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1 Introduction

In recent years, rapid advances have been made in the construction industry with the
development of new cement-based products. According to present scenario high-
performance fiber-reinforced cementitious composites (HPFRCC) is one of the best-
suited cement-based products used for the construction purposes. The superior tensile
and durability properties of HPFRCC products promote its use under aggressive envi-
ronmental conditions. The HPFRCC products are designed with the optimized use of
polymeric fibers and constituents. Engineered cementitious composite (ECC), reac-
tive powder concrete (RPC) and strain-hardening cementitious composite (SHCC)
products are the well-known examples of HPFRCC. From the above discussed prod-
ucts, ECC is the superb matrix in construction industry which is commonly known
due to its bendable behavior and ductile performance. The design of ECC relies
on micromechanical principle. Tight crack width (<100 wm) and excellent tensile
strain capacity (1-8%) are the novel parameters of ECC which made it alter than
other types of cementitious products [1]. The narrow crack width of ECC, controlled
matrix fracture toughness and also exhibits excellent durability performance under
susceptible conditions [2]. Sequential development of multiple tiny cracks in ECC
results into strain hardening, which is similar to ductile nature of metal [3-5]. The
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novel characteristics and ductile nature of ECC promote its use in various cement-
based structural applications. The cement consumption and cost of fibers minimize
the use of ECC in large-scale structural application. Numerous research investiga-
tions reported that the composition of ECC mainly consists of finer size constituents
and low content of polymeric fibers [6—10]. Therefore, to reduce the cost of ECC
finer size constituents can be replaced with supplementary cementitious materials
(SCM) in high quantity. Literature reported that fly ash as SCM and polyvinyl alcohol
(PVA) fiber as internal reinforcement are the most widely used constituents for the
typical ECC mixtures [1-3]. Fly ash is produced during the combustion of coal in
thermal power plants. However, in present scenario most of the countries around
the globe are moving fast toward the sustainable and green power generation. On
the other hand, cement-based product manufacturers association has shown concern
about the shortage in supply for good quality of fly ash. The PVA fibers are most
widely used to reinforce the ECC; but high cost of these fibers limit the use of ECC
in large-scale structural applications. PVA fibers are manufactured by some limited
industrial groups/countries in the world which also limit its availability. Therefore,
after observing all the above-discussed parameters, authors in current research work
have tried to evaluate the performance of ECC with the utilization of high quantity
of slag (iron industry waste) as SCM. Two different types of low cost and indigenous
fibers, i.e., metallic (steel) and non-metallic (polyester) fibers, were used to reinforce
the cementitious product. The hybrid use of these fibers was also used at different
percentages to reinforce the ECC. The present study emphasizes on the impact of steel
and polyester fibers in hybridization on various parameters of ECC matrix. There-
fore, utilization of these products can save the overall cost, environmental ecosystem
and also provides better guidelines for future design of ECC matrix.

2 Constituents and Mix Proportions

The powdered constituents selected during this research work were Portland cement
(PC) confirming to IS 8112 (2013) [11] and ASTM C150 [12], fine river sand (RS),
and slag (SL) (iron industry waste) as supplementary cementitious material. The
two different types of fibers such as polyester (PET) and steel (SE) fibers were
used in cementitious mixtures as internal reinforcement. Potable water confirming
to IS 456:2000 [13] and high range water reducer admixture (HRWRA) were added
into mixed solid constituents to achieve the required fresh properties. In current
investigation, 70% (of the total cementitious products) iron industry waste (SL)
and non-degradable polyester fibers have been utilized in the cement matrix. The
addition of high volume of waste product and low-cost fibers help in saving the
natural resources, overall cost and contribute in making the eco-friendly sustain-
able cement matrix. To examine the influence of fiber hybridization on the perfor-
mance of cementitious mixes, total six mixes were prepared. The proportion of
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Table 1 Mix proportions of constituents used in ECC

Mix ID | Ingredients
PC SL |RS W/B | PET fiber (%) | SE fiber (%) |SP (%)

HI 1 22 0.8 029 2 0 0.6
H2 1 22 0.8 ]0.29 1.6 0.4 0.6
H3 1 22 0.8 029 1.2 0.8 0.6
H4 1 22 0.8 029 0.8 1.2 0.6
H5 1 22 108 029 0.4 1.6 0.6
H6 1 22 0.8 ]0.29 0 2 0.6

selected constituents and designation of various cementitious mixes have been given
in Table 1.

3 Experimental Program

3.1 Mixing and Casting Process

The mixing process of cementitious composites was done by using power driven
mortar mixer as described below:

Firstly, all the selected powdered constituents (PC, RS, and SL) were added into
the drum of mixer and thoroughly mixed at low speed for 2-3 min.

Then approximately 65% quantity of selected water and HRWRA were poured
into the drum of mixer in rotating condition and the rotating process continued
for 2 min.

After that, remaining part of liquid constituents was added into the mixed
components and rotated the drum for another 2-3 min.

At last, the quantity of selected fiber (as per mix design) was slowly dispersed
into the drum in rotary condition and allowed to be mixed until the homogenous
mix was not achieved.

In current investigation, cubical and prism-shaped specimens of size 70.6 mm x

70.6 mm x 70.6 mm and 500 mm x 100 mm x 100 mm, respectively, were casted to
record the compressive, electrical resistivity and flexural response of various mixes.
After 24 h, the casted specimens were taken out and then kept into water for required
curing age before testing.
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3.2 Test Methods

3.2.1 Compression Behavior

To study the impact of fibers combination on compression behavior of various cemen-
titious mixes, cubical-shaped specimens were casted and tested in the universal
testing machine as per IS 516:1959 [14] and BS-EN-12390 part 3 [15] specifications.

3.2.2 Flexural Response

The impact of fiber combination on flexural response of various cementitious mixes
has been recorded on prism specimens by performing four-point bending test as per
IS 516:1959 [14] and BS-EN-12390 part 5 [16] specifications.

3.2.3 Electrical Resistivity (ER)

ER performance of cement-based products indicates its durability [17, 18]. It can
represent the movement and distribution of ions through cementitious products. The
impact of fiber combination on ER of various mixes has been recorded on cubical-
shaped specimens by using two-point method. The ER (p) of the cementitious
specimens was determined by using the following relationship.

A
0 = R— kQ-cm
L

where A is the area of cubical specimen (cm?), L is the length of the cubical specimen
(cm), and R (k€2), resistance of the samples.

4 Results and Discussion

4.1 Compressive Strength

The impact of fiber combination on compression performance of ECC mixtures at
different curing ages is given in Fig. 1. It has been noticed from Fig. 1 that the ECC
mixture made with PET fiber had lowest compressive strength; while, ECC mixture
made with steel fiber had highest compressive strength. Hybrid use of both fibers
in ECC mixtures strongly influenced the compressive strength of the cementitious
matrix. The substitution of PET with SE fiber at 20%, 40%, 60%, 80%, and 100%
enhanced the compressive strength of the matrix by 1.31%, 4.5%, 7.24%, 11.31%,
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Fig. 1 Compressive strength of various ECC mixtures

and 13.01%, respectively, after 28d of water curing. It is observed from Fig. 1 that
the matrix containing SE fiber performed better in terms of compressive strength as
compared to mixes containing PET and hybrid fiber.

4.2 Flexural Strength

The influence of fiber combination on flexural strength of various ECC mixtures at
different curing ages is given in Fig. 2. It has been observed from Fig. 2 that the ECC
mixture made with PET fiber had lowest flexural strength; while, ECC mixture made
with steel fiber had highest flexural strength. Hybrid use of both the fibers in ECC
mixtures enhanced the flexural strength of the cementitious matrix as compared to
H1 matrix. The substitution of PET with SE fiber at 20%, 40%, 60%, 80%, and 100%
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Fig. 2 Flexural strength of various ECC mixtures
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enhanced the flexural strength of the matrix by 2.11%, 5.07%, 8.46%, 12.12%, and
15.09%, respectively, after 28d of water curing. It is observed from Figs. 1 and 2 that
the mixes containing SE fiber gave better performance in terms of strength parameters
as compared to mixes containing PET and hybrid fiber. The high modulus of SE fiber
and strong bonding between fiber and cementitious mixtures were responsible for
the enhancement in strength parameters.

4.3 Deflection Capacity

The impact of fiber hybridization on deflection capacity of various ECC mixtures
at different curing ages is given in Fig. 3. It has been observed from Fig. 3 that the
ECC mixture made with SE fiber had lowest deflection capacity; while, ECC mixture
made with PET fiber had highest deflection capacity. Hybrid use of both the fibers
enhanced the midspan deflection capacity of the cementitious matrix as compared
to H6 matrix. The substitution of PET with SE fiber at 20%, 40%, 60%, 80%, and
100% decreased the deflection capacity of the cement matrix by 3.97%, 12.06%,
22.14%, 26.11%, and 34.21%, respectively, after 28d of water curing. It is observed
from Fig. 3 that the mixes containing PET fiber gave better performance in terms of
deflection capacity as compared to mixes containing SE and hybrid fiber. Deflection
performance of all the ECC mixtures was opposite than strength parameters. The
low modulus, better elongation capacity, and slip-hardening behavior between PET
fiber and cement matrix were responsible for the enhancement in deflection capacity.
Numerous research investigations reported that the inclusion of low modulus fiber
improved the ductile performance of the cement matrix [19, 20].
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Fig. 3 Deflection capacity of various ECC mixtures
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Fig. 4 ER of various ECC mixtures

4.4 Electrical Resistivity (ER)

The impact of fiber hybridization on ER of various ECC mixtures at different curing
agesis given in Fig. 4. It has been noticed from Fig. 4 that the ECC mixture made with
SE fiber had lowest ER; while, ECC mixture made with PET fiber had highest ER.
Hybrid use of both the fibers enhanced the electrical resistivity of the cementitious
mixes as compared to fully steel fiber containing ECC matrix (H6 mix). The substi-
tution of PET with SE fiber at 20%, 40%, 60%, 80%, and 100% decreased the ER of
the cement matrix by 4.69%, 11.97%, 22.16%, 31.06%, and 42.07%, respectively,
after 28d of water curing. Matrix-containing PET fiber gave better performance in
terms of ER as compared to mixes containing SE and hybrid fiber. The electrical
conductivity of the PET fibers is very low and their inclusion makes a good bond
with cement matrix, which was responsible for the better ER of ECC mixes. On
the other hand, the steel is conductive material due to which the ER of ECC mixes
containing SE fiber was found lower. Published literature reported that the inclusion
of steel fiber decreased the ER of the cement matrix [21]. Therefore, in current inves-
tigation, the results obtained from mechanical and durability parameters revealed that
the successful utilization of high volume of waste product with low cost and non-
degradable fibers enhanced the overall performance along with promoting matrix
sustainability.

5 Conclusions

In the current research investigation, the performance of ECC mixes containing fibers
in hybridization was evaluated in terms of compressive strength, flexural strength,
deflection capacity, and electrical resistivity. This study also emphasizes the impact
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of polyester (PET) and steel (SE) fiber as internal reinforcement in ECC mixes. The
major key findings from the current research work have been mentioned below:

Inclusion of SE fiber in ECC mixes gave better performance in terms of strength
parameters as compared to PET and hybrid fiber containing cementitious mixes.
The high modulus of SE fiber and strong bonding between steel and cementitious
mixtures was responsible for the enhancement in strength parameters.
Deflection capacity performance of all the ECC mixtures was opposite than
strength parameters. Inclusion of PET fiber in cementitious mixes gave better
performance in terms of deflection capacity as compared to SE and hybrid
fiber containing mixes. The low modulus, better elongation capacity, and slip-
hardening behavior of PET fiber with cementitious products were responsible for
the enhancement in deflection capacity.

Electrical resistivity of ECC mixture made with PET fiber was highest than other
mixes. PET fibers are very low electrically conductive, and their inclusion reduced
the porosity which was responsible for the better ER performance.

Findings from current investigation depicted that the inclusion of metallic fibers
improved the strength parameters while the inclusion of non-metallic fiber
enhanced the ductile and durability parameters of ECC matrix made with slag.
Therefore, the present investigation recommended that the hybridization of both
the fibers was better option for the use in cementitious mixes.

Examination from this study revealed that the addition of waste, non-degradable
materials, low cost, and superior performance of cement matrix enhanced the
durability and sustainability of the matrix.
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