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Abstract: This research examines the modified drop-mass impact performance on functionally graded
preplaced aggregate fibrous concrete (FPAFC) against repeated low-velocity impacts. Three-layered
FPAFCs were prepared with the outer layers reinforced with steel and polypropylene fibers to
evaluate the impact resistance. For comparison, both one- and two-layered concretes were cast
simultaneously. The modified version of the impact test was suggested to the ACI 544 drop-mass
impact test to decrease the scattered test data. The modification was a replacement of the steel
ball with a steel bar to apply a line impact instead of the single-point impact. This modification
distributes the impact energy over a broader area and reduces the scattering of results. The study
parameters for the tests were impact numbers, which cause first cracking and failure; ductility index;
and mode of failure. In addition, three methods of the two-parameter Weibull distribution were used
to examine the dispersed test results, which were presented in terms of reliability. Results revealed
that the specimens comprising 3.6% steel fibers at the top layer and no fiber at the middle layer
exhibited the highest percentage improvements of 633% and 2732% recorded for the cracking and
failure impact number, respectively. The percentage difference in impact strength results between
these two methods ranged from −14% to 75% for cracking impact number and from 6.8% to 57.2%
for failure impact number. The coefficient of variation value calculated from the modified impact
test was reduced and ranged from 20.3% to 56.1% for cracking impact number and from 15.2% to
65.3% for failure impact number, compared with the same mixtures from the ACI 544 test method.
This phenomenon indicates that the modified impact test delivered a lower scattering of results by
introducing a line of impact using a steel bar rather than a single-point impact.

Keywords: modified impact test; coefficient of variation; steel fiber; polypropylene fiber; functionally
graded concrete; layers

1. Introduction

Concrete structures are often subjected to with various stresses [1]. Regarding these
sorts of loads, impact loads have a low likelihood of occurring within the life span of a
building [2]. However, in the last several decades, the necessity of impact analysis has risen
due to terrorist operations. Impact loads can be created by falling rocks hitting insurance
exhibits, airplane and missile impacts on nuclear containments, vehicle accidents, ice or
ships’ wrecks, or dropped items striking on industrial and nuclear plants due to handling
activities. Even if composite materials’ mechanical and durability qualities have been
improved, there is a need to assess the material’s resistance to impact loading since this is
an essential quality for building materials.

In recent times, composite structures using biomaterial have gained heightened focus
among researchers because of their high impact resistance and innovative hierarchical
structures [3]. Investigating a biologically inspired structure permits investigators to
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develop innovative designs. The use of biomaterials is a novel idea in materials science,
with this research area also being named biomimicry. The creative combination of biology
and the properties of higher impact resistance can be obtained in biological composite
materials (e.g., a shell of a turtle). At the meso-/micro-/nanoscale levels, organic and
inorganic components are often found in hierarchically ordered complex structures. The
turtle’s shell perfectly protects it from impact loading and also ensures flexible mobility. The
sandwich-type carapace shell of the turtle is illustrated in Figure 1 [4]. There are three layers
of the turtle shell: layer 1 has a high density, which provides defense against impact and is
called endocortical; layer 2 is trabecular, which is porous and serves as an impact absorber.
Layer 3 is very dense and is called exocortical, which imparts shielding [4]. This shell
offers excellent armor behavior and inspires the endocortical layer to prevent penetration
and the impact force absorbed by the trabecular layer. The exceptional impact resistance
of biomaterials is attributed to their structural and compositional systems variations. A
concrete structure experiencing to impact load can be a single-point impact or line of
impact depending upon the size and type of the impactor. The impact of aircraft landing
on runways is an example of single-point impact. Car accidents on highway barriers and
sea wave impacts on offshore constructions are examples of a line of impact.

Figure 1. Multiscale hierarchy and the shell of the turtle: (a) a morphology of the turtle shell,
(b) a costal scute showing the growth pattern’s (c) surface fracture in SEM, (d) a view of the carapace’s
inside showing the composite layer, (e) SEM of the cell structure, and (f) SEM of the cell’s internal
fibrous structure.

1.1. Preplaced Aggregate Fibrous Concrete

Preplaced aggregate fibrous concrete (PAFC) is an advanced, conventional fibrous
concrete with diverse fabrication methods. Initially, the premixing of fibers and coarse
aggregates is performed and piled up into an empty mold. This fabrication method allows
more coarse aggregates and fibers piled into the mold and facilitates interlocking, thereby
forming a natural skeleton. For example, the number of contact points between coarse
aggregates is increased by interlocking [5]; there is excellent stress distribution when they
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are loaded [6]. PAFC contains a more aggregate and less cementitious phase [7]. Coarse
aggregate components in concrete display better volume stability, resistance to cracking,
modulus of elasticity, durability, and strength. At the same time, they ensure environmental
and economic benefits by reducing cement and lessening carbon dioxide emissions [8]. The
conception of aggregates interlocking with fibers to develop a novel composite has been an
evolving area of investigation over the past few years. Unfortunately, there is only limited
literature available on PAFC impact resistance. Recently, researchers have shown that
PAFC shows exceptional mechanical properties [9], creep and lower drying shrinkage [10],
resistance to elevated temperature [11], and excellent resistance to impact [12].

Mohan et al. [13] investigated the impact resistance of preplaced aggregate fibrous
concrete composed of asphalt-coated coarse aggregates. Coarse aggregates with 25%,
50%, 75%, and 100% substitution of natural aggregates are exposed to single and double
asphalt precoating with a 2.5% dosage of steel fiber. Findings indicated that the impact
strength of double asphalt-coated aggregate concrete was greater than that of single asphalt-
coated aggregate. The double-coated nonfibrous concrete outperformed the single-coated
specimen by 60% to 51% for the first crack and 11% to 16% for failure. The same pattern
recorded a 78%–36% first crack and a 20%–15% failure rate in fibrous concrete. According to
the findings of Salaimanimagudam et al. [14], the PAFC showed a significant improvement
in compressive strength of up to 56.9% compared with nonfibrous concrete. In fibrous
concrete beams with a 4% fiber addition, the first crack and failures were recorded at 2725 J
and 9842 J, respectively, compared with nonfibrous concrete beams that have 122 and 203 J.
Abirami et al. [15] reported that the impact behavior of PAFC comprises 4% and 5% dosages
of 5D hooked end steel fiber. Results indicated that the failure impact energy improved by
3134% and 3636%, respectively, compared with a nonfibrous specimen. Steel composite
fender behavior was studied by Manohar et al. [16] using the PAFC concept. The fender
featured PAFC panels on the inside and outside and a corrugated steel plate in the center
with a 1 and 2 mm thickness. Results indicated that repeated hits caused localized damage
to the outer panel in the shape of a hemispherical hole. According to this phenomenon,
corrugated steel plates with a thickness of 2 mm have a better energy absorption capability
than 1 mm thick steel plates. Corrugated steel plate fenders combined with PAFC has
outstanding low-velocity impact resistance. Abirami et al. [17] investigated three-layered
PAFC, and they found that the dose of hooked end steel fiber was 2.5%, with between-layer
glass fiber mesh having varying sizes. The larger glass fiber mesh diameter insertion
in PAFC showed excellent impact energy absorption. The absorbed impact energy was
decreased when a greater number of glass fiber meshes were inserted in between the top
and middle and a smaller number were provided between the middle and bottom layers.
The concrete crack propagation was slowed down due to the glass fiber mesh, which acted
as a barricade.

1.2. Functionally Graded Concrete

Advancement in materials science has increased the advent of novel forms of compos-
ite materials known as functionally graded concrete (FGC), with the possibility of utilizing
them in many engineering fields [18]. Fibrous concrete is used successfully in construc-
tion, and extensive research has been conducted worldwide to explore its strength and
durability [19]. An evolution of fiber-reinforced concrete with better advancement is called
functionally graded fibrous concrete (FGFC). Innovating concrete composite with improved
mechanical properties, such as FGFC, ensures the necessary behavior by changing its prop-
erties. A higher density with a strong fiber matrix can be achieved in FGFC, which exhibits
excellent properties, namely, impact resistance, toughness, and uniaxial tensile strength [20].
Moghadam and Omidinasab [21] investigated the behavior of FGFC slabs comprising 1%
dosage of steel fiber, nylon fiber, and a hybrid combination. In comparison with steel fiber,
nylon fiber showed less increase in FGFC flexural strength. Nylon, steel, and hybrid fibers
enhanced flexural strength 1.2, 2.6, and 1.7 times, respectively. A significant enhancement in



Buildings 2022, 12, 563 4 of 29

the flexural strength was observed in FGFC compared with conventional fibrous concrete.
This enhancement is due to the fiber bridging action.

Mastali et al. [22] explored the impact response of five-layered FGFC curved slabs by
adding different steel fiber dosages in each layer. The dosages of the fibers added from
the top to the bottom layers (five) were 2%, 1%, 0.5%, 1%, and 2%, and their effectiveness
was compared with the traditional fibrous slab comprising 1.3% dosage of fiber (same
fiber content of FGFC). Conclusions indicated that the impact energy absorption of the
five-layered FGFC was greater than that of the standard fibrous slab. Nandhu Prasad
and Murali [20] studied the falling impact performance of two- and three-layered FGFC
beams of three different sizes. The dimensions of small, medium, and large beams were
250 × 50 × 50 mm, 400 × 100 × 100 mm, and 550 × 150 × 150 mm, respectively. In all
beams, mono (same type of fibers) and hybrid combinations (different types of fibers) of
steel and polypropylene fibers were used to strengthen them with an average dosage of
2.4% per beam. The findings indicate that the three-layered FGFC exhibited higher impact
resistance. Only limited research is available in the literature concerning the development
of FGFC with preplaced aggregate concrete. Therefore, research studies that explore the
energy absorption potential and impact performance of this material are still required.

1.3. ACI 544.2R-89 Drop-Weight Impact Test

Figure 2 depicts an ACI 544 [23] drop-weight impact testing device. Table 1 demon-
strates pilot studies of the falling mass impact tests conducted on various types of concrete.
The coefficient of variation in Table 1 indicates that the ACI impact test results were greatly
scattered, which was due to the following reasons: (1) In any direction and any area of
the specimens, cracks are allowed to happen. This further reinforces the test subjectiv-
ity while cracking, which is examined through visual observation, which is complicated.
(2) The impact applied on the specimen is a single point, and this phenomenon raises the
window of opportunity for incorrect results. The point of impact might be a soft area of
the cement matrix or the hard region in the coarse aggregate. (3) There is no standard
procedure suggested for specimen preparation. Therefore, specimens possibly have smooth
mold-faced surfaces. (4) Specimen failure is described by the cracks propagated that reach
the specimen bottom and the apparatus lug. This failure observation can cause a repeated
impact on the specimen even if failure occurred with excessive crack width. (5) There is no
standard suggesting the acceptance or rejection of the failure pattern, resulting in scattered
test results. Despite the ACI falling mass impact test’s many advantages, scattering results
are the main drawback and need to be reduced.

Figure 2. Falling mass impact test apparatus and specimen recommended by the ACI Committee [23].
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Table 1. A summary of the ACI falling mass impact findings.

Ref. Type of Concrete and
Mixture ID Type of Fiber Amount of

Fiber
Tested Specimen

per Mixture
(Numbers)

Failure Impact
Number for the
Material to Fail

SD COV
(%)

[24] Fiber-reinforced concrete
(G1, G2) Steel 2.5% 15 358, 417 207, 185 58, 44

[25] High-strength fiber-reinforced
concrete (HSFRC)

Hooked-end
steel fiber 1% 48 1896 802 42

[26] Fiber-reinforced concrete (PC,
CFRC, PRFC, SFRC)

Cellulose fiber,
polypropylene
fiber, steel fiber

0.15%, 0.15%,
0.5% 32 48, 118, 71, 228 28, 53, 36,

90
57, 45,
51, 39

[27] Fiber-reinforced concrete
(B1, B2)

Polypropylene
fiber 3 kg/m3 20 84, 76 44, 37 52, 49

[28] Green high-performance plain
and FRC (GHPC, GHPSFRC) Steel 0.5% 40 177, 240 81, 94 46, 39

[29] Fiber-reinforced concrete
(NC, PP4, PP6, SF20, SF35)

Polypropylene,
steel

4, 6, 20,
35 kg/m3 6 15, 33, 40, 52, 55 (7, 7, 5,

27, 24)
47, 21,

12, 52, 44

[30]

Self-compacting
fiber-reinforced concrete

(SC30-0, SC30-0.5, SC30-0.75,
SC30-1.0)

Steel 0.5%, 0.75%,
1.0% 6 1.8, 7.3, 11.3, 17.2 0.8, 1.6,

1.6, 4.8
41.1,
22.3,

14.4, 27.9

[31] Fiber-reinforced concrete (M1) Steel 2.5% 12 127 47 37

[15]
Two-stage fibrous concrete
(PC, CF1.5, CF3.0, CF5.0,

HF1.5, HF3.0, HF5.0)

Crimped steel,
hooked-end steel 1.5, 3.0, 5.0% 15 84, 312, 737, 1209,

424, 918, 1378
25, 86, 113,

151, 64,
78, 122

30, 27,
15, 12, 15,

9, 9

[32] Geopolymer fiber-reinforced
concrete (M0, M1, M2, M3)

Steel,
polypropylene,

glass
1.6, 0.3, 0.3% 5 14, 101, 32, 35 4.7, 20.3,

9.5, 11.7
33.5,
20.1,

30.1, 33.6

1.4. Modification Suggested to ACI Drop-Weight Impact Test

Literature revealed many sources of error in the existing ACI drop-weight test [23].
This research considers the primary two sources of error, and modifications are suggested
accordingly. At first, the probability of inaccurate results is higher at the single spot of
impact, which causes a localized impact on the small area of the material. Second, cracks
occur anywhere on the specimen’s top surface, resulting in increased test subjectivity. The
modification suggested here introduces the line of impact using a 30 mm diameter steel bar
placed horizontally on the specimen, as shown in Figure 3. The steel hammer is free-fallen
onto the steel bar, and the impact load is dissipated to more area instead of to a single
spot. This modification allows cracks to occur parallel to the line of impact and splits
the specimens into two pieces together with multiple cracks in a radial direction. This
modification predefines the crack path and specimen failure, resulting in a reduction in
result scattering.

The objective of the study is to propose a modified impact test to the ACI 544 drop-
mass impact test to decrease the scattered test data. The modification was proposed by the
replacement of the steel ball with a steel bar to apply a line impact instead of the single-point
impact. This modification distributes the impact energy over a broader area and reduces the
scattering of results. The proposed modification was applied on the three-layered FPAFC
comprising steel and polypropylene fiber. Several combinations of fiber dosage and fiber
hybridization were used to reinforce each layer. The impact strength of first cracking and
failure impact numbers was assessed.
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Figure 3. Modification suggested to the ACI drop-weight test.

2. Significance of Research

The literature on modified ACI drop-weight testing procedures is still deficient. It
is still a fact that scientists across the globe are using a variety of statistical approaches
to examine the large amount of dispersal in ACI 544 test findings. It is interesting to
conduct the modified impact test and attain a rational conclusion to reduce scattering
results. However, only limited research was conducted to reduce scattering results that
remain in this field of study. In pursuit of fill gaps in this research field, this study intended
to investigate the FPAFC impact behavior by conducting a modified impact test. Instead of
a single-point hit, a steel bar positioned horizontally is offered as a straightforward solution
for reducing dispersion consequences. Additionally, three techniques of the two-parameter
Weibull distribution were used to study the scattering findings and assess the impact’s
strength in terms of reliability.

3. Experimental Investigation
3.1. Base Materials

• Pozzolana Portland general-purpose cement was used in the experiments, which meets
IS: 1489-2015 [33]. The cement has a specific gravity of 3.09 and a specific surface area
of 318 kg/m2. Normal river sand was used as fine aggregate. In addition, the fineness
modulus, water absorption, and specific gravity of the used fine aggregate were
2.41%, 1.15%, and 2.65%, respectively. The granulometric curve of the adopted sand is
consistent with Zone II per IS: 383-2016 [34], with particle size of no more than 2.36 mm
to ensure excellent flowable grout mixture in line with ASTM C939/C939M-16a [35].
As a result, a flowable grout was obtained to fill voids entirely and effectively. Crushed
granite gravel with a normal density and a 12.5 mm maximum size was used as coarse
aggregate with a water absorption and specific gravity of 0.59% and 2.69 respectively.
The granulometric curve for the fine and coarse aggregates used in this experiment
is illustrated in Figure 4. The flowable grout was made using a premium high-range
water reducer (Tec Mix 640) with a density of 1.08 0.01 at 25 ◦C and a pH value of 7–9.
Different dosages (0.3% to 0.5% by cement weight) were used to produce the grout
for nonfibrous and fibrous specimens. Fiber is now a part of concrete reinforcement
as it has many benefits for concrete. A 1 mm diameter and a 50 mm length of hybrid
hooked-end crimped fiber was used, which had a tensile strength of 1200 MPa and was
made using a novel geometrically shaped steel fiber (SF) and macro polypropylene
fiber (PF). The PF had a tensile strength of 500 MPa and measured 45 mm in length
with a diameter of 0.8 mm. Figure 5 demonstrates the SF and PF appearance.
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Figure 4. Gradiometric curve for the used aggregates.

Figure 5. Fiber appearance: (a) hybrid shape of hooked-end crimped and (b) macro polypropy-
lene fiber.

3.2. Mixing Composition

In the current research, 12 diverse concrete mixtures were produced to evaluate their
impact resistance. A series of grout mixtures were prepared to choose optimum grouts
based on efflux time from the cone test, which fulfilled compressive strength and flowable
grout requirements. Efflux time for optimized grout ranged from 35 to 40 s in accordance
with ASTM C939 [35]. The optimized ratios for sand to binder and water to cement were 1.0
and 0.45, respectively. A high-range water reducer (Tec Mix 640 superplasticizer) was added
to water to improve the grout flowability. Its dosage was 0.3% for nonfibrous specimens
and 0.5% for fibrous specimens. The composition of the 12 mixtures with different fibers
and dosages in each layer of FPAFC are demonstrated in Table 2. The first mixture was
considered the reference specimen, prepared without fiber and designated as PAC. The
second and third mixtures were single-layer fibrous concrete added with SF and PF. This
group of mixtures was designated as S-SF and S-PF, as the first letter ‘S’ denoted a single-
layer concrete and the second (e.g., SF or PF) denoted the type of fiber used. The fourth
and fifth mixtures were double-layered FPAFC and designated as D-SF-PF and D-PF-SF,
respectively. For this group, the first letter denoted a double-layered FPAFC, while the
second and third designated the fiber type used in the top and bottom layers. The last
seven mixtures were three-layered FPAFCs by adding different fiber schemes with 2.4%
dosage, and these were named T-FG1 to T-FG7. The different fiber dosages used for each
layer are shown in Figure 6.
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Table 2. Mixing details of developed FPAFC.

Mix ID S/B
Ratio

W/B
Ratio

Fiber Dosage in the
First Layer (%)

Fiber Dosage in the
Second Layer (%)

Fiber Dosage in the
Third Layer (%) SP

(%)
SF PF SF PF SF PF

PAC

1.0 0.45

0 0.3

S-SF 2.4 SF 0.4

S-PF 2.4 PF 0.4

D-SF-PF 2.4 SF 2.4 PF 0.4

D-PF-SF 2.4 PF 2.4 SF 0.4

T-FG1 1.2 1.2 1.2 1.2 1.2 1.2 0.4

T-FG2 2.8 0 1.6 0 2.8 0 0.4

T-FG3 0 2.8 0 1.6 0 2.8 0.4

T-FG4 1.4 1.4 0.8 0.8 1.4 1.4 0.4

T-FG5 3.6 0 0 0 3.6 0 0.4

T-FG6 0 3.6 0 0 0 3.6 0.4

T-FG7 1.8 1.8 0 0 1.8 1.8 0.4

S: sand, B: binder, W: water, and SP: superplasticizer.

Figure 6. Details of fiber content used in the layers. (a) PAC, (b) S-SF, (c) S-PF, (d) D-SF-PF, (e) D-PF-SF,
(f) T-FG1, (g) T-FG2, (h) T-FG3, (i) T-FG4, (j) T-FG5, (k) T-FG6, (l) T-FG7.

3.3. Specimen Preparation

One hundred eighty cylindrical specimens were prepared with a count of 15 per
mixture. Impact strength was assessed using 152 mm diameter and 64 mm high cylindrical
specimens. The stage-by-stage method of FPAFC casting comprises three key processes, as
shown in Figure 7. First, the oil was applied to all internal surfaces of an empty cylindrical
mold after it was placed on a level surface, as shown in Figure 7a. Second, a natural
skeleton was created by first combining aggregates and fibers, and then packing them
into an empty mold, as shown in Figure 7b. A cement grout was applied to the skeleton’s
surface and allowed to fill the spaces while gravity took its course. Figure 7c shows the
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grout filled in all the spaces after a compaction was applied using a 6 mm diameter tamping
steel rod. This compaction eradicates honeycombing. Figure 7d depicts the appearance
of specimens after they were grouted. Figure 7e shows the looks of all of the specimens
after they were demolded for 24 h. The three layers of FPAFC were produced one by one.
The coarse aggregate and fibers were filled up to the level of first layer (61 mm height),
followed by grout injection. The second (22 mm height) and third layers (61 mm height)
were cast immediately (within 10 min) after the completion of the first layer. The same
casting technic was adopted to complete the second and third layers. The specimens that
were retrieved from the mold were allowed a 28-day curing process in water immersion
before being tested.

Figure 7. Casting procedure: (a) empty mold, (b) filling the mold with premixed fibers and coarse
aggregate, (c) grout pouring process, (d) specimen appearance after casting, and (e) after demolding,
where the specimens were left on the floor.

3.4. Drop Mass Impact Testing Device

The FPAFC specimens underwent a modified impact test to determine their impact
strength in accordance with ACI Committee 544-2R [23]. The simplified drop-weight
impact test had a simple testing technique and method since it did not need measuring
vibration, time history, and displacement. It was necessary to raise and drop a 4.45 kg steel
hammer free-fallen from a height of 457 mm on the top surface of a horizontal steel bar
placed on top of the specimen in order to perform the test. Figure 8 shows the modified
drop-weight impact testing device employed in this study. The impact numbers that cause
a specimen’s first visible cracking (Q1) and failure (Q2) were noted and inspected visually.
The crack defined the failure when it reached the specimen at the bottom and split it into
two pieces. The alteration recommended here establishes the line of impact using a 30 mm
diameter steel bar positioned horizontally on the specimen, as illustrated in Figure 3. The
steel hammer is free-fallen upon the steel bar, and the impact load is distributed to a larger
area instead of to a single location. This alteration permits fractures to form parallel to the
path of impact and separates the specimens into two parts coupled with several cracks
in a radial orientation. This alteration predefined the fracture route and specimen failure,
resulting in a reduction in result scattering.
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Figure 8. Device for measuring the impact of falling masses at low velocity.

3.5. Compressive Strength Test

Three cubical specimens were cast from each type of mixture and evaluated for
compressive strength. All specimens were tested using a 300 T compressive testing machine,
and the average results were used for the discussions.

4. Results and Discussions
4.1. Compressive Strength

Figure 9a depicts the single-layer preplaced aggregate fibrous concrete’s compressive
strength after adding SF and PF. Compared with the PAC specimen, the S-SF specimen
showed a 59.56% increase in compressive strength. This improvement was due to the
presence of SF that provided effective bridging action in the cracking zone, leading to
postponing crack initiation and further growth [36]. The S-PF specimen showed only
an 18.6% increase in compressive strength over PAC. PF exhibited compressive strength
that was lower than that of SF. This trend was due to the lower tensile strength and PF
density than that of SF [20]. Figure 9b shows that the compressive strengths of the D-SF-PF
and D-PF-SF double-layered specimens were 26.1% and 23.0% higher than those of PAC.
Adding SF to both single- and double-layered concrete significantly increased compressive
strength, according to the findings. Additionally, the performance of single-layered concrete
was superior to that of double-layered concrete. This can be explained by the uniform
distribution of fibers with three-dimensional orientation in the concrete, enhancing its
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load-carrying capacity under compression. On the other hand, double-layered concrete
had fiber with planar alignment, resulting in lower compressive strength compared with
single-layered concrete.

Figure 9. Observed compressive strength of FPAFC (a) Single layer, (b) Double layer, and
(c) Triple layer.

Comparing three-layered FPAFC with PAC, the compressive strength increased from
5.2% to 54.4% when various fiber doses were used in each layer. Figure 9c shows that the
T-FG6 combination had the lowest compressive strength when compared with PAC, with
a 5.2% improvement. This was due to the 3.6% of PF with low tensile strength provided
at the top and bottom layers, while the middle layer was of nonfibrous concrete. T-FG2
specimens with 2.8% SF in the top and bottom layers and 1.6% in the intermediate layer, in
contrast to PAC, had compressive strength improvements of around 54.4%. The reason for
this improvement is the higher dosage of SF provided at top and bottom layers, which can
effectively bridge the cracks. The compressive strength of all other three-layered FPAFC
specimens increased, as predicted. Significant improvements in compressive strength were
the result of a higher dosage of mono and hybrid fibers added to the different schemes.
Adding fibers to concrete provided exceptional ability of bridging. The path of the crack
was tortuous, needing a huge amount of energy to pull out the action of fibers [20]. Due to
workability concerns, consistent fiber distribution and fiber conglobation create more voids
in the concrete and cause internal defects, which reduces the compressive strength. Fiber
dosage was thus limited to 2% in classic fibrous concrete. Conversely, the FPAFC casting
method eradicated these issues as the coarse aggregate and fibers were premixed and
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preplaced into the mold before grouting [18]. In summary, the influence of SF in improving
compressive strength was significantly greater than in PF for various layers of concrete.

4.2. Modified Falling Mass Test Results

As detailed in Table 3 and Figure 6, three specimen categories were prepared for the
modified impact test: single-, double-, and triple-layer specimens. The average volumetric
fiber content of all mixtures was the same, which was 2.4%, while the distribution and
type of fiber in different layers was the distinguishing factor among the different specimen
groups. The following sections discuss the obtained experimental results in terms of
cracking and failure impact numbers, impact ductility index (ratio of failure impact number
to cracking impact number), and failure mode.

Table 3. Test results of modified falling mass impact.

Mix ID
PAC S-SF S-PF D-SF-PF D-PF-SF T-FG1 T-FG2 T-FG3 T-FG4 T-FG5 T-FG6 T-FG7

Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2

1 9 15 58 456 34 101 48 242 56 231 64 266 69 385 54 192 77 481 72 612 44 215 61 261

2 9 16 62 461 36 105 51 259 59 248 65 272 72 404 55 195 80 492 83 621 49 221 63 272

3 10 18 67 478 39 110 61 267 60 254 69 288 75 411 61 201 88 504 91 638 59 238 66 294

4 11 19 71 488 41 114 64 273 63 266 74 294 79 418 64 212 92 516 95 654 61 246 70 319

5 12 22 77 490 44 118 69 282 65 276 77 299 80 425 68 219 95 524 96 676 68 255 81 323

6 13 23 80 499 48 121 76 286 71 282 80 306 86 434 75 221 98 538 102 694 74 266 88 341

7 14 24 85 505 49 127 81 290 76 288 82 313 92 442 76 226 100 552 108 701 79 271 91 356

8 15 24 94 509 53 134 85 294 82 291 86 318 96 452 81 238 105 576 110 711 86 279 95 359

9 17 26 104 528 59 140 96 299 89 292 88 320 102 461 85 246 106 585 112 722 90 282 100 367

10 18 27 110 533 63 148 99 301 95 298 93 322 104 474 92 259 111 601 119 734 94 289 105 372

11 19 30 118 546 69 151 102 314 99 303 96 327 109 485 97 261 116 611 124 749 99 295 109 380

12 20 31 127 555 75 156 115 328 109 311 100 333 113 501 99 277 120 625 129 756 105 306 112 381

13 21 33 132 569 77 161 116 340 115 319 107 356 117 524 102 283 128 641 135 771 109 318 115 386

14 21 35 146 581 80 164 120 354 121 325 119 375 121 550 108 294 132 664 137 785 117 331 116 391

15 22 39 151 606 83 169 123 375 128 344 135 389 132 569 109 298 135 685 144 801 119 345 119 395

Mean 15 25 95 520 57 135 87 300 86 289 89 319 96 462 82 241 106 573 110 708 84 277 93 346

SD 4.6 7.1 28.1 44.5 16.9 22.7 25.3 36.5 24.3 30.5 20.1 34.7 19.5 54.6 18.9 35.8 18.1 64.2 21.0 59.3 24.1 38.4 20.5 43.5

COV% 30.0 27.8 29.6 8.6 29.8 16.9 29.1 12.2 28.2 10.6 22.5 10.9 20.2 11.8 23.1 14.8 17.1 11.2 19.0 8.4 28.8 13.9 22.1 12.6

SD: standard deviation, COV: coefficient of variance.

4.2.1. Cracking and Failure Impact Number

Figure 10a compares the cracking impact number (Q1) of the single-layered specimens
incorporating steel (S-SF) and polypropylene (S-PF) with the reference normal concrete
specimens (PAC), while Figure 11a is a comparison of the failure impact numbers (Q2). As
shown in the figures, both SF and PF increased impact resistance dramatically compared
with PAC. However, the influence of SF was obviously higher than that of PF at both the
cracking and failure stages. As shown in Figure 10a, the cracking impact resistance of S-SF
increased from 15 to 95 impacts, recording a 533% increase compared with PAC, while that
of S-PF achieved a percentage increase of 280% with a recorded Q1 of 57. On the other hand,
Figure 11a shows that a distinguishable jump was recorded in Q2 for the SF-reinforced
specimens with a percentage increase of 1980%, while the percentage increase in the failure
stage of the PF-reinforced specimens was 440%. To improve the matrix’s strength, fibers
were used to provide high-stress absorption across cracks by bridging them. After the first
impact drop, a facture of the matrix started on a microscopic scale with the creation of
micro cracks [18]. These fine interior cracks were linked and became wider with increased
impacts. The progress of cracking, widening, and propagation in the matrix of the PAC
specimens did not take too long until the appearance of the first surface continuous crack
after 15 impacts, while full fracture failure occurred after 25 impacts. The presence of
short, discrete, and well-distributed fiber-reinforcing elements crosses the created cracks
and shared significant amounts of tensile stresses that try to open the cracks due to the
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fiber’s high tensile strength, which slows the opening of initiated cracks, resulting in higher
impact energy absorptivity [18].

Figure 10. Cracking impact number (Q1) of the modified impact test: (a) single-layer specimens, (b)
double-layer specimens, (c) triple-layer specimens.

When comparing the activities of fibers at the cracking and failure stages, it was
obvious that fibers increased Q2 by a much higher percentage than Q1. This was due to
the initiation and sequence of fiber-reinforcing activity, where the main job of fibers as
crack-reinforcing elements starts after crack evolution from a micro- to macroscale, which
actively transferred tensile stresses from the matrix to the fibers until failure caused by loss
of bond or fiber breaking [37,38]. The differences in shape and tensile strength between SF
and PF adopted in this study explain the improved performance of SF to enhance cracking
and failure impact resistances. As shown in Figure 4, the hooked-end crimped shape of SF
ensures a perfect bond between the matrix and fibers and was an anchor at the opposite
ends of the cracks. On the other hand, the tensile strength of SF (1150 MPa) was 2.3 times
that of PF, which allowed SF to withstand a higher concentrated stress level before breaking.

The effects of fiber type and distribution on the impact performance of the double-
layered specimens are depicted in Figures 10b and 11b, which reveal that both double-layer
mixtures exhibited noticeably higher impact performance at the cracking and failure stages
compared with PAC. Regarding the single-layer group, improvement at the failure stage
was much higher than that at the cracking stage for both mixtures. The two double-layer
mixtures exhibited comparable Q1 and Q2 records; however, the specimens with the top
layer reinforced with SF (D-SF-PF) exhibited slightly higher impact records compared with
that of the PF-reinforced top layer (D-PF-SF), where the percentage increases in Q1 for the
mixtures D-SF-PF and D-PF-SF were 480% and 473%, respectively, while those of Q2 were
1100% and 1505%, respectively. This behavior was due to the higher tensile strength and
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better bond performance of SF compared with PF, where the top layer absorbed higher
concentrated impact energy than the bottom layer due it its location with respect to the
applied drop load, which in turn determined the total impact capacity of the specimen [18].

Figure 11. Failure impact number (Q2) of the modified impact test: (a) single-layer specimens,
(b) double-layer specimens, (c) triple-layer specimens.

The third group of specimens included three subgroups that differ in the distribution
of fiber content in each of the three layers. T-FG1 represents the first subgroup, which was
also the reference for the two other subgroups, where all three layers incorporate the same
fiber content of 2.4%, which is a mix of 1.2% SF and 1.2% PF. Fiber content was increased
gradually in the following two subgroups in the top and bottom layers and decreased in
the middle layer, as detailed in Figure 6 and Table 2, keeping the same average fiber content
of 2.4%. Two points can be discussed in this group: the first is the type of fiber, and the
second the fiber content in different layers. As shown in Figures 10c and 11c, all fibrous
T-FG specimens retained distinguishably higher Q1 and Q2 records compared with the
reference specimens’ PAC, which was anticipated due to the matrix reinforcing action of
the fibers.

Comparing the mixtures of the second subgroup (T-FG2, T-FG3, and T-FG4) with 2.8%
fiber in the top and bottom layers and 1.6% in the middle layer, it was obvious that the
specimens with pure SF (T-FG2) retained higher Q1 and Q2 records than that of pure PF
(T-FG3). The percentage improvements in Q1 of T-FG2 and T-FG3 over PAC were 540%
and 647%, respectively, while those of Q2 were 1748% and 864%, respectively. A similar
result was also recorded for the corresponding specimens in the third subgroup (T-FG5
and T-FG6), where the top and bottom layers incorporated 3.6% fiber, while the middle
layer was plain. Q1 of T-FG5 (with pure SF) and T-FG6 (with pure PF) exhibited percentage
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improvements of 633% and 460%, respectively, and Q2 exhibited percentage improvements
of 2732% and 1008%, respectively. This result agrees with the results obtained for the single-
and double-layer groups, which were caused by improved bond strength of SF due to
its crimped and hooked-end configuration in addition to its significantly higher tensile
strength compared with PF [20]. On the other hand, when the full SF specimens were
compared with the hybrid fiber specimens, the results differed between the second and
third subgroups. The hybrid specimens’ T-FG4 retained higher Q1 and Q2 records for the
second subgroup with 2.8% fiber at the top and bottom layers, while the opposite was
recorded for the third subgroup (with 3.6% fiber content at the top and bottom layers),
while the full SF specimens (T-FG5) retained higher impact records than the hybrid fiber
specimens (T-FG7). For instance, the Q1 and Q2 percentage improvements of T-FG2 and
T-FG4 were 540% and 607%, respectively, and 1748 and 2192%, respectively. On the other
hand, the percentage improvements in Q1 and Q2 for T-FG5 and T-FG7 were 633% and
544%, respectively, and 2732 and 1284%, respectively. The reason for this improvement
was higher dosage of SF and hybrid combination of fiber provided at the top and bottom
layers, which can offer more resistance at the point of impact. The initial cracks are delayed
at the top surface due to the presence of more amount of steel fibers and restrict the crack
propagation to the bottom layers [20].

Comparing the specimens with the same fiber type from the second and third sub-
groups, it could be said that in most cases, increasing the fiber content in the top and
bottom layers and decreasing it in the middle layer improved the impact performance of
the tested specimens. Hence, comparing the pure SF specimens T-FG2 and T-FG5, it is
clear that incorporating 3.6% fibers in the top and bottom layers and reducing it to zero
in the middle layer increased both Q1 and Q2. The percentage increases in Q1 and Q2 of
T-FG5 over T-FG2 that incorporated pure SF were 14.6% and 53.2%, respectively, while the
corresponding percentage improvements in Q1 and Q2 of T-FG6 over T-FG3 (pure PF) were
2.4% and 14.9%, respectively. An explanation of this result is that the top and bottom layers
undergo a higher concentration of impact stresses owing to their location in direct contact
with the applied falling mass and the supporting baseplate. Hence, strengthening these
contact layers would positively affect the total impact performance of the test specimens.
For the hybrid specimens (T-FG1, T-FG4, and T-FG7), as shown in Figures 10c and 11c,
both T-FG4 (with 2.8% fiber in the top and bottom layers) and T-FG7 (with 3.6% fiber in the
top and bottom layers) retained higher Q1 and Q2 records than T-FG1 with 2.4% fiber in
all layers, which thus agrees with the results of the pure SF and pure PF fibers. However,
T-FG7 exhibited 9.4% decrease in Q1 and 39.6% decrease in Q2 compared with T-FG4,
which was caused by the previously stated explanation of the possibility of exceeding the
optimum content of SF and PF hybridization.

4.2.2. Ductility of Specimens

Flexural ductility is measured for reinforced concrete beams under three- or four-point
loading by dividing the deflection at failure with that at the yield of steel reinforcement,
which is then used to evaluate the beam’s capacity to withstand plastic deformations. A
similar definition was used in this article to evaluate the ability of the introduced mixtures
to withstand repeated impacts after surface cracking. In previous studies [15,19], the impact
ductility index (IDI) was defined as the ratio of failure impact number to cracking impact
number, which was also used in this research, where IDI equals the ratio of Q2 to Q1 for
each mixture. This index introduces another comparison tool between fibrous mixtures,
which ensured better evaluation of impact performance for different fibrous mixtures [17].
The calculated IDI records of the three groups of specimens are shown in Figure 12.
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Figure 12. Ductility of specimens tested under of the modified impact test: (a) single-layer specimens,
(b) double-layer specimens, (c) triple-layer specimens.

Figure 12a shows that the IDI of fibrous specimens was generally higher than that
of the reference specimen. The IDI values of PAC, S-SF, and S-PF were 1.67, 5.47, and
2.37, which meant that the incorporation of PF led to an improvement of approximately
42% IDI, while using SF improved ductility by approximately 228%. This result reflects
the positive influence of fibers not only in increasing Q1 and Q2, but also in their ability
to extend the failure to a higher number of impacts after surface cracking. The higher
IDI of S-SF specimens was attributed to the better crack arresting performance of SF after
cracking compared with PF owing to its better configuration and higher tensile strength.
Regarding their QI and Q2, records (Figures 10b, 11b and 12b show that both double-layer
mixtures exhibited approximately the same ductility, where the IDI of D-SF-PF (with SF top
layer) was 3.45 with a percentage improvement over PAC of approximately 107%, which
was slightly higher than that of D-PF-SF (with PF top layer), which recorded an IDI of
3.36 around 102% improvement. The approximately equal IDI values were attributed to
the incorporation of the same contents of the same fiber types, while the slightly higher
IDI of D-SF-PF was due to the front location (with respect to applied loads) of the better
performance fiber (SF).

Comparison between IDIs of the triple-layer mixtures is depicted in Figure 12c, where
it is obvious that the ductility of all triple-layer mixtures (T-FG1-T-FG7) was apparently
higher than that of the reference mixture PAC. The IDI values of T-FG1, T-FG2, T-FG3,
T-FG4, T-FG5, T-FG6, and T-FG7 were 3.58, 4.81, 2.94, 5.41, 6.44, 3.30, and 3.60, respectively,
while the IDI of PAC was 1.67. This meant that the percentage increase in the IDI of the
T-FG specimens compared with PAC was in the range of approximately 76% to 286%, which
reflected the positive influence of fibers on the postcracking impact performance of the
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specimens. Evaluating the effect of fiber type and fiber distribution by comparing the three
subgroups of the triple-layer group, the same conclusions are drawn for the Q1 and Q2
records. The first conclusion is that the PF specimens exhibited the lowest IDI for both the
2.8% and 3.6% top and bottom layers’ fiber contents, while the hybrid specimens exhibited
higher IDI for the second subgroup (2.8%, 1.6%, 2.8%), while the SF specimens exhibited
the highest ever IDI for the third subgroup (3.6%, 0%, 3.6%). This behavior was due to the
superiority of steel fibers in terms of bond and strength compared with the adopted type of
polypropylene fiber. It can also be recorded that in most cases, increasing the fiber content
in the top and bottom layers and decreasing it in the middle layer led to higher ductility,
which was noticed by comparing the SF specimens T-FG2 and T-FG5 in addition to the
PF specimens T-FG3 and T-FG6, as shown in Figure 12c. All FPAFC specimens exhibited
different IDI values due to the various dosages of fibers used at the top layer, which can
experience the point of impact. The amount of fiber presence at the point of impact can
show a different postcrack resistance, which indicates different IDIs.

4.2.3. Failure Mode of Specimens under Impact Loading

Figure 13 shows the fracture on the top surfaces of all tested mixtures after failure.
The first observation that can be recorded after the comparison between Figure 13a for the
plain reference PAC specimens and Figure 13b–i for the fibrous specimens is the simple and
direct line cracking of PAC along the line load–distributor rod, while a wide fracture line
zone occurred in the fibrous specimens along the steel rod. Direct and uniform cracking
reflects the brittle nature of the tested PAC specimens, while the wider fracture zone reflects
the more ductile behavior of fibrous specimens under repeated impact. In addition, it
reflects the ability of the suggested modification, which is the use of a line load distributed
under the drop impact load, to control cracking and fracture of the specimens along a
specified path. Cracking and fracture of the specimens along different paths was defined
as a factor that increased variation in test results [15]. Hence, the aim of using this rod to
reduce a variation in test results by controlling the cracking and failure path is considered
satisfied for both plain and fibrous specimens.

Figure 13. Failure pattern of specimens (a) PAC, (b) S-SF, (c) S-PF, (d) D-SF-PF, (e) D-PF-SF, (f) T-FG1,
(g) T-FG2, (h) T-FG3, (i) T-FG4, (j) T-FG5, (k) T-FG6, (l) T-FG7.
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The adequacy of the introduced modification (line rod) to control the cracking path is
also obvious for the fibrous specimens, as shown in Figure 13b–i. However, this behavior is
associated with some lateral cracks or end fracture zones, caused by the presence of fibers
and their reinforcing action, where fibers have the ability to redirect tensile stresses on
different paths by crack bridging, thereby affording stress relief for the concrete matrix.
Comparing these specimens, it is obvious that specimens reinforced with PF (S-PF, T-FG3,
and T-FG6) failed due to the lack of a bond between fibers and the matrix (Figure 13c,h,k).
This behavior was also recorded for the double-layered specimen with the top layer being
reinforced with PF, as shown in Figure 13e, while such behavior was not recorded in the
SF specimens. The main reason for this behavior was the weak bond between PF and the
matrix due to the straight shape and smooth surface, as shown in Figure 5. Consequently,
the bond along the fiber length and the anchorage at its ends were lower than the applied
tensile stresses across the bridged cracks, resulting in fiber pullout from the matrix [39].

Specimens reinforced with SF exhibited a different behavior, where the bond between
fibers and the matrix did not break until the failure of the specimens at the end fracture
zones on the outer perimeter of the cracking line path, as shown in Figure 13b,d,g,j for the
specimens S-SF, D-SF-PF, T-FG2, and T-FG5. Failure was associated with several lateral
surface cracks, which reflected the perfect bridging and stress transfer capability of steel
fibers so that impact stresses created new cracking paths other than the main one. The
ductile fracture of SF-reinforced specimens was attributed to the perfect bond with the
surrounding matrix due to the strong bond along the fibers following the crimpled shape
and the strong end anchorage of the hooked ends of the fibers. Specimens reinforced with
hybrid steel and polypropylene fibers (T-FG1, T-FG4, and T-FG7) exhibited a mixed mode
of failure, where, as shown in Figure 13f,i, fiber pullout failure occurred partially within
the end fracture zone, and failure was associated with some lateral surface cracks, while
the failure of the specimen T-FG7 was closer to that of PF-reinforced specimens.

4.2.4. Comparison of Failure Modes of the ACI 544 and Modified Test Setups

Figure 14 is a comparison between similar plain and fibrous specimens tested under
the standard ACI 544 test setup (with a steel ball as a load distributer) and the suggested
modified test setup using a line-load steel rod distributer. When the above-discussed
failure modes of the fibrous specimens were compared with the failure modes of the cor-
responding specimens tested under the standard test setup [20], two major notes needed
to be addressed. The first was that the central semicircular fracture zone under the load
distributer steel ball (Figure 14c) was replaced by a more uniform line cracking and fracture
path that ended at with a perimeter fracture zone in some cases (Figure 14d). This was a
sign of the successful role of stress direction and crack path controlling the suggested line
load distributer. Such control could reduce test result variability and help suggest more
controlling cracking and failure criteria for the specimens using the repeated impact test.
This observation was recorded for single-layer specimens (S-SF and S-PF), double-layered
specimens (D-SF-PF and D-PF-SF), and triple-layered specimens (T-FG1 to T-FG7). The
same result was also obtained for the PAC plain reference specimens, where cracking was
multidirectional under the standard steel ball setup (Figure 14a), while it was unidirectional
under the suggested steel rod distributed, as shown in Figure 14b. The second point to
be noticed was that the number of radial cracks from the fracture zone toward the outer
perimeter was greater using the standard steel ball test setup, while such uncontrolled
cracks were fewer or even did not exist using the suggested steel rod setup. This reflected
better crack directional control, enabling better understanding of the effect of the investi-
gating parameters due to limited variation in failure patterns. Hence, it ensured a fairer
and easier justification of the obtained test results.
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Figure 14. Comparison of failure pattern of specimens from ACI Committee 544 [38] and mod-
ified falling mass impact test: (a) ACI-nonfibrous, (b) modified-nonfibrous, (c) ACI- fibrous,
(d) modified-fibrous.

4.2.5. Modified and ACI Test Result Comparison

A comparative analysis of modified test results from the current study with the test
finding obtained from the previous study with the ACI method [20] for the same mixtures
with exactly the same fiber dosages and schemes is shown in Figure 15. Impact test results
from the modified impact were significantly higher in Q1 and Q2 than in the ACI method,
as shown in Figure 15a,b. This trend was the same for all mixtures, irrespective of the
concrete layer. The percentage difference in results between these two methods ranged
from −14% to 75% for Q1 and from 6.8% to 57.2% for Q2, as shown in Figure 15c. These
results were attributable to specimens being exposed to a single force that had a localized
influence on the specimens’ small size and so had lower Q1 and Q2 values. As a result
of applying this single-point impact, the impact energy will be focused on just a small
area of a small cylindrical specimen. Radial cracking occurs as a result of this process
and propagates further under multiple impacts, leading to quick failure. On the other
side, all FPAFC specimens from the modified impact test exhibited higher impact strength
values. The phenomenon was because the impact load was dissipated over a larger area by
providing the steel bar horizontally on the top specimen’s surface and repeatedly subjecting
the drop-weight impact. As a result, the modified test method eradicated the single-point
impact load on a soft area or hard area, or on the fibers. Hence, failure of the specimens did
not happen quickly due to the application of the line impact load that was dissipated over
a broad area.

4.2.6. Comparison between ACI and Modified Approach Impact Test Findings’ Coefficients
of Variance

COV analyzes statistical data that support the assessment of relative variation or
measures the distribution of impact test results. Higher and lower COV values provide
greater and smaller dispersion levels of the impact test results, respectively. In general,
a lower COV is preferred in any and reflects a precise estimate. Figure 16 illustrates a
comparison of COV obtained from modified impact test results with the ACI method impact
test results from an earlier study [20]. It is noticed in Figure 16a,b that the COV for Q1 and
Q2 ranged from 32.8% to 50.5% and from 9.0% to 43.3%, respectively, for the 12 mixtures.
The source of higher COV values from the ACI method impact test is discussed in earlier
sections (Section 1.3). Several researchers reported a higher COV from the drop-weight
impact test, as demonstrated in Table 1. It is clear that the falling mass impact results on
different types of fibrous concrete exhibited high scattering in test results, and this agrees
with earlier studies [24–26]. Besides, modified impact test results exhibited a lower COV for
all 12 mixtures ranging from 9.0% to 43.3% in Q1 and from 8.4% to 27.8% in the case of Q2.
In Figure 16c, the COV value calculated from the modified impact test was reduced and
ranged from 20.3% to 56.1% in Q1 and from 15.2% to 65.3% in Q2, compared with the same
mixtures from the ACI test method. This phenomenon clearly indicates that the modified
impact test delivered lower scattering of results by introducing a line of impact using a
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steel bar rather than a single-point impact. This investigation highlighted the source of
result scattering and provided an appropriate solution to lessen these sources by laying a
foundation for the emergence of a new and modified impact testing method.

Figure 15. Results of ACI and a modified technique comparison, (a) Q1, (b) Q2, (c) Percentage
difference ACI and modified test results.

4.2.7. Orientation of Fibers in FPAFC

Fiber orientation, which can be improved by several factors, results in considerable
improvement in impact resistance. This includes electromagnetic induction [40], extru-
sion and formwork boundaries [41], and the method of mixing and placement [42]. All
FPAFC specimens predominantly had a planar orientation of fibers. Mastali et al. [22]
reported that an FGFC concrete curved slab with a planar fiber alignment showed higher
impact strength than a three-dimensional fiber orientation (Figure 17). Planar aligned
fibers perpendicular to the direction of loading have a higher capacity of crack bridging,
while three-dimensional fiber orientation would miss fewer cracks [43]. Therefore, FPAFC
specimens with three approximately 22 mm layers enabled planar aligned fibers, which
increased their impact strength.
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Figure 16. COV results of the ACI and the modified technique impact tests are compared (a) Q1,
(b) Q2, (c) Percentage difference ACI and modified test results.

Figure 17. Fiber alignment or orientation in concrete: (a) three-dimensional, (b) planar.

4.2.8. Failure Mechanism of FPAFC Specimens against Impact Loading

The effects of damage observed in the specimens against impact loading were contact
damage, matrix failure, fiber failure, and fiber debonding/delamination. These damage ef-
fects happened in a short time, and hence, it is hard to describe their proper sequence [44,45].
The damage mechanism for the aforementioned effects is illustrated in Figure 18, which
includes localized damage at the contact point between the load transfer steel rod and
the specimen. Delamination occurs in the internal structure as a result of transverse shear
stress/strain. Tensile wave transfer during impact causes failure of the matrix and fiber
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debonding/delamination to the surrounding zones caused by compressive and tensile
bending at the top and bottom surfaces, respectively. Fiber debonding/delamination is one
such vital phenomenon of failure that disturbs the integrity of the matrix composite [46].
Additionally, more energy is dissipated by these fibers during secondary crack develop-
ment, which is highly complex to identify at the time of service. When the first crack is
initiated, transfer of substantial kinetic energy occurs in the fibers, which can restrict crack
evolution and energy distribution to adjacent areas [47].

Figure 18. Failure mechanism.

5. Weibull Distribution

Many statistical approaches were utilized by the researchers to assess the composites’
dispersed experimental outcomes. The Weibull distribution has recently been used to look
at dispersed outcomes. Weibull devised a distribution function based on torsional, bending,
and tensional testing, which is mostly utilized for materials that are brittle [48]. Weibull was
a pathfinder in statistical data analysis, opening the door to the development of probability
distributions for use in concrete failure analysis. Shape and scale parameters, which are
accorded fundamental significance in reliability analysis, describe the Weibull distribution
at this stage. Various Weibull distribution methods are available to evaluate the scale and
shape parameters. For clarification, this research employed the Weibull two-parameter
distribution to define the impact strength distribution.

5.1. Graphical Method

In this method, the impact strength is assessed using the least-squares concept by a
straight-line interpolation. The Weibull function f(Rf) in Equation (1) is used in the mathe-
matical nomenclature to describe the impact strength distribution [49]. The transformation
double logarithmic can be used to represent the equations in this method:

f(Mf) =
s

Rg − R0

[
Ra − R0

Rg − R0

]s−1
exp

{
−
[

Ra −M0

Rg − R0

]s}
(R0 ≤ Rf < ∞) (1)

where s is the shape parameter (slope of Weibull), Rg is the scale parameter, and R0 is the
impact numbers with the lowest degree of certainty. The impact strength, indicated by Rf,
is represented by the Weibull variable. R defines the impact strength (Q1 and Q2) in terms
of survival probability. Deriving Equation (1) results in the distribution function F(R) being
expressed in Equation (2) [50].

F
(
Rp
)
= P

(
Ra < Rp

)
= 1− exp

{
−
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Rp − R0

Rg − R0

]s}
(2)
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If the probability of failure P is (Rf < R), whereby:

P
(
Ra > Rp

)
= 1− P

(
Ra < Rp

)
= exp

{
−
[

Rp − R0

Rg − R0

]s}
(3)

Using Equation (3), we can determine the probability of survival by knowing the s,
Rg, and R0 values. These values contribute to determining the R-value, whereas the Q1
and Q2 values are randomly distributed; therefore, R0 is set to zero [50]. Therefore, the
two-parameter Weibull function in Equation (4) may be simplified as follows:

f(Mf) =
s

Mg

[
Ma

Mg

]s−1
exp

{
−
[

Ma

Mg

]s}
(M0 ≤ Ma < ∞) (4)

The probability of survival p is expressed in Equation (5) as follows:

p = exp
{
−
[

Ma

Mg

]s}
(5)

p′ = 1− p = 1− exp
{
−
[

Ma

Mg

]s}
(6)

Equation (7) may be reached by using natural logarithms on both sides of Equation (6)
as shown below:

ln
[

ln
(

1
p

)]
= slnMa − slnMg (7)

Equation (7) is rearranged in the form of a linear equation and expressed as follows:

Let Y = ln
[

ln
(

1
p

)]
= ln

[
ln
(

1
1− p′

)]
, X = lnMa, a = slnMg (8)

Equation (9) shows the regression equation as a result of the previous steps:

Y = sX− a (9)

Q1 and Q2 were defined in the Weibull function in a linear equation form and were
expressed in Equation (9). A simple linear regression was performed on the Q1 and Q2
results. If X- and Y-axes provide a linear relationship, it indicates a sound option of line
within the data points, and the results follow the two-parameter Weibull distribution [48].
The correlation between Rf and p is provided in Equation (10) as follows [18]:

p = 1− c
n + 1

(10)

where c is the specimens’ serial number, and n is the total number of tested specimens.
Figure 19 shows a graph between ln[ln(1/p)] and ln (Q1 and Q2). With the use of the
least-square approach, we were able to find a linear fit and then use it to calculate the form
parameter (see Figure 19). Equation (11) may be used to estimate the scale parameter by
finding the line intersection in the ln[ln(1/p)] axis and writing it as follows:

Rg = e(−a/s) (11)
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Figure 19. Weibull lines (a) Q1, (b) Q2.

5.2. Empirical Method of Lysen

This method is used in the moment method and is suggested by [51], and shape and
scale parameters are calculated directly using Equations (12) and (13) as follows:

s =

(
σ

Q

)−1.086
(12)

Rg = Q
(

0.568 +
0.433
α

)1/α
(13)

5.3. Method of Moments

The method of moments is an alternative approach broadly used in the parameter esti-
mation field. The parameters of scale and shape readily available in the Weibull distribution
are expressed in Equations (14) and (15) as follows [51]:

s =

(
0.9874

σ
Q

)−1.086

(14)

Rg = QҐ(1 + 1/γ) (15)
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Table 4 shows the obtained shape parameters from the three methods of two-parameter
Weibull distribution. Average results were used for the reliability analysis. As a result, in
Equation (12), Q1 and Q2 may be assessed in terms of the desired reliability level (Rx) [52].

= Rg(− ln(Rx)
(1/s) (16)

Table 4. Weibull parameters obtained using three methods.

Mixture ID
Impact

Number

Graphical Method Method of Lysen Method of Moments Average

s Rg s Rg s Rg s Rg

PAC
Q1 3.24 17 3.61 14 3.61 17 3.49 15.80

Q2 3.66 28 3.92 23 3.93 28 3.84 26.16

S-SF
Q1 3.27 110 3.75 86 3.76 105 3.60 100.47

Q2 12.07 541 14.44 502 14.67 539 13.73 527.27

S-PF
Q1 3.39 63 3.74 51 3.75 63 3.63 59.27

Q2 6.03 145 6.93 126 6.99 144 6.65 138.40

D-SF-PF
Q1 3.37 97 3.82 79 3.83 96 3.67 90.69

Q2 8.55 317 9.85 285 9.97 315 9.46 305.82

D-PF-SF
Q1 3.60 95 3.95 78 3.95 95 3.83 89.43

Q2 9.77 302 11.50 277 11.66 302 10.98 293.71

T-FG1
Q1 4.69 97 5.03 82 5.05 97 4.93 91.92

Q2 9.48 334 11.13 305 11.28 334 10.63 324.31

T-FG2
Q1 5.06 105 5.65 89 5.68 104 5.46 99.11

Q2 8.75 487 10.17 440 10.29 499 9.74 475.54

T-FG3
Q1 4.34 90 4.92 75 4.94 89 4.73 84.76

Q2 6.92 257 7.93 227 8.01 256 7.62 246.78

T-FG4
Q1 6.02 113 6.82 99 6.87 113 6.57 108.62

Q2 9.21 602 10.77 547 10.91 600 10.30 583.22

T-FG5
Q1 5.32 119 6.04 102 6.08 118 5.81 113.38

Q2 12.34 736 14.78 684 15.02 733 14.05 717.67

T-FG6
Q1 3.37 93 3.88 76 3.89 93 3.71 87.35

Q2 7.46 294 8.55 262 8.64 297 8.22 284.50

T-FG7
Q1 4.38 102 5.17 86 5.19 101 4.91 96.13

Q2 7.76 367 9.51 329 9.62 364 8.96 353.40

Figure 20a–l illustrates that the Q1 and Q2 values for all 12 mixtures were offered in
terms of reliability. The PAC mixture’s Q1 and Q2 values were determined by looking at
the 0.9 reliability. Due to the decreasing degree of reliability, these values rose. For the
single-layered specimens, Q1 and Q2 values were calculated by 54 and 448 for the S-SF
mixtures and 32 and 99 for the S-SF mixtures. By considering the same reliability level for
the two-layered specimens, Q1 and Q2 values were 49 and 241 for D-SF-PF and 50 and
239 for D-PF-SF. The Q1 values were 58, 66, 53, 77, 77, 48, and 61 for the three-layered
specimens T-FG1, T-FG2, T-FG3, T-FG4, T-FG5, T-FG6, and T-FG7, respectively. Likewise,
the Q2 values were 262, 377, 184, 469, 611, 216, and 275 for the three-layered mixtures
mentioned above. Based on the desired degree of dependability, a design engineer may
choose the Q1 and Q2 values needed for design calculations. Moving ahead, the reasonable
technique to examining dispersed impact test findings will be the Weibull distribution,
which provides impact strength in terms of reliability.
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Figure 20. Q1 and Q2 in terms of reliability (a) PAC, (b) S-SF, (c) S-PF, (d) D-SF-PF, (e) D-PF-SF,
(f) T-FG1, (g) T-FG2, (h) T-FG3, (i) T-FG4, (j) T-FG5, (k) T-FG6, (l) T-FG7.

6. Conclusions

Based on the detailed examination, the most crucial outcomes were as follows:

1. The highest compressive strength was exhibited by the S-SF specimen, which showed
59.6% enhancement compared with PAC. The second highest compressive strength
with 54.4% improvement was recorded for the T-FG2 specimen, which comprised
2.8% SF at the top and bottom layers and 1.6% at the middle layer. Thus, the perfor-
mance of single-layered concrete was superior to that of three-layered FPAFC under
compression.

2. For the S-SF and S-PF specimens, the recorded Q1 increased by about 533% and 280%,
respectively. Likewise, the recorded Q2 increased by about 1980% and 440% compared
with PAC. The percentage increases in Q1 for the mixtures D-SF-PF and D-PF-SF were
480% and 473%, respectively, while those in Q2 were 1100% and 1505%, respectively.
The presence of well-distributed fiber-reinforcing elements crosses the created cracks
and shared significant amounts of tensile stresses that try to open the cracks due to
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the fiber’s high tensile strength, which slows the opening of initiated cracks, resulting
in higher impact energy absorptivity.

3. The highest percentage improvements of 633% and 2732% were recorded in Q1 and
Q2, respectively, for the T-FG5 mixture from the T-FG group. This occurred because
the top and bottom layers, which were in close touch with the falling mass and the
supporting baseplate, were given a larger SF dose and hence experienced higher
concentrations of impact stresses.

4. The percentage difference between the findings of the ACI and the modified impact
test varied from −14% to 75% for Q1 and from 6.8% to 57.2% for Q2. Concerning COV
for all 12 mixtures, the calculated values were lower by 20.3% to 56.1% in Q1 and
15.2% to 65.3% for Q2 as compared with the ACI test procedure. Hence, the proposed
modification from the impact testing can improve the results’ reliability, is easy to
conduct, and provides a valuable contribution to future material technology.

5. Direct and uniform cracking occurred in PAC specimens, which reflects the brittle
nature, while the wider fracture zone reflects the more ductile behavior of fibrous
specimens under repeated impact. A line load distributed under the drop impact load
was used to control cracking and fracture of the specimens along a specified path.

6. By considering the same reliability level, the Q1 values were 58, 66, 53, 77, 77, 48,
and 61 for the three-layered T-FG1, T-FG2, T-FG3, T-FG4, T-FG5, T-FG6, and T-FG7
specimens, respectively. Likewise, Q2 values were 262, 377, 184, 469, 611, 216, and 275,
respectively. A good linear connection between the dispersed experimental impact
test results and the two-parameter Weibull distribution is shown to be effective for all
specimens in the study.
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