o’ .
veel materials
ve w

Article

Drop Weight Impact Test on Prepacked Aggregate Fibrous
Concrete—An Experimental Study

Gunasekaran Murali 1*, Sallal Rashid Abid 2(, Mugahed Amran 3**{, Nikolai Ivanovich Vatin !

and Roman Fediuk 15

check for
updates

Citation: Murali, G.; Abid, S.R;;
Amran, M.; Vatin, N.IL; Fediuk, R.
Drop Weight Impact Test on
Prepacked Aggregate Fibrous
Concrete—An Experimental Study.
Materials 2022, 15, 3096. https://
doi.org/10.3390/ma15093096

Academic Editor: Karim Benzarti

Received: 9 January 2022
Accepted: 21 March 2022
Published: 25 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

1 Peter the Great St. Petersburg Polytechnic University, 195251 St. Petersburg, Russia; vatin@mail.ru (N.LV.);
fedyuk.rs@dvfu.ru (R.E)

Civil Engineering Department, University of Wasit, Kut 52001, Iraq; sallal@uowasit.edu.iq

Department of Civil Engineering, College of Engineering, Prince Sattam Bin Abdulaziz University,

Alkharj 16273, Saudi Arabia

Department of Civil Engineering, Faculty of Engineering and IT, Amran University, Amran 9677, Yemen
Polytechnic Institute, Far Eastern Federal University, 690922 Vladivostok, Russia

*  Correspondence: murali_22984@yahoo.com (G.M.); m.amran@psau.edu.sa (M.A.)

Abstract: In recent years, prepacked aggregate fibrous concrete (PAFC) is a new composite that has
earned immense popularity and attracted researchers globally. The preparation procedure consists
of two steps: the coarse aggregate is initially piled into a mold to create a natural skeleton and then
filled with flowable grout. In this instance, the skeleton was completely filled with grout and bonded
into an integrated body due to cement hydration, yielding a solid concrete material. In this research,
experimental tests were performed to introduce five simple alterations to the ACI 544 drop weight
impact test setup, intending to decrease result dispersion. The first alteration was replacing the steel
ball with a steel bar to apply a line impact instead of a single point impact. The second and third
introduced line and cross notched specimens at the specimen’s top surface and the load applied
through a steel plate of cross knife-like or line load types. These modifications distributed impact
load over a broader area and decrease dispersion of results. The fourth and fifth were bedding with
sand and coarse aggregate as an alternate to the solid base plate. One-hundred-and-eight cylindrical
specimens were prepared and tested in 12 groups to evaluate the suggested alteration methods.
Steel and polypropylene fibers were utilized with a dosage of 2.4% to produce PAFC. The findings
indicated that the line notched specimens and sand bedding significantly decreased the coefficient of
variation (COV) of the test results suggesting some alterations. Using a cross-line notched specimen
and line of impact with coarse bedding also effectively reduced COV for all mixtures.

Keywords: impact load; notched specimen; bedding; result dispersion; fibers; grout

1. Introduction

In recent times, the need for social infrastructural facilities with adequate impact
resistance structures has grown as damage to structures caused by impact events such as
vehicle accidents and rockfall have increased. Several studies looked into the behaviour
of concrete structures commonly found in infrastructure when subjected to impact loads.
Under high-rate impact loading, concrete exhibits a complex behaviour that differs sig-
nificantly from that observed under static loading. Consequently, impact resistance of
buildings using recommendations based on general dynamic or static loading conditions
or existing design standards was not suitable for evaluation. The most common design
standards referred to, such as UFC 340-02 [1], ACI 349-13 [2], and ACI 544 [3], suit specific
structures such as defence and nuclear plant facilities. However, the major problem of
these structures is high-velocity impact loads such as explosions and aircraft hits. This
indicated a reduced implementation of these standards on social infrastructural facilities,
including buildings and bridges, which tend to be subjected to low-velocity impact loads
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like explosions and vehicle accidents than high-speed impact loads. When low-velocity
impact loads are applied to structures, global reactions including rotations and displace-
ment are the primary measures for failure of the structures. In contrast, the phenomenon
of high-velocity impacts creates a structural failure at the local damage level. The global
behaviour of concrete members subjected to low-speed impact loads cannot be evaluated
or regulated by any single approach at this time.

Earlier investigations focused on the drop weight impact test performance for a
different type of fibrous concrete. Rai and Singh [4] investigated the impact resistance of
fibrous concrete using the ACI drop weight impact test. Fibrous concrete was prepared
with a hybrid combination of polypropylene and steel fibers. Results showed that the
impact strength of concrete comprising hybridized steel-polypropylene fibers was superior
to the mono fibrous. Abid et al. [5] examined the impact performance of self-compacting
fiber reinforced concrete (FRC) using the ACI 544-2R repeated blows test. Micro steel fibers
mixed in three different volumes of 0.5, 0.75, and 1.0 percent were employed. The testing
setup was altered to simulate different drop weights and free fall heights for multiple drop
impacts. The three free fall heights adopted were 450, 575, and 700 mm, while the drop mass
weight adopted was 4.5, 6.0, and 7.5 kg. Findings indicated that the impact resistance of self-
compacting fiber reinforced concrete greatly improved and ranged from 150 to 860 percent
than for the reference specimen. The specimens tested under conditions of 450 mm free fall
height and 4.5 kg weight exhibited the most excellent resistance to impact among the five
loading scenarios. Alwesabi et al. [6] investigated a low-velocity (2.8 m/s) drop hammer
impact on FRC and rubber-based FRC prisms. The prism was of 100 x 100 x 500 mm: size
with 0%, 0.1%, 0.175, 0.25%, 1% dosages of polypropylene fiber and 0%, 0.75%, 0.825%,
0.9%, and 1.0% of micro steel fibers and 20% substitution of fine aggregate with crumb
rubber. Results revealed that the prism comprising 0.1% polypropylene fiber + 0.9% steel
fiber absorbed impact energy ten times higher and that impact ductile index was two
times higher than that of the non-fibrous reference prism. Evolution in the technology
of materials and unification increased the advent of novel forms of composite materials
known as prepacked aggregate fibrous composites (PAFC), with the possibility of using
them in varied engineering fields.

PAFC is referred to under different names, including two-stage fibrous concrete, col-
crete, and grouted aggregate fibrous concrete. The production of PAFC differs from the
production of traditional fibrous concrete in several ways. PAFC is developed by first
placing coarse aggregate and fibers in an empty mold to form a skeleton. The cemen-
titious grout is used to fill in the voids between the skeletons. PAFC has been used in
various structures, including bridge foundations, caissons, bridge pier beam, and nuclear
shields [7-12].

Through applying the PAFC concept, Manohar et al. [13] researched fenders made
with composite steel for use in bridge pier shields subjected to vessel impact. A corrugated
steel plate of 1 and 2 mm thicknesses was used in the middle portion of the fender, with
the inner and outer panels of the fender being made of PAFC. Findings showed that the
outer panel sustained damage at a localized level in the form of a hemispherical crater due
to multiple impacts. This occurrence implied that corrugated steel plates with a thickness
of 2 mm had a superior capacity of energy engrossment than 1 mm steel plates. Impact
resistance from low-velocity impacts was excellent when combined with the action of
corrugated steel plate and PAFC fenders. Abirami et al. [14] researched a three-layered
PAFC containing 5D hooked end fiber with varying layers of glass fiber mesh and different
diameters were inserted between the three layers of PAFC. The findings confirmed that the
impact energy absorption properties of the larger diameter glass fiber mesh were excellent.
Additionally, adding more layers of glass fiber mesh between the top and middle layers
and fewer layers between the middle and bottom layers reduced impact energy absorption.
The glass fiber mesh acted as an obstruction in concrete during crack growth, resulting
in the postponement of the structure’s failure. However, the material’s impact resistance
performance subjected to drop weight needs to be evaluated more extensively.
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2. ACI 544 Drop Weight Impact Test

A different testing method is described in ACI 544-2R, but drop weight impact stan-
dardized test is believed to be the simplest. Only qualitative measurements of the FRC
impact strength can be recorded and it is easy to perform this test. This test determines
only the impact number without other measurements such as strain deformation and load.
It can compare different types of concrete resistance to impact or the influence of mixture
parameters like various fibers and dosages. Applying the ACI 544 drop weight test is very
simple and is conducted by manual impact of a 152 mm diameter and 63.5 mm height
cylindrical specimens. A 4.45 kg mass falls freely repeatedly from a height of 457 mm until
failure occurs. The specimen is placed on a steel disc and holds a particular positioning lug
and a 63.5 mm diameter steel ball on a central top, as illustrated in Figure 1 [15].

Steel ball with
mass of 4.45 kg

m—

Figure 1. ACI Committee drop weight test (Adapted from [15]).

The steel ball distributes load, and petroleum jelly or grease is used under the test
specimen. To avoid any lateral movement of the test specimen during the test pieces of
elastomer are utilized to fill gaps between the side lugs and the specimen. The impact
number is noted when the first crack becomes visible, which is the impact number needed
to cause cracking. Then, testing is continued until failure occurs, which is then defined
as the impact number at which the crack opens more broadly and touches the side lugs.
Several researches were carried out to assess the impact behaviour of different FRC [16-26]
and a statistical was applied to determine the number of specimens necessary to attain
an error less than 10% [27-32]. However, the research outcome indicated a significant
scattering of results, as shown in Table 1.
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Table 1. Summary of drop weight impact test results reported by earlier studies.

Number of Specimens

Refs. Mixture ID Quantity of Fiber Type of Fiber Tested per Mix Impact Numbers Standard Deviation Coefficient of Variation
[16] PG, CFZP’H(:: (F 3}’1%; 4, HES, 0.5,1.0,1.5 CSF, HSF 6 22,26, 30, 36, 28, 32, 38 12,11, 13,17,14,15,18 54,44, 45,47, 49, 46, 48
[17] GHPPC, GHPERC, 1.0 SF 16 33,97 12,30 -

PC, FRC1, FRC2, FRC3,
[18] FRC4, FRC5, FRC6 0.5,1.0,1.5 CSE, HSF 10 73,164, 258, 338, 179, 269, 352 13,19, 19, 20, 19, 22, 21 -
[19] MO, M1, M2, M3 1.6,0.3,0.3 SE, PE, GF 5 14,101, 32,35 4.7,203,9.5,11.7 33.5,20.1,30.1, 33.6
PC, CF1.5, CF3.0, CF5.0,
[20] HF1.5, HF3.0, FIF5.0 15,3.0,5.0 CSF, HSF 15 84,312,737,1209, 424,918, 1378 25, 86, 113, 151, 64, 78, 122 30,27,15,12,15,9,9
[12] PC, FRC, TSFRC, SIFCON 15,4,5,8,10 SF 6 36, 374, 1175, 1358, 1858, 2074 - -
[21] PC, LF1 2.5 SF 6 25,232 10,49 -
[22] M1 25 SF 12 127 47 37
[23] SC30-0, Sgé(;—gj,OSCSO-OJS, 0.5,0.75,1.0% SF 6 1.8,7.3,11.3,17.2 0.8,16,1.6,4.8 41.1,22.3,14.4,27.9
[24] CC, PAC1, PAC2 2.4% SF, PF 15 16, 448, 110 7,65,26 -
ECC0-0, ECC2-0.5, ECC2-1,
[25] ECC2-15 0.5,1.0,1.5 PVA 3 1,594, 697, 674 0,4,7,6 -
[26] NC, PP4, PP6, SF20, SF35 4,6,20,35kg/m? PE, SF 6 15, 33, 40, 52, 55 7,7,5,27,24 47,21,12,52, 44
[27] GHPC, GHPSFRC 0.5 SF 40 177, 240 81,94 46, 39
[28] G1,G2 2.5% SF 15 358,417 207,185 58, 44
[29] B1, B2 3kg/m3 PF 20 84,76 44,37 52,49
PC, CFRC,
[30] PRFC, SFRC 0.15,0.15,0.5 CF, PF, SF 32 48,118,71,228 28, 53, 36, 90 57,45,51,39
[31] HSFRC 1 HSF 48 1896 802 42
[32] PFRC, FRC, SPHFRC 05,1.5 PE, SF - 52,191, 267 26.7,108.2, 89.6 51.2,56.5, 33.5

Annotations: HSF; Hooked end steel fiber, CSF; Crimped steel fiber, PAC; Preplaced aggregate concrete, FRC; Fiber-reinforced concrete, PC; Plain concrete, TSFRC; Two stage FRC,
HSFRC; High-strength fiber-reinforced concrete, SERC; Steel FRC, PFRC; Polypropylene FRC, SIFCON; Slurry-infiltrated fibrous concrete, CFRC; Cellulose FRC, SF; Steel fiber, PF;
Polypropylene fiber, CF; Cellulose fiber, GHPSFRC; green high-performance steel FRC, GHPC; green high-performance plain concrete, ECC; Engineered cementitious composite, PVA;
polyvinyl alcohol.
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3. Alterations Suggested to the ACI 544 Test

Badr and Asour [33] identified several factors that contribute to a significant scattering
of results for the ACI 544 test and classified them as follows:

—  Breaking of the specimens is permitted in any direction and at any location. Addition-
ally, cracking is observed visually for evaluation, which adds to the subjectivity of the
test results.

— Asimpact applied to the specimen at a single point, thus increasing the likelihood of
incorrect results in the future. The point of impact might be a softer cement matrix or
a harder coarse aggregate region, depending on the circumstances.

—  When it comes to specimen preparation, there is no recommended standard procedure.
Therefore, specimens may have smooth mold-faced surfaces.

—  Specimen failure is described by the cracks propagated to the bottom of the specimen
and the apparatus lug, respectively. In some cases, even if failure occurs with an
excessive crack width, the observation of failure can result in repeated impacts on
the specimen.

— There is no standard indicating whether a failure pattern should be accepted or
rejected, causing test results being scattered.

Despite the ACI falling mass impact test’s many advantages, scattering results are the
main drawback and need to be reduced. In this research, five modifications are proposed
and examined to decrease test result scattering. The first modification introduces a line
of impact steel bar placed horizontally on the specimen. The second, uses a line load
distributor plate to introduce a line notched specimen in the system. The third specimen is
a cross-notched specimen with a cross-knife-like steel plate attached to it. The fourth and
fifth alterations are sand and coarse aggregate bedding, which allow the specimens to rest
on it and absorb a tremendous amount of impact energy than the previous three alterations.

3.1. Steel Bar, Notched Specimen, and Load Transfer Plate

The first alteration introduces a steel bar of 30 mm diameter and 160 mm length being
placed on the specimen’s top surface and impact load being applied on the steel bar. As
a result of this alteration, cracks occur parallel to the line of impact and the specimens
break into two pieces with multiple cracks in a radial direction. The second and third
alterations use the topping line and cross-knife-like impact distributor plates. In the ACI
testing method, a steel ball was used as a load distributor that directly transferred impact
load to the specimens. In the above-mentioned two alterations, line and cross-knife-like
impact distributor plates were used to replace the steel ball and the load was transferred to
the notched specimens. Two different forms of the notched specimen were prepared, with a
line and cross notch provided along the diameter of specimen’s top surface with a width of
3 mm and 5 mm thickness. Figure 2 illustrates the specimens with no, line, cross-notch, and
load distributor plates. Crack path and failure of the notched specimens were pre-defined
due to these alterations, which resulted in less result scattering.

Figure 2. Modification details (a) specimens with and without notch (b) load transfer plates.
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3.2. Sand and Coarse Aggregate Bedding

Schrader [34] pioneered the impact resistance of concrete with the base surface of the
test specimen coated with a thin grease (petroleum jelly) to decrease result scattering. In
this research, uniform sand and coarse aggregate bedding were employed to study other
available materials that could substitute petroleum jelly coats. The study proposed a 50 mm
thick uniform sand and coarse aggregate bedding, where the specimen is embedded in
20 mm thickness. Due to its fine grading, sand was utilized where particle size was less
than 2.34 mm, and crushed gravel of 20 mm size was used as coarse aggregate bedding.
Simultaneously, the thickness of 50 mm bedding was recommended due to more impact
energy being absorbed. In addition, the cylindrical specimen was embedded in a 20 mm
thick bedding equal to one-third of the specimen’s depth. The crack that appeared on
the side faces of the notched specimens could be observed visually during the test. Nev-
ertheless, more research is needed to examine different bedding thicknesses to identify
optimized thickness. Figure 3 illustrates the five different alterations proposed in this study.
A cylindrical holding mold of 200 mm diameter and 150 mm height was used to locate the
test specimen correctly below the impact load with the required bedding thickness. The
cylindrical holding mold was about 24 mm wider than the test specimen, while the test
specimens have a diameter of 152 mm. The filled sand coarse aggregate inside the holding
mold is shown in Figure 3e f. This procedure is intended to avoid the impact of specimens
with holding sidewalls that can influence the crack pattern.

Figure 3. Modifications to the ACI test method: (a) ACI method. (b) Line impact load transfer by steel
bar. (c) Line notch specimen with load transfer plate. (d) Cross-notch specimen with load transfer
plate. (e) Coarse aggregate bedding. (f) Sand bedding.

4. Research Significance

A bibliography of materials on modified testing methods for the ACI drop-weight test
is not available. However, significant scattering in the ACI drop-weight test results was
indicated by many researchers who used various statistical tools for analysis. Performing
the modified impact test and reaching a logical conclusion to reduce scattering results is an
interesting experiment and most valuable. However, only a limited amount of research
was undertaken to minimize results scattering by introducing sand bedding, and there are
still significant gaps in this area of study. Therefore, a modified test is necessary to reduce
the scatter in the results and increase reliability. In this paper, five alterations to the ACI
drop weight impact test were conducted to achieve the impact performance of PAFC. Five
simple alterations to reduce scattering of results are proposed, and they involve a steel
bar positioned horizontally to apply a line of impact, line, and cross-notched specimens
with load distributor plates, sand and coarse aggregate bedding. The impact number
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associated with cracking and failure, as well as the failure mode and ductility index were
thoroughly investigated.

5. Experimental Program
5.1. Raw Materials

100

An IS: 12269-1987 [35] compliant Dalmia Pozzolana Portland obtained from Tamil
Nadu, India, a general-purpose cement was used in the studies. The cement had a
specific gravity of 3.09 kg/m? and a specific surface area of 318 kg/m?.

When using river sand as fine aggregate in the final product, it had fineness modulus
2.41, water absorption 1.15, and density 2.65%. The sand had a granulometric curve
that conformed to IS: 383-2016 [36], in line with ASTM C939/C939M-16a [37], with a
particle size of not more than 2.36 mm. Because of this, a flowable grout was developed
to fill up the gaps.

Coarse aggregate consisted of crushed granite gravel with a maximum size of 12.5 mm,
a water absorption of 0.59%, and a specific gravity of 2.69%. Figure 4 shows the ob-
tained granulometric curves for the fine and coarse aggregates used in this experiment.

9() | —* Fine Aggregate
80 4 Coarse Aggregate

0.001 0.01 0.1 1 10 100

Size of particle (mm)

Figure 4. Gradiometric curve for the used aggregates.

A high-range water reducer (Tec Mix 640 obtained from New era construction chem-
icals, Tamil Nadu, India) was utilized to make flowable grout. For non-fibrous and
fibrous specimens, different dosages (0.4 to 0.5 percent by cement weight) were used
to make flowable grout.

A new geometrically formed hybrid hooked end-crimped steel fiber (SF) of 50 mm
length and 1.0 mm diameter with a tensile strength of 1200 MPa was employed. The
tensile strength of polypropylene PF was 500 MPa and the fiber was 45 mm long and
0.8 mm in diameter. The appearance of SF and PF used in this research are shown
in Figure 5.
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Figure 5. Fibers type used in this research: (a) Polypropylene. (b) Steel.

5.2. Details of Mixing Composition

Thirty-six mixtures were employed in this investigation and were into divided into
twelve groups based on the modifications proposed. A series of trials was conducted
to select optimum flowable grout based on efflux time from the cone test, which met all
compressive strength requirements. Optimized grout was attained based on the efflux time
which ranged from 35 to 40 s as per ASTM C939 [37]. The optimal proportion of cement
to sand and w/c (water to cement ratio) was 1.0 and 0.42. A high-range water reducer
was added to water to enhance the flowability of grout, whose dosage was 0.4 percent
for non-fibrous specimens and 0.5 percent for fibrous specimens. The composition of the
twelve mixtures is shown in Table 2. The first mixture from group one was considered as
reference concrete prepared without fiber, no notch, and no bedding and designated as
RC-NN-NB. The second and third mixtures were prepared with PF and SF, respectively.
These two mixtures comprised no notch and no bedding and were designated RC-PF-NB
and SF-NN-NB. From the above three mixtures, the first letter “RC” represents the type
of concrete, the second letter “NN” the type of notch, and the third letter NB the type of
bedding. The second group mixtures id was based on group one, except the middle letter
ST, which meant the steel bar. The middle letters of all twelve groups, NN, ST, LN, and CN,
represent the no notch, steel bar, line notch, and cross-line notch, respectively. The first and
third represent the type of concrete and type of bedding, respectively. Table 2 reveals the
mixing combination of all twelve group mixtures.

5.3. Specimen Preparation Procedure

In total, 108 cylindrical specimens were prepared with three for each mixture. The
impact strength of the PAFC was measured using a 152 mm diameter and 64 mm height
cylindrical specimen. As illustrated in Figure 6, the stage-by-stage process of PAFC casting
consists of three critical procedures. First, a lubricant was applied to all of the cylindrical
mold’s interior side faces, as shown in Figure 6a, before it was filled. Second, a natural
skeleton was created by combining pre-mixed aggregates and fibers, as shown in Figure 6b.
As a final step, cement grout was applied and allowed to fill the spaces under gravity. The
grout was slightly compacted to ensure that all voids were filled, as shown in Figure 6¢. This
compaction process eradicated voids and honeycombing. Figure 6d shows the appearance
of specimens after grouting with the insertion of notch plates. All specimens were demolded
after 24 h and their appearances were arranged in a sequence as shown in Figure 6e. Water
immersion curing for 28 days was used to cure the specimens before testing.
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Table 2. Mixing combination, notch, and bedding type.
Group MixtureID Ratioofs/b Ratio of w/b Dofeillg,:r(" %) Fiber Type SP (%) Notch Type B(fg’ii:g
RC-NN-NB 1.0 0.42 0 - 0.4
1 PF-NN-NB 1.0 0.42 2.4 PF 0.5
SE-NN-NB 1.0 0.42 24 SF 0.5
No notch
RC-ST-NB 1.0 0.42 0 - 0.4
2 PF-ST-NB 1.0 0.42 2.4 PF 0.5
SF-ST-NB 1.0 0.42 24 SF 0.5
RC-LN-NB 1.0 0.42 0 - 0.4 No bedding
3 PF-LN-NB 1.0 0.42 2.4 PF 0.5 Line notch
SF-LN-NB 1.0 0.42 24 SF 0.5
RC-CN-NB 1.0 0.42 0 - 0.4
4 PF-CN-NB 1.0 0.42 24 PF 0.5 Cross notch
SF-CN-NB 1.0 0.42 24 SF 0.5
RC-NN-SB 1.0 0.42 0 - 0.4
5 PF-NN-SB 1.0 0.42 2.4 PF 0.5
SF-NN-SB 1.0 0.42 24 SF 0.5
No notch
RC-ST-SB 1.0 0.42 0 - 0.4
6 PF-ST-SB 1.0 0.42 24 PF 0.5
SF-ST-SB 1.0 0.42 24 SF 0.5 Sand
RC-LN-SB 1.0 0.42 0 - 0.4 bedding
7 PF-LN-SB 1.0 0.42 2.4 PF 0.5 Line notch
SF-LN-SB 1.0 0.42 24 SF 0.5
RC-CN-SB 1.0 0.42 0 - 04
8 PF-CN-SB 1.0 0.42 24 PF 0.5 Cross notch
SF-CN-SB 1.0 0.42 24 SF 0.5
RC-NN-CB 1.0 0.42 0 - 04
9 PF-NN-CB 1.0 0.42 24 PF 0.5
SE-NN-CB 1.0 0.42 24 SF 0.5
RC-ST-CB 1.0 0.42 0 - 0.4 Nonotch
10 prsT-CcB 1.0 0.42 24 PF 0.5
SF-ST-CB 1.0 0.42 24 SF 0.5 Coarse
RC-LN-CB 1.0 0.42 0 - 0.4 aé; eg ;3%?;
11 PF-LN-CB 1.0 0.42 2.4 PF 0.5 Line notch
SF-LN-CB 1.0 0.42 24 SF 0.5
RC-CN-CB 1.0 0.42 0 - 0.4
12 PF-CN-CB 1.0 0.42 2.4 PF 0.5 Cross notch
SE-CN-CB 1.0 0.42 24 SF 0.5
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Figure 6. Fabrication technique: (a) empty mold, (b) filled fibers and aggregates into mold, (c) pouring
of grout, (d) inserted notch plates into the specimens, and (e) specimens appearance after demolding.

5.4. Drop Weight Impact Test Setup with Modifications

An altered drop-weight impact test was conducted to evaluate impact strength of
the PAFC specimens based on alterations suggested by ACI Committee 544 [3]. Figure 7
displays the modified drop-weight impact testing device used in this research. In this
altered test, a mass of 4.45 kg of steel hammer freed from 457 mm height was allowed to
fall on the same spot on the specimen’s top surface, as shown in Figure 7a. During testing,
the specimen’s movement horizontally was restricted by four positioning legs as shown
in Figure 7b—d. Impact numbers needed to produce cracking (L1) and failure (L2) of the
specimen was noted by manual inspection. Failure was defined by the crack reaching the
specimen’s bottom and breaking into two pieces. The empty holding cylindrical mold,
sand, and coarse aggregate bedding arrangements are seen in Figure 7e-g.

Pulley
Impact Frame

Guidanee

Drop Height
457 mm
Steel Hammer

454 Kg

Line notch plate
(10 mm thick)

Specimen Holder

Cross noich plate

(10 mm thick)

- chbi |
| -illl s Jja er
cvlinder E

Figure 7. Drop weight test setup and arrangements.
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6. Discussion of Results
6.1. Compressive Strength

Figure 8 shows the compressive strength of both non-fibrous and fibrous concrete,
attained from three 100 mm cubes per mixture at 28 days according to IS: 516 [38]. The
non-fibrous specimen (PAC) had a compressive strength of 32.57 MPa, whereas the fibrous
specimens comprising PF and SF had 48.20 and 63.04 MPa, respectively. It is clear from
Figure 8 that the compressive strength of PAFC comprised PF and SF exhibited a 47.9% and
93.5% improvement, respectively, compared with PAC.

—_
S
)

150

=

a2

2 80 - - 120,

g 5

260 - %1 90 5

= L 5

2 40 - - 60 &

R7 = 9 P

£ 20 30 5

Q'1 N /, B

g

o o

Q 0 . I I 0
PAC  PAFC-PF PAFC-SF

Mixture type
Figure 8. Compressive strength of concrete.

This was due to the three-dimensional orientation of SF and PF, which can be dispersed
uniformly throughout the cross section, resulting in inhibiting macroscale crack formation.
This ensured that stress was distributed uniformly while altering the crack path lead to
fiber bridging action that prevented crack advancement from progressing further. The
contribution of SF in increasing compressive strength was more remarkable than in PE. This
finding is aligned with the earlier studies reported in [24,39,40]. This phenomenon was due
to the higher tensile strength of SF leading to a higher load to maintain cracking progress
around the SE. However, the addition of PF also improved compressive strength by 47.9%,
which was comparatively less than that of SE. This improvement was due to the low tensile
strength of PF with lesser crack bridging ability resulting in smaller energy being needed
for fiber debonding and pull out [41-43].

6.2. Repeated Impact Test

The findings recorded from the repeated impact tests are summarized in Table 3 and
shown in Figures 9-11 for all groups of specimens. The results are presented in terms of
cracking impact number (L1) and failure impact number (L2). As shown in Table 3, the
mean of three disk specimens was considered in the figures. Figures 9-11 reveal the effect
of the inclusion of polypropylene fiber (PF) and steel fiber (SF) on impact resistance in
terms of L1 and L2, in addition to the percentage of increase compared to the corresponding
plain reference specimens (RC).
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Table 3. Impact test results.
Impact Numbers
Group Mixture ID Specimen 1 Specimen 2 Specimen 3 Mean SD C(S/z}/

L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2

RC-NN-NB 8 15 9 19 14 26 10 20 32 56 311 278

1 PF-NN-NB 31 125 46 148 58 198 45 157 135 373 301 238
SF-NN-NB 74 375 85 482 115 548 91 468 212 873 232 186
RC-ST-NB 10 21 14 25 18 31 14 26 40 50 286 196

2 PF-ST-NB 40 138 49 164 60 203 50 168 100 327 202 194
SF-ST-NB 81 389 93 492 121 542 98 474 205 780 209 164
RC-LN-NB 17 28 19 29 20 32 19 30 15 21 8.2 7.0

3 PF-LN-NB 49 165 54 182 59 196 54 181 50 155 93 8.6
SF-LN-NB 100 456 108 476 116 548 108 493 80 484 74 9.8
RC-CN-NB 18 31 21 36 25 39 21 3 35 40 165 114

4 PF-CN-NB 52 174 59 195 68 222 60 197 80 241 134 122
SF-CN-NB 99 426 115 525 128 561 114 504 145 699 127 139
RC-NN-SB 11 20 13 25 18 31 14 25 36 55 258 217

5 PF-NN-SB 40 151 55 166 64 216 53 178 121 340 229 192
SF-NN-SB 88 400 95 499 125 560 103 48 197 807 191 166
RC-ST-SB 15 26 18 30 21 35 18 30 30 45 167 149
6 PF-ST-SB 54 163 65 180 72 217 64 187 91 276 143 148
SF-ST-SB 89 432 100 489 119 563 103 495 152 657 148 133
RC-LN-SB 23 33 24 34 26 35 24 34 15 1.0 6.3 2.9

7 PF-LN-SB 5 185 58 191 61 207 58 194 25 114 43 5.9
SF-LN-SB 109 494 114 504 120 555 114 518 55 327 48 6.3
RC-CN-SB 25 35 26 39 31 41 27 3 32 31 118 8.0
B PF-CN-SB 56 19 61 216 69 241 62 218 66 225 106 104
SF-CN-SB 106 505 121 555 128 612 118 557 112 535 95 9.6
RC-NN-CB 12 24 15 31 21 39 16 31 46 75 286 240

9 PF-NN-CB 2 161 61 178 70 236 58 192 143 393 248 205
SF-NN-CB 91 423 99 523 134 598 108 515 229 878 212 171
RC-ST-CB 16 32 20 39 24 44 20 3 40 60 200 157
10 PF-ST-CB 58 176 67 197 79 237 68 203 105 310 155 152
SF-ST-CB 91 473 105 501 126 615 107 530 176 752 164 142
RC-LN-CB 25 49 26 52 29 54 27 2 21 25 7.8 49

1 PF-LN-CB 60 204 62 19 67 231 63 211 36 172 57 8.1
SF-LN-CB 115 540 117 536 128 620 120 565 7.0 474 58 8.4
RC-CN-CB 28 48 31 51 36 59 32 53 40 57 128 108
12 PF-CN-CB 50 205 64 225 74 256 66 229 76 257 116 112
SF-CN-CB 109 530 129 561 135 646 124 579 136 601 109 104
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6.2.1. Effect of Fiber Type

Figure 9 presents the impact test results of the no-bedding groups and the four loading
cases. It is obvious in the figure that PF resulted in a significant increase in both cracking
and failure numbers. Whereas in this case, the percentage increase in L1 over the plain
specimens (RC) was in a range from 180% to 336% for the four loading cases as shown
in Figure 9a—d, which meant that the recorded L1 for the PF-reinforced specimens of the
groups was approximately 2.8 to 4.4 times that of the RC specimens. Improvement in
the impact failure resistance of the tested specimens was much more obvious than at the
cracking stage, where L2 of the PF-reinforced specimens was increased by 458 to 685%,
which meant that PF effectiveness was more than twice at failure than at cracking. Similar
results were also obtained for the sand bedding groups (Figure 10) and coarse bedding
groups (Figure 11). As shown in Figure 10, L1 increased by 127% to 279% compared to the
RC specimens, while L2 increased by 468% to 601%. Thus, the percentage increase in L2
was more than 2.1 times that of L1. Similarly, for the coarse bedding specimens (Figure 11),
percentage improvement in cracking resistance was 107% to 260%, while that of failure
resistance was approximately 309% to 512%. Therefore, L2 increased by approximately 2.0
to 2.9 times than that of L1.

Improvement in impact resistance was attributed to the micro and macro size of fibers
used in concrete. This type of micro-structural scale of fiber would reduce the initiation
of cracks under the effect of stresses from external loads through a bridging action [44].
The bridging activity of fibers restricted the widening and propagation of cracks and
delayed their opening to the outer surfaces, which in turn increased the load absorption
capacity till surface cracking [45,46]. Within the first few impacts, the material started
to fracture at the microstructural level, which was revealed as a multi-cracking response
under gradually increasing tensile stresses. These internal cracks were rapidly connected
and propagated to the surface of the reference (RC) specimens after approximately 10 to
32 impacts. On the other hand, the presence of PF fibers across internal cracks postponed
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propagation of these cracks by absorbing significant tensile stresses before fiber elongation
allowing for partial opening of cracks, which delayed surface cracking reflecting a higher
impact energy absorption capacity, where L1 of PF specimens ranged from approximately
45 to 68 impacts.

As the impact continued after cracking, the surface cracks of the plain RC specimens
became wider under each impact that was transferred into concentrated tensile stresses,
leading to failure fracture after just a few blows after surface cracking. All RC specimens
failed after approximately 20 to 53 impact blows. On the other hand, the PF-reinforced
specimens exhibited a much higher ability to absorb impact energy after surface cracking till
failure compared to the RC specimens. The superior impact response of the PF specimens
after cracking was due to the full use of fiber potential to absorb high tensile stresses
across cracks before rupture or bond failure. The main action of fibers starts after the fibers
were stressed by tensile forces at the opposite fiber ends anchored inside the opposite
faces of the widening cracks. Therefore, as impact blows increased after cracking, the
function of fibers as bridging units was more pronounced, reaching the full functionality
before failure, which explains the much higher percentage increase in L2 compared L1
over their corresponding records of plain specimens. The distinguished impact response
of PF reinforced specimens was also reported by previous researches [24,39], while others
showed that PF fibers significantly improved flexural performance, toughness and ductility
of concrete [47].

Figures 9-11 shows clearly that L1 and L2 records of steel fiber (SF) reinforced speci-
mens were much higher than their corresponding RC specimens and noticeably superior
to the PF specimens. For the no-bedding groups, the SF specimens showed an increase
between 435% to 784% for L1 and 1326% to 2242% for L2. Similarly, for the sand-bedding
groups, L1 and L2 increased by 333% to 633% and 1354% to 1820%, respectively, while they
increased by 293% to 575% and 994% to 1543%, respectively, for the coarse-bedding groups.
Comparing the impact test results of SF specimens with their corresponding PF specimens
for the 12 groups of specimens, the SF-reinforced specimens exhibited L1 records that were
approximately 1.6 to 2.0 times those of PF-reinforced specimens. Similarly, L2 values of SF
specimens was approximately 2.0 to 3.0 times those of PF specimens.

The superiority of SF specimens over RC specimens was due to the matrix reinforce-
ment action of fibers, which boosted the specimens impact energy capacity and lead to
improved material behaviour under loads and higher impact strength. On the other hand,
the noticeably higher impact performance of SF specimens over the PF specimens was
due to higher tensile strength and bond strength of the steel fibers compared to the PF
fibers, where tensile strength of the used SF fibers (1150 MPa) was more than twice that
of PF fibers (500 MPa). Previous studies support the findings of these results, where SF
showed extraordinary reinforcing activity leading to significantly improved toughness,
tensile strength, and impact resistance [46,47].

6.2.2. Impact Ductility

The ability of flexural members like beams and slabs to withstand plastic deformation
is defined as flexural ductility, and the ductility index is calculated by dividing the defor-
mation (deflection) at failure or at a defined point within the post-peak region to that at
the yielding point of steel tension [48,49]. In this definition, the relation between load and
deformation is assumed to be elastic before yielding and plastic beyond which. If such a
definition can be used to describe the ability of the disc specimens to absorb impact energy
within plastic energy, then the cracking number L1 can be assumed to be the end point of
elastic behaviour and the starting point of plastic behaviour. Therefore, an impact ductility
index (ID) can be simplified as the ratio of the failure impact number (L2) to the cracking
impact number (L1). This definition was adopted in many earlier studies to distinguish
between the effects of different fiber materials or contents on the impact response under
repeated impact loads [50-52].
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Figure 12 shows the impact ductility index (ID) for the 12 bedding and loading cases
for the RC, PFE, and SF specimens. Figure 12a reveals that ID values for the RC specimens
are comparable for all cases which range from 1.40 to 1.96. On the other hand, Figure 12b
reveals the effect of PF in improving impact ductility where ID values of the PF reinforced
specimens range from 2.93 to 3.51. Comparing these values with ID values of the plain
RC specimens, it is seen that the ductility indices of PF specimens were 1.56 to 2.50 times
those of RC specimens. This improvement is attributed to better post cracking performance
of the PF specimens due to the bridging action of PF fibers which delayed failure and
increased differences between L2 and L1 records. Figure 12¢ shows that the SF-reinforced
disk specimens exhibited comparable ID values in a range of 4.42 and 5.13. The calculated
ID values for the FS specimens reveal the superior impact ductility of SF disks compared
to plain and PF disks. The ductility of SF specimens is obviously 2.43 to 3.36 times that of
RC specimens and 1.34 to 1.65 times that of PF specimens. The higher ductility of SF is
attributed to the same reason ascribed in the previous section, which is the higher tensile
strength and better configuration of steel fibers compared to polypropylene fibers, which
in turn increased crack arresting potential after the first crack leading to much higher L2
records compared to corresponding L1 records.
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Figure 12. Impact ductility index of all mixtures (a) RC, (b) PF (c) SE.

7. Analysis of the Recommended Changes to ACI 544-2R Repeated Impact Test
7.1. Effect of Loading Type on Impact Results

Figures 13-15 compare the cracking (L1) and failure (L2) impact results of the three
suggested loading types (steel bar, line notch and cross notch) with the standard steel ball
configuration (no notch). In each of these figures, the results are compared for the three
bedding cases of the standard no bedding, sand bedding, and coarse bedding.
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Figure 13 presents the results of the plain (no fiber) specimens (RC). Figure 13a shows
that for the case of no bedding, testing the specimens under the three testing techniques
increased the retained impact numbers of the disc specimens, where the impact numbers
(L1 and L2) of the steel beam case were higher than those of the standard no notch case,
while using line notch and line knife plate resulted in higher impact numbers. However,
the highest retained impact numbers of all cases were recorded for the case of cross notch
and cross loading plate. The retained L1 values were 10, 14, 19, and 21 for the cases of
no notch, steel beam, line notch and cross notch, respectively. Therefore, the alternative
loading techniques of steel beam, line notch, and cross notch increased L1 by 35%, 81%,
and 106%, respectively, compared to the standard loading case. Similarly, L2 values of
the same loading cases were 20, 26, 30 and 35 recording percentage increases over the
standard case by 28%, 48%, and 77%, respectively. Similar trend and sequence of results
were obtained for the similar groups of loading cases tested with sand bedding (Figure 13b)
and coarse bedding (Figure 13c). Whereas shown in Figure 13b, in the case of sand bedding,
L1 increased by 29%, 74%, and 95% for the cases of steel beam, line notch and cross notch,
respectively, compared to the no notch case, while L2 exhibited percentage increases of 20%,
34%, and 51%, respectively. The group of coarse bedding also supports these results with
percentage increases of 25%, 67%, and 98% in L1 and 22%, 65%, and 68% in L2, respectively,
as shown in Figure 13c.

Figure 14 shows a similar trend of results recorded for the polypropylene fiber-
reinforced mixture (PF), while Figure 15 shows these results for the steel fiber-reinforced
mixture (SF). This is similar to the trend observed in L1 and L2 for the plain mixture (Fig-
ure 13). Where the suggested loading cases of the steel beam, line notch, and cross-notch
exhibited higher L1 and L2 records than the standard loading case (no notch). However,
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the percentages increase in L1 and L2 of the fibrous mixtures over the standard loading
case were much lower than those recorded for the plain mixture. The percentages increase
in L1 recorded for the PF mixtures for was 10%, 20%, and 33%, the no bedding 20%, 10%,
and 17% for the sand bedding and 18%, 9%, and 14% for the coarse bedding for the steel
beam, line notch and cross notch, respectively. For the same sequences of bedding types
and loading types, the percentages increase in L2 was 7%, 15% and 25%, 5%, 9% and 23%,
and 6%, 10%, and 19%, respectively, as shown in Figure 14.

This means that the percentage increase in both L1 and L2 was in the range of 5 to 33%
for the PF specimens if the suggested loading cases were used instead of the standard steel
ball (no notch). Figure 15 shows that the SF-reinforced mixtures also exhibited a similar
trend of results. However, with a much lower percentage of increase that ranged from —1
to 25% for L1 and 1 to 15% for L2. On the other hand, the percentage increase in L1 for
the case of the plain mixture (Figure 13) ranged from 25 to 106%, while that of L2 ranged
from 20 to 77%, which are noticeably higher than those retained for the PF and SF fibrous
mixtures. The obtained results agree well with those obtained in a previous study for the
two notch cases [53], while the steel bar case was first introduced in this research. In the
previous study by Ramakrishnan et al. [53], it was revealed that regardless of the bedding
case, using line or cross notch loading cases increased the retained impact numbers.

7.2. Effect of Bedding Type on Impact Results

Figures 16-18 illustrate the effect of bedding type on the recorded impact numbers for
the plain, PF, and SF mixtures, respectively, in which this effect is shown for the four loading
cases. It is obvious in the figures that using bedding materials increases the obtained impact
numbers and this increase is higher for coarse bedding than for sand bedding, regardless of
the case of loading and mixture type. Figure 16 shows that for RC mixtures, the use of sand
bedding increased L1 from 28 to 35% and L2 by 8 to 28% for all loading cases. On the other
hand, the use of coarse bedding increased L1 by 43 to 55% and L2 by 49 to 74% for the four
loading cases. For the PF mixture, Figure 17 shows that using sand bedding increased L1
and L2 by 4 to 28% and 7 to 13%, respectively, compared to the similar load cases without
bedding, while the use of coarse bedding led to higher L1 records by 10 to 37% and higher
L2 records by 16 to 22% compared to their corresponding loading cases without bedding.
The percentage increase values in the PF mixture is noticed to be apparently lower than
those gained for RC mixture. This conclusion was also recorded for the SF mixture but with
much lower increase percentages as shown in Figure 18, where the use of sand bedding
resulted in an increase in L1 and L2 between 4% and 12%, while the using of coarse bedding
increased L1 and L2 by 9 to 18%.

The increase in the retained impact numbers due to the use of bedding materials
was also reported by previous researches [28,53]. This increase is directly attributed to
the relief in the absorbed impact energy by the disc specimen obtained from the partial
energy absorbance of the bedding materials. The compaction of the bedding materials
absorbs a part of the applied impact load leading to lower stresses in the disc specimen
after each impact blow. Therefore, the degradation of concrete that leads to the cracking
and failure is delayed resulting in higher retained impact numbers till cracking and failure.
Ramakrishnan et al. [53] reported an increase in L1 and L2 from 45 to 350% when sand and
coarse bedding materials were used. On the other hand, the lower recorded percentage
increase values for PF and SF mixtures compared to the RC plain mixture is directly
attributed to the presence of fibers as discussed in the previous section [54-57].
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7.3. Effect of Loading Type and Bedding Type on the Dispersion of Impact Results

The Coefficient of Variation (COV) is a comparatively non-dimensional measure of
variability and is a significant parameter in the building design industry. The principle
helps to simplify statistical parameter calculations, and the outcomes are very close to those
obtained directly from the original functional relationship. By finding the uncomplicated
relationship between COV and statistical parameters, statistical distribution characteristics
can be analyzed by COV. A higher value of COV indicates higher variability in the testing
data point, while a lower COV indicates a lower variability desirable for design calculations.
The effect of loading and bedding type on the COV of impact test results, is shown in
Figure 15. The assessment of impact of the proposed loading and bedding types should not
be based solely on L1 and L2 values. Furthermore, variation control in the test was one of
the key objectives for suggesting these changes [3]. Table 3 lists the SD and COV values of L1
and L2. Consequently, the COV was adopted to compare the scattering of results between
various loading and bedding types and other mixing combinations in this research.

Figure 19 illustrates the COV for each RC type mixture for all loading and bedding
types. The figure indicates a declining trend of COV in comparison to each no bedding
and ACI 544 method loading type. For example, the determined COV of L1 for the RC-
NN-NB, RC-ST-NB, RC-LN-NB, RC-CN-NB specimens was 31.1%, 28.6%, 8.2% and 16.5%,
respectively. Likewise, COV values for L2 were 27.8%, 19.6%, 7.0%, 11.4%, respectively, as
in Figure 19. It is clear from the figure and the ACI testing method that they exhibited a
higher COV and this variability was reduced by altering the loading type. The lowest COV
was obtained from the line notched specimens followed by the cross notched specimens
and no notch specimens with a line of impact using a steel bar. A specimen exhibited the
same trend with sand and coarse aggregate bedding. On the other hand, sand and coarse
aggregate bedding exhibited a positive result in reducing the variability of specimens under
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impact loading. For example, the COV of L1 for the RC-NN-NB, RC-NN-5B and RC-NN-CB
specimens was 31.1%, 25.8%, and 28.6%, respectively, while the OCV for L2 values was
27.8%, 21.7%, and 24.0%, respectively. It is clear from Figure 19 that the specimen with
sand bedding displayed lower results variability followed by coarse aggregate bedding.
COV values ranged from 8.2 to 31.1% for no bedding, 6.3 to 25.8% for sand bedding and
7.8 to 28.6% for coarse aggregate bedding corresponding to L1. Similarly, COV for L2
ranged from 7 to 27.8% for no bedding, 2.9% to 21.7% for sand bedding and 4.9 to 24% for
coarse aggregate bedding irrespective of the loading type and the specimen. Comparing
RC specimens with different loading and bedding types, a notable COV reduction was
obtained from the line notched specimen with sand bedding.
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Figure 19. Coefficient of variation of cracking and failure impact numbers of RC specimens
(a) Cracking number (L1), (b) Failure number (L2).

The same trend was observed in polypropylene fibrous specimens. Figure 20a,b
illustrates the COV for each type of specimen comprising PF. For example, the COV of L1
for the PF-NN-NB, PF-ST-NB, PF-LN-NB, and PF-CN-NB specimens was 30.1%, 20.2%,
9.3%, and 13.4%, respectively, while the COV for L2 values were 23.8%, 19.4%, 8.6%,
and 12.2%, respectively. A similar trend was observed for the sand and coarse aggregate
bedding. Comparing the bedding type, the observed COV values for the PF-NN-NB,
PF-NN-SB, and PF-NN-CB were 30.1, 22.9, and 24.8 for L1 and 23.8, 19.2, and 20.5 for
L2, respectively. The use of line notch specimens with sand bedding displayed a lower
COV for both the L1 and L2 of PF-based specimens. SF-based specimens also exhibited the
same trend as observed in the non-fibrous and PF-based specimens, shown in Figure 21.
For example, SE-NN-NB, SF-ST-NB, SF-LN-NB, and SF-CN-NB specimens displayed a
COV of about 23.2%, 20.9%, 7.4%, and 12.7% for L1 and 18.6%, 16.4%, 9.8%, and 13.9%
for L2, respectively. It is clear from Figure 21, that the sand bedding with line notched
specimens exhibited a lower COV value. In a nutshell, the line notched specimen showed
the smallest scattering, while the line notch with sand bedding was the solution to decrease
the scattering of results.

7.4. Failure Pattern of a Specimen under Impact Loading

Figure 22 shows the failure of the PAFC specimen on the top and side faces under
repeated impact load for the non-fibrous and fibrous specimens subjected to no bedding.
The failure pattern of the sand and coarse aggregate bedding specimens was similar to the
corresponding alterations proposed by the specimen. However, alterations such as steel
bars, line and cross notched specimens showed a different failure pattern. As shown in
Figure 22a, the RC-NN-NB showed brittle failure while the specimen’s crack path occurred
randomly. On the other hand, the SF-NN-NB specimen showed ductile failure due to the
presence of SE. The central semi-circular fraction zone under the load-distributor steel ball
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was formed, accompanied by several macro cracks that showed the specimen’s high energy
absorption capacity, as demonstrated in Figure 22b. Specimens subjected to line impact
(RC-SB-NB and SF-SB-NB) showed that a crack occurred parallel to the line of impact and
spreads to the bottom of the specimen, leading to a breakage in two parts of the specimen,

as shown in Figure 22¢,d. The notched specimens (line and cross) were found to control
crack paths better.
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Figure 21. Coefficient of variation of cracking and failure impact numbers of SF specimens
(a) Cracking number (L1), (b) Failure number (L2).

The crack spread along with the depth of the notches as the frequency of impacts
increased, as seen in Figure 22e-h. The lines and cross notched specimens produced
fractures on two and four sides, respectively, due to the impact of the loading notches and
distributors that distributed stress along a cross-line controlling the path of fractures. This
failure pattern was consistent with previous studies [28,53]. A more even line cracking
was replaced for fibrous specimens in the central semi-circular fracture zone under the
load-distributor steel ball. This showed the successful role of stress direction and crack path
controlling the proposed line loading distributor and the notched specimens. Such control
could reduce the variability of test results and help suggest more control criteria for cracking
and the specimens’ failure through repeated impact testing [58-61]. For single-layer, double-
level, and three-layered specimens, the same failure observation was recorded.
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Figure 22. Failure pattern. (a) RC-NN-NB (b) SF-NN-NB (c) RC-ST-NB (d) SF-ST-NB (e) RC-LN-NB
(f) SF-LN-NB (g) RC-CN-NB and (h) SF-LN-NB; where T-top and S-Side.

8. Conclusions

Based on the findings of the experiments and the statistical analysis, the following

conclusions are reached.

The three suggested loading cases of steel bar, line notch, and cross-notch enabled
the disc specimens to absorb higher impact energy compared to the standard steel
ball case, which is attributed to the better distribution of stress concentration along
line and cross baths compared to the single central point in the case of the standard
steel ball. For instance, for the RC mixture, the percentage of increase in L1 and L2 for
the three suggested loading cases was in the ranges of 25% to 106% and 20% to 77%,
respectively, compared to the corresponding L1 and L2 records of the standard steel
ball case.

The use of sand and coarse beddings led to a kind of stress relief in the disc specimens
under the repeated impacts owing to the partial compaction deformation of the
bedding material. This relief increased the retained cracking and failure impact
numbers compared to the standard case without bedding, regardless of the surface
loading mechanism. For instance, the retained L1 numbers of the RC mixture increased
by 28% to 55% when sand or coarse bedding materials were used, while L2 increased
by 8% to 74% compared to the standard case without bedding.

The influence of suggested surface loading type and bedding materials on the retained
impact numbers was lower in the fibrous mixtures than in the plain mixture, where
the percentage increase in both L1 and L2 were lower for PF and SF mixtures than their
corresponding percentages of the plain RC mixture. For instance, the incorporation
of bedding materials increased L1 and L2 by 8 to 78% for RC specimens, while the
percentages of increase for PF and SF specimens were in the ranges of 4% to 37%.
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— Line-notched specimens and sand bedding significantly decreased COV of the testing
results among the other suggested alterations. Using a cross-line notched specimen
and line of impact with coarse bedding also effectively reduced COV for all mixtures.
For example, SE-NN-NB, SF-ST-NB, SF-LN-NB, and SF-CN-NB specimens displayed
a COV of approximately 23.2%, 20.9%, 7.4%, and 12.7% for L1 and 18.6%, 16.4%, 9.8%,
and 13.9% for L2, respectively. Compared to the ACI testing method, all suggested
test alterations exhibited a lower COV, which confirmed a controlled failure pattern.

—  From the ACI testing method, a central semi-circular fraction zone was formed on the
top surface of fibrous specimens. However, the lines and cross-notched specimens
produced failures on two and four sides, respectively, distributing stress along a
cross-line and controlling the failure path.

Author Contributions: Conceptualization, G.M. and M. A.; Data curation, G.M., S R.A.,, M.A,, N.LV.
and R.F; Formal analysis, G.M., SR.A., M.A.,, N.LLV. and R F; Funding acquisition, M.A., N.I.V. and
R.F; Investigation, G.M.; Methodology, G.M.; Project administration, G.M., M.A,, N.V. and RE;
Resources, G.M., S.R.A. and R.F; Software, G.M., SR.A. and M.A_; Supervision, N.I.V.; Validation,
SR.A.,M.A, N.IV. and R.F; Visualization, S.R.A.; Writing—original draft, G.M.; Writing—review &
editing, S.R.A., M.A., N.ILV. and R.F. All authors have read and agreed to the published version of
the manuscript.

Funding: The research is partially funded by the Ministry of Science and Higher Education of the
Russian Federation under the strategic academic leadership program ‘Priority 2030” (Agreement
075-15-2021-1333 dated 30 September 2021).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: The authors acknowledge the support from the SASTRA Deemed University.
Also, the authors gratefully acknowledge the financial support given by Deanship of Scientific
Research at Prince Sattam bin Abdulaziz University, Alkharj, Saudi Arabia, for this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. UFC 3-340-02 (Unified Facilities Criteria); Structures to Resist the Effects of Accidental Explosions. Department of the Army, the
NAVY and the Air Force: Washington, DC, USA, 2008.

2. ACI Committee 349. Code Requirements for Nuclear Safety-Related Concrete Structures (AC 349-13) & Commentary; American Concrete
Institute: Farmington Hills, MI, USA, 2014.

3. ACI544-2R. Measurement of Properties of Fiber Reinforced Concrete; American Concrete Institute: Farmington Hills, MI, USA, 1999.

4. Rai, B,; Singh, N.K. Statistical and experimental study to evaluate the variability and reliability of impact strength of steel-
polypropylene hybrid fiber reinforced concrete. J. Build. Eng. 2021, 44, 102937. [CrossRef]

5. Abid, S.R.; Abdul-Hussein, M.L.; Ayoob, N.S.; Ali, S.H.; Kadhum, A.L. Repeated drop-weight impact tests on self-compacting
concrete reinforced with micro-steel fiber. Heliyon 2020, 6, €03198. [CrossRef] [PubMed]

6. Alwesabi, E.A.; Abu Bakar, B.H.; Alshaikh, LM.H.; Akil, HM. Impact resistance of plain and rubberized concrete containing steel
and polypropylene hybrid fiber. Mater. Today Commun. 2020, 25, 101640. [CrossRef]

7.  Siddique, S.; Shrivastava, S.; Chaudhary, S.; Gupta, T. Strength and impact resistance properties of concrete containing fine bone
china ceramic aggregate. Constr. Build. Mater. 2018, 169, 289-298. [CrossRef]

8.  Akatsuka, Y. Basic study on quality control of prepacked concrete for harbour construction works. Trans. Jpn. Soc. Civ. Eng. 1967,
140, 21-54.

9.  Najjar, M.F; Soliman, A.M.; Nehdi, M.L. Critical overview of two-stage concrete: Properties and applications. Constr. Build. Mater.
2014, 62, 47-58. [CrossRef]

10. Salaimanimagudam, M.P; Murali, G.; Vivek Vardhan, C.M.; Amran, M.; Vatin, N.; Fediuk, R.; Vasilev, Y. Impact Response of
Preplaced Aggregate Fibrous Concrete Hammerhead Pier Beam Designed with Topology Optimization. Crystals 2021, 11, 147.
[CrossRef]

11. Murali, G.; Asrani, N.P.; Ramkumar, V.R; Siva, A.; Haridharan, M.K. Impact Resistance and Strength Reliability of Novel

Two-Stage Fibre-Reinforced Concrete. Arab. J. Sci. Eng. 2019, 44, 4477-4490. [CrossRef]


http://doi.org/10.1016/j.jobe.2021.102937
http://doi.org/10.1016/j.heliyon.2020.e03198
http://www.ncbi.nlm.nih.gov/pubmed/31956719
http://doi.org/10.1016/j.mtcomm.2020.101640
http://doi.org/10.1016/j.conbuildmat.2018.02.213
http://doi.org/10.1016/j.conbuildmat.2014.03.021
http://doi.org/10.3390/cryst11020147
http://doi.org/10.1007/s13369-018-3466-x

Materials 2022, 15, 3096 26 of 27

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

Abirami, T.; Loganaganandan, M.; Murali, G.; Fediuk, R.; Vickhram Sreekrishna, R.; Vignesh, T.; Januppriya, G.; Karthikeyan, K.
Experimental research on impact response of novel steel fibrous concretes under falling mass impact. Constr. Build. Mater. 2019,
222,447-457. [CrossRef]

Manohar, T.; Suribabu, C.R.; Murali, G.; Salaimanimagudam, M.P. A novel steel-PAFRC composite fender for bridge pier
protection under low velocity vessel impacts. Structures 2020, 26, 765-777. [CrossRef]

Abirami, T.; Murali, G.; Saravana Raja Mohan, K.; Salaimanimagudam, M.P.; Nagaveni, P; Bhargavi, P. Multi-layered two stage
fibrous composites against low-velocity falling mass and projectile impact. Constr. Build. Mater. 2020, 248, 118631. [CrossRef]
Mastali, M.; Dalvand, A. The impact resistance and mechanical properties of self-compacting concrete reinforced with recycled
CFRP pieces. Compos. Part B 2016, 92, 360-376. [CrossRef]

Murali, G.; Santhi, A.S.; Mohan Ganesh, G. Impact resistance and strength reliability of fiber-reinforced concrete in bending under
drop weight impact load. Intern. J. Technol. 2014, 2, 111-120. [CrossRef]

Gunasekaran, M.; Thangavel, M.; Nemichandran, N.K.; Ravikumar, I.; Glarance, H.]J.; Kothandapani, K. Impact Response and
Strength Reliability of Green High Performance Fibre Reinforced Concrete Subjected to Freeze-thaw Cycles in NaCl Solution.
Mater. Sci. 2017, 23, 384-388. [CrossRef]

Murali, G.; Karthikeyan, K.; Ramkumar, V.R. Reliability Analysis of Impact Failure Energy of Fibre Reinforced Concrete Using
Weibull Distribution. J. Appl. Sci. Eng. 2018, 21, 163-170.

Asrani, N.P; Murali, G.; Parthiban, K.; Surya, K.; Prakash, A.; Rathika, K.; Chandru, U. A feasibility of enhancing the impact
resistance of hybrid fibrous geopolymer composites: Experiments and modelling. Constr. Build. Mater. 2019, 203, 56—68. [CrossRef]
de Azevedo, A.R.G.; Klyuev, S.; Marvila, M.T.; Vatin, N.; Alfimova, N.; de Lima, T.E.S.; Fediuk, R.; Olisov, A. Investigation of the
Potential Use of Curaua Fiber for Reinforcing Mortars. Fibers 2020, 8, 69. [CrossRef]

Murali, G.; Abid, S.R.; Amran, M.; Abdelgader, H.S.; Fediuk, R.; Susrutha, A.; Poonguzhali, K. Impact performance of novel
multi-layered prepacked aggregate fibrous composites under compression and bending. Structures 2020, 28, 1502-1515. [CrossRef]
Jabir, H.A; Abid, S.R.; Murali, G.; Ali, S.H.; Klyuev, S.; Fediuk, R.; Vatin, N.; Promakhov, V.; Vasilev, Y. Experimental Tests and
Reliability Analysis of the Cracking Impact Resistance of UHPFRC. Fibers 2020, 8, 74. [CrossRef]

Abid, S.R.; Gunasekaran, M.; Ali, S.H.; Kadhum, A.L.; Al-Gasham, T.S.; Fediuk, R.; Vatin, N.; Karelina, M. Impact Performance of
Steel Fiber-Reinforced Self-Compacting Concrete against Repeated Drop Weight Impact. Crystals 2021, 11, 91. [CrossRef]
Prasad, N.; Murali, G. Exploring the impact performance of functionally-graded preplaced aggregate concrete incorporating steel
and polypropylene fibres. |. Build. Eng. 2021, 35, 102077. [CrossRef]

Ali, M.A.E.M.; Soliman, A.M.; Nehdi, M.L. Hybrid-fiber reinforced engineered cementitious composite under tensile and impact
loading. Mater. Des. 2017, 117, 139-149. [CrossRef]

Ding, Y,; Li, D.; Zhang, Y.; Azevedo, C. Experimental investigation on the composite effect of steel rebars and macro fibers on the
impact behavior of high performance self-compacting concrete. Constr. Build. Mater. 2017, 136, 495-505. [CrossRef]

Murali, G.; Karthikeyan, K.; Haridharan, M.K. Statistical scrutiny of variations in impact strength of green high performance fibre
reinforced concrete subjected to drop weight test. Rom. |. Mater. 2018, 48, 214-221.

Abid, S.R.; Abdul Hussein, M.L.; Ali, S.H.; Ala’a, FK. Suggested modified testing techniques to the ACI 544-R repeated
drop-weight impact test. Constr. Build. Mater. 2020, 244, 118321. [CrossRef]

Badr, A.; Ashour, A.F,; Platten, A.K. Statistical variations in impact resistance of polypropylene fibre-reinforced concrete. Inter. J.
Impact. Eng. 2006, 32, 1907-1920. [CrossRef]

Rahmani, T.; Kiani, B.; Shekarchi, M.; Safari, A. Statistical and experimental analysis on the behavior of fiber reinforced concretes
subjected to drop weight test. Constr. Build. Mater. 2012, 37, 360-369. [CrossRef]

Song, PS.; Wu, ].C.; Hwang, S.; Sheu, B.C. Assessment of statistical variations in impact resistance of high-strength concrete and
high-strength steel fiber-reinforced concrete. Cem. Concr. Res. 2005, 35, 393-399. [CrossRef]

Tolstoy, A.; Lesovik, V.; Fediuk, R.; Amran, M.; Gunasekaran, M.; Vatin, N.; Vasilev, Y. Production of Greener High-Strength
Concrete Using Russian Quartz Sandstone Mine Waste Aggregates. Materials 2020, 13, 5575. [CrossRef] [PubMed]

Badr, A.; Ashour, A.F. Modified ACI drop-weight impact test for concrete. ACI Mater. J. 2005, 102, 249-255.

Schrader, E.K. Impact resistance and test procedure for concrete. ACI J. 1981, 78, 141-146.

Standard No. 1S-1489-1; Code of Practice for Portland Pozzolana Cement-Specifications. BIS: New Delhi, India, 1991.

Standard No. 1S 383; Code of Practice-Specification for Coarse and Fine Aggregate from Natural Sources for Concrete. BIS: New
Delhi, India, 2002.

ASTM C939/C939M-16a; ASTM C939/C939M-16a Standard Test Method for Flow of Grout for Preplaced-Aggregate Concrete
(Flow Cone Method). ASTM International: West Conshohocken, PA, USA, 2016.

IS: 516-1959; Indian Standard Method of Tests for Strength of Concrete. Bureau of Indian Standards: New Delhi, India, 2004.
Prasad, N.; Murali, G. Research on flexure and impact performance of functionally-graded two-stage fibrous concrete beams of
different sizes. Constr. Build. Mater. 2021, 288, 123138. [CrossRef]

Prasad, N.; Murali, G.; Fediuk, R.; Vatin, N.; Karelina, M. Response of Novel Functionally-Graded Prepacked Aggregate Fibrous
Concrete against Low Velocity Repeated Projectile Impacts. Materials 2021, 14, 280. [CrossRef] [PubMed]

Murali, G.; Ramprasad, K. A feasibility of enhancing the impact strength of novel layered two stage fibrous concrete slabs. Eng.
Struct. 2018, 175, 41-49. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2019.06.175
http://doi.org/10.1016/j.istruc.2020.05.005
http://doi.org/10.1016/j.conbuildmat.2020.118631
http://doi.org/10.1016/j.compositesb.2016.01.046
http://doi.org/10.14716/ijtech.v5i2.403
http://doi.org/10.5755/j01.ms.23.4.17334
http://doi.org/10.1016/j.conbuildmat.2019.01.072
http://doi.org/10.3390/fib8110069
http://doi.org/10.1016/j.istruc.2020.10.001
http://doi.org/10.3390/fib8120074
http://doi.org/10.3390/cryst11020091
http://doi.org/10.1016/j.jobe.2020.102077
http://doi.org/10.1016/j.matdes.2016.12.047
http://doi.org/10.1016/j.conbuildmat.2017.01.073
http://doi.org/10.1016/j.conbuildmat.2020.118321
http://doi.org/10.1016/j.ijimpeng.2005.05.003
http://doi.org/10.1016/j.conbuildmat.2012.07.068
http://doi.org/10.1016/j.cemconres.2004.07.021
http://doi.org/10.3390/ma13235575
http://www.ncbi.nlm.nih.gov/pubmed/33297576
http://doi.org/10.1016/j.conbuildmat.2021.123138
http://doi.org/10.3390/ma14020280
http://www.ncbi.nlm.nih.gov/pubmed/33430466
http://doi.org/10.1016/j.engstruct.2018.08.034

Materials 2022, 15, 3096 27 of 27

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Nehdi, M.L.; Najjar, M.E; Soliman, A.M.; Azabi, T.M. Novel steel fibre-reinforced preplaced aggregate concrete with superior
mechanical performance. Cem. Concr. Compo. 2017, 82, 242-251. [CrossRef]

Yoo, D.; Joo, H.; Young, S. Effect of fibre content on mechanical and fracture properties of ultra-high performance fibre reinforced
cementitious composites. Compos. Struct. 2013, 106, 742-753. [CrossRef]

Al-Ameri, R.A.; Abid, S.R.; Murali, G.; Ali, S.H.; Ozakca, M. Residual Repeated Impact Strength of Concrete Exposed to Elevated
Temperatures. Crystals 2021, 11, 941. [CrossRef]

Haridharan, M.K.; Matheswaran, S.; Murali, G.; Abid, S.R.; Fediuk, R.; Amran, YYH.M.; Abdelgader, H.S. Impact response of
two-layered grouted aggregate fibrous concrete composite under falling mass impact. Constr. Build. Mater. 2020, 263, 120628.
[CrossRef]

Murali, G.; Abid, S.R.; Karthikeyan, K.; Haridharan, M.K.; Amran, M.; Siva, A. Low-velocity impact response of novel prepacked
expanded clay aggregate fibrous concrete produced with carbon nano tube, glass fiber mesh and steel fiber. Constr. Build. Mater.
2021, 284, 122749. [CrossRef]

Abid, S.R.;; Murali, G.; Amran, M.; Vatin, N.; Fediuk, R.; Karelina, M. Evaluation of Mode II Fracture Toughness of Hybrid Fibrous
Geopolymer Composites. Materials 2021, 14, 349. [CrossRef]

Abbass, A.A.; Abid, S.R.; Arnaot, EH.; Al-Ameri, R.A.; Ozak(;a, M. Flexural response of hollow high strength concrete beams
considering different size reductions. Structures 2019, 23, 69-86. [CrossRef]

Abbass, A.A.; Arnaot, FH.; Abid, S.R.; Ozakga, M. Flexural behavior of ECC hollow beams incorporating different synthetic
fibers. Front. Struct. Civ. Eng. 2021, 15, 399-411. [CrossRef]

Murali, G.; Abid, S.; Amran, M.; Fediuk, R.; Vatin, N.; Karelina, M. Combined Effect of Multi-Walled Carbon Nanotubes, Steel
Fibre and Glass Fibre Mesh on Novel Two-Stage Expanded Clay Aggregate Concrete against Impact Loading. Crystals 2021,
11, 720. [CrossRef]

Murali, G.; Abid, S.R.; Abdelgader, H.S.; Mugahed Amran, Y.H.; Shekarchi, M.; Wilde, K. Repeated Projectile Impact Tests on
Multi-Layered Fibrous Cementitious Composites. Inter. ]. Civil. Eng. 2021, 19, 635-651. [CrossRef]

Salaimanimagudam, M.P; Suribabu, C.R.; Murali, G.; Abid, S.R. Impact Response of Hammerhead Pier Fibrous Concrete Beams
Designed with Topology Optimization. Period. Polytech. Civ. Eng. 2020, 64, 1244-1258.

Ramakrishnan, K.; Depak, S.R.; Hariharan, K.R.; Abid, S.R.; Murali, G.; Cecchin, D.; Fediuk, R.; Mugahed Amran, Y.H;
Abdelgader, H.S.; Khatib, ].M. Standard and modified falling mass impact tests on preplaced aggregate fibrous concrete and
slurry infiltrated fibrous concrete. Constr. Build. Mater. 2021, 298, 123857. [CrossRef]

Jaishankar, P.; Murali, G.; Salaimanimagudam, M.P.; Amran, Y.H.M.; Fediuk, R.; Karthikeyan, K. Study of topology optimized
hammerhead pier beam made with novel preplaced aggregate fibrous concrete. Period. Polytech. Civ. Eng. 2021, 65, 287-298.
[CrossRef]

Chernysheva, N.; Lesovik, V.; Fediuk, R.; Vatin, N. Improvement of performances of the gypsum-cement fiber reinforced
composite (GCFRC). Materials 2020, 13, 3847. [CrossRef]

Lesovik, V.; Volodchenko, A ; Fediuk, R.; Mugahed Amran, Y.H. Improving the hardened properties of nonautoclaved silicate
materials using nanodispersed mine waste. J. Mater. Civ. Eng. 2021, 33, 04021214. [CrossRef]

Prasad, N.; Murali, G.; Abid, S.R.; Vatin, N.; Fediuk, R.; Amran, M. Effect of needle Type, number of layers on FPAFC composite
against low-velocity projectile impact. Buildings 2021, 11, 668. [CrossRef]

Murali, G.; Prasad, N.; Klyuev, S.; Fediuk, R.; Abid, S.R.; Amran, M.; Vatin, N. Impact Resistance of Functionally Layered
Two-Stage Fibrous Concrete. Fibers 2021, 9, 88. [CrossRef]

Chakrawarthi, V.; Avudaiappan, S.; Amran, M.; Dharmar, B.; Raj Jesuarulraj, L.; Fediuk, R.; Aepuru, R.; Vatin, N.; Saavedra
Flores, E. Impact Resistance of Polypropylene Fibre-Reinforced Alkali-Activated Copper Slag Concrete. Materials 2021, 14, 7735.
[CrossRef] [PubMed]

Murali, G.; Amran, M.; Fediuk, R.; Vatin, N.; Raman, S.N.; Maithreyi, G.; Sumathi, A. Structural behavior of fibrous-ferrocement
panel subjected to flexural and impact loads. Materials 2020, 13, 5648. [CrossRef] [PubMed]

Abdelgader, H.S.; Kurpiriska, M.; Amran, M. Effect of slag coal ash and foamed glass on the mechanical properties of two-stage
concrete. Mater. Today Proc. 2022, in press. [CrossRef]


http://doi.org/10.1016/j.cemconcomp.2017.07.002
http://doi.org/10.1016/j.compstruct.2013.07.033
http://doi.org/10.3390/cryst11080941
http://doi.org/10.1016/j.conbuildmat.2020.120628
http://doi.org/10.1016/j.conbuildmat.2021.122749
http://doi.org/10.3390/ma14020349
http://doi.org/10.1016/j.istruc.2019.10.001
http://doi.org/10.1007/s11709-021-0701-4
http://doi.org/10.3390/cryst11070720
http://doi.org/10.1007/s40999-020-00595-4
http://doi.org/10.1016/j.conbuildmat.2021.123857
http://doi.org/10.3311/PPci.16905
http://doi.org/10.3390/ma13173847
http://doi.org/10.1061/(ASCE)MT.1943-5533.0003839
http://doi.org/10.3390/buildings11120668
http://doi.org/10.3390/fib9120088
http://doi.org/10.3390/ma14247735
http://www.ncbi.nlm.nih.gov/pubmed/34947329
http://doi.org/10.3390/ma13245648
http://www.ncbi.nlm.nih.gov/pubmed/33322254
http://doi.org/10.1016/j.matpr.2022.01.139

	Introduction 
	ACI 544 Drop Weight Impact Test 
	Alterations Suggested to the ACI 544 Test 
	Steel Bar, Notched Specimen, and Load Transfer Plate 
	Sand and Coarse Aggregate Bedding 

	Research Significance 
	Experimental Program 
	Raw Materials 
	Details of Mixing Composition 
	Specimen Preparation Procedure 
	Drop Weight Impact Test Setup with Modifications 

	Discussion of Results 
	Compressive Strength 
	Repeated Impact Test 
	Effect of Fiber Type 
	Impact Ductility 


	Analysis of the Recommended Changes to ACI 544-2R Repeated Impact Test 
	Effect of Loading Type on Impact Results 
	Effect of Bedding Type on Impact Results 
	Effect of Loading Type and Bedding Type on the Dispersion of Impact Results 
	Failure Pattern of a Specimen under Impact Loading 

	Conclusions 
	References

