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ABSTRACT

The impact resistance of concrete slabs was investigated through a comparative experimental analysis of conven-
tional concrete (CC) and steel fiber reinforced concrete (SFRC), with a focus on dynamic performance using the
ratio of crack resistance (Rcr) as a core evaluative metric. The research aims to address the limitations of CC under
high-strain-rate conditions and explore the effectiveness of steel fiber reinforcement in mitigating impact-induced
damage. CC slabs exhibited brittle failure with a low Rer of 0.09, characterized by rapid crack propagation and
negligible energy dissipation. In contrast, SFRC slabs demonstrated a substantial improvement in impact resis-
tance, achieving Rcr values between 0.75 and 1.35. This performance gain is directly linked to the inclusion of
1% steel fibers, which enhanced tensile capacity, bridged developing cracks, and delayed crack propagation, ulti-
mately shifting the failure mode from brittle to ductile. Repeated impact testing further revealed that SFRC slabs
maintained structural integrity even after perforation onset. The study establishes the significance of fiber content
and distribution in optimizing impact performance and reducing the risk of punching shear failure. These findings
position SFRC as a structurally resilient solution for applications subjected to dynamic loading, such as protective

slabs, industrial floors, and critical transportation infrastructure.
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INTRODUCTION

The construction industry faces the dual chal-
lenges of mitigating environmental impact and
enhancing structural performance, necessitating
innovative materials and techniques. CC, while
extensively used, exhibits limitations in tensile
strength, durability, and crack resistance. SFRC
has emerged as a significant advancement in ad-
dressing these challenges, offering enhanced me-
chanical properties and durability (1-7). SFRC
incorporates steel fibers into the concrete matrix,
providing improved tensile strength, impact re-
sistance, and post-cracking behavior. Its develop-
ment aligns with the industry’s push toward mate-
rials that meet both performance and sustainabil-
ity criteria (8—12).

CC has traditionally been the material of
choice for diverse structural applications due to
its availability and cost-effectiveness. However,
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its brittle nature under tension and susceptibility
to cracking have posed limitations in dynamic and
high-stress environments (13-19). In contrast,
SFRC offers a significant advantage by introduc-
ing fibers that bridge cracks, distribute stresses
uniformly, and enhance ductility. The frictional
bond between the steel fibers and the cementi-
tious matrix ensures resistance to crack propaga-
tion, resulting in increased toughness and energy
absorption capacity. These characteristics make
SFRC particularly suitable for applications re-
quiring durability under cyclic and impact loads.

Despite these benefits, conventional concrete
still dominates the market, particularly in applica-
tions where structural demands are moderate, or
cost considerations take precedence. However, as
the focus on sustainability and performance in-
tensifies, SFRC is increasingly being adopted in
scenarios demanding superior crack resistance,
impact resilience, and long-term durability. The
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integration of steel fibers enhances the load-bear-
ing capacity of concrete and addresses deficien-
cies that limit the application of CC in complex
and demanding environments (20-26).

The concept of advanced material designs
has further widened the performance gap be-
tween SFRC and CC. Functionally graded con-
crete (FGC), a biomimetic-inspired material, has
demonstrated the potential to optimize the perfor-
mance of SFRC over CC by varying its compo-
sition across structural elements. In this context,
SFRC is utilized in graded configurations to stra-
tegically enhance strength and toughness where
needed while maintaining material efficiency.
For example, SFRC can be concentrated in criti-
cal zones subjected to high stress, while regions
with lower structural demands use conventional
concrete, optimizing resource utilization and per-
formance (27-32).

Inspiration for FGC systems arise from natu-
ral structures such as turtle shells, which exhibit
a multi-layered design for impact resistance.
The outer layers provide rigidity, while the in-
ner porous core absorbs energy, a principle that
can be translated into engineering applications.
FGC slabs with SFRC as reinforcement layers
demonstrate improved impact resistance and re-
duced crack propagation compared to conven-
tional Concret. Studies reveal that these systems
achieve higher failure energy thresholds and bet-
ter load distribution, underscoring the superior
performance of SFRC in advanced structural ap-
plications (33-42).

The integration of fibers into SFRC further
amplifies its advantages over CC, particularly
in reducing shrinkage-induced cracking, a com-
mon issue in cement-based materials. Conven-
tional concrete experiences shrinkage due to
moisture loss and chemical reactions, often lead-
ing to micro-cracks that compromise durability.
Steel fibers mitigate this issue by resisting tensile
stresses and limiting crack width, enhancing the
service life of SFRC structures. This improve-
ment in durability significantly broadens SFRC’s
applicability, particularly in infrastructure and
high-performance buildings subjected to environ-
mental and mechanical stresses (43—48).

In recent years, the incorporation of nanoma-
terials has further differentiated SFRC from con-
ventional concrete. The addition of multi-walled
carbon nanotubes (MWCNTs) to SFRC has been
shown to enhance its performance by filling
micro-voids, reducing porosity, and increasing

tensile strength. These properties are particularly
advantageous for SFRC, as the interaction be-
tween fibers and nanotubes creates a synergistic
effect, improving energy dissipation and impact
resistance. In contrast, the benefits of MWCNTSs
are less pronounced in CC due to its lack of inher-
ent crack-bridging capabilities, highlighting the
limitations of CC in adopting advanced material
innovations (49, 50).

The integration of bio-based polyurethane
grout (PUG) with normal concrete (NC) has in-
troduced a promising advancement over con-
ventional concrete systems. By overlaying PUG
mixed with quartz sand onto NC in U-shaped
and beam specimens, researchers observed sig-
nificant improvements in impact resistance and
flexural behavior. Notably, the PUG overlay al-
tered the brittle failure mode of NC into a more
ductile response, substantially enhancing energy
absorption capacity. For instance, the NC-PUGTS
specimen exhibited a sixteen-fold increase in en-
ergy absorption compared to the reference, while
the NC-PUGT10 achieved impact strengths up
to 68.1 times higher. Such enhancements, par-
ticularly in ductility and dynamic load tolerance,
underscore the potential of PUG retrofitting in
elevating concrete’s resilience, capabilities that
conventional concrete alone cannot achieve with-
out external strengthening interventions (51-53).

Building upon these advancements, this study
explores the development of a novel function-
ally graded preplaced aggregate fiber concrete
(FGPAFC) system, contrasting its performance
with both SFRC and CC. The FGPAFC system
incorporates layers of SFRC and CC in a graded
configuration, optimizing material properties to
address specific structural demands. Outer lay-
ers reinforced with SFRC provide high strength
and crack resistance, while inner layers using CC
offer flexibility and energy absorption. This bio-
mimetic approach draws inspiration from natural
systems and represents a significant evolution
from conventional material designs (54-57).

The FGPAFC system demonstrates a marked
improvement in impact resistance and crack
mitigation compared to CC and even traditional
SFRC configurations. The integration of MW-
CNTs within the SFRC layers further enhances
these properties by reinforcing the matrix at the
nano-scale, resulting in superior toughness and
durability. These innovations collectively posi-
tion FGPAFC as a transformative material for
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applications where both sustainability and perfor-
mance are critical (58—60).

Conventional concrete, while cost-effective,
cannot match the advanced mechanical and dura-
bility properties of SFRC and FGPAFC systems.
The limitations of CC, particularly in high-stress
or dynamic loading environments, underscore the
need for enhanced materials such as SFRC. By
leveraging steel fibers, functionally graded con-
figurations, and nanotechnology, SFRC not only
addresses these shortcomings but also sets new
benchmarks in structural performance (61-63).

In conclusion, the evolution from conven-
tional concrete to SFRC and advanced systems
like FGPAFC highlights a paradigm shift in ma-
terial science and structural engineering (64—67).
SFRC, with its enhanced crack resistance and
toughness, offers significant advantages over CC,
while FGPAFC further expands these capabilities
by integrating innovative material designs and
nanotechnology. These advancements underscore
the potential of SFRC and FGPAFC to redefine
the future of construction, delivering sustainable
and high-performance solutions for the most de-
manding structural applications (68—71).

EXPERIMENT WORK

Materials

The slabs were cast using M25 grade con-
crete, a standard choice for structural applica-
tions. The concrete exhibited an elastic modulus
0f' 25,000 MPa, a density of 25 kN/m?, and a Pois-
son’s ratio of 0.18, indicative of its lateral defor-
mation behavior under compressive stress.

Reinforcement was provided using Fe 550
grade steel bars of $8 mm diameter. The steel ex-
hibited an elastic modulus of 200,000 MPa, a den-
sity of 7850 kN/m?, and a Poisson’s ratio of 0.30,
reflecting its ductile nature and ability to facilitate
load redistribution under high-stress conditions.

To enhance impact resistance, 1% (by vol-
umes) 3D steel fibers as shown in Figure 1 were
incorporated into the concrete mix. This addition
aimed to improve energy absorption and crack ar-
resting capabilities, critical for high-performance
slab applications under dynamic loading condi-
tions. The specimens were developed with a
deliberate focus on understanding how 3D fiber
reinforcement, in conjunction with standard con-
crete and steel properties, could synergistically
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enhance impact resistance, offering insights into
designing more resilient slab systems for critical
structural applications. [9, 19, 24]

Specimen preparation

This study employed a layered casting meth-
od to prepare the slab specimens. Six specimens
with dimensions as listed in Table 1, were fabri-
cated, adhering to the same concrete mix propor-
tions and reinforcement detailing as illustrated
in Figure 2.

Initially, the slab molds were thoroughly
cleaned and coated with a thin layer of release
oil to prevent adhesion and facilitate demolding.
The casting process began by filling 50% of the
mold depth with freshly mixed concrete, which
was compacted using a mechanical vibrator to
eliminate air pockets and ensure homogeneity.
Immediately after compaction, a reinforcement
mesh, was carefully positioned and securely fixed
within the partially filled mold.

Subsequently, the remaining 50% of the mold
depth was filled with concrete, and additional
compaction was applied to achieve a well-bond-
ed and integrated structure. This layered casting
method ensured optimal bond strength between
the layers and minimized the likelihood of weak
planes forming within the slabs.

To get a smooth, consistent texture, the ex-
ample’s surfaces were leveled and smoothed
with a trowel after casting. In order to give the
concrete time to set, the molds were left in place
for a whole day. The slabs were meticulously
demolded and exposed to water curing for 28
days after the initial setting time, guaranteeing
the development of the required strength and
durability qualities.

\\JMJ:

Figure 1. Layer setups
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Figure 2. Layer setups: (a) Conventional concrete (CC) and (b) Steel fiber reinforced concrete (SFRC)

The preparation process was systematically
executed to maintain consistency across all speci-
mens, enabling reliable and repeatable results
during subsequent testing.

Experimental setup

Standardized testing protocols were used to as-
sess the slab specimens’ compressive and impact
strengths in the experimental setup. Using three
replicates for each mixture to obtain an average
result, 100 mm cubic specimens were tested for
compressive strength in compliance with IS 516.
According to ACI Committee 544-2R, impact re-
sistance was evaluated using the drop-weight im-
pact test, which used a straightforward device that
could release a 2.25 kg object onto the slab sur-
face from a height of 0.457 m, as seen in Figure 3.
Failure was determined by the apparent spread of
cracks from the slab’s top to bottom surface, and
the number of hits needed to cause first cracking
(FC1) and total failure (FC2) were noted. Equa-
tion 1 was utilized to get the impact energy (U)
given per hit. Impact parameters, including drop
height, hammer mass, and loading configuration,

Table 1. Specimen dimensions

Length (I) (mm) | Width (b) (mm) Dept(hm(gn,)thk.)
500 500 100
750 500 100
1000 500 100

were systematically designed to simulate realis-
tic accidental impacts such as falling objects or
debris strikes. By adopting dynamic tests such
as drop-weight impacts, the study aimed to rep-
licate high strain-rate conditions where fiber re-
inforcement mechanisms become most effective.
The controlled impact energy levels allowed the
researchers to differentiate performance based on
fiber action, slab stiffness, and overall toughness.

U=mXgxhXxN (1)

where: m is the drop mass (2.25 kg), g is the ac-
celeration due to gravity (9.81 m/s?), /4 is
the drop height (0.457 m), and N is the
number of hits. Each impact was treated
as delivering a uniform amount of ener-
gy, enabling precise quantification of the
slab’s impact resistance. This experimen-
tal setup ensured reliable and repeatable
results for assessing the structural perfor-
mance of the specimens.

RESULTS

Impact results

The impact resistance test results for SFRC
slabs and CC slabs demonstrate how important
steel fibers are to improving the material’s per-
formance under dynamic loading circumstances.
With matching impact energies of 70.61 N-m and
171.48 N-m, respectively, the CC showed initial
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Figure 3. Test setup

cracking (IC) and failure (FC) at impacts 7 and
17 for the 500 x 500 mm slabs. The SFRC slab,
on the other hand, demonstrated notable improve-
ment, with failure delaying until 51 impacts,
resulting in an energy of 514.44 N-m, a nearly
200% increase in failure energy, and cracking af-
ter 4 impacts (impact energy: 40.35 N-m). Steel
fibers, which efficiently bridge microcracks and
postpone their progression into macrocracks by
transferring tensile loads across crack sides, are
responsible for this increased resistance. Because
of its high tensile strength and ductility, the fiber
reduces the rate at which cracks spread by miti-
gating stress accumulation at critical spots.

For the 500 x 750 mm slabs, while cracking
occurred after 4 impacts for both CC and SFRC,
producing identical cracking energies of 40.35
N-m, a significant divergence was observed at
failure. The SFRC slab resisted 47 impacts,
achieving a failure energy of 474.10 N'-m, com-
pared to 42 impacts and 423.66 N-m for CC. This
difference is primarily due to the post-cracking
tensile load-carrying capacity of the steel fibers,
which limit crack widening by redistributing the
tensile stresses. As the SFRC slabs absorbed ad-
ditional impacts, the fibers sustained higher loads
without rupture, enhancing the slab’s energy ab-
sorption capacity.

The 500 x 1000 mm slabs demonstrated simi-
lar trends, with SFRC outperforming CC signifi-
cantly. Cracking occurred after 10 impacts (im-
pact energy: 100.87 N-m) for CC, compared to 15
impacts (impact energy: 151.31 N-m) for SFRC.
At failure, the SFRC slab resisted 50 impacts
with a failure energy of 504.36 N-m, doubling
the performance of the CC slab, which failed
after 25 impacts and an energy of 252.18 N-m.
The larger slab size increases the area over which
tensile stresses are distributed, reducing localized
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stresses. However, for CC slabs, this stress re-
distribution is insufficient to prevent rapid crack
propagation. In contrast, SFRC slabs benefit from
the anchoring effect of fibers, which dissipate im-
pact energy by transferring stresses along their
lengths and engaging the surrounding concrete
matrix. The superior energy absorption in SFRC
slabs arises from the fiber’s ability to delay crack
coalescence, prolonging the pre-failure stage and
allowing for greater energy dissipation through
micro-crack bridging.

The increased cracking and failure energies in
SFRC slabs are further influenced by the dynamic
interaction between compressive and tensile stress
waves during impact loading. Upon each impact,
localized compressive stresses at the slab’s point
of contact generate tensile stress waves that radi-
ate outward, leading to crack initiation and propa-
gation. In CC slabs, these stress waves rapidly ex-
ceed the concrete’s tensile strength, causing brit-
tle failure. Conversely, in SFRC, steel fibers inter-
rupt and redistribute these stress waves, reducing
their intensity and preventing rapid crack growth.
Additionally, the pullout resistance of steel fibers
during crack widening contributes to the slab’s
ability to sustain additional impacts, highlighting
the ductile failure mechanism of SFRC compared
to the brittle failure of CC. This ductility, com-
bined with the inherent toughness provided by the
steel fibers, underscores the superior performance
of SFRC in resisting impact loads (Table 2).

Impact ductility and post-cracking energy

A more thorough insight of the structural per-
formance under dynamic loads is offered by the
impact ductility (ID) and extra post-cracking en-
ergy (PE) parameters. Because of its poor capac-
ity to absorb energy in the plastic range, CC slab’s
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Table 2. Impact count

Dimension cC SFRC

(mm) IC FC IC FC
500 x 500 17 4 51
500 x 750 4 42 47
500 x 1000 10 25 15 50

Note: IC and FC are initial and final crack count respectively.

ID was consistently lower than that of SFRC. The
SFRC 500 x 500 mm slabs, for instance, attained
an ID of over 2.9, which is far higher than the CC
slabs’ ID of 1.0. This improvement, which ranges
from 170% to 200%, demonstrates the increased
ductility that steel fibers provide. The remarkable
energy retention capabilities of SFRC are further
demonstrated by the increased PE values. In the
500 x 1000 mm specimens, for example, SFRC
slabs showed an PE of roughly 353 N-m, which
was more than 130% higher than the CC slab’s
PE of only 151 N-m.

The mechanical characteristics of steel fibers
are principally responsible for the noted improve-
ment in both ID and PE. The fibers serve as crack
bridges, regulating the crack width and dispersing
tensile stresses throughout the crack plane when
cracks form under impact loading. By postponing
the spread of cracks and permitting the slab to un-
dergo plastic deformation while still dissipating
energy, this crack-bridging process avoids abrupt
failure. Additionally, the fibers’ high tensile
strength and anchorage bond with the concrete
matrix ensure that they remain engaged under
loading, further contributing to energy absorp-
tion. The enhanced ductility and post-cracking
energy capacity of SFRC can be technically ex-
plained by the synergistic interaction between the
fibers and the surrounding concrete, which trans-
forms a brittle failure mode into a more ductile,
energy-dissipative behavior. This performance is
particularly beneficial in applications where re-
sistance to high-energy impacts and delayed cata-
strophic failure are critical (Table 3).

Effect of steel fibres on impact energy

The integration of steel fibres in concrete
slabs significantly enhances their impact resis-
tance, as evident from the comparative analysis
of CC and SFRC slabs. The variation in the num-
ber of impacts and corresponding impact energy
reveals the critical role of fibre reinforcement in

improving both cracking and failure characteris-
tics under dynamic loading.

Number of impacts

The data indicates a marked improvement in
the impact resistance of SFRC slabs compared to
CC. For instance, the 500 x 500 mm slab recorded
7 1C and 17 FC in CC, whereas the SFRC coun-
terpart required only 4 impacts to IC but sustained
up to 51 impacts to FC. This dramatic increase in
failure resistance underscores the enhanced post-
cracking ductility provided by steel fibres. Simi-
larly, for the 500 x 750 mm slab, the number of
impacts to FC rose from 42 in CC to 47 in SFRC,
despite both materials requiring the same number
of impacts to reach IC. The 500 x 1000 mm slab
demonstrated a significant improvement as well,
with impacts to IC increasing from 10 to 15 and
impacts to FC rising from 25 in CC to 50 in SFRC.

The occurrence of this behavior is attribut-
ed to the role of steel fibres in mitigating crack
propagation. Upon impact, stress concentration at
micro-cracks in Conventional Concrete leads to
rapid crack widening, causing premature failure.
In SFRC, the steel fibres act as bridging elements
across cracks, redistributing stress and preventing
localized crack growth. This bridging mechanism
delays failure and allows the structure to absorb
more energy before collapse.

Impact energy

The influence of steel fibres on impact en-
ergy was equally pronounced. For the 500 x 500
mm slab, the impact energy at IC decreased from
70.61 J in CC to 40.35 J in SFRC, while the en-
ergy at FC surged from 171.48 J in CC to 514.44
Jin SFRC. This significant increase in failure en-
ergy highlights the fibres’ ability to redistribute
stresses effectively and delay catastrophic failure.
In the case of the 500 x 750 mm slab, the impact
energy at IC remained constant at 40.35 J for both
materials, but the energy at FC increased from
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Table 3. Impact energy

Dimension cC SFRC

(mm) IC (N-mm) FC (N-mm) IC (N-mm) FC (N-mm)
500 x 500 70.61 171.48 40.35 514.44
500 x 750 40.35 423.66 40.35 47410
500 x 1000 100.87 252.18 151.31 504.36

Note: IC and FC are initial and final crack count respectively.

423.66 J in CC to 474.10 J in SFRC, reflecting the
fibres’ contribution to post-cracking resilience.
The 500 x 1000 mm slab exhibited an even more
substantial improvement, with IC energy increas-
ing from 100.87 Jin CC to 151.31 J in SFRC and
FC energy rising from 252.18 J to 504.36 J.

This behavior can be explained by the ability
of steel fibres to improve energy dissipation under
dynamic loading. During impact, fibres embed-
ded in the concrete matrix transfer tensile stresses
across cracks, enhancing the material’s capacity
to resist further fracturing. The lower IC energy
in SFRC slabs suggests that the fibres allow for
micro-cracking to occur at lower energy levels,
creating a distributed damage pattern that pre-
vents brittle failure. At FC, the fibres continue to
provide resistance by anchoring the cracked seg-
ments, which significantly increases the energy
required for complete structural disintegration.

Interpretation and Implications

The analysis reveals a consistent trend, while
the presence of steel fibres slightly reduces the en-
ergy required for cracking, it significantly boosts
the energy required for failure. The fibres enhance
the tensile capacity and toughness of the concrete,
effectively transforming the material behavior
from brittle to ductile. Additionally, the effective-
ness of the fibres increases with slab size, as larger
elements provide more surface area for fibre stress
transfer, resulting in improved impact resistance.

The impact resistance of concrete slabs can be
significantly increased by adding steel fibers, espe-
cially during the failure stage. This paves the path
for safer and more resilient infrastructure designs
by highlighting the significance of SFRC adoption
in structural applications that demand strong en-
ergy absorption and post-cracking performance.

Ratio of crack resistance of the slab

The ratio of fracture resistance (Rcr), a non-
dimensional metric, was developed to measure
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how well slabs performed in withstanding im-
pacts during the service and ultimate phases.
The following formula was used to determine
the parameter:

U2

Rer = 2
r Compressive strength @

where: U2 stands for the energy that the slab ul-
timately absorbs. Figures 4 and 5 show
the computed Rer values for each tested
slab, demonstrating the notable variations
in the slab types’ performance in terms of
fracture resistance.

In comparison to its compressive strength,
the conventional concrete (CC) slab’s Rcr value
ranged from 6.96 to 17.2, indicating a lesser level
of crack resistance in the end. Its brittle character
is supported by this behavior, as the slab collapses
abruptly under impact loading with little energy
absorption. On the other hand, because of the steel
fibers” improved ductility and energy dissipation,
the steel fiber reinforced concrete (SFRC) slabs
showed higher Rcr values, ranging from 19.25 to
20.48. Table 4 shows the crack resistance ratio for
the tested specimens.

The SFRC slabs in the upper layers exhibited
Rer values greater than 19, indicating superior
resistance to repeated impacts compared to their
compressive strength. For instance, the SFRC slab
achieved an Rer value of 20.89, signifying its abili-
ty to sustain repeated impacts while delaying crack
propagation and ultimate failure. This improve-
ment is attributed to the bridging action of steel fi-
bers, which effectively resisted crack initiation and
reduced crack growth under dynamic loading.

The results emphasize the importance of Rer
as a reliable metric for evaluating the impact re-
sistance of concrete slabs. The bridging action of
steel fibers played a pivotal role in improving the
Rer values by delaying crack initiation and con-
trolling crack propagation.

Furthermore, the findings underscore the po-
tential of SFRC slabs to offer higher durability
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Table 4. Ratio of crack resistance

Dimension (mm) CcC SFRC
500 x 500 6.96 20.89
500 x 750 17.20 19.25
500 x 1000 10.24 20.48

and energy dissipation under dynamic loading
conditions, making them suitable for applications
requiring enhanced resistance to impact forces.

MODE OF FAILURE

Brittle failure of conventional concrete slab

The CC slab demonstrated a brittle failure
mechanism when subjected to repeated impacts.
The slab developed multiple fractures due to the
complete loss of its structural integrity. This fail-
ure was primarily caused by the inability of the
material to absorb and dissipate the impact energy
effectively. The absence of fibers in the CC slab
contributed to its rapid degradation under impact,
leading to the fragmentation of the concrete into
four distinct sections. The loss of cohesion be-
tween the cement matrix and aggregates during
the impact sequence led to significant geometric
alterations of the slab, which ultimately compro-
mised its load-bearing capacity. This brittle be-
havior is consistent with the typical response of
unreinforced concrete, where cracks propagate
rapidly, causing catastrophic failure under dy-
namic loading conditions.

Ductile failure of steel fiber reinforced
concrete slab

In contrast to the CC slab, the SFRC slab
exhibited a ductile failure mechanism. Follow-
ing the initial crack formation, the slab with fi-
bers endured successive impacts and absorbed
additional energy. The impact-induced cracks in
the SFRC slab did not result in immediate frag-
mentation; instead, they spread across the slab’s
surface, forming multiple macro-cracks. This dis-
tribution of cracks allowed the slab to maintain a
greater surface area under tension, which signifi-
cantly delayed the failure process. The enhanced
energy absorption capability of the SFRC slab
was attributed to the fiber bridging action, which
effectively mitigated the development of large,
catastrophic cracks. This behavior aligns with the

findings of previous research, where the addition
of fibers was shown to increase the slab’s overall
impact resistance and ductility. Moreover, the fi-
bers contributed to the formation of smaller, more
distributed cracks, thereby preventing abrupt,
brittle failures.

Perforation failure in fiber-reinforced slabs

The SFRC Slabs, particularly those with
higher fiber content, experienced a failure mode
characterized by both compressive cracking and
perforation. These slabs initially exhibited signs
of compressive cracking under low-velocity im-
pacts. However, after repeated impacts, a more
significant failure mechanism emerged, wherein
the steel ball penetrated the slab, causing a per-
foration failure. Unlike the CC slab, the SFRC
slabs retained a degree of structural integrity due
to the fibers, which helped hold the slab together
even after substantial material dislodgement. The
fibers acted as a reinforcement, preventing the
complete collapse of the slab despite the forma-
tion of perforations.

The perforation was not evident at the ear-
ly stages of impact but became apparent as the
repeated blows from the steel ball propagated
cracks through the slab. The first shear damage
initiated micro-cracking within the slab’s matrix,
which gradually expanded towards the outer edg-
es, eventually leading to a perforation. However,
the addition of fibers in the upper and lower lay-
ers of SFRC slabs significantly delayed the on-
set of perforation, primarily by enhancing crack
bridging capabilities. The fibers mitigated crack
propagation, thus postponing complete failure.

Impact ductility and crack bridging effect
in SFRC slabs

It is notable that the SFRC slab’s impact duc-
tility has significantly improved. Even when fis-
sures started to spread, the slab’s increased fiber
content kept them structurally sound. In order to
keep the fiber network continuous throughout
the widening fissures, the fibers were essential in
bridging the gaps. As a result, the failure mode
changed from catastrophic cracking to perfora-
tion and the fracture spread was greatly limited.
The slabs could withstand significant tensile
stresses even in the presence of cracks thanks to
this increase in impact ductility, providing a high-
er degree of performance under impact loading.
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When fiber bridging and energy dissipation
work together, this hole failure mode shows how
much more impact resistant SFRC slabs are than
regular concrete. These slabs’ structural resilience
is greatly increased by the fibers’ capacity to stop
cracks from spreading and absorb impact energy,
which qualifies them for uses where resistance to
impact and dynamic loads is essential.

These findings confirm the previously report-
ed behavior of fiber-reinforced concrete under
impact loading, where the fiber reinforcement not
only improved the initial crack resistance but also
played a pivotal role in transforming potential
brittle failure into more controlled perforation.

Failure mechanism

Shearing, compaction, and cracking of the
concrete material under dynamic stresses are the
main mechanisms that cause failure. The acting
forces — tension, compression, or lateral restraint
— that control the failure’s course and intensity
have a major impact on these failure modes. The
ultimate fracture patterns and overall slab fail-
ure, however, are mostly determined by the con-
crete’s inherent characteristics and the degree of
fiber insertion.

Localized failure mechanisms

Under impact loading, the initial failure is
often localized to the point of contact between
the impactor and the slab. This localized dam-
age includes surface cracking, material spalling,
and compaction at the impact site. The transfer
of impact energy into the concrete matrix results
in compressive bending failure, where the mate-
rial undergoes significant deformation along the

impact plane. As the force propagates through
the slab, shear stress and strain in the transverse
direction led to internal debonding between the
fibers and the matrix. This debonding weakens
the structural integrity and promotes the spread
of cracks. Additionally, tensile bending in the ten-
sion zone amplifies the fiber detachment from the
matrix, allowing cracks to progress to subsequent
layers, further compromising the slab’s ability to
resist impact loads.

Failure progression in fiber-reinforced slabs

In fiber-reinforced slabs, the progression of
failure mechanisms differs due to the enhanced
crack-bridging capability of the fibers. During the
impact, fiber rupture and matrix failure are the pri-
mary modes of failure observed. While the cracks
originate at the point of impact, the inclusion of
fibers significantly delays their propagation. The
early transfer of kinetic energy to the fibers illus-
trates their ability to mitigate damage by linking
cracks and redistributing stresses to adjacent re-
gions of the concrete. Despite this advantage, a
critical challenge arises from the separation of fi-
bers from their matrix. This fiber-matrix debond-
ing reduces the structural integrity of the slab and
impairs its strength properties over time, making
detection during service a significant issue.

Punching shear and crack formation

In slabs subjected to high-impact loads,
punching shear failure becomes a prominent
failure mode, particularly in the impact contact
area. The presence of fiber content in both the
compression and tension zones reduces the for-
mation of large cracks. Instead, the slab exhibits

Figure 4. Front face of slab: (a), (b) and (c) shows CC slabs, (d),
(e) and (f) shows SFRC slabs (Green indicates initial crack and Red indicates final cracks)
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Figure 5. Back face of slab: (a), (b) and (c) shows CC slabs, (d), (e) and (f) shows SFRC slabs

a combination of localized crushing and micro-
crack networks, which delays catastrophic fail-
ure. This is consistent with prior studies that
emphasize the role of fibers in controlling crack
propagation and enhancing the slab’s resistance
to impact. The bridging action of fibers reduces
the likelihood of major crack formation by ef-
fectively transferring stresses across the crack
plane, thereby maintaining the slab’s integrity for
a longer duration.

Influence of material composition
on failure modes

The observed modes of failure are inherent-
ly dependent on the material composition of the
slab. CC slabs tend to fail through brittle fracture
mechanisms, with rapid crack propagation lead-
ing to complete disintegration. In contrast, SFRC
slabs exhibit more ductile failure behavior, where
the fibers contribute to energy absorption and
retardation of crack growth. The extent of fiber
bridging action plays a pivotal role in determin-
ing the slab’s ability to withstand successive im-
pacts. Fiber content not only reduces the extent of
damage but also transforms the failure mode from
brittle to ductile, thereby enhancing the overall
impact resistance.

These modes of failure, encompassing local-
ized damage, fiber-matrix interaction, and punch-
ing shear, provide valuable insights into the dy-
namic behavior of slabs under impact loading. The
findings underscore the significance of material
composition and fiber integration in mitigating
the detrimental effects of high-velocity impacts,
ultimately improving the performance and dura-
bility of concrete slabs in structural applications.

CONCLUSIONS

1. The brittle failure of CC slabs was typified by
an abrupt collapse because of the concrete’s
poor energy-dissipation capabilities. Fragmen-
tation resulted from the CC slab’s lack of fi-
bers, which made it unable to endure repeated
impacts. This kind of behavior is common in
unreinforced concrete, as cracks spread swiftly
under dynamic loads until the structure fails
completely. Conversely, SFRC slabs showed
a mode of ductile failure. Steel fibers allowed
the slab to absorb more energy by bridging the
crack surfaces, which greatly postponed the
creation of catastrophic cracks. By distributing
stresses over a greater surface and withstand-
ing tensile forces, the fibers helped postpone
final failure, enabling the slab to sustain sev-
eral strikes.

2. SFRC slabs, especially those with fiber con-
tent, demonstrated a perforation failure mode
after multiple impacts. Initially, these slabs
exhibited compressive cracking, but with re-
peated impacts, the steel ball penetrated the
slab. Despite significant material dislodge-
ment, the fibers held the slab together, prevent-
ing total collapse. This failure mode, observed
as crack propagation followed by perforation,
shows how fibers can mitigate crack growth
and delay the onset of perforation. Fiber re-
inforcement delays the crack propagation by
enhancing crack bridging, which absorbs and
redistributes energy, preventing the slab from
failing suddenly.

3. The fiber bridging effect is pivotal in enhanc-
ing the impact resistance of SFRC slabs. Fi-
bers effectively link the cracks, preventing
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rapid propagation by redistributing the internal
stresses. This leads to a more uniform crack
pattern rather than the formation of a single
large crack, which would cause catastrophic
failure. In fiber-reinforced slabs, the initial
cracking at the point of impact is delayed due
to the transfer of energy to the fibers, which
then absorb the impact load. This process helps
to slow down the crack growth and contributes
to the overall structural stability of the slab un-
der dynamic loading conditions.

. SFRC results in greater ductility and improved

tensile strength, which are crucial for enhanc-
ing the impact resistance of the slab. SFRC
slabs with higher fiber content exhibited Rer
values greater than 19, indicating superior re-
sistance to repeated impacts compared to their
compressive strength. This is because the fi-
bers provide additional tensile strength to the
concrete, which is typically weak in tension.
When cracks form, the fibers bridge the cracks,
redistributing the applied load across a larger
area, thereby reducing the likelihood of cata-
strophic failure and improving the overall en-
ergy dissipation capacity.

.In slabs subjected to high-impact loads,

punching shear failure occurs at the point of
contact with the impactor, leading to local-
ized material crushing. However, SFRC slabs
demonstrated reduced punching shear failure
due to the reinforcing effect of fibers. The fi-
bers distributed the impact force across the
slab and minimized the formation of large
cracks. Instead, the slab exhibited micro-
crack networks, which allowed it to resist
high localized stresses. The fibers’ ability to
bridge cracks and transfer stresses through
the slab reduces the likelihood of major crack
formation, thus enhancing the slab’s impact
resistance.

. The improved impact resistance of SFRC

slabs, demonstrated through higher Rer val-
ues and ductile failure modes, shows their
suitability for applications where resistance
to impact and dynamic loads is critical. The
steel fibers effectively dissipate the energy
from repeated impacts, delaying crack initia-
tion and controlling crack propagation. This
makes SFRC slabs particularly beneficial in
environments subject to heavy traffic or other
dynamic loads, where concrete elements need
to withstand repeated impacts without signifi-
cant degradation.

7.

Future research should focus on optimizing the
fiber geometry, dosage, and distribution within
the matrix. Additionally, exploring hybrid rein-
forcement strategies combining different types
of fibers or incorporating other materials such
as polymers could further enhance the impact
resistance and overall durability of SFRC slabs.
By fine-tuning these parameters, it is possible
to create concrete elements that offer superior
performance under dynamic loading, ensuring
structural resilience and longevity in impact-
prone environments.
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