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A B S T R A C T

This research develops a sustainable Engineered Cementitious Composites (ECC) with reduced cement usage by 
incorporating high volume fly ash (HVFA) and silica fume, along with the novel application of nanocellulose 
(NC)- a plant-based nanomaterial- and hybrid fibres to achieve high strength and ductility simultaneously. 12 
mixes were developed including three base ECC mixes with 1.5 % polyethylene (PE) and 0.5 % steel fibres with 
varying proportions of fly ash and silica fume (1.2:0–1:0.2) and nine NC reinforced ECC mixes with varying 
dosages of NC (0.15 %, 0.2 %, 0.25 % by weight). The effect of fly ash/silica fume ratio and NC on mechanical 
properties was investigated through compressive and uniaxial tensile tests. Scanning electron microscope (SEM) 
and differential scanning calorimetry (DSC) techniques were utilized to gain insights into the HVFA and NC 
matrix systems as well as the mechanisms of NC and hybrid fibres. Results showed that reducing the fly ash/ 
silica fume ratio increased strength but reduced tensile strain. Incorporating NC improved strength across all 
mixes, irrespective of fly ash/silica fume content, with the mix containing 0.2 % NC showing the highest 
improvement. This novel ECC is anticipated to offer a sustainable and high-performance material solution for 
engineering structures.

1. Introduction

The brittle nature of concrete and the environmental impact of 
concrete manufacturing due to extensive cement use demand more 
ductile and sustainable material solution for construction. Engineered 
cementitious composites (ECCs), a unique class of high-performance 
fibre reinforced cementitious composites with significant strain hard
ening behaviour, were developed to address the issue of material brit
tleness [1]. Mono fibre ECCs were first evolved with a single fibre 
reinforcement using either a high modulus fibre such as steel or a rela
tively low modulus fibre such as polyethylene (PE). This was later 
expanded to hybrid ECCs where, by employing appropriate volumes of 
both high and low modulus fibres in combination, improvements in both 
high strength and high strain capabilities were achieved [2–5]. How
ever, achieving considerable strength improvements with ECC requires 
the use of high amounts of cement [6], which undermines the sustain
ability of the ECCs, as cement production emits 8 % of global CO2 [7].

To address the sustainability issue of ECCs, new forms of ECCs have 
been developed, replacing large amounts of cement with industry by- 
products such as fly ash. The term “high volume fly ash (HVFA)” 

concrete refers to a concrete material with more fly ash than cement, 
typically around 50–60 % fly ash by mass of total cementitious material 
[6]. Research indicates that although substituting cement with a sub
stantial amount of fly ash enhances sustainability, it results in a decrease 
in both compressive and flexural strengths [6]. The spherical shape of 
the particles of fly ash elevates porosity of the composite, lowering the 
matrix interface bond and the matrix densification [8]. Therefore, the 
ECCs developed by replacing cement with high volumes of fly ash often 
have notably lower strengths [9]. To address these issues, supplemen
tary cementitious materials such as ground granulated blast furnace slag 
[10], blends of silica fume and fly ash with fly ash cenosphere as filler 
[11], and rice husk ash [12] have been successfully used. Additionally, 
in recent years, nanomaterials have gained significant research interest 
as supplementary reinforcing materials in cementitious composites due 
to their unique size and properties [13].

A wide range of studies have documented significant improvements 
in the mechanical properties of cementitious materials by using nano
materials, specifically compressive and flexural strength [14–16]. 
Nanomaterials are distributed at a finer scale, with close spacing of in
dividual nano reinforcements with each other [16,17]. They possess a 
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larger surface area relative to their volume, which enhances interactions 
between fibre and matrix allowing better bonding and stress distribution 
across the matrix [18,19]. On the contrary, the fibres employed in ECCs 
have relatively smaller surface areas, limiting the interfacial strength by 
entrapping air voids and reducing their contribution to strength im
provements. When nanomaterials are added to the cement matrix, they 
act as a filling agent, hindering the formation of micro-sized pores or 
gaps and densifying the matrix. Therefore, it is reasonable to assume 
that nanomaterial reinforcement, which provides modifications at the 
nanoscale, could be an effective approach to counteract the strength loss 
resulting from the inclusion of HVFA in ECCs, while maintaining the 
ductility achieved through the use of hybrid fibres.

However, difficulties in fine dispersion in matrix and high produc
tion costs limits the widespread application of nanomaterials [17,20]. 
Due to the large surface area and high aspect ratio of nanomaterials, the 
presence of Van der Waals forces often leads to the formation of clumps, 
resulting in voids within the matrix, and consequently, impeding the 
mechanical properties of the composites [17]. Nanocellulose (NC), a 
plant-based nanomaterial, is a recent innovation in the field of nano
materials. NC is a form of nanofibre that is derived from cellulose, which 
is the primary substance found in plant cell walls. Being an abundant 
natural ingredient, it is regarded as one of the most sustainable raw 
materials [21] with a cost-effective production process [22]. As lower 
concentrations of NC is usually needed, it is more feasible to achieve fine 
dispersion, and thus the prevalent challenge of nanomaterial agglom
eration can be minimised by employing NC. Existing literatures utilizing 
NC in cementitious composites have reported remarkable improvements 
in strength with use of much lower dosages of NC, compared to con
ventional nano particles such as nanosilica. For instance, 26 % 
improvement of compressive strength was achieved with NC concen
trations as low as 0.05 % by weight (wt.) [23], whereas 3 % (by wt.) of 
nanosilica was needed to improve the compressive strength by 24 % 
[24]. Moreover, NC has outstanding physical benefits and mechanical 
properties such as high modulus and strength, high aspect ratio and 
hydrophilic and hygroscopic properties, all of which are favourable to 
cement-fibre reinforcement system [25].

Although improvement of mechanical characteristics in 
nanocellulose-based composites has been established in the literatures, 
research into their use in cement-based composites, notably in ECC, has 
been minimal, and no research has been reported on using NC to rein
force hybrid fibre ECC so far. This study develops a novel hybrid PE-steel 
fibre reinforced ECC by incorporating HVFA and NC, aiming for simul
taneous enhancement in sustainability and mechanical performance 
characterized by both high strength and ductility. Typically, high stiff
ness fibres provide high ultimate strength but have low strain capacity 
and small crack widths, while low stiffness fibres offer the opposi
te—lower ultimate strength, higher strain capacity, and larger crack 
widths [5]. Therefore, with hybrid application of both low modulus PE 
fibre and high modulus steel fibre, the ECC is expected to achieve an 
optimal balance between the strength and the ultimate strain capacity, 
as demonstrated in previous research studies [5,9,26]. To lower the 
carbon footprint, more than 50 % cement is replaced with fly ash. NC is 
employed to improve the denseness of the matrix, counteracting any 
potential reduction caused by the addition of HVFA, thereby improving 
the overall strength of the composite. Additionally, accompanying fly 
ash with silica fume has been reported in achieving a better balance 
between strength and strain [4]. Therefore, in this study, fly ash is 
combined with varying doses of silica fume to further optimize the 
mechanical performance. Microstructural characterization techniques 
such as scanning electron microscopy (SEM), and differential scanning 
calorimetry (DSC) analysis are further utilized to insightfully understand 
the behaviour of the HVFA matrix system and the mechanism for the 
effect of using NC and hybrid fibres.

2. Experimental programs

2.1. Materials

The raw materials used included cement, sand, water, fly ash, silica 
fume, high range water reducer (HRWR), steel fibres, PE fibres, and NC. 
General purpose ordinary Portland cement, class F fly ash and high- 
grade silica fume were used as the binding material, while sand of 
mean grain size 225 µm was used as fine aggregate. PE and steel fibres 
(Fig. 1a and b) were used as low modulus and high modulus fibres, 
respectively and their properties are detailed in Table 1. The cellulose 
nanofibrils (CNF) from Cellulose Lab, Canada was used as the NC. It was 
derived from bleached softwood pulp and prepared by subjecting to 
intensive mechanical treatment by a high-pressure homogenizer. CNF 
are micrometre long, flexible, and entangled fibrils made of bundles of 
stretched cellulose chain molecules. This type of NC is chosen in this 
study because they have a higher aspect ratio (length 500–2000 nm and 
diameter 1–100 nm) and a higher surface area due to their longer length 
as compared to the most common type of NC, cellulose nano whiskers 
(CNW). CNW have a lower aspect ratio (length 50–500 nm and diameter 
2–20 nm), lower moduli (50–100 GPa) and limited flexibility due to the 
absence of amorphous portions, compared to CNF [27]. Unlike CNW, 
CNF exhibits both amorphous and crystalline parts and presents a 
web-like structure, which together with the higher aspect ratio is more 
favourable for creating ductile materials. It was received as a slurry in 
aqueous gel form (Fig. 1c) with 3.0 % by weight. The material properties 
of the NC is shown in Table 2. Additionally, polycarboxylate-based 
HRWR Rheobuild 10000N7 was used to attain sufficient workability 
for uniform fibre dispersion.

2.2. New mix designs of hybrid fibre ECC and NC reinforced ECC 
materials

Firstly, three base mix designs of hybrid ECCs with PE and steel fibres 
without NC were developed with varying combinations of silica fume 
and fly ash while keeping the cement/binder ratio at 45 % (i.e. less than 
50 %). ECC-M45 mix [1] was used as a reference point for selecting the 
ingredients and weight proportions of the mixes. A fibre volume fraction 
of 2 % was adopted with 1.5 % PE fibre and 0.5 % steel fibre as this 
combination of fibres has exhibited an optimum balance of tensile strain 
and strength [28]. The purpose was to examine how the proportions of 
fly ash and silica fume influence the compressive and tensile properties, 
as well as Young’s modulus, and identify the most optimal combination 
of fly ash and silica fume ratios.

In all the mixes, cement, fly ash/silica fume ratio was kept as 1:1.2 
ensuring more than 50 % of cement replacement. Silica fume and fly ash 
levels were varied such that when the fly ash content was decreased by 
0.1, the silica fume content was increased by the same amount while 
keeping the total silica fume + fly ash content constant. This approach 
was taken with the view of achieving an optimum balance between the 
material’s compressive strength and ultimate tensile strain while also 
promoting greener construction practices. The water/binder ratio and 
sand/binder ratio were kept constant as 0.26 and 0.36 respectively as 
recommended by [3]. The mix ratios of the three mixes (denoted as 
MIX1, MIX2 and MIX3) are given in Table 3.

Fig. 1. Fibres used in this study: a) PE fibres; b) Steel fibres; c) NC (CNF).
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After assessing the mechanical performance of these base mixes, PE- 
Steel ECC mixes were subsequently modified by incorporating NC, with 
the objective of further enhancing the material’s strength. Nine more 
PE-Steel-NC mixes were developed by adding 0.15 %, 0.2 %, 0.25 % of 
NC (by weight) dosages to each base mix to study the effect of NC 
dosages. These dosages of NC were chosen based on a previous study by 
the authors, where the optimum dosage of NC that corresponds to the 
maximum strength was shown to be approximately 0.2 % [29]. The mix 
ratios of the nine mixes of ECCs with NC (NC-ECC) are given in Table 4.

2.3. Specimen casting

The mixing was prepared following the procedures mentioned in 
Rawat et al. [10] and Khan et al. [30]. Initially, the dry ingredients 
including cement, fly ash, silica fume and sand were mixed for about 
2 minutes. Following this, water and HRWR were combined and grad
ually added to the dry mix while the mixing continued. Once the mix 
attained a homogenous state, the fibres were slowly added, and the 
mixing was continued for a few more minutes until all the fibres were 
evenly distributed. For mixes containing NC, the NC was mixed with 
water and dispersed evenly using a hand blender. Once a homogeneous 
dispersion without any clumps was ensured, the solution was added to 
fibre-cement mix and the mixing was continued for further 2–3 minutes. 
After achieving a uniform consistency, it was poured into moulds and 

vibrated for 30 seconds. Following this, the moulds were cling-wrapped 
and kept at room temperature for 24 hrs until demoulding. After 
demoulding, the specimens were wrapped in plastic sheets and placed in 
an environmental chamber maintained at a temperature of 23 ±1 0C and 
a relative humidity of 95 ± 5 % until the age of testing.

2.4. Testing procedures

Initially, a series of tests including compression, Young’s modulus, 
and uniaxial tensile tests were conducted on the three base mixes of the 
PE-Steel ECCs. Thereafter, a series of compressive and tensile tests were 
carried out on the nine NC-ECC mixes, to investigate the effect of NC on 
compressive and tensile properties. The PE-Steel ECCs with no NC were 
used as a reference. SEM and DSC were further performed to study the 
microstructure of the developed mixes.

2.4.1. Compressive strength and Young’s modulus
Instron universal testing machine of 1000 kN capacity was used to 

conduct the compression tests and Young’s modulus tests in accordance 
with the Australian Standard AS 1012 [31]. Compressive test was con
ducted on 50 mm cubes at a loading rate of 20 MPa/min, while 100 mm 
diameter × 200 mm height cylinders were used to perform Young’s 
modulus test. The Young’s modulus was calculated by the taking the 
secant modulus at 40 % of the expected compressive strength. Three 
specimens were tested for each mix at 28 day curing age.

2.4.2. Uniaxial tensile test
Dog-bone specimens with a cross-sectional area of 30 mm × 13 mm 

in the reduced section and a gauge length of 80 mm (shown in Fig. 2a.) 
were used for the uniaxial tension test. The test method applied in this 
research was based on a previous study [32].

An Instron load frame with a 250 kN capacity with fixed hydraulic 
grips was used for testing. All the tests were conducted under 
displacement control at a loading rate of 0.5 mm/min. Two external 

Table 1 
Properties of micro fibres.

Fibre type Diameter (µm) Length (mm) Young’s Modulus (GPa) Tensile Strength (MPa) Density (g/cm3) Aspect Ratio Shape

PE 24 12 116 3000 0.97 500 Straight
Steel 200±3 13±1 200 2500 7.8 80 Straight

Table 2 
Dimensions and mechanical properties of the NC (CNF).

Type of NC CNF-Slurry-SMC (Unmodified)
Morphology Aqueous gel slurry− 1–3 % solids in water
Fibre Diameter 30–80 nm
Fibre Length Up to several hundred microns
Fibre Density 1.0 g/cm3

Surface group Hydroxyl hydrophilic

Table 3 
Mix design for PE-Steel ECC (base) mixes.

Mix ID Cement Fly ash Silica fume Sand Water HRWR Steel 
(%)

PE (%)

MIX1 1 1.2 0 0.8 0.57 0.012–0.02 0.5 1.5
MIX2 1 1.1 0.1
MIX3 1 1 0.2

Note: Fibre content is expressed in volume fraction of the mix, while all other ingredients are expressed as weight proportions relative to the cement content.

Table 4 
Mix design for NC-ECC mixes.

Mix ID Cement Fly ash Silica fume Sand Water HRWR Steel 
(%)

PE 
(%)

NC 
(%)

MIX1–0.15NC 1 1.2 0 0.8 0.57 0.012–0.02 0.5 1.5 0.15
MIX1–0.2NC 0.2
MIX1–0.25NC 0.25
MIX2–0.15NC 1 1.1 0.1 0.15
MIX2–0.2NC 0.2
MIX2–0.25NC 0.25
MIX3–0.15NC 1 1 0.2 0.15
MIX3–0.2NC 0.2
MIX3–0.25NC 0.25

Note: PE and steel fibre content are expressed in volume fraction and NC is expressed in weight fraction of the mix, while all other ingredients are expressed as weight 
proportions relative to the cement content.
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linear variable displacement transducers (LVDT) were attached on 
either side of the specimen via a steel rig, to measure the displacement. 
Test setup for the uniaxial tensile test is shown in Fig. 2b and Fig. 2c. Six 
specimens were tested for each mix to obtain the static tensile stress- 
strain behaviour. However, due to random distribution of fibres, not 
all six specimens tested yielded consistent results. Therefore, the three 
most consistent results were chosen for analysis.

2.4.3. Microstructural analysis
The failure surface of the tested ECC was examined by using a high- 

resolution Zeiss field emission SEM and optical microscope. Small pieces 
from the fractured surface of the specimens were removed and prepared 
for the analysis by applying a gold coating for 60 seconds to mitigate the 
effect of surface charges induced by the ultrahigh-energy electron beam. 
A part of the same extracted sample was ground to pass through a 45 µm 
sieve, and the powdered sample was used for DSC analysis using Netzsch 
STA 449F3.

3. Effect of fly ash and silica fume on the mechanical properties

3.1. Compressive properties

The effect of fly ash/silica fume ratio on compressive strength and 
Young’s modulus were examined by using the three base mixes of PE- 
Steel ECCs, i.e. MIX1, MIX2 and MIX3, with varying quantities of fly 
ash and silica fume. Fig. 3 shows the compressive strength of MIX1, 
MIX2 and MIX3 at 7-, 14- and 28-days curing age. The highest strength 
was observed in MIX3 while the lowest was seen in MIX1. It can be seen 
that as the fly ash content decreased and the silica fume content 
increased, the compressive strength increased at all ages. The 28-day 
strength was 51 %, 46 % and 41 % higher in MIX1, MIX2 and MIX3 
respectively than their strength at 7 days.

The Young’s modulus of the three mixes was obtained as 14.8 GPa, 
18 GPa and 28 GPa for MIX1, MIX2 and MIX3 respectively, with the 
highest observed in MIX3 with the lowest fly ash content, and the lowest 
value for MIX1 which contained the highest fly ash content. All mixes 
exhibited a lower value of Young’s modulus compared to conventional 
concrete (>30 GPa). As reported in the previous studies [3,30], this 
could be attributed to the absence of coarse aggregates in the ECC ma
trix. Since coarse aggregates are eliminated in the ECC matrix in order to 
enhance ductility, stiffness is decreased, thereby reducing the Young’s 

modulus. However, the Young’s modulus for all the mixes was observed 
to be either comparable or lower than that reported in literature for 
other similar ECCs [9]. As discussed earlier, the reduced matrix densi
fication stemming from high volume of fly ash content must have led to 
the lower strength and stiffness, as demonstrated in this study.

3.2. Tensile properties

The average tensile properties of the three mixes including the first 
cracking stress, ultimate tensile strength and ultimate strain are sum
marised in Table 5. MIX1 with the highest fly ash content exhibited the 
lowest tensile strength of 2.9 MPa. As the fly ash content was lowered 

Fig. 2. Uniaxial tensile test: a) dog-bone specimen geometry (dimensions: mm); b) test set-up: side view; c) test set-up: front view.

Fig. 3. Average compressive strength of MIX1, MIX2 and MIX3 at different 
curing ages.

Table 5 
Average tensile properties of the base mixes.

Mix 
ID

First Cracking Stress 
(MPa)

Tensile Strength 
(MPa)

Ultimate Tensile Strain 
(%)

MIX1 2.8 2.9 4.4
MIX2 3.5 3.9 1.7
MIX3 3.6 4.5 3.1
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from 1.2 to 1.1 and 1.0 in MIX2 and MIX3 respectively, the tensile 
strength increased to 3.9 MPa and 4.5 MPa correspondingly. Similar 
trend was observed for the first cracking stress. In contrast to strength, 
MIX1 with the highest fly ash volume showed the highest ultimate 
tensile strain of 4.4 %, whereas MIX2 showed the lowest value. The 
reduced bonding between the fibre and the matrix in MIX1 would have 
delayed the pre-mature fibre rupture leading to high ultimate strain 
capacity [6].

Fig. 4 shows the tensile stress-strain curves for MIX1, MIX2 and 
MIX3. It can be seen that all the mixes exhibited strain hardening 
behaviour. A typical fracture surface of a specimen is further displayed 
in Fig. 5, portraying the fibre bridging and microcracks corresponding to 
the strain- hardening behaviour observed in Fig. 4.

3.3. Microstructural analysis

The morphology of the mixes was observed using SEM and the fibre/ 
matrix interfaces of MIX1 (mix with highest fly ash /silica fume ratio of 
1.2:0) and MIX3 (mix with lowest fly ash /silica fume ratio of 1:0.2) are 
shown in Fig. 6. More voids and unhydrated fly ash were seen in MIX1 
than MIX3, whereas more hydrated products and a less porous interface 
was found in MIX3, explaining its higher strength.

DSC analysis was also conducted for the three mixes to further 
analyse the hydration compounds present in the matrix based on their 
decomposition range. In accordance with the SEM images, DSC results 
revealed a higher formation of hydrates in MIX3 compared to MIX2, and 
in MIX2 compared to MIX1. As evidenced by the DSC/temperature 
curves (Fig. 7), at around 116

◦

C, the temperature at which the 

decomposition of C-S-H and Ettringite occurs and at around 490
◦

C, the 
temperature at which Portlandite decomposes [33], there was a gradual 
increase in the area under the curve from MIX1 to MIX3. This trend 
suggests that the production of hydration products may possibly be 
higher in MIX3 followed by MIX2 and MIX1.

In general, a pattern of strength increase was observed from MIX1 to 
MIX2 and from MIX2 to MIX3. This trend can be attributed to the in
crease in matrix densification arising from the ultra-fine silica fume 
particles, and the decrease in matrix densification resulting from the 
spherical fly ash particles in transitioning from MIX1 to MIX2 and from 
MIX2 to MIX3.

Fig. 4. Tensile stress-strain curves for MIX1, MIX2 and MIX3.

Fig. 5. Microcracks and fibre bridging near the failure surface.
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As shown in Fig. 6, the large particle size of unreacted or partially 
reacted fly ash must have increased the porosity of the composite 
leading to a decrease in the matrix densification. On the other hand, the 
ultra-fine particles of silica fume must have filled the voids between 
larger particles and consumed more Ca(OH)2 to form more C-S-H (as 
confirmed by Fig. 6 and Fig. 7), thereby densifying the interfacial zone. 
Therefore, MIX1 whose fly ash/silica fume ratio was the highest must 
have had the weakest fibre/matrix bond contributing to the lowest 
strength. Similar findings have also been reported in literatures, indi
cating that incorporating a significant amount of fly ash leads to reduced 
strength in cement composites [6,34]. However, it should be noted that 
the mix with the highest fly ash content exhibited the highest ultimate 
tensile strain. Thus, it can be inferred that the fly ash might have reduced 

the fibre/matrix interfacial bond and matrix densification, thereby 
favouring strain. Studies have reported that low matrix densification 
aids the energy criterion that needs to be satisfied for strain hardening in 
ECC, and if the interfacial bond between fibre and matrix is strong, the 
fibres can rupture prematurely when they are pulled out from the matrix 
[6]. Therefore, the reduced bonding between the fibre and the matrix in 
MIX1 would have delayed the pre-mature fibre rupture leading to high 
ultimate strain capacity.

4. Effect of NC on the mechanical properties of ECCs

The effect of NC on the mechanical properties of the PE-Steel-ECCs 
were investigated by carrying out compressive and tensile tests on the 
nine NC-ECC mixes with varying NC dosage (0.15 %, 0.2 %, 0.25 %). 
The results were subsequently compared with those from the base mixes 
without NC.

4.1. Compressive properties

Fig. 8 displays the average compressive strength of all nine mixes 
along the three base mixes (MIX1, MIX2, MIX3) without NC. The 
maximum strength was observed with 0.2 % NC concentration in all the 
three base mixes. MIX3 with the highest silica fume content and the 
lowest fly ash content showed the highest strengths for all concentra
tions of NC as expected. The enhancement in strength in the mixes with 
NC as compared to the reference mix could be attributed to the strong 
bonding resulting from NC whilst the reduction in strength at higher 
dosage of NC could be attributed to fibre agglomeration arising from 
difficulty of dispersion.

Fig. 6. SEM images of matrices: a) MIX1; b-c) MIX3.

Fig. 7. DSC/Temperature curves for MIX1, MIX2 and MIX3.
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4.2. Tensile properties

The average tensile strength and ultimate tensile strains are sum
marised in Table 6 and the typical tensile stress-strain curves of the six 
tests for the three base mixes, MIX1 and MIX2 and MIX3 with 0.15 %, 
0.2 % and 0.25 % of NC as compared to the reference mix without NC 
has further been shown in Fig. 9.

It can be observed from Table 6 that the mix with 0.2 % NC gave the 
maximum tensile strength for all the mixes. For all three sets, mixes with 
0.15 % NC resulted in an improvement while mixes with 0.25 % NC 
showed a slight decrease in tensile strength as compared to the reference 
mix. When compared among the mixes at the same NC doses, MIX3 with 
the lowest fly ash content and the highest silica fume content gave the 
highest strength as expected, while MIX1 with the highest fly ash con
tent and the lowest silica fume content exhibited the lowest strength.

However, the behaviour of tensile strain was not coherent. A nega
tive correlation was expected between strength and strain since matrix 
densification could potentially limit strain capacity and favour strength. 
Conversely, the mix with the highest tensile strength (MIX3) did not 
always correspond to the lowest strain, and the mix with the lowest 
tensile strength (MIX1) did not always show the highest strain. MIX2 
exhibited the lowest strain capacity for all the dosages of NC. Similarly, 
when comparing strain capacities with NC dosages, MIX3 containing 
0.2 % NC showed the highest strain capacity despite being the strongest 
mix and no consistent pattern was observed between the NC dosages. 
These irregularities may result from interactions between ingredients. 
For example, fly ash supports uniform fibre dispersion [35] and this may 
have reduced fibre agglomeration and favoured strain. In general, all the 
mixes demonstrated the unique high tensile ductility, and the im
provements in tensile strength achieved by adding NC have not 
compromised the strain compared to the reference mix.

The average crack width and the number of cracks for NC concen
tration of 0 %, 0.15 %,0.2 % and 0.25 % are further presented in 
Table 7. The crack widths and number of cracks were calculated after 
the tensile test using a crack width ruler. Most of the multiple cracks 
were concentrated within approximately 40 mm interval around failure 
surface within the gauge length, and this section was chosen for the 
calculations. For comparison purposes, all the specimens were chosen 

from a single mix (MIX3). It is evident that the number of cracks is 
proportional to the tensile strain hardening behaviour. The mix with 
0.2 % NC, which exhibited the highest strain capacity, had the greatest 
number of cracks, while the mix with 0.15 % NC, which demonstrated 
the lowest strain hardening behaviour, had the fewest cracks. Never
theless, no coherent pattern was observed in the crack widths.

4.3. Microstructural analysis

The effect of NC could be further examined using SEM images. 
Figs. 10 and 11 show the SEM images of the fibre/matrix of the mixes 
with 0 % NC, 0.15 % NC and 0.25 % NC at magnification factors of 10k 
and 25k respectively. It is evident from these images that the matrix is 
less porous and denser in the mixes with NC compared to the reference 
mix and these observations are more prominent in the mix with 0.2 % 
NC mix.

The reduced porosity in the mixes with NC relative to the reference 
mix can be attributed to the enhanced degree of hydration (DOH) 
resulting from the internal curing effect of NC, which arises from the 
hydrophilic and hygroscopic nature. Moreover, the high aspect ratio and 
the high specific surface area of NC might also have promoted the strong 
bonding by availing more hydroxyl groups to hydrogen bond with the 
cementitious matrix as suggested in previous studies [36]. Conse
quently, the addition of NC must have enhanced fibre matrix interaction 
and improved matrix densification, favouring strength compared to the 
reference mix without NC. In contrast, the reference mixture with 0 % 
NC showed relatively more unreacted fly ash and increased porosity, 
making it evident that NC plays an important role in promoting the 
hydration process and refining the pore structure in the presence of 
hybrid fibres. These findings are consistent with the performance of NC 
in NC-cement systems without any fibres as reported in the literature 
[25,37,38].

On the other hand, when NC was added in excessive quantities, it is 
likely that the fibres agglomerated making dispersion difficult. Studies 
have reported that due to the high density of –OH groups present on 
their surface, cellulose fibrils try to bond with adjacent –OH groups by 
hydrogen bonds, resulting in fibre agglomeration [39]. This effect is 
more prominent in nano fibrils due to their larger surface area. There
fore, the decline in strengths in 0.25 % of NC following the maximum 
strength at 0.2 % can be attributed to fibre agglomeration leading to 
high porosity and the dosages beyond 0.2 % may be considered exces
sive. This is also visible from Fig. 11 where the 0.25 % NC mix (Fig. 11d) 
showed more porous microstructure than 0.2 % and 0.15 % NC mixes 
(Figs. 11c and 11b). This phenomenon can be further justified using the 
micrographs obtained through SEM analysis as shown in Fig. 12. As seen 
from Fig. 12b, when fibres agglomerate, they cannot be readily available 
at the nano scale for hydration, leading to a less refined pore structure.

This can be further substantiated by the results of DSC analysis. As 
evidenced in Fig. 13, distinct differences can be observed in the DSC/ 
temperature curves of the NC-ECC mixes with 0.2 % NC compared to 
their corresponding base mix without NC. Specifically, there is a notable 
increase in the area under the curves of the mixes with NC as the tem
perature approaches 116◦C, where the decomposition of C-S-H and 
Ettringite occurs [33]. Additionally, a significant drop in the curves of 
these mixes is observed between 400◦ C and 500◦ C, which can be 
attributed to decomposition of Ca(OH)2 [40,41]. The simultaneous 

Fig. 8. Effect of NC on average compressive strength of the three base mixes.

Table 6 
Average tensile properties of the mixes for different NC dosages.

MIX1 MIX1- 
0.15NC

MIX1- 
0.2NC

MIX1- 
0.25NC

MIX2 MIX2- 
0.15NC

MIX2- 
0.2NC

MIX2- 
0.25NC

MIX3 MIX3- 
0.15NC

MIX3- 
0.2NC

MIX3- 
0.25NC

Tensile strength 
(MPa)

2.9 3.1 3.2 2.6 3.9 4.3 4.7 3.5 4.5 5 5.3 4.4

Ultimate tensile 
strain (%)

4.4 4.1 3.9 3.2 1.7 2.5 2.1 1.9 3.1 2.9 4.1 3.1
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increase in both CSH and Ca(OH)2 peaks can be attributed to the pri
mary hydration reactions producing Ca(OH)2. Although Ca(OH)2 is 
typically consumed to produce more C-S-H during the hydration pro
cess, calcium silicates (such as C3S and C2S) can react with water, 
forming Ca(OH)2. Initially, the formation of Ca(OH)2 from these re
actions may have increased the Ca(OH)2 peak in the DSC curve. Similar 
behaviour was observed in previous studies [42,43]. Hence it can be 
concluded that more hydration products are formed with addition of NC 
resulting in higher strength. These findings further confirms that NC 
promotes the hydration process of hybrid ECC systems, reflecting its role 
in plane cement systems as reported in literature. [25,37,38].

5. Conclusions

This study developed an innovative and eco-friendly hybrid PE-steel 
fibre ECC reinforced with nanocellulose (NC), incorporating high- 
volume fly ash and silica fume. Firstly, three base mixes of the PE- 
Steel ECCs with varying proportions of fly ash and silica fume were 
developed and the effect of these mineral admixtures was examined. 
Thereafter, the base mixes were reinforced with 0.15 % - 0.25 % by 
weight of NC and the effect of NC on compressive and tensile properties 
of the HVFA hybrid PE-steel ECC was investigated. Detailed micro-scale 
analysis was also conducted using SEM and DSC to provide a compre
hensive understanding of the experimental results. Based on the ob
tained results, the following conclusions can be drawn. 

• Decreasing the fly ash/silica fume ratio resulted in increased 
compressive strength, tensile strength, and Young’s modulus, but 
decreased ultimate tensile strain. Specifically, reducing the fly ash 
ratio from 1.2 to 1.0 increased compressive strength from 46 MPa to 
52 MPa, Young’s modulus from 14 GPa to 28 GPa, and tensile 
strength from 2.9 MPa to 4.5 MPa. However, the highest ultimate 
tensile strain of 4.4 % was observed in the mix with the highest fly 
ash ratio of 1.2. SEM analysis indicated the presence of unreacted fly 

Fig. 9. Typical tensile stress strain curves for all ECC mixes with different NC dosages.

Table 7 
Average crack width and number of cracks after tensile failure for different NC 
dosages.

NC concentration 
(%)

Average crack width 
(µm)

Number of cracks 
(per 40 mm)

0 ~56 18
0.15 ~57 12
0.2 ~62 22
0.25 ~54 19
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ash which reduced matrix densification and hence, may have fav
oured strain.

• The addition of NC up to 0.2 wt% enhanced both compressive and 
tensile strength compared to the mix without NC (0 % NC) in all the 
mixes. Any further addition of NC beyond this dosage resulted in a 
decline in strength. When compared to the reference base mixes, the 
addition of 0.2 % NC resulted in a 5.5 % improvement in compres
sive strength for MIX1, a 48 % improvement for MIX2, and a 34 % 
improvement for MIX3. The corresponding improvements in tensile 

strength were 10 %, 20 %, and 18 % for MIX1, MIX2, and MIX3, 
respectively.

• The addition of NC in optimal amounts was crucial for enhancing 
strength. When used in low quantities, NC did not provide the 
favourable properties, while excessive amounts led to agglomera
tions. Additionally, all mixes exhibited typical strain-hardening 
behaviour, and the matrix densification resulting from NC addition 
did not negatively impact the strain-hardening properties of the ECC. 
SEM analysis further confirmed that a denser matrix was achieved 
with the optimal amount (0.2 wt%) of NC, compared to the more 

Fig. 10. SEM images of matrix of the mixes: a) 0 % NC; b) 0.15 % NC; c) 0.2 % NC; d) 0.25 % NC (magnification factor-10k).
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porous matrix of the mix without NC (0 % NC). However, the NC- 
ECC with 0.25 % NC showed fibre entanglements and a more 
porous microstructure than the mix with 0.2 % NC, indicating that 
NC concentrations above 0.2 wt% are excessive.

• MIX3–0.2NC with fly ash: silica fume ratio of 1.0:0.1 with 0.2 wt% 
NC concentration gave the best performance with a compressive 
strength of 70 MPa, ultimate tensile strength of 5.3 MPa and ultimate 
tensile strain reaching to 4.1 %.

The promising combination of high-performance properties offered 
by NC suggests that this new material has the potential to outperform 
existing ECCs. It is anticipated that this novel ECC will serve as a 

Fig. 11. SEM images of matrix of the mixes: a) 0 % NC; b) 0.15 % NC; c) 0.2 % NC; d) 0.25 % NC (magnification factor-25k).

Fig. 12. SEM images: a) NC-ECC with 0.2 % NC; b) NC-ECC with 0.25 % NC.
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sustainable material solution with exceptional mechanical properties for 
use in engineering structures, contributing to reduced environmental 
impact. Nevertheless, the behaviour of tensile strain with the addition of 
NC would merit additional investigation, specifically regarding the ef
fect of various proportions of the constituents such as binder material, 
water-binder ratio, NC, and fibre percentages as a combination on the 
composite performance. Additionally, micromechanical testing should 
be conducted to better understand how each parameter influences the 
strength and energy criteria. Future research could also focus on 
exploring the interactions between these components and optimizing 
the mix proportions to enhance the overall performance.
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