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Abstract: The response of plain and fibrous concrete to the scenario of fired structures exposed to
repeated impacts from falling fragmented building elements and other objects is experimentally
investigated in this study. The experimental program included the casting and testing of specimens
with 0%, 0.5%, and 1.0% hooked-end steel fibers (SFs) under the ACI 544-2R repeated-impact test.
The impact test was conducted using cylindrical disk specimens, while 100 mm cubes were used to
evaluate the residual compressive strength and weight loss. From each mixture, six disks and three
cubes were heated to high temperatures of 200, 400, and 600 ◦C, while a similar set of specimens were
tested without heating as a reference group. The results show that SF could significantly improve
cracking impact resistance and dramatically boost failure impact numbers. The retained percentage
improvements were the highest for specimens heated to 600 ◦C, which were approximately 250% at
the cracking stage and 1680% at the failure stage for specimens with 1.0% SF. The test results also
show that the repeated-impact resistance dramatically deteriorated at high temperatures, where the
maximal residual cracking and failure impact numbers after exposure to 200, 400, and 600 ◦C were
approximately 20% and 40%, 4% and 7%, and 2.2% and 4%, respectively.

Keywords: repeated impact; drop weight; high temperatures; fire; steel fiber

1. Introduction

The number of yearly fires that are classified as accidental structural fires is globally
shocking. Between 1993 and 2016, there were millions of recorded fires every year, where
in approximately 30 to 50 countries, the recorded yearly fires in this period were in the
range of 2.5 to 4.5 million with an average of 3.7 million. Within the specified period,
approximately 90 million fires were reported, and more than a million death incidences
were recorded [1]. For instance, in 2016, the recorded fires in the United States were more
than 1,300,000 incidents, while more than 200,000 fires were recorded in the same year
in countries such as the United Kingdom, Italy, and France [1]. The high percentage of
these fires reaching 40% could classify them as structural fires [2]. Concrete structures
have better safe endurance when exposed to fire temperatures compared to metallic and
wooden structures. However, catastrophic failure due to the degradation of concrete is
possible in many cases. The deterioration of concrete microstructures is directly related to
the thermal properties of the adopted mixture materials and the level of high-temperature
exposure, where mixtures with different aggregate types behave differently under such
conditions [3–8]. In most cases, the exposure to temperatures lower than 200 ◦C either has a
minor effect on the compressive strength of concrete or positively influences it [9–12], while
exposure to temperatures higher than 500 ◦C seriously impacts the compressive strength of
concrete [13–17]. On the other hand, it was frequently reported in the literature that the
tensile, flexural, and shear strengths of concrete deteriorate at a faster rate than compressive
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strength does [18–24]. The main alteration of the microstructural response of concrete starts
after reaching a temperature of 350 to 400 ◦C. At such temperatures, the aggregate exhibits
a noticeable expansion that is associated with the opposite contraction of the surrounding
cement paste. The reversed thermal movements of aggregate and cement paste accelerate
the deterioration of the bond connecting them, which is a source of unfavorable strength
deterioration [8,9,13]. Another source of strength deterioration at this range of temperature
is the degradation of the aggregate itself and the decomposition of the hydrated products
of the cement matrix [13–16]. These thermal actions initiate the quick drop in the strength
of concrete and the structural response of the subjected members.

The impact strength of concrete is a design concern in some structures such as the
downstream parts of stilling basins where the hydraulic jump needs to be retarded, plane
landing runways in airports where tire impact is an important effective load, and military
facilities in conflict areas [25–28]. Other typical residential, service, and commercial struc-
tures are not usually designed for such loading types. However, some are expected to be
subjected to impact loads during the construction period or their lifespan. The accidental
falling of construction materials and objects from higher stories is an expected impact
load on slabs or beams during construction. On the other hand, cars in parking garages
may repeatedly impact the vertical columns and walls [29–31]. Two typical experimental
tests are used to evaluate impact loads due to falling objects or the collision of objects
with concrete members. The first is the most widely used drop-weight impact test, in
which a slab or beam specimen is held horizontally, and a free-falling mass is dropped
causing an impact force on its top surface. In this test, full instrumentation is required to
measure the impact forces, displacement (deflection), strain, and vibration [32–37]. The
second widely used test is the Charpy pendulum impact test [38–40]. ACI 544-2R [41]
introduced a simpler and cheaper impact test to evaluate the performance of concrete under
low-velocity drop-mass impact. The test is not intended to give quantitative measurement
of the impact strength, but it can qualitatively compare the impact performance of different
types of concrete mixtures or the effect of different additives on the impact response of
concrete. The advantage of the test is that it is applied on small concrete disk specimens
and does not require any sophisticated sensors or electronic sampling and measurement
tools. Thus, it introduces a low-cost choice to evaluate and compare the performance of
different concrete mixtures under repeated fall-mass impacts. This test was extensively
used in the last few years to evaluate the impact resistance of different types of fibrous
concrete mixtures [42–48].

Several research works were conducted on disk specimens using the ACI 544-2R
repeated-impact test to evaluate the impact resistance of plain and fibrous concrete. Differ-
ent fiber types were considered in mono and hybrid combinations in different recent and
traditional concrete composites. Synthetic fibers such as polypropylene fibers [49–52] and
polyvinyl alcohol fibers [53,54] were investigated by many previous studies, while steel
fibers (SFs) were among the most investigated types of fiber reinforcement because of their
ability to boost the resistance of concrete to impact loads. There is wide agreement in the lit-
erature that SFs are significantly superior in enhancing the impact performance of concrete
mixtures compared to polypropylene and other fiber types. The size and configuration of
the investigated SFs were also different in the available literature. In some previous studies,
crimped SFs were used [55–58]; in other studies, hooked-end SFs were adopted [59–70]; in
others, hooked-end crimped SFs were tested [71–76]. On the other hand, straight coated SFs
were utilized in self-compacting [77,78] and high-performance [79,80] concrete mixtures.
The repeated impact performance of concrete mixtures incorporating other types of SFs
such as sheared steel sheets and straight wires was also reported by an earlier study [81].
All previous studies agreed that using SFs with small volume dosages of less than 1.0%
noticeably improves the impact performance of the tested samples, while using 1.0% and
higher SFs could boost resistance to cracking and failure by several times under repeated
impacts compared to plain specimens.
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In spite of the considerable research literature on the repeated impact of fiber-reinforced con-
crete, very few works are available on their post-fire-exposure behavior. Mehdipour et al. [82]
investigated the repeated-impact strength of rubberized concrete that includes metakaolin
after exposure to high temperatures. The authors incorporated crumb rubber in an ap-
proximately similar quantity in all mixtures in addition to 0.25 to 1.0% of SFs. Three
sets of mixtures were adopted depending on the percentage replacements of cement by
metakaolin of 0%, 10%, and 20%. The specimens were subjected to temperature levels of
150, 300, 450, and 600 ◦C. The authors reported a significant drop in cracking and failure
impact numbers after exposure to temperatures of 150 and 300 ◦C, which exceeded 50% in
most cases. Further degradation was recorded after exposure to 450 ◦C, while the impact
strength almost vanished at 600 ◦C. Al-Ameri et al. [83] conducted an experimental study
to investigate the influence of exposure to temperatures of 100, 200, 300, 400, 500, and
600 ◦C on the ACI 544-2R repeated impact of conventional plain concrete. They reported
that exposure to 100 ◦C had a negligible effect on impact strength, while a strength drop
of approximately 75% was recorded for specimens subjected to 200 ◦C. Exposure to tem-
peratures of 300 and 400 ◦C led to additional strength deterioration, while the strength
almost faded at temperatures of 500 ◦C and higher. In other studies, Al-Ameri et al. studied
the residual repeated-impact performance of engineered cementitious composites (ECC)
after exposure to subhigh temperatures [84] and high temperatures up to 600 ◦C [85]. The
mixtures were reinforced with 2% polypropylene fibers. The results of the tests showed
that ECC specimens could stand up to 200 ◦C without exhibiting a significant reduction in
impact strength, which was attributed to the presence of polypropylene fibers that had still
not melted. On the other hand, the melding of the fibers after exposure to 300 and 400 ◦C
decreased the cracking and failure impact numbers of ECC samples by more than 50%. The
retained numbers of impact blows decreased sharply, and the impact resistance faded after
heating to 600 ◦C.

2. Research Significance

As reported in Section 1, despite great efforts to control their causes and effects,
accidental fires threaten civil structures and human lives every day, and being exposed to
impact loads is possible for different structural members in various structures. The worst is
the scenario of a fired structural member that is subjected to multiple impacts from falling
fractured parts or objects under catastrophic material deterioration due to fire-elevated
temperatures. Failed parts falling from the slab or mechanical equipment falling in the
false sail is expected under accidental fires. If fires last for longer before being extinguished,
further failures are probable. Thus, the scenario of repeated impacts from fallen parts
and objects is expected on already fire-deteriorated concrete structural parts at lower
levels. Despite the need to understand the behavior of concrete members under the dual
accidental loading of fire and low-velocity repeated impact, very few studies attempted to
investigate this issue, and the focus of most of the research was on explosive [86–89] and
projectile [90–94] impacts. To better understand the response of concrete structures to such
a loading scenario, an experiment was conducted in this study, where conventional concrete
with moderate strength was adopted, which is the most widely adopted type of concrete
in traditional residential and civil structures, aiming to fill some gaps of knowledge in
this area. The incorporation of steel fibers was found in the literature to boost the impact
strength of concrete. Its incorporation effect on residual repeated impact was investigated
in a previous study [82], where the adopted mixtures incorporated additional materials
such as crumb rubber. Thus, the residual response was affected by several influencing
parameters and not only steel fibers. Therefore, the experiment of this study was designed
to evaluate the sole effect of steel fibers on the response of conventional concrete to dual
fire and repeated-impact loading.
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3. ACI 544-2R Repeated-Impact Test

ACI 544-2R [41] introduces a simple impact test that does not include any sort of
sophisticated sensors or data acquisition systems. Simply, it is only required to record the
number of repeated impacts that cause a visible surface crack on the specimen, and then the
number of impacts required to split a specimen till failure. These numbers are recorded and
used to compare the different tested mixtures. The test apparatus for the repeated-impact
test is depicted in the sketch shown in Figure 1. The apparatus was composed of a 4.54 kg
drop steel mass that was dropped from a height of 457 mm onto a steel ball placed on
the top surface of the concrete test specimen. The specimen was a cylindrical disk with a
diameter of approximately 150 mm and a thickness of approximately 63 mm. The steel ball
had a diameter of approximately 63 mm and was held in place using a steel ring that was
attached to a special holding system, as shown in Figure 1. The specimen was prevented
from rebounding during the impact testing using four steel holding plates (lugs). Elastomer
pieces were inserted between the steel lugs and test specimens to prevent any possible
movement of the specimens. The load was then released to repeatedly drop on the steel
ball. The number of impact blows required to initiate the surface cracking of the test disk
was recorded as the cracking number of impact (Ncr). The elastomers were then removed,
and impacting continued. When the crack was widened so that at least three of the four
holding lugs were touched by the specimen, the specimen was considered to have failed,
and the number of impact blows was recorded as the failure impact number (Nf).

Buildings 2022, 12, x FOR PEER REVIEW 4 of 21 
 

Therefore, the experiment of this study was designed to evaluate the sole effect of steel 
fibers on the response of conventional concrete to dual fire and repeated-impact loading. 

3. ACI 544-2R Repeated-Impact Test 
ACI 544-2R [41] introduces a simple impact test that does not include any sort of 

sophisticated sensors or data acquisition systems. Simply, it is only required to record the 
number of repeated impacts that cause a visible surface crack on the specimen, and then 
the number of impacts required to split a specimen till failure. These numbers are 
recorded and used to compare the different tested mixtures. The test apparatus for the 
repeated-impact test is depicted in the sketch shown in Figure 1. The apparatus was 
composed of a 4.54 kg drop steel mass that was dropped from a height of 457 mm onto a 
steel ball placed on the top surface of the concrete test specimen. The specimen was a 
cylindrical disk with a diameter of approximately 150 mm and a thickness of 
approximately 63 mm. The steel ball had a diameter of approximately 63 mm and was 
held in place using a steel ring that was attached to a special holding system, as shown in 
Figure 1. The specimen was prevented from rebounding during the impact testing using 
four steel holding plates (lugs). Elastomer pieces were inserted between the steel lugs and 
test specimens to prevent any possible movement of the specimens. The load was then 
released to repeatedly drop on the steel ball. The number of impact blows required to 
initiate the surface cracking of the test disk was recorded as the cracking number of 
impact (Ncr). The elastomers were then removed, and impacting continued. When the 
crack was widened so that at least three of the four holding lugs were touched by the 
specimen, the specimen was considered to have failed, and the number of impact blows 
was recorded as the failure impact number (Nf). 

 
Figure 1. Testing apparatus of the ACI 544-2R repeated-impact test. 

4. Experimental Program 
The main focus of the work presented in this article is the experimental impact 

testing of steel fiber-reinforced concrete after high-temperature exposure. Therefore, a 
concrete mixture with moderate strength and three levels of fiber reinforcements was 
prepared. Ordinary Portland cement type 42.5 was used in the mixtures, and it had the 
chemical and physical properties listed in Table 1. Crushed gravel from Wasit province in 
the central Iraq region was used as a coarse aggregate. Similarly, natural sand from the 

Figure 1. Testing apparatus of the ACI 544-2R repeated-impact test.

4. Experimental Program

The main focus of the work presented in this article is the experimental impact testing
of steel fiber-reinforced concrete after high-temperature exposure. Therefore, a concrete
mixture with moderate strength and three levels of fiber reinforcements was prepared.
Ordinary Portland cement type 42.5 was used in the mixtures, and it had the chemical and
physical properties listed in Table 1. Crushed gravel from Wasit province in the central Iraq
region was used as a coarse aggregate. Similarly, natural sand from the same region was
adopted as a fine aggregate. The maximal particle size of the gravel was 12.5, while the
fineness moduli of the gravel and sand were 5.75 and 2.46, respectively. The sieve analysis
of both aggregate types is shown in Figure 2. Hooked-end steel fiber with 0.5 mm diameter
and 35 mm length was used. The tensile strength of the used steel fiber was 1200 MPa,
while its appearance is shown in Figure 3. Fibers noticeably influence the workability of
concrete mixtures. Therefore, to enhance the workability, liquid-state superplasticizer Sika®

ViscoCrete SP 5930-L (Dubai, UAE) was used. Three concrete mixtures, M0, M0.5, and M1.0,
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were prepared with the same cement and water quantities, but with different volumetric
fiber dosages of 0%, 0.5% and 1.0%, respectively. Table 2 shows the details of the concrete
mixtures of this study.

Table 1. Properties of the used Portland cement.

Chemical Composition (%)

SiO2 Fe2O3 Al2O3 CaO MgO SO3

20.1 3.6 4.58 61.4 2.12 2.65

Physical Properties

Loss on Ignition (%) Specific Surface
(
m2/kg) Specific Gravity

1.37 368 3.15
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Table 2. Concrete mixtures (kg/m3).

Material M0 M0.5 M1.0

Cement 450 450 450
Sand 675 670 665

Gravel 990 982 974
Water 207 207 207

Steel fiber 0 39.25 78.5
Superplasticizer 0.74 1.3 1.7
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From each mixture, 24 cylindrical specimens (disks) with 150 mm diameter and 63 mm
thickness were prepared and cast together with 12 concrete cubes with 100 mm side length.
The disks were used to carry out the repeated-impact tests, while the cubes were used for
compressive strength evaluation. Figure 4 shows the used casting molds, and the cast disk
and cube specimens. All specimens were cured in water for 28 days at a curing temperature
of approximately 23 ◦C.
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The 24 disks and 12 concrete cubes from each mixture were each divided into 4 groups
of specimens. Three high temperature levels were adopted in this study: 200, 400, and
600 ◦C. Six disk specimens and three cube specimens from each mixture were subjected
to each level of high-temperature exposure. The fourth group of specimens (6 disks and
3 cubes) from each mixture were tested at room temperature without being subjected to
high temperatures. Thus, in total, 96 disks and 48 cubes were prepared and tested to
evaluate the residual impact and compressive strength of the adopted mixtures. After
removal from the water curing tank, the specimens were left in the laboratory environment
until the next morning, when a primary drying phase was conducted using an electrical
oven. The specimens were placed in the oven for 24 h at a temperature of 105 ◦C to prevent
unfavorable explosive failure while being heated to high temperatures. The heating to the
desired high temperatures was conducted at an approximate constant rate of 4 ◦C/min
using the electrical high-temperature furnace shown in Figure 5a. The specimens were
placed inside a protection box in the furnace to avoid damaging the furnace interior
elements in the case of specimen explosive failure, as shown in Figure 5b. The specimens
were heated in small groups of six disks or three cubes to allow for uniform temperature
distribution over the specimen surfaces. Each of the temperature levels was reached by
considering the above-mentioned heating rate. When the desired temperature level had
been reached, the furnace temperature was kept constant at that level to thermally saturate
the specimens. Then, the cooling phase was initiated by opening the furnace door to allow
for a slow cooling to room temperature, as depicted in Figure 5c.

After completing the heating of the specimens to the required temperature levels, the
specimens were tested at an age of approximately 32 days; after the 28 curing days, the
drying and heating processes took from 3 to 4 days. The unheated specimens were also
tested at the same testing age. The concrete cubes were tested under uniaxial concentric
compression using a 3000 kN capacity compressive testing machine. On the other hand,
the disk specimens were tested under falling mass impact loads following the procedure
recommended by ACI 544-2R [41], where a drop mass of 4.54 kg was dropped from a
constant height of 457 mm onto the disk specimens. Instead of using the manually operated
repeated-impact testing apparatus, the automatic testing machine shown in Figure 6 was
used in this study. As shown in the figure, the machine performs automatic impacts from
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the desired height and introduces a digital counting of the number of impacts required to
reach the cracking and failure of the specimens. The tester can simply observe the cracking
and failure of a specimen using a large monitor that is attached to a high-resolution digital
camera focused on the test specimen (Figure 6a).
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5. Results and Discussion of Control Tests
5.1. Weight Loss

As a control measurement, the weight of the cube specimens was recorded after
exposure to each temperature level, and the average of three cube specimens was recorded
as the residual weight. The weight loss was then calculated as the difference of this value
from the weight of corresponding unheated cubes. The weight loss of the three groups
is presented in Figure 7 for the three levels of temperature. The weight of the specimens
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was obviously reduced after exposure to all temperature levels regardless of the used fiber
content, and this reduction increased with temperature increase. The weight loss at 200 ◦C
was due to the evaporation of the free moisture in the pores between the gel and aggregate
particles, while the moisture content absorbed by the gel particles started to decrease at the
harsh heating effect of the higher temperatures, leading to further weight loss. After the
dehydration of hydrated cement products (after 400 ◦C), another stage of weight loss was
recorded at 600 ◦C, as revealed in Figure 7. The weight loss of the three fiber contents was
in the ranges of 54.8 to 77.8, 92.3 to 119.2, and 115.8 to 156.3 gm after exposure to 200, 400,
and 600 ◦C, respectively.
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5.2. Compressive Strength

The effect of steel fiber on the compressive strength of concrete is a point of dis-
agreement among interested researchers, where previous researchers reported a noticeable
to significant development due to SF incorporation, while others reported trivial effects.
Figure 8 clearly shows that SF has a positive impact on compressive strength before and
after exposure to high temperatures. The increase in compressive strength is clear with
the increase in SF content. For the unheated specimens, the compressive strength lev-
els were 40.3, 41.5, and 47.1 MPa for mixtures with 0%, 0.5%, and 1.0% SF, respectively.
Hence, the incorporation of 0.5% and 1.0% of SF improved the compressive strength by
approximately 3% and 17%, respectively. A similar trend was observed for specimens
heated to the adopted high temperatures but with different percentages, where the per-
centage improvements due to the incorporation of 0.5% and 1.0% SF were approximately
9% and 14% at 200 ◦C, 23% and 36% at 400 ◦C, and 32% and 34% at 600 ◦C, as depicted
in Figure 8b–d, respectively. This result means that, in addition to its positive impact at
ambient temperature, SF could enhance bridging the material matrix components that
were fractured due to exposure to elevated temperatures, which is clear from the higher
percentage developments at 400 and 600 ◦C compared to in the unheated specimens. Steel
can sustain a temperature of 600 ◦C without exhibiting destructive material changes. With
their high tensile strength, SFs crossed the fine continuous thermal cracks, which enhanced
the internal bond, allowing for sustaining higher compressive loads [20,22].
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The effect of elevated temperatures on compressive strength is better illustrated in
Figure 9, which shows the residual strength of the heated specimens. After the specimens
had been heated to 200 ◦C, higher compressive strength was retained regardless of fiber
content. The increase in strength between 150 and 350 ◦C was reported by many previous
studies [2,4,13]. The quick evaporation of free moisture from the structure’s pores and
the cement gel pores increased the attraction of surface forces between the particles of the
cement gel, which led to stiffer behavior under compressive stresses [95,96]. As shown in
the figure, the three mixtures exhibited a strength percentage increase of 10.9% to 17.8%
after exposure to 200 ◦C compared to the corresponding unheated strength values. The
exposure of Portland cement concrete to a temperature of 400 ◦C initiates the strength
steep degradation, where hydrated products suffer a reversed chemical change due to the
decomposition of calcium hydroxide [15,20–22]. The differential thermal actions of the
cement matrix and aggregate particles, the contraction of the former and expansion of
the latter, accelerate the bond deterioration between them, leading to a significant loss of
strength [13,97]. These effects at 600 ◦C are obvious in Figure 9, where the concrete cubes
with 0%, 0.5%, and 1.0% SF exhibited percentages of decreases of 42.9%, 26.9%, and 34.5%,
respectively. On the other hand, as it is clear in the figure, the presence of SF retarded
the strength drop at 400 ◦C, while a percentage decrease of 8% was recorded for the plain
cubes, which is attributed to the SF bridging action as discussed in Figure 8.
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6. Results and Discussion of Impact Numbers
6.1. Influence of Fiber Content

The results of the repeated impact tests are presented in Figures 10–13 in terms of
cracking and failure impact numbers. Figure 10 explicitly shows the role of SF in boosting
the impact resistance of the tested disk samples. Figure 10a,b show that SF could duplicate
the number of impact blows required to cause the surface cracking of the target specimens
before heating and at 200 ◦C, where the percentage increases in Ncr gained by incorporating
0.5% and 1.0% of SF for the reference (unheated) specimens were approximately 56% and
111%, respectively, compared to the corresponding plain specimens, while Ncr increased
by approximately 38% and 142%, respectively, after exposure to 200 ◦C. On the other hand,
corresponding percentage increases of 41% and 47% were recorded for fibrous (0.5% and
1.0%) specimens heated to 400 ◦C, which is the lowest range of impact strength development
recorded in the study. Exposure to 600 ◦C is expected to cause the most serious damage in
the material’s microstructure; therefore, Figure 10d shows that the maximal SF efficiency
was recorded at this temperature, where the Ncr of specimens with 0.5% and 1.0% SF
increased by approximately 117% and 250%, respectively, compared to the corresponding
plain disks heated to the same temperature.

SF could obviously improve the cracking impact strength by several times more than
compressive strength, although both specimens were subjected to a top surface compression
force. The difference is the type of stresses generated in the material due to the applied
load. The compression test subjects uniform axial compression stress on the top surface,
inducing normal compressive stresses in the material’s internal structure. On the other
hand, the central compressive impact from the falling mass induces a surface compressive
stress that is transformed in the microstructure as a sort of a tensile wave. As concrete is
superior in bearing compressive loads and weak in tension, its tensile strength and hence
its impact strength were noticeably affected by the presence of SF reinforcing elements that
could sustain high tensile stresses. At this stage, the fibers cut the way of many tiny internal
microcracks, preventing their extension to the surface. As a result, the impact resistance
increased, and the surface cracking was postponed [30,58].
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Figure 11 presents the results of the failure impact numbers at ambient temperature
and after exposure to high temperatures. The figure shows that using 0.5% of SF caused
significant jumps in the failure impact resistance of all specimens (all temperatures) com-
pared to the corresponding plain specimens. The percentage increase in the Nf of the 0.5%
fibrous specimens was 151% to 278% for unheated specimens and specimens exposed to
200 and 400 ◦C. On the other hand, after exposure to 600 ◦C, the specimens with 0.5%
SF could resist 683% higher Nf blows compared to plain specimens heated to the same
temperature. The incorporation of 1.0% SF led to much higher-percentage developments
in failure resistance against repeated-impact load. The unheated specimens with 1.0% SF
could resist approximately 421% higher Nf compared to plain specimens. Similarly, fibrous
specimens with 1.0% SF heated to 200, 400, and 600 ◦C retained higher Nf blows compared
to their corresponding plain specimens by approximately 1056%, 648%, and as high as
1683%, respectively (Figure 11b–d). Two conclusions can be drawn from these results. The
first is that the effect of fiber at failure is much higher than that at cracking, while the
second is that specimens heated to 600 ◦C exhibited the highest percentage developments
at both the cracking and failure stages. Understanding the function of fibers in concrete
explains the former note, where fibers work as tiny dispersed reinforcement elements that
retard crack propagation and widening. Thus, their real reinforcement role starts after the
formation of many cracks inside the matrix, which is the state of postcracking to failure.
Hence, before surface cracking, fibers are barely functional, while they are fully functional
after cracking, which explains the better performance of SF at the failure stage than that at
the cracking stage [73]. On the other hand, the cause of the second conclusion is the degree
of cracking that occurred at 600 ◦C, where the chemical (dehydration of hydrated products)
and physical (differential thermal movements) changes deteriorated the microstructure of
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the concrete; at such a temperature, SFs were almost fully functional. Therefore, the fibers
tried to keep the fractured elements together by crack bridging action, which dramatically
raised the retained impact numbers compared to those of the plain specimens.
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6.2. Residual Impact Numbers of Heated Specimens

Figure 12 shows the residual cracking impact number (NcrT) after exposure to each
temperature level T (200, 400, and 600 ◦C) for the three mixtures, while Figure 13 shows
the residual failure impact records (NfT) at each temperature level T. The values of NcrT
and NfT were normalized by their corresponding unheated values NcrR and NfR. The
figures clearly reveal the dramatic drop in impact resistance after exposure to all adopted
high temperatures. The cracking and failure impact numbers of the specimens heated
to 200 ◦C exhibited a very sharp decrease, where the residual Ncr was generally lower
than 20%, while the residual Nf percentages of the mixtures with 0%, 0.5%, and 1.0% SF
were approximately 18%, 26%, and 39%, respectively, compared to their corresponding
unheated specimens. Keeping in mind that the compressive strength of cubes heated to
200 ◦C was higher than that before heating or even barely changed, the steep deterioration
in impact resistance explains the different behaviors of heated concrete under the different
types of imposed stresses, which highlights the significance of investigating the residual
response considering the investigated scenario of fired concrete being subjected to repeated
impacts from falling fragments and objects. The behavior of heated concrete under steady
compressive stresses due to typical sustained deal loads is not as dangerous as that under
accidental impact loads, where shocking tensile waves are induced in the latter within a very
short amount of time, which explains the harsh deterioration of the thermally weakened
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microstructure and the resulting steep impact strength loss. The impact resistance of
specimens heated to temperatures of 400 ◦C almost vanished for the three mixtures where,
as shown in Figure 12, the specimens with 0%, 0.5%, and 1.0% SF could withstand the
very few impacts of 2.8, 4, and 4.2, respectively, until they were surface-cracked. Hence,
the residual Ncr of the three mixtures (compared to that of the unheated specimens) was
generally less than 4%. After cracking, the plain specimen required only one impact blow
to fail, recording a residual Nf of approximately 5%, while the fibrous specimens could
withstand a few more impact blows before failure due to the bridging action of fibers.
However, the residual Nf of these mixtures was only approximately 7% (Figure 13), which
reflects a similar degree of harsh deterioration due to exposure to 400 ◦C. Figures 12 and 13
show that exposure to 600 ◦C had almost the same effect as that to 400 ◦C because the
impact strength had already almost vanished. Residual Ncr at 600 ◦C was less than 2.2%
for all mixtures, while maximal residual Nf was approximately 4%.
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7. Cracking and Fracturing of Impact Specimens
7.1. Influence of Fiber Content

Figure 14 shows the final failure pictures of the selected specimens from the three
mixtures with 0%, 0.5%, and 1.0% FS. The plain specimens (0% FS) exhibited a brittle type
of failure. After crack formation, a few additional impact blows (2 to 4) were enough to
widen the surface line crack (Figure 14a) or the surface diagonal cracks (Figure 14b). The
failure was associated with a small central fracturing zone, as shown in Figure 14b. As
concrete is a brittle material, it was not able to withstand the postcracking impact stresses
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due to the additional impact blows that had been transferred across the weakest paths
(cracks), leading to widening them and causing the brittle failure of the specimens.
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Fibrous specimens showed continuous behavior under impact loading, where using
SF improved the ability of the specimens to absorb higher impact energy, and exhibit ductile
cracking and fracturing. As shown in Figure 14c, the central fracturing zone for specimens
with 0.5% SF was much larger than that for plain concrete, while it was even wider for
specimens with 1.0% FS. The presence of this area was due to the shielding provided by
SF to the concrete layers beneath, where fiber groups composed a shadow zone [84] that
relieved the forces applied on the inner concrete layers by the central impacting. Hence,
the grouped fibers absorbed most of the impact energy, which reduced the stresses on
the concrete matrix and aggregate. By applying further impact blows, the SF shielding
was weakened, and more stresses were transferred through the subsurface concrete layers,
causing a fracture zone that was much wider than that in plain specimens. The bridging
of cracks was an additional action of the incorporated SF that enabled the specimens
to absorb significantly higher impact energy, and altered the failure to the ductile one
shown in Figure 14c,d.

7.2. Influence of High-Temperature Exposure

The failure patterns of the heated specimens are shown in Figure 15. The fracturing
patterns of the specimens heated to 200 ◦C were similar to those of their corresponding
unheated specimens shown in Figure 14. The plain specimens exhibited slight central
fracturing with diagonal cracks, as shown in Figure 15a, while the fibrous specimens
showed significant central fracturing before crack widening (Figure 15d,g). This means
that, despite the sharp decrease in impact strength at this temperature, the response of
crack formation was not significantly influenced, which reveals that the microstructure was
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not very affected by heating to 200 ◦C (as discussed in Section 6.2), while the deterioration
was faster under impact loads. In contrast, the effect of exposure to high temperature was
clear on specimens heated to 600 ◦C where, as shown in Figure 15c,f,i, the thermal cracks
on the surface of these specimens were obvious, which noticeably altered the final failure
view from the typical ones discussed in Figure 14. The plain specimens at this temperature
(Figure 15c) exhibited very fine multidirectional multicracking, revealing a crispy fragile
microstructure. On the other hand, the ductile failure of the fibrous specimens with central
fracturing was less pronounced, as shown in Figure 15f or with the weak fiber shielding
zone as shown in Figure 15i. The failure behavior of the specimens exposed to 400 ◦C was
approximately transitional between the typical responses and those of specimens heated to
600 ◦C, where very tiny thermal cracks were observed on the surface of some specimens,
and the central SF shielding zone of the fibrous specimens could still be recognized on the
surface of the fibrous specimens as shown in Figure 15b,e,h.
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8. Conclusions

The following conclusions can be summarized from the experimental results obtained
in this study:

1. The effect of steel-fiber (SF) inclusion was positive on compressive strength before
and after exposure to high temperatures. The inclusion of 0.5% and 1.0% of hooked-
end SF increased the strength (compared to plain cubes) of unheated specimens
by approximately 3% and 17%, respectively, which was attributed to the stiffness
enhancement gained by SF. However, this enhancement was more pronounced after
exposure to high temperatures where the percentage increase was more than 30% at
600 ◦C for both SF contents. The additional strength percentage improvement could
be attributed to the action of SF as a bridging element that connected the deteriorated
microstructure of the heated specimens by crossing the thermal cracks.

2. Exposure to 200 ◦C increased the compressive strength of plain and fibrous specimens
by more than 10%, which could be attributed to the increase in surface physical forces
due to moisture loss. On the other hand, the decomposition of calcium hydroxide, and
the deterioration of the bond between aggregate and cement paste led to a strength
loss of approximately 27% to 43% after exposure to 600 ◦C.

3. SF played a major role in boosting the energy absorption capacity and resistance to
repeated impacts of the concrete. A percentage development of approximately 40%
to 140% of impact resistance at cracking (Ncr) was recorded for unheated specimens
and those subjected to 200 ◦C when 0.5% and 1.0% SF were used. The effect of SF
on Ncr was higher at 600 ◦C than that at a lower temperature, where the percentage
developments were 117% and 250% due to using 0.5% and 1.0% SF, respectively,
compared to plain specimens exposed to the same temperature. The better action of
SF at 600 ◦C could be attributed to the degree of deterioration in the microstructure
reached due to high thermal stresses, which enabled SF to be fully functional in
bridging cracks and fragmented elements.

4. Steel fibers could provide a much higher enhancement in impact resistance at the
failure stage than that at the cracking stage, which was attributed to their main
function as tiny crack bridging and reinforcement elements, where their ability to
help in sustaining higher tensile stresses is activated after cracking. Compared to
plain specimens subjected to the same temperatures, fibrous specimens with 1.0%
SF could retain higher Nf by approximately 420% for the unheated specimens, and
approximately 650% to 1680% for specimens heated to the adopted high temperatures.
The highest percentage development in Nf was also recorded at 600 ◦C.

5. The specimens heated to high temperatures were dramatically deteriorated when
subjected to repeated impact loads regardless of the adopted fiber content, where even
after exposure to the sub high temperature of 200 ◦C, the specimens lost more than 80%
of their cracking impact resistance and more than 60% of their failure impact resistance,
while the impact resistance was almost lost after exposure to 400 and 600 ◦C. The
maximal residual Ncr and Nf percentages were 4% and 7% at 400 ◦C, and 2.2%
and 4% at 600 ◦C.

6. The specimens heated to 200 ◦C exhibited a similar fracturing behavior to that of
the unheated ones, where minimal central fracturing with line or diagonal cracks
was the cause of the brittle failure of the plain specimens, while the SFs composed
a central shielding zone that noticeably widened the central fracturing zone of the
fibrous specimens, exhibiting more ductile behavior with SF bridged cracks. On the
other hand, exposure to 600 ◦C altered the failure patterns that were more affected by
the thermal cracking due to high-temperature exposure.
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