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Abstract: The self-compacting concrete (SCC) was invented to overcome the compaction problems
in deep sections, owing to its perfect workability characteristics. Steel fibers when used with SCC
would affect the required fluidity characteristics but improve its impact resistance. In this research,
an experimental work was conducted to evaluate the impact response of micro-steel fiber-reinforced
SCC, under flexural impact. A 5.47 kg free-falling mass was dropped repeatedly from 100 mm height
on the top center of 270 mm-length beam specimens. Eight mixtures with two design grades of 30
and 50 MPa were prepared to distinguish the normal and high-strength SCCs. The distinguishing
variable for each design grade was the fiber content, where four volumetric contents of 0%, 0.5%,
0.75%, and 1.0% were used. The test results showed that the impact resistance and ductility were
significantly improved due to the incorporation of micro-steel fibers. The percentage improvements
were noticeably higher at failure stage than at cracking stage. For the 30 MPa mixtures, the maximum
percentage improvements at cracking and failure stages were 543% and 836%, respectively. Weibull’s
linear correlations with R? values of 0.84 to 0.97 were obtained at the failure stage, which meant that
the impact failure number followed the Wiebull distribution.

Keywords: impact; self-compacting; micro-steel fibers; Weibull distribution; reliability; drop-weight

1. Introduction

Concrete is known for its weakness in tension. Several types of loading induce tensile
stresses, among which is bending, which induces flexural tensile and compressive stresses.
Therefore, it is essential in the design of flexural members, such as beams and slabs, to add
sufficient quantity of reinforcing steel in the tension zone, to withstand the applied tensile
flexural stresses. However, in some cases, the structural member might be subjected to
undesirable stresses induced from unusual loading sources, for which the member was not
deigned. Examples for the probable undesired loads are high temperature thermal loads
due to accidental fire or impact forces. Examples of undesired accidental sudden impacts
are hits from collision of moving vehicles and gravity falling objects from higher altitudes,
or due to hits by military projectiles in the case of wars or terrorist attacks [1-5]. On the
other hand, some other types of structures or constructional elements are already designed
to withstand repeated impact forces. Examples of which are the hydraulic structures,
offshore structures, and bridge piers, where the impact of water and water-borne materials
is one of the main design loads [6-8], and runways of airplanes in airports [4,5,9]. Several
testing methods were used to test the ability of concrete against impacts, while some of
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these tests were more representative to the target loading types, like projectile and blast
tests [10-14]; these were quite difficult to perform in academic laboratories. The drop-
weight test is the more usual test used to examine the performance of concrete material
and structural performance against impact loads, while the one recommended by ACI
544-2R [14] is considered to be the simplest impact test. In this test, no load, displacement,
strain or vibration measurements are required. Instead, the drop weight is simply left to
freely fall multiple times and the number of repeated blows required to crack and fail the
concrete specimen are recorded [14-16].

In the ACI 544-2R [14] test, concrete disc specimens supported on a rigid steel plate
are used to perform the repeated impact loading, where the impact is transferred through
a steel ball located on the center of the top surface. This test was used by many previous
studies to assess the response of various concrete types reinforced with steel fibers under
falling impacts [17-20], or other types of synthetic or natural fibers [21-25]. On the other
hand, some other studies used a similar procedure on beam specimens placed on two
simple supports, to perform repeated three-point flexural impact loading [25-29].

Mohammadi et al. [30] carried out experimental impact tests on 100 x 100 x 500 mm
beams on a span of 400 mm, using a drop weight of 5.54 kg and a free fall height of 457 mm.
The objective of the tests was to evaluate the material and structural impact behavior of
Steel Fiber-Reinforced Concrete (SFRC), incorporating various fiber volumetric contents
of 1.0%, 1.5%, and 2.0%. The fibers have a length of 25 and 50 mm (aspect ratios of 40
and 20) and were used in different combinations of 100-0%, 65-35%, 50-50%, 35-65%,
and 0-100%. The results of the impact experiments pointed that the failure impact energy
of all SFRC mixtures was outstanding, in comparison to normal concrete, where it was
approximately 10 to 32 times that of normal concrete. Another important conclusion is that
as fiber content and the percentage content of the longer fibers in the mixture increased, the
absorbed impact energy of SFRC also increased. Al-Tayeb et al. [31] studied the influence
of the partial replacement of cement and fine aggregate by waste rubber, on the flexural
impact resistance of concrete beams. Three replacement ratios of 5%, 10%, and 20% were
adopted, while the size and span of the tested beams were 100 x 100 x 500 mm and
400 mm. The drop weight and height of the central impact mass were 5.15 kg and 900 mm.
The results showed that using crumb rubber as a replacement of sand led to a higher
impact resistance, which was higher as the content of crumb rubber increased. On the other
hand, when the powder of this waste material was used as a replacement of cement, it led
to a better impact resistance of up to 10% replacement. Zhang et al. [32] experimentally
investigated the residual impact strength of SFRC subjected to freeze-thaw cycles. Beams
with a cross-section, length, and span of 100 x 100 mm, 400 mm, and 300 mm were tested,
under a flexural impact load and drop height of 3 kg and 300 mm. One mixture with
a 1.5% fiber content by volume was utilized in the study. The results showed that the
influence of freeze—thaw cycles on the cracking and failure impact resistances was slight
up to 200 cycles, while the cracking impact resistance of the beams decreased significantly
after 250 cycles of freeze and thaw. Noaman et al. [33] performed repeated flexural impact
experiments using concrete beams of size 100 x 100 x 500 mm, to assess the combined
action of steel fiber and waste rubber on their impact resistance. The test span was 400 mm,
while the drop height and weight were 170 mm and 5.1 kg. For the SFRC, hooked-end
steel fibers were used with 0.5% by volume, while two different crumb rubber contents of
17.5% and 20% were used as replacement of fine aggregate. They concluded that the use of
steel fiber or waste rubber resulted in considerable improvements in cracking and failure
impact energies, yet, the maximum improvements were gained for the mixture containing
both steel fiber and 20% of waste rubber. For this mixture, the recorded impact energies
at cracking and failure were higher than those of normal concrete, by more than seven
times. Zhang et al. [34] performed repeated flexural impact experiments on SFRC and
Polypropylene Fiber-Reinforced Concrete (PFRC) to assess the possible effect of changing
the drop height and weight on impact capacity. Beams with 100 x 100 x 400 mm and
300 mm span were used with drop weights of 1 to 9 kg and drop heights of 100 to 900 mm,
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keeping the same impact energy/blow for all loading cases. The results revealed that using
steel fibers led to enhanced ductility and higher resistance to impact, while the failure of
PFRC was brittle. Another conclusion was that the cracking and failure impact resistances
of both SFRC and PFRC significantly decreased, as the drop height increased.

Structural members like beams and slabs subjected to gravity falling objects or
columns, and walls subjected to horizontal collision impact come under direct flexural
impact. This condition of impact loading is much more critical than compression impact,
owing to the large localized deformations at the impact points, which accelerate the frac-
ture of the material and failure of the member. Hence, research work that focus on the
performance of construction materials and structural response under flexural impact are of
continuous need. The above reviewed experimental literature clarifies that the available
research work on repeated flexural impact tests are generally still limited. Among these
studies, no previous work geared towards the influence of micro-steel fibers on the impact
resistance of Self-Compacting Concrete SCC. Previous studies [6,35] showed that SCC
samples incorporating micro-steel fiber exhibited better durability and lower abrasion rates
compared to plain ones. Therefore, an experimental study was carried out and presented in
this article to assess the impact capacity of SCC comprising different volumes of micro-steel
fibers, using three-point repeated flexural impact tests.

2. Materials and Methods

The ACI 363R-10 [36] adopted a compressive strength of 6 ksi (41.4 MPa) as a limit
between normal and high strength concretes. The experimental study that was con-
ducted comprised the preparing of eight mixtures of two groups with two concrete design
strengths. The first was 30 MPa to represent normal strength concrete, while the second
was 50 MPa to distinguish high strength concrete. Micro steel fiber was used in six mixtures
to enhance their mechanical properties and impact energy absorption, while two mixtures
were kept plain. For each of the two design strengths, four fiber contents of 0%, 0.5%, 0.75%,
and 1.0% were used. Two types of specimens were used in this study. Prisms that have
cross-section of 70 x 70 mm and length of 260 mm were tested on a simple span of 210 mm
to perform the flexural impact test. Similar specimens were also used to obtain the static
modulus of rupture, using the bending test on a span of 210 mm. At the same time, the
compressive strength was tested using 70 mm cubes. Twelve identical prisms were used to
carry out the impact and modulus of rupture tests and six cubes were used to obtain the
compressive strength. All specimens were cured in temperature-controlled water curing
tanks, until they were tested at an age of 28 days. The impact test was conducted using a
free-falling mass of 4.57 kg, which was dropped repeatedly from a falling height of 100 mm,
as illustrated in Figure 1. The conducted test followed the procedure of ACI 544-2R [14]
repeated drop weight impact test, using a steel ball as a drop-load distributer. The steel
ball has a diameter of approximately 63 mm and was positioned on the top surface of
the prism at the center of the span, as shown in Figure 2. To prevent the rebound of the
prism after each impact blow, steel holding screw bars with steel end-plates were used
at the specimen’s cross-sectional ends. The used holding technique detailed in Figure 2
prevents the longitudinal and lateral movements and assures direct transfer of the impact
force to the target specimen. The impact test requires recording the impact repetition
(number of blows) that can initiate the first crack (N¢r) and the number of impact blows
that causes the failure of the prism (Ny). The falling height was reduced to reduce the single
impact energy so that the required impact repetition to crack or fail the specimens would
be increased. Hence, the differences among the specimens of the eight groups would be
clearer, which allow a better analysis to the effect of the parameters under investigation
(design compressive strength and steel fiber content).
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Figure 1. Drop-weight impact test of the concrete prism.

(0) (d)

Figure 2. Repeated impact testing apparatus: (a) Appearance of testing device, (b) Specimen holder and support, (c) Appear-
ance of channel section to prevent lateral movement and (d) Three-dimensional view of specimen and holding arrangement.

Excluding the silica fume that was used only with the 50 MPa mixtures, the same
materials were used to produce the eight mixtures. Portland cement type R42.5 was used
as the main binder for all mixtures. The used coarse aggregate was local crushed gravel
with a maximum particle size of 12.5 mm and local sand was used as fine aggregates. Fixed
quantity of limestone powder of 67 kg/m3 and different dosages of Sika ViscoCrete-5930
were used to improve the fresh properties of the adopted mixtures. The used micro-steel
fiber was copper-coated straight fiber with a length of 15 mm and a diameter of 0.2 mm,
while its tensile strength was 2600 MPa. The material quantities of the eight mixtures are
shown in Table 1, while the sieve analysis of the two aggregate types is shown in Figure 3.
The initial SC in the specimens’ identifications refers to self-compacting, which is followed
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by the concrete design grade (30 or 50), while the following number refers to the fiber

content.

Table 1. Mix proportions of the eight mixtures.

Material (kg/m3) SC30-0 SC30-0.5 SC30-0.75 SC30-1.0 SC50-0 SC50-0.5 SC50-0.75 SC50-1.0
Cement 392 412 412 417 525 525 525 525
Sand 1039 1063 1063 1052 907 907 931 931
Gravel 574 503 503 468 518 518 486 486
Silica fume - - - - 67 67 67 67
Water 181.3 190 190 204 190 209 209 209
S.P. 9.3 13 13 14.3 17 17 17 17
Fiber 0 39 58.5 78 0 39 58.5 78
100
|| — Sand
Gravel
80 |
s -
=
£ 60
£
S
g 40+
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Figure 3. Grading of the sand and crushed gravel.

3. Results and Discussion
3.1. Compressive Strength and Modulus of Rupture

100

The compressive strength of cubes and modulus of rupture prisms are demonstrated
in Table 2 for the eight mixtures. It was shown that the compressive strength of the 30 MPa
design strength mixtures ranged from 51 to 56.5 MPa. These values were apparently higher
than the basic design strength of the mixture, which was 30 MPa, due to the smaller used
cubes, where the mix design depended on the 150 mm diameter standard cylinder, while
this test was performed using 70 mm cubes in this study. Due to the same reason, those
of the 50 MPa mixtures where noticeably higher than the design strength. Table 2 shows
that the compressive strength of these mixtures ranges from 83.5 to 88.2 MPa. It can also be
noticed that the fiber content had no distinguished effect on the compressive strength of the
adopted mixtures, where there was no specific trend of increase or decrease of compressive
strength with fiber content.

Table 2. Outcome of experiments from the compressive strength and modulus of rupture tests.

Compressive Strength

Modulus of Rupture

Vi (MPa) (MPa)
SC30 SC50 SC30 SC50
0 54.9 83.5 5.57 6.06
0.5 51 85.7 5.35 6.22
0.75 56.5 84.9 7.02 7.11
1 55.6 88.2 7.93 8.1
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The modulus of rupture, which is an indirect indicator of concrete tensile strength, was
strongly affected by fiber inclusion, where the modulus of rupture of mixtures containing
0.75% and 1.0% of steel fiber volumetric contents was noticeably higher than that of the
plain specimens. For the 30 MPa mixtures, the modulus of rupture was increased by 26 and
42% when the fiber volume percentages of 0.75 and 1.0%, respectively, were used. However,
it could be noticed that the inclusion of low content of 0.5% did not lead to any increase in
the modulus of rupture. For the 50 MPa mixtures, the modulus of rupture increased as the
fiber content increased. The percentage increases in the modulus of rupture for 0.5, 0.75,
and 1.0% steel fibers were approximately 3, 17, and 34%, respectively. The increase in the
modulus of rupture was attributed to the capability of fibers to bridge the formed cracks,
allowing us to absorb higher loads until the bond between fibers and the concrete matrix
was lost [37-40].

3.2. Impact Test

The experimental outcome of the impact beams is detailed in Table 3 and visualized in
Figures 4-7, for both the 30 and 50 MPa groups. Figure 4 shows the results of the repeated
impact test of the 30 MPa specimens. The figure is presented for both the cracking number
(Ner) and the fracture number of blows (N¢). The figure apparently reveals that the number
of blows increases as the content of steel fiber increases, both for N and Nf. It should
be reminded here that the numbers of blows shown in Figure 4 represent the average
record of six specimens. The cracking number of blows increased from only 1.2 blows for
plain concrete to 2.5, 4, and 7.5 blows for concretes with 0.5%, 0.75%, and 1.0% of steel
fiber, respectively. Similarly, the failure number of blows was in the order of 1.8, 7.3, 11.3,
and 17.2 blows for micro-steel fiber volume percentages of 0%, 0.5%, 0.75%, and 1.0%,
respectively.

Table 3. Drop weight test results.

Specimen Number

Mixture N 1 ) 3 1 5 p Mean SD cov
S0 N 1 1 2 2 2 a3 1s o8 e
005 Ny s 5 7 7 s 1w 73 16 23
5C30-075 1\1llcfr ; 130 141 fz 143 163 1;1 3 }:2 ﬁj
5C30-1.0 hlilcfr 153 163 164 177 ég ;11 17%.52 i:g g?é
00 Nt 2 2 2 2 3 4 25 03 2
005 N 6 7 7 s 9 w78 15 18
SC50-0.75 1\1chr i 3 140 151 175 188 15.7 ﬁ 43?58
010 N 5w w2 w27 76 26
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Figure 4. Number of cracking and failure impact blows for 30 MPa mixtures with different fiber

contents.

age Development (PD) (%)

Percent

0.75
Fiber Volume Fraction (%)

Figure 5. Percentage development (PD) in impact capacity due to micro-steel fibers of the 30 MPa

mixtures.
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—_ —_ =]
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Figure 6. Number of cracking and failure impact blows for 50 MPa mixtures with different fiber

contents.
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Figure 7. Percentage development (PD) in impact capacity due to micro-steel fibers of the 50 MPa
mixtures.

The influence of the adopted micro-steel fibers on impact capacity is shown in Figure 5
in terms of percentage development, as compared to the plain mixture that contains no fiber.
These measurements are shown for both the cracking and failure numbers of impact blows.
It is obvious in Figure 5 that the micro-steel fibers resulted in considerable improvements
in the impact capacity at both first cracking and final fracture. However, this effect was
more obvious at failure than at the cracking stage. The percentage developments due
to the incorporation of 0.5%, 0.75%, and 1.0% of steel fiber were 114%, 243%, and 543%,
respectively, at cracking, while they were 300%, 518%, and 836%, respectively, at failure.
The high positive effect of steel fiber on impact resistance was due to the capability of fibers
to bridge the initiated micro cracks due to the impact loading, which reflected the ability of
the adopted micro-steel fibers to endure effective tensile stresses, to keep the two sides of
the crack bonded. As a result, the recording of the first visual crack was delayed for several
impact blows. As the cracks became continuous and visible, the tensile stress resistance
by the fibers get larger after each single blow, while the two sides of the crack are still
bridged by fibers. Consequently, the failure was postponed for several blows, ending by
the breaking of the bond between the fibers concrete matrix, where the pullout of fibers
was the most common recorded failure type [41,42]. Another possible type of failure is the
breaking of fibers, which occurs when a sufficient bond is provided between the fibers and
concrete matrix. Hence, the tensile strength of fibers is reached, while the bond shearing
stresses are still lower than bond strength. The domination of bond failure in the current
work was mostly due to fiber length (relatively short), which led to lower development
lengths inside the matrix, across the cracks.

Figure 6 shows the impact results at the cracking and failure stages, in terms of number
of blows for the 50 MPa mixtures. As for the 30 MPa mixtures, the steel fiber inclusion was
very influential on impact resistance. The number of blows increased noticeably, as the fiber
content increased. The number of repeated impacts required to crack the beams jumped
from 1.6 for zero-fiber concrete to 3.3, 5, and 16.8 for the 0.5%, 0.75%, and 1.0% fiber contents,
respectively. This meant, as shown in Figure 7, that the impact resistance was improved by
100%, 200%, and 910%, respectively, over the plain specimens. Similarly, the number of
blows required to fail the beams increased from 2.3 for the plain beams to 7.8, 11.7, and
25.7 for beams including fiber contents of 0.5%, 0.75%, and 1.0%, respectively. Thus, the
percentage development in impact resistance owing to the inclusion of 0.5%, 0.75%, and
1.0% micro-steel fibers were approximately 235%, 400%, and 1000%, respectively, as shown
in Figure 7. As recorded for the 30 MPa beams (Figure 5), it is obvious in Figure 7 that the
percentage developments were more evident at final fracture than at initial cracking. This
result was attributed to the activity sequence of fibers with stress development, due to the
impact loads. After the breaking of the mechanical interlock and friction bond components
of concrete along the formed crack, fibers become more responsible for withstanding tensile
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stresses across this crack. Hence, increasing the difference between the cracking and failure
number of blows compared to that of the plain specimens. On the other hand, fibers were
only slightly stressed due to the internal matrix micro-cracks and were not in their full
function before the first surface crack became visible.

3.3. Impact Ductility

Ductility in general is a measurement of the structural member ability to absorb plastic
energy and withstand plastic deformations. Ductility is usually measured for flexural
members as the deflection at failure, or at some other defined stress level along the post
peak region, divided by the recorded deformation at yielding stage [37,40]. Hence, the
failure plastic deformation divided by the maximum elastic deformation. Some previous
studies [4,41] adopted a similar ductility definition to define the post-cracking ability of
concrete to absorb impact energy, where the ratio of failure number of blows to the cracking
number of blows was defined as impact ductility (DI). Using this definition, the impact
ductility of the eight mixtures of this study were plotted; shown in Figure 7. The figure
shows two major findings; the first was that the ductility of the 30 MPa beam specimens
was in general higher than that of the 50 MPa beams for all fiber contents, while the second
was that the impact ductility of beams with steel fibers was in general more than the impact
ductility of zero-fiber beams. However, as shown in Figure 8, it was not assured that
adding higher volumes of fiber resulted in higher impact ductility. The impact ductility
was approximately 1.6 and 1.4 for the 30 and 50 MPa plain beams, respectively, while the
impact ductility of fibrous beams was in the range of approximately 1.5 to 2.9. This result
was expected, as it became known that fibers increase the absorbed energy after crack
formation under tensile stresses, which increases the ability of absorbing higher plastic
deformation, hence increasing the ductility [20,41-43].

3

[ ]30MPa
1\ @ 50 mpa

Impact Ductility Index
(3]
| |

0 0.25 0.5 0.75 1
Fiber Volume Fraction (%)

Figure 8. Impact ductility index for different fiber contents.

To better discuss and compare the ductility of different concrete types, experimental
records from the literature on flexural impact were utilized herein. Due to the different
drop weights and drop heights adopted by the different research studies, the impact energy
was used in this comparison, instead of the number of blows. Such measurement would
assure a better and fairer comparison tool. The impact energy (E;) was calculated for both
the cracking and failure number of blows (N), using Equation (1), in which (%) is the drop
height of the drop mass (w), while (v) and (g) are the velocity at which the drop mass falls
and gravity accelerates, respectively.

2
E = N% = Nuwgh )
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Table 4 shows the details of the experimental records of flexural impact tests from
Mohammadi et al. [30], Al-Tayeb et al. [31], and Noaman et al. [33], in addition to the
test results obtained in this research. It is obvious that the impact energy ranges, both
at cracking (E¢r) and at failure (Ep) were dependent on the absorbed number of impacts,
which was affected by the drop weight, drop height, beam size and span, in addition to the
mixture constituents. Al-Tayeb et al. [31] showed that the utilization of crumb rubber could
modify the impact absorbance capacity of concrete, which was reflected on the values of the
retained numbers of impacts. However, the ductility of the mixture without crumb rubber
was 3.54, which was the highest among all mixtures. This meant that recycled rubber could
increase the impact resistance at the cracking stage by a similar or more amount than that
at failure stage. This conclusion was also reinforced by the findings of Noaman et al. [33],
where for the plain mixtures (no steel fiber), the impact ductility of the zero-rubber mixture
was 1.67, while those of the rubberized mixtures were between 1.43 and 1.46. A similar
sequence of results was obtained for the fibrous mixtures, where the mixture without
crumb rubber retained a higher DI of 2.25, compared to no more than 1.7 for those with
crumb rubber. Comparing the results of Noaman et al. [33], it was obvious that steel fiber
could increase ductility, as concluded in this research, where the maximum ductility of the
plain and fibrous mixtures were 2.25 and 1.67, respectively. This experimental finding was
in good alignment with the results of Mohammadi et al. [30], as shown in Table 4, where
high DI values were recorded for the mixtures containing steel fibers. The positive effect
of steel fiber on ductility was ascribed to its function sequence, as discussed previously,
where its post-cracking impact enhancement potential was noticeably higher than before
cracking, which resulted in higher development in failure impact number, as compared
to the cracking impact number, which consequently increased the ductility. The results of
Mohammadi et al. [30] further supported this conclusion by a comparison between DI of
the different fiber contents, where the maximum ductility increased as the fiber content
increased, which were in the sequence of 5.35, 6.0, and 6.54 for 1.0%, 1.5%, and 2.0% steel
fiber contents, respectively.

Table 4. Impact ductility records from the literature and current research.

Research Mohammadi et al., 2009 [30]  Al-Tayeb et al., 2010 [31] Noaman et al., 2015 [33] Current Research
Drop Height 457 900 170 100
Drop Weight 5.54 5.15 5.1 4.57
Beam Section 100 x 100 100 x 100 100 x 100 70 x 70
Beam Span 400 400 400 210
Ecr 79-178 621-1275 43-330 5-75
EF 378-1161 2176-2906 79-559 8-115
DI 4.58-6.54 2.28-3.54 1.43-2.25 1.4-2.93

3.4. The Failure Mechanism of the Specimen under Drop Weight Impact

The schematic diagram of the specimen’s failure mechanism under impact load is
depicted in Figure 9. The progression of failure mechanism is explained in four stages—(i)
localized contact damage on the top surface of the specimen, due to the application of drop
weight, (ii) matrix failure (iii), fiber failure, and (iv) fiber debonding [3]. The cement matrix
damaged along the direction of impact force was called contact damage. Transverse shear
stress/strain in the specimen resulted in inner debonding/matrix failure. The fiber/matrix
failure resulted from compression bending on the impact plane. Fiber debonding occurred
due to tensile bending at surface bottom. A tremendous amount of initial kinetic energy
was transferred to the fiber, after the crack initiation. This demonstrated that the fibers
tended to arrest cracks, and more energy was dissipated to the surrounding zones of
concrete [44]. Henceforth, the failure mechanism’s vital juncture was fiber delamination,
which caused negative consequences in strength properties. This phenomenon was tough
enough to detect during the operation.



Crystals 2021, 11, 91

11 0of 17

confining pressure

’ Mass

l Velocity
Fibres
. [e = =
Mortar matrix |\ - . e \\O /Q/\O o I S SV
\; g = - > /’ / )
\GO\" O\ CHI/E o> 2 Q(\)Cb(o
o QL — o \
20\/0/\ J 0ol e 'g
Impact force  Contact Bending strain . '
Compression with ¢ damage Compressive failure
[ _ g o~ = = =1 (%
\g 06, 1o\, o °® o0
P — o /=
\Oo No— 2 by L ‘o
00 o ’/ o\ \ (O
2oy o o Q/O[\ g

. . Tensile in-plane failure
Tension cracking

Figure 9. Mechanism of failure.

3.5. Distribution of Weibull

Several investigations reported that the ACI 544 [14] drop weight test is not reliable,
and a minimum of six specimens per mixture should be tested [44,45]. Even though
considerable effort was taken to establish identical testing conditions, the test results
were distinct. Subsequently, a need arose to apply the statistical technique to analyze
the dispersed drop weight test results. Earlier studies indicated that the drop weight
test results complied with the Weibull distribution [19,46]. The Weibull distribution was
introduced by Waloddi Weibull, who described the in-depth probability distribution [47].
With distribution of Weibull help, the minimum safety impact strength of concrete could
be achieved and was realistic enough for practical design purposes. In the last few years,
the distribution of Weibull was used frequently used to describe the impact strength of
concrete [3,44,45,47]. In this research, the two-parameter Weibull distribution was applied
to assess the impact strength of fibrous concretes in terms of different level of reliability.
The observed variations in the number of impact blows at which the first crack had formed
(Ner), were significantly less, as compared to the number of impact blows that caused the
failure of the prism (Ny). Moreover, the non-fibrous specimens exhibited fewer variations
in Ny than the fibrous-specimens. Therefore, the Weibull distribution was performed only
on fibrous specimens to analyze the Ny results. The scattered experimental drop weight
test results could be analyzed by the two-parameter distribution of Weibull; the function of
probability density is expressed in Equation (2) [4,41]:

)= st [ ] eswes) o

where N, is the scale parameter of N, r is the shape parameter, Ny is the safety of Ny at
the level of the minimum, and Ny is a Weibull variable. The distribution function (N) was
obtained by deriving Equation (2) and is denoted in Equation (3) [41]:

F(N,) :p(Nf<N,,) —1—exp{—[m]r} 3)

P is the failure probability (Ny < N), then:

P(Ny > Ny) =1-P(Nf < Ny) —exp{—[H]r} @
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From Equation (4), if , N;, and Ny are known in a range of particular survival rate
P, this contributes to finding N. Since the Nf of concrete is diverse, the Ny value for the
concrete is considered to be 0 [48]. Consequently, simplifying Equation (2) into the Weibull
function can be expressed as follows:

(@)= 5] ool sy o

The survival possibility P and the failure probability could be articulated as follows:

-l 3]}

) N¢1
rJ=1—P=1—eXP{—[NaH @)

Taking a function of natural logarithm on each side of Equation (7), the obtained
formula can be expressed in Equation (8):

In {ln (;)} =rInNy — blnN, (8)

When reorganizing Equation (8) as a linear equation, it can be expressed below as,
Y = zn[ln(%)} - ln[m(%)} , X = InNy, a = rlnN,, the Equation (8) could be
expressed as follows:
Y=rX—a )

The above Equation (9) delivers a number of impact blows that causes the failure (Nj),
which is well-defined by two parameters of Weibull. An easy linear regression model was
performed on the drop weight experimental test results to obtain the Weibull parameters.
If the linear relationship between X and Y is good, it indicates that the tested results follow
the Weibull two-parameter distribution. Using Equation (10), the relationship between N¢

and p can be determined as [49]:
e

P
where ¢ is the number of specimens tested per mix, arranged in ascending order, and & is
the overall amount of testing data.

A graphical representation of In[In(1/p)] in the y-axis and every number of impact
blows that causes the failure (Ny) in the x-axis is shown in Figure 10. If the test point’s
relationship is linear, it is expected that the Ny follows the Weibull distribution. The linear
regression slope describes the shape parameter, which can be found directly; whereas the
scale parameter is determined using Equation (11), expressed as follows:

(10)

N, = e(=/7) (11)

The number of impact blows that causes failure (Ny) in terms of the different levels of
reliability is determined from the parameters of Weibull, using Equation (12) [16,50].

N = Ny(=In(Ry) /") (12)

where Ry is the required level of reliability function.
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Figure 10. The Weibull lines: (a) SC30 series specimens and (b) SC50 series specimens.

The determined Weibull parameters from the linear regression model of the tested
fibrous specimens are demonstrated in Table 5, in which it is obvious that the coefficient
of determination (R?) of the tested specimens hit values greater than 0.83 to 0.97. This
confirms the good linear relationship between the X and Y data. In a nutshell, the number
of impact blows that cause the failure (Np, follows the two-parameter Weibull distribution.

Table 5. The obtained Weibull parameters.

Mixture r Na Intercept R?
SC30-0.5 3.809 8.12 —7.98 0.8502
SC30-0.75 6.131 12.00 —15.23 0.9719
SC30-1.0 3.113 19.35 —9.223 0.8365
SC50-0.5 4.790 8.51 —10.259 0.9483
SC50-0.75 2.606 13.29 —6.742 0.9522
SC50-1.0 2.995 28.97 —10.083 0.8902

The number of impact blows that causes the failure of the prism (Ny) in terms of
different levels of reliability, is illustrated in Figure 11. By taking the 0.9 reliability level
from Figure 11a—c, the Nf values for the SC30-0.5, SC30-0.75, and SC30-1.0 specimens were
4, 8, and 9, respectively. Likewise, the Ny values were found to be 5, 6, and 14 for the
SC50-0.5, SC50-0.75, and SC50-1 specimens, as shown in Figure 11d-f. Reliability analysis
with the distribution of Weibull could be utilized prudently to analyze the dispersed
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experimental test results. This statistical tool eradicates the cost and the time to conduct the
experimental drop weight test on specimens [47-52]. A structural design engineer could
select the appropriate Ny value required for the design requirements from the developed
reliability-Ny curves.

15 20
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15 4
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Figure 11. Impact strength in terms of reliability level: (a) SC30-0.5, (b) SC30-0.75, (c) SC30-1.0,
(d) SC50-0.5, (e) SC50-0.75 and (f) SC50-1.0.

4. Conclusions

Repeated flexural drop-weight impact tests were carried out in this research study, on
self-compacting concrete reinforced with micro-steel fibers. The concrete was made of two
design grades of 30 and 50 MPa with 0%, 0.5%, 0.75%, and 1.0% volume content of steel
fibers. In light of the test records of this research, the conclusions could be addressed as
follows.

1—Steel fibers have a distinguishable positive effect on pre-cracking and post-cracking
impact capacities of beams tested in flexural impact, where the impact resistance increased
as the fiber content increased. For instance, the retained numbers of impact blows at
cracking for the 50 MPa specimens with fiber contents of 0%, 0.5%, 0.75%, and 1.0% were
1.6%, 3.3%, 5%, and 16.8%, respectively. This significant positive effect was ascribed to
the fibers ability to enhance the tensile and flexural responses under loading, which was
mainly due to the fiber’s ability to absorb high bridging tensile stresses across the two faces
of the formed cracks.

2—Due to the functionality of fibers as an efficient crack bridging reinforcement, its
post cracking (failure stage) activity was much higher than the pre-cracking (cracking stage)
activity. For the 30 MPa specimens as an example, the percentage increases in cracking
impact resistance over plain specimens were 114%, 243%, and 543% for the fiber contents
of 0.5%, 0.75%, and 1.0%, respectively, while these percentages were 300%, 518%, and 836%,
respectively, at the failure stage.
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3—The impact ductility was the ratio of failure number of blows to cracking number
of blows, which was higher for the fibrous specimens than the plain specimens, where
it ranged from approximately 1.4 to 1.6 for the plain specimens and from approximately
1.5 to 2.9 for the fibrous specimens. This was also ascribed to the greater tensile stress
absorbance capacity of the fibrous specimens after crack formation.

4—The fibrous specimen’s data points were linearly correlated, where the number of
impact blows that caused the failure of the prism was established to obey the distribution
of Weibull. The Weibull distribution eradicated cost and time required to conduct the
experimental test. Using the developed reliability curves, the structural design engineer
can have an option of choosing suitable impact energy value for the design requirements.
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