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HIGHLIGHTS 

-Carbon black (CB) particles in nanometric domain can be successfully incorporated in cement 

matrices in order to obtain special concretes/mortars with self-sensing properties. 

-Piezorezistivity monitoring of mortars is a non-destructive method used to assess the structural 

characteristics of composite materials. 

-The presence of CB in studied mortars provides a specific electrical sensitivity which may change 

when curing time increases. 

Abstract. The paper presents the manufacture and characterization of special mortars based on 

Portland cement (PC) and a nanopowder with electrical properties (carbon black - CB). These 

materials were characterized from the point of view of mechanical strengths as well as properties 

specific for self-sensing materials i.e. variation of electrical signal when applying a mechanical strain. 

The electrical signal and mechanical strength values are strongly dependent on the composition and 

microstructure of mortars.The values of electrical resistance are strongly correlated with the 

composition, morphology and curing time of the mortars. In this study significant changes of the 

electrical behaviour (piezoresistivity) of the mortars vs. curing time (90 or 180 days) were noticed, so 

this must be considered in practical applications. The best results were obtained for the mortars with 

0.5-3 wt.% CB cured for 180 days. 
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1.Introduction 
The degradation of civil infrastructures due to load, fatigue, erosion or aging, is the main reason for 

the failure of concrete structures [1]. Therefore, the monitoring of civil infrastructures is of high 

importance and a new discipline emerged i.e. structural health monitoring (SHM). SHM of 

concretes/mortars is carried out in order to provide information regarding the structural quantification 

in terms of durability and can contribute to extend their service life [2-8]. The recent partial collapse of 

a highway bridge in Genoa Italy, in July 2018 is a recent example stressing the importance of this 

domain. 

Most sensors presently used for SHM of concrete structures are made of metals; they are attached 

to or embedded in concrete, therefore can easily be separated or/and corroded during service. Also, 

metal sensors have a low sensitivity and low survival rate [9, 10]. These are some of the reasons which 

determined the development of self-sensing concretes.   

The electrical resistivity of a cementitious composite (e.g. mortar) can be reduced by addition of 

conductive fillers, thus promoting an insulator-to-conductor transition. Piezoresistivity is a physical 

property of materials and is defined as the change of electrical resistivity when a material is subjected 
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to mechanical strain [6, 11]. If the electric resistivity increases with the increase compressive strain, 

piezoresistivity is defined to be positive; otherwise, piezoresistivity is negative.  

Cement-based sensors contain the following phases: (a) cementitious matrix resulted by the 

hydration and hardening of cement; (b) fillers (added in the fresh mixture); (c) interfaces between 

these phases. The last one i.e. the interfaces between filler particles (able to form a network of 

conductive phases), have the highest effect on the electrical conductivity [12, 13]. 

For this puropse, microfilters or/and nanofillers are commonly used, due to their higher potential 

area for connecting to one another. Several types of fillers were studied i.e. carbon fibers [1, 10, 14-

18], carbon nanotubes [18-24], steel fibers [25, 26], nickel powder [27, 28] and carbon black [1, 10, 

29-30].  

In particular, the cementitious composites containing carbon black (CB) are found to present 

piezoresistive behavior; the use of CB particles as fillers in concrete structures has some advantages 

(e.g low cost, good dispersibility, accelerate the kinetic process of crystallization) for structural health 

monitoring applications when compared with other additives i.e. carbon fibre and carbon nanotubes 

[23, 29-32]. The cementitious composites containing CB nanofillers are able to sense strain through 

the variation of electric resistance, and therefore it can be used as sensors for nondestructive 

monitoring methods of infrastructures [23].  

Nevertheless, the improvement of electric characteristics of the concrete should not affect its main 

properties (as construction material) i.e. workability of fresh mix and mechanical strengths of hardened 

concrete. 

The main objective of this research is to develop self-sensing cementitious composites (mortars) 

with adequate construction properties (good workability and mechanical strength); the amount of CB 

used in this study was smaller as compared to one used by Monteiro et al. [29, 33] therefore it should 

have a smaller negative impact on the workability of fresh mortars as compared with higher CB 

dosage. In this study a non-destructive testing method was used to assess the changes in the electrical 

properties of mortars subjected to mechanical stress. Impedance spectroscopy (IS) is a non-destructive 

method used to assess the changes in setting mechanism of Portland cement, mortar and dental 

materials [35-42]; a correlation between the pore sizes in hardened cement paste and the impedance 

spectra was reported [37-40].  

 

2.Materials and methods 
2.1 Materials 

In this study Portland cement CEM I 42.5R and a commercial available carbon black powder were 

used as raw materials.  

The oxide composition of PC was assessed by chemical method presented in EN 196-2:2013 [43]. 

Two types of specimens were prepared:  

- cement pastes without/with CB nanopowder, prepared with water to binder ratio of 0.5; 

- mortars, with cement to aggregate ratio of 0.33 and water to binder ratio of 0.5; the aggregate 

was natural sand as described in European norm EN 196–1, part 1 [44]. The mortar specimens were 

cast in cuboid moulds (40x40x160mm), vibrated for 2 min and cured in humid air (R.H. 95%) for 28, 

90 and 180 days  

The first step was to disperse carbon black powder in water, by vigorous stirring. This suspension 

was then mixed with the PC (and sand - in the case of mortars).  CB powder was used to replace 

various amount of PC. Samples were coded in correlation with their content in CB nanopowder : E - 

reference (100wt% PC); CB0.5 - 99.5 wt% PC + 0.5wt% CB; CB1 – 99 wt% PC + 1wt% CB; CB3 – 

97wt% PC + 3wt% CB and CB5 – 95wt% PC + 5wt% CB.  

 

2.2. Methods 

The PC mineralogical composition was assessed by X-ray diffraction, with a Shimadzu XRD 6000 

diffractometer, with Ni-filtered CuK α radiation (α=1.5406 Å), 2 theta in 5-70° range. 
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The morphology of CB and the microstructure of mortars cured for 28, 90 and 180 days, were 

assessed by scanning electron microscopy (SEM). Quanta Inspect F scanning electron microscope with 

a Schottky emission electron beam (1.2 nm resolution at 30 kV and 3 nm at 1 kV for BSE; gold 

coating of the samples) was used. 

BET specific surface area of carbon black nanopowder was assessed by nitrogen adsorption 

measured as a function of relative pressure using a fully automated analyzer - Micrometrics Gemini 

V2 model 2380. 

Flexural and compressive strengths were assessed on mortars specimens with a Matest machine, in 

accordance with the method presented in EN 196–1:2016 [44]; the final values were calculated as the 

average of minimum three strength values determined on mortars cured in similar conditions. 

The mortar specimens, cured for 90 and 180 days, were also tested by AC impedance using a Sl 

1260 Impedance Analyzer. Impedance measurements were performed using two electrodes 

arrangement (20x30 mm at distance 40 mm) – Figure 1a. The setup presented in Figure 1b, assess 

impedance from 5 MHz down to 1Hz. Amplitude of the sinusoidal voltage was 1.5 mV. The loading 

protocol implies few steps. First step is impedance measurement without load for 7 min. The 

procedure was incrementally repeated for higher pressures until the sample was broken. 

The results of measurements are included in Nyquist plot shown as semicircles for sample and for 

electrodes. In this paper the Nyquist plot can be seen in the high-frequency region of the experimental 

curve as a semicircle. 

 

 
a 

 
b 

Figure 1. Impedance measurement under compression test: experimental set-up 

 

The piezoresistivity tests were perfomed on mortars cured for 90 and 180 days. The loads were 

applied on the two ends of the mortar specimens, in the longitudinal direction of specimens (Figure 

1b). The piezoresistivity of each mortar specimen is calculated by the following equation (fractional 

change in longitudinal variation): 
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where R  is electrical resistance and 0R  is the initial value of electrical resistence prior to any loading.  

 

3.Results and discussions 
The oxide composition of PC (CEM I 42.5R) is provided in table 1. 

 

Table 1.Oxide composition of Portland Cement 
Mass as oxide (wt%) 

LOI (wt%) 
CaO SiO2 Al2O3 Fe2O3 MgO SO3 

63.78 20.12 4.58 3.99 1.20 2.61 3.72 
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The mineralogical composition of PC, was assessed by X-ray diffraction; the peaks specific for the 

main mineralogical compounds of Portland clinker are present on the XRD patterns: alite (Ca3SiO5; 

PDF 42-0551), belite (Ca2SiO4; PDF 33-0303) and calcium aluminate (Ca3Al2O6; PDF 33-0251).  

BET specific surface area of carbon black powder is 71.83 m2/g; this high specific surface area 

implies a high adsorption capacity of fluids (liquid or gas) on CB particles  

SEM image of CB powder (Figure 2) shows the presence of spherical CB particles; the statistical 

processing of 150 particle diameters (measured on SEM images) suggests an average dimension of CB 

particles of 53 nm. 

The flexural and compressive strengths increase with the increase of curing time from 28 to 90 

days – Figure 3. This is the direct results of hydration and hardening process of Portland cement. The 

substitution of Portland cement with small amounts of CB nanopowder (0.5-1wt.%) do not have a 

major influence on the mechanical strengths values (with reference to E). The increase of carbon black 

nanopowder dosage (3-5wt.%) determines a small decrease of both compressive and tensile strengths, 

especially at a longer curing times (90 days), most probably due to the increase of capillary porosity of 

mortars, due to the evaporation of water (not bound in hydrates). 

 

 

a 
b 

Figure 2. SEM image (a) and grain size distribution (b) of CB nanopowder 
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b 

Figure 3.Variation of mechanical strength as a function  

of CB amount in mortars: a - compressive strength, b - flexural strength 

 

SEM images of mortars cured for 28 and 90 days are presented in Figures. 4 and 5. For all studied 

mortars, irrespective of curing time, one can assess the presence of aggregate and phases specific for 

this type of material i.e.: hexagonal plates for Ca(OH)2, well defined needle-shaped formations 

characteristic to ettringite (3CaOAl2O33CaSO431H2O; Aft), fine needles and films for calcium 

silicate hydrates (CSH), prismatic crystals for gypsum (CS) and parallel planes forming a beam 

characteristic to monosulfate phase (Afm) or calcium carbonate [45]. Also a densification of cement 

stone and increase of hydrates sizes for longer curing times (90 and 180 days) can be noticed. The 

presence of CB nanoparticles determine an increase of sizes of hydrates, suggesting a positive effect 

exerted by CB powder on the cement hardening; one can conclude that CB nanoparticles act as 

nucleation sites for the hydrates resulted in cement hydration process, in good correlation with the 

results reported by other researchers [46-50]. 
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       f 

Figure 4. SEM images for E at 28 days (a, b), 90 days (c, d) and 180 days (e, f) 

 

 a  b 

 c  d 

 e  f 

 

Figure 5. SEM images for CB5 at 28 days (a, b), 90 days (c, d) and 180 days (e, f) 
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Since the results of the AC electrochemical impedance spectroscopy (EIS) have the same trend for 

all mortars with CB additions, in Figure 6 are presented, by way of example, the Nyquist plot for CB1 

at different loadings and for different curing times. One may notice that all impedance spectra are 

composed of a semicircle which correspond to interior grain electrical resistance (Rg), grain boundary 

electrical resistance (Rgb) and electrodes contribution.  

 

a b 
Figure 6. Complex impedance plots for mortars with 1% CB addition cured for   

a) 90 and b) 180 days (Black- without load) 

 

This type of impedance plots fits to the conventional equivalent circuit (Figure 7), formed by a 

series of two sub-circuits of parallel resistors (R) and constant phase elements (CPE). The constant 

phase elements are used to accommodate the non-ideal behavior of the capacitance, which could be 

due to the presence of more than one relaxation process with similar relaxation times. CPEg represents 

the constant phase element for grain interior and CPEgb is the constant phase element for grain 

boundaries.  

 

 
 

Figure 7. Equivalent circuit 

 

Figure 8 shows the resistivity of binding masses as a function of CB quantity for different ages in 

the absence of loading. For the same period of hardening it can be observed that the resistivity 

decreases significantly when CB content exceded 0.5%. For values greater than 1% the resistivity 

continuos to decrease but the slop become smaller. One can estimate that the percolation threshold of 

the composites was in the domain of 0.5-1%. Also, it must be underlined that the same trend is evident 

for all the investigated times of hardening but the values of resistivities increased with ages. In 

addition one may noticed that percolation threshold zone was observed at a lower content in CB than 

that reported by H. Li at al. [51]. 
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Figure 8. Logarithm of resistivity as a function of CB content  

for different age in the absence of loading 

 

Electrical resistivity increase continuously with extended curing, for all studied compositions. This 

can be explained by the structural and morphological modification taking place in these materials. 

Electrical resistivity of concrete is related to porosity, tortuosity of the pore network as well as the 

composition and amount of pore solution [52]. Changes of these parameters can modify the electrical 

properties of the material (the evaporation of water from the system, the increase of the cristallinity of 

formed hydrates, shrinkage, strain-stress effect, dispertion of the conducting phase). 

In Figure 9 is presented the electrical resistance components (intragranular-Rg and intergranular-

Rgb) as a function of CB content, in the absence of the loading. As it can be seen,  Rgb has a major 

influence on the electrical behaviour of the mortars. The structure of the interfacial tranzition zone 

(ITZ) between agregate and cement paste, has a major influence on the concrete or mortar  properties 

[53]. This zone, often said to be 50 micrometer in thickness, determines the weakness of the composite 

materials [54]. Cracks propagate preferentially along ITZ and water can easily penetrate or be released; 

therefore, after hardening ITZ will contain large cristals and will have a higher porosity in comparison 

with the bulk cement paste [55-57]. 

The increase of size and crystalinity degree of hydrates formed during the cement hydration, 

especially at longer curing times – 180 days (Figures 4 and 5) has an important impact on the Rg and 

Rgb values. As expected, the increase of CB content induced a significant decrese of electrical 

resistance values in the intergranular area infering the idea that the small CB particles are localized in 

this zone, in good agreement with the percolation treshold domain establised above. 
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b 

Figure 9. Intragranular (a) and intergranular (b) resistance for  

mortars cured for 90 and 180 days, assessed in the absence of loading 

 

The values of both components of the electrical resistance (Rg and Rgb) decreases with the 

increase of CB nanopowder amount. In the case of mortars cured for 90 days (Figure 9a), intragranular 

resistance (Rgb) presents a narrow variation domain (0.5-2 k) while this variation is wider after 180 

days of curing (1.8-6.5 k)- Figure 9b.  

This phenomenon is more intense for granules boundaries zone. Is evident that, after 180 days  of 

curing, one can notice a large domain of variation of intergranular electrical resistance - from 550 k 

for E (CB free) to 5.5 k for CB5 (with 5 wt.% CB amount). At 90 days, the cement hydration and 

hardening processes are still in progress, while after 180 days of curing a plateau is reached: the water 

content is diminished (due to consumption in hydrates formation or evaporation), and the amount of 

solution in pores decrease. On the other hand, CB particles form conductive networks at increase 

significantly with concentration. Their role as catalysts in promoting hydration reactions should also 

not be omitted. 

As a conclusion, one may underline that electrical resistance of the mortars increases in time and is 

very much influenced by the CB amount. At the same time it is evident that intergranular component 

of electrical resistance (Rgb) is determinant for the electrical behaviour. 

The electrical resistance (calculated as Rg+Rgb) of cement-based composites, without and  with 

four different CB contents, are shown in Figure 10. 
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b 

Figure 10. Variation of total electrical resistance (Rg+Rgb) 

 vs loading pressure for different CB amounts cured 90 days (a) and 180 days (b) 

 

The electrical resistance of mortars cured for 180 days (Figure 10b), decreases with the increase of 

CB concentration, from 553.2 k for sample E to 6.8 k for CB5 (no loading pressure). When load is 

applied, a significant decrease of the electrical resistance for reference mortar E is evident and a more 

reduce variations when CB is present in mortar.  

CB free mortar cured for 90 days, has a different behavior vs. loading pressure (Figure 10a); the 

electrical resistance has a sharp increase after the first step (pressure increase from 0 to 3MPa) i.e. 

from 1.5 k to 27 k, and remain almost unchanged when the load varies up to 25 MPa. 

At CB concentrations close to percolation threshold (0.5-1 wt.% CB), the filler forms a continuous 

conducting network. It’s been proven that tunneling currents between closely separated particles play a 

major role in the mechanism of conductivity. The change of conductivity is connected with both – the 

breakdown and recombination of electro conductive network paths and the change of intensity of the 

tunneling currents. 

The ratio of the grain boundary resistance to the total resistance (Rgb/(Rg+Rgb), represents the so 

called blocking factor (BF). In Figure 11 the variation of this factor at different loads for the samples 

with various CB content is presented. BF values decrease significantly with the increase of CB 

concentration in mortars and one can notice 3 main compositional domains : i) 0-0.5 wt% CB, ii) 1-3 

wt% CB and iii) 5 wt%.   

 

 

Figure 11. Blocking factor (BF) variations vs loading pressure  

for mortars cured for 180 days and with different CB amount 
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It can be observed from BF values presented in Figure 11, that loading pressure has no significant 

influence when the CB amount is constant.  

The influences of the CB content in mortar composition, curing time and loading pressure on the 

piezoresistivity values are presented in Figure 12. 

It is important to mention that electrical resistivity of this type of composites has major changes 

when the curing time increases from 90 to 180 days; in case of mortars cured 90 days, the fractional 

change in longitudinal variation of mortars vs. load pressure is mainly negative for all samples with 

different CB content, in the  investigated domains of pressure (Figure 12a). Only after the first load 

(from 0 to 3MPa) is applied the electrical resistance presents a sharp increase and the fractional change 

is positive. Positive piezoresistivity means that electrical resistance increases with increasing strain, 

e.g. (dR/R) > 0 and negative piezoresistivity means that electrical resistance decreases with increasing 

strain, e.g. (dR/R)<0. Positive piezoresistivity may be explained by the changes of mortar 

microstructure so that the electrical resistance increases in the direction of the deformation. In our case 

the distance between adjacent conductive particles (CB) increases upon deformation of the stiff 

material (hardened mortar), thereby decreasing the chance of direct contact between CB particles. On 

the contrary, negative piezoresistivity represents the improvement of the conductance upon load, 

thereby the contact area between conductive CB particles increases.  

 

 
Fig. 12. Fractional change in longitudinal resistance (%) vs.  

loading pressure (MPa) for mortars with different CB  

amounts cured for: a) 90 days and b) 180 days 
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For the mortars cured longer times (180 days – Fig.12b) one may observe that almost all mortars 

have negative piezorezitivity, except the mortar with the higher CB content (5 wt.%). One possible 

explanation for this unexpected result can be connected with the effect determined by CB 

nanoparticles on the nucleation and growth of hydrates formed by cement hydration. As previously 

presented, the amount and size of hydrate phases increases when CB is present in the system, because 

CB nanoparticles can act as nucleation sites for hydrates; for higher CB dosage (over 3 wt.%) the 

amount and size of hydrates formed at the surface of CB particles will become higher, therefore 

preventing the contact between conductive CB particles even at the increase of the load pressure. For 

self-sensing materials, is necessary to have a large fractional change in electrical resistance per unit 

strain. In order to obtain a large fractional change in resistance at a particular strain, both positive and 

negative piezoresistivities are useful in order to provide a high magnitude of the fractional change in 

resistance. For stiff structural materials (such as mortar or concrete) the strain is small, therefore the 

fractional change in electrical resistance is essentially equal to the fractional change in longitude 

variation. 

From this point of view, for the studied composites, the best results were obtained for the mortars 

with 0.5-3 wt.% CB cured for 180 days. 

 

4.Conclusions 
The experimental results presented in this article demonstrate that carbon black nanopowder can be 

successfully incorporated in cement-based matrices, in order to reduce their electrical resistance. The 

presence of CB (0.5-5 wt.%) in mortars do not have an important  negative effect on mechanical 

properties (i.e. strength losses).  

In all mortars, irrespective of curing time, one can observe the presence of specific hydrated phases 

formed by Portland cement hydration. 

AC electrochemical impedance spectroscopy (EIS) observations demonstrates the major influence 

of intergranular electrical resistance (Rgb) on the electrical behavior (piezorezistivity) of the 

investigated mortars.  

The values of electrical resistance are strongly correlated with the composition, morphology and 

curing time of the mortars. In this study significant changes of the electrical behaviour 

(piezorezistivity) of the mortars vs. curing time (90 or 180 days) were noticed so this must be 

considered in practical applications when aiming to monitor parameters such as stress, strain, cracking 

and damage.  

The monitoring of the electric resistance change of mortars with CB additions, could give 

information regarding their damage degree. From the point of view of CB dosage, the best results (for 

electrical properties) were obtained for the mortars with 0.5-3 wt.% CB. 
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