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Abstract
Concrete is a brittle material when subjected to design and accidental impact

loads, which are expected along the life span of the structure. To improve the
impact performance of concrete, steel fibers are used as short discrete material
reinforcing elements. Among the available impact test, the ACI 544-2R
repeated impact test is considered as the simplest and cheapest test procedure
that needs no sophisticated sensors and costly techniques, which is used as a
qualitative tool to evaluate the impact of fibrous concrete. This article
introduces a state-of-the-art literature review of the repeated impact
performance of steel fiber-reinforced concrete. Rich literature of different steel
fiber-reinforced concrete types is reviewed and the effect of steel fibers on the
retained cracking and failure impact numbers is highlighted. The sole effects of
the geometrical parameters of steel fibers were analyzed in addition to fiber
content. Based on the reviewed literature works, it can be summarized that
increasing the fiber content increases the impact strength, and using longer
fibers affords deeper anchorage lengths inside the cement paste across cracks,

which postpones their widening and improves the impact resistance in terms of
recorded cracking and failure numbers.
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1. INTRODUCTION

Impact forces can be classified as design and accidental loads, where some structures and structural elements are
designed to absorb high impact energies. Examples are the case of landing areas of aircrafts in airports [1-3],
protective military and sensitive function structures and bankers where high impact explosive and projectile impact
forces are a major design load case [4-6]. Some downstream parts of hydraulic structures are also designed to receive
high impact loads from the high velocity water to disturb the energy of the hydraulic jump [7, 8]. In other typical
daily used structures, accidental impact forces are probable along their live span. In parking garages for instance,
repeated impacts of moving vehicles are expected on columns and walls [9, 10]. The impact strength is evaluated
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using different tests as detailed in the ACI 544-2R committee [11]. The most famous of these tests is the
instrumented drop-weight test, which is usually used to estimate the impact strength of full-scale structural elements
[12-15]. Explosive tests [16, 17] and projectile tests [18, 19] are other types of impact tests that are mostly used for
the evaluation of the resistance of military or protective structural elements to such kinds of impact loads. All of the
previous three types of impact tests are very costly and are not easy to perform, where sophisticated sensors and
testing setups are essential. Charpy pendulum is another type of impact test that is used for different industrial and
structural purposes [20, 21]. On the other hand, the ACI 544-2R [11] introduced the repeated impact test as a simple
and cheap procedure to qualitatively evaluate the impact resistance of fibrous concrete mixtures. Owing to its
simplicity and low cost setup, several studies used this test to study the effect of the inclusion of different types of
fibers [22-34], recycled rubber [35, 36] and other materials on the impact performance of different concrete types.

Different types of synthetic, metallic and natural fibers were utilized in different concrete types and structural
elements to improve the ability of concrete to withstand tensile stresses. However, steel fibers is the most typically
used type in concrete structures due to its high tensile strength and bond strength with the surrounding cement paste,
which enable it to work as an active micro and macro internal reinforcing element that prevent crack propagation
and widening. Rich literature revealed the superior activity of steel fibers as crack arresting elements that improve
the materials and structural behavior under the different types of structural loads. Previous studies showed that steel
fibers can impressively alter the flexural failure from brittle to ductile, improve the toughness and boost the flexural
strength [37-39]. Other researchers reported a proven affectivity of steel fibers at enhancing the tensile strength [40-
42] and shear strength [43-47] of concrete, while others reported superior durability and abrasion resistance due to
the incorporation of steel fibers [48, 49].

Steel fibers were distinguished by many previous and recent studies as a very effective internal reinforcement that
significantly improves the impact resistance and alters the behavior from brittle to ductile under impact loads.
Extensive recent research work [50-86], which is detailed in the following sections, was conducted on the impact
performance of steel fiber-reinforced concrete using the ACI 544-2R repeated impact test, in which different types
and lengths of steel fibers were investigated. However, to the best of the author’s knowledge, no study has tried to
collect the literature work on the repeated impact performance of steel fiber-reinforced concrete. Therefore, the
current study introduces a state-of-the-art literature review about the previous and recent experimental works where
steel fibers were used to improve the repeated impact performance of concrete. The article covers mostly all of the
available literature on this topic, which makes it a useful guide for interested researchers to plan their future works
by defining the gaps of knowledge on the topic. This article reviews studies on different types of concrete including
normal and high strength concrete, high performance concrete, self compacting concrete, rubberized concrete and
preplaced aggregate concrete. Furthermore, the effects of the geometrical parameters and the volumetric contents
of fibers on the repeated impact performance were also investigated.

2. LITERATURE REVIEW

Several studies were conducted during the last three decades to evaluate the impact performance of steel fiber-
reinforced concrete using the ACI 544-2R test recommendations. Nataraja et al. [50] conducted an experimental
study to evaluate the statistical variation of the repeated impact test results. One concrete mixture was adopted with
a normal nominal compressive strength, which was mixed with or without steel fibers. The steel fibers were crimped
with 0.5 mm diameter and 27.5 mm length and were used at a volumetric content of 0.5%. Song et al. [51] prepared
steel fiber-reinforced normal strength concrete specimens, which were tested under repeated impact to investigate
the scattering of the test results. A 0.5% volume content of 40 mm-length hooked-end steel fibers were used in the
study. In another study, Song et al. [52] introduced high-strength plain and steel fiber-reinforced concrete mixtures
to study the statistical variation of the repeated impact test records. In the fibrous mixture, 1.0% volume content of
hooked-end steel fibers was used, which were 35 mm long. Rahmani et al. [53] attempted to evaluate the statistical
variation of the cracking and failure impact results of concrete reinforced with different types of fibers including
steel fibers. Hooked-end steel fibers with 35 mm length were used in the study to produce a steel fiber-reinforced
concrete mixture with 0.5% volume fraction, while a similar plain mixture was prepared for comparison purposes.
Fig. 1 summarizes the obtained result variations in terms of the coefficient of variation (COV) for the cracking (Ncr)
and failure (Nf) impact numbers of the four studies. To summarize, the figure shows that for each of the three
studies, the scattering of Ncr was generally higher than the scattering of the Nf results. The figure also reveals that
as the recorded impact numbers increased, the result variation decreased in most cases.

Nili and Afroughsabet [54] used the ACI 544-2R repeated impact test to investigate the influence of silica fume and
steel fibers on the impact response of concrete. They used 60 mm-length hooked-end steel fibers at two dosages of
0.5 and 1.0% by volume with or without partial cement replacement by silica fume. The authors adopted two
concrete grades represented by two water-cement ratios and different cement contents, which resulted in concrete
compressive strength ranged from approximately 41 to 70 MPa. Ismail and Hassan [55] investigated the repeated
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impact response of rubberized self-compacting concrete incorporating different volume fractions of steel fibers of
0.35, 0.5, 0.75 and 1.0% in addition to 0%. They used hooked-end steel fibers with two lengths of 35 and 60 mm,
while crumb rubber was used as partial replacements of the fine aggregate. Yildirim et al. [56] conducted
experimental tests to evaluate the relation between repeated impact strength and ultra-sonic pulse velocity. The
authors tested specimens from many fibrous mixtures including three steel fiber-reinforced mixtures, where 60 mm
length hooked-end steel fibers were adopted at three volume dosages of 0.5, 0.75 and 1.0%. Mohammadhosseini et
al. [57] investigated the repeated impact strength of concrete incorporating waste metalized plastic fibers. The fibers
were shredded from waste materials as strip fibers of 2 mm width and 20 mm length and were added to the mixture
at different volume contents ranging from 0 to 1.25%. The authors reported continuous improvements in the
cracking and failure impact numbers as the fiber content was increased.
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Fig. 1 Impact number-COV relations of statistical literature studies

Abid et al. [58] used the ACI 544-2R test to evaluate the residual repeated impact strength of steel fiber-reinforced
concrete after high temperature exposure. Hooked end steel fibers with 35 mm length were used at two dosages of
0.5 and 1.0% and compared with similar plain specimens. The authors revealed that the destructive effect of high
temperature exposure on impact strength is significantly higher than on the other mechanical properties. They
revealed that the impact strength almost vanished after exposure to 400 °C. Results of tests by Mehdipour et al. [59]
confirm the destructive quick deterioration of repeated impact strength under fire temperatures, where 50 mm length
steel fibers were used in different mixtures. The same conclusion was also drawn by other researchers [60, 61] for
other concrete types.

Ding et al. [62] and Chen et al. [63] used the ACI 544-2R repeated impact test with an adjusted drop-height of 600
mm to evaluate the impact performance of high-performance self-compacting concrete. Hooked-end steel fibers
with 35 mm length were used with or without steel bar reinforcement. Abid et al. [64] suggested modifications to
the ACI 544-2R repeated impact test procedure to reduce the variability of the test results. The authors used a single
high-performance concrete mixture with 2.5% of micro-steel fibers, which were straight and 15 mm in length. The
authors revealed that due to fiber incorporation, the fracture behavior was more ductile with a central fracture zone
and multiple cracking as shown in Fig. 2. Jabir et al. [65, 66] used the repeated impact test procedure with a drop
height of 700 mm to evaluate the impact performance of high-performance concrete including different
combinations of steel fibers with or without polypropylene fibers. Two micro-steel fibers lengths of 6 and 15 mm
were used with straight configuration at a constant volume fraction of 2.5%. The fibers were used in mono and
hybrid cases, where 1.25% of each type was used in the latest.

Mahakavi and Chithra [67] used the repeated impact test to evaluate the impact performance of self-compacting
concrete reinforced with hooked-end and crimped steel fibers. The two fiber types were utilized at volume contents
of 0.25, 0.5 and 0.75% in mono and hybrid combinations. In the hybrid fiber-reinforced mixtures, the total steel
fiber volume content reached 1.25%. Kathirvel et al. [68] investigated the repeated impact performance of self-
compacting concrete with treated recycled aggregate and hooked-end steel fibers. Abid et al. [69] tested four self-
compacting concrete mixtures with four volume contents of steel fibers of 0, 0.5, 0.75 and 1.0% using different
combinations of drop-heights and drop-weights. The used fibers were 15 mm length and were straight in shape. The
authors also reported that the use of 1.0% steel fibers alters the failure to a ductile failure with a central fracture
zone and multi-surface cracking as shown in Fig. 3. In another study, Abid et al. [70] investigated the influence of
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specimen shape on the impact performance of steel fiber-reinforced self-compacting concrete, where three types of
specimens were tested following the ACI 544-2R test procedure with few modifications. The first tested specimen
type was the standard disk specimen of the test with a diameter of 150 mm and a thickness of 65 mm, while 70 mm
cubes and 70x70x260 mm prisms were the other tested specimen types. In addition to the reference plain mixture,
fibrous mixtures with 0.5, 0.75 and 1.0% fiber content were tested. Straight micro-steel fibers with 15mm length
were utilized in two sets of normal strength (NC) and high strength (HC) mixtures. The results showed that the
standard disks were the more suitable specimen type for the repeated impact test compared to the other specimen
configurations and they can sustain noticeably higher impact numbers as shown in Fig. 4. Abid et al. [71] tested the
same fibrous self-compacting mixtures under flexural repeated impacts, where the test follows a similar procedure
to that of the standard ACI 544-2R, but beam specimens were used instead. The setup of the specimens was a three-
point bending with a drop depth of 100 mm as shown in Fig. 5. The authors reported significantly lower impact
records compared to the standard test configuration.
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Fig. 3 Ductile fracturing and failure of fibrous self-compacted concrete [69]
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Fig. 5 Flexural repeated impact test setup of Abid et al. [71]

Murali et al. [72] tested the repeated impact performance of ten preplaced aggregate fibrous concrete mixtures using
four types of steel fibers, where crimped steel fibers with 14 and 50 mm length and hooked-end steel fibers with 30
and 60 mm length were utilized. The specimens were made in three subsequent layers with or without two layers of
interior glass fiber wire meshes as shown in Fig. 6a. The fiber content at the upper and lower layers was 3.0%, while
it was 1.5% at the interior layer. The authors indicated that the intermediate mesh layers provide localized crack
arresting zones that enhance the impact performance. However, the positive effect of the intermediate fiber meshes
was much lower than that of steel fibers. In another study, Murali et al. [73] tested the repeated impact of preplaced
aggregate fibrous concrete specimens made with steel fibers and carbon nanotubes. A new hybrid type of crimped
hooked-end steel fibers was utilized with a length of 50 mm and a diameter of 1 mm, while a similar type of steel
fibers with 30 mm length and 0.5 mm diameter was utilized in another similar study [74]. The specimens of both
studies were made in two layers with intermediate glass fiber mesh layers. A positive effect was reported about the
incorporation of carbon nanotubes and glass fiber meshes in enhancing the impact resistance, while the role of steel
fibers was dominant. This conclusion was also reported by Haridharan et al. [75], where the repeated impact
performance of two-layered grouted aggregate concrete reinforced with hooked-end steel fibers with 63 mm length
was investigated. Between the two layers, glass fiber mesh layers with diameters of 50 to 150 mm were added in
one or two layers as shown in Fig. 6b. Murali et al. [76, 77] investigated the fiber distribution on the impact
performance of three-layered preplaced aggregate fiber-reinforced concrete. Crimped hooked-end steel fibers with
50 mm length were utilized in different mono and hybrid combinations in the subsequent three layers, but the
average total volume content of fiber was the same for all mixtures, which was 2.4%. The results showed that adding
the steel fibers in the top and bottom layers resulted in the best impact results. Vatin et al. [78] investigated the
effect of asphalt coating of aggregate on the repeated impact performance of single-layer fiber-reinforced preplaced
aggregate concrete. Crimped hooked-end steel fibers with 50 mm length were utilized at a fiber volumetric content
of 3%. Other studies investigated the repeated impact performance of steel fiber-reinforced preplaced aggregate
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concrete using modified ACI 544-2R impact test procedures [79, 80], repeated projectile impact test [81] and
repeated flexural impact test [82].
I 32 mm

l 32 mm

I 22 mm |
I 20 mm
I 22 mm

Concrete GFM . TFM
(a) Three layers [72] (b) Two layers [75]

Fig. 6 Configuration of multi-layered specimens with intermediate wire meshes

3. EFFECT OF STEEL FIBER PARAMETERS IN THE IMPACT RECORDS
3.1 Effect of fiber type

Several types of steel fibers were used to improve the impact performance in the literature as detailed in the previous
section. The major types of fibers used were hooked-end steel fibers, crimped steel fibers and straight micro-steel
fibers, while 4D and 5D hooked end steel fibers were also utilized in some studies and hybrid crimped hooked-end
were used in others. Fig. 7 shows the configurations of the different types of steel fibers. All types of fibers were
reported in literature as good impact strength enhancing materials. However, owing to their different configurations,
their activity in crack bridging was different. It was reported in previous studies [70] that 1.0% of micro-steel fibers
could enhance the repeated impact strength by approximately 480 to 660% at the cracking stage and approximately
580 to 780% at the failure stage compared to plain specimens, while developments up to 860% were reported for
the same fiber content in another study [69]. Studies on the impact performance of preplaced aggregate concrete
reported percentage developments reaching 3000% due to the incorporation of 3% of hooked-end steel fibers [68],
while the incorporation of 1.5% of hooked-end fibers led to percentage developments of approximately 180% at
cracking and 480% at failure [83]. Mahakavi and Chithra [67] reported higher cracking and failure impact numbers
of specimens incorporating 0.5% of crimped steel fibers compared to others incorporating 0.5% of hooked-end steel
fibers, noting that both fibers were equal in length, which was 70 mm. Murali et al. [84] investigated the effect of
fiber type on the impact performance of preplaced aggregate concrete, where crimped and hooked-end steel fibers
were utilized. The authors reported that hooked-end steel fibers exhibited higher impact performance compared to
crimped fibers regardless of the fiber content. However, it should be mentioned that the length of the fibers were
different, where the crimped fibers were half the length of the hooked end fibers, which imposes the influence of
another effective geometrical parameters rather than only the fiber shape. A similar comparison was also
investigated in another study [72], where 50 mm length crimped fibers and 60 mm length hooked-end fibers were
utilized in similar preplaced specimens. The authors reported that the specimens with hooked-end fibers exhibited
slightly higher impact numbers than the specimens with crimped fibers. The retained cracking impact numbers were
180 and 190, while the failure impact numbers were 345 and 366 for the crimped and hooked-end fibers,
respectively. It should also be reminded here that the effect of fiber length was also emerged with the effect of fiber
shape in this comparison.

_r—<_—'

(@) Hooked-end (3D) (b) 4D hooked-end (c) 5D hooked-end
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Fig. 7 Types of steel fibers
3.2 Effect of fiber content

Ismail and Hassan [55] showed that the recorded cracking impact numbers increased from 550 blows for a steel
fiber content of 0.25% to 615, 788 and 922 blows for fiber contents of 0.5, 0.75 and 1.0%, respectively. Similarly,
the recorded failure impact numbers were 606, 699, 896 and 1078 blows for fiber contents of 0.25, 0.5, 0.75 and
1.0%, respectively. Abid et al. [69] showed that regardless of the test parameters (drop weight and drop height),
increasing the fiber content from 0.5 to 0.75 and 1.0% increases the cracking and failure impact results continuously
as shown in Fig. 8. Increasing the fiber content means higher number of fibers would bridge each crack, which of
course increases the impact results and leads to higher recorded cracking and failure impact numbers and more
ductile failure response. Using hooked-end steel fibers with 30 mm length, Murali et al. [84] reported that the
recorded cracking impact numbers were 162, 297 and 429 blows for fiber contents of 1.5, 3.0 and 5.0%, respectively,
while the failure impact numbers were 424, 918 and 1378%, respectively. This means that percentage developments
of 83 to 165% and 113 to 225% were attained when the fiber content was raised from 1.5 to 3.0 and 5.0%,
respectively. To summarize, all of the reviewed literature works confirm this conclusion and agree that increasing
the steel fiber content increases the impact resistance.

700
Drop Weight
and Height
4.5 kg, 450 mm
4.5 kg, 575 mm
500 4.5 kg, 700 mm
6.0 kg, 450 mm
400 - 7.5 kg, 450 mm

600 —

300

200 —

Cracking Impact Number (Ncr)
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0 0.25 0.5 0.75 1
Steel Fiber Content (%)

Fig. 8 Effect of fiber length as reported by Abid et al. [69]
3.3 Effect of fiber Length

The effect of fiber length on the retained impact numbers of the repeated impact test was investigated by many
previous studies. Jabir et al. [65] tested several high-performance concrete mixtures incorporating mono and hybrid
combinations of steel and polypropylene fibers. Two lengths of the same type of straight micro-steel fibers were
utilized. The first is 6 mm, while the second is 15 mm. The authors concluded that the longer fibers were superior
to short fibers at both impact strength and failure response, where the specimens reinforced with 15 mm length
fibers retained higher cracking and failure impact numbers and exhibited more ductile failure compared the
specimens with 6 mm fibers. The authors reported that using 2.5% of the 15 mm length fibers resulted in 93% higher
impact strength compared to similar specimens with 6 mm fibers. Murali et al. [85] investigated the effect of fiber
length on the impact resistance of preplaced aggregate concrete. Hybrid crimped hooked-end steel fibers with two
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different lengths of 30 and 49 mm were used considering a fixed fiber content of 2.5%. The authors reported high
efficiency of both fibers in crack bridging and promoting the impact strength at cracking and failure stages.
However, the authors addressed that the longer fibers exhibited higher cracking impact numbers by 11 to 16% and
higher failure impact numbers by 31 to 40% compared to the shorter fibers, which was attributed to the deeper
anchorage length of the longer fibers that afforded better bond across the cracks. Murali et al. [72] investigated the
effect of fiber length on the impact performance of three-layered preplaced aggregate concrete using two types of
steel fibers, crimped and hooked-end, where 3% volume content of fibers was incorporated at the top and bottom
layers, while 1.5% was incorporated at the middle layer. The crimped fibers were 14 and 50 mm length, while the
hooked-end fibers were 30 and 60 mm length. The results of the study confirmed the conclusion that, within the
investigated range of fiber lengths, longer fibers better improve the crack arresting activity and hence the retained
impact numbers compared to shorted fibers.

5. CONCLUSIONS

Rich literature is available on the repeated impact performance of steel fiber-reinforced concrete, where the ACI
544-2R repeated impact test procedure was adopted with or without modifications. Different types of steel fibers
were used in different types of concrete, where crimped, hooked-end and micro steel fibers were the most
investigated types. From the review of the literature works, the following points can be summarized as main
conclusions.

1- Steel fibers’ main function is to arrest crack widening and propagation by extending across the cracks and
bearing the tensile stresses that try to open the crack. This bridging activity is attributed to the adequate
anchorage of fibers along both sides of the cracks and their high tensile strength. The crack bridging activity
improves the impact resistance of the concrete specimens and increases the retained cracking and failure
impact numbers.

2- Using the same length of fibers, a previous comparative study showed that, for the same fiber content of
0.5%, crimped steel fibers assured better bond with concrete and thus afforded better crack bridging activity
compared to hooked-end steel fibers, which resulted in higher cracking and failure impact numbers. On
the other hand, other studies showed comparable or slightly better performance for hooked-end steel fibers
compared to crimped fibers. However, the length of fibers was different in these studies, which imposes
the influence of another geometrical parameter.

3- Few literature works compared the impact performance of specimens with the same type of fiber but with
different lengths. These works agree that increasing the fiber length increases the cracking and failure
impact records. This action is attributed to the more adequate bond provided by the additional anchorage
length of the longer fibers across the opposite concrete sides of the crack.

4-  Within the limits of the reviewed literature works, there is a complete agreement that using higher volume
fractions of steel fiber improves the impact performance and increases the recorded cracking and failure
impact numbers. This effect was recorded regardless of the test parameters or test modifications adopted
to perform the ACI 544-2R repeated impact test. Increasing the fiber content increases the number of fibers
crossing each crack, which affords higher crack bridging and arresting activity and postpone crack
widening and failure, which increases the recorded number of blows required to crack or fail the specimen.
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