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Abstract

:

This paper presents an experimental investigation on the effect of nano-montmorillonite, carbon nanotubes, and nano calcium carbonate on autogenous shrinkage of cement based materials. Cement paste with different nano-montmorillonite dosage (1.0 wt.%, 2.0 wt.%, 3.0 wt.%), carbon nanotubes dosage (0.1 wt.%, 0.2 wt.%, 0.3 wt.%), and nano calcium carbonate dosage (1.0 wt.%, 2.0 wt.%, 3.0 wt.%) were compared with the reference group to assess the effects of nano-materials on cement paste. Results show that autogenous shrinkage of cement based materials containing nano-materials mainly occurs in the first 72 h. Nano-materials decrease the autogenous shrinkage of the investigated cement based materials at all ages. Compared with that of the reference group at the age of 168 h, the autogenous shrinkage of NM-modified cement based composites containing 3.0 wt.% NM decreased by as much as 57.4%; the autogenous shrinkage of CNTs-modified cement based composites containing 0.3 wt.% CNTs decreased by as much as 19.4%; the autogenous shrinkage of NC-modified cement based composites containing 2.0 wt.% NC decreased by as much as 17.1%. Electrochemical AC (Alternating Current) impedance spectroscopy results show that the resistance of the pore solution electrolyte of specimens containing nano-materials increases with age, and is less than that of specimens without nano-materials, which illustrates that the pore size of nano-modified cement based material is finer and autogenous shrinkage is smaller. Scanning electron microscope results show that the structure of cement matrix is denser with more hydration products by adding nano-materials. Nano-montmorillonite releases water to reduce self-drying effect during the process of hydration for its well water swelling. Carbon nanotubes have the nanometer filling effect and form a continuous network to restrain the early autogenous shrinkage of cement paste. Nano calcium carbonate not only decreases the porosity of the cement paste, but also reacts with tricalcium aluminate to generate the expanded product calcium carboaluminate for compensating autogenous shrinkage of cement paste.
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1. Introduction


Concrete cracking induced by shrinkage has always been considered as a major concern of concrete durability and structural safety control. In recent years, high strength concrete has been widely used in practical engineering [1]. Prior studies have shown that autogenous shrinkage is the primary factor leading to the cracking of high strength concrete. Autogenous shrinkage is defined as the unrestricted volumetric deformation of concrete without loss of mass and moisture under the condition of constant temperature and sealing [2,3,4]. Autogenous shrinkage is mainly attributed to chemical reaction and self-drying. The chemical shrinkage occurs when the total volume of hydration products is less than that of the reactants. After the structural skeleton of the cement paste is formed by hydration, the chemical shrinkage results in an air water interface in the matrix [5,6]. The internal relative humidity of the cement paste continues to decrease and the internal holes appear, resulting in the tensile stress and self-drying shrinkage [7,8,9].



Due to the nano-hydrated seed crystal effect, filling effect, etc., nanomaterials can be positive additives for cement based materials to improve the microstructure and restrict the autogenous shrinkage of cement based materials. Wang et al. [10] investigated the effect of nano-SiO2 on the shrinkage and early cracking sensitivity of lightweight aggregate concrete. They found that when the nano-SiO2 dosages increase from 1% to 3% by mass of the total binders, the total cracking area was decreased at early age. And, the interfacial transition zone (ITZ) between lightweight aggregate and paste was enhanced with 3% nano-SiO2 addition. Polat et al. [11] reported that with the increases of nano-MgO content, the values of shrinkage of high performance cement materials decreased. Nano-MgO reduced the linear autogenous shrinkage by 53%, 56%, and 80%, respectively, when 2.5%, 5.0%, and 7.5% nano-MgO, respectively, by weight of binder were used in mortar. Lim et al. [12] studied the influence of carbon nanofibers on the autogenous shrinkage and strength of ultra-high performance concrete. Results showed that homogeneously dispersed carbon nanofibers increased the compressive strength and compensated the autogenous shrinkage of ultra-high performance concrete, owing to that carbon nanofibers were capable of providing nano-bridges in the cement matrix. Norhasri [13] discussed on nano materials in concrete. Carbon nanotubes have the advantage of enhancing the flexibility and the strength of ultra-high performance concrete. Feneuil et al. [14] reported that the addition of nanomaterials accelerated the hydration processes especially in the early stages of hydration. And a reduction of the autogenous shrinkage by 50% for pastes containing small amounts (0.01 wt.%) of nanomaterials. However, Kim et al. [15] found that CNT addition inhibited the hydration reaction at an early stage of curing, thereby reducing the autogenous shrinkage of the pastes and mortars.



In this work, three different nanomaterials of nano-montmorillonite (NM), Carbon nanotubes (CNTs), and nano calcium carbonate (NC) were used to study the influence on the autogenous shrinkage of cement based materials via the corrugated pipe method. The mechanisms of the effect of nanomaterials on the autogenous shrinkage of cement based materials were investigated by electrochemical impedance spectroscopy (EIS) and microstructural analysis.




2. Materials and Methods


2.1. Raw Materials and Sample Fabrication


Nanomaterials used in this experiment were nano-montmorillonite, carbon nanotubes (surface-modified multi-walled carbon nanotubes with carboxyl groups), and nano calcium carbonate. Physical properties of these three nanomaterials are shown in Table 1, Table 2 and Table 3. Other materials used in this experiment were alkylphenol polyoxyethylene ether (dispersing agent), tributyl phosphate (defoamer), cement (P·II 42.5R type), silica fume, and deionized water. The physical properties of cement and silica fume are shown in Table 4 and Table 5. Water to cement ratio is 0.3. The cement based materials filled with varied nanomaterials were prepared. The NM additions were 1.0%, 2.0%, and 3.0% by mass of cement and are denoted as CPNM1, CPNM2, and CPNM3, respectively. The CNTs additions were 0.1%, 0.2%, and 0.3% by mass of cement and are denoted as CPCNTs01, CPCNTs02, and CPCNTs03, respectively. The NC additions were 1.0%, 2.0%, and 3.0% by mass of cement and are denoted as CPNC1, CPNC2, and CPNC3, respectively. The reference group was labelled as CP.



Nanomaterials (NM or CNTs or NC) were firstly added into a beaker dosed with dispersing agent (1:1 by weight with nanomaterials) and 1/2 dosage of water gross amount, and then stirred at the speed of 800 r/min with a magnetic stirring apparatus for approximately 15 min, followed by ultrasonic treatment for 45 min. Thereafter, cement, silica fume, defoamer, 0.5 remaining water, and the nanomaterials water admixture were added in a rotary mixer for 5 min. Then, cement pastes with nano-material addition were cast.




2.2. Testing


The autogenous shrinkage of nano-modified cement pastes was measured by using the corrugated pipe method, which follows ASTM (American Society for Testing Materials) C 1698-09 [17]. Figure 1 shows a schematic illustration of the experimental setup used for the measurement. Firstly, one end of the tube was closed with an end plug, and then the paste was poured into the corrugated pipe. The tube was subsequently closed with the other plug after the pouring. Then, the corrugated pipe filled with cement paste was placed on an autogenous shrinkage testing device. The test set was kept in an ambient condition of 20 °C and 50% relative humidity (RH). The duration of the test was 168 h. The readings were recorded every 30 min for the first 12 h, every 2 h from 12 to 72 h, and every 6 h from 72 h to the end.



Samples with a size of 20 mm × 20 mm × 80 mm were fabricated and then vibrated for compaction. Four stainless steel mesh electrodes were embedded perpendicular to the length of the specimen and were symmetrical with respect to the midpoint along the length of the specimen. All samples were then covered and sealed with a plastic bag and demolded after 24 h curing in the standard curing chamber (20 °C, RH 50%). Then, the samples were cured (consistent with the autogenous shrinkage curing condition) to a certain age, and the electrochemical impedance spectra of the samples were measured by the quadrupole method. In this paper, the EIS measurements were investigated using a Princeton PARSTAT 2273 electrochemical workstation with a frequency range of 1 Hz to 105 Hz, and the corresponding electrochemical parameters were analyzed using ZSimpWin software. At the same time, the specimens were used for scanning electron microscopy and X-ray diffraction tests.



Safety should be considered when dealing with nanomaterials [18]. During the sample preparation, protective measures were taken to avoid the body being touched by the nanoparticles. During the test of shrinkage, it was much better because the materials were sealed in the corrugated pipe.





3. Results and Discussion


3.1. Autogenous Shrinkage Performance


Figure 2 shows the changes of autogenous shrinkage strain of the nano-montmorillonite cement based materials and reference group samples with age. It can be seen from Figure 2 that the autogenous shrinkage of CP without nano-material can be divided into four different stages according to the development trend. During the rapid growth period (I), the cement paste changed from plastic state to solid state. Before the initial coagulation, the volume shrinkage caused by the cement hydration basically appeared to be decreased by the apparent volume due to the lack of sufficient frame strength to constrain volume deformation. After the initial coagulation, the rate of hydration reaction was accelerated. The self-drying effect led to the increase of capillary pressure, while the overall strength of the paste began to develop which has weak restraint on the apparent volume deformation. Thus the autogenous shrinkage of the cement pastes presented a fast growth trend. In the expansion period (II), the autogenous shrinkage appears to dropped temporarily from point A. As the hydration reaction continued, the moisture in the cement paste was continuously consumed. The self-drying effect was strengthened so that the autogenous shrinkage began to rise to the next stage slowly at point B. The expansion at this stage may be ascribed to cement hydration which leads to an increase in the internal temperature causing the paste to expand [19]. In the slow growth period (III), the formation of the hardened cement paste skeleton has a certain inhibitory effect on the deformation of the apparent volume due to the gradual slowdown of the hydration reaction of the paste, resulting in a significant decrease of the autogenous shrinkage rate. In the relatively stable period (IV), the stiffness of the matrix was constantly enhanced due to the further weakened hydration reaction, which played a significant role in restraining the volume deformation. As a result, the volume stability was improved and the autogenous shrinkage showed a slight increase with age. Samples doped with nano-montmorillonite have the similar development law of autogenous shrinkage with that of reference group samples.



As can be seen from Figure 2, the autogenous shrinkage of each specimen mainly occurred in the first 72 h. The autogenous shrinkage of CP, CPNM1, CPNM2 and CPNM3 at the age of 72 h accounts for 86.6%, 78.1%, 81.3% and 74.8% of the total autogenous shrinkage at the age of 168 h, respectively. Compared with the CP group, the autogenous shrinkage of the specimen CPNM1, CPNM2 and CPNM3 is decreased by 23.0%, 48.9% and 57.4% respectively, at the age of 168 h. The results demonstrate that the incorporation of NM into cement based materials has a significant improvement on the autogenous shrinkage of cement paste. The greater the amount of NM, the more obvious the improvement. This phenomenon attributes to the water swelling characteristic of NM itself. The interlayer water of cement paste can play the role of internal curing and relieve the self-drying effect. The self-expansion effect caused by the hydration reaction of conservation water compensated for partial shrinkage. Under the condition of the same chemical shrinkage, which caused by hydration of cement, the self-expansion effect can compensate for partial shrinkage of the volume which caused by chemical shrinkage in the early age of hydration due to the cement hydration of interlayer water, which results in a decrease of autogenous shrinkage [20,21].



The autogenous shrinkage strain of CNTs-modified cement based materials and the reference group specimens changed with age as shown in Figure 3. The tendency of autogenous shrinkage of each specimen is similar to that of NM-modified cement based materials. The autogenous shrinkage mainly happened in the first 72 h period. The autogenous shrinkage of CPCNTs01, CPCNTs02 and CPCNTs03 at the age of 72 h accounts for 84.7%, 90.5%, and 89.8% of the total autogenous shrinkage at the age of 168 h, respectively. The decrease of shrinkage of CNTs-modified cement based materials in the expansion stage (II) caused by temperature rise is smaller than that of CP, which may be related to the excellent thermal conductivity of CNTs. When CNTs are uniformly dispersed in the matrix, they can dissipate the heat generated by the cement hydration to the environment, which narrow the temperature difference between cement based materials and the environment. As a result, the expansion due to the temperature rise is reduced. The autogenous shrinkage of CPCNTs01, CPCNTs02 and CPCNTs03 was reduced by 11.9%, 17.9%, and 19.4%, respectively, comparing with the reference group. This indicates that with the increase of the amount of CNTs, the decrease of autogenous shrinkage is increased, but the effect is not obvious. The uniform incorporation of CNTs in cement based materials can significantly reduce the number of pores in the matrix, especially the number of small pores, so as to reduce the capillary pressure [22,23]. On the other hand, the structure of the skeleton network formed by uniformly dispersed CNTs in the matrix can inhibit the autogenous shrinkage of the cement based materials [24,25].



The changes of the autogenous shrinkage strain of the nano-CaCO3 cement based materials and reference group samples over time were shown in Figure 4. After the incorporation of NC, with the development stages of autogenous shrinkage of cement based materials can also be divided into four stages. NC has little effect on autogenous shrinkage of cement based materials in the rapid growth stage (I). The autogenous shrinkage of CPNC1, CPNC2 and CPNC3 specimens is decreased by 8.6%, 17.1% and 5.8% respectively, compared with CP group at the age of 168 h. The results show that the incorporation of NC reduced the autogenous shrinkage of the paste. With the increase of the content of NC, the reduction of autogenous shrinkage increased firstly and then decreased, but the effect was not obvious. The effect of NC on cement based materials is due to the fact that NC could increase the content of calcium silicate hydrate (CSH) in cement paste and improve the alignment of calcium hydroxide (CH), so that the interface structure gradually transitioned from plane to space to improve the interface performance. The non-directional arrangement of CH occupied more space, exhibiting a reduction of autogenous shrinkage [26]. On the other hand, the addition of NC produced a single-carbon type C3A·CaCO3·11H2O, which has some expansibility to compensate for the autogenous shrinkage of cement based materials. When the content of NC increased to 3.0 wt.%, the reduction of autogenous shrinkage decreased. The possible reason is that the specific surface area of NC is large. As the NC content increases, the probability of NC particles’ agglomeration raises. It leads to nonuniform dispersion of NC in the matrix, increasing the air void content in cement paste, which weakens inhibitory effect of NC on the autogenous shrinkage of cement paste [27].



Table 6 shows the final shrinkage strain values of cement based materials with different nanomaterials. In general, the value of the shrinkage strain for cement pastes containing nano-materials from small to large as follows: NM-modified cement based composites, CNTs-modified cement based composites, NC-modified cement based composites. This means the effect of nano-montmorillonite on autogenous shrinkage of cement paste is the most obvious, followed by carbon nanotubes then nano calcium carbonate. Nano-montmorillonite releases water to reduce the self-drying effect during the process of hydration for its well water swelling. The self-expansion effect caused by hydration reaction of conservation water compensated for partial shrinkage, which results in a decrease of autogenous shrinkage. Carbon nanotubes have the nanometer filling effect and form continuous network to restrain the early autogenous shrinkage of cement paste. Nano calcium carbonate not only decreases the porosity of the cement paste, but also reacts with tricalcium aluminate to generate the expanded product calcium carboaluminate for compensating autogenous shrinkage of cement paste. However, with the increase of the content of Nano calcium carbonate, the reduction of autogenous shrinkage decreased, which is owing to the nonuniform dispersion of Nano calcium carbonate at higher concentration in the matrix. Nano calcium carbonate at higher concentration appears poorly dispersed, forming agglomerates and bundles, which increases the air void content in cement paste and weakens inhibitory effect on the autogenous shrinkage of cement paste.




3.2. Electrochemical Impedance Spectroscopy


The Nyquist diagrams of samples CP, CPNM2, CPCNTs03 and CPNC2 at different ages were shown in Figure 5. The value of the intersection point of the arc and the real axis in the Nyquist diagram reflect the value of pore solution resistance Rs. It can be seen from Figure 5 that the value of the solution resistance Rs changes from small to large as follows: CPNM2, CPCNTs03, CPNC2 and CP. It can also be seen from Figure 5 that the intersection point of the circular arc and the real axis of Nyquist diagram of each sample moves from left to right as the age increases, which illustrates that Rs is increasing [28,29]. And, the changes of the moving distance from 24 h to 72 h are larger than that from 72 h to 168 h, which indicated that the internal structure of the paste changes more in the early age. This is consistent with the autogenous shrinkage changes in Section 3.1. The resistance of electrolyte in the pore solution represents the conductivity and porosity of the pore solution ions in the matrix. With the development of hydration process, the total amount of Na+, K+ and OH− ions and other ions in the pore solution decreased and the resistance of pore solution electrolyte Rs increased. The autogenous shrinkage of cement based materials due to self-drying results in an increase in the degree of unsaturation of the pore solution as the hydration progresses. The porosity and pore structure of the material changed, and the internal pore size was refined. The compactness of the cement paste was improved by hydration products and also by the filling effect of nanomaterials [30]. Therefore, the smaller the Rs value of cement based material modified with nano-materials, the smaller the autogenous shrinkage is.



The equivalent circuit diagram shown in Figure 6 is used to fit the EIS data by using ZSimpWin software. Rs represents electrolyte resistance of cement pastes pore solution, which is conversely proportional to the porosity and ion concentration. Rct represents charge transfer resistance and Q represents constant phase element. The Rs values simulated by ZSimpWin are shown in Table 7. It can be seen from the data that Rs values of CP group without adding nanometer materials were greater than other groups adding nanomaterials at all ages. The Rs values of CPNM2 samples are less than that of CP samples due to the internal curing effect caused by water swelling of nano-montmorillonite, which compensated for the shrinkage of cement based materials to a certain extent. The Rs value of CPCNTs03 sample decreases, which means that autogenous shrinkage of CPCNTs03 sample decreases accordingly. This could be owing to that the structure of the skeleton network formed by the uniformly mixed CNTs can restrain the autogenous shrinkage stress and the effect nano-packing of CNTs can reduce the shrinkage of the cement paste. The change of the Rs value of CPNC2 group is related to the shrinkage of cement based material due to its swelling product C3A·CaCO3·11H2O generated in the process of cement hydration. At the same age, Rs values of CPCNTs03 group are greater than that of CPNM2 group, and less than that of CPNC2 group. The influence mechanisms of nanomaterials on the autogenous shrinkage of cement based materials and the Rs value of each group are in accordance with the laws shown in Nyquist diagram, which further validates the accuracy of Rs value variation law using Nyquist diagram of electrochemical impedance spectroscopy [31].




3.3. Microstructure Analysis


Figure 7a displays the microstructure of the cement paste, and Figure 7b–d show the morphology of cement based materials with NM, CNTs, and NC, respectively. As shown in Figure 7a, the hydration products are mainly CSH gel, which are cross-linked into the paste. As can be seen from Figure 7b, the major hydration products with the addition of NM are CSH gel and Aft. They are relatively dispersed and the CSH is mostly in the form of flocculent gel. As presented in Figure 7c, with the addition of CNTs into the cement matrix, the carbon nanotubes wound and twisted together into a continuous network structure and tightly packed the hydration products [32]. Figure 7d shows that CSH gel, calcium hydroxide crystals, and other hydration products form a relatively compact structure. Compared with the CP group, the addition of nanomaterials in cement based materials improved the microstructure and compaction of the matrix.





4. Conclusions







	(1)

	
The variation law of the autogenous shrinkage of cement based materials doped with nanomaterials with the increase of age is similar to that of reference samples. There are four main stages: (I) rapid growth period; (II) expansion period; (III) slow growth period; (IV) relatively stable period; and the autogenous shrinkage occurred mainly in the first 72 h.




	(2)

	
Nanomaterials have a certain inhibitory effect on the autogenous shrinkage of cement paste. Compared with that of the reference group at the age of 168 h, the autogenous shrinkage of NM-modified cement based composites with the content of 1.0 wt.%, 2.0 wt.%, and 3.0 wt.% NM decreased by 23.0%, 48.9%, and 57.4%, respectively; the autogenous shrinkage of CNTs-modified cement based composites with the content of 0.1 wt.%, 0.2 wt.%, and 0.3 wt.% CNTs decreased by 11.9%, 17.9%, and 19.4%, respectively; the autogenous shrinkage of NC-modified cement based composites with the contents of 1.0 wt.%, 2.0 wt.%, and 3.0 wt.% NC decreased by 8.6%, 17.1%, 5.8%, respectively.




	(3)

	
The Nyquist diagram and the fitting results of ZSimpWin show that the values of Rs of the samples with nanomaterials are less than that of the reference sample at the same age, indicating that the nanomaterials restrain the autogenous shrinkage tendency of the cement based materials. And, the Rs value of each sample increases with age. SEM test results further validate the conclusion of autogenous shrinkage and electrochemical tests that the cement based materials doped with NM or CNTs or NC have more compact microstructure and more abundant hydration products than the reference sample, and nanomaterials improve the early autogenous shrinkage performance of hydration paste.









In this work, nano-montmorillonite, carbon nanotubes and nano calcium carbonate were homogeneously dispersed and then mixed into cement paste. Autogenous shrinkage performance, electrochemical performance and microstructure were measured. Nyquist diagram of electrochemical impedance spectroscopy was used to validate the accuracy of Rs value variation law. The findings in this work indicated that ideal methods contributed to reducing autogenous shrinkage performance of cement based materials by adding nanomaterials.



As CNTs and nano calcium carbonate appear poorly dispersed at a higher concentration, carbon nanotubes dosage (0.1 wt.%, 0.2 wt.%, 0.3 wt.%) and nano calcium carbonate (1.0 wt.%, 2.0 wt.%, 3.0 wt.%) were used in cement paste in this work. Lower concentration of nano-materials restricted the inhibitory effect on the autogenous shrinkage to a certain extent. Future research work should consider to improve the dispersion of higher concentration of nano-materials in cement paste to enhance the inhibitory effect on the autogenous shrinkage.
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Figure 1. Experimental set-up for measuring autogenous shrinkage property. 
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Figure 2. Autogenous shrinkage of nano-montmorillonite (NM)-modified cement based materials. 
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Figure 3. Autogenous shrinkage of CNTs-modified cement based materials. 
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Figure 4. Autogenous shrinkage of NC-modified cement based materials. 
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Figure 5. Nyquist diagram of nano-materials modified cement based materials at different ages: (a) 24 h; (b) 72 h; (c) 168 h. 
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Figure 6. Equivalent circuit diagram of cement based materials. 
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Figure 7. SEM images of cement pastes containing nano-materials: (a) CP; (b) CPNM2; (c) CPCNTs03; (d) CPNC2. 
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Table 1. Properties of nano-montmorillonite [16].
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	Diameter/nm
	Length/μm
	Purity/(wt.%)
	Specific Surface Area/(m2/g)
	Content(-COOH)/(wt.%)





	<8
	10~30
	>95
	>200
	5.58
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Table 2. Properties of carbon nanotubes [16].
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	Diameter/nm
	Aspect Ratio
	Purity/(wt.%)
	Specific Surface Area/(m2/g)
	Specific Gravity/(g/cm3)





	20~45
	200~400
	>98.4
	750
	2.6
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Table 3. Properties of nano calcium carbonate [16].






Table 3. Properties of nano calcium carbonate [16].





	Diameter/nm
	Purity/(wt.%)
	Specific surface area/(m2/g)
	pH Value





	15~40
	94.5
	≥55
	9.0~10.5
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Table 4. Properties of cement [16].






Table 4. Properties of cement [16].





	
Specific Surface Area/(m2/kg)

	
Initial Setting Time/min

	
Final Setting Time/min

	
Compressive Strength/MPa

	
Flexural Strength/MPa




	
3 Day

	
28 Day

	
3 Day

	
28 Day






	
338

	
152

	
207

	
33.1

	
57.2

	
6.8

	
9.3
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Table 5. Properties of silica fume [16].






Table 5. Properties of silica fume [16].





	SiO2 Content/%
	Moisture Content/%
	Average Particle Size/μm
	Specific Surface Area/(m2/g)





	>96.0
	<3.0
	0.15~0.20
	>15,000
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Table 6. Final shrinkage strain values of cement based materials with different nanomaterials.
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	Specimens
	Final Shrinkage Strain/με





	CP
	520.1



	CPNM1
	400.4



	CPNM2
	265.4



	CPNM3
	221.8



	CPCNTs01
	458.3



	CPCNTs02
	427.1



	CPCNTs03
	419.0



	CPNC1
	475.1



	CPNC2
	431.0



	CPNC3
	489.9
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Table 7. Value of Rs simulated by ZSimpWin.






Table 7. Value of Rs simulated by ZSimpWin.





	
Age/h

	
Rs/Ω




	
CP

	
CPNM2

	
CPCNTs03

	
CPNC2






	
24

	
276.6

	
214.2

	
237.6

	
257.3




	
72

	
831.4

	
668.2

	
716.4

	
782.7




	
168

	
1113

	
840

	
959

	
1022
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