

  sustainability-14-12452




sustainability-14-12452







Sustainability 2022, 14(19), 12452; doi:10.3390/su141912452




Article



Development and Implementation of Cement-Based Nanocomposite Sensors for Structural Health Monitoring Applications: Laboratory Investigations and Way Forward



A. K. Roopa[image: Orcid], A. M. Hunashyal * and Rahila Rehamani M. Mysore





School of Civil and Environmental Engineering, KLE Technological University, Hubballi 580031, India









*



Correspondence: amhunashyal@kletech.ac.in; Tel.: +91-9739192399







Academic Editors: Józef T. Haponiuk, Soney C. George and Paulina Kosmela



Received: 16 May 2022 / Accepted: 20 June 2022 / Published: 30 September 2022



Abstract

:

Recent advances in material science and self-sensing technology have enabled the development of cement-based nanocomposite sensors that detect the damage on their own by exhibiting piezoelectric properties corresponding to the response of the structures. The present study involves the development and implementation of these sensors in the structural components and monitors the response by correlating the piezoelectric properties of the sensors with the stress-strain response to identify the potential damage. For this purpose, the carbon fiber (CF) and multiwalled carbon nanotubes (MWCNT) are used as nanofiller in the cementitious matrix to develop the self-sensing sensors. These sensors possess high strength, large elastic modulus, and piezo resistivity properties, which make them promising smart sensor materials for structural health monitoring applications. Two example applications involving the beam and column as the structural components are used for the experimentation. After embedding the sensors into the structural components, the response is evaluated in the form of resistance versus load. The self-sensing sensor is capable of detecting the nanostructural cracks during the loading of the system. Based on the severity of loading, the resistivity will indicate the damage state of the structural component which helps in deciding the suitable retrofitting strategies for the maintenance of the structural component to elongate the service life of the structures. The developed sensors also possess good mechanical and electrical properties and hence they have promising characteristics for real-time health monitoring applications.
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1. Introduction


Civil engineering infrastructures are vast assets of any country and require lots of investment in terms of money and time. Usually, the infrastructure will fail due to poor quality materials, poor construction, and lack of maintenance. Therefore, proper precautions need to be taken for the longevity of the structure and the safety of human beings. Various traditional sensors are available such as piezoelectric sensors, ultrasonic sensors, and optical sensors that detect the damages, cracks, and strains in prescribed locations [1,2,3,4]. Innovative methods such as tag recognition and pattern recognition techniques are employed for the measurement of cracks, and macro displacement is used for the monitoring of structures [5,6,7]. The recent era of material science has enabled the carrying out of studies on the development of a smart sensor that can sense on its own any change in load, stress, and strain.



Nanotechnology has become the preferred research area to develop such smart self-sensing composites. Nanomaterials behave as nanofillers in composites, making them self-sensing composite sensors. Nanomaterials such as MWCNT, nanocarbon fiber, nanowires, and graphene possess good electrical properties [7,8,9]. Nanomaterials exhibit electrical resistance or capacitance changes with respect to changes in physical and environmental factors [8,9,10,11,12]. The addition of nanomaterials into the matrix makes them smart self-sensing composites [13,14,15,16]. These nanofillers increase the sensing properties and mechanical strength of the composite. The addition of carbon fibers has an effect on the electrical properties of the composite, depending upon the conductivity of the matrix [17,18,19]. The piezoresistivity of the carbon nanotube (CNT) in the cement matrix is influenced by the various factors such as manufacturing procedure, loading patterns, resistance measurement, and environmental conditions. It has been found that conductive and non-conductive phases of the above composite significantly influence the piezoresistivity properties, depending upon the optimal content of the CNT [20,21,22]. Wenkui Dong et al. [23] revealed that impact load causes sudden resistivity growth for CNT/cementitious composites. The higher impact energy applied, the larger resistivity increase composites were observed. Similarly, the inclusion of MWCNT into the polymer and cement matrix improves the compression strength as well as the self-sensing properties [24,25,26,27]. The electrical resistance of cement based nano composite significantly influenced by the type of cement matrix used such as cement paste, concrete and cement mortar. Since the electrical resistance of these composites depends upon the type loading like compression, tensile and dynamic including width of cracks [28,29].



Reza F et al. [30] examined the magnitude of the change in resistance during elastic compression loading for carbon fiber cement composite. They revealed that variation in resistance depends upon stress-strain characteristics of the material, initial loading, and shrinkage effect. The temperature and moisture content of the materials have an impact on the variations of the electrical resistance, strain gage factors and crack sensitivities with repsect to applied loads [31,32]. Faizeah et al. [33] have studied the effect of the addition of CF and MWCNT. They observed that with an increase in compression load, the resistivity decreases. CF and MWCNT have piezoresistive and conductive properties, so these materials can sense microcracking in structures. O. Galao et al. [34] focused on the behaviors of carbon fiber in a cement matrix. They found that strain sensing properties in cement nanocomposite were observed at 28 days and that the loading rate did not affect the sensing properties of cement nanocomposite. The sensitivity (gage factor) of the cement nanocomposite increased with the maximum compressive load applied. The addition of carbon fiber into composite will act as a bridge between the cracks unless the crack width is of a critical flaw size [35,36]. If carbon fiber is reinforced into cement composite, it will behave as a damage sensor [37,38]. Hence, the presence of CF significantly increases the electrical conductivity of the cement [39,40,41].



From the literature review, it has found that the addition of nanomaterials into the cement paste modifies the self-sensing capability of cement, which can be used as a nano-modified cementitious sensor by correlating the electrical properties with the mechanical properties. However, grey areas still need to be addressed regarding the optimum dosage of nanomaterials to obtain the percolation threshold value of the mechanical and electrical properties. Limited studies have been conducted on the behavior of nanocomposite sensors embedded into structural elements. Hence, an attempt has been made in the present study to carry out a detailed analysis of the mechanical properties, electrical properties, and micro structural assessment of the self-sensing composite sensor by varying the percentage of nanofillers by weight of cement to understand their behavior in real time structural components. Based on the experimental results, it is concluded that a cement-based self-sensing nano composite is capable of predicting the health of structural components by exhibiting piezoresistivity properties corresponding to structural behavior. These results are very helpful in deciding suitable retrofitting strategies for maintenance, thereby increasing the service life of structures.




2. Experimental Campaign


This section presents materials and methodology adopted to develop the self-sensing cement-based nanocomposite sensors. The samples were prepared by adding MWCNT and carbon fiber into a cement matrix, and electromechanical tests were carried out to investigate the piezoresistivity properties of composites by applying the mechanical load.



2.1. Materials


Cement-based nanocomposites were prepared using ordinary Portland cement 43 grade as a matrix. Multi-walled carbon nanotube (MWCNT) and carbon fibers (CF) were used as nanofillers. The MWCNT was procured from M/n United Nanotech, India, and the carbon fiber was sourced from Arrow tex, India. The properties of Cf and MWCNT are listed in Table 1 and Table 2. Cement based nano composite cubes of size 50 mm × 50 mm × 50 mm and beams of size of 20 mm × 20 mm × 80 mm were casted using the above materials. Steel mesh was used as an electrode to measure the electrical resistivity of the composites during the electromechanical test.




2.2. Methodology


MWCNT and carbon fiber were used as nanofillers in the cement matrix. MWCNT particles are held by strong Van der Waals forces, hence the dispersion of MWCNT is necessary to reduce the Van der Waals forces between MWCNT for uniform mixing into the cement paste. The dispersion of MWCNT is carried out by a sonication method. Initially, the required amount of MWCNT is weighed and added to the calculated amount of distilled water (100 times of the weight of MWCNT) in a beaker. Due to the hydrophobic nature of MWCNT, it requires heating to reduce the surface tension. Therefore, the beaker was kept in an oven for approximately one minute. Thereafter, sonication was carried out with the help of a probe sonicator for approximately 4 min. The sonicated MWCNTs were added to the cement matrix by varying the percentage of the weight of the cement. The carbon fiber was chopped into 2 mm length and added to the above cement paste with the required amount of water. This mixture was poured into the prescribed molds to prepare the samples. The samples were prepared varying the percentage of MWCNT and carbon fibers by weight of cement as per Table 3 and Figure 1. The two numbers of steel mesh were used as electrodes and inserted with 1 cm distance between them at the center of the samples as shown in Figure 1b. Cement-based nanocomposite cube sensors with a size of 50 mm × 50 mm × 50 mm were prepared for a compression test as per ASTM C109. Similarly, the beam sensor samples with a size of 20 mm × 20 mm × 80 mm as per ASTM C293 were prepared for a flexural test. In the last step, the specimens were demolded after 24 h and kept for curing for 28 days; electro-mechanical and electrical tests were also conducted.




2.3. Electro-Mechanical Tests


The multimeter N- 115/138/30 was used to measure the resistance of the cement nanocomposite specimens during the curing period. The probes of the multimeter were connected to the electrodes by crocodile clips, as shown in Figure 1c. To study the electrical properties of the composite, the Agilent digital multimeter 34,401 A was used to measure the variation in resistance by applying the mechanical load to the specimen. The probes of the multimeter were connected to the steel mesh by crocodile clips. The mechanical tests, such as the compression test on the cube sensors and the flexural test on the beam sensors, were carried out using a UTM of 10-ton capacity with a loading rate of 1 mm/min. as shown in Figure 1b,c. Figure 2 illustrates the electromechanical test setup for specimens.




2.4. Characterization’s Techniques


Microstructural analysis was carried out to ascertain the effect of the prepared samples of nanomaterials and carbon fibers on mechanical and electrical properties. Different characterization techniques were used to understand the morphology and elemental decomposition of the prepared sample. Scanning electron microscopy was performed on the sample using JEOL (Model: JSM-IT500) with an EHT of 10 kV and a working distance of 7.5 mm with a 2500× magnificent factor to obtain the morphological characteristics of the composition. X-ray diffraction was conducted using an (XRD) Phillips-3710 for powder by X-ray diffractometer in the 2θ range 10° to 100° using CuKα1 radiation (λ = 1.54056 Å) to analyze the elemental composition. Fourier transform infrared spectroscopy was performed on the sample using Nicolet 6700 with a resolution of 4.0 cm−1, obtaining peaks in the range of 400.1632 cm−1 to 3999.7039 cm−1.





3. Results and Discussions


3.1. Micro Structural Analysis


3.1.1. Scanning Electron Microscope


The scanning electron microscope (SEM) results with energy dispersive X-Ray spectroscopy EDS of Samples (1) to (5) are presented in Figure 3. The Figure 3 indicates, the dense formation of the matrix due to the addition of nanomaterials into the cement matrix. Since Portland cement is a porous material, the addition of nanomaterials into the matrix will fill all the pores of the cement matrix, hence the strength of the matrix increased and shrinkage cracks decreased. From images S1 to S5, it is observed that steering fillers are well dispersed and there is good bonding between the nanoparticles and the cement matrix. However, in some places, there is a formation of agglomerate and the presence of an identical slight quantity of MWCNT and CF, as shown in S1, S2, S3, and S4. This is due to the strong Van der Waals forces between the MWCNT particles, hence effecting the conductive networks. The sample S1 indicates the agglomerate of MWCNT around C-S-H gel in a few places compared to other samples, as it contains only cement paste and MWCNT. When carbon fibers are added into the cement matrix with the MWCNT provides better formation of the conductivity network. The Figure 3S6 sample shows the SEM image at 10 μm. From the EDS results, as per Figure 4 and Table 4, the higher percentage peaks were observed for the presence of Carbon (C), Silicon (S), and Oxides (O). The presence of a higher percentage of carbon content is responsible for inducing the conductivity properties in a composite.




3.1.2. X-ray Diffraction


X-ray diffraction (XRD) data for the cement nanocomposites are shown in Figure 5a. Initial comparison of the peak intensities between nanocomposite samples (S1 to S5) provides some insights on their relative compositions. The properties of intent specific phase groups are seen by the increased peak intensities in the cement composite. X-ray powder diffraction (XRD) graphs all samples (S1 to S5), relatively showing the similar composition of gypsum, carbon (MWCNT, CF), alite, calcite, ferrite, and oxides. The XRD graph Figure 5a. represents the fact that developed cement nanocomposites are amorphous in nature, hence these cement nanocomposites possess conductivity properties.




3.1.3. Fourier-Transform Infrared Spectroscopy


Figure 5b presents the Fourier-transform infrared spectra (FTIR) of cement nanocomposite for samples S1 to S5, with peaks at 1480 cm−1 to 1684 cm−1. These are instigated by the twisting vibration of water in sulphates (SO2−4) and gypsum (CaSO. 4. 2H2O). The peaks at 3440 to 3500 cm−1 are instigated by the vibration of water in gypsum (CaSO. 4. 2H2O), and the peak at 3645 cm−1 is possibly basanite (CaSO. 12H2O or 2CaSO. H2O). The absorption intensities are owing to the vibration mode of OH at ~1790 cm−1. Spectral intensity alterations are observed after ~785 cm−1 towards ~988–1118 cm−1, neither connected by SO2−4 nor H2O, reminiscent of rearrangements in the silica subsystem. The peak at 3642–3890 cm−1 corresponds to Ca (OH)2, which is formed as silicate phases in the cement dissolve. The peaks at 1635 cm−1, 1793 cm−1, 2359 cm−1, and 2927 cm−1 are due to the portion of oxides.





3.2. Mechanical Properties


From the electromechanical tests, load vs. deflection graphs are plotted as shown in Figure 6c,d. Mechanical properties such as compressive strength, flexural strength, toughness index, and ductility index are calculated to ascertain the effect of nanomaterials on a prepared nanocomposite sensor. From the experimental results, the ductility and toughness index are calculated for prepared cement-based nanocomposite sensors by determining the area under the load deformation curve. Table 5 represents the ductility indices values for different compositions. It was observed that in the case of the beam sensor, the ductility index was found to be highest for cement paste + 0.1%CF composition (S1). Similarly, in the case of the cube sensor, the cement paste + 0.025% MWCNT + 0.075%CF (S4) composition possesses the highest ductility index compared to the others. From Table 6, it is observed that cement paste + 0.1%CF composition of cube sensor and cement + 0.05%MWCNT + 0.05%CF composition of beam sensor shows the highest toughness index among other combinations of sensors. It is also observed that the increase in ductility and toughness index for the above composite also increases the load carrying capacity and flexural strength, as shown in Figure 6a–d. This is due to the addition of nanomaterials, which fills up the gap between the pores of the cement matrix and increases the surface area of the matrix [18,19,20]. Therefore, the energy absorbing capacity of the composite increases as a greater amount of load is carried by the fiber, which resists the crack propagation, leading to the enhancing of the mechanical properties of the composite. This cement-based nanocomposite sensor is embedded into the structural elements; hence, they need to possess sufficient strength to withstand the external load. Therefore, the composites with the highest ductility and toughness will be considered for application studies, as explained in Section 4.




3.3. Electrical Properties


As per the electromechanical test results, the load versus resistance graphs were plotted as shown in Figure 6e,f. The graphs indicate that, by the addition of nanofillers to cement paste, the piezoresistive properties of cement paste can be achieved. These nanofillers have excellent electrical properties and the addition of these nanofillers to cement paste makes them self-sensing composites [11,12,13,14]. The addition of water to cement paste forms calcium silicate hydrate (C-S-H) gel. Since cement is porous in nature, this porosity of the cement is filled up by the nanofiller (MWCNT and CF) and trapped by C-S-H gel, resulting in the formation of a mesh kind of network within the cement matrix. When the loads are applied to the cement nano composites, they will act as solid blocks, and the loads will be transferred from the C-S-H gel to the nanofillers, which disturbs the electrical network, leading to the change in the resistance. Figure 6e,f shows that all the specimens indicate changes in resistance with respect to the application of loads. From the Figure 6a,e drop in the resistance is found at the initial level of loading for all composition sensors except cement paste + 0.025%MWCNT + 0.075%CF composition. This phenomenon can be explained with the percolation threshold theory. This is due to the fact that particular composition sensors consist of greater of amounts of carbon fiber and will be unable to mix uniformly into a cement matrix. The interaction of CF with MWCNT particles forms the agglomeration at certain places in the cement matrix, as seen in Figure 3. Due to this, when this composition is subjected to flexural loading, all fibers expand, creating an ineffective path for current flow, hence decreases in resistance value and less sensitivity to applied loads compared to other compositions of sensors. In a similar way, from Figure 6f, it is observed that a drop in resistance is observed for a cement paste + 0.1%MWCNT composition sensor. This is due the fact that this particular composition sensor consists only of MWCNT. When a composite is subjected to compression loading, all MWCNT particles come closer to forming conductive networks within themselves, and an increasing resistivity path leads to a decrease in the resistance value compared to other composition sensors. Due to the continuous application of compression loading, these conductive networks show disturbances, and later on, variations in resistance are observed.



Hence, accordingly, from the above electromechanical results, the percolation threshold value for the beam nano composite sensor is considered as cement paste + 0.05%MWCNT + 0.05%CF, and similarly, cement paste + 0.1% MWCNT cube nano composite exhibits better electrical properties. Thus, these composition sensors exhibit better electronic properties compared to the composition sensor. Thus, these sensors are embedded into the structural component to understand the response structure under the failure load for damage detection purposes, as explained in Section 4.





4. Application Studies for Real Time Structural Elements


4.1. Preparation of Samples


From the above experimental results, it was concluded that cement paste + 0.1%MWCNT and cement paste + 0.05%MWCNT + 0.05%CF exhibit better mechanical and electrical properties. Hence, structural elements such as beams and columns of size 100 mm × 100 mm × 500 mm were casted by embedding these compositions of cement nanocomposite sensors at the mid-point, as shown in Figure 7b,c. The midpoint is subjected the maximum deflection and cracks initiate from this point; hence, nanocomposite sensors exhibit piezoresistive properties by showing variations in resistivity with respect to load to detect the damage. M25 concrete is used to cast the structural element with a mix proportion of 1:1.33:2.92 as per IS 10262-2009. Curing is carried out for 28 days, and later on, tests were conducted to assess the embedded sensor’s response to the mechanical loads.




4.2. Electro-Mechanical Tests on Structural Component


Electromechanical tests were conducted on the beams and columns by measuring the resistance with respect to the increase in the applied load. A compression test on the column was carried out using UTM of 100-ton capacity as shown in Figure 7b. Two crocodile clips were attached to the two opposite ends of the electrode (steel mesh) and connected to am Agilent digital multimeter to measure the change in resistance. In a similar manner, a flexural test with a three-point loading method was carried out for the beam, as shown in Figure 7c. Testing was performed as per IS 516-1959.




4.3. Mechanical Properties of Structural Components


From the experimental results, the load vs. deflection graphs are plotted for the beams and columns embedded with the above-specified sensors, as shown in Figure 8a,b. The mechanical properties such as compressive and flexural strength, toughness index, and ductility index are calculated to ascertain the effect of a cement nanocomposite sensor for the mechanical properties of structural elements. From Table 7, it was observed that the ductility and toughness index was highest for beams and columns embedded with cement paste + 0.05% CF + 0.05% MWCNT. Hence, the load carrying capacity is increased for structural components embedded with these composition sensors.




4.4. Electrical Properties of Structural Component Embedded with Cement-Based Sensors


The resistance versus load graph of the structural components (beam and column) embedded with cement-based nano composite sensors indicates z variation in resistance under the loads, as presented in Figure 8c–f. Initially, an increase in the resistance is found, and later on a decrease in resistance is found. However, under the failure load, small increments in the resistance value are observed, as shown in Figure 8c–f. This is due to structural components being subjected to large amounts of load, as a result of which electrical networks that were formed between the nanomaterials were broken, leading to the increase in resistance. Due to continuous loading, the failure of the structures includes crack formations. During this phenomenon, all the nanomaterials will come closer, and again there will be a formation of an electrical network, which increases the conductivity path, hence resistance decreases. However, at the time, the failure load reached all networks, causing breaks, hence an increase in the resistance was observed. Thus, we can conclude that under the failure load, small incremental resistance occurs, which will help to identify the damage and collapse of the structural component. The cement-based nanocomposite embedded sensor has greater strength than the structural element, as explained above. When the structure fails, these sensors exhibit piezoresistive properties by showing variation in resistance. This property is useful for monitoring the health of the structures.





5. Conclusions


From the above experimental study, it is observed that addition of nanomaterials into a cement matrix makes them conductive materials, leading them to become self-sensing smart materials. The carbon fibers and multi-wall carbon nanotubes dispersed well in the cement matrix, enhancing the mechanical as well as the electrical properties. These nanomaterials fill up the pores of matrix, and when these composites are subjected to external loading, e.g., flexural and compression, the conductive networks will form within themselves. Hence, it become possible to co-relate changes in stress and strain with respect to the resistance. When these composites were embedded into structural elements such as beams and columns, they exhibited piezoresistive properties. The dosage of nanomaterials also plays an important role in electrical properties. From the present study, it has been concluded that the dosage of nanomaterials and type of loading play crucial roles in the sensitivity of the resistance. Hence, the percolation value has a greater impact on the piezoresistive properties. From the present studies, nano composite sensors with cement paste + 0.05%MWCNT + 0.05%CF provide a greater conductivity path for structural elements. This composition can be used as baseline for future studies. These sensors are embedded into structural elements, which enhances the load carrying capacity of structures and at the same time gives a warning regarding the formation of internal cracks by exhibiting the change in variation in resistance. Due to this, cement-based nanocomposites are promising smart self-sensing sensors for health monitoring purposes. Hence, these sensors have potential applications for real-time structures, as they do not need any external electrical supply and they can measure the damages by indicating change resistance with respect to applied physical loads and environmental factors.
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Figure 1. (a) The preparation process of samples with MWCNT and CF; (b) Beam sensor with steel mesh as electrode; (c) Test setup for electrical resistance using digital multimeter; (d) Test set up for flexural test on beam sensors; (e) Test set up for compression test using UTM of 10-Ton capacity on cube sensors. 
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Figure 2. Schematic diagram of electromechanical test set up. 






Figure 2. Schematic diagram of electromechanical test set up.



[image: Sustainability 14 12452 g002]







[image: Sustainability 14 12452 g003 550] 





Figure 3. Scanning electron microscope (SEM) images of Samples. 
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Figure 4. EDS test result indicating the elemental composition. 
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Figure 5. (a) X-ray powder diffraction (XRD) graphs of Samples (S1 to S5) (b) Fourier-transform infrared spectra of Samples (S1 to S5). 
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Figure 6. (a) Flexural strength for various beam sensors specimens S1 to S5; (b) Compressive strength for cube sensors specimens S1 to S5; (c) Load verses deflection for various beam sensors specimens; (d) Load verses deflection for various cube sensors specimens; (e) Resistance verses load for beam sensors specimens S1 to S5; (f) Resistance verses load for cube sensors specimens S1 to S5. 
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Figure 7. (a) Preparation of structural component beam and column by embedding cement-based sensor (b) Test set up for flexural test on beam (c) Test set up for column subjected compression load (d) UTM of 100-ton capacity. 
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Figure 8. (a) Load verses deflection for beams embedded with cement-based sensors; (b) Load verses deflection for columns embedded with cement-based sensors; (c) Resistance versus loads for beams embedded with cement-based sensors (Cement paste + 0.05%MWCNT + 0.05%CF); (d) Resistance versus loads for beams with cement-based sensors (Cement paste + 0.1%MWCNT); (e) Resistance versus loads for columns with cement-based sensors (Cement paste + 0.05% MWCNT + 0.05%CF); (f) Resistance versus loads for columns with cement-based sensors (Cement paste + 0.1%MWCNT). 
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Table 1. Properties of Carbon fiber.
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	Description
	Properties





	Diameter of fiber
	8 µm



	Length of fiber
	10 mm



	Weight of fiber
	200 g/m2



	Density of fiber
	1.8 g/cc



	Tensile strength
	3500 N/mm2



	Tensile modulus
	285 × 103 N/mm2



	aspect ratio
	0.25
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Table 2. Properties of MWCNT.
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	MWCNT
	Description





	Manufacturing method
	Chemical vapor deposition



	Diameter
	Avg. Outer diameter: 25 nm



	Length
	1–2 micron



	Nanotube purity
	>95%



	Amorphous carbon
	<3%



	Residue (calcination in air)
	<2%



	Average interlayer diameter
	0.34 nm



	Specific Surface area
	>350 m2/g



	Bulk density
	0.14 g/cm3



	Charging
	2180



	Discharging
	534



	Volume resistivity
	0.1–0.15 ohm.cm
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Table 3. The various proportion of MWCNT and CF.
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	Sl.No
	Composition





	S1
	Cement + 0.1%MWCNT



	S2
	Cement + 0.075%MWCNT + 0.025%CF



	S3
	Cement + 0.05%MWCNT + 0.05%CF



	S4
	Cement + 0.025%MWCNT + 0.075%CF



	S5
	Cement + 0.1%CF
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Table 4. Chemical characterization of composite.
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	Elements
	Wt in %
	Atomic %





	C
	22.02
	32.08



	O
	49.57
	54.20



	Al
	2.47
	1.6



	Si
	5.59
	3.48



	Ca
	18.37
	8.02



	Fi
	1.99
	0.62
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Table 5. Ductility Index.
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	Sl.No
	Various Proportions
	Beam Sensors
	Cube Sensors





	1
	Cement + 0.1%MWCNT
	1.082
	1.147



	2
	Cement + 0.075%MWCNT + 0.25%CF
	0.822
	1.060



	3
	Cement + 0.05%MWCNT + 0.05%CF
	0.871
	0.770



	4
	Cement + 0.025%MWCNT + 0.075%CF
	0.822
	1.194



	5
	Cement + 0.1%CF
	1.101
	1.148
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Table 6. Toughness index.
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	Sl.No
	Various Proportions
	Beam Sensors
	Cube Sensors





	1
	Cement + 0.1%MWCN T
	0.111
	1.310



	2
	Cement + 0.075%MWCNT + 0.025%CF
	0.110
	1.170



	3
	Cement + 0.05%MWCNT + 0.05%CF
	0.117
	0.750



	4
	Cement + 0.025% MWCNT + 0.075%CF
	0.102
	0.991



	5
	Cement + 0.1%CF
	0.132
	1.611
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Table 7. Ductility and toughness indices for beams and columns embedded with cement-based sensors.
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Sl.No

	
Various Proportion

	
Beam

	
Column




	
Ductility Index

	
Toughness Index

	
Ductility Index

	
Toughness Index






	
1

	
Cement paste + 0.05%MWCNT + 0.05%CF

	
2.97

	
0.95

	
1.24

	
1.79




	
2

	
Cement paste + 0.1%MWCNT

	
1.73

	
0.91

	
1.17

	
1.48
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