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Abstract. 
The expansion mechanism of magnesium oxide expansive hydraulic cement as a novel expansive hydraulic cement was reviewed. Anisotropic crystallization results in crystal growth pressure, causing volume expansion while also increasing the porosity of the whole system. The theoretical relationship between porosity and expansion was analyzed. A basic method is given for predicting the expansion rate considering the expansive agent content in MgO expansive hydraulic cement. A concise equation is proposed for calculating the ultimate expansion. A theoretical relationship between porosity and expansion is presented. The compressive strength and durability of magnesium oxide expansive hydraulic cement were analyzed considering porosity changes and compared with hydraulic cement. If the expansion rate exceeds 0.8%, the mechanical properties and durability changes caused by porosity should be considered. If magnesium oxide expansive concrete is used with restraining in real structure, extra compressive stress is generated and the porosity decreases, compared with that during free expansion. In particular, for strain-hardening cementitious composites, expansion confined with the fibers present in the composite is beneficial for refining cracks and improving the self-healing ability of these materials whenever exposed to humid environments. This paper describes the expansion mechanism and properties of magnesium oxide expansive hydraulic cement for engineering applications.

1. Introduction
The elimination of cracks in hydraulic cement concrete structures is a global issue; eliminating cracks is necessary for improving the durability of these structures and saving maintenance and repair costs. Hydraulic cement commonly refers to Portland cement and slag cement; it has an extremely wide range of applications throughout the world and is expected to be used extensively in future as well. This cement sets and hardens via chemical reactions with water and is capable of doing so underwater. Concrete containing hydraulic cement has a minor underwater volume expansion. However, when exposed to atmospheric conditions and restrained internally or externally, it always produces cracks caused by thermal contraction or drying shrinkage; these cracks might cause problems in terms of the structural stability and durability at different levels [1]. Thermal contraction and drying shrinkage resulting from hydration and water evaporation (or consuming) are hardly eliminated as concrete contains water.
To maintain the volume stability of concrete or reduce drying shrinkage (or thermal contraction), expansive hydraulic cement containing expansive agents or an expansive component was studied and utilized over the past half-century; in particular, shrinkage-compensating concrete is used worldwide [2–10]. The three common expansive portions in expansive hydraulic cement are based on calcium sulfoaluminate (4CaO·3Al2O3·SO3), calcium oxide (CaO), and magnesium oxide (MgO). Calcium sulfoaluminate expansive hydraulic cement has been studied since many years [3, 11–14]. Yan et al. [15, 16] found that the shrinkage-compensating effect of calcium sulfoaluminate when used in massive concrete structures cannot be completely utilized when the curing temperature is higher than 70°C because of the decomposition of ettringite, which is the main hydration product of calcium sulfoaluminate expansive agents. Compared with CaO expansive agents, MgO expansive agents have a significant advantage owing to their designable expansion properties [17] because the hydration rate of MgO is relatively easier to control by controlling different calcination conditions during the manufacturing process. Since the 1970s, MgO is being used as an expansive agent to compensate for the thermal contraction of mass concrete, particularly in dam concrete used in China; it is extensively used both in research activities and industrial applications [17–19]. Moreover, expansive agents are mineral admixture used for enhancing the performance for self-healing concrete mainly because of their expansion effect [20]. Furthermore, it was proved that the utilization of appropriate dosages of MgO expansive agents has high potential as a new self-healing method for cracked concrete [21–23]. Moradpour et al. [24] found that adding nano-MgO increased the mechanical strength of cement composites during aging to a certain extent and decreased the permeability of these materials. This is because the microstructures of the cement composites with nano-MgO were more compact and homogeneous than those of normal composites because of expansive effect of nano-MgO.
Therefore, the expansion mechanism and dynamics of MgO expansive hydraulic cement should be understood thoroughly to determine the optimal dosages of MgO for use during actual construction and avoid overdose to avoid damages to concrete structures. The mechanism for the expansion of dead-burnt MgO and CaO was first studied by Chatterji based on the crystal growth pressure, solubility of hydroxide crystals, their growth patterns, and diffusion of ions through the electrical double layer formed around the cement hydration products [25, 26]. According to the above mechanism, Mo et al. built an image model of an MgO expansive agent considering the inner pore structure of the expansive agent but could not simulate the expansive process and expansion mechanism in MgO expansive agent concrete [17, 27]. The expansive process and expansion mechanism need to be stated clearly to identify the main design parameters for shrinkage-compensating concrete, which are mainly dependent on the type and content of the expansive agent, the hydraulic cement matrix, and environmental conditions of real concrete structures [28, 29]. Likewise, the relationship between expansion and mechanical properties and durability should be studied.
This article discusses not only the crystallization pressure theory for explaining the expansion mechanism of MgO expansive hydraulic cement but also a basic method for predicting the expansion rate considering the expansive agent content in MgO expansive hydraulic cement. A concise equation is proposed for calculating the ultimate expansion. Autoclave tests are discussed for determining the ultimate expansion. A theoretical relationship between porosity and expansion is presented. Based on this, the connection between expansion, mechanical properties, and durability is discussed. Further studies on concrete under restrained conditions and empirical research will follow.
2. MgO Expansive Agent
MgO expansive hydraulic cement is a mixture of hydraulic cement and MgO expansive agent, which is responsible for expansion. Mixing of the hydraulic cement and MgO expansive agent could be carried out during cement manufacture or during concrete mixing. As the MgO expansive agent is very sensitive to calcination conditions, particularly the calcining temperature, precisely controlling the temperature and residence time and homogeneously heating the magnesite are extremely important for maintaining the quality of MgO expansive agent [17]. For manufacturing MgO expansive hydraulic cement or shrinkage-compensating concrete, MgO expansive agent must be manufactured separately, complying with standards. The first and latest standard for MgO expansive agent for use in concrete was issued by the China Building Materials Federation and China Concrete and Cement-Based Products Association in 2017 [30]. According to this standard, the product shall conform to the chemical and physical requirements prescribed in Table 1.
Table 1: Chemical and physical requirements for MgO expansive agent [30].
	

	Items	Requirements
	R (rapid type)	M (medium type)	S (slow type)
	

	MgO mass content (%)	≥	 	80.0	 
	Loss on ignition (%)	≤	 	4.0	 
	Water content (%)	≤	 	0.3	 
	Reaction time (s)	 	<100	≥100 and <200	≥200 and <300
	Fineness	80 µm square hole sieve residue (%)	≤	 	5.0	 
	1.18 mm square hole sieve residue (%)	≤	 	0.5	 
	


Reaction time is the time required for completing the neutralization reaction between magnesium oxide expansive agent and citric acid solution with definitive concentration


3. Expansion
3.1. Mechanism of Expansion
Hydration products of MgO expansive cement include hydration products of hydraulic cement and magnesium hydroxide (Mg(OH)2) because the hydration reactions of hydraulic cement and MgO expansive agent are relatively independent. Hydration of MgO proceeds according to the following equation, and the volume change is calculated as follows:
The specific gravity values of MgO and Mg(OH)2 used in the calculation are 3.6 and 2.3. It was found that the system as a whole undergoes a net volume contraction of approximately 13%, and the solid volume increases by approximately 126%. After mixing with water and cement, MgO particles having micrometer diameters will contact with water and be covered with a water film. When in contact with water, MgO dissolves in water first. Dissolution of MgO will increase the concentration of magnesium ions in the water film, and Mg(OH)2 crystals will grow when supersaturation is reached. Neglecting the dissolution of Mg(OH)2, which has a solubility of approximately 0.00064 g/100 mL (25°C) in water, all MgO that undergoes hydration to form Mg(OH)2 needs a water–MgO mass ratio more than 0.45 according to equation (1). Crystallization of Mg(OH)2 may occur randomly on the surfaces of MgO particles, cement particles, or the cement hydration gel. The crystal size of Mg(OH)2 will be in the nanometer range initially and then increases to micrometer levels [6]. If an Mg(OH)2 crystal is confined, the volume increases or crystallization pressure will cause expansion of the hardened cement paste. Steiger [31, 32] provided the following thermodynamically consistent equation for the calculation of the pressure generated during crystal growth in porous materials:where  is the crystal growth pressure at crystal face , R is the gas constant, T is the absolute temperature,  is the mole volume of magnesium hydroxide, a is the equilibrium activity of the crystal under pressure ,  is the equilibrium activity of the large reference crystal under ambient pressure,  is the surface-free energy of the crystal-liquid interface at the ith crystal face, and  and  are the area of the surface created and the volume transformed during growth at the ith crystal face, respectively. In the limiting case of a very large crystal size greater than approximately 0.1–1 µm, the interfacial energy term vanishes.
Equation (2) indicates that the crystal growth pressure is the main reason for expansion. Crystallization will occur randomly where the solution is supersaturated; later, as crystal volume increases, the crystal growth pressure increases. According to Steiger’s explanation [31, 32], a solution film must exist, separating the loaded face of a crystal from its constraint; growth on the loaded face of a crystal can only exert pressure if this face is in contact with a supersaturated solution. The crystal growth pressure theory is effectively utilized to understand the mechanism of expansion, but it is difficult to connect microcosmic crystal properties with macroscopic hardened cement paste or concrete properties directly. Moreover, estimating the degree of supersaturation in pore solutions is apparently unrealistic for calculating crystallization pressures.
Based on crystallization pressure theory, there are three main stages in the hydration of MgO. In the first stage, crystallization occurs when the cement paste or concrete is plastic; in the next stage, crystallization occurs without restraining because the crystal dimensions are relatively small. The above two stages will not cause expansion of the cement system. In the third stage, while the cement paste or concrete is hardened and Mg(OH)2 crystals are restrained, crystallization pressure is caused, leading to expansion.
3.2. Dynamics of Expansion
The hydration dynamics of MgO in a hydraulic cement system is highly complicated because it is combined with the hydration of cement and influenced by environmental factors such as the pore solution, temperature, and humidity and strongly depends on the concentration of surface defects on MgO crystals [17, 33, 34]. Different types of MgO, which are calcined at different temperatures, will show different hydration performances with various hydration reactivities. MgO with high reactivity commonly calcined at approximately 600°C undergoes hydration rapidly and thus causes fast expansion at an early age, and the expansion then ceases within a short time approximately 14 d [17]. According to the experiments of Kasselouris et al. [35], the hydration of periclase, or dead-burned MgO, commonly calcined at approximately 1450°C with very low reactivity in cement pastes reached a limited value of 73.4% at a water curing age of about six years. As the pozzolanic activity of the materials with good pozzolanic activity is increased, the hydration of MgO is reduced. Majumdar and Rehsi [36] stated that the precise mechanism through which the addition of pulverized fly ash or other similar active silica materials reduces the autoclave expansion of Portland cements containing large percentages of MgO to permissible levels remains unclear. If the hydration environment of MgO is stable, the expansion should be a continuous process through which expansion will infinitely approach the maximum value assuming that hydration of MgO will finally reach 100%. Yuan [37] proposed a hyperbolic model for simulating the expansion process for MgO-based expansive hydraulic cement concrete, as shown in the following equation:where  is the expansion at time t, t is the time,  is the ultimate expansion, and α is a factor controlled by the expansive agent type, hydraulic cement matrix, and environment conditions.
In real concrete structures, hydration of reactive magnesium oxide is an infinite process like the hydration of cement. If the ultimate expansion could be determined, expansion of MgO expansive hydraulic cement concrete can be approximately calculated at any time using equation (3).
3.3. Ultimate Expansion
Expansion of MgO expansive hydraulic cement is driven by two forces, namely, the crystallization pressure caused by supersaturation and crystallization amount, which are both relative to the expansion agent content according to the above analysis. A possible equation for calculating expansion rate is as follows:where  is the ultimate expansion (%), β is a factor controlled by the expansive agent type and category, hydraulic cement matrix, and environment conditions, and C is the expansion agent content in terms of mass (%).
Hydration of the MgO expansive agent will be triggered when it is mixed with water. During the plastic stage of fresh concrete, crystallization will not cause pressure without confinement. This is the reason that CaO expansive agents have the disadvantages of an extremely fast reaction rate when mixed with water and lower storage stability when exposed to the atmosphere; this reduces its expansion efficiency in shrinkage-compensating concrete [38]. Generally, the ultimate expansion will increase with the increase in expansion agent content. When the ultimate expansion exceeds a particular value or the expansive agent content increases to some value, the whole gel system will disintegrate and lose strength.
3.4. Determining Ultimate Expansion
Hydration of MgO is a long-term reaction like the hydration of hydraulic cement, making it generally impossible to measure the ultimate expansion. To accelerate the hydration process, extra pressure and high temperature should be applied. Till date, for testing the soundness of hydraulic cement, the autoclave expansion test (216°C, 2 MPa, and 3 h) is used to determine the potential delayed expansion caused by the hydration of CaO or MgO, or both, when present in hydraulic cement [39, 40]. Owing to potential safety hazards and the fact that not all testing laboratories have access to testing equipment, Michelle [41] found that a very good correlation exists between the standard ASTM C151 autoclave results and both the 3-h boiling and 80°C (176°F) water-curing expansion values. However, small expansion values would introduce difficulties in terms of the precision and accuracy of the method and the inherent variability of multiple prisms produced using the same mixture. Although Mo et al. [42] concluded that a curing temperature of 80°C (176°F) was much lower than 216°C (420.8°F), less internal thermal stress may be induced in concrete and no serious destruction of the cement hydration products will be caused; therefore, the test results obtained from this accelerated experiment may be more reliable. Nevertheless, the autoclave expansion test is still the most suitable test for determining the ultimate expansion of MgO expansive hydraulic cement or concrete according to the experimental results of Gao et al. [43]. According to autoclave test results for cement pastes obtained by Michelle [41] and those for concrete obtained by Gao et al. [43], equation (4) is applied to obtain the relationship between expansion and MgO content, and the fitted curves are shown in Figure 1 with R-square values of 0.99 and 0.94, respectively. In fact, even in the autoclave test, the hydration reaction will not reach 100% completion. Assuming that the ultimate expansion determined via autoclave tests is close to that under real situations, equation (4) is acceptable for calculating the ultimate expansion rate while factor β is confirmed.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
				
					
			
			
				
					
			
			
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
			
		
		
			
				
			
				
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	













Figure 1: Relationship between autoclave expansion and reactive magnesium oxide content.


4. Properties
4.1. Expansion and Porosity
During the process of MgO hydration, there are three main stages that may occur at the same time but be dominant at different times. In the first two stages, reactive MgO particles dissolve and leave pores in the whole system, and then minor Mg(OH)2 crystal grows freely to fill these pores without generating crystal growth pressure. The third stage is dominated by confined crystallization, and expansion is mainly caused by microcracks induced by the crystal growth pressure in the whole system. This stage will increase the pore volume. This assumption that there is an increase in porosity causes the volume of the entire system to increase, as shown in the following equation:where  is the volume of the system before expansion,  is the original porosity of the system before expansion,  is the porosity after expansion, and  is the expansion rate after expansion. Porosity  in equation (5) is determined as follows:
This equation indicates that expansion will increase the number of pores in the system. According to ASTM C151, the expansion rate limit for maintaining the soundness of cement is at 0.8%. Assuming that the original porosity is 10%, after expansion with at a rate of 0.8%, the porosity is 12.12%, as calculated using equation (6). The porosity increase rate after expansion at a rate of 0.8% is 21.2%. If the expansion rate exceeds 0.8%, the mechanical properties and durability changes caused by porosity should be considered. The relationships between porosity and expansion rate with different original porosities are shown in Figure 2.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
		
			
		
			
			
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
			
			
			
		
	













Figure 2: Relationships between porosity and expansion rate with different original porosities.


4.2. Expansion and Compressive Strength
The fact that a reduction in the porosity of a solid material increases its strength in general and the strength of cement-based materials in particular was recognized long ago [44, 45]. As expansion increases porosity, it should have a role in determining the relationship between the mechanical properties of concrete. Chen et al. [44] evaluated the porosity-strength relationship of cement mortar using the following equation:where  is the compressive strength,  is the compressive strength at zero porosity,  is the percolation porosity at the failure threshold,  is the porosity of the system. The application of the theoretical equation to experimental data yields constants  equal to 69.4 and  equal to 56.2% for cement mortar.
While the porosity is 56.2%, the cement matrix disintegrates as shown in Figure 3 and the expansion rate calculated using equation (6) is 21%, assuming the original porosity to be 25% (the mortar compressive strength is 30 MPa with a porosity of 25% calculated using equation (7)). It is close to the autoclave results obtained in another study [41]; when the expansion rate exceeded 18.89%, the specimen was crushed. By combining equations (6) and (7), the compressive strength of mortar after expansion,  , is given as in the following equation:


	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	













Figure 3: Relationship between compressive strength and porosity for cement mortar.


Equation (8) shows the relationship between the expansion rate and compressive strength after expansion. An increasing expansion rate will decrease the compressive strength of hydraulic cement systems. This equation does not consider the hydration of cement, which will continue for a long time and will refine the pore structure, decrease the porosity, and then increase the compressive strength on some levels.
4.3. Expansion and Durability
From the viewpoint of the three stages of MgO hydration discussed above, hydration of MgO makes the pore structure partially dense or increases the tortuosity of pores, which will improve durability; further, if high expansion occurs, high porosity will reduce durability. Choi et al. investigated the durability properties, including carbonation, freezing-thawing, chloride penetration, and sulfate resistance, of fly ash concrete containing 5% MgO by mass of binders as an expansive agent [46]. Experimental results indicated that the compressive strength and durability characteristics of concrete during long-term aging were slightly improved. Gao et al. [47] observed that during the freezing-thawing test performed using the procedure given in ASTM C666, when the content of MgO expansive agent was increased from 0% to 4% and 8%, the strength and mass losses of roller-compacted concrete decreased. When the content of MgO expansive agent increased from 8% to 12%, the strength and mass losses of roller-compacted concrete increased. While the MgO content is relatively low, less than 5% by mass of binders, most hydration products from the reactive MgO act as fillers for the concrete pores and increase the tortuosity of pores. Gao et al. [48] also found that fly ash may inhibit the autogenous volume expansion of concrete with MgO expansive agent, and the effect became more significant on increasing the fly ash content. They concluded that microexpansion caused by MgO closed the pores of the concrete paste and made the structure denser; this might compensate for the shrinkage of concrete, decrease cracking in concrete works, and improve the durability of concrete. Gonçalves et al. found an overall decline in mechanical and durability-related performance with the use of both MgO and fine recycled concrete aggregates but enhanced shrinkage behaviour was observed in all MgO-containing specimens [49]. Runxiao Zhang and Daman K. Panesar found that reactive magnesium oxide as a replacement of Portland cement not only brings potential to reduce the embodied carbon in construction materials but also brings uncertainties in the volumetric stability of carbonated MgO-Portland cement systems during carbonation curing and sulfate exposure [50].
For shrinkage-compensating concrete or expansive concrete, more expansion is needed to compensate for shrinkage or contraction and the MgO content should be higher than 5%. However, it appears that the suitable dosage of MgO for improving durability is less than 5%. Further experiments are required to confirm this, and more experiments are needed to study the durability performance of MgO expansive concrete under combined loadings [51–58].
5. Expansion via Restraining
In real concrete structures, expansion of concrete material is always restrained by reinforcements in concrete. On the one hand, a restraining will reduce expansion and decrease porosity when compared with free expansion. Hu and Li [59] studied high-performance expansive fly ash concrete (with an alunite- and gypsum-based expansive agent) and found that confined curing could improve the microstructure of expansive concrete, particularly by intensifying and densifying the paste-aggregate interface. On the other hand, constraining will cause stress, commonly called compressive stress, in concrete materials during the service life of the concrete structure. Wittmman et al. [60] found that application of a moderate compressive stress, a stress up to 35% of the ultimate stress, decreases the diffusion coefficient of chloride ions in concrete. In summary, expansion under restraining is expected to compact the pore space and close micropores. Likewise, considering the physical process of moisture transport in cement-based materials, which has a direct influence on both service life and durability [61, 62], expansion under constraint retards moisture transportation. Furthermore, for strain-hardening cementitious composite (SHCC) materials, having high strain capacity and resistance against steel rebar corrosion [63, 64], fibers will cause an internal constraint similar to that caused by adding reinforcements. Zhang et al. found that MgO expansive agents can significantly improve the crack healing efficiency of SHCC under water fog curing conditions [65]. With the designable expansion of MgO expansive agent, improving the self-healing ability of SHCCs using MgO expansive hydraulic cement is possible [66]. It is predicted that regulating expansion of cementitious materials with MgO expansive agent combined with fibers is a novel and promising approach to improve the self-healing ability and durability of SHCCs. In summary, if expansive concrete is restrained, extra compressive stress will be generated and porosity will decrease compared with that during free expansion. Obviously, suitable dosages of MgO should be determined for use in expansive concrete [67–72].
6. Conclusions
(1)Based on the crystallization pressure theory, there are at least three main stages in the hydration of MgO. In the first stage, crystallization occurs when the cement paste or concrete is plastic; in the following stage, crystallization occurs without restraining because the crystal dimensions are relatively small. The above two stages will not cause expansion of the cement system. In the third stage, the cement paste or concrete hardens and crystals are restrained, producing crystallization pressure and thus leading to expansion.(2)In real concrete structures, hydration of MgO is an infinite process like the hydration of cement. If the ultimate expansion could be determined, the expansion of MgO expansive concrete can be predicted approximately at any time using equation (3). Generally, the ultimate expansion rate will increase with the increase in the content of the expansion agent. When the ultimate expansion exceeds some value or the expansion content increases to some value, the whole gel system will disintegrate. The autoclave expansion test is currently the most suitable test for determining the ultimate expansion rate of MgO expansive hydraulic cement or concrete.(3)A model for explaining the relationship between the porosity after expansion and expansive rate is presented, along with the equation for calculating the compressive strength of mortar after expansion while considering porosity.(4)From the viewpoint of the three stages of MgO hydration, hydration of MgO will make the pore structure partially dense or increase the tortuosity of the pores, which will improve durability properties; however, if high expansion occurs, a high porosity will induce durability properties. If the expansion rate exceeds 0.8%, the mechanical properties and durability changes caused by porosity should be considered. Further experimental studies should be carried out for different types of MgO expansive agent to verify the expansion mechanism, identify the ultimate expansive rate, and propose suitable MgO dosage for MgO expansive hydraulic cement or concrete.Data Availability
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