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ABSTRACT: Fibre reinforced cementitious composites (FRCC) are known for their superior material properties, including high
tensile strength and ductility, which make them attractive for structural applications. However, to further enhance their toughness
properties and impact energy absorption (IEA), FRCC containing crumb rubber (CR) was investigated to mitigate cracking and
brittleness under impact loads. Two CR sizes, 0.5-2 mm and 2—-5 mm, replaced 5%, 10%, and 15% of fine aggregate, while PVA
fibre dosage varied at 1%, 1.5%, and 2%. In FRCC mixes, the addition of CR reduced density, compressive strength, and flexural
strength. However, incorporating 10% CR (5 mm) increased the toughness index by 30% compared to the control specimen, while
15% CR (5 mm) with 2% PVA fibre enhanced IEA by approximately 12%. The statistical results of the two-way ANOVA test
indicated that both PVA fibre and CR content significantly influenced the enhancement of IEA in FRCC.
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RESUMEN: Absorcion de energia de impacto y propiedades mecanicas de compuestos cementiceos reforzados con fibra que
contiene caucho granulado. Los compuestos cementiceos reforzados con fibra (FRCC) son conocidos por sus propiedades
superiores, incluida su alta resistencia a la traccion y ductilidad, lo que los hace atractivos para aplicaciones estructurales. Para
mejorar las propiedades de tenacidad y absorcion de energia de impacto (IEA), se investigd el FRCC con caucho granulado (CR)
para mitigar la aparicion de fisuras y la fragilidad bajo cargas de impacto. Dos tamafios de CR, 0,5-2 mm y 2—5 mm, reemplazaron
el 5%, 10% y 15% delarido fino, mientras que la fibra de PVA vari6 entre 1%, 1,5% y 2%. La adicion de CR redujo la densidad, la
resistencia a la compresion y a la flexion. Sin embargo, un 10% de CR (5 mm) aumento el indice de tenacidad en un 30%, y un 15%
de CR (5 mm) con 2% de fibra de PVA mejor6 la IEA en un 12%. La prueba ANOVA de dos vias indic6 que el contenido de fibra
de PVA y CR influyeron significativamente en la IEA del FRCC.

PALABRAS CLAVE: Compuesto cementiceo reforzado con fibras; Absorcion de energia de impacto; indice de dureza; Propiedades
mecanicas; Caucho granulado; Analisis estadistico.
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1. INTRODUCTION

The fibre reinforced cementitious composite (FRCC) is a renowned mortar-based composite that has superior material
properties compared to ordinary concrete, such as high tensile strength and greatly improved ductility, which makes it appealing
for use. In the context of enhancing the materials properties of FRCC, previous studies (1, 2) have reported that crumb rubber
(CR) is one of the potential materials to add to FRCC since incorporating CR in mixes may enhance the toughness and impact
energy absorption (IEA) of cementitious composites.

To further highlight the importance of CR from waste tyres, it’s worth noting that the United States produced a total of
9.2 million tonnes of waste comprising rubber and leather materials. Within this waste stream, only 1.7 million tonnes were
determined to be eligible for recycling, denoting their potential to be processed into reusable materials (3). Furthermore, every
year, the improper disposal of over 500 million used tyres in landfills without any additional utilization presents multiple dangers
to both society and the environment (1). The illegal dumping and open burning of worn tyre waste have seriously threatened
public health in releasing pollutants into the surrounding soil, groundwater, and rivers. In response to environmental and public
health problems, deploying the circular economy practices by recycling worn tyres to optimize waste usage would be beneficial.

The CR is produced in specific manufacturers by special mills that crush the tyre rubber particles to smaller sizes ranging
from 0.425 — 4.75 mm (2). Over the past 20 years, there has been a lot of interest in the use of CR particles as an alternative
aggregate in concrete. Incorporating CR in FRCC materials enhances sustainability by reducing the need for natural resources
of aggregates, improving energy absorption, and promoting waste utilization (4, 5). CR also has inherent energy-absorbing
properties, which can enhance the impact resistance of FRCC materials, making structures more resilient to dynamic loads
(such as impact) and stresses (6). Additionally, research findings show that the energy absorption capacity was higher in
waste tyre rubber aggregate concrete mixtures containing 5% and 10% rubber compared to the control concrete mixture (7).

Additionally, the incorporation of polyvinyl alcohol (PVA) fibre in cementitious composite mixes has a remarkable
impact, notably by increasing tensile stress and strain capacities while enhancing toughness (8, 9), thus reducing stress
concentrations on internal defects (10). This improvement leads to enhanced bending resistance (11). The excellent
bonding between the cementitious matrix with PVA fibre has demonstrated its ability to improve mechanical properties,
impact resistance, and fracture toughness in both FRCC and engineered cementitious composite (ECC) (2, 3, 7, 12).
Furthermore, previous studies (13) have reported that the IEA of structures under impact load is crucial, especially in
scenarios like seismic events or other dynamic loads where unexpected failures can occur. In line with these findings,
researchers (14) have investigated the impact resistance of fibre reinforced mortar under dynamic loading conditions
using the Charpy impact test to understand their performance as impact energy increases with increasing fibre content.

In FRCC materials, particularly containing CR, which may offer higher tensile strength and ductility compared to
standard concrete, further study is needed on the IEA capacity under dynamic loads (impact loads) (15, 16), which serves
as one of the motivations for this study. Therefore, this study investigates the IEA of FRCC incorporating different sizes
of CR through the utilization of the Charpy impact test method. The CR content was varied at fine aggregate replacement
percentages of 0%, 5%, 10%, and 15% in the FRCC. Comprehensive testing was performed to evaluate the workability,
density, compressive strength, flexural strength, toughness index, and IEA of the FRCC specimens. In this context, the
study statically evaluates the variability and reliability of PVA fibre and CR content in improving the IEA of FRCC
materials. Finally, this research aims to evaluate the optimum mechanical properties resulting from the combination
of PVA fibre and CR in cementitious composites, along with enhancing IEA of FRCC. The novelty of the research
lies in the enhancement of IEA under impact loads achieved by incorporating CR into FRCC, a goal pursued through
dedicated experimental investigation and statistical analysis. Statistical analysis played a crucial role in this study due to
the combination of numerous materials in the FRCC mixture and the highly variable results observed in IEA.

2. EXPERIMENTAL PROGRAM
2.1. Materials

In this study, ordinary Portland cement (OPC) Type I obtained from Tasek Corporation Berhad, which complies with
the standard ASTM C150/C150M-22, and ground granulated blast furnace slag (GGBS), which meets the standard ASTM
C989/C989M-11, were used as binders in the composite mixes. Fine silica sand with a maximum size of 0.5 mm, specific
gravity of 2.61, fineness modulus of 2.2, and unit weight of 1600 kg/m?* was used as a fine aggregate. Two sizes of CR
were utilized as partial sand replacements in the mixes with a specific gravity of 1.14. The sizes used were 0.5 mm to 2 mm

(termed as size ‘2°) and 2 mm to 5 mm (termed as size ‘5”). The physical appearance of the CR is presented in Figure
1. Polyvinyl alcohol (PVA) fibre (Figure 1c) with 8 mm length, aspect ratio of 210 and tensile strength of 1600 MPa
(17) was added in all mixes. To improve the workability and flowability of the mixtures, superplasticizer (SP) Sika®
ViscoCrete®-2044 was used as a high-range water reducer, which complies with the standard EN 934-2.
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(a)

Figure 1. General appearance of CR; (a) 0.5-2mm (b) 2-5mm and (c) Physical appearance of PVA fibre.
2.2.1. Mixture proportion

A total of 21 mixtures were prepared in this study, where the GGBS to OPC ratio was maintained at 1.6, and a water-
binder (W/B) ratio of 0.25 was adopted. The variables are the CR content in different sizes and contents, as well as the
fibre dosages. The percentages of CR used were 5%, 10%, and 15% by volume to replace sand. Additionally, SP was
added by 0.4%, 0.5%, and 0.6% of binder materials for mixes containing 1%, 1.5%, and 2% PVA fibre, respectively. The
mixture proportion used in this study was based on previous studies conducted on FRCC (18, 19) and ECC (20, 21) mixes.

Table 1 outlines the mix proportions of the cementitious composite utilized in this study, with the mixtures categorized as
follows: “PVA 1.0 CTR” designates control specimens that utilized 1% of PVA fibre in the cementitious composite. “PVA 1.0
CR 5-2” denotes the incorporation of 5% CR with maximum size of 2 mm (0.5 — 2 mm) as replacement for fine aggregate,
along with the addition of 1% PVA fibre in the composite. Similarly, “PVA 1.0 CR 5-5” designates the inclusion of 5% CR with
maximum size of 5 mm (2 — 5 mm) as replacement for fine aggregate, as well as the addition of 1% PVA fibre in the composite.

TasLE 1. Materials mix proportion (in kg/m?) and slump (in mm).

Mix Designation Cement GGBS Sand CR Water SP PVA Slump
PVA 1.0 CTR 555 887 447 - 361 5.8 14.4 168
PVA1.0CR 5-2 555 887 424 9.8 361 5.8 14.4 165
PVA 1.0 CR 10-2 555 887 402 19.7 361 5.8 14.4 165
PVA1.0CR 15-2 555 887 340 29.5 361 5.8 14.4 165
PVA 1.0 CR 5-5 555 887 424 9.8 361 5.8 14.4 166
PVA 1.0 CR 10-5 555 887 402 19.7 361 5.8 14.4 165
PVA1.0CR 15-5 555 887 380 29.5 361 5.8 14.4 166
PVA 1.5 CTR 555 887 447 - 361 7.2 21.6 172
PVA1.5CR 5-2 555 887 424 9.8 361 7.2 21.6 170
PVA 1.5 CR 10-2 555 887 402 19.7 361 7.2 21.6 168
PVA1.5CR 15-2 555 887 380 29.5 361 7.2 21.6 170
PVA15CR5-5 555 887 424 9.8 361 7.2 21.6 175
PVA 1.5 CR 10-5 555 887 402 19.7 361 7.2 21.6 172
PVA1.5CR 15-5 555 887 380 29.5 361 7.2 21.6 170
PVA 2.0 CTR 555 887 447 - 361 8.6 28.8 168
PVA2.0CR 5-2 555 887 424 9.8 361 8.6 28.8 172
PVA 2.0 CR 10-2 555 887 402 19.7 361 8.6 28.8 170
PVA 2.0 CR 15-2 555 887 380 29.5 361 8.6 28.8 170
PVA2.0 CR 5-5 555 887 424 9.8 361 8.6 28.8 168
PVA 2.0 CR 10-5 555 887 402 19.7 361 8.6 28.8 170
PVA 2.0 CR 15-5 555 887 380 29.5 361 8.6 28.8 165
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2.2.2. Specimen preparation

The SPAR Table Top Mixer SP-800 - 8 Litres was utilized for mixing. The mixing process was initiated by introducing
the dry materials, including sand and CR, into the mixing bowl for a duration of 60 seconds. This was followed by
adding cement and GGBS into the mixing bowl for an additional 60 seconds. The SP and 80% of the required water
were pre-mixed, and then slowly added to the mixing bowl over a period of 60 seconds. The mixture was then stopped
and run at medium speed for a duration of 120 seconds. Next, the PVA fibre was introduced into the mixture, along with
the remaining water, and mixed for 60 seconds. The mixture was again stopped and run at medium speed for a duration
of 180 seconds (22). Once the cementitious composite was homogeneously mixed, it was poured into pre-oiled moulds
and vibrated in two layers. The vibration duration was 15 s for each layer using an electric vibrating table, totalling 30 s
for the two layers of specimen casting. The moulds were then covered with polythene and left in laboratory conditions
at 75 + 5% humidity and 28 + 2 °C temperature for 24 hours. After demoulding, the specimens were cured in water for
28 days before being tested, and the water temperature was 24 °C in the storage tank (23).

2.3. Test methods
2.3.1. Workability

The present study utilized the flow table test to evaluate the workability of the fresh cementitious mixture. The
procedure adhered to ASTM C230 (24), which stipulates a flow range of 170 mm + 10 mm (23).

2.3.2. Compressive strength

The compressive strength analysis was carried out on specimens with dimensions of 50 mm x 50 mm X 50 mm in
accordance with ASTM C109 (25) using an automatic compression machine with a 2000 kN capacity. The tests were
performed under load control with an increasing load rate of 900 N/S. A total of 3 specimens were evaluated for each
mixture to obtain the average compressive strength at the ages of 28 days, respectively.

2.3.3. Flexural behaviour

The study utilized 3 prismatic specimens (160 mm x 40 mm X 40 mm) for each mixture, which were cured for
28 days. The flexural strength of the specimens was determined by subjecting them to a three-point bending test at a
constant loading rate of 0.25 mm/min using an INSTRON Universal Testing Machine with a load capacity of 100 kN.

The toughness index (TI) is an important parameter used to evaluate the fracture behaviour of FRCC containing CR
(FRCC-CR). The TI of FRCC-CR mixes refer to the energy absorbed by the material during fracture. It is a measure
of the composite’s ability to resist crack propagation and deform plastically before failure. Plastic deformation in this
case causes the specimen to first crack and then bend, eventually increasing toughness until it breaks under the flexural
load. Higher TI indicates that the FRCC has better fracture resistance and can withstand higher levels of stress before
failure. The failure of the specimen can be determined by observing the initial crack, followed by a gradual increase
in flexural load until failure (maximum load), which is confirmed by the breaking sound and the load-deflection curve.
A detailed diagram outlining the TI calculation is shown in Figure 2. In this study, the TI of FRCC-CR was calculated
using the area under load deflection curve at the first crack (W,) divided by the total area under load deflection curve
up to 70% down from peak load (W), as given by the equation of toughness index.

- (26, 27). [1]

The area of the opening displacement crack (OCD) is denoted by W and is calculated as 0.3 times the maximum
load under the load deflection curve. The elastic energy consumption of FRCC-CR materials is represented by W_and
is determined by the area of OAB within the first crack zone. The TI for each specimen is determined using the ratio
between the post-peak toughness and the pre-peak (elastic) toughness, based on the methods described in (28), JSCE-
SF4 (29), and ASTM C1018 (30).
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FiGure 2. Diagram of the toughness index of FRCC-CR (reproduced from (26)).

2.3.4. Charpy impact

In this study, the Charpy impact test was utilized to determine the impact energy absorption (IEA) capacity of cementitious
composite specimens subjected to an impact load, with the resulting IEA values expressed in joules per unit area of the
specimen’s cross-section. The test procedure is based on EN 10045-1 (31). The Charpy impact test device and its working
scheme are shown in Figure 3, while Figure 4 illustrates the specimen dimensions and the impact loading configuration. The
specimens used for the Charpy impact test had dimensions of 50 mm X 25 mm x 25 mm, maintaining a ratio of 1:1:2 (width:
depth: length), as suggested previously (32). A total of 12 specimens for each mix were evaluated to obtain the experimental
results, and the average results were reported. To calculate the IEA of the specimens, the following equation was used (32):

E = mgh — mgh’ [2]
where,
E = Energy absorbed by the specimen (J),
m = mass of pendulum (kg),
g = acceleration of gravity (m/s?),
h = height of pendulum starting point (m)
h'= height of pendulum ending point (m)

Hammer = 8.607 kg- 25 mm
Specimen
25 mm B .

_____ ‘ Hammer head

‘ 40 mm P e

4 Impact direction
50 mm 5 mm
(b) (a) (b)
Ficure 3. Charpy impact test device used in this study (a) and  FiGURE 4. Dimensions of specimen (a) and the configuration of impact
its working scheme (b). loading (b).

2.4. Statistical analysis

The two-way ANOVA test was employed for statistical analysis in this study, utilizing the Statistical Package for
the Social Sciences (SPSS), commonly referred to as IBM SPSS Statistics, version 25 (41). The experimental results
underwent statistical analysis, with the data being drawn from the outcomes of the compressive test, flexural test, and
Charpy impact test, respectively. Three variables (PVA, CR, and CR size) were examined in this two-way ANOVA test,
serving as independent variables, while the impact energy absorption results were considered the dependent variable.
The confidence level set for this test is 95%, indicating a significance level of p-value <0.05 (o value). The independent
variables are described as follows:

1. PVA (1.0%, 1.5%, 2.0%)
2. CR content (0%, 5%, 10%, 15%)
3. CR sizes (2 mm, 5 mm)
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The hypothesis test aimed to establish whether there were statistically significant differences in IEA among all
variables, shedding light on how the three mentioned variables influence IEA. The null hypothesis posits that the
mentioned independent variable has no significant influence, either independently or collectively, on compressive
strength, flexural strength, and IEA. The alternative hypothesis suggests that the independent variable independently
and collectively influences compressive strength, flexural strength, and IEA.

3. RESULTS AND DISCUSSION
3.1. Workability

The inclusion of fibres has a significant effect on the flow characteristics of cementitious composite mixes. The increment
of PVA fibre content in the FRCC-CR mixes results in reduced workability. The increase in shear resistance to the flow
of fresh cementitious composite mixes with substantially higher viscosities is the main cause of the workability reduction
due to the addition of fibre. The large surface area of PVA fibre also leads to aggregation tendency, which further decreases
workability (1). In this study, an appropriate amount of SP was required to offset the negative impact of fibre addition, and
similar findings have been reported in other studies (1, 23). SP dosages of 0.4%, 0.5%, and 0.6% were used to maintain a
constant flow diameter (170 + 10 mm) for 1.0%, 1.5%, and 2% PVA fibre content, respectively. As the PVA fibre content
increased in the FRCC, the SP content was adjusted accordingly to keep the flow within the specified range. This ensured
that the workability data remained consistent and did not fluctuate significantly due to the varying SP percentages, as shown
in Table 1. Nevertheless, no significant change in workability was observed upon incorporating CR in the mixes.

3.2. Density

The addition of CR has an impact on the hardened density of FRCC-CR mixes, as shown in Figure 5, where the
overall density was found to decrease for all mixes when sand was substituted by CR. In Figure 5(a), with 2% PVA
fibre present in the FRCC mixes, the density decreases by 2%, 2.2%, and 6% upon incorporating CR at 5%, 10%, and
15%, respectively, with a maximum particle size of 2 mm. In Figure 5(b), with 2% PVA fibre present in the FRCC
mixes, the density decreases by 2.1%, 2.9%, and 5.8% upon incorporating CR at 5%, 10%, and 15%, respectively, with
a maximum particle size of 5 mm. The overall density of the mixes decreases, with higher porosity introduced by the
incorporation of CR being one of the reasons. The addition of CR creates additional void spaces within the specimen,
resulting in increased porosity, as shown in (33, 34). Furthermore, the density decreased due to the different specific
gravity; the specific gravity of CR is 1.15, which is lower than that of the fine aggregates (2.61). These findings agree
well with related studies where CR has been used as an aggregate in concrete and mortar mixtures (6, 33-35). Based on
the comparison of the effects of two sizes of CR shown in the figures, it was observed that FRCC-CR with maximum
size of 2 mm has a slightly lower density than FRCC-CR with maximum size of 5 mm. This can be attributed to the
higher porosity introduced by the smaller size of CR. Smaller-sized CR results in a greater number of particles with a
higher surface area. On the other hand, the effect of fibres on density was found to be insignificant.

2500 2500
=CR 0% - :
5 D = = BCR 0%
2000 e CR 5% 2000 = = i
- :E:E: CR 10% - :3:3 oo :: CR 5%
S, B g’ = $ = BCR 10%
3% % 2
21500 E::::: s 8CR 15% & 1500 = e = ®CR 15%
2 B 2 = 'ﬁ Bt B B
2 1000 = Z 1000 :5:! o Rk ey
5] P 5 s o P =
= B a 3 o =
500 = 500 22 o 5
= 5 =
2 3 B2 2
0 4 i 0 e Cx e e e
PVA 1.0% PVA 1.5% PVA 1.0% PVA 1.5% PVA 2.0%
(a) (b)

FiGurke 5. Density of FRCC containing (a) CR size 0.5 —2 mm and (b) CR size 2 — 5 mm at 28 days.

3.3. Compressive strength

Figure 7 illustrate the effects of CR and PVA fibre on the compressive strength of all mixtures at 28 days. The
compressive strengths of the mixtures range from 60.2 to 88.3 MPa at 28 days. As depicted in Figure 7(a), when utilizing
2% PVA fibre in the FRCC mixes, the compressive strength decreases by 11.4%, 24.5%, and 31.8%, respectively, upon
incorporating CR at 5%, 10%, and 15% with a maximum particle size of 2 mm, compared to their respective control
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mixes (without CR). Similarly, in Figure 7(b), with 2% PVA fibre utilization in the FRCC mixes, the compressive
strength experiences reduction of 11.5%, 15.7%, and 24% upon incorporating CR at 5%, 10%, and 15%, respectively,
with a maximum particle size of 5 mm. The observed decrease in compressive strength concurs with findings from
prior research (1, 15, 33, 36). As shown in Figure 7, the overall trend of compressive strength decrease for all mixes
compared to the respective control mixes; the factors are as follows (1, 15): (1) the hydrophobic nature of CR particles
hinders effective bonding with the FRCC matrix, leading to a weakened interfacial transition zone (ITZ), as illustrated
in Figure 6; (2) CR particles have lower compressive strength than the surrounding cementitious matrix, resulting in
cracks in the contact zone and causing a fracture at the CR-cement matrix contact zone; (3) CR particles have a lower
density than natural fine aggregates, thereby reducing the compressive strength of FRCC-CR.

B

200 pym EHT= 6.00 kV Signal A = SE2 Date :22 Feb 2024 ZEISS|
r 1 WD = 14.3 mm Mag= 30X Time :17:15:00

FiGure 6. FESEM micrograph of FRCC-CR specimen, highlighting the ITZ.

Comparing the sizes of CR, Figure 7 shows that FRCC-CR with a maximum size of 5 mm exhibits lesser reduction
in compressive strength than its respective control specimen (without CR) compared to FRCC-CR with a maximum
size of 2 mm, at the same amount of CR and PVA fibre. This can be attributed to the difference in surface area between
the two CR sizes; the total number of CR particles in the mixture is higher for CR with a maximum size of 2 mm
compared to CR with a maximum size of 5 mm. As a result, the contact zone is increased, potentially resulting in a
greater strength reduction in the former mix due to the water-repelling behaviour of CR.

The compressive strengths are quite similar for cementitious composites using PVA fibre content of 1.0% and 1.5%.
When the PVA fibre content was increased to 2%, the compressive strength showed a slight increase as Figure 7 shown.
This improvement in compressive strength with higher PVA fibre content can be attributed to the enhanced tensile
strength of the fibre composite, which mainly depends on the bonding force between the fibre and cement matrix (28).
PVA fibres have the ability to bridge micro-cracks and prevent their propagation, leading to a more homogeneous
distribution of stresses within the composite, as reported by (37, 38). However, the primary goal of adding fibre to
cementitious composite is not to increase compressive strength but to control cracking.

100 100

< 90 uCR 0% %0 ®CR 0%
E 0 B CR 5% %ﬁ‘ 30 ECR 5%
=70 mCR 10% =70 uCR 10%
2 60 BCR 15% 5 60 HCR 15%
G 50 ? 50

L 40 2 40

> @

Z 30 1

7] 230

o g

S 20 S 20

5 10 10

° 0

PVA 1.0% PVA 1.5% PVA 2.0% PVA 1.0% PVA 1.5% PVA 2.0%
(a) (b)

Figure 7. Compressive strength of FRCC containing (a) CR size 0.5 — 2 mm (b) CR size 2 — 5 mm at 28 days.

3.4. Flexural strength

The flexural strength results are presented in Figures 8(a) and 8(b). The flexural strength increases when the amount of
PVA fibre increases in the FRCC-CR mixes. However, incorporating CR in FRCC generally resulted in a slight decrease
in flexural strength, with no consistent trend observed across all mixes compared to the respective control specimens. As
depicted in Figure 8(a), with the utilization of 2% PVA fibre in the FRCC mixes, the flexural strength decreases by 14.7%,
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18.4%, and 8.6% upon incorporating CR with maximum size of 2 mm at 5%, 10%, and 15%, respectively. According to
Figure 8(b), when using 2% PVA fibre in the FRCC mixes, the flexural strength remains relatively stable with 5% and 10%
CR content but decreases by 6.6% when CR is incorporated at 15%, with a maximum particle size of 5 mm, compared to the
control mixes (without CR). The observed decrease in flexural strength and load capacity is consistent with earlier research
(1,6,33,34); it can be ascribed to the same reasons that led to reduced compressive strength in the FRCC-CR mixes.

Comparing the two sizes of CR, the 2% PVA in FRCC-CR with a maximum size of 5 mm exhibits higher flexural strength
than the corresponding FRCC-CR with a maximum size of 2 mm, whereas the difference is insignificant for 1% and 1.5%
PVA FRCC. The improvement in flexural strength can be attributed to the bridging effect of PVA fibres, in addition to the
contribution of larger CR particles in enhancing the flexural strength of FRCC-CR, facilitating a more effective load transfer
mechanism. Figure 8 shows that the flexural strength of FRCC-CR significantly increased with increasing PVA dosages.
The flexural strength values were found to be 17.9 MPa, 19.2 MPa (a 7.3% increase), and 31.4 MPa (a substantial 74.8%
increase) when PVA was used in the cementitious composite (without CR) at dosages of 1%, 1.5%, and 2%, respectively.
The effects of PVA dosages on flexural strength in FRCC-CR mixes were observed as the fibre content increased from 1%
to 2%, resulting in an average increase of 83% and 93% for CR size 2 mm and CR size 5 mm, respectively, regardless of
the CR dosages and sizes. Adding more PVA fibres up to an optimum value resulted in better bridging effect, enhancing the
multiple cracking processes, and leading to an improvement in strength, as reported by (18, 38, 39).

40 BCR 0% 4@ BCR 0%
35 BCR 5% = BCR 5%
30 #BCR 10% 30 BCR 10%
25 BCR 15% 25 BCR 15%

Flexural Strength, MPa
8

Flexural Strength, MPa

PVA 1.0% PVA 1.5% PVA 2.0% PVA 1.0% PVA 1.5% PVA 2.0%

(@ (b)

FiGure 8. Flexural strength of FRCC containing (a) CR size 0.5 — 2 mm (b) CR size 2 — 5 mm at 28 days.

3.5. Load-Deflection

Figure 9 illustrates the load-deflection curve of FRCC prism specimens at 28 days, containing varying levels of CR as
a partial replacement for fine aggregate and reinforced with PVA fibres. As indicated by the figures, the deflection values
observed at the point of peak load were 0.73 mm, 0.67 mm, and 0.73 mm when incorporating 5%, 10%, and 15% CR with a
maximum size of 2 mm and 2% PVA fibre, respectively. Similarly, the deflection values at the maximum load were 0.80 mm,
0.74 mm, and 0.82 mm with CR incorporation of 5%, 10%, and 15% with a maximum size of 5 mm, along with 2% PVA
fibre in the FRCC, respectively. Interestingly, no significant difference was observed in the deflection among the various CR
incorporation percentages. However, the noteworthy observation is that CR with a larger maximum particle size of 5 mm
consistently exhibited higher ultimate load capacity and corresponding deflection compared to CR with a maximum size of
2 mm. This trend suggests that utilizing larger CR particle sizes could enhance energy absorption and deflection capacities of
the FRCC-CR mixtures. Consequently, these findings underscore the advantageous nature of including CR as fine aggregates
in FRCC mixtures, particularly when seeking improved deflection capabilities (6). Additionally, Figure 9 shows that the
dotted line is higher at 9(c) compared to 9(b) and 9(d). This indicates that the 1.5% PVA fibre does not establish a consistent
trend with CR-5, whereas the 2% PVA fibre results in a consistent dotted line, suggesting it is the optimal concentration.

Additionally, Figure 9(a) shows that incorporating 1% and 1.5% PVA fibres into the FRCC mixes resulted in similar
ultimate load and corresponding deflection. However, when the PVA fibre content was increased to 2%, both maximum
load and the corresponding deflection exhibited concurrent increase. Figures 9(b), 9(c), and 9(d), also demonstrate
higher deflection values at the peak load when there is higher PVA content incorporated in the FRCC-CR mixes. The
incorporation of PVA fibres resulted in a diminished macro-crack width, underscoring the synergistic interplay between
CR and FRCC that effectively curbed crack propagation (1). The following load-deflection curves use blue for 1%, orange
for 1.5%, and green for 2% PVA fibre. Solid curves represent CR size 2, while dotted curves represent CR size 5. For the
load-deflection curve, one curve was selected from two similar specimens, or three if they were close, as calculating an
average value was not deemed suitable.
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Figure 9. Flexural load vs deflection curves of FRCC-CR incorporated with 1.0%, 1.5% and 2% PVA for CR size 0.5 mm to 2 mm and 2
mm to 5 mm: a) Control, b) CRS, ¢) CR10 and d) CR15.

3.6. Toughness index

The toughness index (TT) is a metric that provides a reliable and quantifiable measure of the energy absorption capacity of
FRCC when CR is incorporated in these studies (1). It is a valuable tool for assessing the material’s ability to withstand impact
and absorb energy effectively. The toughness properties of a composite are essential as it enables a composite to exhibit a more
conspicuous warning prior to failure, rather than experiencing sudden brittle failure (1). Figure 11 show a significant increase
in the overall trend of TI when CR content was incorporated in FRCC mixes compared to control mixes (without CR). As
illustrated in Figure 11(a), when 1.5% PVA fibre is utilized in the FRCC mixes, the TI increased by 16.8%, 41.2%, and 59.2%
upon incorporating CR (maximum size of 2 mm) at 5%, 10%, and 15%, respectively. In Figure 11(b), with the utilization of
1.5% PVA fibre in the FRCC mixes, the TI increased by 58.4%, 66.2%, and 44.1% upon incorporating CR (maximum size of 5
mm) at 5%, 10%, and 15%, respectively, compared to their respective control mixes (without CR). The observed improvement
in the T is attributed to the ability of CR particles to deform both elastically and plastically. Initially, CR particles absorb energy
through elastic deformation. As the load increases, they undergo plastic deformation, dissipating energy and delaying crack
widening. This allows the specimen to sustain significant deformations without complete disintegration, as the elasticity of
CR particles helps the material absorb energy and undergo higher strain levels, thereby enhancing its overall toughness (1, 6).
FESEM micrographs of the PVA fibre in the control specimen are shown in Figure 10(a), while micrographs of both the fibre
and CR simultaneously present in the specimen are displayed in Figure 10(b).

FRCC withon R
i b N

/ A

» 5

Wo= 42mm Time :16:11:34 wo= 52mm Mag= 100X Time :16:56:52

(a) (b)
Ficure 10. FESEM micrographs of specimen; (a) FRCC without CR (b) FRCC containing CR.

EHT= 400KV Signal A= SE2 Dato 22 Fob 2024 EHT= 400KV Signai A= SE2 Date :22 Fob 2024
Mag= 50X

Figure 11 shows that FRCC-CR with a maximum size of 5 mm and incorporating 2% PVA fibre, exhibits higher
toughness compared to the FRCC-CR with a maximum size of 2 mm. The smaller size CR particles cause adverse
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effects due to the following reasons: (1) a larger contact surface area between the CR and the cementitious matrix,
leading to higher stress concentration and susceptibility to cracking, and (2) a higher volume fraction of smaller CR
particles hindering stress distribution and resulting in localized stress concentrations and reduced overall toughness.
The figures clearly show that TI increases in FRCC-CR mixes when PVA fibre content is incorporated. For instance,
the TI increases on average by around 128% when the PVA fibre dosage is increased from 1% to 2% in the FRCC-
CR, regardless of CR size and content. The increase in toughness due to the inclusion of PVA fibre is consistent with
the findings of previous studies (1,6,28). The incorporation of fibres leads to enhanced initial and ultimate energy
absorption owing to their ductile properties and ability to induce fibre-bridging effects within the specimen (34). This
study therefore suggests that incorporating 2% PVA fibre and 10-15% CR can enhance deflection capacity and improve
overall toughness in the FRCC.

14 14 aCR 0%

12 HCR 0% 12 uCR 5%
5 aCR 5% 5 CR 10%
g 10 CR 10% 3 10 a2 8CR 15%
= uCR 15% K| -
" 8 2 18 -
2 2 R
o 2
g 6 £ 6 5
El Y il
= 4 = [2 4

| EE I ) I! .

0 - LR L - 0

PVA 1.0% PVA 1.5% PVA 2.0% PVA 1.0% PVA 1.5% PVA 2.0%
(a) (b)
Ficure 11. Toughness index of FRCC containing (a) CR size 0.5 — 2 mm (b) CR size 2 — 5 mm at 28 days.
3.7. Charpy impact

The investigation into the impact energy absorption (IEA) of FRCC-CR is illustrated in Figure 12. The results
indicate that the incorporation of CR in place of fine aggregate led to an increase in IEA. The figures clearly demonstrate
a consistent rise in the overall IEA trend for FRCC mixes containing CR, compared to their respective control mixes
(without CR content).

As depicted in Figure 12(a), when 2% PVA fibre is utilized in the FRCC mixes, the [EA increased by 2.2%, 3.2%, and
5.6% upon incorporating CR (maximum size of 2 mm) at 5%, 10%, and 15%, respectively. From Figure 12(b), in the
2% PVA FRCC mixes, the IEA increased by 3.7%, 3.8%, and 11.9% upon incorporating CR (maximum size of 5 mm)
at 5%, 10%, and 15%, respectively. The FRCC-CR has enhanced the IEA capacity of the composite, as CR particles
increase the ability of the composite to absorb (1) and dissipate energy (34). A transgranular effect (dynamic behavior)
is characterized by its sudden application and short duration, where the material’s interface (bonding) lacks sufficient
time to transfer the load, unlike in the intergranular effect (quasi-static behavior) involving flexure or compression.
Therefore, the bond strength between materials has a smaller impact on the IEA compared to the inherent properties
of the material body. The cracking path of the specimen due to flexural loading follows the bonding interface, whereas
the cracking path of the specimen due to impact load passes the CR material itself (Figure 13). The addition of CR
particles to the exposed surface of the composite can also increase impact resistance. When the Charpy impact head
strikes a deformable surface, it facilitates energy absorption because CR particles are resilient, elastic (34), and have
low stiffness (more flexible or less rigid) (40).

Furthermore, the sizes of the CR particles play an important role in determining the IEA of the FRCC mixture.
Specifically, CR with a maximum size of 5 mm has been found to have better IEA performance than CR with a
maximum size of 2 mm, as the larger particles can resist or fracture more slowly when the impact head strikes the
deformable surface. This mechanism accelerates the consumption of energy, enabling the CR to absorb impact energy
through deformation before the failure of debonding and cracking of the specimen. The maximum IEA value observed
was 0.054 (J/mm?) when 2% PVA and 15% of CR with a maximum size of 5 mm were incorporated into the mix, which
was 12% greater compared to their control specimen.

As seen in Figure 12, there is a clear relationship between impact energy and the increase in fibre volume ratio.
Notably, the IEA experienced a significant 38% improvement as the PVA fibre content increased from 1% to 2% in the
FRCC mixes. This phenomenon can be explained by the following factors: (1) The addition of PVA fibres to the FRCC-
CR greatly enhances its IEA, mainly because it toughens the composite. (2) PVA fibres have good tensile strength,
which enables them to effectively absorb energy by creating bridges across the cracks that appear in the composite
under impact loading. (3) The inclusion of PVA fibres contributes to a reduction in the inherent brittleness of the FRCC,
thereby lowering its vulnerability to sudden and catastrophic failure.
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FiGure 12. Impact energy absorption of FRCC containing (a) CR size 0.5 — 2 mm (b) CR size 2 — 5 mm at 28 days.
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FiGure 13. Crack pattern observation (a) flexural test (b) FESEM of corresponding specimen (¢) Charpy impact test (d) FESEM of corre-
sponding specimen.

3.8. Statistical analysis

In the studies, statistical analyses were conducted using a two-way analysis of variance (ANOVA) to examine the
influence of mixing variables (specifically, PVA fibre contents, CR contents, and CR sizes) on the compressive strength,
flexural strength, and IEA within FRCC mixtures. Statistical analyses were conducted using data obtained from
previous experimental results. In this test, a confidence level of 95% is practiced, meaning that the p-value is < 0.05 (o
value). The results of the two-way ANOVA test are presented in Table 2, where compressive strength, flexural strength
and IEA play as the dependent variables and PVA fibre content, CR content, and CR sizes as independent variables. The
null hypothesis questioned whether PVA fibre content, CR content, and CR size individually influence compressive
strength, flexural strength, or IEA, as well as the combined effect of PVA fibre and CR in FRCC. Conversely, the
alternative hypothesis proposed that both the individual PVA fibre content, CR content, and CR size exert an influence
on compressive strength, flexural strength, or IEA, as well as the combined effect of PVA fibre and CR in FRCC.

The ‘Corrected Model” in ANOVA assesses the model’s fit, indicating that if the p-value is less than 0.05, the model
significantly explains the variability, with at least one independent variable influencing the dependent variable, whereas a
p-value greater than 0.05 suggests the model does not significantly explain the variability. As shown in Table 2, the p-values
of the corrected models are 0.00 (< 0.05), suggesting a significant overall model fit and indicating that at least one of the
independent variables significantly influences compressive strength, flexural strength, and IEA, respectively. The F-ratios
correspond to each independent variable (PVA, CR, and CR Size), indicating the strength of their effects on the dependent
variables. The R-squared values indicate that approximately 84%, 91%, and 54% of the variability in compressive strength,
flexural strength, and IEA, respectively, are explained by the included independent variables in the model. The p-value of
0.00 was obtained directly from the ANOVA test results, reflecting the statistical calculation performed by the software.

The ANOVA results indicate that PVA fibre contents, CR contents, and CR sizes each individually influence
compressive strength, as evidenced by their respective p-values being less than 0.05. However, the interaction between
PVA and CR does not appear to be statistically significant (p-value > 0.05), suggesting that their combined effect
may not significantly influence compressive strength. This could be due to opposing or neutralizing effects, meaning
they might counteract each other. For instance, while one enhances strength, the other might diminish it. From the
experimental results (Figure 7), it was determined that PVA fibre slightly increased compressive strength, whereas the
inclusion of CR content in FRCC decreased compressive strength significantly.

For the flexural strength, the PVA fibre (p-value = 0.00) exhibits a highly significant impact on flexural strength,
suggesting a substantial role in increasing flexural strength in FRCC mixes. Conversely, CR (p-value = 0.564) and
CR sizes (p-value = 0.233) in FRCC do not individually influence flexural strength, as their p-values exceed 0.05.
Additionally, the combined effect of PVA fibre and CR does not significantly impact flexural strength, either by
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increasing or decreasing it, as the p-value surpasses the significance level of 0.05. The above finding is supported by
earlier research as reported by Lye et al. (18) and Manfaluthy and Ekaputri (38).

While for IEA, all PVA fibre (p-value = 0.00), CR content (p-value = 0.009), and CR sizes (p-value = 0.019)
significantly influence IEA. However, when PVA fibre and CR are combined, they do not collectively influence IEA
in FRCC-CR. This could be attributed to those mixtures containing 1% and 1.5% of PVA fibre may not achieve the
optimal combination that maximizes IEA in FRCC-CR, which affects the overall statistical results of the combined
effect. The experimental results in Figure 12 reveal a significant increase in IEA when specific fibre doses (2% of PVA
fibre) were increased in FRCC, with a simultaneous increase in CR content up to 15%.

Finally, a summary gleaned from the statistical analysis of compressive strength, flexural strength, and IEA of
FRCC-CR indicates several noteworthy trends. The inclusion of CR correlates with a decrease in compressive strength,
a decline that is statically countered by the presence of PVA fibre. While PVA fibre contributes to the enhancement
of flexural strength, the incorporation of CR does not exert a statistically significant influence on flexural strength.
Moreover, the introduction of CR in FRCC results in a static increase in IEA. Notably, even with an increase in PVA
fibre volume, the simultaneous presence of both materials maintains a consistent increase in IEA. Statistical analyses
show that CR size influences the respective results, meaning that CR with a maximum size of 5 mm demonstrated
slightly better performance compared to CR with a maximum size of 2 mm in compressive strength and IEA.

TasLE 2. Statistical results by two-way ANOVA tests.

Test Source F - Ratio P- value R Squared

Corrected Model 11.4 0.000
PVA 3.5 0.035

Compressive strength CR 36.4 0.000 0.84
CR Size 13.9 0.000
PVA*CR 1.9 0.099
Corrected Model 17.1 0.000
PVA 1334 0.000

Flexural strength CR 0.6 0-564 0.91
CR Size 1.5 0.233
PVA*CR 0.3 0.894
Corrected Model 12 0.000
PVA 23.1 0.000

Impact energy absorption CR 7.3 0.009 0.54
CR Size 42 0.019
PVA*CR 0.4 0.680

4. CONCLUSION

In this study, the workability, mechanical properties, and impact energy absorption (IEA) of fibre reinforced cementitious
composite (FRCC) containing two sizes (ranging from 0.5 to 2 mm, and from 2 to 5 mm) of crumb rubber (CR) with 5%, 10%,
and 15% contents were investigated. Polyvinyl alcohol (PVA) fibre was used as reinforcement in FRCC containing CR (FRCC-
CR) at varying percentages of 1%, 1.5%, and 2%. The following main conclusions were drawn from the experimental results:
1. The inclusion of PVA fibre in FRCC-CR mixes reduced the workability, which was compensated by using the

appropriate dosage of superplasticizer (SP). Specifically, the SP dosage of 0.4%, 0.5%, and 0.6% was used to

maintain constant flow diameter for 1.0%, 1.5%, and 2% PVA fibre, respectively.
2. The addition of CR in FRCC mixes led to a gradual decrease in density. The maximum density decreased by
approximately 6.7% when 15% CR with a maximum size of 2 mm was incorporated with 1% of PVA in the FRCC.
3. The overall compressive strength of the FRCC-CR decreased as the CR dosages increased. The greatest reduction in
compressive strength was observed when 15% CR with maximum size of 5 mm was incorporated into the 2% PVA
FRCC, resulting in a reduction of 31.8% (60.2 MPa).
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4. The overall trend of the flexural strength of the FRCC-CR generally decreases with the incorporation of CR content.
However, the flexural strength increased around 54% when PVA dosages increased from 1% to 2% in FRCC
containing 15% of CR with a maximum size of 5 mm.

5. Mid-span deflection significantly increased with the increasing CR content in 2% PVA FRCC mixes, demonstrating
that incorporating CR as fine aggregates in FRCC mixtures could improve the deflection capacity.

6. The toughness index (TI) increased compared to their respective control specimens. The highest TI value of 12.7
was observed when 10% of CR with maximum size of 5 mm was incorporated in 2% PVA FRCC mixes, which was
increased by around 30% compared to the control specimen.

7. The IEA capacity via the Charpy impact test, increases in all mixes containing CR in FRCC. The highest IEA value
of 0.054 (J/mm?) observed when 15% of CR with maximum size of 5 mm was incorporated in 2% PVA FRCC
mixes, representing an increase of around 12% compared to the control specimen.

Statistical analysis using a two-way ANOVA test was conducted utilizing experimental data and the following
conclusions are drawn:

a. PVA fibre demonstrated a significant increase in compressive strength, whereas CR exhibited a significant decrease
in the compressive strength of FRCC-CR.

b. PVA fibre significantly enhanced the flexural strength of FRCC-CR, while CR showed no significant influence on
flexural strength.

c. All PVA fibre, CR content, and CR sizes individually exhibited significant effects on the IEA results in FRCC-CR
Overall, the results suggest that the incorporation of CR and PVA fibre in FRCC mixes can present challenges in terms

of the workability and mechanical properties of the composite. However, the addition of CR as partial fine aggregate

replacement in FRCC mixtures can enhance the deflection capacity, toughness, and IEA, which could be beneficial for
certain applications. Moreover, CR and PVA fibre in FRCC statically influence IEA according to the statistical analysis.

Funding Sources

The authors are gratefully acknowledged the Fundamental Research Grant Scheme (FRGS/1/2020/TK01/UM/02/2)
provided by the Ministry of Higher Education in supporting this works.

Author contributions:

Borhan Uddin Rabbane: Conceptualization; Methodology; Experimental design and data curation; Investigation;
Software and Original draft writing.

Kim Hung Mo: Conceptualization; Resources; Supervision and Editing.

Chee Ghuan Tan: Conceptualization; Supervision; Funding acquisition and Editing.

Haider Hamad Ghayeb: Resources; Validation and Editing.

Data and code availability:

This research contains various types of experimental data, and their availability is subject to demand.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

REFERENCES

1. Zhong H, Poon EW, Chen K, Zhang M. 2019. Engineering properties of crumb rubber alkali-activated mortar reinforced with
recycled steel fibres. J. Clean. Prod. 238:117950. https://doi.org/10.1016/j.jclepro.2019.117950

2. Baghban S, Mo KH, Ibrahim Z, Radwan MKH, Shah SN. 2022. Effect of basalt and polypropylene fibers on crumb rubber
mortar with Portland cement and calcium aluminate cement binders: Strength and artificial neural network prediction model.
Prog. Rubber. Plast. Recycl. Technol. 38(1):99—124. https://doi.org/10.1177/14777606211062912

3. Chittella H, Yoon LW, Ramarad S, Lai ZW. 2021. Rubber waste management: A review on methods, mechanism, and prospects.
Polym. Degrad. Stab. 194:109761. https://doi.org/10.1016/j.polymdegradstab.2021.109761

4. Najim KB, Hall MR. 2021. Crumb rubber aggregate coatings/pre-treatments and their effects on interfacial bonding, air
entrapment and fracture toughness in self-compacting rubberised concrete (SCRC). Constr. Build. Mater. 46(1):2029-2043.
https://doi.org/10.1617/s11527-013-0034-4

Materiales de Construccion 75 (358), April - June 2025, e373. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.379524


https://doi.org/10.1177/14777606211062912
https://doi.org/10.1016/j.polymdegradstab.2021.109761

14 « B. Uddin Rabbane ef al.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.
32.

Yul, LinJ, Zhang Z, Li VC. 2015. Mechanical performance of ECC with high-volume fly ash after sub-elevated temperatures.
Constr. Build. Mater. 99:82-89. https://doi.org/10.1016/j.conbuildmat.2015.09.002

Adesina A, Das S. 2021. Performance of engineered cementitious composites incorporating crumb rubber as aggregate.
Constr. Build. Mater. 274:122033. https://doi.org/10.1016/j.conbuildmat.2020.122033

Vadivel TS, Thenmozhi R, Doddurani M. 2014. Experimental behaviour of waste tyre rubber aggregate concrete under impact
loading. Ir. Jour. Scien. Tech. 38:251-259.

Cao M, Li L, Khan M. 2018. Effect of hybrid fibers, calcium carbonate whisker and coarse sand on mechanical properties of
cement-based composites. Mater. Construcc. 68(330):e156. https://doi.org/10.3989/mc.2018.01717

Li L, Cao M, Li Z, Zhang W, Shi D, Shi K. 2022. Uniaxial tensile behavior and mechanism characterization of multi-scale
fiber-reinforced cementitious materials. Mater. Construcc. 72(345):e271. https://doi.org/10.3989/mc.2022.05521

Ling Y, Zhang P, Wang J, Taylor P, Hu S. 2020. Effects of nanoparticles on engineering performance of cementitious composites
reinforced with PVA fibers. Nanotechnol. Rev. 9(1):504-514. https://doi.org/10.1515/ntrev-2020-0038

YuK, Wang Y, YuJ, Xu S. 2017. A strain-hardening cementitious composites with the tensile capacity up to 8%. Constr. Build.
Mater. 137:410-419. https://doi.org/10.1016/j.conbuildmat.2017.01.060

Lavin T, Toutanji H, Xu B, Ooi TK, Biszick KR, Gilbert JA. 2008. Matrix design for strategically tuned absolutely resilient
structures (STARS). InProc. of SEM XI Inter. Cong. Experimen. Applied. Mechanics. Orland, Florida. 71:12.

Shao R, Wu C, LiJ, Liu Z. 2023. Repeated impact resistance of steel fibre-reinforced dry UHPC: Effects of fibre length, mixing
method, fly ash content and crumb rubber. Compos. Struct. 321:117274. https://doi.org/10.1016/j.compstruct.2023.117274
Yalginkaya C, Sznajder J, Beglarigale A, Sancakoglu O, Yazici H. 2014. Abrasion resistance of reactive powder concrete: The
influence of water-to-cement ratio and steel micro-fibers. Adv. Mater. Lett. 5(6):345-51.

Aly AM, El-Feky MS, Kohail M, Nasr ESAR. 2019. Performance of geopolymer concrete containing recycled rubber. Constr.
Build. Mater. 207:136—44. https://doi.org/10.1016/j.conbuildmat.2019.02.121

Nguyen VD, Rio O, Sanchez-Gélvez V. 2014. Performance of hybrid cement composite elements under drop-weight impact
load. Mater. Constr. 64(314):¢017. https://doi.org/10.3989/mc.2014.06813

Ghayeb HH, Ramli Sulong NH, Razak HA, Mo KH. 2022. Enhancement of seismic behaviour of precast beam-to-column
joints using engineered cementitious composite. Eng. Struct. 255:113932. https://doi.org/10.1016/j.engstruct.2022.113932
Lye HL, Mohammed BS, Liew MS, Wahab MMA, Al-Fakih A. 2020. Bond behaviour of CFRP-strengthened ECC using
Response Surface Methodology (RSM). Case Stud. Constr. Mater. 12:¢00327. https://doi.org/10.1016/j.cscm.2019.e00327
Ding Z, Wen J, Li X, Fu J, Ji X. 2020. Mechanical behaviour of polyvinyl alcohol-engineered cementitious composites
(PVA-ECC) tunnel linings subjected to vertical load. Tunn. Undergr. Sp. Technol. 95:103151. https://doi.org/10.1016/j.
tust.2019.103151

Lee SW, Kang SB, Tan KH, Yang EH. 2016. Experimental and analytical investigation on bond-slip behaviour of deformed
bars embedded in engineered cementitious composites. Constr. Build. Mater. 127:494-503. https://doi.org/10.1016/j.
conbuildmat.2016.10.036

Kang SB, Tan KH, Zhou XH, Yang B. 2017. Experimental investigation on shear strength of engineered cementitious
composites. Eng. Struct. 143:141-151. https://doi.org/10.1016/j.engstruct.2017.04.019

Li VC. 2007. Engineered Cementitious Composites (ECC)-Material, Structural, and Durability Performance.

Dawood ET, Ramli M. 2011. High strength characteristics of cement mortar reinforced with hybrid fibres. Constr. Build.
Mater. 25(5):2240-2247. https://doi.org/10.1016/j.conbuildmat.2010.11.008

ASTM C230. 2010. Standard Specification for flow table for use in tests of hydraulic cement 1. Annu. B. ASTM Stand. (Note
2):4-9.

ASTM C109. 2020. ASTM C109 / C109M - 20b. Standard test method for compressive strength of hydraulic cement mortars
(Using 2-in. or [SO mm] Cube Specimens). Vol. 04, Annual Book of ASTM Standards. 2020. p. 9.

Low NMP, Beaudoin JJ. 1994. The flexural toughness and ductility of Portland cement-based binders reinforced with
wollastonite micro-fibres. Cem. Concr. Res. 24(2):250-258. https://doi.org/10.1016/0008-8846(94)90050-7

Ayough P, Ibrahim Z, Sulong NHR, Ganasan R. 2022. Experimental and numerical investigations into the compressive
behaviour of circular concrete-filled double-skin steel tubular columns with bolted shear studs. Structures. 46(10):880—898.
https://doi.org/10.1016/j.istruc.2022.10.102

Wu'Y, Song W, Zhao W, Tan X. 2018. An experimental study on dynamic mechanical properties of fiber-reinforced concrete
under different strain rates. Appl. Sci. 8(10):1904. https://doi.org/10.3390/app8101904

Standard JSCE-SF4. Method of test for flexural strength and flexural toughness.

Speci- CCT, Cores TD, Speci- CCT, Statements B. 1998. Standard test method for flexural toughness and first-crack strength
of fiber-reinforced concrete. Using Beam With. 04(10):1-8.

Cen. 1990. European Standard: Metallic materials — Charpy impact test — Part 1 : Test method. (3):1-9.

Thomas RJ, Sorensen AD. 2018. Charpy impact test methods for cementitious composites: Review and commentary. J. Test.

Materiales de Construccion 75 (358), April-June 2025, e373. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.379524


https://doi.org/10.1016/0008-8846(94)90050-7

33.

34.

35.

36.

37.

38.

39.

40.

41.

Impact energy absorption and mechanical properties of fibre reinforced cementitious composite containing crumb rubber ¢ 15

Eval. 46(6):2422-30. https://doi.org/10.1520/JTE20170057

Bisht K, Ramana PV. 2017. Evaluation of mechanical and durability properties of crumb rubber concrete. Constr. Build.
Mater. 155:811-817. https://doi.org/10.1016/j.conbuildmat.2017.08.131

Medina NF, Medina DF, Hernandez-Olivares F, Navacerrada MA. 2017. Mechanical and thermal properties of concrete
incorporating rubber and fibres from tyre recycling. Constr. Build. Mater. 144:563-573. https://doi.org/10.1016/j.
conbuildmat.2017.03.196

Castellon FJ, Ayala M, Lanzon M. 2022. Influence of tire rubber waste on the fire behavior of gypsum coatings of construction
and structural elements. Mater. Construcc. 72(345):e275. https://doi.org/10.3989/mc.2022.06421

Grinys A, Sivilevi¢ius H, Dauksys M. 2012. Tyre rubber additive effect on concrete mixture strength. J. Civ. Eng. Manag.
18(3):393-401. https://doi.org/10.3846/13923730.2012.693536

Ekaputri JJ, Limantono H, Triwulan, Susanto TES, Abdullah MMAB. 2016. Effect of PVA fiber in increasing mechanical
strength on paste containing glass powder. Key Eng. Mater. 673:83-93. https://doi.org/10.4028/www.scientific.net/
KEM.673.83

Manfaluthy ML, Ekaputri JJ. 2017. The application of PVA fiber to improve the mechanical properties of geopolymer concrete.
MATEC. Web. Conf. 138:01020. https://doi.org/10.1051/matecconf/201713801020

Noushini A, Vessalas K, Samali B. 2013. Flexural and tensile characteristics of polyvinyl alcohol fibre reinforced concrete
(PVA-FRC) Instructions for use. EASEC.

AbdelAleem BH, Ismail MK, Hassan AAA. 2018. The combined effect of crumb rubber and synthetic fibers on impact resistance
of self-consolidating concrete. Constr. Build. Mater. 162:816-829. https://doi.org/10.1016/j.conbuildmat.2017.12.077

IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.

Materiales de Construccion 75 (358), April - June 2025, e373. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.379524



	Impact Energy Absorption and Mechanical Properties of Fibre Reinforced Cementitious Composite Contai
	ABSTRACT
	1. INTRODUCTION 
	2. EXPERIMENTAL PROGRAM 
	2.1. Materials  
	2.2.1. Mixture proportion  
	2.2.2. Specimen preparation 

	2.3. Test methods 
	2.3.1. Workability 
	2.3.2. Compressive strength 
	2.3.3. Flexural behaviour 
	2.3.4. Charpy impact  

	2.4. Statistical analysis 

	3. RESULTS AND DISCUSSION 
	3.2. Density  
	3.3. Compressive strength 
	3.5. Load-Deflection  
	3.6. Toughness index  
	3.7. Charpy impact  
	3.8. Statistical analysis 

	4. CONCLUSION 
	Funding Sources 
	Author contributions: 
	Data and code availability:  
	Declaration of competing interest 
	REFERENCES 


