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An attempt was undertaken to elevate the efficacy of Engineered Cementitious Composites (ECC) mixes by inclusion of 
silica fume alongside mono fiber and hybrid fiber in this study. Totally, six mixes were prepared with low modulus and high 
modulus fiber. The initial three mixtures consist of mono fiber engineered cementitious composites (MFECC), incorporating 
Poly Vinyl Alcohol (PVA), Polypropylene (PP), and Glass fiber, each with a 2% volume fraction. The remaining three mixtures 
were formulated as hybrid fiber engineered cementitious composites (HFECC), combining PVA (1%) and PP (1%), PP (1%) 
and Glass (1%), and lastly, PVA (1%) and Glass (1%). In addition, all six mixtures were consistently maintained with a fixed 
composition comprising 40% silica fume, 30% fly ash, 80% M-sand, a water-to-binder ratio of 0.35, and 1% superplasticizer. 
The findings suggest that within the examined compositions, MFECC reinforced with 2.0% PVA fiber and HFECC reinforced 
with 1% PVA fiber and 1% glass fiber exhibit more significant strength characteristics than other mixtures.
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Introduction

Over the past few decades, researchers have been 
introduced to diminish crack width by incorporating 
Engineered Cementitious Composites (ECC) containing a 
range of fibers, including natural fibers [1-3] and synthetic 
fibers [4-6], at a volume fraction (Vf) of less than 2.0%. 
In its early stages of use, this material was primarily 
employed for repair and retrofitting purposes, driven by 
its exceptional characteristics, which encompass high-
performance attributes, versatile processing capabilities, 
and its inherent isotropic nature [7]. The composite 
materials can effectively incorporate reinforcement 
through the inclusion of randomly dispersed short fiber. 
The incorporation of fiber aims to mitigate the damage 
sustained by concrete exposed to seismic forces [8]. 
To mitigate potential microstructural damage, ECC 
were typically formulated using synthetic fibers [9]. 
The mixing process for ECC closely resembles that of 
cement concrete. The primary goal of ECC is to enhance 
toughness and malleability [10].

The substantial efforts and technical strategies have 
been actively employed to enhance the ECC. Diverse 
fibers have been combined to create a novel hybrid ECC, 

and the utilization of PVA fiber has notably improved 
its mechanical properties [11, 12]. This practice of 
incorporating multiple types of fiber into a mixture is 
referred to as fiber hybridization. The resulting hybrid 
amalgamation capitalizes on the advantages of each 
individual fiber, resulting in significantly heightened 
maximum potency and deformation capacity compared 
to a mono-fiber construction [13-16]. ECC serves a 
range of purposes beyond its traditional use, finding 
application in various infrastructure projects. Noteworthy 
applications encompass link slabs in bridges [17], 
dampers [18], retaining walls [19], beam-column joints 
[20], This diverse range of applications highlights ECC’s 
versatility and its increasing presence in contemporary 
infrastructure projects. In a conventional ECC mixture, 
the cement content typically reaches approximately 1000 
kg/m3. This has raised concerns about the sustainability 
of ECC, given its association with significant greenhouse 
gas emissions, accounting for about 5% of the global 
total [21, 22]. In response, recent research initiatives have 
been dedicated to crafting an eco-friendly or “green” 
ECC, aiming to transform the material into a sustainable 
option. The incorporation of mineral admixtures into 
ECC not only enhances its mechanical properties but 
also reduces shrinkage [23-25].
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Research Significance

The potential applications of ECC were poised for 
further expansion across various infrastructure sectors 
in the future. While mono fiber ECC has found 
use in various applications, certain limitations have 
become apparent, necessitating enhancements in ECC 
properties when using a single type of fiber [26, 27]. 
The introduction of hybridization in ECC, combining 
low modulus and high modulus fiber, has demonstrated 
substantial improvements in the mechanical properties of 
the ECC mixture [28-30]. Current research has delved 
into exploring the utilization of fly ash, silica fume, 
PVA fiber, PP fiber, and glass fiber within ECC. In 
addition, this study concentrates on the development 
of an innovative cementitious composite by integrating 
mono and hybrid fiber, aiming to enhance compressive 
strength, direct tensile strength, young’s modulus and 
impact toughness. Six distinct ECC mixtures were 
formulated, consisting of two categories: Mono-fiber 
ECC and Hybrid-fiber ECC. The Mono-fiber ECC blend 
contained a 2% volume fraction of PVA fiber, PP fiber, 
and glass fiber each. The Hybrid-fiber ECC mixtures 
were composed of three combinations: 1% PVA with 
PP fiber, 1% PP fiber with glass fiber, and 1% PVA 
fiber with glass fiber.

Materials and Methods

Materials
In this research project, OPC 53 grade cement, fly ash 

(FA) and silica fume (SF) as binding agent were used. 
Furthermore, to enhance the strength properties of ECC, 
synthetic fibers like PVA, PP, and Glass fibers were 

utilized as shown in Fig. 1. Chemical characteristics of 
cement, FA and SF were represented in Table 1, and 
also the mechanical characteristics of PVA, PP and glass 
fiber were tabulated in Table 2. M-sand was incorporated 
as the fine aggregate in this study, Further, physical 
characteristics of M-sand were determined, it exhibits 
specific gravity of 2.71 and fineness modulus of 2.46. 
To enhance the fresh state of ECC, the superplasticizer 
namely conplast SP 430 is used. 

Mix proportions
This study employs two distinct ECC mix types: Mono 

Fiber ECC (MFECC) and Hybrid Fiber ECC (HFECC). 
The mix proportion of both mono and hybrid fiber ECC 
specimens was shown in Table 3. These mixtures vary in 
terms of their volume fractions. Specifically, MFECC1 
contains PVA fibers at a volume fraction of 2.0%, 
MFECC2 incorporates PP fiber at a volume fraction of 
2.0%, and MFECC3 includes glass fiber at a volume 
fraction of 2.0% respectively. 

Fig. 1. Synthetic fibers.

Table 1. Chemical characteristics of cement, FA and SF.

S.No. Elements
Proportions (%)

Cement FA SF
CaO 62.31 16.15 0.92
SiO2 24.2 42.26 93.45
Al2O3 4.77 26.93 0.97
Fe2O3 3.52 12.82 0.78
SO3 2.59 0.41 0.32

MgO 1.83 0.41 0.82
LOI 0.78 1.02 2.74

Table 2. Mechanical properties of fibers.

Fibers Diameter 
(Φ) µm

Length 
(L) mm

L/Φ  
ratio

Density 
(g/cm3)

Nominal tensile 
strength (MPa)

Elongation at 
break (%)

Young’s modulus 
(MPa)

PP 40 12 300 0.89 450 23 6.5
PVA 39 12 308 1.3 1600 6 42.5
Glass 17 10 588 2.55 2200 3.5 81
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In order to improve the capacity for strain hardening, 
HFECC mixes were introduced, incorporating diverse 
combinations of fiber. HFECC1 comprises PVA and 
PP fiber, each at a volume fraction of 1%. HFECC2 
combines PP and glass fiber, both at a volume fraction 
of 1%. In HFECC3, PVA and glass fiber were included 
at volume fraction of 1% respectively. The addition of 
silica fume was consistently incorporated into all the 
mixes at a fixed ratio of 0.4 [31].

Specimen preparation
The quantities of cement, fly ash, silica fume, and 

M-sand were carefully weighed and mixed for 5 minutes 
in a 560-liter electric mixer. Subsequently, conplast SP 
430 and were introduced into the dry mix and thoroughly 
mixed for a duration of five to seven minutes. Finally, 
fibers were introduced into the wet mortar mix and 
allowed to disperse evenly for three to five minutes. 
Mixing for over fifteen minutes was employed to 
alleviate the thixotropic influence of the ECC mixture. 
The freshly prepared ECC mix was poured into mortar 
molds and cured at different ages. Comprehensive testing 
was conducted on the corresponding specimens after 
different ages of curing. The ECC specimen dimensions 
were presented in Table 4.

Test Methods

Compressive strength test
A combined total of 54 ECC mortar specimens, 

encompassing both mono and hybrid fiber types, were 
casted using molds. Three specimens from each mix were 
casted and subjected to hydration for curing periods of 

7, 14, and 28 days Subsequently, these specimens were 
tested using a 2000 kN testing machine, as depicted in 
Fig. 2. The average compressive strength was determined 
by taking the mean value of these test results.

Direct tensile strength test
In the laboratory, dog bone specimens were fabricated, 

as shown in Fig. 3. A total of 54 dog bone both mono 
and hybrid fiber ECC specimens were casted for this 
study. Three specimens were cast from each mixture and 
subjected to hydration for curing periods of 7, 14, and 
28 days. After completing the curing process, a 1000 
kN universal testing machine was employed to test these 
specimens. The average direct tensile strength of both 
mono fiber ECC and hybrid fiber ECC specimens were 
determined by calculating the mean value of the test 
results.

Table 3. Mix proportion of mono and hybrid fiber ECC. 

Mix Code Cement Silica 
Fume Fly ash M-Sand Water/Binder 

ratio
Super Plasticizer 

(%)
Fiber volume fraction (%)
PVA PP Glass

MFECC1 1 0.4 0.3 0.8 0.35 1 2
MFECC2 1 0.4 0.3 0.8 0.35 1 2
MFECC3 1 0.4 0.3 0.8 0.35 1 2
HFECC1 1 0.4 0.3 0.8 0.35 1 1 1
HFECC2 1 0.4 0.3 0.8 0.35 1 1 1
HFECC3 1 0.4 0.3 0.8 0.35 1 1 1

Table 4. Specimen dimensions.

Mechanical Properties Dimension Testing Age Casting of Total 
Specimen

Compressive strength Test 70.7 mm × 70.7 mm × 70.7 mm 7, 14 and 28 days

54 Nos.  
(for each test) 

Direct Tensile Strength Test 350 mm × 60 mm × 30 mm 7, 14 and 28 days
Young’s Modulus Test 150 mm Diameter × 300 mm Length 7, 14 and 28 days

Impact Toughness Test 600 mm Length × 600 mm Breadth × 
100 Thickness 7, 14 and 28 days

Fig. 2. ECC compression strength test setup.
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Young modulus test
After 7, 14 and 28-day curing period, mono and 

hybrid fiber ECC specimens were utilized to calculate 
the Young’s modulus strength. A total of 54-cylinder 
mono and hybrid fiber ECC specimens were casted for 
this study. Three specimens were casted and subjected 
to hydration for curing periods of 7, 14, and 28 days, 
for each mixture. A dial gauge was inserted into the 
cylinder, a 200 mm gauge length compressometer was 
affixed to the specimen, and subsequently, the cylinder 
was placed inside the compression testing machine. The 
average Young’s modulus of both mono and hybrid fiber 
ECC specimens was determined by computing the mean 
value of the test results.

Impact toughness test
The both mono and hybrid fiber ECC mortar impact 

toughness was conducted, after 7, 14 and 28 days of 
curing. The test setup for ECC slab as depicted in 
Fig. 4. In order to assess the impact count for each 
mixture, a steel hammer rebound, suspended by a rope, 
was employed to impact the center of the slab from a 
height of 1.5 meters repeatedly until the slab reaches 

failure. These observations were then used to calculate 
the impact toughness of the both mono and hybrid fiber 
ECC slab.

Result and Discussion

Compressive strength (CS)
The CS for MFECC and HFECC mixes were 

exhibited in Fig. 5, at 7, 14, and 28 days. At 7 days, 
The CS for MFECC and HFECC mixes is in the range 
of 29.14-38.56 MPa. At 14 days, the CS for MFECC and 
HFECC mixes ranges from 46.28-52.23 MPa. Finally, 
after 28 days, the CS of MFECC and HFECC mixes 
were distributed between 52.46-58.89 MPa. The test 
results clearly indicate that MFECC3 exhibited a higher 
CS than MFECC1 and MFECC2, and this behaviour 
was due to the addition of silica fume and glass fiber. 
The high tensile strength, young’s modulus, aspect ratio, 
interfacial bonding properties, and compatibility with the 
concrete matrix is the main key factor for contributing 
strength aspects. Additionally, it was evident that 
HFECC3 exhibited a higher CS compared to HFECC1 
and HFECC2, with the inclusion of silica fume with PVA 
and glass fiber being responsible for this elevated CS. 
The expected CS range for ECC mix falls approximately 
between 20 to 95 MPa [32, 33].

Direct tensile strength (DTS)
In general, ECC was primarily employed for repair 

purposes, but its utilization expanded to structural 
components owing to its characteristics such as tensile 

Fig. 3. Dog bone specimen dimensions.

Fig. 4. Impact toughness ECC slab test setup.

Fig. 5. CS results for both MFECC and HFECC.

Fig. 6. DTS results for both MFECC and HFECC.
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strain hardening, mitigation of crack and flexural 
behavior. At 7, 14, and 28 days, the DTS variation 
of MFECC and HFECC were shown in Fig. 6. At 7 
days, the DTS of ECC in MFECC and HFECC mixes 
falls within the range of 1.14-2.05 MPa, with MFECC3 
achieving the highest value. At 14 days, the DTS of 
ECC in MFECC and HFECC mixes ranges from 2.05-
4.36 MPa, with MFECC3 leading in performance, 
Finally, at 28 days, the DTS of ECC in MFECC and 
HFECC mixes were distributed between 4.36-7.96 MPa, 
with MFECC3 exhibiting the highest tensile strength. 
At 28 days, MFECC2 exhibits a relatively lower 
DTS of 4.36 MPa than MFECC1 and MFECC3. The 
highest direct tensile strength recorded by HFECC3 at 
28 days can be attributed to the synergistic effects of 
the hybrid fiber combination (PVA and glass fibers), 
optimized fiber volume fractions, high tensile strength, 
young’s modulus, enhanced crack bridging capabilities 
and improved interfacial bonding is a key factors. 
Furthermore, HFECC1 displays lower DTS of 4.85 
MPa than HFECC2 and HFECC3. These findings were 
consistent with the anticipated range for the ultimate 
tensile strength of the ECC mixture, which was typically 
expected to be between 4-12 MPa following a 28-day 
curing period [34, 35].

A regression equation has been established, relating 
the CS and DTS of both MFECC and HFECC at the 
28-day, as illustrated in Fig. 7. The high coefficient 
of determination (R2=0.964) signifies an excellent fit, 

accounting for 96.4% of the experimental data.

Young’s modulus (YM)
At 7, 14, and 28 days, the YM variation of MFECC 

and HFECC mixes were shown in Fig. 8. At 7 days, 
the YM for MFECC and HFECC mixes falls within a 
relatively narrow range of 17.4-20.1 MPa, with MFECC3 
exhibiting the highest value. The differences in modulus 
among them were notably small. At 14 days, the YM for 
MFECC and HFECC mixes ranges from 18.7-22.4 MPa, 
with MFECC3 once again leading the way. Finally, 
after 28 days, the YM for MFECC and HFECC mixes 
is distributed between 23.6-27.8 MPa, with MFECC3 
consistently demonstrating the highest values. At 28 
days, MFECC2 displays a relatively less YM of 23.6 
GPa than MFECC1 and MFECC3. Moreover, HFECC1 
displays a relatively less YM of 24.2 GPa than HFECC2 
and HFECC3. This indicates that the incorporation of PP 
in the hybridization reaction has an impact on the YM 
strength. Similar trend was observed by [36].

At 28 days, a regression equation has been established, 
relating the CS and YM strength of both MFECC and 
HFECC, as shown in Fig. 9. The high coefficient of 
determination (R2=0.948) signifies an excellent fit, 
accounting for 94.8% of the experimental data.

Impact toughness (IT)
The rebound count data for both MFECC and HFECC 

were illustrated in Fig. 10 at 7, 14, and 28 days. 

Fig. 7. Regression equation between CS and DTS of both MFECC 
and HFECC.

Fig. 8. YM results for both MFECC and HFECC.

Fig. 9. Regression equation between CS and YM of both MFECC 
and HFECC.

Fig. 10. Rebound count results for both MFECC and HFECC.
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Following 7 days of curing, the rebound count for all 
mixtures falls within the range of 89-124 counts. At the 
14 day of curing, the rebound count for all mixes ranges 
from 135-157 counts. Lastly, after 28 days of curing, the 
rebound count for all mixtures were distributed between 
163-188 counts.

At 7, 14 and 28 days of curing, the IT results for 
both MFECC and HFECC were illustrated in Fig. 11. 
Following 7 days of curing, the IT values for MFECC and 
HFECC mixes fall within the range of 7517-10474 N.m. 
At 14 days of curing, the IT for MFECC and HFECC 
mixes varies from 11403-13261 N.m. Ultimately, after 
28 days of curing, the IT of MFECC and HFECC mixes 
were observed to span between 13768-15879 N.m. At 28 
days, MFECC2 displays a relatively higher IT of 15879 
N.m. than other mixes, which was due to the addition 
of silica fume with glass in fiber in ECC.

Conclusion

Based on the findings from the test results, the 
following conclusions were made:
•At 28 days, among the MFECC mixes, MFECC3 

exhibits the highest compressive strength of 58.89 
MPa than MFECC1 and MFECC2 mixes. In the 
case of hybridized mixes, HFECC3 records the 
highest compressive strength of 56.65 MPa than 
HFECC1 and HFECC2 mixes.
•Among the MFECC mixes, MFECC3 exhibits the 

highest direct tensile strength of 7.96 MPa at 28 
days than MFECC1 and MFECC2 mixes. In the 
hybridized mixes, HFECC3 records the highest 
direct tensile strength of 7.21 MPa than HFECC1 
and HFECC2 mixes.
•In the realm of MFECC mixes, MFECC3 showcases 

the highest young’s modulus at 28 days, registering 
an impressive 27.8 GPa, outpacing both MFECC1 
and MFECC2 mixes. Similarly, within the hybridized 
mix category, HFECC3 achieves the highest young’s 
modulus strength, registering an impressive 26.6 
GPa, surpassing HFECC1 and HFECC2 mixes.
•In both, PP fiber mixes and the combination of PP 

fiber with PVA fiber, there was a notable decrease 
in the compressive, direct tensile, Young’s modulus, 
and impact toughness strength at all the ages.
•In MFECC, it becomes evident that PVA fiber 

and glass fiber exhibit superior strength aspects 
than PP fiber. Further, in HFECC, the analysis of 
mechanical properties reveals that PVA fiber with 
glass fiber and PP fiber with glass fiber enhanced 
strength characteristics in comparison to PVA fiber 
with PP fiber. 
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