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Abstract 

Nanoscale impact can bring big changes in micro-meso-macroscale behaviors of the composites. 

addition of nano fillers makes cementitious materials stronger, more durable and 

multifunctional/smart. This paper aims at investigating the underlying mechanism for understanding 

and controlling the nano-engineered cementitious composites. The nano-core effect is proposed 

through integrating core-effect with nano effect, and is proved by experimental evidences for the 

cementitious composites with different nano fillers. The nano-core effect is closely relative to the 

intrinsic properties of nano fillers, composition and processing of the cementitious composites. The 

behaviors of the nano-engineered cementitious composites are governed by nano-core effect zone, 

i.e. nano-core-shell element. It is therefore concluded that the nano-core effect is fundamental for 

design, fabrication and application of the nano-engineered cementitious composites. 

Key words: A. Reinforced cement/plaster; A. Smart materials; B. Physical properties; B. 

Microstructures 

 

1 Introduction 

Cementitious composites are the most widely used materials for infrastructures because they are 

resistant to water, easily formed into various shapes and sizes, cheap and readily available 

everywhere. Twice as much cementitious composites are used in infrastructures around the world 
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than the total of all other building materials, including wood, steel, plastic and aluminum. In the 

foreseeable future, cementitious composites will continue to play an important role in infrastructure 

construction. However, the development of cementitious composites is encountering enormous 

problems and challenges. Firstly, cement manufacturing has a direct and visible impact on the 

world’s resources, energy consumption and environment. Making one ton of cement requires about 

2 tons of raw material (limestone and shale), consumes about 4 GJ of energy in electricity, process 

heat, and transport (the energy equivalent to 131 cubic meters of natural gas), produces 

approximately one ton of CO2 produces about 3 kg of NOX (an air contaminant that contributes to 

ground-level smog), and produces about 0.4 kg of PM10 (an airborne particulate matter that is 

harmful to the respiratory tract when inhaled). Secondly, increasing attention has been paid on the 

security of infrastructures since cementitious composites are brittle material and usually work with 

cracks. Thirdly, the durability of infrastructures is a very important issue, in particular during the 

process of their design and application. Fourthly, cementitious composites are complex composites 

in nature. Fifthly, the multifunctional and smart cementitious composites are required since 

traditional cementitious composites that just serve as structural materials cannot meet the 

requirement of the safety, longevity and function of advanced engineering infrastructures.  

Nanotechnology is an emerging field related to the understanding and control of matters at 

nanoscale. Nanomaterials have remarkable properties and functions which can endow cementitious 

composites high-performances (including high mechanical property and durability) and 

multifunctionality/intelligence. Therefore, applications and advances of nanotechnology and 

nanomaterials have injected new vitality into cementitious composites [1-5]. Nano nonmetallic 

oxide and metallic oxide similar to cementitious composition are first used to enhance/modify 

cementitious materials. The big gains in mechanical, durable and functional properties were 

achieved. An addition of 1.5% nano-sillica (NS) increased the 3d compressive and flexural 
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strengths by 45.6% and 18.4%, respectively [6]. Meanwhile, the addition of NS can increase the 

freeze-thaw resistance, chloride penetration and permeability, abrasion resistance and fire resistance 

of cementitious composites [7-10]. The fracture toughness of cementitious composites can be 

enhanced by 400% when nano-ZrO2 is used as fillers [11]. An addition of 5% nano-Al2O3 can 

increase the elasticity modulus of cementitious composites by 143% [12]. The electrical resistance 

of cementitious composites can be decreased by 45% with 5% nano-Fe2O3 [12]. Nano-TiO2 can 

endow cementitious materials with the photocatalytic effect to decompose both organic pollutants 

and oxides such as NO, NO2 and SO2 [13]. Moreover, extensive research endeavors demonstrated 

the potential of various nano carbon materials including carbon nanotubes (CNTs), carbon 

nanofibers (CNFs), and graphene for enhancing/modifying cementitious materials [14-22]. The 

observed best performance enhancement of cementitious with CNTs or CNFs include a 300% 

increase in compressive strength, a 34.28% increase in tensile strength, a 269% increase in flexural 

strength, a 270% increase in fracture toughness, a 14% increase in fracture energy, an over 600% 

improvement in Vickers’s hardness at the early ages of hydration, a 2200% increase in deflection, a 

130% increase in ductility, an over 430% improvement in resilience and a 227% increase in 

Young’s modulus [17]. Only 0.03% of graphene can improve the tensile, flexural and compressive 

strength of cementitious composites by 78.6%, 60.7% and 38.9%, respectively [17]. The presence 

of CNTs obviously enhances the transport property and durability of cementitious materials [19]. 

Graphene significantly improves the moisture transport performance and acid resistance of the 

composites at 0.05 vol. % of dosage [17]. The electrical resistivity reduction extent of cementitious 

materials with 1.52 vol. % of CNTs/nano carbon black composite filler is 99.9% [23]. The thermal 

conductivity of CNTs cementitious composites is 85% greater than that of cementitious composites 

without CNTs [24]. The damping capacity of cementitious composites with 2% CNTs is 1.6 times 

than that of cementitious composites without CNTs [25]. An addition of 0.6 wt. % CNTs into 
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cementitious materials can lead to a 27% decrease in electromagnetic wave reflectivity at a 

frequency of 2.9 GHz [17]. Additionally, the composites with CNTs, CNFs or graphene feature 

smart self-sensing (e.g. sensing stress, strain, crack, damage, temperature, and smoke), self-heating 

and steel cathodic protection performances. Nano fillers not only can enhance/modify the above 

mentioned performances of cementitious composites in hardened state, but also have strong impact 

on the rheology and workability of fresh cementitious composites [24].  

Although a lot of researches have been done on the behaviors of cementitious composites with nano 

fillers, the modification mechanism of nano fillers to the performances of cementitious materials 

remains elusive. Therefore, this paper will perform a fundamental research into the nano and 

micro-scale phenomena that govern the behaviors of cementitious composites with nano fillers. The 

nano-core effect in nano-engineered cementitious composites is firstly proposed, and it was proved 

by experimental evidences of cementitious composites with different nano fillers. The factors 

affecting nano-core effect are comprehensively analyzed. Finally, the concept of nano-core effect 

zone is proposed to link the nano-core effect to the behaviors of the nano-engineered cementitious 

composites. 

2 Materials and methods 

2.1 Materials 

In this study, Portland cement (P·O 42.5R conforming to the requirement of Chinese standard) 

produced by Dalian Onoda Cement Co. Ltd. in China was used. Standard sand produced by Xiamen 

Ai Si Ou Standard Sand Co. Ltd., China was used as aggregate. Nano fillers include NS, Nano-TiO2, 

Nano-ZrO2, CNFs, and multi-layer graphene (MLG). NS with mean particle size of 12 nm produced 

by Tokuyama in Japan was applied. Nano-TiO2 with mean particle size of 20 nm was purchased 

from Nanjing Haitai Nanomaterials Co., Ltd. in China. Nano-ZrO2 (average diameter 20 nm, 

Nanjing Haitai Nanomaterials Co. Ltd. in China ) was used. CNFs (trade name PR-24-XT-HHT, 
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average diameter 100 nm, length on the order of 50-200 μm) were procured from Pyrograf Products, 

Inc. an affiliate Applied Science, USA. The water reducing agent is polycarboxylate superplasticizer 

used to disperse nano fillers.  

2.2 Methods 

The process of fabricating nano-engineered cementitious composites is as follows: 1) Water, 

superplasticizer and nano fillers were mixed by glass bar and then sonicated to form a suspension; 2) 

Cement and aggregate were put into the suspension slowly in stir pan and mixed by agitator; 3) The 

mixture was poured into the oiled mould and the mould was put on the electric vibrator in order to 

eliminate bubbles; 4) All nano-engineered cementitious composites were cured at temperature of 

20°C in 95% relative humidity for 24 h before demold. Then specimens were cured in water at 

20±1°C until the curing age [6, 19]. Three test specimens were fabricated for each cementitious 

material. 

Field Emission Scanning Electron Microscope (Nova Nano SEM 450, American FEI Ltd.) was used 

to observe the microstructures. Thermogravimetry (TG) analysis was performed using a METTLER 

TOLEDO STARe system to get the hydration degree of cement [26]. The condition of TG analysis 

was under nitrogen atmosphere at a heating rate of 10 ºC/min up to 1000°C. X-Ray diffraction 

(XRD) (Bruker D8 Advance, Bruker German) was applied for studing the tendency of crystal of 

calcium hydroxide [27]. The quasi-steady-state method is applied to test thermal conductivity with 

ZKY-BRDR Quasi Steady State Specific Heat/Thermal Conductivity Coefficient Tester (Cheng Du 

Century Science and Technology Co., Ltd., China) in this experiment. 

3 Results and discussion 

3.1 Description of the nano-core effect 

The nano-core effect means the combination of nano effect and core effect caused by nano fillers 

incorporated into cementitious composites. Due to the ultra high specific surface area and great 
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surface energy, the hydration production will deposit on the nano fillers. Meanwhile, some of the 

nano fillers can react with the hydration production of cementitious material. Furthermore, thanks to 

the small size of nano fillers, numerous fillers are extensively distributed in the cementitious matrix. 

As a result, the nano fillers serve as nano-cores. As shown in Fig.1, the local area around nano-core 

features unique composition and structure, which are obviously different from that of the 

cementitious material without nano fillers and have strong effect on the macro-behaviors of the 

cementitious composites.  

 
Fig. 1 - Diagram of the local area around nano-core inside cementitious composites 

 

3.1.1 Nano effect  

Nano-effect mainly results from the small size and high surface area of nano fillers.  

3.1.1.1 Small size  

The size of nano fillers in at least one orientation is less than 100nm. The nano fillers used in 

cementitious materials include nano nonmetallic oxides, nano metallic oxide, nano carbon materials 

and other nano materials. The size, volume of single nano particle, concentration in cementitious 

materials, and numbers of typical nano fillers in 1cm
3
 cementitious composites are listed in Table 1, 

CH 

C-S-H 

Core 
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Table 2 and Table 3. As a contrast, the information of cement particle is also shown in Table 1. It 

should be noted that the numbers of nano fillers in 1cm
3
 cementitious composites are calculated 

assuming that nano fillers are in ideal geometrical shape and exist in single particle. As shown in 

Table 1, Table 2 and Table 3, the numbers of 0.1 vol. % of nano fillers in 1cm
3
 cementitious 

composites are in the range from 3.2×10
8
 to 8.0×10

16
. This means that numerous nano fillers exist 

in cementitious composites even at low filler concentration level, which is one of the foundations 

that a small amount of nano fillers can have huge effect on cementitious materials. Fig.2 shows 

SEM mapping images of cementitious composites with nano fillers. The white points in Fig. 2(a) 

and Fig. 2(b) are nano-TiO2 and nano-ZrO2, respectively, and the big black areas are the cement 

matrix. As can be seen from Fig. 2, the nano fillers form extensive distribution inside the 

cementitious composites.  

In addition, some unique physical and chemical characteristics of nano fillers are derived from 

small size effect. For example, owing to more atoms in surface, NS features higher reaction activity 

against the silica fume, which is commonly used microscale mineral admixture for cementitious 

composites. When the diameter of the crystallites of a particle falls below a critical radius of about 

10 nm, each charge carrier appears to behave quantum mechanically. Therefore, TiO2 in the form of 

nanoparticles presents much more effective photocatalytic activity than that in bulk powder [28]. 

The strength of the sp² carbon-carbon bonds endues CNTs amazing mechanical properties. The 

tensile strength and Young’s modulus of CNTs are 20 times and 10 times that of microscale carbon 

fibers (CFs), respectively. The elongation at break of CNTs is 18%, and is 18 times that of CFs. The 

electrons have fewer possibilities to scatter inside CNTs. This reduced scattering gives CNTs very 

high conductivity. CNTs can carry the highest current density of any known material, measured as 

high as 10
9
A/cm

2
. CNTs possess excellent field emission characteristics such as a low threshold 

field for emission and a high current density. The field mission has been observed at fields lower 
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than 1V/m, and high current densities of over 1A/cm
2
 have been obtained. CNTs have been shown 

to have a thermal conductivity at least twice of that of diamond. The hardness of graphene is more 

than 100 GPa and harder than diamond. The strength of graphene is dozens of times stronger than 

that of steels. The coefficient of thermal conductivity of graphene is as high as 5300W/m·K, which 

is higher than that of CNTs and diamond. The electronic mobility of graphene in room temperature 

exceeds 15000 cm
2
/(V·s), which is higher than that of CNTs and silica crystals. As a result, the 

electrical resistivity of graphene is only about 10
-6

 Ω·cm, which is lower than that of copper and 

silver. Furthermore, graphine features high dielectric loss angle, which quantifies a dielectric 

material inherent dissipation of electromagnetic energy into heat. 

Table 1 - Numbers of cement or typical 0D nano fillers in 1 cm
3
 of cementitious composites 

Types 
Particle size 

(nm) 

Volume of single 

cement or nano particle 

(nm
3
) 

Concentration 

of nano fillers 

(vol.%) 

Numbers of cement or 

nano particle in 

1 cm
3
 of composites 

Cement 10000-30000 7.9×10
7
-7.1×10

8
 0.1 1.4×10

9
-1.3×10

10
 

Nano-cement 167 2.2×10
4
 0.1 4.6×10

13
 

Nano-fly ash 44.39-70.06 1.5×10
3
-3.9×10

3
 0.1 2.6×10

14
-6.5×10

14
 

NS 10-40 7.9×10-1.3×10
3
 0.1 8.0×10

14
-1.3×10

16
 

Nano-CaCO3 15-40 1.8×10
2
-1.3×10

3
 0.1 8.0×10

14
-5.7×10

15
 

Nano-Al2O3 10-150 7.9×10-1.8×10
4
 0.1 5.7×10

13
-1.3×10

16
 

Nano-TiO2 15-21 1.8×10
2
-3.5×10

2
 0.1 2.9×10

15
-5.7×10

15
 

Nano-Fe2O3 20-60 3.1×10
2
-2.8×10

3
 0.1 3.5×10

14
-3.1×10

15
 

Nano-Fe3O4 4-7 13-38 0.1 2.6×10
16

-8.0×10
16

 

Nano-CuO 15 1.8×10
2
 0.1 5.7×10

15
 

Nano-Cr2O3 15 1.8×10
2
 0.1 5.7×10

15
 

Nano-ZnO2 15 1.8×10
2
 0.1 5.7×10

15
 

Nano-ZrO2 15 1.8×10
2
 0.1 5.7×10

15
 

Nano carbon 

black 
30 7.1×10

2
 0.1 1.4×10

15
 

 

Table 2 - Numbers of typical 1D nano fillers in 1 cm
3
 of cementitious composites 

Types 
Diameter 

(nm) 
Length(μm) Volume of single 

nano particle (nm
3
) 

Concentration 

of nano fillers 

(vol.%) 

Numbers of nano 

particle in 

1 cm
3
 of 

composites 

SWCNTs 0.75-3 1-50 8.0 ×10
2
-1.6×10

5
 0.1 6.2×10

12
-1.2×10

15
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MWCNTs 2-30 0.1-50 3.1×10
2
-3.5×10

7
 0.1 2.8×11

12
-3.2×10

15
 

CNFs 50-200 50-100 9.8×10
7
-3.1×10

9
 0.1 3.2×10

8
-1.0×10

10
 

 

Table 3 - Numbers of typical 2D nano fillers in 1 cm
3
 of cementitious composites 

Types 
Diameter 

(μm) 
Thickness 

(nm) 

Volume of single 

nano particle (nm
3
) 

Concentration of 

nano fillers  

(vol.%) 

Numbers of nano 

particle in 1cm
3
 of 

composites 

MLG ＜2 1-5 3.1×10
6
-1.6×10

7
 0.1 6.4×10

10
-3.2×10

11
 

 

 

  
a) with 1% of Nano-TiO2 b) with 3% of Nano-ZrO2 

Fig. 2 – SEM mapping images: a) Ti in cementitious composites with 1% of 

Nano-TiO2 (200×); b) Zr in cementitious composites with 3% of Nano-ZrO2 

(200×) 
 

3.1.1.2 High surface area 

The surface area increases sharply with decreasing size of fillers. The specific surface area of 

typical cement and nano fillers is shown in Table 4. The surface area of nano fillers in Table 4 

ranges from 10 to 1000 m
2
/g, while the surface area of cement particle is only 0.28 m

2
/g. The 

surface area of nano fillers is about 35-3571 times of that of cement particle. The higher filler 

surface area, the more atoms in surface. This means that nano fillers have higher surface energy 

compared with cement particle. Therefore, as shown in Fig. 3, the addition of nano fillers raises the 

system energy of cementitious composites, thus importing negative entropy to the system of 

composites.  
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Table 4 - Specific surface area of typical cement and nano fillers 

Types Specific surface area (m
2
/g) 

Cement 0.28 

0D 

nano fillers 

Nano-cement 358.24 

NS 50-345 

Nano-CaCO3 24-32 

Nano-Al2O3 10-180 

Nano-TiO2 50-155 

Nano-Fe2O3 60 

Nano-ZnO2 155 

Nano-CuO 169 

Nano-Cr2O3 150 

Nano-ZrO2 160 

Nano carbon black 254 

1D nano fillers 

SWCNTs >690 

MWCNTs >400 

CNFs 200 

2D nano fillers NGP 500-1000 

 

 
Fig. 3 - System of nano-engineered cementitious composites 
 

3.1.2 Core effect 

Core effect can be classified as intrinsic effect, nucleating effect, and filling or bonding effect.  

3.1.2.1 Intrinsic effect 

The intrinsic characteristics of nano fillers include their physical properties, chemical properties, 

morphology, and surface features. The intrinsic effects of nano fillers, which are beneficial to 

0D  

1D  + 
2D  

Nano filler Cementitious  

composites 

= 

Nano-engineered 

composites 

Negative entropy High system energy 
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cementitious materials, are summarized in Table 5.  

Table 5 - Classification of intrinsic effects of nano fillers 

Classification of intrinsic effects 
Benefit 

Criteria Categories 

Mechanical 

properties 

Strength 

Enhance mechanical properties of composites for 

fillers with high mechanical properties 

Modulus 

Hardness 

Toughness 

Damping 

Wear resistance 

Electrical 

properties 

Electrically conductive Improve electrical conductivity of composites 

Electrothermal Endow self-heating capability with composites 

Electromechanical Attach sensing capability to composites 

Thermal 

properties 

Thermally conductivity Increase thermal conductivity and decrease 

capacity of composites Specific heat  

Electromagnetic 

properties 

Electromagnetic shielding Endow electromagnetic shielding and absorbing 

capability with composites Electromagnetic absorbing 

Density 
Reduce filler mass dosage for fillers with low 

density 

Hydration 

activity 

Active Participate in hydration reaction 

Pozzolanic or non 

pozzolanic 

Participate in secondary hydration for pozzolanic 

fillers 

Photocatalytic properties Attach photocatalytic capability to composites 

Morphology  

Diameter 

Increase filler number for fillers with small 

diameter and enhance filed emission effect for the 

fillers with small diameter  

Length or width 
Increase connecting probability for fillers with big 

length or width 

Aspect ratio 
Enhance connecting probability for fillers with 

high aspect ratio 

Solid or hollow Reduce filler mass dosage for hollow fillers 

Single, few or multi layer 
Reduce filler mass dosage for single or few layer 

fillers 

Surface features 

Hydrophilic or 

hydrophobic 

Improve filer dispersion for fillers with 

hydrophilic surface  

With functional group 
Improve filer dispersion and bond between filler 

and matrix 

Charged Promote absorption and nucleating 

Absorbable 
Promote nucleating, lower w/c ratio, or achieve 

self-curing 

 

The intrinsic effect mainly includes the following four aspects. 

1) Accelerating hydration, refining hydration products and increasing gel compactness. Active or 

http://www.baidu.com/link?url=8_b2o4TX8BuKyri0INw65Yzu1O1sypeYjzvhe0xzicuqMWpNwLtUfbMbu6VoYvlR-1waQJVBB6edERDHNs9Yk6K8TaxQApgnsT6c31nAW87
http://www.baidu.com/link?url=FawZDHqbb9s6v-QlJEbLP6CelTpkb3gyKJpgvkeYxuJliRZomiSgN6fu7-_IgYLK-0EjgKSSlPqEWueSeXNqMvERd_hpkskvd3ewKbiKOEa
http://www.baidu.com/link?url=FawZDHqbb9s6v-QlJEbLP6CelTpkb3gyKJpgvkeYxuJliRZomiSgN6fu7-_IgYLK-0EjgKSSlPqEWueSeXNqMvERd_hpkskvd3ewKbiKOEa
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pozzolanic nano fillers with high surface energy can participate in hydration reaction and secondary 

hydration respectively, thus accelerating hydration progress of cmentitious composites. The 

pozzolan nano fillers can also consume CH crystal, generate C-S-H gel, and induce C-S-H gel 

moves toward needle-like and columnar. The above chemical reaction process also decreases the 

orientation of CH crystal and reduces the size of CH (as shown in Table 6 and Fig. 4) [27]. The non 

pozzolanic nano fillers can accelerate C-S-H gel formation due to increasing CH amount at the 

early age, prevent the CH and AFt crystal from forming big size, and modify the orientation index 

of CH crystal (as shown in Fig. 5, Table 7) [29, 30]. Therefore, the stiffness and hardness of C-S-H 

gel is improved and the structure flaw is lowered.  

 

Table 6 - Cement hydration degree of cementitious composites with different fillers (%) 

Type of composites 
With NS at curing age of 3d With CNFs at curing age of 28d 

0.0% 0.5% 2.0% 0.0% 0.6% 

Hydration degree 61.1% 65.2% 70.6% 65.9% 70.1% 

Standard deviation 0.6% 0.7% 0.9% 0.7% 0.8% 

 

  
a) without NS b) with 1.0% of NS 

Fig. 4 - Comparison of SEM images of cementitious composites without and with NS 
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a) without nano-TiO2 b) with 3.0% of nano-TiO2 

Fig. 5 - Comparison of SEM images of cementitious composites without and with 

nano-TiO2 

 

Table 7 - Comparison of orientation of CH inside cementitious composites with different nano 

fillers at curing age of 28 d 

Type of composites 
With NS With nano-TiO2 With nano-ZrO2 

0% 2.0% 0% 1.0% 0% 3.0% 

Orientation degree 4.14 3.81 1.77 1.55 1.69 1.36 

Standard deviation 0.11 0.09 0.06 0.04 0.06 0.04 

 

2) Adsorption. Due to big specific surface area and great surface energy, the nano fillers can serve 

as adsorption center of hydration product, water and ion. The adsorption of hydration product can 

accelerate the hydration, increase the production and compactness of C-S-H gel. This can also 

decrease the aggregation and directional alignment of CH crystals, improving the strength and 

toughness of matrix. The water adsorption of numerous nano fillers with extensive distribution 

lowers the local ratio of water to binder in the cementitious composites inside the micro-zone 

surrounding each filler, and uniformly reduces ratio of water to binder inside total cementitious 

composites during early hydration. The water adsorbed by nano fillers will release from fillers 

during later hydration of cementitious composites. This is beneficial for the curing of cementitious 

composites (i.e. internal curing or self-curing), thus reducing the autogenous shrinkage. The 

adsorption of ion may accelerate nucleating, increase C-S-H gel aggregation, and compact the 

structure of matrix.  
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3) Reducing primary crack. The nano fillers inhibit the growth of nanoscale flaws and fractures and 

provide a cement matrix essentially “crack free” due to the above motioned reasons. Meanwhile, the 

formation of nano-core decreases the primary cracks in the nanostructure. This is because some 

nano fillers with high thermal conduction (as shown in Table 8) can transfer hydration heat easily, 

thus decreasing the temperature stress and reducing the amount of heat cracking.  

Table 8 - Comparison of thermal conductivity of cementitious composites without and with 

MLG at curing age of 28 d 

Composites Without MLG With 1% of MLG 

Thermal conductivity (W/(m·K)) 1.10 1.22 

Standard deviation 0.01 0.02 

 

4) Functional effect. Thanks to unique electrical, thermal, electromagnetic, sensing, and 

photocatalytic behaviors of nano fillers, functional, multifunctional or smart characteristics of 

cementitious composites can be enhanced or produced by adding nano fillers [4, 16, 17].  

3.1.2.2 Nucleating effect 

Due to great surface energy of nano fillers, the hydration production will deposit on the fillers that 

distribute in cementitious materials. The nano fillers just like ‘nucleus’ which are surrounded by the 

hydration production. According to chemical activity, nano fillers which can react with components 

from the pore solution of cement called active nano fillers and the others called inert nano fillers. 

Nucleating effect is different for the two kinds of nano fillers. Inert nano fillers may act as a 

nucleation site by themselves. However, active nano fillers may first react with components of 

cement then the products act as nucleation site [31, 32]. The models to describe the filler effect on 

cement hydration distinguish between two kinds of nano fillers are shown in Fig. 6. Fig. 6 a), b) and 

c) show the hydration of pure cement, the cementitious composites with inert nano fillers, and the 

cementitious composites with active nano fillers, respectively. Due to nucleation sites offered by 

nano fillers, the time consuming nucleation reactions can be saved and dormant period of cement 

hydration can be shortened [33, 34]. Therefore, the hydration process can be accelerated. It also can 
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be seen from Fig.6 that nano fillers act as nucleation sites in pore solution. Hydration products can 

form not only around the cement particles but also around nano fillers in pore solution. That leads to 

more uniformly distribution of hydration products and a denser matrix. What’s more, nano fillers 

also have effect on the structure and morphology of C-S-H. The fraction of high stiffness C-S-H gel 

in the pastes increased, which is determined by nano indentation techniques as NS was added to 

cementitious materials [35]. 

 

  
Fig. 6 - Hydration of pure cement a), with inert nano fillers b) and with active nano 

fillers c) 
 

3.1.2.3  Filling or bonding effect 

Hardened cementitious composites contain numerous and multiscale pores in nature. The nano 

fillers with small size can fill these pores, thus optimizing pore structures, lowering the porosity and 

improving the compactness [35]. For example, the CNT/CNF-core fines pore size distribution and 

decreases the porosity (or nanoporosity) of composites by filling the gaps (or pores) between the 

hydration products such as C-S-H gel and AFt [18, 36, 37]. 

1 

2 

3 

a) b) c) 

Cement particle Inert nano filler 

Hydration product 

Active nano filler 
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In addition, there exists bonding effect in the cementitious composites with nano fillers. The 

bonding between nano fillers and cementitious matrix can be physical or/and chemical, which 

generates such enhancing effect as crack bridging, crack deflection and pinning (as shown in Fig. 7). 

A large amount of nano fillers are anchored inside the hydration products and across flaws and 

cracks. When the cracks in the matrix encountered well-distributed nano-core, the pinning effect 

and the efficient crack bridging can inhibit the crack growth at the very preliminary stage of crack 

propagation within the composites [38, 39]. The nano fillers also divert crack energy into a matrix 

to inhibit cracks propagation and make cracks deflection. The bridge coupling effect of nano fillers 

guarantees the load-transfer across voids and cracks [15]. This enhancement effects result from the 

energy release caused by these reinforcing behaviors. It should be noted that the bonding effect can 

be enhanced through the surface modification of nano fillers. Peyvandi et al. employed hydrophilic 

groups (-COOH) covalence-modified CNF to improve interfacial interactions in composites, in 

which the -COOH groups form strong coordinate bonds with the Ca
2+

 ions in cement hydrates, thus 

enhancing the mechanical properties of composites [40].  

  
a) with 0.15% of CNF b) with 2% of MLG 

Fig. 7 - SEM images of cementitious composites with nano fillers  

 

3.2 Factors affecting nano-core effect 

The nano-core effect is mainly governed by the intrinsic properties of nano fillers, and also is 

CNF 

MLG 
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affected by composition of the cementitious composites and dispersion of nano fillers. These factors 

control the nano-core nature, number and distribution in the composites.  

3.2.1 The intrinsic properties of nano filler play an important role in nano-core effect  

Up to date, nano fillers with different nature (including nano nonmetallic oxides, nano metallic 

oxides, nano carbon materials and other nano materials) have been incorporated into cementitious 

composites. Because NS has high pozzolanic activity, the resulting nano-core can participate in 

hydration reaction [26, 41]. Due to excellent hardness, stiffness and toughness of Nano-Al2O3, 

nano-TiO2 and nano-ZrO2, the resulting nano-core is strong and tough. The nano carbon materials 

including CNTs, CNFs, and MLG all have excellent electrical, thermal and electromagnetic 

properties. As a result, the resulting nano-core can form not only load-transfer chain but also 

electrical conductive pathway, providing multifunctional/smart ability to cementitious composites 

[18, 42-45]. Additionally, the thermal conductivity of cementitious composites decreases and the 

resistance thermal distortion increases because of the presence of carbon nano-core [46, 47]. 

Meanwhile, the carbon nano-core makes the cementitious composites have electromagnetic 

interference shielding or adsorbing properties [48]. The nano-core constituted of nano carbon 

materials containing oxygen and nitrogen groups in chemical structure can enhance the bond 

between fillers and matrix, and presents high adsorption capability to water or ion. 

Commonly, 0D nano particles are easier to disperse into the composite, compared with 1D nano 

fibers and 2D nano plates, leading to that the amount of nano-core constituted of nano particles is 

more than that constituted of 1D nano fibers and 2D nano plates in cementitious matrix at the same 

filler content. However, the spatial size effect of nano-core constituted of 1D nano fibers and 2D 

nano plates is superior to that of nano-core constituted of 0D nano particles because 1D or 2D filler 

processes the long range advantage in specific direction against 0D nano particles.  

In addition, for the same fillers at the same content level, the nano filler in hollow and signal/few 
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wall/layer form can generate larger nano-core number than that in solid and multi wall/layer form. 

3.2.2 The nano-core effect is closely related to the raw materials and the mix proportion of 

cementitious composites  

The higher nano filler content will lead the larger the number of nano core if the nano filler 

dispersion issue is not considered. The water-binder ratio is another most sensitive factor that 

influences the nano-core effect among mix proportion. This is because that commonly nano filler 

needs to be first dispersed in water for being conveniently and effectively incorporated into 

cementitious matrix. The water-binder ratio determines amount of water and nano filler 

concentration in aqueous solution, thus affecting the number and distribution of nano-cores. In 

addition, the type and amount of cement, aggregate and admixture, especially for cement, mineral 

and chemical admixture, can also change the number and distribution of nano-core.   

3.2.3 The nano-core effect obviously depends on the dispersion of nano fillers  

Because the strong Van der Waals forces cause the agglomeration of the nano fillers, the dispersion 

of nano fillers in cementitious matrix dominates the number and distribution of nano-cores. The 

poor dispersion of the nano fillers will limit the nano-core effect. Therefore, the specific processing 

technology is needed to achieve effective dispersion of nano fillers in cementitious matrix. 

In fact, the above-mentioned factors may work together for contribution to nano-core effect, but 

only one or several of them are leading for certain type of nano fillers. 

3.3 Nano-core effect zone 

As shown in Fig. 8, because the nano-core is tiny, it only has impact on the cementitious matrix 

arrounding nano-core in short range that forms a shell. This shell is a transition zone, which is 

different from cementitious matrix in long range. Therefore, a nano-core-shell element represents a 

nano-core effect zone. The characteristics of each nano-core-shell element, which include properties 

(e.g. mechanical property, durability, electrical property, thermal property and electromagnetic 
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property) and structures (e.g. core size, shell size, ratio of core to shell, and spatial distribution 

gradient), are governed by the nano-core effect. However, the relationship between nano-core-shell 

elements depends on the number and distribution of each nano-core-shell element. It can be seen 

from Fig. 8 that d (i.e. the separation between nano-core-shell elements) should be less than or 

equal to zero in order to implement nano-core effect inside the whole composites. This can be 

proved from that the modifying effect of nano fillers to cementitious composites is enhanced with 

nano filler content increase if the nano filler dispersion issue is not considered. 

Fig. 8 - Diagram of relationship between nano-core-shell elements for 0D nano 

particles, 1D nano fibers and 2D nano plates 

 

Therefore, as shown in Fig. 9, the micro behaviors of cementitious composites with nano fillers can 

be described, predicted and designed through understanding and controlling the behaviors of 

nano-core-shell element in combination with the molecule dynamics simulation or 

multiscale/multiphysics modeling [21, 49-52].  

4 Conclusions 

Small can bring big change. Nanotechnology can make cementitious composites stronger, more 

Separation between core-shell elements d 

Core 

Core 

Core Core 

Core Core 
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durable and bring new multifunctional/smart properties. In this paper, the underlying mechanism of 

nano-engineered cementitious composites, i.e. nano-core effect was proposed and proved by 

experimental evidences. The nano-core effect can be attributed to the superposition of nano effect 

and core effect. Nano-effect mainly results from the small size and high surface area of nano fillers. 

Core effect originates in intrinsic effect, nucleating effect, and filling or bonding effect of nano 

fillers. The nano-core effect is closely relative to the intrinsic properties of nano fillers and 

composition and processing of the cementitious composites. The behaviors of the nano-engineered 

cementitious composites are controlled by nano-core effect zone, i.e. nano-core-shell element.   

The nano-core effect is fundamental for comprehensively understanding the genomic code of the 

nano-engineered cementitious composites in nature, featuring the blueprint to describe, predict, and 

control properties of the nano-engineered cementitious composites from nano-scale to 

micor-meso-macro-scale, and providing guide for design and fabrication of the nano-engineered 

cementitious composites. 
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Fig. 9 - Nano-core effect engineered cementitious composites  
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