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Abstract: The ACI 544-2R repeated impact test is known as a low-cost and simple qualitative test to
evaluate the impact strength of concrete. However, the test’s main deficiency is the high variability
in its results. The effect of steel fibers and the compressive strength of concrete on the variability in
repeated impact test results was investigated experimentally and statically in this study. Two batches
from four mixtures were prepared and tested for this purpose. Hooked-end steel fibers were utilized
in the fibrous mixtures. The mixtures NC, NC-SF0.5 and NC-SF1.0 were normal strength mixtures
with 0, 0.5 and 1.0% of steel fibers, respectively, while HC was a plain high-strength mixture. The
impact tests were conducted using an automatic testing machine following the setup of the ACI
544-2R repeated impact test. The impact numbers at cracking (N1) and at failure (N2) were recorded
for both batches of the four mixtures. The results were also analyzed using the normal probability
and Weibull distribution tests. The test results showed that the fibers increased the impact results at
the cracking stage and significantly increased the failure impact resistance. Adding 0.5 and 1.0% of
steel fibers increased the N1 by up to 66 and 111%, respectively, and increased the N2 by 114 and
374%, respectively. The test results also showed that duplicating the design compressive strength
from 40 to 80 MPa increased the impact resistance by up to approximately 190%. The test results
revealed no clear trend of an effect of steel fibers and compressive strength on the variability in the
test results.

Keywords: ACI 544-2R; repeated impact test; steel fibers; high-strength concrete; normality test

1. Introduction

Steel fiber is a proven reinforcing material that provides an adequate crack bridging
capacity at the material scale, which extends post-cracking resistance to external loads,
delays crack widening and propagation and hence postpones structural failure. Steel fibers
are superior to other types of fibers, such as synthetic and natural fibers, in enhancing the
stiffness of the cement matrix and enabling it to absorb higher energy under the effect of dif-
ferent types of loads. Previous studies showed that using steel fibers at volumetric contents
not less than 1.0% was found to significantly increase the tensile strength of concrete [1-3],
improve its flexural behavior and noticeably enhance its toughness and ductility [4-6],
increase the one-way shear strength [7-9] and two-way punching shear capacity [10-12] of
beams and slabs, and was found to have a positive impact on the durability and abrasion
resistance of concrete surfaces subjected to parallel or normal forces [13-15]. On the other
hand, others showed that adding steel fibers at low volumetric contents of less than 1.0%
can improve the mechanical behavior of concrete under compressive, tensile, flexural and
shearing stresses [2,5,6]. Another proven feature of steel fibers is their ability to boost the
impact resistance of the different concrete types and alter their structural behavior to assure
a more ductile failure under accidental impacts.
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Impact forces mostly attack the structure or a part of the structure accidentally, while
in a few other cases, the structure is already designed for such types of loads as in the case
of airport runways, where the concrete surfaces are subjected to frequent impacts from
airplane tires [16-18], or chute blocks in stilling basins, where the elements are designed to
slow down the hydraulic jump by receiving normal impacts from the high-velocity moving
water and water-borne materials [19-21]. On the other hand, the falling of construction
materials from upper stories and altitudes, the explosive impact of projectiles in conflict
areas or the collision of vehicles by the vertical structural elements in car parking garages
are typical examples of accidental impacts [22,23]. Impact resistance is typically evaluated
by a few tests that are used to investigate the impact energy absorption capacity of different
types of materials including concrete. Projectile impact tests [24-28] and blast or explosive
impact tests [29,30] are experimental simulations of military application impacts, which
are very expensive and very difficult to perform in traditional university laboratories.
The instrumented drop-weight impact test is the most commonly used test to evaluate
the structural impact performance of structural members such as slabs or beams, where
mostly large-scale structural specimens are tested under heavy impact loads. This test
is too expensive and requires great effort for the specimens’ production and test setup
in addition to the sophisticated data acquisition systems. Several previous studies were
conducted using the instrumented drop-weight impact test to evaluate the effect of steel
fibers on the response of concrete elements to impact loads [31-34]. The Charpy pendulum
test is the second most typical impact test. This test is less expensive and less sophisticated
compared to the former one and was also adopted by many previous researchers [35,36]
to explore the role of steel fibers in enhancing concrete impact resistance. As a low-cost
easy-to-perform alternative, the ACI 544-2R [37] introduced the repeated drop-weight
impact test. This test is performed on small sized cylindrical specimens and does not
require any sensors, measurement tools or sophisticated data loggers, which makes it a
simple and cheap impact test [38,39]. However, the test was designed for comparison
purposes between the impact resistances of different types of concrete or to investigate the
effect of specific material parameters on the impact performance of concrete. Hence, it can
be considered as a qualitative testing tool rather than being a standard quantitative impact
test [37]. Therefore, this test was utilized by many former and recent studies to explore
the effect of different types of fibers including polypropylene fibers [40-44], polyvinyl
alcohol fibers [45], hybrid synthetic fibers [46,47], recycled synthetic fibers [48-50], steel
fibers [51-55] and natural fibers [56]. The effects of other additives that influence impact
energy were also investigated by other researchers, including crumb rubber [57-60], asphalt-
coated aggregates [61] and nanocarbon tubes [62].

While the repeated impact test of the ACI 544-2R has the strengths of ease of use
and low cost, its major weakness is represented by the high scattering of its obtained
results [63-66]. The test relies on counting the number of impact blows on the central point
of the specimen’s top surface until cracking and failure. The test setup and the definition of
cracking and failure are sources of some deficiency points that increase the variability in
the recorded cracking and failure impact numbers [65,67]. This weakness was identified
by previous researchers [64,65], while others gave suggestions to reduce the obtained
scattering of test results [64,68-71]. Meanwhile, other studies implied statistical analyses to
study the scattering of the repeated impact test results. Weibull distribution was utilized by
many previous studies where it was introduced as a successful tool to describe the results’
variation, while other studies adopted the normality test or the normal distribution test to
explore its applicability on the recorded cracking and impact numbers.

Nataraja et al. [72] used the normal distribution test to study the scattering of normal-
strength concrete specimens incorporating 0.5% of crimped steel fibers. Two batches of
specimens were investigated and tested using the normal distribution. The result variations
were high within and between the two batches where the cracking and failure impact
records did not follow the normal distribution. Song et al. [73] tested the variability in the
ACI 544-2R impact results using the normal distribution. The compressive strength of the
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tested specimens was approximately 24 MPa, while the specimens were reinforced with
0.5% of hooked-end steel fibers. The results of this study and another study [74] by the
authors on high-strength concrete showed that the normal distribution was not suitable
to describe the result scattering. It should be mentioned that the recorded coefficients of
variations (COVs) of Nataraja et al. [72] and Song et al. [73,74] were in general higher than
40%. Rahmani et al. [75] used 50 mm long hooked-end steel fibers with a normal-strength
concrete mixture and reported weak normal distributions. Abid et al. [65] conducted ACI
544-2R tests on high-performance concrete mixtures reinforced with micro-steel fibers. Both
researchers reported a low tendency of the cracking and failure impact results to follow the
normal distribution.

As disclosed in the introductory paragraphs, the variation in the impact test results
of steel fiber-reinforced concrete mixtures has been investigated using the fixed fiber
volumetric contents of fibers and using a specific level of compressive strength. Therefore,
this study was directed at investigating the effect of the fiber content and strength grade on
the scattering of the cracking and failure impact results of specimens tested using the ACI
544-2R repeated impact test. Therefore, cylindrical impact specimens from four concrete
mixtures were prepared and tested using the repeated impact test procedure. The first
three mixtures were designed to have a normal compressive strength with three steel fiber
contents of 0, 0.5 and 1.0%, respectively, to investigate the influence of the fiber content,
while the fourth was designed to be a high-strength mixture with a design compressive
strength of 80 MPa to study the effect of the concrete grade of the results’ variation. The
Anderson-Darling normality test was used in this study to analyze the normality of the
obtained impact results.

2. The Experimental Work
2.1. Materials and Mixture Details

Normal-strength and high-strength concrete mixtures and normal-strength steel fiber-
reinforced mixtures were prepared in this study to examine their performance under
repeated impact loading. Ordinary Portland cement of the type 42.5 was used in this study
from the local cement factory (Mass, Sulaymaniyah, Iraq). The used cement had a specific
surface area of 368 m?/kg, while its specific gravity equaled 3.15. Natural aggregates
were used from the eastern area of Wasit Province in Iraq. The coarse aggregate was
crushed gravel that had a maximum particle size of 12.5 mm, while the fine aggregate was
natural sand with a fineness modulus of 2.46. The sieve analysis of the used gravel and
sand is depicted in Figure 1. The Sika® ViscoCrete 5930-L superplasticizer was adopted
in this study as the only chemical additive, which was essential to achieve the required
workability, while tap water was used in all mixtures. To assure the required bonding with
the surrounding concrete, hooked-end steel fibers as shown in Figure 2 were used in the
fibrous mixtures. The adopted type had a geometry with an aspect ratio of 70, a fiber length
and diameter of 35 mm and 0.5 mm, respectively, and a tensile strength of 1200 MPa.

Four concrete mixtures were used in this study to explore the effect of the concrete
strength and steel fiber content on the repeated impact resistance. Three normal-strength
(NC) concrete mixtures and one high-strength mixture (HC) were adopted as shown in
Table 1. The reference concrete mixture was NC and included no steel fiber, while similar
mixtures were prepared with 0.5% of the volumetric content of steel fiber (NC-SF0.5)
and 1.0% of the steel fiber (NC-SF1.0). Comparing the three NC mixtures gave a picture
about the effect of the fiber content, while comparing the NC with the HC evaluated the
effect of the original concrete strength. As shown in Table 1, there was a need to use a
superplasticizer (SP) to enhance the workability of the fibrous mixtures, where it is known
that fibers negatively influence the workability, while no super plasticizer was used with
the NC.
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Figure 1. Particle grading of the used crushed gravel and sand.

Figure 2. Hooked-end steel fibers.

Table 1. Materials of the three mixtures (kg/ md).

Material (kg/m?3) NC NC-SF0.5 NC-SF1.0 HC
Cement 450 450 450 709.5
Sand 675 670 665 648
Gravel 990 982 974 870
Water 207 207 207 189.2
SP - 1.3 1.7 4.44
Steel Fiber 0 39.25 78.5 0

Two batches were cast from each mixture using the same materials and mix propor-
tions. The first batch (Batch 1) was cast in February, while the second (Batch 2) was cast
in March. From each batch, six repeated impact cylindrical specimens were cast for each
mixture. Thus, 12 cylinders were cast to evaluate the repeated impact of each mixture. All
specimens from both batches were water cured in temperature-controlled curing tanks until
the testing age at 28 days at a curing temperature of approximately 20 & 2 °C. To evaluate
the compressive strength, three 100 mm cubes were cast with each batch of each mixture.
The compressive strength and repeated impact specimens were tested at the same age.

2.2. Repeated Impact Test

The repeated impact procedure introduced by the ACI 544-2R [37] was used in this
study as an evaluation tool to compare the impact resistance of four concrete mixtures.
This test was first suggested by Schrader [76] as a qualitative comparison test and not as a
standard procedure to quantitatively determine the impact strength of concrete. The test is
simple and easy to perform by hand, where a steel frame is required to hold a dropping
weight of 4.54 kg that freely falls on a concrete specimen from a height of 457 mm. The
load in the ACI 544-2R smoothly drops using two standing stainless steel shafts that are
fixed on a stiff steel plate. The test specimen is set on the steel plate and fixed in place using
four steel lugs that prevent rebound under loading. The test specimen is a cylindrical disk
that has an approximate diameter of 150 mm and an approximate thickness of 64 mm. The
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impact load does not fall directly on the specimen, where it should be transferred through
a 64 mm steel ball that rests on the center of the specimen’s top surface. The steel ball
is fixed in place using a steel ring that is attached to the specimen’s holding frame. The
procedure of the test requires counting the number of repeated impacts to cause the first
visible surface crack (N1) and the number of impacts to fail the specimen (N2), which is
defined by the widening of the cracks so that the specimen splits into parts that at least
touch three of the four holding lugs.

The test was performed in this study using the automatic testing machine shown
in Figure 3. Compared to the ACI 544-2R manual apparatus, this testing machine better
controls the test parameters, allows for a clearer observation for cracking and failure than
visual inspection, reduces the effort and time required to perform the test and significantly
reduces the impact noise using a special external container. This testing machine was
designed and fabricated by the research team at Wasit University in Iraq.

Specimen
Monitoril

Figure 3. The repeated impact testing machine.

3. Results and Discussion

The impact results obtained in this study are analyzed and discussed in this section.
As described in the previous sections, two batches of the same concrete mixtures were cast
and tested. The results are presented in this section for each of the two batches and the sum
of both batches. The results of the cracking and failure impact numbers were investigated
in terms of the variability among and between the batches to show the influence of the
investigated parameters, which were the fiber content and the concrete strength.

3.1. Compressive Strength

The compressive strength records of both batches for the four mixtures are shown
in Figure 4. As disclosed in the previous section, the NC mixture was designed to have
a compressive strength of 40, while the high-strength mixture HC was designed to have
a compressive strength of 80 MPa. The recorded strengths of the NC of both batches
was close to the design strength, which were 40.3 and 42.4 MPa for Batches 1 and 2,
respectively. Similarly, the obtained compressive strengths of the HC of both batches
were 73.1 and 83.1 MPa, respectively, which are also close to the designed high strength.
Figure 4 shows that incorporating steel fibers increased the compressive strength and the
percentage increase was higher as the fiber content increased. The compressive strength
of the NC-SF0.5 mixture was higher than that of the NC by 2.9 to 5.2%, while adding
1.0% of steel fibers (NC-SF1.0) increased the compressive strength by 16.8 to 27.1%. The
addition of steel fibers increases the stiffness of the cement matrix and reinforces its bond
with the surrounding aggregate. Hence, a better resistance to crushing and fracturing is
maintained by adding steel fibers, which delays the failure under compression loads and
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increases the compressive strength. Although some previous studies [15,58] reported an
insignificant effect of steel fibers on the compressive strength, the increase in compressive
strength due to the incorporation of steel fibers was also reported in several previous
studies [22,72,74,77-80]. Murali et al. [81] attributed the increase in compressive strength
to the stress distribution which occurred due to the crack arresting activity of steel fibers.

100

80

60

40

20

Compressive Strength (MPa)

i Batch 1
[77] Batch 2

/

T T
NC-SF0.5 NC-SF1.0
Mixture

HC

Figure 4. Compressive strength of all mixtures.

3.2. Influence of Investigated Parameters on Impact Number Results

For each of the four mixtures, the cracking N1 and failure N2 impact numbers are
listed for Batch 1 and Batch 2 in Tables 2 and 3, respectively, while Table 4 lists the results
of all specimens in the two batches.

Table 2. Cracking and failure impact numbers of Batch 1.

Mixture NC NC-SF0.5 NC-SF1.0 HC
No. N1 N2 N1 N2 N1 N2 N1 N2
1 103 107 68 144 225 491 224 226
2 106 108 115 241 178 287 282 287
3 50 53 65 154 84 222 363 367
4 47 51 188 283 208 514 325 328
5 80 83 132 212 100 486 188 191
6 73 75 148 174 172 483 156 158
Mean 76.5 79.5 119.333 201.333 161.167 413.833 256.333 259.5
STD 28.0838 27.7993 50.7868 58.5978 63.6867 135.209 71.5073 72.0396
COVv 36.7109 34.9676 42.5588 29.1049 39.5161 32.6724 27.8962 27.7609
Table 3. Cracking and failure impact numbers of Batch 2.
Mixture NC NC-SF0.5 NC-SF1.0 HC
No. N1 N2 N1 N2 N1 N2 N1 N2
1 152 153 83 135 220 501 337 338
2 140 141 74 202 358 795 80 82
3 64 65 152 234 230 450 279 280
4 49 50 198 245 228 540 440 442
5 106 107 232 284 127 315 399 400
6 141 142 84 118 145 300 169 170
Mean 108.667 109.667 137.167 203 218 483.5 284 285.333
STD 43.514 43.514 67.3273 65.0169 81.8022 180.952 138.012 137.943
COov 40.0435 39.6784 49.0843 32.028 37.5239 37.4254 48.5956 48.3445




Fibers 2023, 11, 4 7 of 20
Table 4. Cracking and failure impact numbers of the two batches.
Mixture NC NC-SF0.5 NC-SF1.0 HC

No. N1 N2 N1 N2 N1 N2 N1 N2

1 103 107 68 144 225 491 224 226

2 106 108 115 241 178 287 282 287

3 50 53 65 154 84 222 363 367

4 47 51 188 283 208 514 325 328

5 80 83 132 212 100 486 188 191

6 73 75 148 174 172 483 156 158

7 152 153 83 135 220 501 337 338

8 140 141 74 202 358 795 80 82

9 64 65 152 234 230 450 279 280

10 49 50 198 245 228 540 440 442

11 106 107 232 284 127 315 399 400

12 141 142 84 118 145 300 169 170
Mean 92.5833 94.5833 128.25 202.167 189.583 448.667 270.167 272.417
STD 36.3093 35.8611 57.2592 52.96 75.7262 152.654 109.042 109.006
cov 39.2179 37.9148 44.6466 26.1962 39.9435 34.024 40.3608 40.0143

3.2.1. Influence of Steel Fibers

Comparing the results of the NC, NC-SF0.5 and NC-SF1.0 provides a better picture
about the influence of steel fiber content on the impact performance of the normal strength
specimens. The recorded cracking number N1 for the reference plain normal-strength
mixture (NC) from the two batches ranged from 76.5 to 108.7 blows with an overall average
of 92.6 blows. On the other hand, the N1 of the fibrous mixture NC-SF0.5 was in the range
of 119.3 to 137.2, with an overall average of 128.3 blows, as shown in Figure 5a. This
means that the cracking impact strength increased by 26.2 to 66.0% when 0.5% of steel fiber
was incorporated. The addition of 1.0% of steel fibers to the mixture NC-SF1.0 increased
the N1 to 161.2 and 218 blows, which reflects a percentage increase in the N1 of 100.6 to
110.7% compared to the reference NC specimens, as shown in Figure 5b. The increase in
the cracking number under impact loads is attributed to the ability of steel fibers to cross
the internal microcracks and arrest their propagation to visual surface cracks. The crack
arresting capability of steel fibers allows the specimen to absorb higher impact energy
before cracking, which is translated in terms of higher N1 records. Increasing the fiber
content from 0.5 to 1.0% means that the crack arresting activity is duplicated by providing
more fibers across each internal crack, which further increases the recorded impact number
as shown in Figure 5.

200+
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Cracking Impact Number (N1)
1

250
N1 N1
7| @ Batch1
200 - Batch 2
& All
Z
8 150
Q
w
4 4
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<
2 1004
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| 50
T T 0 T T T
NC-SF0.5 NC-SF1.0 HC NC-SF0.5 NC-SF1.0 HC
Mixture Mixture

(@) (b)

Figure 5. Impact results at cracking stage (a) N1 records of all mixtures (b) percentage increase in N1
of the fibrous and HC mixtures compared to the NC mixture.
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Figure 6 shows the effect of the incorporated steel fibers on the failure impact number.
The NC-SF0.5 specimens retained N2 values of 201 and 203 for the two batches with an
average of 202, while the specimens with 1.0% SF (NC-SF1.0) retained much higher N2
records of 414 and 484 with an average of 449 blows until failure as shown in Figure 6a.
Based on the failure impact number records of the reference plain NC specimens, which
were 80 and 110 with an average of 95, a percentage increase of approximately 114% was
attained in the N2 when 0.5% of SF was used in the mixture. On the other hand, the
percentage increase in N2 based on the average records was approximately 374% for a
fiber content of 1.0%. Hence, it can be said that using 0.5% SF duplicated the failure
impact number, while incorporating 1.0% of SF increased the failure impact resistance to
approximately four times that of the plain specimens. It is obvious that the percentage
increase in the N2 due to fiber incorporation was much higher than that of the N1. A
similar result was also highlighted by previous studies [59,82,83] and was attributed to the
functional sequence of SF as crack bridging elements. Before cracking, a few tiny internal
cracks are formed under the effect of the first few impact blows. These cracks are small
in size compared to the dimensions of the mixture’s steel fiber. Steel fibers cross these
cracks and arrest their widening when their size becomes within the fibers’ capability,
which limits the fibers’ activity to its minimum. On the other hand, after the surface cracks
become visible, the matrix is already full of irregular grids of internal cracks, where fibers
are crossing and bridging these cracks at their full capacity until failure. Hence, fibers are
fully functional at the post-cracking loading phase, which increases N2 records hugely
compared to plain specimens.
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Figure 6. Impact results at failure stage (a) N2 records of all mixtures (b) percentage increase in N2 of
the fibrous and HC mixtures compared to the NC mixture.

3.2.2. Influence of Compressive Strength

Figures 5 and 6 also show the effect of the mixture’s compressive strength on the
retained cracking and failure impact numbers, which was achieved by the comparison
between the results of the NC and HC mixtures. As discussed in Section 3.1, the NC was
designed as a normal-strength mixture with a 28-day design strength of 40 MPa, while the
HC was designed as a high-strength mixture with a 28-day design strength of 80 MPa. It is
obvious in Figure 5a and Tables 2—4 that the N1 of the HC was several times higher than
that of the NC and was the highest among the four mixtures. Considering the average
records of both batches, NC specimens could withstand approximately 93 blows before
cracking, while the N1 of the HC was as high as 270 blows. Hence, the N1 of the HC was
approximately three times that of the NC or more precisely, the percentage increase in the
N1 of the HC over the NC was 192%. A similar trend of an increase in impact strength
due to an increase in compressive strength was also recorded in a previous study [39]. The
development in strength of the HC is attributable to the denser and less porous matrix due
to the increase in cement content and decrease in the water—cement ratio, which reduced
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the voids and internal cracking of the cement matrix resulting in a stiffer cement matrix and
a better bond with the aggregate particles. This microstructural scale material enhancement
improved the capability of the specimens to absorb higher impact energies and thus record
higher impact numbers.

Similar results were also recorded at the failure stage, where the recorded N2 blows of
the two batches were approximately 260 and 285 with an average of approximately 272
as shown in Figure 6a, which means that the percentage increase over the N2 of the NC
specimens was ranging from 160 to 226% with an average of 188% as shown in Figure 6b.
It should be noted that the percentage increase in HC was superior at the cracking stage,
which was even higher than in the fibrous mixtures, while the fibrous mixtures could
better resist failure impacts compared to the HC. This is because the majority of the fiber
crack bridging action occurs after cracking and until failure; hence, fibers improve the
failure impact much more significantly than the cracking impact. On the other hand, the
improvement of the original strength is built on the basis of the overall development of the
cement matrix stiffness and its bond with the aggregate, which is not connected with the
loading stage or the crack propagation.

3.3. Variation Analysis of Impact Number Results

The variation in the test results are depicted in the form of the coefficient of variation
(COV) for the cracking stage in Figure 7a and for the failure stage in Figure 7b. It is obvious
that the differences between the COV in the two batches of the normal strength mixtures
are minimal both at the cracking and failure stages. For instance, the N1 COVs of Batch
1 and Batch 2 of the NC were 36.7 and 40.0%, respectively, with an average of 39.2% for
the 12 specimens of the two batches. Hence, the maximum difference in the COV of the
two batches from the COV of all specimens was 6.4%. Similarly, for the same mixture, the
maximum difference between the COV of the two batches at the failure stage from that
of both batches was 7.8%. For the NC-SF0.5 and NC-SF1.0 mixtures, the differences of
the COV in N1 and N2 were 9.9 and 22.2% and 6.1 and 10.0%, respectively. On the other
hand, the high-strength HC mixture exhibited a wider range of COV differences both at the
cracking and failure stages as shown in Figure 7, where the COV at both stages ranged from
slightly less than 28% to slightly higher than 48%. The increase in COV can be attributed to
different factors that are related to the material itself or the test setup [65,84]. The differences
between the COV between the two batches reflect the effects of these influential factors and
were also reported by previous studies [65].

N1
Batch 1

Cracking Number COV (%)

60

N2
Batch 1

Z

%

.
.
%

7
7
é

Failure Number COV (%)

NC-SF0.5 NC-SF1.0 NC-SF0.5 NC-SF1.0
Mixture Mixture

(a) (b)
Figure 7. Coefficients of variation in the impact numbers for (a) N1 and (b) N2.

Figure 7b shows that steel fiber-reinforced mixtures exhibited slightly lower COVs
at the failure stage compared to the plain mixture, while such behavior was not clear at
the cracking stage with slightly higher COVs for fibrous specimens as shown in Figure 7a.
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Impact test results reported by Nataraja et al. [72] support the obtained results in this study,
where the cracking stage COVs of plain and steel fiber-reinforced mixtures were 53.7 and
57.3%, respectively, while at the failure stage, the fibrous specimens recorded a lower COV
of 46.5% compared to a 50.6% COV of the plain specimens. However, Song et al. [74]
reported very close COV values for both plain and fibrous specimens. Ding et al. [85] agree
with the results of this study that at the cracking stage, fibrous specimens exhibit higher
COVs, while the failure impact results of fibrous specimens showed fluctuating COVs
that were either lower or higher than those of the plain specimens. An explanation of the
higher COVs at the cracking stage of the fibrous specimens may be due to the uncertainty
of the degree of functionality of steel fibers between the specimens owing to the different
numbers and combinations of internal microcracks in these specimens. Hence, the different
percentage developments in the N1 due to steel fibers increase the variability in test results
at this stage. For the case of compressive strength effects, considering the 12 specimen
records, the COVs of the NC and HC were very close with slightly higher records for the
HC both for N1 and N2 as shown in Figure 7.

4. Normality Analysis of Impact Number Results

The Anderson-Darling normality test was adopted in this study to evaluate the
distributions of the N1 and N2 results of both batches (12 records of Batch 1 and Batch
2) for each of the four mixtures. The Anderson-Darling test was used due to the limited
number of tested samples for each impact test. The null hypothesis assumes that data
are different, which is evaluated using this test and visualized in terms of a probability
plot. Before exploring the results of the normality test, the data histogram distributions
are shown for the four mixtures in Figure 8 for N1 and in Figure 9 for N2. The histograms
show that none of the N1 and N2 result distributions of the four mixtures has the tendency
to follow the typical histogram of normal distribution, while as shown in Figures 10 and 11,
the p-values of all mixtures were more than 0.05, which means that the null hypothesis was
accepted and there was no significant departure from the normal distribution. However, it
is visually presented in Figures 10 and 11 that except for the HC mixture, all data of the
other mixtures widely fluctuate around the linear fit and do not lie along this fit, which
reflects some departure from the normal distribution reinforcing the histograms. As a
result, it can be said that according to the null hypothesis and Anderson-Darling normality
test, the N1 and N2 results show no significant departure from normal distribution. On the
other hand, significant departures from the normal distribution can be addressed according
to the histogram distribution and the probability distribution plots.
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Figure 8. Cont.
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5. Weibull Distribution

During the preliminary phases of the investigation into the impact strength of concrete,
scientists discovered that the ACI 544-2R repeated drop-weight test was distinct. Despite
the significant amount of work put into creating equal testing settings, the findings of
the tests were clearly distinguishable. As a result, statistical analysis seemed necessary
to make sense of the findings. Scientific investigation has determined that the impact
strength of concrete follows the Weibull distribution [86]. The Weibull distribution can
be used to produce the minimal safety impact strength of concrete, which is reasonable
enough according to actual design applications. Recently, the Weibull distribution has
become increasingly popular when describing the impact strength of concrete [86]. In this
study, the impact strength of concrete was evaluated statistically using a two-parameter
Weibull distribution. Weibull’s function could be used under this working hypothesis
to characterize the distribution of impact strength: function based on two parameters.
Specifically, the Weibull distribution’s density function of probabilities is expressed as
Equation (1) [87].

f(Nf> = NaﬁNo L\I\]i_l\l\%r1exp{—{H)r}<No§Nf<oo) (1)

where b is the shape parameter, N, is the scale parameter and N is the minimal amount
of impact strength safety. Weibull distributions depend on the impact strength N¢. The
intensity of the impact strength to the chance of survival is defined as P = N. The dis-
tribution function F(N) was derived from Equation (1) and written as an expression in
Equation (2) [88].

N, — No1°
F(Ny) = P(Nf < Ny) —1—exp{—[Na_NO] } @)
The probability of failure is denoted by the symbol P (N¢ < N). So,
_ _ Np — Mol
P(Nf>Np) —1—P(Nf<Np) —exp{—[Nu_N] } 3)

Based on Equation (3), it is possible to determine N if the values for b, N, and Ny
are all established to be within a certain rate of survival P. Since the impact resistance of
concrete is unique, the Ny of both regular and fibrous concrete is considered to be 0. In
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light of this, we could reduce Equation (3) to a Weibull function with only two parameters

as follows: Nt b
f(Zf) :I\l;a[N];] exp{—[Nﬂ }(NOSNf<oo) 4)

The formulas for the survival probability P and the failure probability are as follows:

P=exp{—ﬁ:]/;]b} ©)

b
P =1-p=1-expl [ ©)
Na
The following equation could be obtained by taking the natural logarithm of the two
sides of Equation (6):
In [l"<;)] = bInNy — bInN, )

Equation (7) could then be converted into a linear form:

Define Y = In[In(1)] = in[in(%)], X = InNy, a = binN,. The following is a valid
form of Equation (7):

Y=0X—a 8)

The aforementioned Equation (8) gives the impact strength, often known as the impact
numbers specified by the Weibull function’s two parameters. Equation (8) is a linear
function that can be used to check if the impact testing results fit the Weibull distribution,
which has two parameters. The results of the impact strength were subjected to linear
regression analysis. The test data are shown to be consistent with the Weibull two-parameter
distribution if the best linear correlation can be found between Y and X. According to
Equation (9), the relationship between N and p is as follows:

i
p_l_k+1

©)

where i represents an ascending order of specimen numbers and k represents the com-
plete results of the impact tests. To visualize this, we looked at Figure 12, which depicts
the relationship between the In[In(1/p)] and In(impact numbers) for all possible impact
strengths. Impact strength results can be considered to follow a Weibull distribution with
two parameters if the points are linearly correlated. The value for the shape parameter
could be found by calculating the slope of the line resulting from the linear equation, while
the value for the scale parameter could be found using Equation (10).

N, = el=/t) (10)

The scale and shape parameters calculated were used in the evaluation that determined
the impact strength (number of blows) corresponding to the predetermined reliability level.
This evaluation can be written as Equation (11).

Ni2 = Na(—In(Ry) " (11)

The obtained coefficient of determination from the linear regression, scale parameter,
intercept and non-dimensional shape parameter for all four mixtures are demonstrated in
Table 5. It is worth noting that all of the test samples followed a linear trend, indicating a
high coefficient of determination (>0.90). It is also worth noting that the Weibull distribution
provides solid proof for the N1 and N2.
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Figure 12. Regression lines from the Weibull analysis. (a) LN(N1), (b) LN(IN2).
Table 5. Two parameters calculated from the Weibull analysis.
Mix ID Impact Numbers b a Intercept R?
C N1 2.31 —10.79 106.10 0.931
N N2 2.40 —11.23 108.19 0.927
N1 2.19 —10.95 147.47 0.906
NC-5F0.5 N2 3.41 ~18.48 225.38 0.969
N1 2.49 —13.38 216.05 0.958
NC-SFL.0 N2 2.80 1744 508.45 0.917
He N1 2.07 —11.89 313.56 0.968
N2 2.09 —12.03 315.99 0.969

In order to estimate the N1 and N2, we used the parameters for the model’s shape and
scale derived from the regression. Figure 13a—d illustrates the estimated impact numbers
regarding the chance of survival and reliability for each specimen. By analyzing the degree
of survival probability corresponding to 0.9, the N1 values for the NC, NC-SF0.5, NC-SF1.0
and HC specimens were 40, 53, 88 and 106, respectively. Similarly, the N2 values were
42,117, 228 and 108, respectively. These depicted reliability curves may be considered an
efficient method for quickly estimating the impact numbers without requiring costly and
time-consuming additional impact testing. Other studies also found similar results [89].
This is also a tool for fibrous composite producers to capitalize on a user-driven market for
increased impact resistance.
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Figure 13. Impact strengths at the required levels of reliability.
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6. Conclusions

1. The testresults showed that the addition of 0.5% steel fibers to the NC mixture resulted
in an increase of the cracking impact number (N1) by approximately 26 to 66%, while
increasing the fiber percentage to 1.0% increased the N1 by approximately 101 to 111%.
Moreover, incorporating 0.5% of steel fibers increased the failure impact number (N2)
by approximately 114%, while adding 1.0% of steel fibers resulted in a significant
jump in the N2 by approximately 374% compared to the NC reference specimens. The
positive role of steel fibers becomes higher after cracking than before cracking due to
the increase in crack numbers, width and length, which means that most of the steel
fibers crossing the cracks become active in crack arresting.

2. Duplicating the design compressive strength of the specimens from 40 to 80 MPa
increased the impact strength by approximately three times. The percentage increase
in N1 of the HC over the NC was approximately 192%, while it was approximately
188% at the failure stage (IN2). The results also showed that the effect of compressive
strength on the impact strength was higher than the effect of steel fibers at the cracking
stage, while steel fibers were more effective at the failure stage.

3.  There was no specific fixed trend of an increase or decrease in result variability, repre-
sented by the COV, with the content of steel fibers. However, it was recorded that at
the cracking stage, fibrous mixtures exhibited slightly higher COVs compared to plain
specimens, while their COVs were lower at the failure stage. The normal distribution
histograms showed that none of the four mixtures exhibited a clear tendency to follow
the normal distribution, which was also confirmed by the probability plots, while
the p-values of the Anderson-Darling normality test showed no significant departure
from the normal distribution.

4. The results of all of the specimens that were evaluated using the Weibull distribu-
tion showed a linear correlation, whereas the information showing impact strength
approximated the Weibull distribution with two parameters. Therefore, a Weibull
distribution with only two parameters can be considered as a good technique to save
money and time by doing away with the need for an actual experiment. The designers
can then use a determined reliability—impact strength curve to choose the suitable
impact strength needed for engineering calculations.
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