Sådhanå (2021)46:109
https://doi.org/10.1007/s12046-021-01637-w

Ó Indian Academy of Sciences
Sadhana(0123456789().,-volV)F
T3](0123456789().,-volV)

Evaluation of cost-effective hybrid ﬁber reinforced ECC
MANINDER SINGH, BABITA SAINI*

and HD CHALAK

Department of Civil Engineering, National Institute of Technology Kurukshetra, Kurukshetra, Haryana 136 119,
India
e-mail: maninder_6160049@nitkkr.ac.in; bsaini@nitkkr.ac.in; chalakhd@nitkkr.ac.in
MS received 14 September 2020; revised 8 April 2021; accepted 16 April 2021
Abstract. This research study presents the mechanical behaviour of new hybrid ﬁber reinforced engineered
cementitious composite. Uniaxial compressive, four-point bending, direct tensile test, non-destructive testing
and scanning electron microscopy of materials were performed to characterize the behaviour of new hybrid
reinforced ECC. The replacement of polyvinyl alcohol (PVA) ﬁber with polyester (PET) ﬁber showed that the
increment of PET ﬁber percentage in cement matrix enhanced the tensile strain and mid-point deﬂection;
whereas, decreased the strength properties. Amalgam of three type of ﬁbers at percentage level 1, 0.5 and 0.5
respectively in cementitious material increased the strength parameters; while, tensile strain and deﬂection
decreased. Recorded ultrasonic pulse velocity values exhibited that the combined dispersion of polymeric and
non-polymeric ﬁbers do not affect the quality of concrete. Mechanical behaviour of different ECC matrices
demonstrated that the dispersion of low modulus ﬁber enhanced the mid span deﬂection and tensile strain
capacity; however, the inclusion of high modulus ﬁber improved the ability of matrix to sustain higher loadings.
Hybridization of ﬁbers cut the total cost of the cementitious matrix which promotes the use of ECC at large
scale.
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1. Introduction
Performance of the concrete depends on the strength,
ductility and durability properties. High strength concrete
enhanced the strength properties and facilitates to reduce
the structural size of element. Plain concrete depicts brittle
behaviour in tension, and width of cracks increase with
loading, when tensile strength limit was reached at particular point. Due to increased crack width the chemical
substances penetrate into the concrete surfaces, which
attack the durability of the cement products. Addition of
ﬁbers in concrete not only arrests the micro and macro
level cracks, but also enhanced the compressive, tensile,
ﬂexural, fatigue and toughness properties. The properties
of ﬁber; shape, type, aspect ratio and workability play an
important role in the performance of ﬁber reinforced
cementitious composites (FRCC). In early 1990’s Li at
university of Michigan (U.S.A) introduced a novel class of
FRCC i.e., Engineered cementitious composite (ECC).
ECC is mortar based concrete composites, rely upon the
principle of micromechanical design. ECC contain short
discontinuous randomly distributed polymeric ﬁbers featuring strain hardening behaviour, ductile nature and
*For correspondence

energy absorption. The novel behaviour of cementitious
composite (ECC) relies on the micromechanics of ﬁber
bridging and crack extension [1]. The compressive properties of ECC varied from normal to ultra-high strength
concrete; whereas, tensile strain much more than the
conventional concrete. Under ﬂexural loading ECC
depicts bendable nature. The width of cracks in ECC is
generally less than 100 lm, which arrests the chemical
attack in the concrete surfaces and promote the selfhealing and durability parameters of ECC. The energy
absorption capacity of ECC is equal to that of aluminium
alloys i.e., equal to 30 KJ/m2. The performance characteristics of ECC matrices depend on the properties and
quantity of mix constituents used. ECC consists of
cement, supplementary cementitious mineral admixtures,
sand, water and different types of polymeric nature ﬁbers.
Enormous research investigations have been carried out
with the intrusion of polyethylene (PE) and polyvinyl
alcohol ﬁber in ECC. The mechanical properties of ECC
depend on the matrix composition used [2, 3]. PVA ﬁbers
are high hydrophilic in nature which make strong bond
chemically with cement matrix. Literature reported that
the strong bond between ﬁber ﬁlaments and cement
products decay the multiple tiny cracking phenomenon
and strain hardening behaviour of matrix in the post-

109

Page 2 of 10

cracking zone [4]. Therefore, the interaction and bonding
characteristics of ﬁbers with cement matrix play an
important role in the design of cementitious composite.
Enormous research investigations reported that PVA–ECC
shows good behaviour than PE ﬁber reinforced ECC
owing to its higher cost and interaction characteristics
with cement matrix [1–6]. Most of the researchers used oil
coated PVA ﬁber to decrease the strong chemical bonding
with cement matrix [7–12]. The cost of oil coated PVA
ﬁber is very high, so it is very difﬁcult to use it in large
scale construction activities. In last few years, lots of
research studies have been carried out to decrease the cost
of ECC with the dispersion of different type of ﬁbers
alone and in amalgam.

1.1 Research signiﬁcance
To decrease the cost of ECC on large scale, it is very
important to study on low-cost ECC without any sacriﬁce
on mechanical properties. Higher cost and local non
availability of PVA ﬁber restrict the application of ECC in
developing countries. Therefore, in current study the prime
focus was on the production of cost effective ECC made
with locally available constituents. For preparing low cost
mixes the quantity of high cost PVA ﬁbers was switched by
cost effective PET and MSE ﬁber. Polyester (PET) ﬁber
lies in the class of polymeric ﬁber which can be included
for making cost effective FRCC, its cost is relatively lesser
and is about 1/5th of the oil coated PVA ﬁber. PET ﬁber
does not behave like hydrophobic or hydrophilic, but it
presents itself in middle behaviour. An unusual relation can
be seen between cement matrix and ﬁbers due to unique
characteristics of polyester ﬁbers [13–16]. The combined
use of ﬁbers will help in saving overall cost and boost the
usage of ECC in diversiﬁed application.

2. State-of-the-art
The literature review related to the intrusion of different
types of ﬁbers as hybridization in ECC was reviewed to
gain a better knowledge on mechanical behaviour of
cementitious composite. Alrefaei et al (2018) [17]
revealed that the amalgam usage of PE and steel ﬁber
enhanced the shear strength, deﬂection capacity and
multiple cracking phenomenon of ECC. Ali et al (2017)
[18] reported that the combined dispersion of PVA and
SMA (steel memory alloy) ﬁber improved the impact
resistance, tensile strain and contribute in changing the
failure mode from brittle to ductile. Hybrid usage of PP
(polypropylene) and PVA ﬁber enhanced the strain
capacity and ductility of ECC [19]. The experimental
study conducted with the use of PET ﬁbers stated that any
extra oil coating was not required to improve the properties of ECC [13]. Previous investigations depicted that
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the hybrid usage of PVA and steel ﬁber improved the
impact resistance, energy absorption capacity, and strength
parameters of ECC but decreased the peak strain [20–23].
Numerous researchers reported that use of oiled and
unoiled PVA ﬁber in hybridization reduced the complementary energy, cost and increased the tensile ductility of
ECC [20, 22–24]. The study on corrosion durability of
plain mortar and strain hardening ﬁber reinforced
cementitious composite (SHFRCC) containing steel and
polyethylene ﬁbers in combination reported that hybrid
ﬁber reinforced SHFRCC depicted best corrosion protection than plain mortar mix and single ﬁber reinforced
cementitious mix [25]. Mobasher and Li 1996 [26]
reported that the use of alumina, carbon and PP ﬁbers in
combination improved the fracture toughness and strength
properties. Zhang et al 2007 [27] reported that the use of
0.5% steel and 1.5% polyethylene ﬁber in hybridization
improved the ductility, impact resistance and energy
absorption capacity. Most of the past studies indicated that
the use of high modulus ﬁbers increased the strength
properties and toughness of the cementitious composite;
whereas the use of low modulus ﬁbers reduced cracking
and enhanced the ductility of cement-based products
[27–31].

3. Experimental program
3.1 Selection of materials
In this research work polyvinyl alcohol (PVA) ﬁber oiled
by 1.2 % coating, recron 3s polyester (PET) ﬁber and micro
steel ﬁber (MSE) have been used in hybridization. Polymeric type ﬁbers of triangular shape and steel ﬁbers with
brass coating were used (ﬁg. 1). The total volume of the
ﬁbers used in cement product was 2%. The mechanical
characteristics of the ﬁbers used have been depicted in
table 1. Solid powdered ingredients used in this research
work were cement of 43 grade conﬁrming to IS 8112-2013
[32] and ASTM C150 [33], GGBFS (Ground granulated
blast furnace slag) and silica sand (SS) with maximum size
of 175 micron (ﬁg. 2). To achieve the rheological performance, PCE (Polycarboxylic ether type) based Master
Glenium SKY 8233 high range water reducer was added
into the dry mix. The properties of master glenium SKY
8233 have been summarized in table 2. The chemical
composition of powdered materials has been presented in
table 3 and the physical and chemical properties of cement
have been presented in table 4.

3.2 Mix proportion
Total 7 groups of ECC matrices were prepared to investigate the effect of ﬁber hybridization on various properties,
as presented in table 5.
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Figure 1. Energy dispersive X-ray spectroscopy analysis of (a) cement, (b) GGBFS and (c) silica sand.

Table 1. Physical characteristics of ﬁbers.
Type of
ﬁber
PVA
PET
MSE

Diameter
(mm)

Length
(mm)

0.04
0.025–0.035
0.20

12
12
13

Aspect ratio
(L/D)

Tensile strength
(MPa)

300
400
65

1600
480
2000

Elongation
(%)
7
30
–

Young’s modulus
(GPa)
42.8
–
–

Density
(g/cm3)
1.3
1.31
–

Table 2. Properties of Master Glenium SKY 8233.
Sl. No
1.
2.
3.

Properties
Aspect
Relative density
PH

Value
Reddish brown liquid
1.08 ± 0.02 at 25° C
C6

Table 3. Chemical composition of cement, GGBFS and silica
sand.
Compound
SiO2
CaO
Al2O3
MgO
Na2O
K2O
SO3

Cement

GGBFS

20.75
66.96
7.52
1.03
1.22
0.41
2.12

38.20
36.94
17.02
5.24
0.29
0.19
2.12

SS
99.99
–
–
–
–
–
–

3.3 Mixing and specimen casting
As we know that mixing procedure, mixer type, temperature and speed may affect the properties of the fresh

cement-matrix [34, 35]. First all solid powdered constituents including PC, GGBFS and SS were mixed at low
speed for approximately two to three minutes. Then water
and HRWRA (High range water reducer) admixture were
poured into the dry mixture and the mixer was rotated for
another 3 minutes. After that ﬁbers were slowly added into
the rotating mixture by hand and the mixer was rotated until
all the ﬁbers were uniformly distributed in the mix. The
whole mixing was done with mortar mixture.
As per IS 516:1959 [36] recommendation mortar cubes
of size 70.6 mm 9 70.6 mm 970.6 mm due to excluding
of coarse aggregates were used to judge the compressive
behaviour. Dog bone specimen of size 310 mm 9 100
mm 9 20 mm with 80 mm gauge length as described in
ﬁgure 3 are employed for tensile testing. Rectangular
prisms with dimensions of 500 mm 9 100 mm 9 100
mm as described in ﬁgure 4 are employed for ﬂexural
testing and non-destructive testing. After complete the
mixing process the fresh homogenous mix was poured
into the moulds for each specimen. After casting, the
specimens were de-moulded after 24 hours and insert
into the water curing area at controlled temperature for
required age.
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Table 4. Physical and mechanical properties of cement.

Property

Speciﬁc gravity
(g/cm3)

Initial setting time
(min)

Final setting time
(min)

Fineness
(%)

Compressive
strength (MPa)

Soundness
(mm)

3d
Value

3.11

92

296

3

7

7d

28d

26.03 36.11 44.82

Table 5. Different mix proportions of cementitious composite.
Ingredients
Mix ID

OPC

ECC1
ECC2
ECC3
ECC4
ECC5
ECC6
ECC7

1
1
1
1
1
1
1

GGBFS
1.2
1.2
1.2
1.2
1.2
1.2
1.2

SS
0.8
0.8
0.8
0.8
0.8
0.8
0.8

W/B
0.27
0.27
0.27
0.27
0.27
0.27
0.27

PVA (%)
2
1.9
1.8
1.7
1.6
1.5
1.0

PET (%)
0
0.1
0.2
0.3
0.4
0.5
0.5

MSE (%)
–
–
–
–
–
–
0.5

SP (%)
0.45
0.45
0.45
0.45
0.45
0.45
0.45

Figure 2. Photographs of scanning electron microscopy (a) cement, (b) GGBFS, (c) silica sand and (d) Fiber-matrix interface.
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indicate the horizontal ﬂow diameter and viscosity of the
various fresh ECC mixtures.

4.2 Compressive strength
To study the impact of ﬁber hybridization on compressive
behaviour, mortar cubes were casted and tested in the
compression testing machine at loading rate 3 kN/second
after required age of curing as per recommendations of IS
516:1959 [36] and BS-EN-12390 part 3 [38].

4.3 Uniaxial Tensile test

Figure 3. (a) Geometrical details, (b) casted dog bone specimen
for tensile testing.

The dog-bone shaped composite specimens were casted and
testing to analyse the impact of ﬁbers combination on
tensile properties. The tensile behaviour was measured on
maintained gauge length with the use of Universal Testing
Machine (UTM) at loading rate 0.2 mm/minute.

4. Test methodologies

4.4 Four-point bending test

4.1 Fresh state properties

To analyse the load- defection behaviour of different mixes,
four-point bending test were performed on prisms specimen
and tested as well as calculation for ﬂexural strength as per
recommendations of IS 516:1959 [36] and BS-EN-12390
part 5 [39].

To judge the inﬂuence of ﬁber hybridization on rheological
performance of ECC mixture, the slump ﬂow test was
carried out in unhardened stage without any obstacle as per
ASTM C1611 [37] speciﬁcations. During this test
methodology two different aspects; slump ﬂow range and
time to spread for 500 mm (T50) were recorded to get the
idea about workability and consistency. These parameters

4.5 Ultrasonic pulse velocity
The quality of concrete was examined by performing nondestructive ultrasonic pulse velocity test using pundit’s
apparatus as per IS 13311 (Part 1):1992 [40] and ASTM
C597 [41] speciﬁcations.

5. Results and discussion
5.1 Self consolidated (workability) performance
of ECC mixtures

Figure 4. (a) Geometrical details and (b) Casted beam specimen
for four-point bending test.

The self-consolidated performance of fresh ECC mixtures
was evaluated based on the recorded slump ﬂow deformation (mm) and time (T50, sec) values. The measured values
of slump ﬂow, T50 and relationship between both have been
illustrated in ﬁgure 5.
From ﬁgure 5 it can be seen that the workability of
polymeric nature ﬁbers blended mixes was lesser than steel
ﬁber blended mix proportion. The change in slump ﬂow
values was attributed to higher surface area of PVA and
PET ﬁbers (polymeric ﬁbers) as compared to MSE ﬁbers
and also due to higher water absorption capacity of polymeric ﬁbers in early age. The slump ﬂow of ECC mixture
slightly reduced with the increment in the percentage of
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Figure 5. Self-consolidated performance of various ECC mixes.

PET ﬁbers as PVA replacement. The difference between
the characteristics of the polymeric ﬁbers was also
responsible for the changes in slump ﬂow values. The
maximum ﬂowability was found in ECC7 mix proportion;
while, the minimum in ECC6 mix proportion. The relationship between slump ﬂow and T50 values depicted that
the time to ﬂow reduced with increase in the slump ﬂow
values, it was due to better ﬂowability characteristics.
Finally, based on the self-consolidated properties and
according to ASTM C1611 [37] speciﬁcations it was
observed that all the fresh ECC matrices revealed the
property of self-compacting even when prepared with
polymeric ﬁbers and non-polymeric ﬁbers.

5.2 Compressive strength
Compressive strength of different mixes with hybridization
at 7 and 28 days showed same trend. Combination of PVA,
PET and steel ﬁber with different mix proportions depicted
that no signiﬁcant effect on compressive strength of cement
composite. The maximum compressive strength was
observed in ECC1 mix i.e., 69.63; whereas minimum in
ECC6 mix i.e. 69.07 after 28 days curing. Figure 6 depicts
the compressive strength trend of different mix proportions.
In ﬁber hybridization with PVA and PET the compressive
strength of cementitious mixes was found to be slightly
decreased due to increase in the percentage of low modulus

ﬁber in mixes. The addition of low modulus ﬁber (PET)
improved the strain; whereas, high modulus ﬁber (MSE)
enhanced the strength and toughness parameters [20, 28].

5.3 Tensile properties
The tensile strength of different ECC matrices reduced with
the amalgam use of PVA and PET; whereas, tensile strain
capacity improved. The tensile strength of cement composite decreased by 2%, 2.73%, 6%, 8.67%, 15% and
2.67%, 7.88%, 13%, 18.68%, 25%; whereas tensile strain
capacity increased by 2.65%, 3.33%, 5%, 5.81%. 6.29%
and 1.60%, 3.26%, 5.58%, 7.20%, 8.06% after 7d and 28d
curing at 5%, 10%, 15% 20% and 25% replacement of PVA
with PET ﬁber. Another replacement of PVA ﬁber (i.e.,
25%?25%) with steel and PET depicted that the strength of
cement matrix was improved than PVA and PVA?PET
composition; whereas tensile strain was decreased. Recorded results depicted that the tensile strength and strain
ranges between 6.16 and 6.21 Mpa and 5.33 to 3.88% at 28
day curing. The intrusion of high modulus ﬁber increased
the strength and toughness; while, low modulus ﬁber
enhanced the tensile strain capacity and improved the
ductility of cement matrix [20, 22, 24]. The ﬁgure 7 and 8
depicts the tensile strength and strain performance of

7days

7 days

70

Tensile strength (MPa)

Compresive strength (MPa)

6.5
28 days

60
50
40
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20
10
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Figure 6. Compressive strength performance at different curing
ages.
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Figure 7. Tensile strength performance at different curing
ages.
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Figure 8. Tensile strain performance at different curing ages.
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different mix proportions. The reduction in tensile strain
capacity found in ECC7 mix was may be due to hybrid use
of all three ﬁbers. PVA and steel ﬁbers both make strong
bond with cement matrix. PVA ﬁber due to its hydrophilic
nature; while, the steel ﬁber do not show any slip hardening, the behaviour of both the ﬁbers with cementitious
composite is mainly responsible for reduction in strain
capacity. Scientiﬁc literature witnessed that distinctive
nature PET ﬁber improved the interfacial behaviour of ﬁber
with cement matrix; thus, the hybridization of polymeric
ﬁber (PVA and PET) is responsible for the enhancement in
tensile strain.

Ultrasonic pulse velocity (m/s)

Figure 9. Load deﬂection performance of various ECC mixes.
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Figure 10. Ultrasonic pulse velocity test results of different
cementitious composites.

5.4 Flexural strength
Hybridization of PVA and PET ﬁber at different replacement level under four-point bending test showed that ﬂexural strength of cement matrix decreased; whereas,
deﬂection capacity increased. The ﬂexural strength of
matrix decreased by 1.28%, 3.18%, 5.82%, 8.28%, and
10.39%; whereas deﬂection capacity increased by 7.46%,
11.20%, 14.70%, 20% and 26% at 5%, 10%, 15% 20% and
25% replacement of PVA with PET ﬁber after 28d curing.
The combination of PVA, PET and MSE ﬁber with ratio of
50%, 25% and 25% improved the ﬂexural strength by
3.73% and decreased the deﬂection capacity by 11.55% as
compared to ECC1 mix. The ﬁgure 9 depicts the loaddeﬂection performance of different mix proportions. As
authors discussed earlier the use of PVA ﬁber in ECC
produced hydrophilic nature, makes strong chemical bond
between ﬁber ﬁlaments and cement matrix which is
responsible for ﬁber rupture than pull out; while, the use of
PET ﬁber decreased chemical bonding which results into
enhancement in deﬂection capacity. Flexural strength of
different mixes in this research varies from 12.76 to 14.77
MPa, which is well within the limit [42]. The strong
chemical bond of MSE with cement paste limit the slip
hardening characteristics of ECC matrix, thus the hybrid
use of polymeric and non-polymeric ﬁbers (ECC7 mix)
affect the mid span deﬂection of beam specimens.

5.5 Ultrasonic pulse velocity test
The results of non-destructive testing depicted that the
pulse velocity of different ECC matrices varied from 4688
m/s to 4714 m/s. As per IS 13311 (Part 1):1992 [40]
speciﬁcations cement composite quality grading was
excellent for all the mixes. Amalgam for PVA and PET
ﬁber up to 25% showed that no signiﬁcant change in the
composite quality; whereas pulse velocity was slightly
decreased with the combined dispersion of PVA, PET and
MSE ﬁber. The ultrasonic pulse velocity (UPV) of different
cement matrix indicated that the hybrid dispersion of ﬁbers
has no effect the compact nature of the cementitious
matrices. The ﬁgure 10 depicts the ultrasonic pulse velocity
of different mix proportions.

6. Cost-effectiveness analysis of hybrid ECC
The cost analysis of different ECC matrices showed that the
amalgam dispersion of ﬁbers reduced the total cost of
cement product. The use of ﬁber combination make the
hybrid ﬁber reinforced cement matrix cost effective than
PVA control mix. With 5%, 10%, 15% 20% and 25%
replacement of PVA with PET ﬁber decreased the cost of
cement composite per cubic meter by 3.43%, 7.10%,

INR (Indian Rupees)
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Figure 11. Cost analysis of different cementitious matrix.

11.04%, 15.29% and 16.58% respectively. The combination of PVA, PET and steel ﬁber in cement matrix with 1%,
0.5% and 0.5% decreased the total cost of composite up to
35% per cubic meter. Figure 11 depicts the total cost of
different mix proportions.

7. Conclusion
In this study, the effect of micro ﬁbers in hybridization on
performance characteristics of ECC has been studied. The
combinations of three different type of ﬁbers such as PVA,
PET and steel have been dispersed in ECC matrix. The
performance has been evaluated on the basis of destructive,
non-destructive testing and cost analysis. The following
major key ﬁndings have been concluded from the above
study:
1) The combined use of polymeric ﬁbers (PVA ? PET)
exhibited reduction in strength parameters (compressive,
ﬂexural, tensile), due to low modulus of PET ﬁber which
contribute in reducing the ability of matrix to sustain
higher loading during ﬁber bridging action.
2) Amalgam of polymeric ﬁbers decreased the tensile and
ﬂexural strength up to 25% and 10.39%, respectively as
compared to fully PVA blended ECC matrix.
3) Moreover, the combined use of polymeric ﬁbers
improved the ductile nature of ECC matrix by increasing
tensile strain and mid span deﬂection capacity by 8.06%
and 26%, respectively as compared to fully PVA
blended ECC matrix.
4) Furthermore, the combined use of polymeric and nonpolymeric ﬁbers (PVA, PET and steel) improved the
strength parameters; while, decreased the tensile strain
and deﬂection capacity.
5) Amalgam dispersion of all three ﬁbers (PVA, PET and
steel) increased the tensile and ﬂexural strength up to
7.31% and 3.73%, respectively; while, decreased the
tensile strain and deﬂection capacity by 20.8% and
10.5%, respectively as compared to fully PVA blended
ECC matrix. The above decrease in tensile strain and
deﬂection capacity has no adverse effect on the performance of hybrid ECC.

6) The combined dispersion of all three ﬁbers reduced the
total cost of matrix by 35% (maximum). This cost
effectiveness of cement matrix might promote the usage
of ECC matrices on a large scale.
7) The different experimental test results showed that the
use of high modulus ﬁber was responsible for strength
achievement; whereas, low modulus ﬁber was responsible for improvement in tensile strain and deﬂection
capacity. Based on the recorded parameters it was
concluded that the amalgam use of high and low
modulus ﬁber enhanced the ductility and cut the cost
of ECC matrices.
8) Non-destructive testing results of different mix proportions showed that the quality of all the cement matrices
was excellent. The combined use of ﬁbers (PVA ? PET
? steel) has no adverse effect on the quality of the
matrix.
Finally, this research demonstrated that the use of all
three ﬁbers in hybridization differently affect the mechanical properties of ECC. The amalgam of these ﬁbers is very
effective in modifying the cost and ductility of cementitious
composite without any compromise on quality and properties of different ECC mix proportions.
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