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Abstract - Mortar based engineered cementitious composite (ECC) demonstrate strain hardening behaviour with multiple micro-cracks
under tension. The distinctive behaviour of ECC, makes it ductile as compared to brittle nature of conventional concrete. Ductile nature
of ECC, makes it applicable in seismic resistant, repairing and retrofitting areas and blast resistant structural elements. In the present
investigation, two types of polymer fibers (i.e. polyester (PET) fiber and polyvinyl alcohol (PVA) fiber) have been used in hybridization
with different percentages (2+0), (2+0.5), (1.75+0.5), (1.5+0.5) for making ECC. Also fly ash, 55% of the total cementitious material,
has been used for making sustainable concrete. The compressive, flexural and tensile tests were performed to evaluate the mechanical
behaviour of hybrid fiber reinforced cementitious matrix. The test results revealed that PET fiber and PVA fiber in combination enhanced
the strength properties of ECC by bridging effect of hybrid fibers.
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1. Introduction

In the last two decades the construction with high strength concrete has increased. The use of high strength concrete
(HSC) increase the brittleness in concrete, with the increase in brittle numbers. Due to brittle nature of ordinary concrete,
use of HSC is very risky for the construction in earthquake prone zones. Advancement in the production of fiber reinforcing
material increased in last few decades and the research works to find the effectiveness of materials are ongoing from 60’s to
till date [1, 2]. Modern fiberocrete arrest the crack width, improved the mechanical parameters and also change the behaviour
of concrete as depicted in Figure 1. Li Victor C. in early 1990’s introduced a distinctive class of strain hardening fiber
reinforced cementitious composite (SHFRCC) i.e. Engineered cementitious composite (ECC). The pseudo strain hardening
behaviour of ECC makes it highly ductile. ECC is cement based strain hardening ductile cementitious composite [3-6].
Ingredients of ECC are similar to fiber reinforced concrete. Coarse aggregates are excluded as they affect the distinct ductile
nature of cementitious composite. The regular concrete and fiber reinforced concrete (FRC) undergoes brittle and strain
softening failure, whereas ECC exhibits strain hardening behaviour with multiple micro cracks [7, 8]. ECC is a wacky branch
of FRC, which consists of different types of short length polymeric fibers. Fiber inclusion in cementitious matrix enhanced
the tensile strain capacity and ductility through fiber bridging process. Fiber bridging provides resistance to crack width and
transfer stresses across the cracks [9, 10]. The diversity of fibers such as polyethylene, steel fibers, polyvinyl alcohol,
polypropylene, etc. have been used in ECC. In recent hybrid mixtures in combination with varied fiber shapes and dimensions
have been arising. Numerous researchers reported that amalgam of two or more fibers with different properties (types,
lengths, diameters, elastic modulus, elongation and tensile strength) can produce composites with better strength and strain
parameters than mono fiber containing composites [10-16].

Extremely polyvinyl alcohol (PVA) fiber have been used to reinforce engineered cementitious matrix [17-19].
Hydrophilic nature of PVA fiber in cementitious matrix develop strong chemical bond. Due to strong chemical bonding PVA
fibers rupture than pullout, which limits the pseudo strain hardening behaviour of cementitious matrix [20-22]. Some of the
researchers used oil coated PVA fiber to reinforce cement matrix, which demonstrate good agreement of fiber matrix
interactions [23]. As the PVA fiber cost is very high so, it is not convenient to use these fibers in extenso for making ECC.
Many efforts have been made to make cost effective ECC with hybridization of fibers. High and low modulus fibers in
combination enhanced the mechanical properties of ECC [24, 25]. The past studies showed that the utilization of fly ash
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(FA) in high volume improve the tensile strain capacity, interaction between fiber-matrix and chemical bond interface;
whereas decreased the strength properties with PVA fiber [26, 27].

Polyester (PET) fiber is another alternative class of polymeric fiber, as it costs 1/5 times cheaper than PVA fiber.
The author [28] reported that intrusion of polyester fiber in ECC as a bed joint gave better performance than cement
mortar. The literature showed that very few studies have been carried out with polyester and PVA fiber hybridization in
ECC. The object of this study is to determine strength properties (i.e. compressive, tensile and flexural) with
hybridization of fibers at different percentages.
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Fig. 1: Response of concrete, FRC and ECC under tensile loading [29].

2. Experimental Details
2.1. Materials

The constituents of ordinary ECC are Portland cement (PC), micro silica sand, FA, water, superplasticizer (SP) and
polymer fibers (to reinforce cementitious matrix). In the present study, Portland cement (PC) as binder, quartz powder
(QP) with size (175um), class F-fly ash as supplementary cementitious material and Master Glenium Sky 8233 as high
range water reducer were used to prepare the mix. Two types of polymer fibers, i.e. polyvinyl alcohol (PVA) and
polyester (PET) fiber of triangular shape to reinforce the ECC were used in this research work. The characteristics of
PC and polymer fibers have been given in table 1 and 2.

Table 1: Physical and mechanical characteristics of PC.

Property | Specific | Initial Final Consistency | Fineness | Soundness | Compressive strength
gravity | setting setting (%) (%) (mm) (MPa)
(g/cm®) | time time 3d 7d 28d
(IST), (FST),
min min
Value 3.14 109 310 28.5 4 5 26.40 | 35.75 | 44.36
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Table 2: Physical characteristics of polymer fibers.

Type of | Diameter | Length | Aspectratio | Tensile | Elongation | Young’s Density
fiber (d), mm (L), (L/D) strength (%) modulus (g/cmd)
mm (MPa) (GPa)
Polyester 0.025- 12 400 480 30 - 1.31
fiber 0.035
PVA 0.04 12 300 1600 7 42.8 1.3
fiber

2.2. Mix proportion
To interpret the effect of fiber hybridization on strength parameters of ECC, different four mix proportions were
designed and designated as given in table 3.

Table 3: Different mix proportion of hybrid cement- matrix (%).

Ingredients
Polyester PVA fiber

Mix ID Cement | Flyash | QP w/b | fiber (%) (%) SP (%)

2PEOPV 1 1.2 0.8 0.27 2 0 0.75
2PEO0.5PV 1 1.2 0.8 0.27 2 0.5 0.75
1.75PEQ.5P 0.27 0.5 0.75

V 1 1.2 0.8 1.75

1.5PE0.5PV 1 1.2 0.8 0.27 15 0.5 0.75

2.3. Mixing and specimen preparations

The cement matrix was prepared using power driven mortar mixer. Mixing process comprises following steps:

Step 1: All dry solid ingredients i.e. cement, quartz powder and FA were mixed for about 2-3 minutes in the mortar mixer.
Step 2: Water was added in the mixed constituents along with SP and the mixer was rotated for the next 5 minutes.

Step 3: Finally, fibers were added by spreading and mixing process continued in mixer until homogeneity achieved. The
whole mixing process took about 10-12 minutes.

After obtaining homogeneous mix, cubes (70.6 mm x 70.6 mm x 70.6 mm), tensile coupons (310 mm x 100 mm x 20
mm), and rectangular prisms (500 mm x 100 mm x 100 mm) were casted. A membrane of lubricating agent was applied on
the interior sides of the moulds before pouring the cementitious mix into the moulds. The samples were demoulded after 24
hours and immersed in the water tank for required curing.

3. Experimental methods and Testing procedures
3.1. Compression test

For each mix three cubes were taken for compressive strength (CS) and tested in the CTM (Compression testing
machine) with 1000 kN capacity after required age as per IS 516:1959 [30]. The applying rate of loading was kept 3
kN/second until failure occurs.
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3.2. Tensile strength

For each mix proportion three coupons (310 mm x 100 mm x 20mm) were tested in hydraulic Universal Testing
Machine (UTM) and loading rate was 0.5mm/minute. The gauge length was maintained 80 mm with 40 mm width in
specimen.

3.3 Flexural test
Four point bending tests was performed to evaluate the flexural stress, three prism specimens for each mix
proportion were tested [31, 32].

Fig. 2: Failure pattern of rectangular prism under bending test.

4. Experimental results and discussion

The strength properties of different mix proportions have been illustrated in the Figures 3-5. The performance of
different mix proportions was analysed on the basis of recorded strength parameters (i.e. compressive, tensile and
flexural).

4.1. Compressive strength

It has been noticed from figure 3 that the strength in compression of 2PEOPV at 28 days was 48.56 MPa. For
hybridization of fibres i.e. 1.5PEQ0.5PV, 1.75PEQ.5PV and 2PEQ.5PV, the CS varied from 49.88 MPa to 51.28 MPa.
The compressive strength of mix proportions i.e. 1.5PE0.5PV, 1.75PE0.5PV and 2PEQ.5PV enhanced by 6%, 5% and
3% respectively in comparison to mix 2PEOPV at 28 days.
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Fig. 3: Compressive strength of various mix proportions after 28 days curing.

4.2. Tensile strength

It has been observed from figure 4 that the tensile strength of 2PEOPV at 28 days was 2.64 MPa. For hybridization of
of fibres i.e. 1.5PE0.5PV, 1.75PE0.5PV and 2PEQ.5PV, the tensile strength varied from 3.15 MPa to 3.92 MPa. The tensile
strength of mix proportions i.e. 1.5PE0.5PV, 1.75PE0.5PV and 2PEQ.5PV enhanced by 19%, 32% and 48 % respectively in
comparison to mix 2PEOPV at 28 days.
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Fig. 4: Tensile strength of various mix proportions after 28 days curing.

4.3. Flexural strength

It has been observed from figure 5 that the flexural strength of 2PEOPV at 28 days was 7.46 MPa. For hybridization of
fibres i.e. 1.5PEQ.5PV, 1.75PEQ.5PV and 2PEQ.5PV, the flexural strength varied from 7.88 MPa to 8.78 MPa. The flexural
strength of mix proportions i.e. 1.5PEQ.5PV, 1.75PEQ.5PV and 2PEQ.5PV enhanced by 6%, 10% and 18 % respectively in
comparison to mix 2PEOPV at 28 days.
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Fig. 5: Flexural strength of various mix proportions after 28 days curing.

5. Conclusions
In the current study, the impact of hybridization of fibers on the strength parameters of ECC was evaluated. The

major key findings from the above study have been mentioned below:

e The strength properties (i.e. compressive, tensile and flexural) were found to be increased with the use of
PET and PVA fiber in hybridization.

e The mechanical properties were found optimum with the use of 2% PET and 0.5% PVA fibers in
hybridization.

e The strength in tension and bending of 2PEQ.5PV mix were found 48% and 18% higher than 2PEOPV mix.

e Enhancement in strength parameters may be attributed to fiber bridging, which increased the load carrying
capacity with multiple micro cracks behaviour and transferred the stresses across the cracks.

e Hybridization of fibers improved the mechanical properties in comparison to polyester fiber alone. PET was
found the best alternative option to use in ECC with amalgam or alone as per properties required.

e The use of PET and PVA in amalgam decreased the total cost of ECC, and also encourage the use of ECC
on large scale.
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