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Abstract: The application of binder consisting of limestone, calcined clay and cement (LC3) 9 

promotes the development of low-carbon engineering cementitious composites (ECC). In order to 10 

improve the comprehensive properties of LC3-ECC, this paper investigates the feasibility of using 11 

nano CaCO3 (NC) to replace the limestone powder up to 20% for LC3-ECC preparation through 12 

rheology and mechanical tests along with the micro-design calculation and microstructure analysis. 13 

Results indicate that the yield stress and plastic viscosity of LC3-ECC are largely improved with 14 

increasing NC replacement rate. Meanwhile, the compressive, flexural and tensile strengths of LC3-15 

ECC with NC raise firstly and then decline, while the strengths are maximum at NC replacement rate 16 

of 5% but the tensile strain capacity remains at 2.3%. The hydration promotion effect and pore 17 

structure refinement effect of NC particles improve the mechanical strength of LC3-ECC, but the 18 

performance degradation occurs when the replacement rate of the NC exceeds 10%. In 19 

micromechanics, the fibre bridging stress of LC3-ECC reinforced by NC with replacement rate of 5% 20 

decreases by 18.5% compared to that of without NC, but it grows with the increasing NC replacement 21 

rate. In combination with fresh, hardened and microstructure behaviour, LC3-ECC exhibits the 22 

optimum mechanical behaviour with the NC replacement rate of 10%–15%. 23 
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1. Introduction 28 

Engineered cementitious composites (ECC), also known as strain hardening cementitious 29 

composites, is a type of ultra-high toughness materials with excellent deformability and energy 30 

absorption [1,2]. Since its development in the 1990s, ECC has achieved exceptional performance in 31 

strain hardening behaviour and multiple cracking capacity [3]. Based on the effective bridging effect 32 

provided by reinforced fibre such as polyvinyl alcohol (PVA) fibre and polyethylene (PE) fibre, ECC 33 

exhibits tensile strain of over 2% and cracking width of less than 100 μm [4,5]. However, due to the 34 

more than 50 wt% of binder in ECC, supplementary cementitious materials have been used to replace 35 

partial cement for a more environmentally friendly ECC development [6–8]. Among them, limestone 36 

calcined clay cement (LC3) has been focused and investigated to have comparable mechanical 37 

strength with ordinary cement paste [9,10]. Furthermore, ECC produced with LC3 will have lower 38 

energy consumption and carbon emissions while achieving the similar high ductility of typical ECC 39 

[11,12]. 40 

The application of LC3 has various effects on the both fresh and hardened properties of ECC. 41 

Owing to the high water absorption and specific surface area of LC3, the flowability of ECC based 42 

on LC3 with a mass ratio of 0.15:0.30:0.55 for limestone powder, calcined clay and cement is reduced 43 

by 34.6% than that of ordinary Portland cement (OPC) based ECC [13]. Moreover, the yield stress 44 

and plastic viscosity of LC3-ECC in the rheological test are also raised by 0.67–1.85 and 0.08–0.85 45 

times than that of ordinary ECC, respectively [14]. Hence, LC3 based materials have also been 46 

successively utilised as a raw material for 3D printing cementitious materials that have exhibited 47 

favourable constructability and printability [15,16]. In terms of hardening properties, the 48 

incorporation of LC3 improves the early-age mechanical properties of cementitious materials due to 49 

the nucleation sites of low reacted limestone powder [17,18]. With increasing percentage of LC3 in 50 

the binders, the compressive strength is decreased due to the free moisture shortage and lower water-51 

to-binder ratio of ECC [19–21]. Meanwhile, the tensile strength of ECC also decreases but the tensile 52 

strain capacity shows an improved performance with increasing LC3 content, in which the tensile 53 

strain increased by 13.5 times when the strength decreased by 20.8% than OPC-ECC [22]. Besides, 54 

LC3 is able to increase the fibre-to-matrix bond strength and fibre pull out energy, which makes it 55 

advantageous in the application of high-performance cementitious materials [19]. 56 
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Nowadays, nanomaterials have been utilised to enhance the microstructure and the chemical 57 

reaction of cementitious materials in order to improve their mechanical performance. As an ultrafine 58 

materials with nano-sized particles of below 100 nm [23,24], nanomaterials mainly include nano SiO2 59 

[25,26], nano CaCO3 [27] and nano TiO2 [28], etc. In comparison, nano CaCO3 (NC) is the most 60 

widespread, cheapest and widely available nano materials [29,30]. NC can enhance nucleation sites 61 

for cement particles and promote the formation of calcium-silicate-hydrate in order to shorten the 62 

cement hydration process [31]. In parallel, it improves the alignment position of calcium hydroxide 63 

and optimises the interfacial transition zone within the matrix [24]. Furthermore, NC can react with 64 

C3A within cement to improve the early strength of cementitious materials [32,33]. The 65 

microaggregate effect exhibited by NC optimises the pore size distribution of cementitious materials 66 

that improves their strength and durability [29,34]. Therefore, some researchers have been exploring 67 

the use of NC to improve the strength properties of ECC. Ding et al. [29] prepared ultra-high 68 

performance ECC using NC with more than 8% tensile strain at compressive strengths over 130 MPa, 69 

and suggested that the optimum content of NC is 3% by weight of the cement. Khokhar et al. [35] 70 

produced ECC directly using 1%–4% NC mixed with calcined clay and cement, where the 71 

compressive strength of the mortar increased with increasing NC content and the relationship between 72 

the NC content and the mechanical strength of ECC was not shown. Hence, the effect of NC on the 73 

macro performance of ECC needs to be systematically investigated through a comprehensive 74 

experiment. Considering the similarity between the composition of NC and limestone powder, the 75 

design of the proportion of NC is essential for the fresh/hardening properties when using NC to 76 

reinforce LC3-ECC, as well as the effect on the microstructure evolution needs to be further explored. 77 

This study focused on the fresh and mechanical behaviour of LC3-ECC in which limestone 78 

powder was replaced by NC with ratio of 0, 5%, 10%, 15% and 20 % for each mixture. Firstly, 79 

rheological property tests were carried out to determine the flow characteristics of all mixtures. Then, 80 

mechanical tests including compressive, flexural and tensile tests were carried out to investigate the 81 

effect of NC incorporation on the strength and cracking behaviour of LC3-ECC. Besides, the matrix 82 

properties and single-crack tensile behaviour of the LC3-ECC reinforced with NC were determined 83 

in order to calculate the micromechanical parameters and assess whether it meets the design criteria. 84 

Finally, the phase composition, fibre morphology and microstructure were tested by X-ray 85 
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diffractometer (XRD), thermal analysis, scanning electron microscope-backscattered electron (SEM-86 

BSE) and mercury intrusion porosimetry (MIP) to analyse the variation of macro properties from the 87 

micro perspective. 88 

2. Experimental program 89 

2.1. Raw materials 90 

In this study, the P.I. 42.5 Portland cement, limestone powder and calcined clay were used to 91 

compose the LC3 binder. According to ASTM C618 [36], the fly ash classified as Class F was used 92 

as supplementary cementitious materials. The oxide composition and particle size distribution are 93 

demonstrated at Table 1 and Fig. 1, respectively. The silica sand with particle size of 100–300 μm 94 

was used as fine aggregate. Polycarboxylate-based superplasticisers (SP) and viscosity modifying 95 

admixture (VMA) were used to adjust the workability of fresh mixtures. The oil-treated PVA fibre 96 

was used as reinforced fibre to ensure the toughness and deformability of cementitious composites. 97 

Relevant basic properties of PVA fibre are depicted in Table 2. The NC with particle size of 15–40 98 

nm was used for replacing the limestone powder particles acting as fillers in the matrix and enhancing 99 

the matrix properties, which original morphology and XRD pattern are displayed in Fig. 2. 100 

Table 1 Chemical proportions of raw materials (wt%). 101 

 102 

Fig. 1. Particle size distribution of the ingredients. 103 
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Table 2 Physical and mechanical properties of PVA fibres. 104 

Diameter (μm) Length (mm) Density (kg/m3) Elastic modulus (GPa) Tensile strength (MPa) 

39 12 1280 40 ≥1600 

 105 

Fig. 2. Morphology and XRD pattern of NC granules. 106 

2.2. Mix proportions 107 

The typical LC3 binder system consisting of 55% cement, 30% calcined clay and 15% limestone 108 

powder was regarded as the main reaction ingredients [21,37]. Using it as a reference, NC was used 109 

to replace the limestone powder in the percentages of 0%, 5%, 10%, 15% and 20%. Meanwhile, the 110 

fly ash of 1.2 times weight of the LC3 was used in accordance with the M45-ECC mix proportion. 111 

The weight of silica sand accounted for 0.8 times of the LC3 binder. The ratio of water to binder was 112 

set at 0.25. The content of SP and VMA were maintained at 0.55% and 0.15% by the total weight of 113 

LC3 and fly ash. The PVA fibre content was set as 2 vol% of the total composites. The mix proportions 114 

of all mixtures in this study are listed in Table 3. In the example of ‘N5’, the intended meaning is that 115 

NC will serve as a substitute for the 5% limestone powder content present in the reference group of 116 

‘N0’. 117 

Table 3 Mixture proportions of LC3-ECC with NC (kg/m3). 118 

Mixture 

type 

Cement Calcined 

clay 

Fly 

ash 

Silica 

sand 

Water SP VMA  PVA 

fibre 

Limestone 

powder 

NC 

N0 299.2 163.2 652.8 435.2 299.2 6.5 1.8 26.0 81.6 0 

N5 299.2 163.2 652.8 435.2 299.2 6.5 1.8 26.0 77.52 4.08 

N10 299.2 163.2 652.8 435.2 299.2 6.5 1.8 26.0 73.44 8.16 

N15 299.2 163.2 652.8 435.2 299.2 6.5 1.8 26.0 69.36 12.24 

N20 299.2 163.2 652.8 435.2 299.2 6.5 1.8 26.0 65.28 16.32 

2.3. Sample preparation 119 
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when it is directly added to the ECC mixing process. Therefore, it is necessary to conduct the disperse 121 

treatment for NC prior to the formal mixing progress. Firstly, the NC with fixed proportion was added 122 

to the corresponding weighed mixture of water and SP, followed by ultrasonic dispersion treatment 123 

for 10 min. Then, the mixing process of LC3-ECC with total time of 13 min was carried out, as 124 

illustrated in Fig. 3. Finally, one part of fresh mixture was used for rheology test after the mixing 125 

process. Another part of mixture was moulded for tested specimen of different sizes and cured for 28 126 

d (1 d for moulding and 27 d for standard curing) until the subsequent mechanical and microscopic 127 

test stage (see Fig. 3). 128 

 129 

Fig. 3. Sample preparation process of NC reinforced LC3-ECC. 130 

2.4. Test methods 131 
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lasted for 60 s at a fixed shear rate of 0.025 rps (corresponding to the shear rate of 0.225 /s) [39]. The 139 

static yield stress was calculated from the measured maximum torque (𝑇𝑚𝑎𝑥) using the following 140 

equation: 141 
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𝜏𝑠 =
2𝑇𝑚𝑎𝑥

𝜋𝐷3 (
𝐻
𝐷 +

1
3)

(1) 142 

where D and H are the diameter and height of the rotating vane, respectively.  143 

Different shear programmes (including shear rate ranges, duration of each shear step, temperature, 144 

etc.) can lead to different responses or parametric results, thus a consistent programme should be 145 

maintained when testing different mixtures [40]. After a 40 s of pre-shear stage at a shear rate of 0.6 146 

rps, dynamic yield stress and plastic viscosity of fresh mixtures were tested. The shear stress (𝜏) 147 

decreased from 0.6 rps to 0.05 rps (corresponding to the shear rate from 5.392 to 0.450 /s) after 24 148 

steps with a residence time of 5 s for each step, as shown in Fig. 4. Then, the corresponding torque 149 

(T) and rotational velocity (N) were measured, as well as the T and N were converted into τ and shear 150 

rate (𝛾̇) using Eq. (2) and Eq. (3), respectively [41,42]. The static and dynamic rheological property 151 

tests of all mixtures were repeated three times in the same environment to avoid the erroneous effects 152 

caused by temperature and humidity variations. 153 

𝜏 =
𝑅0

2 + 𝑅𝑖
2

4𝜋𝐻𝑅0
2𝑅𝑖

2 𝑇 (2) 154 

𝛾̇ =
𝑅0

2 + 𝑅𝑖
2

𝑅0
2 − 𝑅𝑖

2 2𝜋𝑁 (3) 155 

where R0 is the inner radius of the rheometer vessel, and Ri is the width of the rotating vane. 156 

 157 

Fig. 4. Rheology test protocol. 158 
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compressive, flexural, and uniaxial tensile tests. Meanwhile, the fracture toughness test of mortar 161 

matrix and single-crack tensile test of ECC were also performed to calculate the micromechanics 162 

design index of all mixtures. The compressive test was conducted on the 50 mm cubes with the 163 

loading rate of 0.3 MPa/s following ASTM C109/C109M-20b [43]. For the flexural test, prism 164 

specimens with size of 160 (l)×40 (b)×40 (h) mm3 were subjected to three-point flexion at a rate of 165 

2.0 mm/min according to GB/T 50081–2019 [44]. Uniaxial tensile tests were carried out on the dog-166 

bone shaped specimens as per JSCE with loading rate of 0.5 mm/min [45]. Two linear variable 167 

displacement transducers (LVDTs) were arranged on both sides of the test specimen in order to gauge 168 

the strain within its tensile region of 80 mm length, as shown in Fig. 5. 169 

 170 

Fig. 5. Specimen dimension and experimental installation schematic of uniaxial tensile test. 171 
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In turn, the energy criterion (see Eq. (5)) refers to the fact that the tensile residual energy (𝐽′
𝑏 ) 178 

maximum needs to be greater than the crack tip toughness (𝐽𝑡𝑖𝑝), defined as the physical meaning of 179 
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the two different shaded areas in Fig. 6.  180 

𝜎0 > 𝜎𝑓𝑐, 𝜎𝑐 (4) 181 

𝐽′
𝑏 ≥ 𝐽𝑡𝑖𝑝 = 𝜎𝑠𝑠𝛿𝑠𝑠 − ∫ 𝜎(𝛿)

𝛿𝑠𝑠

0

𝑑𝛿 ≈
𝐾𝑚

2

𝐸𝑚

(5) 182 

𝜎0𝛿0 − ∫ 𝜎(𝛿)
𝛿0

0

𝑑𝛿 = 𝐽′
𝑏

(6) 183 

where δ0 is the crack opening corresponding to the 𝜎0, 𝛿𝑠𝑠 is the crack opening corresponding to 184 

the steadystate bridging stress (𝜎𝑠𝑠), 𝐸𝑚 and 𝐾𝑚 are the elastic modulus and fracture toughness of 185 

the matrix, respectively. 186 

 187 

Fig. 6. Typical stress-crack opening curve for fibre bridging (adapted from Ref. [3]). 188 

Based on the both design criteria, pseudo strain-hardening (PSH) indexes can be calculated, i.e. 189 

𝜎0/𝜎𝑓𝑐 and 𝐽′
𝑏/𝐽𝑡𝑖𝑝. The calculated values are used to determine the tensile characteristics of the 190 

mixtures. Therefore, the single crack tensile test of ECC was carried out to obtain the tensile stress-191 

crack opening width curve and fibre bridging strength. Fig. 7a displays the single crack tensile test 192 

specimen and tested device. The loading rate was 0.5 mm/min and the amount of displacement change 193 

was measured by LVDTs. The tensile strength and elastic modulus of the matrix were obtained by 194 

conducting tensile tests on the mortar and calculating the slope of stress linearly increasing section of 195 

the curve. For the matrix fracture toughness test, a 12 mm deep crack was prefabricated at the bottom 196 

of the prismatic flexural specimen and three-point flexural loading with a loading rate of 1.0 mm/min 197 

was performed (Fig. 7b) as per RILEM FMC-50 [46]. The fracture toughness (𝐾𝑚) can be calculated 198 

according to the following equation by Ref. [47]: 199 



10 

 

𝐾𝑚 =
1.5 (𝑃𝑚𝑎𝑥 +

𝑚𝑔
2 × 10−2) × 10−

3
2 × 𝑆 × 𝑎0

1
2

𝑏ℎ
2 × 𝑓(𝛼) (7)

 200 

𝑓(𝛼) =
1.99 − 𝛼(1 − 𝛼)(2.15 − 3.99𝛼 + 2.7𝛼2)

(1 + 2𝛼)(1 − 𝛼)
3
2

(8) 201 

𝛼 =
𝑎0

ℎ
(9) 202 

where 𝑃𝑚𝑎𝑥 is the load maximum of the fracture toughness test (N), m is the mass of tested specimen 203 

(kg), S is the span length of the specimen (mm), 𝑎0 is the notch depth, b and h are the width (mm) 204 

and height (mm) of the tested specimen, respectively. 205 

 206 

Fig. 7. Micromechanical test: (a) single crack tensile specimen and test setup; (b) three-point 207 

flexural test for determining fracture toughness. 208 
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with temperature is reflected by the thermogravimetric (TG) and differential scanning calorimetry 219 

(DSC) curves to determine the thermal stability of NC reinforced LC3-ECC. 220 

2.4.5. Micromorphology observation 221 

To further observe the microstructural characteristics of NC reinforced LC3-ECC, the samples 222 

were taken from the fracture location of tensile tested specimen and were observed by SEM setup of 223 

Thermo scientific Apreo 2S. The samples of size up to 1 cm3 were cut and polished, followed by gold 224 

spraying treatment of their test planes prior to SEM observation. The bonding position of PVA fibres 225 

to matrix was investigated by observing the microstructural features and fibre morphology. 226 

Microscopic elements of all mixtures were analysed by energy dispersive spectrometry (EDS) 227 

mapping analysis using BRUKER XFLASH 6T/60. 228 

2.4.6. Mercury intrusion porosimetry test 229 

MIP tests were conducted to obtain the pore structure characteristics of NC reinforced LC3-ECC 230 

using an AutoPore IV 9500 Hg-porosimeter with pressure range of up to 330 MPa. Tested samples 231 

were collected from the previous mechanical experiments and the measurable pore size ranged from 232 

500 μm to 0.005 μm. 233 

3. Results 234 

3.1. Rheology behaviour 235 

3.1.1. Shear stress-time curves 236 

Fig. 7 shows the shear stress evolution with shear time of all mixtures. It can be seen that the shear 237 

stress exhibits a tendency to increase and then decrease with shear time, which is a rheological 238 

characteristic of cementitious materials. The maximum value of the shear stress in the curve is the 239 

static yield stress for the mixtures, meaning the critical stress required to start the flow of the mixture 240 

from a stationary state [48]. The free water content, flocculation of the particles, and the hydration 241 

process in the mixture are the main factors affecting the static yield stress [49,50]. According to the 242 

calculations the static yield stresses of N0, N5, N10, N15 and N20 are 533.0 Pa, 1044.2 Pa, 1183.8 243 

Pa, 1264.7 Pa and 1437.5 Pa, respectively. Obviously, the static yield stresses of the mixes increased 244 

significantly with the increase of NC replacement rate. This is due to the reduction in free water 245 

content within the fresh mixture, which can be attributed to the agglomeration of nanoparticles and 246 

the increase of adsorbed water on the NC particle surface with large specific surface area [51,52]. 247 
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Furthermore, an increase in the water requirement of the mixture has been observed to enhance the 248 

static yield stress with an escalation in the NC replacement ratio. 249 

 250 

Fig. 8. Shear stress variation with shear time of all mixtures: (a) N0; (b) N5; (c) N10; (d) N15; (e) 251 

N20. 252 

3.1.2. Rheological properties 253 

Fig. 9 displays the shear stress-time variation of all mixtures. According to the modified Bingham 254 

model (see Eq. (10)) [53], the relationship between the derived yield stress and shear rate can be fitted 255 

based on experimental data from three tests. The fitted parameters can be expressed as 𝜏𝑑 and 𝜂 256 

values of fresh mixtures.  257 

𝜏 = 𝜏0 + 𝜂𝛾̇ + 𝑐𝛾̇2 (10) 258 

where 𝜏0 is the corresponding 𝜏𝑑 of fresh mixture.  259 

The fitted data are collated to obtain the rheological properties of NC reinforced LC3-ECC, as 260 

summarised in Table 4. The goodness of fit (R2) of all mixtures reaches more than 0.8, which can 261 

indicate that the relationship between shear stress and shear rate regression is well fitted under 262 

modified Bingham model. It can be seen from the curves that the rate of increase in shear stress also 263 

shows an improvement as the shear rate increases. This is not only due to the water absorption of by 264 

the high specific surface area of NC, but also possibly due to the resistance created by fibre 265 

entanglement during the mixing process, which will need to be investigated in further experiments. 266 

Fig. 10 shows the dynamic yield stress and plastic viscosity of NC reinforced LC3-ECC. Overall, the 267 

dynamic rheological properties are increased by NC incorporation. The LC3-ECC with 5%–20% NC 268 

replacement of limestone powder increases by 13.3%–54.3% and 12.8%–59.6% in dynamic yield 269 

stress and plastic viscosity compared to that of N0, respectively. The plastic viscosity exhibits greater 270 
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variability than the dynamic yield stress. In comparison to N5, the dynamic yield stresses of N10, 271 

N15 and N20 increase by 13.0%, 26.1% and 36.2%, respectively. Correspondingly, the plastic 272 

viscosities of counterparts appear to increase by 12.5%, 29.9% and 41.5%, respectively. It is 273 

noteworthy that the enhanced rheological characteristics facilitate the utilisation of cementitious 274 

materials in additive manufacturing with superior constructability. Furthermore, the augmented 275 

plastic viscosity offers a degree of benefit to the fibre dispersion [40], thereby enabling a concurrent 276 

optimisation of both the mechanical strength and deformability of the LC3-ECC with NC. 277 

 278 

 279 

Fig. 9. Shear stress-rate variation of all mixtures: (a) N0; (b) N5; (c) N10; (d) N15; (e) N20. 280 

Table 4 Rheological properties of NC reinforced LC3-ECC. 281 

Mixture type 𝜏𝑠 (Pa) Fitted equation 𝜏𝑑 (Pa) 𝜂 (Pa.s) R2 

N0 533.0 ± 13.7 𝜏 = 213.1 + 138.6𝛾̇ + 29.9𝛾̇2 213.1 138.6 0.9083 

N5 1044.2 ± 18.7 𝜏 = 241.5 + 156.3𝛾̇ + 28.3𝛾̇2 241.5 156.3 0.9712 

N10 1183.8 ± 29.1 𝜏 = 273.0 + 175.8𝛾̇ + 15.9𝛾̇2 273.0 175.8 0.9104 

N15 1264.7 ± 42.3 𝜏 = 304.5 + 203.0𝛾̇ + 21.4𝛾̇2 304.5 203.0 0.8408 

N20 1437.5 ± 31.9 𝜏 = 328.9 + 221.2𝛾̇ + 16.7𝛾̇2 328.9 221.2 0.9263 

0 1 2 3 4 5 6
0

500

1000

1500

2000

2500
 N0

 Fitted curve

Sh
e

ar
 s

tr
e

ss
 (

P
a)

Shear rate (s-1)

(a)

0 1 2 3 4 5 6
0

500

1000

1500

2000

2500
 N5

 Fitted curve

Sh
e

ar
 s

tr
e

ss
 (

P
a)

Shear rate (s-1)

(b)

0 1 2 3 4 5 6
0

500

1000

1500

2000

2500
 N10

 Fitted curve

Sh
e

ar
 s

tr
e

ss
 (

P
a)

Shear rate (s-1)

(c)

0 1 2 3 4 5 6
0

500

1000

1500

2000

2500
 N15

 Fitted curve

Sh
e

ar
 s

tr
e

ss
 (

P
a)

Shear rate (s-1)

(d)

0 1 2 3 4 5 6
0

500

1000

1500

2000

2500
 N20

 Fitted curve

Sh
e

ar
 s

tr
e

ss
 (

P
a)

Shear rate (s-1)

(e)



14 

 

 282 

Fig. 10. Dynamic yield stress and plastic viscosity of LC3-ECC reinforced by NC of different 283 

replacement percentages. 284 

3.2. Compressive and flexural strength 285 

Fig. 11 depicts the compressive and flexural strength variation of LC3-ECC reinforced by NC 286 

with different replacement percentages. Overall, the compressive and flexural strengths both shows 287 

increasing and then decreasing trends with the growth of NC replacement rate. These two strengths 288 

of N5 are the highest in the all mixtures, while the compressive and flexural strength increase by 15.0% 289 

and 11.3% compared to that of N0. It can be demonstrated that a NC replacement rate of between 5% 290 

and 15% has the effect of enhancing the strength of LC3-ECC. Nevertheless, at a NC replacement 291 

percentage of 20%, the strength of LC3-ECC will be inferior to that of the reference mixture (N0). At 292 

the physical level, some of the NC can be used as ultra-fine micro-aggregate to fill the voids around 293 

the binder particles and reduce the defect size inside the matrix in order to enhance the strength by 294 

increasing the ECC compactness [30]. The reduction of mechanical properties caused by excessive 295 

NC incorporation can be attributed to two aspects. On the one hand, excessive NC incorporation will 296 

rapidly fuse with water, reducing the area and probability of contact between various binder 297 

ingredients and water which affects the hydration process [54]. On the other hand, the agglomeration 298 

of excessive NC weakens the filling effect and affects the chemical reaction properties [55]. 299 

Nevertheless, the effect of NC incorporation on flexural strength is significantly greater than that on 300 

compressive strength of LC3-ECC. 301 
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 302 

Fig. 11. Compressive and flexural strength of LC3-ECC reinforced by NC of different replacement 303 

percentages. 304 

3.3. Uniaxial tensile behaviour 305 

3.3.1. Tensile characteristics 306 

Fig. 12 illustrates the uniaxial tensile stress-strain curves and the damage morphology in the 307 

tensile zone of NC reinforced LC3-ECC. It is evident that the curves of all mixtures show a stage of 308 

fluctuating change after a linear rise, known as the strain hardening stage. In this stage, the fibres 309 

mainly play a bridging role to retard the increase in crack width and form a multiple cracking 310 

phenomenon [3,56]. Afterwards, the tensile stress exceeds the fibre bridging stress at a certain 311 

position causing the ultimate damage of the tested specimen, which is reflected in an instantaneous 312 

drop in tensile stress. A clear distribution of multiple cracks can be observed from the tensile damage 313 

pattern, and the final fracture location within the tensile region is valid for testing. It has been 314 

demonstrated that an increase in the duration of the strain hardening phase is accompanied by a 315 

proportional increase in the number of cracks and a decrease in crack width. The matrix properties 316 

are the critical factors affecting tensile behaviour when the same dosage of PVA fibres is used. It can 317 

be observed that the incorporation of NC resulted in a slight deterioration in the tensile behaviour of 318 

LC3-ECC. It is worth mentioning that the crack width in the tensile region decreased and some tiny 319 

cracks could not be observed due to unloading at the end of the tensile test, but the surface cracks 320 

remained at the micro scale in all the specimens which is beneficial for the mechanical and long-term 321 

properties of the LC3 based material. 322 
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 323 

Fig. 12. Tensile stress-strain curves and failure patterns of NC reinforced LC3-ECC. 324 

Microscopic examination of the tensile cracks reveals two types of PVA fibre pattern, fibre 325 

bridging and failure, as shown in Fig. 13. In the initial stage of crack propagation, the PVA fibres de-326 

bond from the matrix and slip to retard crack width propagation. The fibres perform a bridging 327 

function and absorb and transmit part of the tensile stress, see Fig. 13a. Subsequently, the fibres are 328 

destroyed successively when the stress continually increases, see Fig. 13b. PVA fibres with short 329 

anchorage lengths across the crack are pulled out of the matrix, while those with longer anchorage 330 

lengths are more likely to rupture [57]. The damage patterns result in the loss of the fibre bridging 331 

ability and the extended crack suddenly enlarges, leading to the complete destruction of the tensile 332 

tested specimen. Thus, fibre bridging effect at different crack locations is the main contributor to the 333 

formation of multiple cracking phenomenon for NC reinforced LC3-ECC. In the strain hardening 334 

phase of the tensile curves shown in Fig. 12, fibre slippage occurred as the stress increased, whereas 335 

fibre breakage or pull-out happened as the tensile stress decreased. Therefore, fibre-to-matrix 336 

interactions are an important factor affecting the tensile behaviour of NC reinforced LC3-ECC.  337 
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 338 

Fig. 13. Fibre appearance at the crack position: (a) bridging effect of PVA fibre; (b) pulled out and 339 

ruptured PVA fibre. 340 

3.3.2. Tensile properties 341 

Based on the tensile stress-strain curves, the tensile properties of NC with different replacement 342 

rates reinforced LC3-ECC are illustrated in Fig. 14. The first cracking strength and tensile strength 343 

are increase and then decline with increasing NC replacement percentage. Correspondingly, the 344 

tensile strain capacity shows an opposite trend, which firstly decreases and then increases. The tensile 345 

strength of N5 is the highest of all mixtures, while the tensile strain capacity is the worst but still more 346 

than 2%. Compared to N0, the tensile strength of N5, N10, N15 and N20 increase by 18.1%, 9.5%, 347 

6.8% and –10.5%, respectively. The tensile strain capacity of NC reinforced LC3-ECC reduce by 348 

36.8%–57.3% than that of N0. The incorporation of nanomaterials results in enhanced tensile strength, 349 

but concurrently the fibre bridging ability is weakened. Partial filling of tiny pores within the matrix 350 

by NC is not conducive to fibre slippage, leading to relatively rapid crack expansion manifested as a 351 

reduction in strain-hardening capacity. Meanwhile the cement hydration reaction promoted by NC 352 

may contribute to an increasing adhesion of the fibre matrix, again adversely affecting the tensile 353 

deformation capacity [24]. Nevertheless, all mixtures exhibit significant tensile toughness are more 354 

than 200 times that of plain concrete which tensile strain capacity of about 0.01% [3]. Moreover, the 355 

N15 mixture has a higher tensile strength than N0 while the tensile strain of N15 reaches 3%. 356 
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 357 

Fig. 14. Tensile properties of LC3-ECC reinforced by NC of different replacement percentage. 358 

3.4. Micromechanical analysis 359 

3.4.1. Fibre bridging stress-crack opening curves 360 

Fig. 15 displays the fibre bridging stress-crack opening displacement curves of all mixtures, which 361 

correspond σ0 and δ0 are listed in Table 5. The interfacial bonding properties of the fibres to matrix 362 

are primarily reflected in the chemical bonding action and physical anchoring capacity between them 363 

[47]. The increasing stage of tested curve indicates that the stress required to overcome the fibre-364 

matrix bonding action during the tensile process is increasing, and that the bond strength generated 365 

between them is also improving. In LC3-ECC without NC incorporation, the value of σ0 is the highest 366 

of all mixtures and thus exhibits a significant strain-hardening capacity in Section 3.3.1. It can be 367 

observed that the higher fibre bridging stresses typically result in larger corresponding crack opening 368 

widths. It is postulated that this phenomenon occurs in consequence of the fact that fibre slippage 369 

necessitates the application of greater stresses in comparison to cracking [58]. The fibre bridging 370 

stress and crack opening displacement of NC reinforced LC3-ECC decreased by 11.1%–18.5% and 371 

3.8%–36.7%, respectively, with the most notable decline observed in N5. It is attributed to the 372 

stronger bonding and friction effect which reduces the occurrence of fibre bridging resulting in lower 373 

crack controlled capacity [3], which is the main reason for the poorer tensile strain capacity for N5. 374 

Furthermore, the alteration in the crack opening width is more pronounced in comparison to the fibre 375 

bridging stress, which can be attributed to the consistent incorporation of PVA fibres and the 376 

predominant influence of NC on matrix properties. 377 
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 378 

Fig. 15. Tensile stress-crack opening displacement curves with vertex coordinates (𝛿0, 𝜎0) of all 379 

mixtures: (a) N0; (b) N5; (c) N10; (d) N15; (e) N20. 380 

Table 5 Results of single crack uniaxial tension. 381 

Mixture type Fibre birding stress, 𝜎0 (MPa) Corresponding crack opening, 𝛿0 (mm) 

N0 2.722 ± 0.108 0.313 ± 0.014 

N5 2.218 ± 0.068 0.198 ± 0.007 

N10 2.265 ± 0.245 0.284 ± 0.027 

N15 2.296 ± 0.100 0.289 ± 0.043 

N20 2.419 ± 0.152 0.301 ± 0.014 

3.4.2. PSH index calculation 382 

To further evaluate the tensile properties of NC-reinforced LC3-ECC and whether it satisfies the 383 

saturated cracking state, the PSH index is invoked to quantitatively judge the two criterion completion 384 

criteria of all mixtures [3]. According to the strength and energy criteria mentioned in Section 2.4.2, 385 

the PSH indices are calculated as follows [3,59]: 386 

𝑃𝑆𝐻 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝜎0

𝜎𝑓𝑐

(11) 387 

𝑃𝑆𝐻 𝑒𝑛𝑒𝑟𝑔𝑦 =
𝐽𝑏

′

𝐽𝑡𝑖𝑝

(12) 388 

The experimental results obtained based on fracture toughness testing of the matrix are recorded 389 

in Table 6. Then, the value of 𝐽𝑡𝑖𝑝 is determined by combining the elastic modulus measured from 390 

the tensile test of mortar matrix, and the calculation of 𝐽𝑏
′  is obtained by integrating the σ0-δ0 curves. 391 

Based on the obtained parameters, the PSH indices are calculated and the relevant data are 392 

summarised in Table 7. In accordance with the micromechanical model, the presence of both 393 

𝜎0/𝜎𝑓𝑐 ≥ 1 and 𝐽𝑏
′ /𝐽𝑡𝑖𝑝 ≥ 1 is indispensable for the occurrence of multiple cracking. Nevertheless, 394 
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experimental evidence has demonstrated that conditions 𝜎0/𝜎𝑓𝑐 ≥ 1.3  and 𝐽𝑏
′ /𝐽𝑡𝑖𝑝 ≥ 2.7  are the 395 

more conservative means of achieving stable tensile strain hardening due to the quality fluctuation of 396 

raw materials [60]. Overall, all mixtures satisfy the PSH energy condition. For the PSH strength 397 

condition, only N5 is not satisfied with a value of 1.05 which shows the lowest strain hardening 398 

behaviour. This phenomenon can be attributed primarily to the strong intermolecular forces that exist 399 

between the fibres and matrix. The incorporation of NC in LC3-ECC resulted in a more pronounced 400 

enhancement in PSH energy values in comparison to PSH strength values, indicating that NC is 401 

relatively more responsive to tensile energy. 402 

Table 6 Fracture toughness of NC reinforced LC3 mortar. 403 

Mixture type Mass (g) Peak load (N) Fracture toughness, Km (MPa·m1/2) 

N0 486.3 ± 5.229 931.7 ± 66.87 0.444 ± 0.032 

N5 481.4 ± 3.061 824.3 ± 40.10 0.393 ± 0.019 

N10 485.4 ± 6.708 803.3 ± 20.69 0.383 ± 0.010 

N15 482.5 ± 4.609 849.3 ± 27.23 0.405 ± 0.013 

N20 481.5 ± 8.859 890.5 ± 74.17 0.424 ± 0.035 

Table 7 PSH calculation of NC reinforced LC3-ECC. 404 

Mixture type σfc (MPa) PSH strength Jtip (J/m2) 𝐽𝑏
′  (J/m2) PSH energy  

N0 1.419 1.919 ± 0.076 22.33 203.5 9.113 ± 0.934 

N5 2.110 1.051 ± 0.032 12.53 159.1 12.70 ± 1.188 

N10 1.640 1.381 ± 0.150 12.86 200.9 15.62 ± 1.201 

N15 1.480 1.552 ± 0.068 15.03 206.2 13.72 ± 0.872 

N20 1.318 1.836 ± 0.116 16.19 284.0 17.54 ± 0.791 

3.5. Phase analysis 405 

Fig. 16 shows the XRD patterns of NC reinforced LC3-ECC paste at different curing ages. The 406 

increase in the diffraction peak intensity of calcium carbonate implies the incorporation of NC 407 

granules. During the first 7 d of curing age (see Fig. 16a), the diffraction peak intensity of calcium 408 

hydroxide (CH) in N20 is consistently lower than that of N0, indicating that the incorporation of NC 409 

consumes a certain amount of CH during the reaction process [34]. At curing age of 1 d, the contents 410 

of hemicarboaluminate (Hc) in N0 and N20 have little difference, while the diffraction peak intensity 411 

of Hc in N20 is greater than that of N0 at 3 d and 7 d. This indicates that the carbon-aluminate reaction 412 

occurs gradually after more than 24 h of curing age. NC can react with C3A and C4AF and promote 413 

early hydration so that Al cations are mainly immobilised in the carbon-aluminate products [34,61]. 414 
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As shown in Fig. 16b, the diffraction peak intensities of the CH in all mixtures are significantly 415 

reduced, whilst N5 has the highest diffraction intensity of the main calcium carbonate peak. Due to 416 

the amorphous characteristics of non-crystalline components such as calcium-silicate-hydrate (C-S-417 

H) gels, they have no specific diffraction peaks and the remainder of the carbonate-based hydration 418 

products may be hidden near the diffraction peaks of all calcite [62]. Moreover, NC is capable of 419 

reacting with larger Ca2+ precipitated from cement and OH– from the cement hydration products, 420 

forming many nucleation sites on the surface of calcium ions and contributing to C-S-H gels 421 

generation [24,63]. 422 

 423 

Fig. 16. XRD patterns of NC reinforced LC3-ECC paste. 424 

Fig. 17 displays the TG and DSC curves of LC3-ECC with NC of different replacement 425 

percentages at elevated temperatures. When the temperature increases from room temperature to 426 

800 °C, the weight loss of N0, N5, N10, N15 and N20 obtained from TG curves is 14.57%, 15.00%, 427 

13.47%, 12.49% and 10.92%, respectively. In the DSC curves, only one obvious exothermic peak is 428 

observed around 700 °C for the decomposition of calcium carbonate without the decomposition of 429 

CH. This indicates that the CH in the NC reinforced LC3-ECC is fully reacted to form carbonate 430 

products. When the NC replacement rate is not more than 10%, the mass loss is not changed 431 

significantly before the temperature reaches 200 °C indicating that the free water contents in the 432 

composites are similar. The mass loss of N15 and N20 before 200 °C is obviously lower than that of 433 

the other mixes, showing that the content of free water in them is significantly reduced due to the 434 

excessive incorporation of NC. Above 200 °C, the hydration products in the ECC decompose 435 
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successively and the decrease in mass loss is mainly due to the evaporation of bound water and the 436 

escape of CO2 [56]. The total mass loss of N5 is the largest in all mixtures, indicating that the content 437 

of decomposed hydration products in the matrix is the highest, consistent with the XRD results 438 

showing the highest intensity of carbonate-based phases of N5.  439 

 440 

Fig. 17. TG and DSC curves of NC reinforced LC3-ECC. 441 

3.6. Micromorphology appearance 442 

As seen in Fig. 18, the microstructure and fibre morphology within the matrix are observed using 443 

SEM. Matrix fragments and scratches can be clearly seen on the surface of the fibre (Fig. 18a), which 444 

indicates that the fibres can effectively bond with the matrix and improve the toughness of the 445 

composites. The fibre morphology observed in Fig. 18b corroborates the two damage modes of fibres 446 

described in Section 3.3.1, i.e. fibre rupture and fibre pull-out. The pull-out ends of the PVA fibres 447 

are relatively flat and not much different from the initial fibre ends, where there are almost no matrix 448 

fragments. The ruptured ends of PVA fibre are spiky and a significant reduction in diameter can be 449 

observed. Herein, the rupture behaviour of PVA fibres indicate a stronger bond to the matrix [64]. 450 

Additionally, the presence of conspicuous voids at the site of damaged fibres bonded to the matrix is 451 

evident (Fig. 18c), which are attributed to fibre slippage and the subsequent spalling of surrounding 452 

fragments in weak zones. The presence of scratches on the fibre surface to varying degrees indicates 453 

that the PVA fibres are able to slip effectively, which is beneficial to the tensile properties of NC 454 

reinforced LC3-ECC.  455 
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 456 

Fig. 18. SEM images of NC reinforced LC3-ECC: (a) PVA fibre surface; (b) the end of fibre with 457 

different failure patterns; (c) fibre-to-matrix bonding position. 458 

Fig. 19 displays the BSE images with EDS map for major elements of all mixtures, and the major 459 

element contents are summarised in Table 8. Of these, the C element content is unreliable because 460 

the fixing adhesive of the samples contained a portion of C during the test. Element Ca derived from 461 

calcium hydroxide, calcium carbonate and C-S-H gels has the highest atomic percentage in the N5. 462 

The concentration of Si element in the EDS map represents the quartz sand, and the position of the 463 

element dispersion is more representative of unreacted ingredients and C-S-H gels. The origin of 464 

element Al is partly provided by C-A-S-H gels produced by hydration reactions apart from that 465 

contained in fly ash and calcined clay, whereas the percentage of element Al decreases gradually with 466 

increasing NC replacement ratio. Hence, the distribution of O, Ca, Si and Al elements can be observed 467 

uniformly in the matrix except for the location of fibres and aggregates. Moreover, the PVA fibres are 468 

effectively embedded in the matrix. The hydration products and part of the raw materials are 469 

uniformly distributed and effectively bonded to the ingredients in the NC reinforced LC3-ECC.  470 

Table 8 Spectrum analysis for different samples. 471 

Elem

ent 

N0  N5  N10  N15  N20 

Weight

/% 

Atomic

/% 

 Weight

/% 

Atomic

/% 

 Weight

/% 

Atomic

/% 

 Weight

/% 

Atomic

/% 

 Weight

/% 

Atomic

/% 

C 15.73 24.88  19.71 29.97  25.73 37.20  23.29 34.35  16.05 25.46 
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 472 

Fig. 19. EDS map based on BSE images of all mixtures: (a) N0; (b) N5; (c) N10; (d) N15; (e) N20. 473 

3.7. Pore structure characterization 474 

Fig. 20a and b depict the pore size distribution of LC3-ECC reinforced by NC with replacement 475 

limestone powder ratio of 0, 5% and 20%. According to the previous research [56], the pores can be 476 

can be classified into four groups depending on the diameter: gel and meso pores (<100 nm), middle 477 

capillary pores (100–1000 nm), large capillary pores (1000–10000 nm), and macro pores (>10000 478 

nm). The corresponded volume percentages of pore with different sizes are calculated in the Fig. 20c. 479 

Based on the tested results, the incorporation of NC has almost little effect on the total porosity of 480 

LC3-ECC, while it is influential on the distribution of pore sizes. When NC with a replacement rate 481 

of 5% is incorporated, the percentage of capillary pores decreases due to the ability of NC in filling 482 
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the internal pores while there is an increase in the percentage of gel, meso and macro pores in the 483 

specimen. The nucleation of NC promotes the generation of denser C-S-H gels and increases the 484 

content of prismatic CH [29]. The refinement of CH leads to the overlapping of high-density C-S-H 485 

gels and others products, which increase the amount of gel and meso pores. However, when excessive 486 

NC is added to the matrix, only the percentage of gel and meso pores decreased whereas the 487 

percentage of pores with diameters lager than 100 nm all raised. Among them, the percentage of 488 

medium capillary pores of N20 is still less than that of N0. Thus, the incorporation of NC in LC3-489 

ECC mainly affects the proportion of macro pores, whilst the variation of NC content is closely 490 

related to the proportion of middle capillary pores. The consistency of the change trend in middle 491 

capillary pores proportion with the mechanical strength of LC3-ECC is essential for its macro 492 

performance. 493 

  494 

 495 

Fig. 20. Pore size distribution of NC reinforced LC3-ECC: (a) incremental pore volume; (b) 496 

cumulative pore volume; (c) pore volume percentage of different sizes. 497 
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4. Discussion 498 

As one of the commonly used nano-reinforcing ingredients in cementitious materials, NC results 499 

in the enhancement of the mechanical strength for LC3-ECC when incorporated in the proper amount, 500 

and the effect of which is shown schematically in Fig. 21. During the hydration process, NC could 501 

react with C3A and hydroxide ions inside the matrix (see Fig. 16) as well as forms nucleation sites 502 

on the micro-sized limestone powder, which increases the content of high density C-S-H gels [61,63]. 503 

Moreover, NC particles can fill in the cavities of interfacial transition zone between the C-S-H gels 504 

and aggregates [65], refining the pore size distribution of the matrix (see Fig. 20) and allowing a more 505 

uniform distribution of hydration products [24]. The filling and hydration promotion effects of NC 506 

both resulted in an improvement in the mechanical properties of LC3-ECC. When excessive amounts 507 

of NC are incorporated, the NC particles become agglomerated and cannot effectively perform the 508 

filling effect and chemical reaction, resulting in reduced flowability. Moreover, it also influences on 509 

the bridging behaviour of the PVA fibres in LC3-ECC. The effect of NC on the hydration reaction and 510 

microstructure reduces the matrix toughness and fibre-to-matrix bonding strength of LC3-ECC, as 511 

mentioned in Section 3.4. On this basis, ECC materials need to be judged according to design criteria 512 

to measure whether they meet the design requirements. Therefore, the NC has an integrated effect on 513 

the fresh/mechanical properties and microstructure of the LC3 matrix. 514 

 515 

Fig. 21. Schematic representation of microstructure of LC3-ECC: (a) without NC, (b) with NC. 516 

The effect of NC replacement of limestone powder on LC3-ECC is analysed in combination with 517 

fresh and mechanical properties, as presented in Fig. 22. Therein, all values of N0 are set to 1.0 while 518 

the results of LC3-ECC reinforced by NC are adjusted according to the value of N0. The incorporation 519 

of NC increases the static/dynamic yield stress and plastic viscosity of the fresh mixtures, resulting 520 

in a decrease in the rheological properties of LC3-ECC. This can be attributed to the reduction of free 521 
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water content inside the matrix due to the particle size grade of NC. Simultaneously, NC is bonded to 522 

the hydration parameters inside the matrix, forming a three-dimensional lattice that improves the 523 

internal interfaces and the overall structure. The NC replacement rate of 5% for LC3-ECC showed 524 

the highest values of all mechanical properties, accompanied by a decrease in the tensile ductility of 525 

ECC. The N5 mixture does not satisfy the strength design criteria according to the results mentioned 526 

in Section 3.4.2. The N10 and N15 mixes have slightly lower strengths than N5, but both are higher 527 

than that of N0. Although the enhancement of NC is not fully realised, there is a combined 528 

improvement in the fresh and hardened properties. It is advantageous for the following rapid 529 

construction of the LC3-ECC. Furthermore, N10 and N15 mixtures fulfil the design criteria to a 530 

greater extent. However, NC does not fully enhance the mechanical performance of LC3-ECC when 531 

the NC replacement rate exceeds 15% up to 20%, probably due to the agglomeration effect of NC 532 

particles resulting in a reduction in the number of actual internal reaction nucleation sites [27]. 533 

Therefore, the replacement rate of NC should be maintained at less than 15%. Additionally, an optimal 534 

ratio of enhanced strength or ductility should be selected for practical application based on 535 

engineering requirements. 536 

 537 

Fig. 22. Properties comparison between LC3-ECC and NC reinforced LC3-ECC. 538 

5. Conclusions 539 

This paper systematically investigated the fresh and mechanical properties of LC3-ECC prepared 540 

by replacing limestone powder with NC replacement rate of 0, 5%, 10%, 15% and 20%. The 541 

rheological, compressive, flexural and tensile properties of the NC reinforced LC3-ECC were tested. 542 
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Furthermore, the macro performance variations were analysed based on the micromechanical 543 

parameters and microstructural characterisation. Based on the experimental results, the specific 544 

conclusions are summarised below: 545 

 The static/dynamic yield strength and plastic viscosity of LC3-ECC increased with increasing 546 

NC replacement rate, which is classified by the adsorption of NC on free water and the 547 

encapsulation of hydro-molecules by the agglomerated particles. When the NC content was 548 

excessive, the change in the rheological properties would affect the practical pouring process of 549 

LC3-ECC. 550 

 The compressive or flexural strength of LC3-ECC increased and then decreased with the increase 551 

of NC replacement rate with a maximum value of N5 mixture, which increased by 15.0% and 552 

11.3% than that of N0, respectively. NC improved the hydration process and refined the 553 

microstructure of LC3-ECC but an excessive incorporation of NC led to its agglomeration, which 554 

interfered with the reaction process and resulted in the strength reduction. 555 

 For tensile properties, the incorporation of NC improved the initial and ultimate tensile strengths, 556 

but the tensile strain capacity decreased considerably even though it still exceeds 2%. The 557 

reinforcement of the LC3-ECC by NC limits the PVA fibre bridging behaviour, leading to a 558 

weakening of the controlled ability to crack initiation. 559 

 The incorporation of NC consumes a large amount of CH and promotes the generation of 560 

hydration products, as well as contributes to the reduction of the capillary pore distribution of 561 

LC3-ECC. The NC replacement rate of 5% failed to satisfy the design guidelines for ECC 562 

although it had the highest mechanical properties. Thus, the NC replacement rate of about 10%–563 

15% was the optimal range for its reinforcement for LC3-ECC in this work. 564 
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