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ABSTRACT 

Novel nanocomposite smart multifunctional materials are emerging as promising technological 

advances in construction industry, where thermal-energy efficiency needs should meet environmental 

sustainability and mechanical performance requirements. In this view, new cement-based materials showed 

encouraging results in terms of added functional properties combining all the above mentioned capabilities 

with electrical conductivity and self-sensing potential for a variety of field scopes, e.g. vibration measurements, 

damage detection, structural health monitoring, electromagnetic shielding, self-heating pavements for deicing 

and more.  

The present paper deals with the development and multipurpose experimental characterization of 

cement-based materials doped with different carbon nanoinclusions consisting of: multi-walled carbon 

nanotubes, carbon nanofibers, carbon black, and graphene nanoplatelets. The study investigates morphology, 

optical features, thermal characteristics, electrical properties and strain-sensing capability of the different 

composites, through a campaign of in-lab experimental measurements. The results highlight the peculiar 

behavior of each composite material, which is strictly related to the adopted nanoinclusions, that reveal to be 

suitable for specific purposes. In particular, all carbon nanoinclusions are seen to reduce solar reflectance 
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capability, while they produce negligible variations in thermal emittance. Graphene nanoplatelets represent the 

most effective nanoinclusion to increase thermal conductivity and diffusivity, which is related to their 

structural and geometrical characteristics and better capability to distribute the thermal wave. Consistently, the 

same graphene samples produce the largest electrical conductivity and capacitance. However, multi-walled 

carbon nanotubes, even though providing comparatively smaller contributions to electrical conductivity, are 

seen to be the best nanoinclusions for providing strain-sensing capabilities to the cement-based composites. 

 

Keywords: smart multifunctional cement-based composites, cement-based materials, nanotechnology, 

thermal-energy efficiency in buildings, self-sensing materials, cement-based sensors. 

 

1. Introduction 

High environmental performance and smart materials are achieving increasing attention from the 

scientific community and the industrial one for their promising multifunctional behavior and their beneficial 

potentialities such as key environmental performance, promising energy efficiency optimization, high 

structural strength, enhanced durability and new construction technologies [1-2]. In this view, starting from 

the first structural development toward high strength concrete [3-4], innovative multifunctional cement-based 

materials are under development and testing with the final aim to optimize their further potentialities, by paying 

dedicated attention to their environmental sustainability behavior [5-6] and to the role that nanostructured 

particles play on such properties [7]. Among other applications, the analysis and the optimization of optic-

energy and thermal properties of such cement-based media captured the attention of researchers aimed at 

optimizing thermal-energy performance in buildings and outdoor thermal comfort conditions [8-9]. 

Additionally, further potentialities of such materials, such as their electrical features for strain-sensing 

applications in constructions enabling direct crack detection capabilities and providing distributed strain data 

for Structural Health Monitoring (SHM), are currently under fast progress [10]. 

Within the wide and sprawling variety of new smart materials for building thermal-energy efficiency, 

carbon-based nano-additives for inclusion in cement-based materials certainly showed highly promising 

features with multipurpose optimization potential. Starting from this acknowledgment, this research paper is 

aimed at presenting a multipurpose study dealing with the experimental characterization of cement-based 



materials doped with different carbon nanoinclusions, by taking into account their (i) morphological and 

nanostructural characteristics, (ii) thermal-energy and optical features, (iii) mechanical behavior, (iv) electrical 

properties and (v) piezoresistive strain-sensing potential, with the final purpose to provide an exhaustive 

panorama around the potential applications of such innovative solutions for smart and multifunctional cutting 

edge constructions. To this aim, the present work presents the key research background in the field (Section 

2), the considered materials and the acknowledged methodologies for their multipurpose characterization by 

means of multidisciplinary experimental procedures (Section 3). Then, the final discussion around the main 

achieved results is dealt with in Section 4, and the key conclusions are reported in the final Section 5. 

 

2. Research background 

The present work builds upon previous contributions mainly focused on the development and 

multipurpose characterization of innovative materials for building thermal-energy efficiency [11-12] by means 

of passive strategies such as materials with passive cooling potential [13], materials with sensible or latent heat 

storage capability [14-15], or other bioinspired systems incorporated into building envelope [16-17]. In this 

perspective, cement-based materials are preparing a breeding ground for interesting research development, 

given the huge diffusion and tradition of such materials for both structural and architectural purposes. About 

their optimization for building thermal-energy efficiency, one of the most investigated areas consisted of the 

inclusion of thermal storage particles such as phase change materials (PCMs) into the cement medium, in order 

to optimize its latent thermal storage capability, producing key benefits in stabilizing indoor temperature and 

also reducing building indoor overheating in summer [18]. In this area, many researches were carried out in 

the last few decades demonstrating the effect of microencapsulated PCMs into cement media, as it was reported 

in the review by Khudhair and Farid [19]. Another relevant issue that was addressed in the research on cement-

based materials concerned the analysis of their environmental performance in terms of carbon footprint and 

embodied energy [20], aimed at minimizing the overexploitation of natural resources and raw materials in the 

construction sector, and also its effect on urban dense microclimate conditions [21]. Another study [22] about 

the same issue showed that the production and use of cement-based materials deserve to be environmentally 

optimized, given that they are not yet sustainable being cement production the highest contributor in terms of 

primary energy demand for the manufacture of 1 m2 of gross floor area after the only steel and ceramic material. 

Also, it was considered as the main responsible manufacture process of the CO2 emissions for the construction 

of 1 m2 of gross floor area [23]. In this view, the research around this material was directed towards (i) 



minimizing its environmental impact and (ii) investigating innovative and promising cutting edge 

nanotechnology potentialities, that could motivate the use of such energy needy material, even in the view of 

a more sustainable construction industry. 

The latter aforementioned research topic marked the path to the analysis of high performance concrete 

achieved by means of silica nanoparticles, silica fume, fly ash [24], and other carbon-based nanoparticles such 

as those investigated in this work, i.e. carbon nanotubes and nanofibers, carbon black, and graphene 

nanoplatelets [25-27]. Carbon nanotubes received much attention and gained important success given their 

capability to make the cement-based material behaving as a piezoresistive medium, with key strain-sensing 

functional properties having multiple potential applications in smart constructions [10, 28-30]. More in 

particular, smart piezoresistive cement-based materials doped with conductive nanoinclusions have the 

potential to provide any concrete structure with self-sensing capabilities by correlating the change of strain 

with the change of proper electrical properties, such as resistance or conductivity [31-34]. Several factors may 

affect the electrical characteristics' of the composites: the intrinsic resistance of functional fillers, the bonding 

between functional fillers and matrix, the contact between functional fillers, the tunneling distance between 

functional fillers and their electrical capacitance [35]. The presented materials with conductive fillers permitted 

the fabrication of sensors with enhanced properties in comparison to off-the-shelf sensors: higher durability, 

the possibility to provide distributed strain data and the consequent potential for effectively scaling the 

principle of SHM to the case of large-scale structures.  

Possible applications of nano-modified cement-based materials were showed to be multidisciplinary and 

to pertain to the fields of SHM, construction industry, smart structures and smart cities [36-39]. Owing to their 

large and multidisciplinary innovation potential, the scientific literature shows a growing interest in the study 

of these multifunctional materials. However, much research work still needs to be done concerning  

prerogatives and issues related to composites' production, performance and modeling [40-42].  

Framing into the panorama presented above, this work aims to contribute to a more aware understanding 

of the multifunctional properties of emerging cement-based materials doped with different carbon 

nanoinclusions, with a focus on the effects of such additives in modifying the thermal-energy and optic 

properties of the composites that have been rarely investigated in the literature. In particular, feeling that 

multiperspective analysis of such materials deserves further research attention as recently dedicated by the 

scientific community, a multipurpose experimental characterization of cement paste samples doped with multi-

walled carbon nanotubes, carbon nanofibers, carbon black and graphene nanoplatelets, is presented, 



investigating these composites from multiple perspectives, including (i) thermal-energy and optic 

characteristics, as well as (ii) electrical and piezoresistive behavior for strain-sensing purpose and mechanical 

properties. 

 

3. Materials and methods 

3.1 Description of the materials  

The samples prepared for the experimental campaign were made of cement paste doped with carbon-

based conductive nanoinclusions. Four different nanofillers were used: Multi-walled Carbon Nanotubes 

(MWCNTs), Carbon Nano-Fibers (CNFs), Carbon Black (CB) and Graphene NanoPlatelets (GNPs). 

 The MWCNTs chosen for the samples were Arkema Graphistrength C100. They belong to the structural 

family of Fullerene and they consist of multiple concentric rolled graphene sheets. Carbon atoms are arranged 

in a hexagonal pattern with strong covalent bonds, type σ-σ, while the tubes are connected through Van der 

Waals forces. Such attractive forces determine the development of bundles, undesirable structures that 

complicate the task of achieving a homogeneous material [43-45]. MWCNTs have a macroscopic appearance 

as black powder, with a very high specific surface area (of the order of 100-250 m2/g) and very low apparent 

density (of the order of 50-150 kg/m3) [46-48]. 

 The Carbon Nanofibers used for preparing the cement paste specimens, type Pyrograf-III Carbon 

Nanofiber PE-19-XT-LHT, had a unique stacked-cup structure consisting of graphene plane surfaces canted 

from the fiber axis. They were produced by a low heat treatment with temperatures up to 1500°C, which 

partially chemically graphitized the vapor deposited carbon on the surface and allowed to obtain ordered 

structures, with diameters ranging from 70 to 200 nm and lengths between 50 and 200 microns.  

 The Carbon Black fillers chosen for the research experimentation were provided by Orion Printex XE-

2B. They were composed of pure elemental carbon, in the form of colloidal spherical particles, produced by 

the incomplete combustion of organic materials such as petroleum or coal. Carbon black pigments are capable 

to impart electrical conductivity both in water and solvent borne systems. Electron tunneling is one of the 

factors influencing the electrical conductivity of such nanoparticles, property which comes from the capacity 

of electrons to jump the gaps between the closed carbon black aggregates [49]. 



 The Graphene Nanoplatelets, produced by Cheap Tubes Inc., were chemically exfoliated from natural 

graphite. They consisted of small stacks of graphene with an overall thickness of approximately 3-10 nm. The 

nanoplatelets are excellent electrical and thermal conductors as a result of their pure graphitic composition. 

Unlike the other nanofillers used in the research, they are two-dimensional, resulting in the achievement of 

isotropic nanomodified composites [50]. 

 Table 1 summarizes the main physical, chemical and mechanical properties of all the nanofillers adopted 

in this paper. 

Table 1. Properties of nanofillers used in the experimentation 

Nanofiller Properties Nanofiller Properties 

MWCNTs 
Outer mean 

diameter 
10 – 15 nm 

Carbon 

Nanofibers 

Fiber diameter 

(average) 
150 nm 

 

Mean 

agglomerate size 

200-500 

μm 

 

CVD carbon 

overcoat on fiber 
no 

Weight loss at 

105 °C 
<1% Surface area 20-30 m2/g 

C content > 90 wt% 
Dispersive surface 

energy,: 

120-140 

mJ/m2 

Free amorphous 

carbon 

Not 

detectable 

SEM/TEM 

Polyaromatichydro 

carbons: 

<1 mg 

PAH/gmfibe

r 

Mean number of 

walls 
5 – 15 Iron 

<14,000 

ppm 

Apparent 

density 

50 – 150 

kg/m3 
Density 1.0 g/cm3 

Length 0.1 – 10 μm Moisture <5 wt% 

Graphene Nano 

Platelets 

Diameter 

(average) 
15 μm 

Carbon 

Black 

Particle Size 

(average): 
30 nm 

 

Purity 97 wt % 

 

Blackness Value M 216 

Grade  2 
Oil Absorption 

Number (OAN) 
420 

Surface Area 100 m2/g Volatile (950°C) - 

Density 1.8 g/cm3 Density 1.8 g/cm3 

 

The samples were prepared by following the mix design reported in Tab. 2. The cement pastes consisted 

of a mixture of Portland cement type 42.5 with a water/cement ratio of 0.4. The nanofillers were added in the 

amount of 2% by mass of cement. A plasticizer based on second-generation polycarboxylate ether polymers 

was added to the mix in variable amounts to increase workability and to improve the dispersion of the 



nanoinclusions in the matrices. In particular, 1% of plasticizer by mass of cement was used for the specimens 

with MWCNTs and CB, and 1.5% for samples with CNFs and GNPs. The samples were in the form of prisms 

of dimension 40 × 40 × 160 mm3. No aggregates were included in the mix design. This was motivated by the 

circumstance that the cement paste is more homogeneous if compared to mortar and concrete and allows to 

better highlight the contributions of the nanofillers to the investigated properties of the composites. 

Table 2. Mix design of nanomodified cement pastes 

Components kg/m3 g/sample 

Nanoinclusions 32.4 8.3 

Portland Cement 42.5 R 1620 415 

Polycarboxylate ether-based Plasticizer var. var. 

Water 665 166 

w / c ratio 0.4 0.4 

 

Due to their morphology and dimension, the dispersion of carbon nanofillers in an aqueous solution, to achieve 

prior to the addition of cement powder to obtain the paste, is a rather delicate task, because the nanoparticles 

tend to agglomerate in bundles. In order to prepare a cementitious nanomodified material that is as much 

homogeneous as possible, the fabricating process was divided into two steps. Firstly, a solution of deionized 

water and plasticizer, used as a dispersant, was created (Fig. 1(a)), and the nanofillers were dispersed in the 

water solution with a preliminary mechanical mixing (Fig. 1(c)) and 30 minutes of sonication at 225 W (Fig. 

1(d)). Secondly, the water suspension and the plasticizer were added to cement powder (Fig. 1(e)). Then, the 

dough was mechanically mixed (Fig. 1(f)), poured into oiled molds and then the electrodes were embedded 

(Fig. 1(g)). After solidification, the samples were unmolded for curing in laboratory controlled conditions (Fig. 

2(h)). Fig. 1 illustrates the step-by-step fabricating process.  

In the following experiments, the reference, plain, cement paste is indicated as "PASTE 0", while composite 

paste specimens with MWCNTs, CNFs, CB and GNPs are indicated as "PASTE CNT" (MWCNT are briefly 

indicated as CNT), "PASTE CNF", "PASTE CB" and "PASTE GNP", respectively. For spectrophotometric 

measurements, a reference concrete sample is also considered, in order to show the difference between a classic 

concrete and a classic paste with no inclusions. 

 

----------------------------------------------------------------------------------------------------------------------------  



  
 

Figure 1. Fabricating process of nanomodified cement paste samples. 
----------------------------------------------------------------------------------------------------------------------------  

 

The ultrasound device used in the sonication was a Vibra Cell Bioblock Scientific, model 75043. During 

sonication, the water suspensions were covered by an aluminum sheet and were kept immersed in a cold bath, 

in order to limit evaporation. The electrodes were eight 1 mm-diameter copper wires. They were inserted by 

approximately the 85% of the thickness of the specimens, in the centre of the samples and placed symmetrically 

along the central axis. The internal ones were placed at a distance of 1 cm, while the external ones at a distance 

of 6 cm. The use of wire electrodes, instead of bidimensional nets as used in other studies by the authors 

[10,25,36,40], which resulted in a local electromechanical investigation of the composites, was motivated by 

the need of reducing as much as possible the effects of the electrodes on the thermal properties of the samples. 

 

 

3.2 Experimental procedure to test inner thermal characteristics  

Measurements of thermal conductivity and thermal diffusivity were performed with the Hot Disk 

Thermal Constants Analyser manufactured by Hot Disk. Hot disk method is based on the theory of the 

Transient Plane Source (TPS) technique (recognized in ISO 22007 - 2 [32]) and consists of the use of a 



transiently heated plane sensor characterized by an electrically conducting pattern in the shape of a double 

spiral etched out of a thin sheet of Nickel. The spirals are sandwiched between two thin layers of Kapton, an 

electrically insulating material. The sensor is fitted between two pieces of sample, each one with a plane surface 

facing the sensor. It acts both as a heat source for increasing the temperature of the sample and as a resistance 

thermometer for recording time-dependent temperature increase.  

Several methods are commonly used to measure the thermal conductivity and it is possible to subdivide 

them in two main categories: steady-state and non-steady-state (transient) methods. In the former methods, 

specimens are put in contact with a heat source and with temperature sensors, and the equilibrium is reached 

at a given temperature. In the latter methods, a thermal transient is produced by a heat pulse to generate a 

dynamic temperature field within the specimen [51-52]. Steady-state heat transfer properties can be measured 

for example by the guarded hot plate and the heat flow technique, but there are a number of standardized test 

methods [51]. Thermal properties by transient method may be determined by hot wire, pulse transient and 

plane source transient. The advantages in using hot disk are the possibility to make measurements on samples 

of materials of limited size and the possibility to measure both thermal conductivity and thermal diffusivity 

[52]. The form of the plane surface may be arbitrary as long as the distance from the hot disk to the nearest 

sample boundaries is larger than the probing depth ∆𝑝 defined as: 

∆𝑝 = 2 √𝜅 ∙ 𝑡 

where 𝜅 is the thermal diffusivity of the sample, t is the measuring time of the experiment and the 

constant 2 was determined to minimize the influence of external sample boundaries [53-54]. The behavior of 

the hot disk is described by assuming that the heat source is located in an infinitely large sample. The time 

dependent thermal resistance increase is expressed by the following relation [52]: 

𝑅 (𝑡) =  𝑅𝑡=0{1 +  𝛼 [∆𝑇𝑖 +  ∆𝑇𝑠(𝜏)]}  

where Rt=0 is the resistance of the disk just before heating or at a time t = 0, α is the temperature 

coefficient of the thermal resistance, ∆Ti is the increase in temperature over the insulating layers of the probe 

while ∆Ts(τ) is the increase in the temperature of the specimen surface defined as: 

∆Ts(τ) =  P0 (π3/2rλ)
−1

D(τ) 

where 𝑃0 is the power output from the sensor, r is the overall radius of the disk, λ is the thermal 

conductivity of the specimen material and D(τ)is the dimensionless specific time function with 



𝜏 =  √
𝑡

𝜃
  

where t is measured from the transient beginning and ϴ is the characteristic time defined as: 

𝜃 =  
𝑟2

𝜅
   

By making a plot of the measured resistivity 𝑅 (𝑡) versus D(τ), it is possible to get a straight line from 

which the thermal conductivity is obtained through a process of iteration. Therefore, the thermal conductivity 

and the thermal diffusivity are determined from one single transient recording. The relation between thermal 

conductivity and thermal diffusivity of the sample material is: 

𝜆 =  𝜌 𝐶𝑝 𝜅 

where 𝜌 is the density of the sample and 𝐶𝑝 is the specific heat of the sample.  

The parameters used to perform the measurements of thermal conductivities from 0.005 W/mK to 1800 

W/mK are the (i) heating power to increase the temperature of the spiral, (ii) the measurement time for 

recording 200 points and (iii) the size of the sensor.  

The experimental measurements carried out in this work refer to the option called “single sided 

experiment” [54] where the sensor is fitted with an insulating material on one side and the sample on the other 

(Fig. 2). The reference insulating material is a polystyrene with thermal conductivity of 36 mW/mK and 

thermal diffusivity of 690e-3 mm2/s. 

---------------------------------------------------------------------------------------------------------------------------- 

  

 



Figure 2. Sketch of the setup and photography of the thermal conductivity and thermal diffusivity 

measurements on nanocomposite cement-based specimens by Hot Disk method. 
----------------------------------------------------------------------------------------------------------------------------  

 

For each sample, 18 measurements were carried out in 6 different surface points by taking into 

consideration the heterogeneity of the material under examination. As shown in Tab. 3, the waiting time 

between each measurement was 1800 s in order to dissipate the imposed thermal pulse. The radius of the sensor 

was 6.403 mm, and  the heating power depended on the sample type, while the measurement time was 40 s. 

The room temperature was controlled and kept constant at 19°C. 

Table 3. Samples and tests characteristics 

      Size (mm) Heating 

Power 

Measuring 

time 

Disk 

Sensor 

Room 

Temperature   height widht depth 

PASTE 0 40 40 160 600 mW 40 s 6.403 mm 19°C 

PASTE CB 40 40 160 700 mW 40 s 6.403 mm 19°C 

PASTE CNT 40 40 160 750 mW 40 s 6.403 mm 19°C 

PASTE CNF 40 40 160 750 mW 40 s 6.403 mm 19°C 

PASTE GNP 40 40 160 750 mW 40 s 6.403 mm 19°C 

 

After the measurements under normal conditions, the samples were dried to carry out a second stage of 

measurements. The specimens were placed in a climatic chamber at a temperature of 85°C and relative 

humidity of 0% for three days. Tab. 4 reports the weight measurements of the dried samples, that were about 

10% less than the corresponding ones prior to drying. 

 

 

 

Table 4. Samples weight values before and after the drying treatment. 

 wet dried 

PASTE 0 450 g 415 g 

PASTE CNT 461 g 437 g 

PASTE CB 460 g 423 g 

PASTE CNF 451 g 419 g 

PASTE GNP 427 g 395 g 

 

3.3 Experimental procedure to test optic-energy characteristics  



The analysis of the thermal and optical properties of the cement-based materials was performed by a 

spectrophotometer for detecting the spectral reflectance of the materials and by a portable thermal emissometer 

for measuring thermal emissivity of the surfaces. The used spectrophotometer with integrating sphere is a 

Shimadzu SolidSpec 3700 (Shimadzu Corporation, Kyoto, Japan). Such instrument allowed to take 

measurements with a spectral bandwidth in the interval 240 ÷ 2600 nm, even if the useful results were 

considered in the range of 300 ÷ 2500 nm by neglecting the boundaries. The wavelength accuracy 

corresponded to ±0.2 nm in the UV/VIS stripe and ±0.8 nm in the NIR interval, while the reading accuracy 

was ±2%. The solar hemispherical reflectance of the samples was determined by following the theoretical 

background described in [55], but without any weighting procedure by means of any reference solar spectrum, 

in order to detect the specific material variation at each wavelength without any further agent. 

The emittance measurements were performed by means of an AE1 RD1 portable emissometer equipped 

with scaling digital voltmeter. The procedure was developed according to [56]. The experimental apparatus 

consisted of a differential thermopile radiant energy detector, a heater, a heat sink with a flat surface, two sets 

of reference standards for the calibration, and the samples to be tested. The cubic samples were also prepared 

according to the requirements of this test with flat and plain surface where the detector was positioned. The 

repeatability of ±0.01 emittance measurement units had to be considered due to environmental agents affecting 

the detector response to the radiation heat transfer and its production of a voltage output that is linear with 

emittance. 

 

3.4 Experimental procedure to test electrical properties  

The electrical characterization of the normal and nanomodified cement paste was carried out by using 

an LCR meter, model HM8018 by Hameg Instruments, using an AC frequency of 25 kHz (Fig. 3). The eight 

copper wires utilized as electrodes for the electrical tests were positioned as shown in Fig. 3(a). The electrical 

measurements were carried out using all pairs of electrodes placed at a mutual distance of 10 mm. The LCR 

meter was used to make AC measurements of electrical resistance and capacitance using different pairs of 

active electrodes placed at a distance of 1 cm (Fig. 3(b)).  



----------------------------------------------------------------------------------------------------------------------------  

 

Figure 3. Geometry of specimens and positioning of electrodes - dimensions are in mm (a), setup of 

electrical investigations (b). 
----------------------------------------------------------------------------------------------------------------------------  

 

3.5 Experimental procedure to test the strain-sensing properties  

Fig. 4(a) shows the experimental setup of the strain-sensing tests. The sensing specimens (Fig. 4(b)), 

precompressed at 1 kN, were subjected to harmonically varying axial compression loads, with frequency 

ranging from 0.1 to 10 Hz. A servo-controlled pneumatic universal testing machine (IPC Global UTM-14P) 

with 14 kN of load capacity and connected to a data acquisition system was used to apply the time-varying 

load. The tests were carried out by providing a stabilized voltage input of 6 V to two electrodes placed at a 

distance of 1 cm (Fig. 4(c)), using a power source unit, model PXI-4130 by National Instruments. The current 

passing through the specimens was measured by using a high speed digital multimeter, model NI PXI-4071, 

with a sampling rate of 1000 Hz. Coaxial cables were used to connect the samples to the power source unit 

and to the multimeter so as to minimize electromagnetic interference. It should be noticed that the applied 

loads fell within the elastic range of deformation of the cementitious samples and that the investigated 

frequency range covered the typical range of natural frequencies of civil engineering structures. 

 



  
Figure 4. Setup of electromechanical tests on nanomodified cementitious samples (a), view of the data 

acquisition system and of the universal testing machine (b), detailed view a sample being tested instrumented 

with strain gauges and with coaxial cables attached to electrodes (c). 
----------------------------------------------------------------------------------------------------------------------------  

 

The relationship between the variation of electrical resistance, ΔR, normalized to the unstrained 

resistance, R0, and axial strain (ε) was modeled in perfectly analogy with electric strain gauges as: 




0R

R

    (1) 

where λ is the gauge factor of the cement-based sensor. The strain sensitivity, S, representing the change in 

electrical resistance per unit change in strain, can be retrieved from (1) and is equal to: 



0R
R

S 






    (2) 

 

4. Results and discussion 

4.1 Morphological characterization  

Figures 5 and 6 show the effective dispersion of the nanofillers into the water solution and in the 

hardened cement paste, respectively, using a field emission scanning electron microscope (FESEM) ZEISS, 

model Supra 25. As it concerns the water suspensions, a little drop was poured on a silicon wafer and the water 

was allowed to evaporate in a spin coater. Instead, for hardened paste, a fragment was directly inserted into 

the microscope. The micrographs demonstrate a satisfactory dispersion of nanoinclusions in all the admixtures.  

Figure 5 highlights the morphological differences of the four nanoinclusions. The four images have the 

same magnification factor. Multi-walled carbon nanotubes (Fig. 5(a)) and carbon nanofibers have both a 

predominant-1D structure, but the latter have a larger cross-section (Fig. 5(b)). Carbon black does not exhibit 

any predominant direction and the particles are randomly distributed (Fig. 5(c)). The graphene nanoplatelets 

show a predominant-2D structure (Fig. 5(d)). The layers showed to be stacked and connected. The same 

morphological characteristics are easily identifiable in the SEM micrographs of nanomodified pastes of Fig. 

6. The images demonstrate that the mixing method adopted in the experimental campaign did not damage the 

nanoinclusions. As it concerns the cement paste sample doped with carbon black, an in-lens detector was 

utilized, in order to obtain an image with high contrast, where single carbon black particles are clearly visible. 

Due to their morphology, different from other carbon fillers where one or two dimensions appear predominant, 

CB particles result less recognizable in the cement matrix. However, all the carbon fillers analyzed in the 

research result acceptably dispersed in the cementitious materials, since particles appear not aggregated in 

bulky bundles. 

----------------------------------------------------------------------------------------------------------------------------  



 

Figure 5. SEM images of water nanomodified suspensions with MWCNTs (a), CNFs (b), CB (c) and 

GNPs (d). 
----------------------------------------------------------------------------------------------------------------------------  

 

 



 

Figure 6. SEM images of nanomodified cement paste with MWCNTs (a), CNFs (b), CB (c) and GNPs 

(d). 
----------------------------------------------------------------------------------------------------------------------------  

 

4.2 Results of optic-energy characterization of nanocomposite cement-based materials  

Fig. 7 reports the spectral solar reflectance of the considered cement-based materials which showed to 

be largely affected by the nanoparticle inclusion. In particular, the reference concrete sample presents the 

highest diffused solar reflectance through the overall solar spectrum wavelength interval. Therefore, the 

corresponding paste with no additives is much more absorptive than the reference concrete, especially in the 

lower wavelength range. In fact, the PASTE 0 sample consistently shows its reflectance behavior by registering 

an almost parallel profile with respect to the non-doped CONCRETE 0, that is characteristic of such a material 

[57] with a closer reflectance behavior in the near infrared region and the characteristic decrease around 1 µm. 

The nanoadditives in general showed to reduce the spectral variability of the solar reflectance behavior by 

making the profile flatter and lower in general, with apparent contribution imputable to graphene, carbon fibers 

and carbon black nanoinclusions. Only graphene shows to interact with the experimental ray at the highest 

wavelength, conceivably because of the relatively larger size of the nanoparticles, intercepting the near infrared 

part of the radiation. A singular behavior is instead exhibited by the carbon nanotube filled cement-based 



samples which showed interesting potential in increasing their reflectance capability within the ultraviolet 

range of the test radiation, with promising possible benefits concerning the optimization of their resistance 

against the damaging UV rays [58], that are responsible of compromising building superficial characteristics 

and aesthetic features when exposed to solar radiation. 

Thermal emittance measurements showed less interesting effects of the considered nanoparticles, 

demonstrating that they are not able to affect such a superficial property already investigated for cement-based 

materials. Therefore the positive characteristic of high thermal emittance of concrete based materials is not 

affected by the studied nanoadditives [58]. In fact, all the samples reported a thermal emittance values around 

0.87÷0.90 without any consistent trend or difference with respect to the reference plain sample. 

----------------------------------------------------------------------------------------------------------------------------  

 
Figure 7. Spectral diffuse reflectance of the tested samples compared to reference concrete and 

reference PASTE 0 (the shaded area indicates the wavelenght range in which cement based materials exibit 

the characteristic drop). 
--------------------------------------------------------------------------------------------------------------- ------------- 

 

 

4.3 Results of thermal characterization of cement-based materials  

Tab. 5 reports the results obtained by measuring thermal conductivity and thermal diffusivity of the 

considered cement-based-materials by the hot disk method. 

 

 



 

Table 5. Measured thermal conductivity and diffusivity values of the tested samples with plus and 

minus standard deviation intervals 

Thermal conductivity (W/mK) Thermal Diffusivity (mm²/s) 

PASTE 0  0.7804 ± 0.0303   0.5162 ± 0.0720    

PASTE CB 0.8514 ± 0.0200   0.4441 ± 0.0183    

PASTE CNF 0.8469 ± 0.0212   0.4404 ± 0.0232   

PASTE CNT 0.8203 ± 0.0239   0.5438 ± 0.0356   

PASTE GNP 1.1400 ± 0.0702   0.8095 ± 0.0747    

 

Heat insulation or heat conduction enhancement in carbon-based composite materials showed to be 

influenced by varying the nanoinclusion, consistently with the literature [60] where MWCNTs’ orientation 

demonstrated to affect the thermal performance of the composite material due to the differential interaction 

among the particles within the network [60]. In fact, previous studies [60] highlighted the impact of 

geometrical and chemical factors which influence the thermal conductivity in complex networks composed by 

carbon nanotubes. In particular, aligned MWCNTs can better influence thermal conductivities compared to 

randomly oriented ones. Comparing the thermal conductivity and thermal diffusivity among the tested 

samples, the low percentage and the random orientation of nanoparticles in the cement-based matrix are 

probably the reasons why there is no major increase for Paste CB, CNF, MWCNT with respect to the reference 

material (Fig. 8). On the other hand, the sample with graphene showed the highest value of conductivity and 

diffusivity probably imputable to the geometry of nanoparticles (Fig. 6d) allowing a better heat internal 

conduction and diffusion (Fig. 8).  Different values of standard deviation are conceivably imputable to the 

heterogeneity of the material which is strictly related to the quality of nanoparticles' dispersion. 

 

--------------------------------------------------------------------------------------------------------------------------- 



 

Figure 8. Results of measured thermal conductivity (a) and thermal diffusivity (b) by Hot Disk. 

--------------------------------------------------------------------------------------------------------------------------- 

Figure 8 also reports the thermal conductivity and the thermal diffusivity of conditioned samples, i.e. in 

dry and ambient (wet) conditions. The lower content of water is seen to progressively reduce both diffusivity 

and conductivity, except for the sample with CNTs, which shows a lower relative decrease. The obtained 

results could depend on a variety of factors [58]. The lower decrease of the thermal conductivity for CNTs can 

be associated to the higher content of water. This outcome is also consistent with previous studies, as explained, 

for instance, by Chaban and Prezhdo [60] who demostrated by molecular dynamics simulation that spatial 

confinement of water inside carbon nanotubes  increases its boiling temperature. For this reason, the drying 

process had a different effect on the composite paste with MWCNTs in comparison to other specimens that 

lost more weight.  

Table 6. Measured thermal conductivity and diffusivity values of the tested dry samples 

Thermal conductivity (W/mK) Thermal Diffusivity (mm²/s) 

PASTE 0 d 0,6450 ± 0,0037   PASTE 0 d 0,4045 ± 0,0177   

PASTE CB d 0,7010 ± 0,0176   PASTE CB d 0,4410 ± 0,0190   

PASTE CNF d 0,6980 ± 0,0223   PASTE CNF d 0,4353 ± 0,0138  

PASTE CNT d 0,7606 ± 0,0191   PASTE CNT d 0,4981 ± 0,0146   

PASTE GNP d 0,9782 ± 0,0225   PASTE GNP d 0,6848 ± 0,0245   

 

------------------------------------------------------------------------------------------------------------------------ 

 

http://pubs.acs.org/action/doSearch?ContribStored=Chaban%2C+V+V
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Figure 9. Results of measured thermal conductivity (a) and thermal diffusivity (b) in dry sample conditions 

by Hot Disk. 

------------------------------------------------------------------------------------------------------------------------ 

 

4.4 Results of electrical characterization tests  

The results obtained from the electrical characterization tests show that the contribution of the 

nanofillers in increasing the electrical conductivity of the composites is significant. For similar amounts of 

nanofillers, the largest increase in conductivity is obtained when using GNPs, with a conductivity ranging from 

1.66e-07 (Ω cm)-1 to 2.62e-06 (Ω cm)-1 for plain and nanocomposite cement paste, respectively. MWCNTs are 

the nanofillers providing the smallest increase in conductivity, whereby this quantity ranges from 1.66e-07 to 

4.54e-07 (Ω cm)-1 for plain and nanocomposite cement paste with nanotubes, respectively. Values of electrical 

conductivity achieved when using carbon black and carbon nanofibers are very similar (8.50e-07 and 6.77e-

07 (Ω cm)-1, respectively) and intermediate between composites with MWCNTs and GNPs. Figure 10 shows 

values of samples' conductivity and their relative change with respect to the plain material, reporting, in both 

cases, the standard deviation intervals obtained by changing the pairs of active electrodes. Values of electrical 

capacitance of the samples doped with nanofillers and their relative change with respect to the normal material 

are reported in Fig. 11. The nanofillers determine increases in electrical capacitance, conceivably because of 

the interface capacitance between nanofillers and matrix. Electrical capacitance is associated to the extent of 

polarization and is related to the frequency of the applied current. [61-62]. A similar trend to that of electrical 



conductivity is observed, with the largest contribution associated to GNPs and the lowest one to MWCNTs, 

with similar contributions of CB and CNFs.  

Considering that the intrinsic conductivities of the nanofillers are similar in comparison to the much 

smaller conductivity of the plain cement-matrix material [64-65], the presented results show that the lowest 

nanoparticle-matrix interface resistance and the highest interface capacitance are obtained with GNPs. This 

might be associated to a more uniform dispersion of the nanofillers within the matrix and, most of all, to the 

aspect ratio of the nanofillers, that sensibly reduces from MWCNTs to GNPs. This entails that, in PASTE GNP 

samples, the same mass quantity of electrically conductive material is subdivided into a smaller number of 

nanoparticles having larger dimensions with respect to MWCNTs. In particular, the almost bidimensional 

shape of GNPs seems to enhance interface conduction and capacitance between cement matrix and carbon-

based fillers. 

------------------------------------------------------------------------------------------------------------------ 

 

Figure 10. Electrical Conductivity of normal and nanocomposite samples: absolute values with  standard 

deviation intervals (a); relative increases in electrical conductivity of nanocomposite materials with respect 

to plain material (b). 

 



 

Figure 11. Electrical Capacitance of normal and nanocomposite samples: absolute values with  standard 

deviation intervals (a); relative increases in electrical conductivity of nanocomposite materials with respect 

to plain material (b). 

----------------------------------------------------------------------------------------------------------------------- 

 

4.4 Results of strain-sensing tests  

Fig. 12 shows the responses of the cement-based specimens doped with MWCNTs, CNFs, CB and 

GNPs, respectively, under application of a harmonic compression load with a frequency ranging from 0.1 to 

10 Hz. The figure reports the time histories of the average strain measured with two strain gauges attached on 

opposite faces of the specimens and the resistance obtained from electrical measurements on the nanomodified 

specimens. All considered nanocomposite specimens showed a certain sensitivity to strain, although that with 

MWCNTs exhibited the best quality of the output signal. Plane cement paste does not possess any consistent 

piezoresistive property and, for this reason, is not included in the figure.   

Tab. 7 reports the values of the gauge factor λ, the strain sensitivity S, defined in Equations 1 and 2, and 

the Young Modulus E obtained from the strain-sensing tests. The table also reports information on the 

unstrained and normalized variation of electrical resistance R0 and ΔR/R0, respectively, as well as the variation 

of stress and strain, denoted as Δσ and Δε, respectively. The results demonstrate the higher gauge factor and 

strain sensitivity of the sample with MWCNTs, that are both orders of magnitude greater with respect to those 

obtained using other types of nanoinclusions. It is also worth mentioning that the sample with MWCNTs 

exhibited the highest Young Modulus, E, that is, the highest axial stiffness, whereby E varied from 8821 MPa 

for the normal cement paste specimen to 23410 MPa for the cement paste specimen doped with MWCNTs. 



On the contrary, the Young moduli of specimens doped with CNFs, CB and GNPs were consistently very 

similar to that of the plane cement paste, which demonstrates the predominant role of the shape and the aspect 

ratio of the nanoinclusions in determining their effectiveness as mechanical nanoreinforcements.  

---------------------------------------------------------------------------------------------------------------------- 

 

Figure 12. Time histories of measured strain and electrical resistance for samples with MWCNTs, 

CNFs, CB and GNPs from strain sensing tests. 

---------------------------------------------------------------------------------------------------------------------- 

Table 7. Results of strain sensing tests (ΔR/R0, Δε and Δσ are variations in normalized electrical resistance, axial strain 

and stress, respectively, under a compression loading cycle ranging from 0.5 to 1.5 MPa; R0 is the initial resistance, λ is 

the Gauge Factor, S the sensitivity and E the Young Modulus) 



Filler R0 (Ω) ΔR/R0 Δε Δσ (MPa) λ S (Ω) E (MPa) 

MWCNTs 9.091e6 0.111 2.67e-5 0.625 4139 3.763e10 23410 

CNFs 6.678e4 0.041 7.31e-5 0.625 561 3.746e7 8547 

CB 3.912e5 0.027 7.94e-5 0.625 340 1.330e8 7875 

GNPs 1.881e5 0.020 7.76e-5 0.625 258 4.853e7 8055 

 

 

5. Conclusions  

The paper has presented a campaign of experimental tests aimed at investigating morphology, optical 

features, thermal characteristics, electrical properties and strain-sensing capability of cement-based composites 

doped with different carbon nanoinclusions, namely MWCNTs, CNFs, CB and GNPs.  

While not affecting thermal emittance, that was around 0.87÷0.90 for both plain and composite 

materials, all carbon nanoinclusions strongly affected the spectral solar reflectance of the materials. In 

particular, while CNFs, CB and GNPs resulted in an almost uniform diffused solar reflectance of about 15% 

in the overall solar spectrum wavelength interval, so significantly smaller if compared to the reference cement-

based material, MWCNTs determined a much lower decrease in reflectance in the visible and infrared regions 

and even an increase in reflectance in the ultraviolet range of the test radiation.  

GNPs revealed to be the most effective nanoinclusions to increase thermal conductivity and diffusivity, 

whereby such quantities varied from 0.78 W/mK and 0.52 mm2/s, for plain material, to 1.14 W/mK and 0.81 

mm2/s, for nanocomposite material, respectively. Comparatively smaller increases were instead observed when 

using different nanoinclusions. This result is conceivably associated to the peculiar structural and geometrical 

characteristics of GNPs, resulting in a nanostructure with a smaller number of nanoparticles, for a fixed amount 

of added carbon-based material, that is more apt to distribute the thermal wave, as it was also checked by SEM 

inspections. 

The electrical properties of the materials revealed consistent trends with values of thermal conductivity, 

whereby the largest increase in electrical conductivity was achieved by using GNPs, ranging from about 1.710-

7 (Ωcm)-1 for the plain material to about 2.610-6 (Ωcm)-1 for the composite material. The nanoparticles also 

determined consistent increases in electrical capacitance, which is likely associated to the interface between 

cement-based matrix and nanoparticles being both resistive and capacitive. 



All composites exhibited some piezoresistive properties, that is, the ability to work as strain sensors, 

outputting measurable variations in electrical resistance under an applied axial deformation. However, 

MWCNTs significantly outperformed all other nanoparticles, both in terms of gauge factor and in terms of 

quality of output signals. The same MWCNTs also resulted in a strong increase of the Young modulus of the 

material, ranging from about 8800 MPa for the plane cement paste to about 23400 MPa for the nanocomposite 

paste. Other nanofillers did not produce any change in the same Young modulus, which confirms that the shape 

and aspect ratio of the nanoinclusions play a major role in determining the mechanical properties of the 

composites and that MWCNTs can be very good nanoreinforcements to enhance mechanical properties of 

cement-based materials. 

Overall, the presented results have confirmed that carbon nanoinclusions provide cement-based 

materials with a variety of key functional properties, that can be useful in various applications pertaining to 

smart materials and energy efficiency. However, because of their different aspect ratios, different carbon 

nanoinclusions are useful for specific purposes. Just as illustrative examples, MWCNTs were seen to be 

particularly efficient in providing the material with strain-sensing capabilities and in protecting its surface 

against the damaging UV rays, while GNPs showed ideal to increase thermal and electrical conductivities that 

could be crucial in applications such as heating pavements, geothermal pile foundations, electromagnetic 

shielding and more. 
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