularly when the curing temperature increased from 20°C to
35°C. Fig. 13(a) depicts that the difference between the initial basic
creep rate of HSFRC cured at 35°C and 50°C was small. Vu et al.
(2012) also observed that creep was enhanced at higher curing
temperatures.

Fig. 13(b) depicts the curves of specific TC at different curing
temperatures. Considering that the specific creep varied greatly in
the early stage because the values of the restrained stress were
small, the curves of the specific creep in the early stage are not
depicted in Fig. 13(b). The results of specific TC depicted in
Fig. 13(b) indicated that the specific TC increased with increasing
curing temperature, and the specific TC decreased gradually with
increasing equivalent age. For instance, the restrained stress at the
equivalent age of 160 h was 0.26, 0.24, and 0.18 MPa, and the
specific TC at that time was 134.62, 370.83, and 544.44 με=MPa
for Mixtures SF06-20, SF06-35, and SF06-50, which increased by
175.5% and 304.4% with increasing curing temperature ranging

from 20°C to 35°C and 50°C, respectively. An increase in specific
TC is observed initially because of the microstructural instability
induced by ongoing hydration reactions in the freshly cast concrete.
As hydration proceeds, the microstructure is stabilized through the
filling of pores by hydration products, leading to enhanced stiffness
and density of the concrete matrix. Consequently, a reduction in
specific TC is observed. With the increase of the equivalent age,
the microstructure of concrete is further stabilized and strengthened
through continued hydration, resulting in a gradual reduction of
specific TC.

Fig. 13(c) depicts the curves of creep–shrinkage ratio. The creep–
shrinkage ratio increased as the curing temperature increased.
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Fig. 13. (a) Basic TC; (b) specific TC; and (c) creep–shrinkage ratio of
HSFRC at different curing temperatures.
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For instance, the free shrinkage at the equivalent age of 160 h was
54, 102, and 107 με, and the creep–shrinkage ratio at that time
was 0.65, 0.87, and 0.92 for Mixtures SF06-20, SF06-35, and
SF06-50, which increased by 33.8% and 41.5% as curing temper-
ature increased from 20°C to 35°C and 50°C, respectively. The
result demonstrates that the thermal treatment increased the de-
gree of stress relaxation.

High curing temperature would accelerate the break and resto-
ration of the bond between nanostructure layers in concrete, leading
to an increase in concrete creep. However, an increase in curing
temperature also promotes cement hydration and increases stiffness
of the concrete, thus theoretically reducing concrete creep. From
the results of basic TC depicted in Fig. 13(a), it was observed that
the increase in creep outweighed the increase in stiffness as the
curing temperature increased, leading to an overall increase in basic
TC as the curing temperature increased. In addition, an increase in
curing temperature led to an increase in AS of HSFRC. A greater
magnitude of shrinkage may cause greater TC in concrete under
restrained condition (Zhang and Qin 2006). As the AS increased,
the frequency of repositioning of the concrete specimen under re-
strained conditions rose, generating numerous microcracks within
the concrete. The occurrence of these microcracks fosters the de-
velopment of TC as they provide room for deformation and poten-
tial release of internal stresses (Altoubat and Lange 2001).

Evaluation of the Early-Age Cracking Potential of
HSFRC

Cracking Age, Cracking Temperature, and Cracking Stress
The cracking potential of concrete under various test conditions is
evaluated using quantitative criteria related to TSTM. Single cri-
terion and integrated criteria, i.e., cracking age, cracking temper-
ature, cracking stress, restrained stress–to–tensile strength ratio,
and stress reserve, were used to evaluate the early-age cracking
behavior of HSFRC in this research, as recommended by Shen et al.
(2020). Table 3 depicts the results of single criterion on HSFRC.

When steel fiber content increased, the HSFRC showed an in-
crease in both cracking age and cracking stress, while the cracking
temperature decreased. The results revealed that the HSFRC with a
steel fiber content of 0.9% exhibited the least cracking potential at
early age when the curing temperature was maintained at 20°C.
However, when the curing temperature increased, the results of sin-
gle criterion showed an opposite trend.

Restrained Stress–to–Tensile Strength Ratio
Concrete is expected to crack when a combination of the elastic
modulus and the shrinkage strain induces a stress level that exceeds
its tensile strength (Mehta and Monteiro 2014). Thus, the cracking
potential of concrete was assessed using the restrained stress–to–
tensile strength ratio in numerous studies (Igarashi et al. 2000;

Riding et al. 2008), which was obtained based on the restrained
stress and the axial tensile strength predicted by prediction models.
The axial tensile strength can be estimated using Eqs. (10) and (11)
(Kanstad et al. 2003a, b). Concrete often experiences cracking
when the restrained stress–to–strength ratio is below 1, primarily
due to the presence of microcracks. These microcracks exist within
the concrete matrix even before any external load is applied. When
under stress, the existing small flaws in concrete serve as points
where stress is concentrated. This means that the stress around
these small flaws becomes higher. As a result, even if the restrained
stress–to–strength ratio in the concrete is below 1, the increased
stress at the locations of these small flaws might go beyond the
concrete’s ability to resist tearing, which can lead to the spread
of cracks

ft ¼ 0.77 × fspl þ 0.21 ð10Þ

ftðtÞ ¼ ft;28 expf−λ1½lnð1þ ðt − t0ÞÞ�−k1g ð11Þ

where ft = axial tensile strength, in MPa; fspl = splitting tensile
strength, in MPa; ftðtÞ = time-dependent axial tensile strength,
in MPa; ft;28 ¼ 28-d axial tensile strength, in MPa; and λ1, k1 =
fitting parameters.

Table 3. Cracking age, cracking temperature, and cracking stress of
HSFRC

Mixture

Cracking
age
(h)

Cracking
temperature

(°C)

Cracking
stress
(MPa)

SF00-20 265.58 −5.38 1.24
SF03-20 269.15 −5.72 1.38
SF06-20 270.50 −7.79 1.59
SF09-20 274.17 −14.02 1.67
SF06-35 143.20 −1.04 1.57
SF06-50 96.42 5.21 1.35
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Fig. 14. Restrained stress–to–tensile strength ratio of HSFRC: (a) with
different steel fiber contents; and (b) at different curing temperatures.
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Fig. 14 depicts the evolution of the restrained stress–to–tensile
strength ratio. During the constant temperature curing period, the
restrained stress–to–tensile strength ratio of six mixtures showed a
gradual increase over time and increased rapidly during the cooling
period, which indicated that the rapid cooling was not conducive to
the cracking resistance of HSFRC.

Fig. 14(a) depicts that the restrained stress–to–tensile strength
ratio decreased as steel fiber content increased during the constant-
temperature curing period. For instance, the restrained stress–to–
tensile strength ratio at 240 h was 0.185, 0.168, 0.151, and
0.128 for Mixtures SF00-20, SF03-20, SF06-20, and SF09-20,
which decreased by 9.2%, 18.4%, and 30.8% as steel fiber content
increased from 0 to 0.3%, 0.6%, and 0.9%, respectively. The lower
ratio represents the higher cracking resistance of concrete. Thus,
the HSFRC with more steel fiber content had lower cracking
potential.

The restrained stress–to–tensile strength ratio of HSFRC at dif-
ferent curing temperatures is depicted in Fig. 14(b). During the
constant-temperature curing period, the ratios of HSFRC cured
at 35°C and 50°C were higher than that of HSFRC cured at 20°C.
However, there was little difference between the ratios of HSFRC
cured at 35°C and 50°C. The findings indicated that an increase in
curing temperature increased the early-age cracking potential
of HSFRC.

Stress Reserve
The stress at room temperature for Mixtures SF00-20, SF03-20,
SF06-20, SF09-20, SF06-35, and SF06-50 was −0.41, −0.44,
−0.42,−0.39,−0.89, and−0.88 MPa, respectively. Fig. 15 depicts
the results of the stress reserve of HSFRC at early age.

As depicted in Fig. 15, the stress reserve of HSFRC increased
by 1.5%, 10.4%, and 14.9% as steel fiber content increased from 0
to 0.3%, 0.6%, and 0.9%, and decreased by 41.9% and 52.7% as
curing temperature increased from 20°C to 35°C and 50°C, respec-
tively. The findings showed that a higher stress reserve corresponds
to a lower cracking potential (Shi et al. 2014). Thus, the incorpo-
ration of steel fibers significantly decreased the cracking potential
of HSFRC cured under 20°C. First, steel fibers enhance the internal
tensile capacity of the concrete, helping to resist tensile stresses
caused by external loads or changes in internal stress. Second,
the network of steel fibers within the concrete can effectively bridge
microcracks, limiting their development and spread, thereby reduc-
ing the likelihood of crack formation. Third, steel fibers improve
the distribution of stress within the concrete, making it more

uniform and reducing the occurrence of cracks due to stress
concentration.

However, an increase in curing temperature increased the crack-
ing potential of HSFRC with the same steel fiber content. Higher
temperatures can accelerate the hydration reaction within concrete,
but this may lead to uneven hydration levels within the material.
The surface layer can dry out rapidly because of the swift loss
of moisture, while the interior remains moist. Such unevenness
can result in the accumulation of internal stress, increasing the risk
of internal damage and the formation of cracks. Additionally, the
accelerated pace of hydration under higher temperature curing con-
ditions may disrupt the orderly formation of the concrete’s micro-
structure, reducing the stability of the early-age microstructure.
This can make the concrete more susceptible to microdamage under
the influence of external forces or internal stresses, which can then
develop into macroscopic cracks.

Conclusion

The influences of different steel fiber contents and curing temper-
atures on mechanical properties, temperature process, restrained
stress, AS, TC, and cracking behavior of HSFRC were investigated
and presented in this research. The main conclusions based on the
experimental data are as follows:

An increase in curing temperature increased the cracking poten-
tial of HSFRC with the same steel fiber content. The short-term
benefits of elevated temperatures were evident as the 1-, 3-, and
7-day splitting tensile strength and modulus of elasticity improved
because of faster cement hydration reactions. However, the 28-day
splitting tensile strength decreased with increasing curing temper-
ature, and the modulus of elasticity values at 28 days were essen-
tially consistent across different curing temperatures. Furthermore,
an increase from 20°C to 35°C and 50°C significantly increased the
rate and magnitude of AS. Besides, the basic TC, specific TC, and
creep–shrinkage ratio increased with increasing curing temperature.

The cracking potential of HSFRC under uniaxial constant re-
strained condition decreased with increasing steel fiber content.
An increase in steel fiber content led to an increase in both splitting
tensile strength and modulus of elasticity of HSFRC. Additionally,
as the steel fiber content increased, there was a notable decrease in
AS, basic TC, specific TC, and creep–shrinkage ratio of HSFRC,
thus enhancing the structural integrity and durability of the concrete
under constant-temperature curing conditions. These improve-
ments indicate that steel fibers can play a crucial role in improving
both the mechanical properties and the long-term serviceability of
concrete.

Maximizing steel fiber content within cost-effective bounds and
choosing an ideal curing temperature are key to achieving a bal-
anced enhancement in mechanical properties, cracking resistance,
and overall material performance. Additional research is needed to
establish the optimal ranges of steel fiber content and curing tem-
perature for improved performance of HSFRC.
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