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Abstract

:

This study analyzed changes in the durability characteristics of cement mortar incorporating carbon nanotube (CNT) and the electrical properties subjected to deterioration induced by sulfate attack. Powder types of multi-walled or single-walled CNTs were used and added to the composites with 1.0% and 2.0% mass fraction, and the specimens were immersed in 5% and 10% sulfuric acid solutions to investigate the durability of CNT cementitious composites. Although mechanical performance decreased due to relatively large pores (370–80 μm) caused by CNTs, specimens incorporating CNTs exhibited enhanced resistance to sulfuric acid as CNTs, which offered strong resistance to acid corrosion, and prevented contact between the cement hydrate and the sulfuric acid solution. Therefore, it is expected that self-sensing performance was exhibited because there were no significant differences in the electrical properties of cement mortar subjected to the deterioration by sulfate attack.
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1. Introduction


Concrete structures have inevitably suffered from the damage and degradation resulting from aging over a period of years, or external mechanical and environmental impacts during the service period. Therefore, to safely use them, structural health assessments and diagnosis are required by using evaluation equipment and devices. However, as structures have become larger, higher and more complex, this has been difficult because it is impossible to access the damaged area and degradation location in the concrete structures for safety reasons. To address these problems, structural health monitoring (SHM) systems have been developed and widely employed around the world [1,2,3,4]. In addition to SHM systems, self-monitoring or self-sensing composites have been developed and used to evaluate the damage of structures [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. Steel fibers have been employed not only to increase the tensile strength of structures but also to provide self-sensing properties (Choi et al., 2019 [21]; Lee et al., 2018 [22]; Lee et al., 2017 [23]). Recently, there has been a growing interest in using carbon nanotubes (CNTs) as self-sensing materials of concrete due to their excellent electrical conductivity (Yoon et al., 2020 [24]; Choi et al., 2020 [25]). These studies mainly focused on structures on the ground, such that there is little research on self-sensing structures located in the ocean and underground. Furthermore, since sewage structures susceptible to chemical erosion constitute about 30% of the national urban infrastructures and are highly likely to suffer corrosion due to sulfuric acid attack, it was essential to provide them with self-sensing capabilities to detect damage. Generally, sulfate ions can easily penetrate into micro-voids and micro-cracks in concrete composites by the transfer mechanism and react with calcium aluminate hydrate and calcium hydroxide to produce expansion hydration products including ettringite and gypsum, which results in the swelling of mixtures, bigger size cracks, and the loss of the mechanical properties of concrete [26,27,28,29,30,31,32]. This mechanism is called external sulfate attack [33,34,35]. When concrete is exposed to sulfate ions, thaumasite is formed as an alteration of cementitious composites and has very low strength, resulting in the disintegration of the cement paste [36].



CNTs have a significantly low density (1.3–1.4 g/cm3) and the amount of CNTs does not exceed up to 2.0% of the weight of the binder (Yun et al., 2020 [37]; Lee et al., 2020 [38]). Moreover, it is very difficult to obtain uniform dispersion of CNTs in the matrix due to van der Waals forces between the CNT particles, and the poor dispersion of CNTs results in low mechanical properties of the cementitious composites. There exist diverse techniques and methods, such as admixtures, silica fume, surface modification of CNT, minimizing the water-to-binder ratio, and ultrasonication to improve homogeneous dispersion in the composites and their mechanical strength [39,40,41,42,43,44,45,46,47,48,49,50,51]. Moreover, uniformly dispersed CNT cementitious composites have excellent self-sensing performance. In spite of numerous studies on the uniform dispersion of CNT cementitious composites, to the authors’ knowledge, no one has conducted studies on the durability of CNT cementitious composites subjected to sulfate attack.



In this research, to investigate the durability of CNT cementitious mixtures exposed to sulfate attack, powder types of multi-walled or single-walled CNTs were selected and added to the cement mortar with up to 2.0% mass fraction and the specimens were immersed in 5% and 10% sulfuric acid solutions. Several mechanical tests, including weight change ratio and compressive strength change ratio, were carried out before and after degradation induced by sulfate attack. Electrical resistance was measured to evaluate the electrical performance of the composites, and mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM) tests were conducted to examine the porosity of the cementitious composites before and after the sulfate damage.




2. Experimental Programs


2.1. Materials and Mixture Proportions


Ordinary Portland cement (OPC, Type I KS L 5201 [52]), powder-type single-walled (SW) and multi-walled (MW) CNTs, and standard sand (KS L ISO 679 [53]) were employed to fabricate CNT cementitious composites. Table 1 and Table 2 show the chemical and physical properties of OPC and physical properties of CNTs, respectively. Figure 1 shows powder-type SWCNT and MWCNT, and their schematics. The particle size distribution of standard sand is summarized in Table 3. The mixture proportions of CNT mortar are provided in Table 4 in detail. The amount of CNT in cementitious composites was determined based on previous studies (Yun et al., 2020 [37]; Lee et al., 2020 [38]). The poly carboxylate-based high-performance water reducing agent (KS F 2560 [54], Chemical Admixtures) was added in cementitious composites, as summarized in Table 1. To improve workability and uniform dispersion of SWCNT in the composites, the mixing time was increased by an additional 30 s. The specimens were fabricated, and tests were conducted in accordance with KS L ISO 679 [53].




2.2. Experimental Methods


The compressive and flexural strengths were measured. To identify resistance to sulfuric acid, the specimens were immersed in 5% or 10% sulfuric acid solution (Bellmann et al., 2006 [55]; Bae et al., 2010 [56]; Elyamany et al., 2018 [57]), and the weight change ratio, compressive strength change ratio, and electrical resistance change rate were observed. In addition, the porosity before and after the damage for 28 days caused by the sulfuric acid solution and its characteristics were analyzed based on MIP and SEM images.



To evaluate the chemical resistance of CNT cement mortar, three cylindrical specimens per test with a diameter of 100 mm and a height of 200 mm were made and stored for 24 h at a temperature of 20 ± 1 °C with humidity of 60 ± 1% and demolded in accordance with KS L ISO 679 [54]. Then, the specimens were cured in a water tank at 20 ± 1 °C for 28 days, dried for 24 h at a temperature of 80 ± 1 °C, and then immersed in 5% or 10% sulfuric acid solutions for 28 days according to JSTM C 7401 [58], as shown in Figure 2a. The position of the immersed specimens was rotated every 12 h, because when their surface was attached, it may influence deterioration. Changes in electrical resistance, weight change ratio, and compressive strengths were measured at 3, 7, and 28 days of immersion where the compressive strength change ratio (Fc) and weight change ratio (Wc) are determined by Equations (1) and (2).


   F c  =  (     F s   −  F  i n i       F  i n i       )  × 100  



(1)






   W c  =  (     W s   −  W  i n i       W  i n i       )  × 100  



(2)




where Fs is the compressive strength after damage by sulfuric acid (MPa), Fini is the initial compressive strength after 28 days of water curing (MPa), Ws is the weight of the specimen after damage by sulfuric acid (g), and Wini is the initial weight of the specimen after 28 days of water curing (g).



In accordance with KS L ISO 679 [53], a rectangular parallelepiped specimen with dimensions of 40 × 40 × 160 mm was fabricated, demolded after 24 h, and cured in water maintained at 20 ± 1 °C. The compressive and flexural strength tests of the CNT cement mortar were performed.



The same specimen with dimensions of 40 × 40 × 160 mm was used for measuring the electrical resistance of CNT cement mortar and its electrical resistance after damage by a sulfuric acid solution, and copper plates were inserted at both ends of the specimen (see Figure 3). Before the test, it was confirmed that the copper plates were not damaged by treatment with sulfuric acid for 28 days. The electrical resistance was measured in a 2-probe method using the data acquisition system DAQ970A with the program BenchVue) as presented in Figure 4. In addition, each measurement was made after drying for 24 h at a temperature of 80 ± 1 °C in a dryer because of the results of previous research (Kwon, 2009 [59]) showing that the moisture content affects the conductivity of cement mortar.



To measure pore size distribution before and after the 28-day immersion of CNT cement mortar in a sulfuric acid solution, about 2 g of the sample immersed for 28 days was collected from the same location on the top end of the surface of the specimen (see Figure 5), because the most damaged area was the surface. The upper part of the samples damaged by sulfuric acid attack was first cut with a cutter to about 20 mm in size and then crushed with a small hammer for the SEM tests. In addition, MIP was utilized as an analytical technique using Autopore V 9600 (Figure 6) and was also used as damage identification due to crushing during the collection process of the composites.





3. Test Results and Discussion


3.1. Features of Sulfate Resistance


Figure 7 demonstrates the weight change ratio of CNT cementitious composites after immersion in a sulfuric acid solution. It was found that the weight change ratio decreased as the age increased. The weight of the plain specimen immersed in 5% sulfuric acid solution decreased rapidly after 7 days, while that of the plain specimen immersed in 10% sulfuric acid solution decreased in the early stage (by 7 days) of immersion. It is ascertained that deterioration occurred due to sulfuric acid erosion and the weight decreased because of the peeling and falling-off of the composites. However, as the amount of CNTs increased, a decrease in weight was more rarely found in the CNT cementitious composites than the plain composite.



Figure 8 demonstrates the compressive strength change ratio after immersion in a sulfuric acid solution. The compressive strength change ratio showed a similar tendency to that of the weight decrease ratio. This is because deterioration occurred due to the reaction of sulfate ions with the cement hydrate, resulting in relaxation and breakage of the hydration structures.



The SEM photos of the specimen surface taken before and after the immersion of cement mortar in a sulfuric acid solution are exhibited in Figure 9. In particular, the SEM photos in Figure 9 were taken after immersion in a sulfuric acid solution for 28 days. The images were taken at 25 times magnification, which was enough to observe the degree of deterioration of the composite surface. The cement hydrate is a compound that is very vulnerable to acid, and huge damage occurred in the cement hydrate except for aggregate in the plain specimen after immersion in a sulfuric acid solution. However, in the case of the CNT cementitious composites, less damage occurred in the cement hydrate because the nanoparticles with excellent corrosion resistance to acid prevented contact between the cement hydrate and the sulfuric acid solution.




3.2. Strength Properties


The compressive and flexural strengths of CNT cementitious composites are presented in Figure 10. It is shown that the CNT cementitious composites had a lower compressive and flexural strengths than the plain specimen. In particular, as the incorporation ratio increased, the compressive and flexural strengths of the SWCNT composites further decreased compared to those of the MW composites. This is because the hydrophobic CNTs were not properly dispersed in the cementitious composites, but exist as large pores. Moreover, the agglomeration and intorsion of the CNTs caused by the van der Waals forces in the composite was another factor that reduced the compressive and flexural strength (Lee et al., 2020 [38]). As the specimen with 2% SWCNT was not cured until the age of 7 days, it was impossible to measure its strength. This is because 10% chemical admixtures were only added to this specimen (SW 2.0) for workability, resulting in delayed curing.




3.3. Electric Resistance


Figure 11 shows the electrical resistance of cement mortar incorporating CNTs before and after deterioration caused by sulfuric acid. The electrical properties of the specimen before damage revealed that as the CNTs were incorporated, its resistance greatly decreased by up to 90%, and it was further decreased in SWCNT cementitious composites compared to MWCNT composites. This is because CNTs, which are conductive nanomaterials, were incorporated into the cementitious composites to give conductivity through which electric current can flow, and the electrical resistance value was then reduced despite the bundle phenomenon due to the van der Waals force. It denotes that the CNT cementitious composites have self-sensing ability. In addition, it was found that the electrical resistance value increased after deterioration due to sulfuric acid attack. The electrical resistance of plain cement mortar significantly increased when immersed in a 10% sulfuric acid solution because an increase in pore area was induced by the hydrate relaxation, resulting in poor electrical conductivity. It was observed that there was a slight increase in the electrical resistance of the CNT cementitious mixtures because the disconnection between CNTs occurred in the composites as the deterioration progressed. However, it was ascertained that since there was no significant difference in conductivity, the self-sensing performance could be demonstrated.




3.4. Pore Distribution Characteristics


The pore size distribution and cumulative pore volume of cement mortar incorporating CNTs before and after damage by 5% sulfuric acid solution are shown in Figure 12 and Figure 13, respectively. As the incorporated amount of CNTs increased, relatively large pores with sizes ranging between 370 and 80 μm occurred (see Figure 11a). It was observed that the pore size was greater in the specimen incorporating SWCNT than MWCNT. These results indicate that although the porosity was reduced due to the filling effect in the incorporation of CNTs with a nano-sized diameter of 1–100 nm, the hydrophobic CNTs were not uniformly dispersed in cementitious mixtures but exist in a bundled form. However, in the plain specimen, most of the pores with sizes ranging from 370 to 30 μm were distributed, and micro-pores (less than 1 μm) was not observed. These pores were originally filled with water remaining after mixing. As the water evaporated, these pores were created. Figure 12b depicts the pore distribution characteristics of the specimen after immersion in a sulfuric acid solution. The maximum pore diameter increased to 500 μm, and the distribution of larger pores than before was observed because the cement hydrate, which is vulnerable to chemical erosion, was dissolved in the sulfuric acid solution. This denotes that CNT cementitious composites had high resistance to chemical erosion, meaning that they helped to strengthen the cement hydrate structures. The pore distribution results in Figure 12 and Figure 13 imply that as CNTs were incorporated, large pores were formed and could serve as easy paths for the sulfuric acid solution to penetrate. However, CNTs with excellent chemical resistance were attached to cement particles and prevented the penetration of ions such as cement hydrate, sulfate (SO42−), and hydrogen (H+), thereby improving the weight loss and strength reduction of the composites in Figure 6.





4. Conclusions


This study aimed to evaluate the characteristics of deterioration caused by a sulfate in the CNT cementitious composites, and the following conclusions were drawn as follows;



	
When CNT was added to cement mortar, the compressive and flexural strengths further decreased compared to those of the specimen without CNT due to an increase in the amount of pores inside. In particular, it was found that relatively large pores with sizes ranging from 370 to 80 μm occurred due to the van der Waals force, and these pores resulted in the degradation of mechanical properties.



	
The electrical resistance of the CNT cementitious composites was significantly reduced by to up to 90%. In addition, the decrease in resistance value was greater in SWCNT cementitious composites than in MWCNT mixtures, indicating that SW exhibited more excellent electrical properties. The specimen subjected to deterioration resulting from sulfate ions showed a slight increase in the resistance compared to that before the damage. This signifies that there will be no major complications in exhibiting self-sensing performance.



	
The incorporation of CNTs led to large pores forming in the cement mortar. However, as CNT particles with excellent chemical resistance prevented contact between cement hydrates and sulfate ions, the relaxation and breakage of hydrates affected the weight reduction rate and compressive strength decrease ratio, thereby improving the resistance to sulfate attack. In future studies, it is necessary to analyze the effect of the contact area between sulfuric acid and the cement structure on the pore size and pore distribution created by the incorporation of CNTs.
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Figure 1. Picture of powder-type carbon nanotubes: (a) single-walled carbon nanotubes (SWCNTs); (b) multi-walled carbon nanotubes (MWCNTs); (c) schematics of SWCNTs; (d) Schematics of MWCNTs. 
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Figure 2. Immersion in sulfuric acid solution. 
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Figure 3. Dimension of rectangular parallelepiped specimen of cement mortar for electrical resistance test: (a) side view and front view; (b) plan view. 
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Figure 4. Schematic of cementitious composites for electrical resistance test: (a) specimen and device; (b) side view. 
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Figure 5. Surface location of collected sample immersed for 28 days and collected samples. 
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Figure 6. Experiment equipment for mercury porosimeter test. 
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Figure 7. Weight change ratio of cementitious composites immersed in sulfuric acid solution: (a) 5% and (b) 10%. 
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Figure 8. Compressive strength change ratio of cementitious composites immersed in sulfuric acid solution: (a) 5% and (b) 10%. 
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Figure 9. Scanning electron microscopy (SEM) images before and after damage by sulfuric acid attack. 
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Figure 10. Strength of carbon nanotube (CNT) cementitious composites: (a) compressive strength and (b) flexural strength. 
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Figure 11. Electrical resistance of CNT cementitious composites before and after deterioration by sulfuric acid: (a) 5% and (b)10%. 
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Figure 12. Pore size distribution of CNT cementitious composites before and after immersion in 5% sulfuric solution: (a) before damage and (b) after damage. 
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Figure 13. Cumulative pore volume of CNT cementitious composites before and after immersion in 5% sulfuric solution: (a) before damage and (b) after damage. 
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Table 1. Chemical and physical properties of ordinary Portland cement (OPC).
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Chemical Properties (%)

	
Physical Properties




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
Density(g/cm3)

	
Fineness(cm2/g)






	
22.23

	
5.21

	
3.38

	
64.58

	
2.3

	
3.15

	
3300
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Table 2. Physical properties of carbon nanotubes (CNTs).
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	Item
	MWCNT
	SWCNT





	Diameter (ηm)
	5~100
	1.2~3.0



	Length (μm)
	10
	10



	Tension (GPa)
	<50
	~45



	Electrical resistance (Ω·m2)
	5.1 × 10−6
	10 × 10−4



	Thermal conductivity (W/m·K)
	Max. 3000
	Max. 6000



	Specific surface area (m2/g)
	130~160
	700~900
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Table 3. Particle size distribution of standard sand (KS L ISO 679 [53]).
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	Size (mm)
	2.0
	1.6
	1.0
	0.5
	0.16
	0.08





	Percent finer (%)
	0
	8
	35
	70
	90
	99
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Table 4. Mixture proportion of cement mortar.
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Sample

	
W/C

	
Weight (kg/m3)

	
Admixture (%)




	
Cement

	
Water

	
Sand *

	
CNT

	
MWCNT

	
SWCNT






	
CNT 0

	
0.5

	
510

	
255

	
1530

	
0

	
0

	
0




	
CNT 0.5

	
1530

	
2.55

	
0

	
2




	
CNT 1.0

	
1530

	
5.10

	
2

	
6




	
CNT 2.0

	
1530

	
10.2

	
4

	
14








* Standard sand (KS L ISO 679 [53]).
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