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Abstract: A type of electrostatic self-assembly CNT/NCB composite fillers with high 

CNT aspect ratio and large NCB size was incorporated into cement-based materials to 

develop smart cement-based composites. The mechanical, electrical and piezoresistive 

properties of the cement-based materials with CNT/NCB composite fillers are 

investigated. Percolation equation is used to describe electrically conductive property. 

Electrochemical impedance spectroscopy and equivalent circuits are used to explore 

the conductive and mechanical mechanism. The research results show that cement-

based materials with CNT/NCB composite fillers at low content present acceptable 

mechanical property, high conductive property and stable and sensitive piezoresistive 

property. The fractional change of electrical resistivity, stress and strain sensitivity of 

cement-based materials with 1.41 vol. % CNT/NCB composite fillers can reach 13.4 %, 

3.12 %/MPa and 521, respectively. It is concluded that high CNT aspect ratio and large 

NCB size in CNT/NCB composite fillers are beneficial for improving the properties of 

smart cement-based composites. 

Key words: A. Multifunctional composites; A. Smart materials; B. Electrical properties; 

E. Assembly

1 Introduction 

With the continuous development of social economy, a variety of large and complex 

civil infrastructures have emerged as long-term accommodation platform and space for 
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residents. However, due to the aggressive service environments such as fatigue load, 

earthquake, wind, corrosive liquids and gases, the security of civil infrastructures is 

under threat. Thus, the monitoring of real-time condition and performance, i.e. 

structural health monitoring (SHM), is very important. SHM is normally performed by 

measuring the critical responses of a structure’s critical zone with various sensors. 

Based on the collected data, the health of the structure can be tracked and evaluated to 

make decisions on structure maintenance. With prompt maintaining work, the safety 

and reliability of civil infrastructures can be enhanced to ensure their serviceability and 

sustainability [1]. Without doubt, sensor technology plays an important role in SHM. 

There are some traditional strain sensors widely used in SHM, such as electrical 

resistance strain gauges, optical fiber [2-4], shape memory alloy [5, 6], and piezo-

electric (PZT) ceramics [7-9]. Apart from traditional strain gauges, Chung firstly 

developed a new type of strain senor by adding carbon fiber into cement-based 

materials, which has high sensitivity, good property and natural compatibility [10]. This 

type of cement-based strain senor is also named intrinsic self-sensing concrete (ISSC), 

which is fabricated by incorporating functional fillers into conventional cement-based 

materials to increase its ability to sense the strain, cracks or damage inside while 

maintaining or even improving its mechanical properties and durability [11-14]. 

Chung’s team also made a series of systematic research about cement-based sensors 

with carbon fiber which have been used for traffic monitoring, weighing in motion [15, 

16]. Mao et al. studied the resistance of carbon fiber reinforced cement-based materials 

under different pressures [17]. Sun et al. fabricated carbon fiber reinforced cement-

based materials to monitor thermal property [18]. Reza et al. explored the change of 

electrical resistance in compact tension of carbon fiber reinforced cement-based 

materials [19]. Han et al. explored the piezoresistivity of cement-based materials with 
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carbon fiber and nano carbon black (NCB) under single compressive loading and 

repeated compressive loads at different loading amplitudes, and found that it is 

reversible and stable within the elastic regime [20]. After that, Han et al. studied the 

self-sensing cement-based materials with NCB [21], cement-based materials with 

nickel powder [ 22], cement-based materials with CNT [23]. Long et al. fabricated 

cement-based materials with NCB and explored their piezoresistive property [24]. Li et 

al. introduced NCB into cement-based materials and found it owns self-sensing 

capability [25]. Yu et al. investigated piezoresistive property of carbon nanotube (CNT) 

reinforced cement-based materials and found that the electrical resistance of the 

composite changed synchronously with the compressive stress levels [26]. Materazzi 

et al. explored the applicability of CNT cement-based sensors for measuring 

dynamically varying strain in cement-based structures [27]. Ubertini et al. proved the 

feasibility of using CNT cement-based sensor to vibration monitoring of reinforced 

cement-based structures [28]. You et al. [29] and Samsal et al. [30] also fabricated 

cement-based sensors with CNT. García-Macías et al. built a micromechanics modeling 

of the uniaxial strain-sensing property of cement-based materials with CNT, which is 

helpful for SHM applications [31]. 

It can be found that the functional fillers, such as carbon fiber (CF) [18, 19, 32-36], 

steel fiber [37], nano graphite platelets [38], spiky spherical nickel powders [22], CNF 

[39, 40], CNT [29, 41], nano carbon black (NCB) [42, 43], in ISSC shift from 

microscale to nanoscale. ISSC with nanoscale fillers has many advantages over it with 

microscale fillers, such as high sensitivity and low content. In addition, the type of 

functional fillers used in ISSC changing from single to hybrid is another development 

direction. This can take advantage of different types of fillers thus achieving positive 

summing effect [44]. Therefore, CNT/NCB composite fillers are promising fillers for 
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fabricating self-sensing cement-based materials. The cement-based materials with high 

strain sensibility have been successfully developed by using CNT/NCB composite 

fillers in reference [44]. Characteristics of assembly unit of CNT/NCB composite fillers, 

such as CNT diameter, CNT length and NCB size would strongly affect their 

electrically conductive property and dispersity. CNT in assembly unit with high aspect 

ratio can easily form conductive network in cement-based materials. As for NCB in 

assembly unit with big diameter can not only participate in short-range conductive, but 

also improve dispersion of CNT. However, to the best of our knowledge, the effect of 

characteristics of assembly unit of CNT/NCB composite fillers on the properties of 

cement-based materials has not been investigated.  

Therefore, self-assembly CNT/NCB composite fillers with high CNT aspect ratio 

and large NCB size are incorporated into cement-based materials in this paper. The 

flexural and compressive strength, direct current (DC) and alternating current (AC) 

electrical resistivity, piezoresistive properties in elastic regime and under ultimate load 

of cement-based materials with CNT/NCB composite fillers have been studied. In 

addition, percolation equation is used to describe DC and AC electrically conductive 

property. Electrochemical impedance spectroscopy and equivalent circuits are used to 

explore the conductive and mechanical mechanism. 

2 Experimental methods 

2.1. Raw materials and specimen preparation 

2.1.1 Raw materials 

The cement-based materials in this paper are fabricated by cement, silica fume, water, 

sand, polycarboxylate superplasticizer and CNT/ NCB composite fillers. 42.5R 

ordinary Portland cement (Dalian Onoda Cement Co. Ltd., China) and silica fume 

(920D type, Shanghai Tian Kai Silicon Fume Co. Ltd., China) are used as binder 
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materials. Standard sand is provided by Xiamen Ai Si Ou Standard Sand Co. Ltd., 

China. Polycarboxylate superplasticizer (3310E, Dalian Sika) has a solid content of 

45%. CNT/NCB composite fillers (Chengdu institute of organic chemistry Co., Ltd.) 

are shown in Fig. 1. Their properties are listed in Table 1, which are different from the 

CNT/NCB composite fillers in reference [44]. It should be noted that the CNT/NCB 

composite fillers used in this paper include CNT with small diameter and large length. 

 
Fig.1 SEM photograph of CNT/NCB composite fillers 

 

Table 1 Main properties of CNT/NCB composite fillers 

Ingredient Composition 
(CNT:NCB) 

Resistivity 
(Ω.cm) 

Specific 
surface 

area 
(m2/g) 

Out 
diameter of 
CNT(nm) 

Specific 
surface 
area of 

NCB(m2/g) 
CNT/NCB 40:60 ＜0.01 540~560 10-30 934 
 

2.2.2 Specimen preparation 

The mixing proportions of cement-based materials with CNT/NCB composite fillers 

are shown in Table 2.  

The specimen fabrication process is described as follows. Firstly, silica fume and 

CNT/NCB composite fillers were put into the stirring pot and dry mixed by mortar 

stirrer at a low speed (140±5r/min) for 30s. Secondly, water and the polycarboxylate 

superplasticizer were added into the pot and stirred for a 30s low-speed stir again. 

CNT 

NCB 
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Thirdly, half of the pre-weighed cement was poured in the pot and stirred at a slow 

speed for 60s and at a high speed (285±10 r/min) for 30s. Fourthly, the other half cement 

was put in and followed by a slow 60s stir and then a quick 30s stir. Standard sand was 

added for a slow 60s stir and then a quick 30s stir. At last, a slow 60s stir and then a 

quick 30s stir were required. 

The well-stirred fresh mixtures were put into the corresponding oiled molds. The 

sizes of molds were 40mm×40mm×160mm for flexural strength test, 

40mm×40mm×80mm without electrodes for compressive strength test, and 

40mm×40mm×80mm with electrodes for piezoresistive test (as show in Fig. 2). Three 

specimens were prepared for each test. All specimens were demolded after 24 hours in 

standard curing box (90% RH, 20±1°C). Then they were cured in water with a 

temperature of 20±1°C for 27d to complete 28d of curing. 

Table 2 Mixing proportions of all specimens 

Serial 
number Binder Fillers (vol. %) Water to 

binder ratio 
Water reducer 

(wt. %) 
Sand to 

binder ratio 
S0 1 0.00 0.42 0.0 1.5 
S1 1 0.39 0.42 0.0 1.5 
S2 1 0.77 0.42 1.4 1.5 
S3 1 1.41 0.48 3.7 1.5 
S4 1 2.14 0.72 5.4 1.5 

Note: (1) Binder is composed of cement and silica fume. Here makes the mass of binder a unity 1 
and mass of silica fume accounts for 10% of binder; (2) Volume percent of CNT/NCB composite 
fillers is relative to the whole material; (3) The mass percentage of water reducer is based on that 
of binder. 
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(a) Flexural strength test 

  
(b) Compressive strength test (c) Piezoresistive test 

Fig. 2 Sketch of the specimens for (a) flexural strength test, (b) compressive 
strength test and (c) piezoresistive test 

 

2.2. Measurement 

2.2.1 Mechanical measurement 

The flexural strength of hardened specimens after 28d curing was measured by a 

mortar folding meter DKZ-5000 (Wuxi Jian Yi Instrument Mechanical Co. Ltd., China). 

The flexural loading speed is 50±10N/s. The compressive strength of hardened 

specimens after 28d curing was measured by a universal electronic testing machine 

WDW-200E (Jinan Time Assay Machine Co. Ltd., China). The compressive loading 

speed is 0.4mm/min.  

2.2.2 Electrical measurement 

At the curing age of 3d, 7d, 14d, 21d, and 28d, specimens were taken from the water 

and wiped off water then tested electrical resistivity. DC electrical resistivity was 

measured by two-electrode method, using a Keithley 2100 digital multimeter (Keithley 

Instruments Inc., USA). The AC electrical resistivity without loading is measured by 

two-electrode method using an Agilent U1733C Digital Multimeter (Agilent 

Technologies Inc.). The AC impedance spectroscopy is tested by AC two-electrode 
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method using an electrochemical workstation (Shanghai Chen Hua Instrument Co., 

LTD) at 28d curing age.   

2.2.3 Piezoresistive measurement 

Piezoresistive properties were tested in the elastic regime and during compressive 

loading to destruction by displacement control and only exerted on the 

40mm×40mm×80mm specimens after 28d curing. In elastic phase, the effect of content 

of fillers, load amplitude and load rate on piezoresistive property were studied. 

Maximum value of compressive load is 4 MPa and the loading rate is 0.4mm/min for 

studying the effect of filler content. The load amplitudes of compressive loads are 2 

MPa and 4 MPa and the loading rate is 0.4 mm/min for studying the effect of load 

amplitude. The load amplitude of compressive load is 4MPa and the loading rate is 0.2 

mm/min, 0.4 mm/min and 0.8 mm/min for studying the effect of load rate. During 

compressive loading to destruction, the load rate is 0.4 mm/min. 

Compressive loads were applied using WDW-200E. The strain was measured via 

two strain gauges stuck to the middle of two opposite sides along the longitudinal 

direction and two strain gauges attached to the middle of the other two sides 

perpendicular to the longitudinal direction, using DC-204R (Tokyo Sokki Kenkyujo Co. 

Ltd.). During this process, the DC resistance measurement was carried out in the 

meantime by using Keithley 2100. The fractional change in electrical resistivity is 

calculated as ∆ρ = 100% × (ρmin − ρ0)/ρ0  (where ρ0 is the resistivity without 

loading, ρmin is the resistivity under compressive loading). The sampling frequencies 

for resistance, strain and compressive loading are all 2 Hz. 

2.2.4 SEM characterization 

SEM NOVA NANOSEM450 (FEI Inc., USA) is used for taking SEM images of the 

fillers and cement-based materials with CNT/NCB composite fillers. 
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3 Results and discussion 

3.1 Mechanical property  

Flexural strength of cement-based materials without and with CNT/NCB composite 

fillers after curing 28d is shown in Fig. 3. When the water to binder is 0.42, the flexural 

strength firstly increases then decreases with increasing filler content. When the content 

of CNT/NCB composite fillers is 0.39 vol. %, the flexural strength is as high as 11.3 

MPa which increased 1.8% than that of plain cement-based materials. The increase of 

flexural strength of S1 is due to crack bridging of CNT and pulling out of CNT (as 

shown in Fig. 4). With 0.77 vol. % fillers, the flexural strength is 9.7 MPa, which 

reduces 12.6% compared with plain cement-based materials. When the content of 

CNT/NCB composites fillers is over 0.77 vol. %, higher water to binder ratios are 

needed to get workability. High water to binder ratio will reduce the flexural strength. 

With increasing content of CNT/NCB composite fillers, cement particles will adsorb 

some fillers. This will affect the hydration of cement, leading to weak strength [45]. 

The flexural strength of cement-based materials with 2.14 vol. % CNT/NCB composite 

fillers is the lowest among all the specimens which can also reach 6.2 MPa.  
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Fig. 3 Flexural strength of cement-based materials with CNT/NCB composite fillers 

after curing 28d 
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Fig. 4 SEM images of cement-based materials with CNT/NCB composite fillers: (a) 

crack bridging of CNT, (b) CNT pull out 
 

Compressive strength of cement-based materials with CNT/NCB composite fillers 

after curing 28d is shown in Fig. 5. With the same water to binder, compressive strength 

decreases slowly with increasing filler content. When setting compressive strength of 

S0 as standard, the improvement percent of S1-S2 after curing 28d is -17.5%, -18.3%, 

respectively. With increasing water to binder ratio, compressive strength decreases. 

However, the compressive strength of S3 also can reach 30.7 MPa. 
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Fig. 5 Compressive strength of cement-based materials with CNT/NCB composite 

fillers after curing 28d 
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3.2 Electrical properties  

3.2.1 DC electrical resistivity 

The DC electrical resistivity of cement-based materials with CNT/NCB composite 

fillers is shown in Fig. 6. As shown in Fig. 6, the DC resistivity decreases slightly when 

the filler content is 0.39 vol. % or more than 1.41 vol. %. In addition, the DC resistivity 

of cement-based materials with 0.39 vol. %-1.41 vol. % fillers decreases sharply. 

Therefore, the percolation threshold zone is located in 0.39 vol. % -1.41 vol. %.  

The conductive network gradually comes into being with increasing content of 

CNT/NCB composite fillers, as shown in Fig. 7. The main conductive components in 

cement-based materials with CNT/NCB composite fillers change from electrons and 

electrolyte ions to electrons with increasing content of fillers. When the content is low, 

the average center distance between fillers is far. The main electric conduction depends 

on the transfer of electrolyte ions and electrons. As CNT/NCB composite filler content 

increases, stable conductive network will be established by the fillers in the matrix. The 

main electric conduction depends on the tunnel effect of CNT/NCB composite fillers. 

Continuously increased, some fillers are lapped each other (as shown in Fig. 7(e)). 

Therefore, the main electric conduction depends on contact conduction.  
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Fig. 6 DC electrical resistivity of cement-based materials with CNT/NCB 
composite fillers after curing 3d, 7d,14d, 21d and 28d 

 

  

  

 
Fig. 7 Conductive network in (a) S0 (0 vol. %)，(b) S1 (0.39 vol. %), (c) S2 (0.77 

vol. %), (d) S3 (1.41 vol. %) and (e) S4 (2.14 vol. %) (Arrow: CNT; Circle: overlap 
CNT) 

 

3.2.2 AC electrical resistivity 

AC electrical resistivity of cement-based materials with CNT/NCB composite fillers 

is shown in Fig. 8. With increasing content of CNT/NCB composite fillers, AC 
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electrical resistivity decreases. Between 0.39 vol. % and 1.41 vol. %, AC electrical 

resistivity decreases sharply. Therefore, the percolation threshold zone ranges from 

0.39 vol. % to 1.41 vol. %, which agrees with the DC electrical resistivity results. Under 

the same curing age, AC electrical resistivity of S0-S4 all decreased with increasing 

frequency (from 100Hz to 100kHz) because a high frequency will weaken the 

polarization effect. In addition, AC electrical resistivity of cement-based materials with 

CNT/NCB composite fillers increases with curing ages. It also can be observed that 

increase rate with aging of AC electrical resistivity of cement-based materials with 

CNT/NCB composite fillers decreases with increasing content of fillers. The 

conductive network becomes rich with increasing fillers. Therefore, AC electrical 

resistivity of cement-based materials with CNT/NCB composite fillers is not sensitive 

to curing age.  
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Fig. 8 AC resistivity of cement-based materials with CNT/NCB composite fillers 
after curing (a)3d, (b) 7d, (c) 14d, (d) 21d and (e) 28d 

 

Comparison among different researches regarding cement-based materials with CNT 

or/and NCB is shown in Table 3. As shown in Table 3, cement-based materials with 

CNT/NCB composite fillers in this paper have a lowest percolation threshold value and 

highest conductivity. On the one hand, CNT/NCB composite fillers can take advantage 

of different types of fillers and get positive summing effect compared with single CNT 

or NCB fillers. On the other hand, CNT/NCB composite fillers in this paper own CNT 

with high aspect ratio. Based on the middle diameter and length data of CNT and NCB 

in Table 4, numbers of assembly unit in 1cm3 of cement-based materials can be 

calculated. It can be seen that the volume of assembly unit in reference [44] is about 

2.6 times of that in this paper. As show in Table 4, a larger number of fillers exist in 

cement-based matrix compared with reference [44] when the filler content is constant. 

As shown in Fig. 9, CNT/NCB composite fillers with CNT owning high aspect ratio 

and NCB with big size are more easily to form conductive network. Therefore, 

specimens in this paper can reach lower percolation threshold value with least content 

fillers. 

Table 3 Comparison among different researches regarding cement-based materials 
with CNT or/and NCB 

Filler type  The lowest percolation 
threshold value 

Resistivity  
(Ω.cm) 

Reduction 
extent (%) Sources 
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(vol. %) 
CNT/NCB 
composite 

fillers 

1.41 303 99.7 This paper 

1.52 783 99.9 Reference [44] 

CNT 1.50 6000 96.5 Reference [12] 
3.00 6512 99.0 Reference [13] 

NCB 1.58 300 99.6 Reference [24] 
11.39 100 - Reference [25] 

 

Table 4 Comparison of two types CNT/NCB composite fillers    

Items 
Assembly unit in this 

Paper 
Assembly unit in 

reference [44] 
CNT NCB CNT NCB 

Inner diameter(nm) 7.5 - 10 - 
Out diameter(nm) 15 - 50 - 

Length (nm) 30000 - 15000 - 
Diameter(nm) - 35 - 23 

Volume of every assembly unit (nm3) 562500 1500000 
Concentration of fillers (vol. %) 1.41 1.41 

Numbers of assembly unit in 
1cm3 of cement-based materials 25066 940 

 

  
(a) Fillers in this paper owing CNT with 

small diameter and large length 
(b) Fillers in Reference [44] owing CNT with 

large diameter and small length 
Fig. 7 Sketch of cement-based matrix with the same volume content of fillers 

 

3.2.3 Percolation theory 

According to percolation theory, the composite conductivity scales with filler volume 

fraction ϕ as 
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σe ∝ (ϕ-ϕc,e)ne 

where ϕc,e is the percolation threshold, and ne is exponent [46]. Conductivity of cement-

based materials with CNT/NCB composite fillers tested by DC method, AC method is 

fitted with this equation, which is shown in Figs. 10-12. The equation fits the DC 

method data well when ϕc,e is 0.39 vol.% and ne is between 1.18 to 1.22, as shown in 

Fig. 10. As for AC method data, the equation can fit the data well when ϕc,e is 0.39 vol.% 

and ne is between 1.28 to 1.39, as shown in Fig. 11. The difference of ne obtained from 

DC and AC method is due to reduced polarization at high frequency. Therefore, ne got 

from DC method is smaller than that obtained from AC method. In addition, it also can 

be seen from Fig. 12 that ne reduces with increasing frequency.  
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Fig. 10 DC electrical conductivity cement-based materials mortar with CNT/NCB 

composite fillers as a function of reduced CNT/NCB composite fillers volume 
fraction, ϕ- ϕc,e 
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Fig. 11 AC electrical conductivity cement-based materials with CNT/NCB 

composite fillers as a function of reduced CNT/NCB composite fillers volume 
fraction, ϕ- ϕc,e 
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Fig. 12 AC electrical conductivity cement-based materials with CNT/NCB 

composite fillers as a function of reduced CNT/NCB composite fillers volume 
fraction, ϕ- ϕc,e after 28d water curing at different frequency 

 

3.2.4 Electrochemical impedance spectroscopy 

The EIS and equivalent circuits are used to analyze the mechanisms of conductive 

and mechanical properties of cement-based materials with CNT/NCB composite fillers 

[47]. The conductive mechanism is shown in Fig. 13. For plain cement-based materials, 

in the whole specimen electrochemical impedance spectroscopy (EIS) includes three 

parts, i.e., the pore solution, the matrix and the electrodes, as shown in Fig. 13(a). Rs is 
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the resistance of pore solution. Q1 and R1 in parallel represents cement matrix. In 

addition, Q2 and R2 in parallel represent EIS caused by electrodes and wires. Therefore, 

the equivalent circuit, i.e. Rs(Q1R1)(Q2R2), can be used to describe the EIS of plain 

cement-based materials. For the cement-based materials with fillers, there are the pore 

solution, the cement matrix, the conductive fillers and cement matrix, and the electrodes, 

as shown in Fig. 13(b). Q3 and R3 in parallel represent the conductive fillers and cement 

matrix. Then, the equivalent circuit is Rs(Q1R1) (Q2R2)(Q3R3).The EIS measured 

results and calculated results using Zsimpwin according equivalents of S0-S4 can be 

drawn in Nyquist plot and shown in Fig. 14. In Fig. 14, Zr and Zi are the real and 

imaginary components, respectively, and the frequency decreases from left to right. The 

Chi-squared is less than or equal to 4.05× .0-4. This suggested that the selected 

equivalent circuits are reasonable for describing the conductive nets and structures in 

S0-S4. 

Topological structures of EIS of S0-S4firstly change and then keep similar, which 

indicates that the structures and numbers of conductive paths change with increasing 

filler content. The linear part of EIS of S1 (with 0.39 vol.% fillers), controlled by charge 

diffusion, disappears. This means that the CNT/NCB composite fillers have played an 

important role in the conductive paths. The topological structures of EIS of S2-S4 are 

similar. It illustrated that the percolation network has formed when the filler content is 

0.77 vol. %. This is in accordance with the test results of electrical resistivity.  

In addition, the electrical resistance of pore solution (Rs) in cement-based can be 

calculated using Zsimpwin and is shown in Table 5. With increasing filler content, the 

values of Rs decrease, i.e., the porosity of the cement-based materials increases, which 

are in accordance with the test results of compressive strength. 
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(a) Plain cement-based materials 

 

 

(b) Cement-based materials with CNT/NCB composite fillers 
Fig. 13 The equivalent circuits of cement-based materials with different contents of 

CNT/NCB composite fillers: (a) plain cement-based materials; (b) cement-based 
materials with CNT/NCB composite fillers  
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(e) S4 (2.14 vol.%) 

Fig. 14 EIS curves of cement-based materials with different content of CNT/NCB 
composite fillers: (a) S0, (b) S1, (c) S2, (d) S3, (e) S4 

 

Table 5 Elements parameters of the equivalent circuit models in Fig. 12 
Specimen  S0 S1 S2 S3 S4 

Rs (Ω) 3660 3526 323 96 48 
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3.3 Piezoresistive property 

3.3.1 Piezoresistive property in elastic regime 

(1) Effect of filler content on piezoresistive property 

Compressive stress/strain and fractional change in electrical resistivity of S0-S4 

under cyclic compressive loading with stress amplitude of 4 MPa are shown in Fig. 15, 

which is tested after 28d water curing. The overall trend of S0-S4 is all the same. The 

fractional change in electrical resistivity decreases as the compressive stress/strain 

increases, and it increases as stress/strain decreases. That means all specimens have 

piezoresistive property. The fractional change in electrical resistivity of S0-S1 firstly 

increases then decreases with increasing content of CNT/NCB composites fillers (as 

shown in Fig. 15 (m)). From Fig. 15, S3 has the maximum fractional change in electrical 

resistivity among all specimens and S4 followed. Maximum fractional change in 

electrical resistivity of S0 is 1.1%. It has a slight increase trend due to the polarization, 

while the phenomenon is not obvious. Maximum fractional change in electrical 

resistivity of S1-S4 is with absolute value of 1.8%, 1.4%, 13.4% and 12.9% 

corresponding to 178με, 182με, 257με, and 333με of strain, respectively. Therefore, 

lower content of fillers has little contribute to piezoresistivite property. When the filler 

content is up to 1.41 vol. %, it will play a significant role in piezoresistive property.  
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(c) Stress and fractional change in  
resistivity of S1 

(d) Strain and fractional change in 
 resistivity of S1 

0 50 100 150 200 250 300-6
-4

-2
0

2
4

6

Time(s)

Co
m

pr
es

siv
e s

tre
ss

(M
Pa

)

-1.8
-1.2

-0.6
0.0

0.6
1.2

1.8

 F
ra

ct
io

na
l c

ha
ng

e
in

 el
ec

tri
ca

l r
es

ist
an

ce
(%

)0.77 vol.%

 
0 50 100 150 200 250 300-300

-200

-100

0

100

200

300

Time(s)

C
om

pr
es

si
ve

 st
ra

in
(μ

e)

-1.6
-1.2
-0.8
-0.4
0.0
0.4
0.8
1.2
1.6

 F
ra

ct
io

na
l c

ha
ng

e 
in

 e
le

ct
ric

al
 re

si
st

iv
ity

(%
)0.77 vol.%

 
(e) Stress and fractional change in 

 resistivity of S2 
(f) Strain and fractional change in 

 resistivity of S2 
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(g) Stress and fractional change in 

resistivity of S3 
(h) Strain and fractional change in 

 resistivity of S3 
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resistivity of S4 
(j) Strain and fractional change in 

resistivity of S4 
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(k) Maximum fraction change in electrical resistivity of S0-S4 
Fig. 15 Compressive stress/strain and fractional change in electrical resistivity of S0-
S4 under cyclic compressive loading with stress amplitude of 4 MPa after curing in 

water 28d 
 

Stress and strain sensitivity of S0-S4 under cyclic compressive loading with stress 

amplitude of 4 MPa after curing in water 28d is shown in Fig. 16. Stress and strain 

sensitivities both increase and then slightly decrease with increasing content of 

CNT/NCB composite fillers. The best performance specimen is S3, whose stress and 

strain sensitivity can reach 3.21%/MPa and 521, respectively.  
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Fig. 16 Stress and strain sensitivity of S0-S4 under cyclic compressive loading with 
stress amplitude of 4 MPa after 28d water curing  

 

Comparison about sensitivity of different piezoresistive cement-based materials with 

CNT or/and NCB is shown in Table 6. It can be seen that cement-based materials with 

CNT/NCB composite fillers have the highest stress and strain sensitivity compared with 

cement-based materials with single CNT or NCB. This is because there are more 
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distance changes including distance changes between CNT and CNT, NCB and NCB, 

CNT and NCB. More distance changes mean more conductive network changes in 

piezoresistive tests then the specimens show high sensitivity. Compared with 

CNT/NCB fillers owning CNT with large dimeter and small length, cement-based 

materials with CNT/NCB in this paper have higher stress sensitivity at lower content 

fillers.  

Table 6 Comparison about sensitivity of different piezoresistive cement-based 
materials with CNT or/and NCB 

Filler types Filler 
concentration 

Stress sensitivity 
/%MPa-1 

Strain 
sensitivity Sources 

CNT/NCB 
composite 

fillers 

1.41 vol. % 3.12 521 This paper 

2.40 vol. % 2.69 704 Reference [44] 

CNT 
0.50 vol. % 0.4 54 Reference [18] 
0.10 vol. % 1.35 - Reference [26] 
2.00 wt.% - 220 Reference [27] 

NCB - 1.2 200 Reference [20] 
8.79 vol. % 0.6 60 Reference [25] 

 
 

(2) Effect of load amplitude on piezoresistive property 

The piezoresistive property of cement-based materials with CNT/NCB composite 

fillers under different load amplitude is shown in Fig. 17. It can be seen from Fig. 17 

that all specimens synchronously change with compressive stress/strain levels under 

different load amplitude. In addition, maximum fractional change in electrical 

resistivity of all specimens increases with increasing load amplitude. When load 

amplitude is 2MPa, maximum fractional change in electrical resistivity of S0-S4 is 

0.74%, 1.01%, 0.55%, 7.19% and 7.84%, respectively. When load amplitude is 4MPa, 

maximum fractional change in electrical resistivity of S0-S4 is 1.09%, 1.87%, 1.51%, 

12.67% and 11.89%, respectively. Higher load amplitude will lead to increasing more 

conductive networks. Therefore, maximum fractional change in electrical resistivity 

increases with increasing load amplitude. 
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(c) Stress and fractional change in  

resistivity of S1 
(d) Strain and fractional change in 

 resistivity of S1 
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(e) Stress and fractional change in  

resistivity of S2 
(f) Strain and fractional change in 

 resistivity of S2 

0 50 100 150 200-6

-4

-2

0

2

4

6
4MPa

  F
ra

cti
on

al 
ch

an
ge

 in
 

ele
ctr

ica
l r

es
ist

iv
ity

(%
)

Co
m

pr
es

siv
e s

tre
ss

(M
Pa

)

 

Time (s)

2MPa

1.41 vol.%

-15
-12
-9
-6
-3
0
3
6
9
12
15

 

 
0 50 100 150 200-400

-300
-200
-100

0
100
200
300
400

  F
ra

cti
on

al 
ch

an
ge

 in
 

ele
ctr

ica
l r

es
ist

iv
ity

(%
)

Co
m

pr
es

siv
e s

tra
in

(μ
e)

 

 

Time (s)
-15
-12
-9
-6
-3
0
3
6
9
12
15

1.41 vol.% 4MPa

2MPa

 

 
(g) Stress and fractional change in  

resistivity of S3 
(h) Strain and fractional change in 

 resistivity of S3 
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(i) Stress and fractional change in  

resistivity of S4 
(j) Strain and fractional change in 

 resistivity of S4 
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(k) Maximum fraction change in electrical resistivity of S0-S4 

Fig. 17 Compressive stress/strain and fractional change in electrical resistivity of 
S0-S4 under cyclic compressive loading with stress amplitude of 2 MPa and 4 MPa 

after 28d water curing  
 

Stress and strain sensitivity of S0-S1 under repeated compressive loading with stress 

amplitude of 2 MPa and 4 MPa after 28d water curing are shown in Fig. 18. When the 

content of CNT/NCB composite fillers is lower than 1.41 vol. %, the stress and strain 

sensitivity of the specimens are close under different loading amplitude. The stress 

sensitivity of cement mortar with 1.41 vol. % CNT/NCB composite fillers under 

amplitude of 2 and 4MPa is 3.43%/MPa and 3.06%/MPa, respectively. The strain 

sensitivity of cement mortar with 1.41 vol. % CNT/NCB composite fillers under 

amplitude of 2 and 4MPa is 554 and 493, respectively. As for cement mortar with 2.14 

vol. % CNT/NCB composite fillers, the strain sensitivity under amplitude of 2 MPa and 

4 MPa is 3.74%/MPa and 2.88%/MPa, respectively. The strain sensitivity of cement 
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mortar with 2.14 vol. % CNT/NCB composite fillers under amplitude of 2 MPa and 4 

MPa is 462 and 356, respectively. 
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(a) Stress sensitivity (b) Strain sensitivity 

Fig. 18 Stress and strain sensitivity of S0-S4 under cyclic compressive loading with 
stress amplitude of 2 MPa and 4 MPa after 28d water curing  

 

(3) Effect of load rate on piezoresistive property 

Compressive stress/strain and fractional change in electrical resistivity of S0-S4 

under cyclic loading at loading rate of 0.2, 0.4 and 0.8 mm/min is shown in Fig. 19. At 

different loading rate, S0-S4 have synchronously change with compressive stress/strain 

levels under cyclic loading. Fractional change in electrical resistivity of S0 has an 

increase trend due to the polarization. In addition, the fraction change in electrical 

resistivity of specimens decreases with increasing load rate.  
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(a) Stress and fractional change in  

resistivity of S0 
(b) Strain and fractional change in 

 resistivity of S0 
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(c) Stress and fractional change in  

resistivity of S1 
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resistivity of S3 
(h) Strain and fractional change in 

 resistivity of S3 
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Fig. 19 Compressive stress/strain and fractional change in electrical resistivity of 
S0-S4 at loading rate of 0.2, 0.4 and 0.8 mm/min 

 

Stress and strain sensitivity of S0-S4 at loading rate of 0.2, 0.4 and 0.8 mm/min is 

shown in Fig. 20. As shown in Fig. 20, stress and strain sensitivity of all specimens 

decreases with increasing loading rate. It indicates that piezoresistivity of cement-based 

materials with CNT/NCB composite fillers has a relationship with loading rate [37]. 

The numbers of pull-in and push-out fillers may decrease due to the increasing loading 

rate, which is analogous to a smaller amount of cracks formed at the same stress 

amplitude as the loading rate is higher. This may lead to sensitivity of specimens 

decreases with increasing loading rate. 
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(a) Stress sensitivity (b) Strain sensitivity 

Fig. 20 Stress and strain sensitivity of S0-S4 at loading rate of 0.2, 0.4 and 0.8 
mm/min 
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3.3.2 Piezoresistive property under ultimate load  

Piezoresitive property of S0-S4 under ultimate load is shown in Fig. 21. As shown 

in Fig. 21, fractional change in electrical resistivity of all specimens increases with 

increasing compressive stress or strain. Maximum fractional change in electrical 

resistivity, stress and strain sensitivity of S0-S4 firstly increases and then decreases with 

increasing content of CNT/NCB composite fillers. When the content of CNT/NCB 

composite fillers is 0.77 vol. %, the fractional change in electrical resistivity is 44.6%. 

The maximum stress and strain sensitivity is 1.29 MPa/% and 208, respectively, when 

the content of CNT/NCB composite fillers is 1.41 vol. %. The test results indicated that 

the cement-based materials with CNT/NCB composite fillers can be used to monitor 

the structural in its whole life. 
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(g) Stress and fractional change in 

resistivity of S3 
(h) Strain and fractional change in 

 resistivity of S3 
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resistivity of S4 
(j) Strain and fractional change in 

resistivity of S4 
Fig. 21 Compressive stress/strain and fractional change in electrical resistivity of 

S0-S4 under ultimate load 
 

4 Conclusions 

Electrostatic self-assembled CNT/NCB composite fillers containing CNT with high 

aspect ratio and NCB with large size were used to fabricate smart cement-based 

materials. The flexural and compressive strengths, electrical and piezoresistive property 

of cement-based materials with CNT/NCB composite fillers were investigated. 

Conclusions obtained are listed as follows: 
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(1) Cement-based materials with CNT/NCB composite fillers containing CNT with 

high aspect ratio and NCB with large size have acceptable mechanical property, low 

percolation threshold value and high stress sensitivity. Addition of high content of 

CNT/NCB composite fillers and high water to binder ratios harm the flexural and 

compressive strength. However, the flexural and compressive strength of cement-based 

materials with 1.41 vol. % CNT/NCB composite fillers can also reach 7.7 MPa and 

30.7 MPa, respectively. 

(2) DC electrical resistivity and AC electrical resistivity of cement-based materials 

both decrease with increasing content of CNT/NCB composite fillers but increase with 

curing age. The percolation threshold zone is located in the position where the content 

of CNT/NCB composite fillers is between 0.39 vol. % and 1.41 vol. % from DC 

electrical resistivity test and AC electrical resistivity test. Percolation equation fits well 

with DC and AC electrical conductivity. Topological structures of EIS of cement-based 

materials with various contents of CNT/NCB composite fillers first change before 0.77 

vol. % and then keep similar. The chi-squared between measured results and calculated 

results is less than or equal to 4.05×10-4. Therefore, the selected equivalent circuits are 

suitable for the cement-based materials with different content of CNT/NCB composite 

fillers. The calculated values of Rs indicated that CNT/NCB composite fillers increased 

the porosity of the cement-based materials with CNT/NCB composite fillers. 

(3) In elastic regime, fractional change in electrical resistivity, stress and strain 

sensitivity all firstly increases then decreases with increasing content of CNT/NCB 

composite fillers. Cement-based materials with 1.41 vol. % CNT/NCB composite 

fillers has maximum fractional change in electrical resistivity, stress and strain 

sensitivity, which are 13.4%, 3.21%/MPa, 521, respectively. Maximum fractional 

change in electrical resistivity of all specimens increase with increasing loading 
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amplitude, while stress and strain sensitivity of all specimens decrease with increasing 

loading amplitude. When loading rate increases form 0.2 mm/min to 0.8 mm/min, the 

fraction electrical resistivity, stress and strain sensitivity of all specimens decrease.  

(4) Under ultimate load, maximum fractional change in electrical resistivity, stress 

and strain sensitivity of S0-S4 firstly increase and then decrease with increasing content 

of CNT/NCB composite fillers. When the content of CNT/NCB composite fillers is 

0.77 vol. %, the maximum fractional change in electrical resistivity is 44.6%. The 

maximum stress and strain sensitivity is 1.29 MPa/% and 208, respectively, when the 

content of CNT/NCB composite fillers is 1.41 vol. %. 
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