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Abstract: Steel-fiber-reinforced concrete (SFRC) is being increasingly applied to various buildings
and civil infrastructure as an advanced cementitious composite. In recent years, the requirements
for SFRC in the construction industry have increased. Additionally, the fire resistance of SFRC has
attracted attention; therefore, numerous investigations regarding the residual properties of SFRC have
been conducted. This paper critically reviews the mechanical properties of SFRC subjected to elevated
temperatures, including its residual compressive strength, flexural strength, tensile strength, elastic
properties, fracture properties, and stress—strain relationships. The residual mechanical performance
of SFRC and the action mechanism of steel fibers are reviewed in detail. Moreover, factors affecting
the explosive spalling of concrete at high temperatures as well as the effect of steel fibers on the
microstructure of heated concrete are discussed. It is demonstrated that, in general, SFRC exhibits
better residual mechanical properties when exposed to elevated temperatures than plain concrete
and can prevent the risk of explosive spalling more effectively. The purpose of this literature review
is to provide an exhaustive insight into the feasibility of SFRC as a refractory building material;
additionally, future research needs are identified.

Keywords: steel-fiber-reinforced concrete; high temperature; mechanical property; explosive spalling
behavior; microscope property

1. Introduction

Concrete is a traditional man-made building material. Although its tensile strength or brittleness
is low [1-4], it is the most used material in the construction industry owing to its wide material
availability, well workability, high strength, and low cost. Currently, with the continuous development
of the construction and infrastructure industries, high-rise buildings and underground structures
are increasing at an alarming rate. However, these structures are more susceptible to fire owing to
the widespread use of gas and electrical appliances as well as the complexity of building functions.
Fire hazards are the more serious issue. In recent years, fires occurring in these structures have been
frequently reported worldwide, which have seriously threatened the safety of people and properties.
Therefore, the residual performance of concrete exposed to elevated temperatures or the mechanical
properties of concrete under elevated temperatures have attracted increasing attention and discussion
from researchers [5,6]. It has been discovered that concrete subjected to high temperatures or fire
exhibit physical and chemical reactions, such as dehydration and decomposition, which will not only
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severely damage the microstructure of concrete but also reduce the strength and stiffness of concrete,
thereby causing the explosive spalling and mechanical decay of concrete [7-10]. Numerous previous
studies have shown that the accumulation of pore vapor pressure inside concrete and thermal stresses
are the main factors affecting the strength deterioration mechanism and the occurrence of explosive
spalling, which significantly degrades the mechanical properties of concrete during fires [11-18].
Hence, concrete can be reinforced by incorporating fibers.

It has been well established that adding randomly distributed steel fibers into concrete can
significantly improve its compressive strength, tensile strength, ductility, and impact resistance at room
temperature [19-22]. Furthermore, steel-fiber-reinforced concrete (SFRC) can be used as a primary
building material in various constructions and infrastructures, for instance, ground-supported slabs,
road paving, and tunnel linings, because of its outstanding performance in improving the tensile
strength of concrete and its ability in controlling crack propagation [22-24]. Therefore, the effect of
steel fibers on the residual mechanical properties of concrete after elevated temperature exposure and
the effect of explosive spalling of concrete during fires or at high temperatures have become popular
topics in recent years. Furthermore, many investigations have been conducted to examine the residual
properties and explosive spalling behavior of SFRC [25-27]. When concrete is exposed to fires or high
temperatures, the existence of steel fibers can reduce the water vapor pressure in the pores of concrete
and bridge cracks inside concrete, as well as reduce the temperature gradient by allowing more heat into
the concrete to decrease the possibility of explosive spalling and concrete cracking at high temperatures,
which contribute positively to the fire resistance of concrete [28-32]. Meanwhile, the residual mechanical
properties of concrete in a post-fire environment can be improved significantly [31-33]. However, the
applicability of SFRC when exposed to high-temperature environments is hampered by international
regulatory inconsistencies. Therefore, a review of previous studies regarding the residual mechanical
properties and explosive spalling behavior of SFRC within a certain temperature increase range is
crucial to obtain the basic data of application feasibility.

One of the important foundations for accurately evaluating the usability of construction after a fire
is research on the residual mechanical properties of concrete. Furthermore, the compressive strength,
flexural strength, tensile strength, elastic modulus, fracture energy, and stress—strain relationship of
concrete are important mechanical properties that are often used for evaluating the fire resistance of
concrete structures. Numerous literatures have comprehensively reported the residual mechanical
properties of steel-fiber-reinforced concrete. In most of these studies, residual unstressed tests were
performed, in which samples were naturally cooled to room temperature and then continuously loaded
until it was destroyed [34,35]. There are a lot of types of steel fiber that can be used in concrete. Based
on the fiber shape, steel fibers can be classified as milling steel fiber, hooked-end steel fiber, straight
steel fiber, corrugated steel fiber, dumbbell steel fiber, sheet and hooked-side steel fiber, needle twisted
steel fiber, and so on. Among these different types of steel fiber, the first four types are often used
in concrete. The common used length varies from 20 to 40 mm, and the aspect ratio often varies
from 40 to 80. The elastic modulus and tensile strength are usually determined as about 200 GPa and
800-1300 MPa. In this context, this review reports recent advances pertaining to the effects of a high
temperature on the residual mechanical properties, explosive spalling behavior, and microstructure
of SERC. This review is classified into four parts. A detailed description of the effect of steel fiber on
the residual mechanical properties of concrete is provided. The first part summarizes the available
experimental data of residual mechanical properties of concrete subjected to an elevated temperature;
additionally, the residual mechanical properties of SFRC including compressive strength, flexural
strength, tensile strength, elastic properties, fracture properties, and stress—strain relationships are
discussed. In the second part, the main influencing factors of the explosive spalling behavior of
concrete and the mechanism of explosive spalling are introduced comprehensively and, on this basis,
the effect mechanism of steel fiber for preventing the explosive spalling behavior of concrete subjected
to high temperatures is discussed in detail. The third part discusses the microstructure of SFRC after it
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is subjected to a high temperature. Finally, based on the collected data and analysis, conclusions and
future perspectives are provided.

2. Mechanical Properties of SFRC Exposed to High Temperature

2.1. Residual Compressive Strength

The residual compressive properties of concrete exposed to elevated temperatures are particularly
important not only for the fire protection design of the structure, but also for the evaluation and repair
of the structure. A considerable number of experimental studies regarding the residual compressive
strength of SFRC have been conducted. Some experimental data regarding the residual compressive
strength of SFRC are presented in Figure 1. As shown, the relationship between the maximum exposure
temperature and the residual compressive strength can be classified into three different stages:(1) In the
primary stage, the residual compressive strength of SFRC decreased slightly and may even increase
slightly as the high temperature caused the cement hydration reaction to occur more fully when the
temperature range was between the room temperature and 400 °C. (2) In the second stage, the residual
compressive strength of SFRC decreased significantly as the temperature increased from 400 to 800 °C.
(3) In the final stage, the residual compressive strength of SFRC was almost completely lost when the
temperature was beyond 800 °C.
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Figure 1. Relative compressive strength of steel-fiber-reinforced concrete (SFRC) after exposure to
elevated temperatures [27,33,36-44].

As shown in the comparative test data, the attenuation of the residual compressive strength of
concrete is effectively suppressed because of the utilization of steel fibers. Lau and Anson [33] observed
that in the temperature range of 105-1200 °C, the residual compressive strength of concrete could
increase by 5%-15% by adding steel fibers with a volume content of 1%. Xie et al. [37] compared
specimens with 1% volumetric quantity of steel fibers with specimens without steel fiber and discovered
that the compressive strength of the former improved by 19.4% at 200 °C, 24.3% at 400 °C, 92.9% at
600 °C, and 123.2% at 800 °C. The residual compressive strength of 28 d samples with 1.0% steel fiber
additive was 48% higher than that of the sample without a steel fiber additive, when the maximum
exposure temperatures were 900 °C and 1000 °C [40]. Ismail et al. [36] described that the compressive
strength of concrete reinforced with 0.5% steel fiber was higher than that of the control concrete when
the temperature was increased from 20 to 800 °C. As the concrete was exposed to high temperatures,
the C-5-H in the matrix became hydrated and dehydrated, and thermal disconformity occurred
inside the cement when the aggregate was heated; furthermore, the pore pressure generated by water
accumulated in the pores of cement was a crucial factor for the volume expansion of the concrete [33,45].
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With these expansions and shrinkages occurring inside the concrete, cracks began to appear and
develop gradually, which caused the compressive strength of the concrete to decline [40,46]. Owing
to the bridging crack effect of the steel fibers, after the steel fibers were applied to the concrete, the
volume change behavior of the concrete under a rapid temperature change or high temperature
environment was limited, and the initiation and expansion of the defects that occurred inside the
concrete reduced [37,38,47]. Meanwhile, its inherently high melting temperature guaranteed its
good performance under high-temperature conditions. Therefore, the deterioration of the residual
compressive strength of concrete can be reduced using steel fibers.

The residual compressive strength of concrete is affected by the volume content of steel fibers.
Chen et al. [39] observed the variation law of residual compressive strength of samples prepared with
different steel fiber contents (0, 40, 80, 120, and 160 kg/m3) at different maximum temperatures through
experiments. As illustrated in Figure 2, with the increase in steel fiber dosage, the residual compressive
strength of SFRC increased between the room temperature and 300 °C. However, from 500 to 800 °C,
when the steel fiber content was less than 80 kg/m?, the compressive strength of SFRC increased with
the steel fiber content; furthermore, when the steel fiber dosage continued increasing to 160 kg/m?, the
compressive strength of SFRC decreased with the increase in steel fiber dosage. This changing trend is
supported by the conclusion of Zheng et al. [27,48]. When the concrete was exposed to a temperature
beyond 900 °C, the variation trend of the residual compressive strength of SFRC as shown in Figure 3,
showing that when the steel fiber content is less than 1%, the residual compressive strength of SFRC
increases with the steel fiber content; however, when the steel fiber content surpasses 1%, the residual
compressive strength decreases with the increase in steel fiber dosage, and the age of concrete exerted
little effect on this trend [40]. When the temperature increased beyond 500 °C, the effect of the steel
fibers began to become more significant; however, a higher steel fiber content caused coagulation in
the steel fibers, resulting in reduced usable area. Moreover, a greater thermal expansion between the
cement and steel fiber generated more cracks, which was considered to be the reason for the decrease
in the compressive strength of concrete with the increase in steel fiber dosage [27,40]. In addition,
Scheinherrova et al. [49] discovered that the residual compressive behavior of concrete exposed to high
temperatures was affected by the type of steel fiber coating. Under high temperatures, the compressive
strength of reactive powder concrete with Cu-Zn-coated steel fibers was significantly higher than that
reported in [43].
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Figure 2. Residual compressive strength of SFRC as a function of temperature [39].
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Figure 3. Relationship between compressive strength of SFRC and steel fiber dosage [40].

The initial saturation percentages of the sample and its temperature history, such as the heating
rate and cooling regime, may be the main parameters used to determine the effect of steel fiber actions.
After being exposed to heating at different high temperatures, the residual compressive strengths of
concrete reinforced with 1% steel fiber of water curing with three different water saturation percentages
(20%, 60%, and 100%) were investigated by Lau and Anson [31]. They discovered that increased
saturation percentages reduced the strength of SFRC, regardless of the maximum heating temperature,
which ranged from 105 to 1200 °C. This may be because SFRC with high saturation percentages in the
heating process resulted in a greater pore pressure, and hence more internal defects. The existence of
steel fibers can reduce the pore pressure more effectively under relatively high pressures in deep areas
of concrete during a relatively fast heating process rather than at a slow heating rate (5 °C/min) [50],
which results in a higher retention of the original mechanical properties of SFRC. It has been reported
that the residual compressive strength of SFRC decreases more than that of naturally cooled concrete
owing to severe thermal shock after water-cooling treatments [51-53]. This may be due to the different
thermal expansion characteristics between the concrete matrix and steel fibers, in which water cooling
caused more severe interface mismatches between the concrete matrix and steel fiber [54]. In addition,
the mechanical properties of steel fibers may be altered [55].
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2.2. Residual Flexural Properties

Studies regarding the residual flexural properties of SFRC are limited. The flexural testing of
SFRC has been performed on prisms, but the specimen sizes used previously varied because of the
lack of standardized test specifications, including 150 mm X 150 mm X 550 mm [56], 150 mm X 150
mm X 600 mm [25], 100 mm X 100 mm X 400 mm [33], and 100 mm X 100 mm X 500 mm [57]. Lau and
Anson [33] concluded that the flexural properties of concrete reinforced with 1% steel fiber were better
than those of concrete without steel fiber when the maximum exposure temperature ranged from
105 to 800 °C. However, non-fiber mixtures and SFRC differed in terms of residual flexural strength
when the mixtures were exposed to temperatures beyond 800 °C. This may be due to the steel fibers,
which provided a considerable degree of ductility when concrete was heated below 800 °C. However,
as the temperature increased further, the mechanical properties of the steel fibers appeared to be
degraded owing to oxidation and corrosion [58,59], resulting in insufficient ductility. The residual
flexural strength of different fiber-reinforced concrete (FRC) has been proposed by Jameran et al. [56].In
their study, a concrete mixture was reinforced by hybrid fibers with a volume content of 1.5%, in which
the percentages of steel and propylene fiber were 100% and 0%, 75% and 25%, 50% and 50%, 25% and
75%, and 0% and 100%. The data results are shown in Figure 4. It is evident from Figure 4 that the
single steel-fiber-reinforced concrete has a higher residual flexural strength than the hybrid steel and
polypropylene fiber FRCs and single polypropylene FRC when the specimens were exposed to high
temperatures of 200 °C and 400 °C. This is similar to the results of Pliya et al. [60] and Choumanidis et
al. [57], in which the heating temperatures were 300 °C and 280 °C, respectively.
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Figure 4. Residual flexural strength of fiber-reinforced concrete (FRC) [56].

2.3. Residual Tensile Strength

The tensile strength of concrete is often disregarded in the calculation of strength, because the
tensile strength of concrete is significantly lower than the compressive strength [61]. Furthermore, a
higher temperature would result in a more significant reduction in the tensile strength of concrete than
the compressive strength. This may be because the tensile strength is more susceptible to microcracks
in the interface transition zone caused by elevated temperatures compared with the compressive
strength [62,63]. Its importance is crucial when concrete is heated because the tensile properties can
inhibit crack expansion inside concrete [64]. In addition, the tensile properties of concrete can resist the
internal vapor pressure generated by high temperatures to prevent explosive spalling in concrete [65].
Hence, to improve the tensile strength of concrete after exposure to high temperatures by preventing
and minimizing the explosive spalling caused by fires, it is critical to add steel fibers to concrete. A large
number of studies [27,28,56,63,66—-68] have demonstrated that steel fibers contributed positively to
improving the residual tensile strength of concrete. This may be because steel fibers can maintain
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their mechanical properties at high temperatures; therefore, they could still bridge cracks under
tensile loading and improve the microstructure of heated concrete owing to the limited expansion
of defects in the concrete interior [58]. In addition, adding steel fibers could improve the thermal
conductivity of concrete owing to the higher thermal conductivity of steel fiber than those of cement
matrix and aggregates; therefore, SFRC exhibited a more uniform internal thermal stress after heating,
thereby reducing the internal damage caused by thermal gradients in concrete [37,68,69]. Ultimately,
the residual tensile strength of steel-fiber-reinforced concrete subjected to high temperatures would
be improved.

It has been discovered that the dosage, geometry type, and aspect ratio of steel fibers are main
factors affecting the residual tensile strength of SFRC. According to the study of Gao et al. [28], as
the content of steel fiber increased from 0% to 2%, the residual splitting tensile strength of ground
granulated blast furnace slag concrete after being exposed to 400 °C increased correspondingly.
However, in terms of the relative tensile strength, 1.0% steel fiber was the optimal amount of concrete.
Zheng et al. [27] studied the relation between the relative tensile strength of reactive powder concrete
and steel fiber content and discovered that the relative tensile strength increased as the steel fiber
content increased from 1% to 3% when the temperature was below 600 °C; however, the relative tensile
strength decreased at temperatures from 600 to 800 °C with an increase in steel fiber dosage. Kim et
al. [63] investigated the effects of steel fibers of different aspect ratios (I/d = 60 or 80), geometry types
(twisted or hooked), and volume content (0%, 0.25%, 0.5%, or 1%) on the residual tensile strength of
specimens using double-impact tests when the specimens were exposed to 15 °C, 300 °C, 500 °C, and
700 °C. Figure 5 shows the effects of steel fiber types, the aspect ratio, and content on the residual tensile
strength of concrete. As shown, the dosage and aspect ratio of steel fiber exerted a greater impact on
the residual tensile strength of SFRC compared with its geometric type. At all test temperatures, the
residual tensile strength of SFRC increased with the amount of steel fiber, regardless of its type and the
aspect ratio. The residual tensile strength of SFRC was barely affected by the geometrical type of steel
fiber, whereas the higher aspect ratio of steel fiber exerted a better effect on the tensile strength of SFRC.

2.4. Residual Elastic Properties

In fires or high-temperature environments, the excessive deformation of a structure will not only
cause bearing capacity loss, but also structure damage. Elastic properties are important indicators
of the ability of concrete to deform. Elastic modulus and Young’s modulus are the indexes that are
typically used for evaluating the elastic properties of concrete. In particular, Guo et al. [70] reported
that high temperatures exerted the most significant effect on the elastic modulus of all the mechanical
properties of concrete. Therefore, various experimental studies regarding the residual elastic properties
of SFRC after heating have been performed. According to the findings of Lau and Anson [33], after
being exposed between 105 and 1100 °C, the loss of elastic modulus of a control concrete increased
from 7% to 93%, whereas that of concrete reinforced with 1% steel fiber ranged from 14% to 94%; both
decreased approximately linearly. Steel fibers can improve the residual elastic modulus of concrete
when the maximum heating temperature is below 800 °C; however, above 800 °C, the elastic modulus
of concrete and SFRC are almost similar. Diig“enci et al. [40] calculated the tangent and secant modulus
of elasticity of SFRC specimens subjected to 900 °C, 1000 °C, 1100 °C, and 1200 °C. The results indicated
that the tangent and secant modulus of elasticity of concrete were parallel to the change in compressive
strength but insensitive to the change in steel fiber content at the test temperatures. The results of
Tai et al. [43] indicated that the elastic modulus of reactive powder concrete reinforced by different
steel fiber contents (1%, 2%, and 3%) decreased rapidly with increasing temperature, but the rate of
decline slowed at temperatures exceeding 600 °C. Furthermore, a higher steel fiber content implied that
reactive powder concrete (RPC) exhibited a higher elastic modulus above 400 °C. Furthermore, the data
showed that the residual elastic modulus observed in SFRC was higher than that in plain concrete; this
may be because the addition of steel fibers increased the cohesion of the matrix, thereby providing the
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necessary bond for preventing crack development and improving the ductility of concrete. However,
their effects were impeded by their being oxidized and softened above 800 °C [43,71].
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Figure 5. Relationship between temperature and residual tensile strength of the three specimens [63].

The presence of steel fibers can enhance the residual elastic modulus of recycled aggregate concrete
(RACQ). The effects of steel fiber on the elastic properties of RAC are controversial when RAC is exposed
to 25 °C or 200 °C. Xie et al. [37] reported that the elastic modulus of 1%-steel-fiber-reinforced RAC
increased by 3.7% at 25 °C and 2.7% at 200 °C compared with RAC without steel fibers. However,
the findings of Chen et al. [13,42] indicated that the elastic properties of steel-fiber-reinforced RAC
was not comparable to those of RAC, and the Young’s modulus of the samples decreased with the
dosage of steel fiber increased from 0.5% to 1.5% when the samples were exposed to 25 °C and 200
°C. However, both results indicated that the addition of steel fibers enhanced the elastic properties of
RAC when the exposure temperature exceeded 200 °C. In addition, Xie et al. [37] showed that the low
content of silica fume (substitution ratio of 4%) was beneficial for improving the elastic modulus of
steel-fiber-reinforced RAC exposed to above 400 °C.

2.5. Residual Fracture Properties

Fracture properties are often used to evaluate the safety and toughness of concrete structures,
as they are an important basis for the fracture analysis of concrete materials. Studying the residual
fracture properties of concrete is critical for the identification and reinforcement of concrete buildings
after fires. Furthermore, the residual fracture properties of concrete must be enhanced to prevent
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structure fractures. The three-point bending test is a typical test method to study the fracture behavior
of concrete. Fracture toughness and fracture energy are important parameters that are widely used
to quantify the fracture properties of concrete. When the temperature is increasing from 25 to 400
°C, the fracture energy of concrete increases gradually [72-74]. The main reason for consuming more
energy is that thermal damage causes cracks to develop in a tortuous process, rather than the sharp
process observed at room temperature [72,73]. Hence, the addition of steel fibers will further increase
the fracture energy. The results of Chen et al. [13] indicated that the residual fracture toughness and
fracture energy of RAC after exposure to 25 °C, 200 °C, 400 °C, and 600 °C improved significantly
after the addition of steel fiber. The effects of exposure temperature and steel fiber content on fracture
energy and fracture toughness are shown in Figures 6-8. Moreover, the enhancement of the unstable
fracture toughness from the addition of steel fibers was greater than that of the initiation fracture
toughness, and the former was approximately twice that of the latter. Watanabe et al. [75] analyzed
the fracture energy of different fiber-reinforced high-strength concrete in hot and residual tests, at
temperatures ranging from 20 to 600 °C. The experimental results indicated that the fracture energy
of plain concrete and polypropylene-fiber-reinforced concrete was similar, but the fracture energy
of hybrid steel and polypropylene-fiber-reinforced concrete was higher than those of plain concrete
and polypropylene-fiber-reinforced concrete. The main mechanisms for amelioration in the fracture
properties of concrete is as follows: steel fibers can bridge the microcracks inside concrete and restrict
the development of cracks, and steel fibers can decelerate the volume change caused by the temperature
gradient of concrete by increasing the heat transfer coefficient of concrete [13,33,75-77].
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Figure 6. Effects of exposure temperature and steel fiber content on fracture energy [13].
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2.6. Stress—Strain Relationship

The mechanical response of concrete is typically expressed by the stress—strain relationship, which
is important for determining concrete performance in the design process of the concrete structure.
To reasonably assess the fire resistance of SFRC structures, the stress—strain relationship of SFRC after
being subjected to high temperatures has been studied. It has been reported [36,37,42,44,70,78,79] that
with the increase in temperature, the slopes of the stress—strain curves of SFRC tended to be gentle in
both the pre-peak and post-peak stages, the peak stress moved downward and rightward, and the
curves became flatter. The stress—strain curves of concrete reinforced by different steel fiber contents
(0%, 1%, and 2%) after exposure to different temperatures are shown in Figure 9. It is clear that the peak
stress decreases as the temperature increases gradually, whereas the strain at the peak stress increases
with temperature. Poon et al. [36] and Chen et al. [42] reported that the shape of the stress—strain curve
of SFRC beyond elevated temperatures changed significantly owing to the presence of steel fibers.
Under the same heat treatment conditions, the stress—strain curves of SFRC exhibit a more flattened
descending branch and a larger area that is surrounded by the stress—strain curve and coordinate
axis, compared with plain concrete. Zheng et al. [78] discovered that the area under the stress—strain
curve increased gradually with the dosage of steel fiber. The energy absorption capacity (toughness) of
concrete is defined as the area under the stress—strain curve calculated to a specified strain value, which
is the maximum strain value in the stress—strain curve [80,81]. The addition of steel fiber improved the
toughness of heated concrete significantly.
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Figure 9. Stress—strain curves of SFRC exposed to different temperatures with steel fiber dosage of 0%
(@), 1% (b) and 2% (c) [44].



Appl. Sci. 2020, 10, 2324 110f20

In this part, the residual mechanical properties of SFRC exposed toa high temperature were
described, and a detailed description of the effect of steel fiber on the compressive strength, flexural
strength, tensile strength, elastic properties, fracture properties, and stress—strain relationships of
heated concrete was provided. When the maximum exposure temperature was less than 800 °C, the
residual mechanical properties of SFRC can still be better maintained owing to the inherently high
melting temperature and bridging crack effect. Beyond 800 °C, the effect of steel fibers is weakened
gradually owing to oxidation and corrosion. In addition, the residual mechanical properties of SFRC
are affected by the volume content, physical parameters (aspect ratio and geometric type) of steel fibers,
and the temperature history of the sample (heating rate and cooling system).

3. Explosive Spalling Behavior

Explosive spalling is a result of the combination of hydraulic, thermal, and mechanical degradation
processes inside concrete [82]. When concrete is subjected to fires or high temperatures, the mechanical
properties of concrete will be deteriorated significantly, resulting in the rapid deterioration of the bearing
capacity of concrete components, which ultimately endangers the safety of concrete structures [15].
It has been well established that the explosive spalling behavior of concrete at high temperatures are
due to two main reasons.

One is the accumulation of pore pressure in concrete because of the vaporization of the water
inside concrete [13]. Concrete contains free water, chemically bound water in calcium hydroxide (CH)
and interlayer water in C-S-H. Initially, the evaporation of free water began at approximately 100 °C,
and the pore pressure of the matrix began to increase. When the temperature increased from 300 to
400 °C, the interlayer and chemical bound water of the C-S5-H gel began to dehydrate. The calcium
hydroxide began to dehydrate between 400 and 500 °C, causing the concrete to begin shrinking and the
concrete’s strength to reduce significantly. Ultimately, the C-S-H gel would be decomposed entirely at
a temperature of approximately 900 °C [83-91]. As the temperature increases, free water and chemical
water in the pore structure of concrete evaporate, a portion of water evacuate to the heated concrete
surface, and a large amount of water is vaporized and then migrated to the center of the concrete,
where the vapor gathers and begins to condense because of the lower temperature of the inner part of
the concrete. After a certain time period, a saturated layer begins to be formed inside the concrete,
which prevents the vapor from moving toward the inner concrete. Instead, the vapor moves towards
the surface of the concrete on a large scale to enter the atmosphere. The pore pressure in the porous
network increases gradually, and the explosive spalling of concrete occurs when the tensile stress of the
concrete fails to withstand the pore pressure [17,89]. Kalifa et al. [17] have confirmed the existence of a
quasi-saturated layer precedes the drying front by measuring temperature field and the pore pressure
of concrete. In addition, when the concrete is exposed to high temperatures, concrete with the lower
permeability produces a saturated layer faster, the saturated layer closer to the heated surface, as well
as the pore pressure and pressure gradient are higher. The entire process of concrete explosive spalling
by pore vapor pressure is shown in Figure 10. The second reason is the cracking of concrete caused
by thermal stresses arising from temperature gradients [13,26]. Under high temperatures or fires, the
heating surface and the interior of concrete will form a thermal gradient, which is often referred to
as “thermal shock”. When the surface temperature of concrete increases rapidly, concrete shrinkage
occurs, and the compression stress generated is parallel to the surface of the heated concrete. In
addition, tensile stress is generated in the concrete perpendicular to the surface of the heated concrete.
The explosive spalling of concrete occurs once the compressive stress exceeds the tensile stress [92,93].
The mechanism of the thermal stress explosive spalling of concrete is shown in Figure 11. Furthermore,
owing to the different behaviors of concrete components at elevated temperatures, the heterogeneity of
concrete components will cause severe thermal cracking at the interface [94,95].
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Figure 11. Mechanism of thermal stress explosion spalling of concrete [14].

It is indefinite whether steel fibers would affect the explosive spalling resistance of concrete
under high temperatures or fires. Some studies [67,96,97] have shown that steel fibers did not reduce
the explosive spalling tendency of concrete. Hertz [96] concluded from experimental data that the
application of steel fibers did not reduce the risk of explosion, and that explosive spalling was most
likely to occur on specimens with the largest amount of steel fibers. However, other studies have
reported that the addition of steel fibers could mitigate the explosive spalling of concrete at high
temperatures. The main reasons are as follows. First, the addition of steel fibers can reduce the pore
pressure of concrete at high temperatures. Peng et al. [11] demonstrated that steel fibers could overcome
the build-up of steam pressure. The results of Li et al. [47] indicated that the application of steel
fibers in heated concrete could result in greater pore pressure resistance. Based on the results of Bangi
and Horiguchi [40,47], the application of steel fibers could reduce the pore pressure of high-strength
concrete when the specimens were subjected to high temperature. Moreover, the positive effect of
steel fibers on reducing the pore pressure in the deep part of the concrete during fast heating was
more significant than that of slow heating. Subsequently, steel fibers have a much higher thermal
conductivity than coarse aggregates and cement substrates; therefore, heat can be transferred more
evenly through SFRC, resulting in reduced cracks caused by the thermal gradients of concrete. In the
study performed by Felicetti [98], the thermal diffusion coefficient of SFRC was higher than that of
ordinary concrete. According to the findings of Gao et al. [28] and Zheng et al. [27], the addition of
steel fibers enabled more heat to flow into the interior of concrete, thereby reducing the heating surface,
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interior of the concrete temperature gradient, and thermal shock. This finding is similar to that by
Zhang et al. [99] and Zheng et al. [78]. SFRC demonstrated resistance toward explosive spalling owing
to thermal gradient reduction. Furthermore, the application of steel fiber can improve the tensile
properties of concrete. As described in Section 2.3, the tensile strength of concrete can resist the internal
vapor pressure and thermal shock generated by high temperatures, thereby protecting concrete from
explosive spalling. Furthermore, steel fibers that are randomly distributed in the matrix can reduce
the displacement of the crack tip opening, delay the formation of cracks, and limit the propagation of
cracks. This will reduce the probability of explosive spalling as well [27].

Explosive spalling behavior of concrete at high temperature is mainly caused by the accumulation
of pore pressure and thermal stress caused by temperature gradient. The application of steel fibers
may reduce the risk of explosion by improving the thermal conductivity, tensile properties of concrete
and reducing the pore pressure of concrete at high temperatures.

4. Microstructure of SFRC Exposed to High Temperature

It has been well established that high temperatures will severely damage the chemical composition
and microstructure of concrete but adding steel fibers can improve the microstructure of concrete to
some extent. Through SEM observations in Figure 12, Huang et al. [100] reported that the diameter of
steel fiber changes and the oxygen content in steel fibers increases with an increase in temperature.
This may be due to the small pore near the steel fiber preventing the evaporation of water, and a
large amount of water vapor accumulated in the matrix, which caused the steel to rust and oxidation
products to deposit on the fiber surface. Kalifa et al. [18] showed that the density of microcracks in
the ordinary concrete is much less than that in fiber-reinforced concrete at 400 °C. The microcracks in
fiber-reinforced concrete are mainly formed between and around the sand and aggregate skeleton and
have a thickness of approximately 1 mm, while the microcracks in ordinary concrete usually occur
between large aggregates, with a thickness of about 10 mm. Lau and Anson [33] showed that the
porosity of concrete increased with the maximum heating temperature, but the porosity of SFRC was
lower and the average pore diameter was smaller than that of concrete without fiber.

X85S ZBBwmm

(a) Exposure to 200 °C. (b) Exposure to 400 °C.

Figure 12. Morphologies of fibers in SFRC exposed to different high temperatures of 200 °C (a) and
400 °C (b) [100].

Ahmad et al. [101] investigated the microstructure of the matrix—fiber interface of
steel-fiber-reinforced high-performance concrete exposed to high temperatures. As is shown in
Figure 13, their results indicated that the matrix—fiber bond strength degraded gradually with
increasing exposure time. Moreover, after a period of high-temperature exposure of SFRC, the
matrix—fiber bond ruptured progressively and hence thus gradually reduced the activation efficiency
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of steel fiber, which may be due to the contraction arising from the discharge of capillary water and the
long-term decomposition of some hydrates at high temperatures. However, it can only reduce the
contribution of steel fiber to the high-temperature performance of concrete, rather than eliminate the
effect. A few studies [11,13,41] have concluded that steel fiber improved the microstructure of RPC
after an elevated temperature. In addition, the investigation of Chen et al. [13,42] indicated that steel
fibers positively affected the microstructure of RAC after a high-temperature exposure.

“se 204V

(c) 300 min.

Figure 13. SEM micrograph of CRFC (Steel Fiber Reinforced Concrete) after 0 min (a), 60 min (b), and
300 min (c) of a high temperature of 300 °C [101].

In this section, the effect of steel fibers on the microstructure of heated concrete was described.
Compared with the ordinary concrete, SFRC had lower porosity and better microstructure. However,
as the exposure time increased and the exposure temperature increased, the steel fibers began to rust
and oxidized gradually, reducing their activation efficiency, and eventually leading to a decrease in the
contribution to the high temperature performance of the concrete.

5. Conclusions and Perspectives

5.1. Conclusions

The effect of steel fibers on the mechanical properties, explosive spalling behavior, and
microstructure of concrete subjected to high temperatures was reviewed based on the findings
of previous studies. The residual compressive strength, flexural properties, tensile strength, elastic
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properties, fracture properties, explosive spalling, and microstructure of SFRC were discussed. The
following main conclusions were obtained based on the review:

1.  Theresidual compressive strength of concrete exposed to high temperatures improved significantly
by the addition of steel fibers owing to the bridging crack effect and inherently high melting
temperature. The residual compressive strength of SFRC was affected by the volume content of
steel fibers and the temperature history of the sample, including the heating rate and cooling
regime. Most studies have shown that the most significant effect was exerted when the amount
of steel fiber was 1%.

2. Steel fibers significantly improved the residual flexural strength of concrete when the exposure
temperature was less than 800 °C. Beyond 800 °C, the steel fiber lost its effect gradually owing
to oxidation and corrosion. Compared with hybrid steel and polypropylene FRC and single
polypropylene FRC, the residual flexural strength of single steel FRC was the highest.

3. The tensile strength of concrete was closely related to its explosive spalling behavior at elevated
temperatures. SFRC maintained its good tensile properties at high temperatures. With the increase
in steel fiber dosage, the residual tensile strength of SFRC improved significantly. Compared
with type, the aspect ratio and volume fraction of steel fiber exerted greater effects on the residual
tensile strength.

4. High temperatures exerted the most significant effect on the elastic modulus of concrete. The
elastic modulus of SFRC decreased approximately linearly. In addition, steel fibers could enhance
the residual elastic properties of RAC.

5. With the increase in exposure temperature (below 400 °C), the residual fracture energy of concrete
increased gradually. The presence of steel fiber further increased the residual fracture energy and
significantly improved the fracture toughness of concrete after elevated temperature exposure.
In addition, the enhancement of unstable fracture toughness was approximately twice that of
initiation fracture toughness.

6.  With the increase in temperature, both the pre-peak and post-peak stages of the stress—strain
curve of SFRC became gentler gradually, the peak stress decreased gradually, and the strain at the
peak stress increased gradually. Additionally, the presence of steel fibers improved the toughness
of heated concrete.

7. Water vapor pressure and thermal stress caused by the temperature gradient inside the concrete
at high temperatures were the main causes of explosive spalling. Most studies have reported that
the addition of steel fiber reduced the risk of concrete explosive spalling. The presence of steel
fiber could decelerate the accumulation of steam pressure inside concrete, reduce the temperature
gradient, bridge the microcracks inside concrete, and improve the tensile strength of concrete.

5.2. Perspectives

Fire is one of the most harmful situations for various buildings, and the strength of concrete
can be seriously compromised when exposed to fire. Researchers often rely on residual mechanical
property analyses to assess fire damages to concrete structures; therefore, the topic thereof has been
studied extensively. This review focused on the residual mechanical strength of SFRC after elevated
temperature exposure, summarized the latest knowledge on this topic, and analyzed the effect of steel
fibers on the residual properties of concrete and the action mechanism. However, the behavior of
SFRC after elevated temperature exposure depends on many factors, such as the heating rate, duration
of exposure, and cooling regime. The lack of standard procedures for heating and cooling concrete
samples in various studies and the selection of different heating rates and duration of exposure in
various studies renders it difficult to accurately compare test data. Meanwhile, a constant heating rate
is not a good representation of structural fire, because the heating rate is variable during fire [102].
Although natural cooling has been used in most studies, rapid cooling has been used in limited
studies to simulate firefighting processes. Rapid cooling can cause thermal shock to the heated
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concrete, resulting in a greater damage to the microstructure [54,102,103]. This suggests that the
residual mechanical properties measured by natural cooling rather than rapid cooling may have been
overestimated in most previous studies. Therefore, more experimental data under the condition of
rapid cooling must be obtained for the comprehensive evaluation of the residual mechanical properties
of SFRC. To fully understand the properties of structures made of SFRC during fire, research on fire
resistance of SFRC not only requires residual tests, but also hot tests are essential. The thermal property
of concrete is an important component of fire safety design, but research results regarding hot tests on
SFRC are still limited hitherto. Therefore, further research is necessitated. In addition, modeling is
an effective and useful tool to quantitatively understand the key processes of SFRC changes at high
temperatures, which can be used to represent and simulate the field behavior of SFRC more accurately.
Therefore, there should be focus on modeling as well [104]. In summary, although the performance of
SFRC exposed to high temperature has been investigated extensively, fires are complex and volatile;
therefore, more tests and research are warranted to realize the full potential of SFRC as a fire-resistant
building material.
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