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Abstract: Roller-compacted concrete pavement (RCCP) is
one of the most durable, economical, and practical solu-
tions for the construction of roads for various heavy-duty
purposes. To make RCCP more sustainable, different waste
materials have been utilized. These materials were densi-
fied silica fume (SF), ground granulated blast furnace slag
(S), crumb rubber (CR), and recycled steel fibers (RSFs)
from waste tires. The weight percentages of replacement
for SF and S from cement were 5, and 27.5%, respectively.
CR was utilized as a volumetric replacement of sand with 0,
2, 5, and 10%. As a volumetric addition of concrete, RSF
with 0.2, 0.4, and 0.6% was utilized. Water content was 6%
for all mixtures. The impact resistance test was performed
to evaluate the behavior of RCCP to the repeated load on
roads. Also, ultrasonic pulse velocity (UPV) (nondestruc-
tive) and abrasion resistance tests were performed to vali-
date roller-compacted concrete (RCC) as pavement. There
is a substantial increase in impact energy by using 10% of
CR and 0.6% of RSF, compared with that of reference speci-
mens. The use of CR and RSF can improve the abrasion
resistance of RCC, and this can ensure its applications in
pavements. The relationships between impact, abrasion,
and UPV were established, and models have been proposed
to predict these relationships.
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1 Introduction

Roller compacted concrete (RCC) is a zero-slump concrete
defined as “concrete compacted by roller compaction; con-
crete that, in its unhardened state, will support a roller
while being compacted” by the American Concrete Institute
(ACD) committee [1]. RCC might be subjected to vehicular
loadings upon immediate exposure to traffic, as stated by
the European Ready Mixed Concrete Organization [2]. RCC
emerges as a sustainable solution for the construction and
restoration of pavements owing to its low carbon emissions,
durability, and low maintenance demands [3,4]. Over 300
million tires are annually subjected to disposal. Due to their
nonbiodegradable nature, tires pose a challenge in terms of
landfill capacity, as they occupy substantial volumes of space
[5]. The presence of waste tires in junkyards can have a
significant impact on the environment as they have the
potential to emit noxious gases and hazardous chemicals
into the surrounding air, soil, and water [6]. Approximately
66% of these tires remain untreated, leading to the formation
of unauthorized waste disposal sites [7]. Hence, numerous
investigations have been conducted to assess the advantages
and disadvantages of crumb rubber (CR) on various charac-
teristics of concrete. RCC pavement mixtures incorporate
a cementitious material content ranging from 10 to 17% by
dry weight of aggregate, equivalent to approximately 208-356
kg;/m3 [8]. From previous research studies, CR, utilized with
percentages 4-10% as a replacement of fine aggregate,
showed results close to reference or an improvement in
properties such as compressive, flexural, splitting strengths,
abrasion resistance (AR), water absorption, modulus of elas-
ticity, and durability [9-13]. Using CR instead of fine aggre-
gates with a larger particle size (2-4 mm) enhanced the
mechanical properties of the concrete more than using finer
aggregates [14]. In addition, soaking CR in the NaOH solution
at 10% concentration for 24 h will enhance or mitigate the
degradation of rubberized concrete’s physical properties.
Rubberized concrete made with 24-h NaOH-treated CR
had 25 and 5% higher compressive and flexural values
than concrete made with untreated CR [15]. Investigation
on different laboratory compaction techniques (vibratory
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hammer, vibrating table, modified Proctor test, and Super-
pave gyratory compactor) affect RCC’s mechanical and
physical characteristics. The results demonstrated that
the Superpave gyratory and vibrating hammer approaches
performed effectively in strength and compaction ratio [16].
Liew and Akbar proposed that to mitigate the occurrence of
the balling effect, it is advisable to maintain the volume
fraction of steel fibers at 0.5%, a mass of 30 kg/mg, and an
aspect ratio of 200 [17]. In the study conducted by Ali et al.
[18], it was observed that the mechanical performance of
twisted recycled steel fiber (TRSF) surpassed that of plain
recycled steel fiber (PRSF) when incorporated into concrete.
The incorporation of recycled steel fibers (RSFs) into the
concrete matrix resulted in a notable enhancement of com-
pressive, splitting, and modulus of rupture strength more
than plain concrete. RSF accelerates ultrasonic pulse velo-
city (UPV) and rapid chloride ion penetration except at
lower volume fractions (0.25-0.5%). UPV tests showed that
RSF increases concrete matrix heterogeneity and porosity,
notably at large volume fractions (1-2%) [19]. Also, increased
utilization of rubber in concrete will reduce UPV [20]. Also,
Sallam et al. found that using 10% of CR, as fine aggregate
replacement in concrete, will increase the impact resistance
more than higher percentages of CR replacement [21]. Alwe-
sabi et al. utilized CR as a replacement of fine aggregate by
20%, and different combinations of micro steel (MS) and
polypropylene (PP) fibers to investigate their effect on
impact resistance. The samples, reinforced with 0.9%
MS + 0.1% PP hybrid concrete, achieved an impressive
final impact energy, which was a remarkable 10 times
higher than that of plain concrete [22].

Hence, the purpose of this study is to explore the ben-
efits of utilizing waste materials like silica fume (SF) and
slag, as a weight replacement for cement, and substituting
fine aggregate with treated CR. This innovative approach
holds great promise for finding sustainable solutions in
construction. These substitutions were used to save money
and promote environmental sustainability. Pozzolana is a
great solution to reduce consumed energy in the cement
industry and to increase early strength development. In
addition, it plays a crucial role in preserving the mechan-
ical properties and durability of RCC, preventing any loss
due to the action of CR. Moreover, RSF was employed to
enhance the impact resistance of RCC and to overcome the
use of CR. UPV, a nondestructive test, was employed to
assess the quality of RCC. Among previous studies, no
research had been done on the influence of the combina-
tion of CR and RSF from waste tires on the AR of RCC.
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2 Research significance

Nonductile (brittle) materials include rigid conventional
concrete and roller-compacted concrete pavement (RCCP).
This reduces the energy absorption and impact resistance of
concrete. This limits the use of concrete in constructions that
need strong impact resistance and energy absorption like
roads subjected to repetitive mechanical loads. This study
investigated and analyzed the effects of the inclusion of CR
and RSF from waste tires in RCCP to achieve the required
properties that cover this knowledge gap. The use of treated
CR as a volumetric replacement for fine aggregate and
adding RSF as a volumetric addition of RCC improves pave-
ment feasibility, sustainability, and durability.

3 Experimental procedure

3.1 Materials characteristics and mixture
design

Sulfate-resisting Portland cement (SR) (CEM I-SR 3) [3,23]
constituted 16% of the dry aggregate in RCCP [8]. Densified
SF and ground granulated blast furnace slag (S) were par-
tially weight replaced in SR. The optimal Taguchi design
proportions for SF, S, and water content were 5, 27.5, and
6%, respectively [24]. Figure 1 shows the optimum water
content (6%) calculated by the modified proctor test (method
C) [25]. The physical properties of the cementitious materials
are shown in Table 1, and Table 2 illustrates the chemical
analysis determined by X-ray fluorescence that conformed
to ASTM and ACI [26-29]. The utilization of crushed coarse
aggregate with a maximum size of 19 mm and a specific
gravity of 2.55 was employed to achieve a smooth surface,
decrease cement consumption, minimize segregation, and
enhance the cohesiveness of RCCP [30]. The fine aggregate
used had a maximum size of 4.75 mm, a specific gravity of
2.6, and a fineness modulus of 2.2. The fine and coarse aggre-
gate experience a process of washing, air drying, and sub-
sequent separation into various sizes. These aggregates
were then stored in containers and afterward gathered
through a grading process based on the center line for the
common area as specified by the ACI 211.3R [31], ACI 327R
[30], and SCRB [32] as shown in Figure 2. The CR, as shown in
Figure 3, was supplied from the Babylon factory, cleaned
from textile fibers, and utilized as a volumetric partial



DE GRUYTER

0.363

2275
2270
2265
2260
2255
2250
2245
2240
2235
2230
2225
2220

Dry density (kg/m?3)

5.00

0.383

Effect of waste tire on roller-compacted concrete == 3

w/c ratio

0.403 0.423 0.443 0.463 0.483 0.503

5.25 5.50 575
Moisture (%)

Figure 1: The optimum water content of the reference mixture.

Table 1: The physical properties of cementitious materials

6.00 6.25 6.50 6.75 7.00

Physical properties

Specific gravity

Surface area (cm?/g)  Bulk density (kg/m3)  Strength activity index (7days) (%)

Sulfate-resisting Portl
SF
Ground blast furnace

and cement  3.15
2.24
slag 29

3,381
199,960
4,181

1,446 —
591 114 [28]
2,901 105* [29]

*Grade 120.

Table 2: The chemical composition of cementitious materials

Oxide composition % By weight Si0, CaO0 MgO Fe,0; Al,0; SO; K,0 Na,O Lossonignition Insoluble residue
Sulfate-resisting Portland cement 2238 623 225 4.26 364 213 04 012 24 0.72

Densified SF 90.7 1.6 0.7 1.1 13 0.09 031 0.2 34 —

Ground granulated blast furnace slag  30.3 431 6.9 0.97 1352 295 055 1225 0.2 —
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Figure 2: Grading of

aggregate [3].

replacement of sand in varying proportions (0, 2, 5, and
10%). The partial percentages of CR replacement for the
two sizes (0.3-2.36 mm and 2.36-4.75 mm) were about 36.4
and 63.6% of the total CR, respectively. The specific gravity
and absorption of CR were 1.003 and 0.3%, respectively.
Chemical treatment was employed to enhance the adhesion
between the paste and CR, while also removing zinc stea-
rate, dust, and oil. As shown in Figure 4, the treatment
process involves immersing CR in a 10% concentration
(25M) NaOH solution for 24 h, followed by rinsing with
water until neutral and subsequent drying before utilization.
The chemical composition of CR is tabulated in Table 3.
Three percentages of RSF were used in this study, namely,
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Figure 3: Apart from utilized CR: (a) unprocessed CR and (b) processed CR.
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Figure 4: Treatment of CR: (a) NaOH flakes, (b) NaOH solution, and (c) CR soaked in NaOH solution.

0.2, 0.4, and 0.6% by volume of the concrete (ACI PRC-544.3)
[33]. RSF was isolated and treated for contamination found
in waste tires (Figure 5). RSF experienced balling as a result
of increased fiber attraction beyond 0.6%. Because RSF
varies geometrically, statistical analysis was employed to
determine RSF lengths and diameters. For that, 500 fibers
were randomly selected from recycled tire shreds. All fiber
lengths and diameters were measured with 0.01 mm elec-
tronic calipers. As illustrated in Figure 6, the utilized RSF

Table 3: The chemical composition of CR*

Materials % By weight
Hydro-carbon 48
Carbon 31
Extracted acetone 16
Ash 1.9
Residual chemical balance 3.1

*From Babylon factory.

exhibited a diameter range of approximately 0.17-0.36 mm
and a length range of 10-31 mm. The RSF material exhibited
a tensile strength of approximately 2010 MPa, an aspect ratio
(I/d) ranging from 60 to 85, and a specific gravity of 7.85
(conform to ACI PRC-544.3). Potable water was utilized for
casting and curing of specimens in RCC mixtures. The RCC
mixture proportions were determined using the guidelines
provided by ACI 211.3R (Table 4). The symbolization of RCC
was determined by the contents of the CR and RSF. RCC10-0.2
indicates to the RCC that has 10% CR replacement and a 0.2
of RSF.

3.2 Preparing of specimens

RCC was mixed in a lab rotary drum mixer. Coarse and fine
aggregates, along with treated CR, were sequentially mixed
for 1 min. Next, a uniform mixture was created by adding
and thoroughly mixing the required quantities of cement,
S, and SF. Water was gradually added to the mixture and
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Figure 5: Apart from utilized RSF: (a) unprocessed RSF and (b) processed RSF.

Figure 6: Geometry of utilized RSF.

mixed until homogeneity was achieved. RSF was added
sequentially for all the desired quantities. Cylindrical spe-
cimens of 150 x 300 mm and 150 x 63.5 mm were employed
for UPV and drop-weight tests, respectively [34,35]. The AR
test was performed on the apparatus shown in Figure 7
according to BS EN 1338 [36]. Two cubic specimens
(100 mm) were cut in one of its sides to 70 mm to be its

Table 4: Proportions of RCC mixtures (kg/m?)

depth. UPV tests were conducted on three specimens at
ages 7, 14, and 28 days. Impact test specimens were exam-
ined using three cylinders at 28 and 56 days. Specimens
were cast and compacted in oiled molds using a vibrating
hammer (Figure 8), following ASTM (1435 [37]. Then, speci-
mens were covered with a polyethylene sheet, demolded
after 24 h, and cured in potable water until testing age.
Specimens with various shapes utilized for impact, abra-
sion, and UPV tests, are illustrated in Figure 9.

4 Experimental results and
discussion

4.1 Impact resistance (drop-weight test)

The drop-weight test is a common method to evaluate the
effect of added materials on the energy resistance of
concrete. It represents the number of blows required to
make the first crack (N1) and final (failure) crack (N2).

Mixture Cement SF Slag Fine Coarse CR (2.36-4.75mm) CR (0.30-2.36 mm) RSF Water Water/ Sand on
aggregate aggregate binder binder
ratio ratio
RCCO0-0 228.8 16.9 93.2 1186.4 932.2 — — — 147.5 0.435 3.50
RCC2-0 228.8 16.9 93.2 1167.9 932.2 2.6 4.6 — 146.8  0.433 3.466
RCC5-0 228.8 16.9 93.2 1139.8 932.2 6.54 11.44 — 1457 043 3.416
RCC10-0 228.8 16.9 93.2 1093.2 932.2 13.08 22.88 — 144 0.425 3.33
RCC10-0.2 228.8 16.9 93.2 1093.2 932.2 13.08 22.88 14.69 144 0.425 3.33
RCC10-0.4 228.8 16.9 93.2 1093.2 932.2 13.08 22.88 29.38 144 0.425 3.33
RCC10-0.6 228.8 16.9 93.2 1093.2 932.2 13.08 22.88 44,07 144 0.425 3.33
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Figure 7: Abrasion test apparatus.

Figures 10-12 illustrate the number of blows and energy
resistance for first and failure cracks at the ages of 7 and
28 days, respectively. As noticed, the number of blows for
first and failure cracks of RCC increased steadily as the
content of CR increased. The capability of RCC for
absorbing energy increases as CR increases at both first

Figure 8: Vibration hammer for compacting RCC.
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stage energy (Ep and failure stage energy (Ep). Energy
values E; and Ep, for the mixture with 10% replacement
of CR, had energy resistance higher than mixtures with 2
and 5% of CR. In the comparison of RCC10-0 to the RCCO0-0,
the increments for E; were about 36.4 and 100% at ages 7
and 28 days, respectively. At the same ages, the improve-
ment for Er was about 42.9 and 175%, respectively. The
improvement is much higher for Er compared with E;.
This is due to the low modulus of elasticity characteristics
for the CR in contrast to the fine aggregate, which it par-
tially replaced. CR contributes to bridging, flexing, twisting,
and compressing RCC. This behavior makes RCC more flex-
ible and able to absorb additional energy, as noticed in
other types of concretes [38-41]. This makes it less brittle
and more ductile, so it can endure greater impact without
breaking. Also, CR’s low modulus of elasticity reduces
internal friction and recovers concrete matrix strain [42].
These results were consistent with some other researchers
[43-46]. Increasing CR replacement until 10% in RCC will
increase energy absorbance, and the results are identical
to the results of researchers [10,47]. The ductility index was
increased as the CR content increased as reported in Figure 13.
This is consistent with the result of the study by Xue et al.
[48]. These increments were due to the development of
energy absorption at the failure stage much higher than
the first crack. The impact resistance exhibited a signifi-
cant improvement due to the presence of RSF in RCC
through the increasing number of blows for first and
failure cracks, as depicted in Figures 8—10. When compared
with reference for first cracks energy at 28-day age, the
percentages of increasing for RCC10-0.2, RCC10-0.4, and
RCC10-0.6 were about 400, 609, and 764%, respectively.
For the final crack and compared to the reference speci-
mens, energy increased by 400, 593, and 750%, respectively.
The highest percentage of increment was when adding
0.6% of RSF to the RCC. Fiber bridging over the cracks
played a significant role in the enhancement of the impact
resistance. When a crack tries to pass the fibers, fibers
typically slow or stop crack’s progression. More force is
needed to overcome the fiber arrest and continue crack’s
propagation. As the number of fibers grows, so does the
possibility of an arresting fiber [49,50]. This explains why
raising the percentage of fibers to 0.2, 0.4, and 0.6%
increased impact resistance and ductility [51-53]. Also,
the geometry and length of RSF had a significant effect
on RCC. The irregular shape of the RSF increases the
impact resistance more than regular ones. At the same
time, the short RSF is employed to bridge micro cracks
and long RSF reduces the macro cracks [54-56]. So, RSF
made RCC more ductile than reference RCC. Compared
with RCC10-0 in Figure 11, the ductility index decreased
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Figure 9: (a) Some specimens of tests, (b) impact test specimen, and (c) abrasion test specimen.

120.0
Z 1000
(%]
% 80.0
—
o
% 60.0
o« W 7 days
o 40.0
= M 28 days
>
Z 200 ‘ ‘
» % © O
K o@ ¥ (JOQ(gf’ (5?0 \,QQQQQQ&QQ’»QQ SR
N N Y
T & %Qg,qgcgggé,gcccco

AR U RO RS S A
AN I ONE NN ONR AR

Figure 10: Number of blows for first and failure cracks of RCC.
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Figure 11: Impact of energy absorption at the first crack of RCC.
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Figure 12: Impact of energy absorption at the failure crack of RCC.
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slightly as the added RSF increased. These decrements
were due to the higher development of energy absorption
at the first crack compared to the failure crack. Figure 14
shows the difference between the number of blows for
gaining the first and final cracks. These differences increased
as the energy absorption increased in RCC mixtures.

4.2 UPV

UPV is a nondestructive, dependable, and in situ test. The
higher velocity value indicates an increase in the strength,

Effect of waste tire on roller-compacted concrete = 9

density, and homogeneity of the concrete, while the decrease
in speed indicates the presence of voids, cracks, low density,
and suspicious concrete. Figures 15 and 16 illustrate the
effect of utilizing CR and RSF on RCC at 7, 14, and 28 days.
CR contributes to a gradual downward change in UPV as the
percentage of replacement increases. The velocity value
experiences the most significant reduction, reaching 4.5%,
when the CR replacement reaches 10% in comparison to
the reference mixture, specifically at the age of 28 days
[20]. At the ages of 7 and 14 days, the reduction was about
45, and 3.9% compared with the reference, respectively.
There are some reasons for this effect. First, the UPV is

4.80
4.70
4.60
<450
§, B 7 days
4.40
E M 14 days
-]
4.30 m 28 days
4.20
4.10
P L & S
S d & o S S S
& S SR A SR O SN O
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Figure 15: Effect of CR and RSF on the UPV of RCC specimens.
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=) W RCC10-0
£-3.0
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&
g 4.0 W RCC10-0.4
m RCC10-0.6
-5.0
-6.0

Figure 16: Change in UPV for various RCC specimens compared to the reference.
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decreased by producing RCC (a rather lightweight mixture)
using CR whose specific gravity is lower than that of the
substituted sand. Second, the elasticity of CR facilitates the
damping of compaction energy, which leads to imperfect
compaction, ultimately resulting in further reduced pulse
velocity. Third, CR in nature is a water-repellent material.
So, the increased percentage of CR will form micro-cracks
in RCC and reduce the UPV [57-59]. In a contradictory phase
to the preceding statement, the utilization of RSF in RCC
yielded advantageous outcomes. The application of RSF,
along with constantly higher rates of addition, has resulted
in a gradual enhancement of the UPV value. The addition of
RSF in proportions of 0.2, 0.4, and 0.6% to the mixture
RCC10-0 resulted in a corresponding rise in the UPV value
at the age of 28 days with approximate increments of 1, 1.7,
and 2.4%, respectively. It is undeniable that as the RSF con-
tent rises, the conductivity of the specimens develops, and
with it, the UPV rises. This behavior may be because the UPV

20.00
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is greater in metallic than in nonmetallic materials and the
orientation of RSF [59-61]. All UPV results were above
45km/s and indicate that all RCC mixtures are in excellent
condition. In spite of utilizing waste materials such as CR
and RSF, RCC had no significant voids or cracks that could
compromise its structural stability. The increase in UPV can
be assigned to the strong mechanical bond between the
fibers and cementitious matrix, as well as fibers’ ability to
effectively prevent cracks. This results in a denser micro-
structure and reduced occurrence of cracks and pores in
hardened RCC [62,63].

4.3 Abrasion

RCC generally has a rough texture. The coarse aggregate
with a maximum size of 19 mm was employed to achieve a
smooth surface. There have only been a few researches

18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Abrasion groove length(mm)

i

RCCO-0 RCC2-0 RCC5-0

Figure 17: Abrasion groove length in the samples of RCC.
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-20.0

28 days

Figure 18: Change in abrasion resistance of RCC mixtures compared to RCC0-0.
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done on this topic thus far. So, as shown in Figures 17 and
18, the amount of AR is slightly low when using a CR by 2%.
After that, the AR begins to improve by increasing the CR
content gradually, reaching a replacement percentage of
10%. At 10%, the abrasion groove length is minimal and
less than that for the reference mixture by about 9.5%. This
result is identical to the result obtained by Mohammed and
Adamu [13] and Gesoglu et al. [64] for other types of con-
crete. The reason for the improvement, in AR at 10% CR, is
that CR will work as a brush on the RCC surface. This will
reduce scratching and grinding on the RCC surface [65]. Also,
utilizing S and SF will improve the compressive strength of
concrete and increase AR [66]. The AR increases marginally
with a percentage of 0.2% RSF compared to RCC10-0. After
that, the AR developed as the percentage of RSF increased
up to 0.6%. In comparison to 0.6% RSF addition, the AR
increases to about 8.4 and 17.9% compared to the RCC10-0,
and RCCO0-0, respectively. This behavior is consistent with
what was observed in previous research studies that studied
the effect of steel fibers on other types of concrete [67-70].
Fibers prohibit cracks from spreading in RCC. It also makes
the pastes stronger and more resistant to damage from abra-
sion. Increased hydration from the Pozzolanic reaction

) spot | det
142mm 35 | ETD

o HV mag
30.00kV | 1300 x
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increases the bond between RSF and pastes, and age leads
to increased AR strength [71]. The incorporation of RSF
within the RCC matrix serves as a protective layer, effec-
tively mitigating the detrimental effects of abrasion on the
surface of RCC [72,73].

4.4 Scanning electron microscopy (SEM)
Analysis

To learn more about how the microstructure of RCC, uti-
lized CR, and RSF, changed over time. SEM was performed
as a testing method that uses an electron beam for scan-
ning a sample and providing a magnified image for further
study. Figure 19(a) depicts the effective pore densification
and bonding of the aggregate paste in RCC0-0, which con-
sisted of the SF and S with Pozzolanic reaction products.
The fact that the hydrates successfully developed a robust
connection with the aggregates is consistent with the
reported peak UPV, which is an indication of high compres-
sive strength for this specimen. But there were signs of
unreacted slag particles and microscopic fissures and

HY
30.00 kv

Figure 19: SEM images at 28 days. (a) Reference RCC, (b) RCC with CR, and (c) RCC with RSF and CR.
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holes. The microstructure analysis of RCC including CR, as
illustrated in Figure 19(b), shows that compared to natural
sand, the mixture containing CR had fewer and smaller
micro-cracks. Impact resistance, especially in the first
crack, enhanced as CR increased. Figure 19(c) shows
that the bridging action of RSF within the voids of the
matrix is responsible for the increased impact resistance
found in RSF-reinforced mixtures as compared to their
unreinforced counterparts. Incorporating RSF, however,
allowed for the discovery of numerous micro-cracks in
the fibers’ vicinity. This finding provides the direct proof
that fiber reinforcement plays a role in reducing micro-
cracks and increasing UPV values compared to un-rein-
forced specimen.
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4.5 Relations between impact resistance,
AR, and UPV

Correlations were made to determine the relationship
between impact resistance and AR with UPV at 28 days of
age. As shown in Figures 20 and 21, correlations were made
by separating the results of mixtures with different CR
contents from those with 10% CR and different RSF con-
tents to obtain precise conclusions. It can be observed that
the UPV of RCC containing CR increased as the final impact
energy (Er cr) decreased slightly. So, the best-fit lines repre-
senting the relationship between Er cg and UPV, with R?
equal to 0.9958, are given as follows

Er cr = —684.34UPV + 3492.9. )]

3000

2500 ¥=14314 63556 | g ot _
— R?=0.9994 ® Impact energy with CR
Q
§ 2000 RCC10-0.4
= Impact energy with
an 10%CR+RSF
g 1500 RCC10-0.2
(] Linear (Impact energy
S 1000 with CR)
Q
£ y =-684.34x + 3492.9 Linear (Impact energy

500 R2=0.9958 with 10%CR+RSF)
RCC10-0 i
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UPV (km/s)

Figure 20: Relation between impact resistance and UPV of RCC at 28 days.
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Figure 21: Relation between abrasion resistance and UPV of RCC at 28 days.
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Also, Figure 20 indicates that the final impact energy
improves with the increase in the RSF content, which con-
sequently increases the UPV. A high correlation is obtained
between UPV and impact energy of RCC specimens rein-
forced with RSF (Er rep) With R? of 0.9994. The best relation
obtained to represent the fit lines is shown in equation (2):

Er s = 14314UPV - 63556. )

From Figure 21, it can be observed that as the CR con-
tent increases, the UPV of RCC decreases as the AR decreases
and then improves in a parabolic shape. So, the best fit
describes the relationship between AR and UPV is a
second-degree line with R* of 0.9198 as follows:

AR = —89.228UPV? + 831.04UPV - 1916.3. 3)

As a modification process, the increase in RSF content
added to RCC improves the AR and hence increases the
UPV. The coefficient of determination (R between UPV
and AR is 0.9932. The best relation obtained to represent
the fit lines is shown in equation (4):

ARggr = —22.703UPV + 119.8. @)

5 Conclusions

From the experimental results obtained in this study, the

following conclusions can be drawn:

1. When the fine aggregate is replaced with CR, RCC’s
impact resistance increases marginally. The addition
of RSF to RCC results in an extraordinary increase in
energy absorption. As a result, RCC is more resistant to
crack initiation under repeated impact loads.

2. For the UPV test, increasing the CR content in RCC
decreases the value of UPV gradually. As the percentage
addition of RSF increases to 0.6%, the UPV for RCC
improves by about 2.4% at the age of 28 days.

3. Utilizing CR and RSF in RCC mixtures has a positive
effect on the enhancement of AR. They improved about
9.5 and 8.4% for utilizing 10% of CR and 0.6% of RSF,
respectively.

4. The combination of CR and RSF brings a significant
positive effect on the properties and durability of RCC.

5. SEM images illustrate the good bond between the aggre-
gate and paste in reference RCC, the fewer and smaller
micro-cracks like the first crack in the RCC mixture con-
taining CR, and the bridging action of RSF within the
voids of the matrix, which increased the impact resis-
tance in RSF-reinforced mixtures.

6. For RCC utilized CR and RSF, good correlations are
obtained between UPV, impact resistance, and abrasion
at 28 days of age.
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