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Abstract. 
This study investigated the unconfined compressive strength change law of cement modified slurries (CMS) under different curing ages. We conducted unconfined compressive strength tests using slurry and cement as raw materials. The cement contents were 5%, 10%, 15%, 20%, and 25%. The curing ages were 7, 14, 28, 56, 90, 120, 150, and 180 d. A time effect model of CMS strength was established based on the measured UCS strength-curing age and the strength-cement content curves. The test results proved that the UCS of the CMS increased significantly with an increase in the curing age, and after 90 days, the UCS gradually increased to a fixed value. The time effect model better characterized the relationship between the UCS of the CMS and the curing age and the cement content, as the predicted value had a high correlation with the measured value. We conducted scanning electron microscopy (SEM), energy dispersive X-ray (EDX), and X-ray diffraction (XRD) tests to analyze the microstructure and chemical composition of the CMS. The microscopic test results demonstrated that the increase of cement content and curing age increased the amount of gelling substances in the CMS and made the overall structure more compact, thereby increasing its macro strength.

1. Introduction
Slurry is a type of turbid suspension system composed of water, bentonite particles, clay particles, and admixtures. Generally, in slurry preparation, water accounts for 70% to 80%, and solid particles account for 20% to 30%, by volume ratio. As an engineering auxiliary construction material, slurries are widely used in bored pile construction, shield tunnel construction, and underground diaphragm wall construction. An unreasonable discharge of construction slurry will cause environmental pollution, water pollution, vegetation destruction, and soil consolidation, thereby destroying the ecological environment. Thus, there is an urgent need for social development to find an economical and environmentally friendly treatment method to deal with the waste slurry.
A large amount of earth rock materials is used in highway engineering construction. This is an effective method of resource utilization through curing and modifying the slurry to meet the requirements of highway engineering. Many studies have been carried out on the methods of slurry curing [1–3]. However, the study of slurry curing with high-moisture content requires further discussion [4].
Cement, as a kind of commonly used soft soil curing material, has been well researched [5–10]. Pu [11] performed unconfined compression tests on silt samples and SEU-2 binder-cured silt samples. The brittleness index was introduced to quantitatively evaluate the softening and hardening effects of curing silt. The test results demonstrated that the addition of cement improved the deformation characteristics of silt. With the increase of cement content, the initial porosity and compression index decreased. The unconfined compressive strength (UCS) increased with increasing curing age and cement content, while the failure strain decreased. There are also some studies on the incorporation of waste materials into soft soil, which not only recycled the waste, but also modified the soft soil. Yoobanpot [12] added cement kiln ash and fly ash into soft soil to improve its compressive strength. The strength of the soft soil was significantly improved early on and slowly increased with an increase in the curing age.
Cement can improve the engineering properties of soft soil, and the UCS of cement soil increases with the increase in curing age. So, cement soil is widely used in many engineering fields, just as bored pile construction, shield tunnel construction, and underground diaphragm wall construction [13–21]. Many studies on the mathematical model of strength growth were conducted. Horpibulsuk studied the strength growth law of high-moisture cement soil based on Abrams’ method and put forward the prediction of cement soil strength with the water-cement ratio as the basic parameter [22]. Lee proposed that the strength of the cement soil was related to the cement content and water-cement ratio and thus established a mathematical model [23]. Based on Lee’s research, Xiao and Liu proposed a generalized hyperbolic fitting mathematical model for the time effect of cement soil [24, 25]. The above results demonstrated that the UCS of cement soil is related to the cement content and curing age. As slurries and soft soils have similar engineering characteristics, it is feasible to establish a time effect model of cement modified slurries (CMS).
The analysis of micromechanisms has important guidance for macro-mechanical research. At present, the microtests of cement soil mainly use scanning electron microscopy (SEM), energy dispersive X-ray (EDX), and X-ray diffraction (XRD). The SEM analysis of cement stabilized soil conducted by Mousavi [26] demonstrated that cement could improve the strength of soil due to the hydration reaction. During the reaction process, cement filled the smaller pores in the soil and produced gel crystals with the increasing curing age. The space of the large pores gradually decreased. Mola-Abasi [27] incorporated zeolite into the cement sand, and the SEM tests showed that zeolite changed the microstructure of the cement sand. The reaction products of pozzolan filled the porous cement sand, thereby, increasing its strength.
Ghasabkolaei [28] performed SEM image analysis on the cemented soil mixed with and without nanosilicon powder, and the results demonstrated that the cemented soil mixed with nanosilicon power was more uniform and denser than the ordinary cemented soil. Moreover, the UCS of uniformly dense cement soil mixed with nanosilicon powder is high. Homidy [29] studied the microstructure of cement soil. SEM image analysis showed that the schistose structure in the cement soil was caused by the hydration reaction of the cement. XRD diffraction analysis showed that the C–S–H gel formed by the hydration reaction results in the highest proportion of calcium and silicon among all the elements.
The above studies demonstrated that the mechanical properties of slurry can be effectively improved by adding modified materials. Cement is a commonly used modification material due to the advantages of low cost and good modification effects. Using cement is feasible for modifications of slurries. Through studying the changes of the mechanical properties of CMS over extended curing ages, relevant mathematical models were established to effectively predict the key indexes. Through the microtests of CMS, the strength variation mechanism can be explained from the micromechanism aspect, which can provide a reference for the engineering applications of modified slurries.
2. Test Preparation
2.1. Experimental Materials and Program
The raw materials used in this study are slurry and cement, and the moisture content of the slurry is 100%. The slurry used throughout the experimental test was collected from a construction site in Shaoxing city, China, as shown in Figure 1. The physical and mechanical properties of the slurry are presented in Table 1. SEM, EDX, and XRD tests were performed on the dried slurry, and the microstructure, elemental composition, and compound composition were obtained as shown in Figures 2–4 , respectively.


	
		
	













Figure 1: The testing slurry.


Table 1: The physical and mechanical properties of the building slurry.
	

	Index name	Specific gravity	Liquid limit/(%)	Plastic limit/(%)	Plasticity index/(%)	Moisture content/(%)
	

	Index value	2.65	43.5	23.1	20.4	100
	





	
		
	













Figure 2: The scanning electron microscopy (SEM) test results of the slurry.




	
		
	
	
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
	













Figure 3: The energy dispersive X-ray (EDX) test results of the slurry.




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
			
		
		
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
		
	

Figure 4: The X-ray diffraction (XRD) test results of the slurry.


As demonstrated in Figures 2–4, the slurry was mainly composed of schistose particles, whose main element components were Si, O, Al, Mg, and Ca, whose main compounds were SiO2, Al2O3, and CaCO3.
The cement used in this test belongs to class PO32.5, ordinary Portland cement, produced by Shangyu Hailuo Cement Co., Ltd. The cement content and the curing age of CMS are presented in Table 2.
Table 2: The unconfined compressive strength (UCS) test scheme.
	

	Cement content/(%)	Curing age/(d)
	

	5, 10, 15, 20, 25	7, 14, 28, 56, 90, 120, 150, 180
	



2.2. Sample Making and Testing
According to the highway geotechnical test regulations [30], the amount of slurry was calculated based on the proposed test scheme, then placed in a mixer, and stirred for three minutes to ensure uniformity. The cement was added, according to Table 2, as a percentage of the dried slurry weight, and then stirred for 3 to 5 minutes. The mixed CMS was charged into the test mold three times and shaken 50 times each charge. The size of the test mold was a cylinder with a diameter of 39.1 mm and a height of 80 mm. Then, the test mold was sealed with cling film and left vertically in position for 2 hours. After the entire sample was solidified and stabilized, both ends of the sample were wrapped with filter paper and placed into a water tank for curing at 20°C. The curing ages were 7 d, 14 d, 28 d, 56 d, 90 d, 120 d, 150 d, and 180 d. The cured samples were demoulded, and then the UCS tests were conducted. The demoulded samples are shown in Figure 5. In this study, the UCS tests were performed using a fully automatic multifunctional unconfined compressive strength tester produced by Nanjing TKA Technology Co., Ltd., which can realize the automation of the whole process of test operation through computer control.


	
		
	













Figure 5: The demoulded cement modified slurry (CMS) sample.


3. UCS Test Results and Analysis
3.1. UCS Test Results
The stress-strain data curves of CMS measured by UCS tests with different cement contents and different curing ages are shown in Figure 6, where 6(a)–6(h) represent the stress-strain curves with different cement contents at curing ages of 7 d, 14 d, 28 d, 56 d, 90 d, 120 d, 150 d, and 180 d, respectively.
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Figure 6: Axial stress and axial strain curves of CMS. (a) 7 d axial stress and axial strain curves. (b) 14 d axial stress and axial strain curves. (c) 28 d axial stress and axial strain curves. (d) 56 d axial stress and axial strain curves. (e) 90 d axial stress and axial strain curves. (f) 120 d axial stress and axial strain curves. (g) 150 d axial stress and axial strain curves. (h) 180 d axial stress and axial strain curves.


In Figure 6, there are obvious peaks in the unconfined compressive stress-strain curves of CMS with different cement contents and at different curing ages, which has a softening curve characteristic; that is, when the stress does not reach the peak, the stress increases sharply with the increase of the strain. When the stress reaches its peak value, the stress slowly decreases with increasing strain and finally tends towards a stable value.
3.2. UCS Test Data Analysis
The peak stress of the unconfined compressive stress-strain curve is taken as the UCS of the CMS. According to the stress-strain curve in Figure 6, the UCS of the CMS with different cement contents at different curing ages can be obtained, as presented in Table 3.
Table 3: The UCS of the CMS/kPa.
	

	Curing age/(d)	Cement content/(%)
	5	10	15	20	25
	

	7	43	122	199	298	423
	14	81	179	283	448	518
	28	113	221	339	553	648
	56	151	248	404	625	755
	90	184	288	448	701	867
	120	194	322	478	743	899
	150	195	331	489	752	918
	180	205	338	502	756	953
	



According to Table 3, the comparison of the UCS of the CMS at different curing ages with different cement contents was obtained, as shown in Figure 7.


	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	

Figure 7: The UCS of the CMS with different cement contents at different curing ages.


Figure 7 shows that the UCS of the CMS at each curing age increased with the increase of cement content. In addition, the growth rate of the UCS with a cement content from 20% to 25% clearly decreased. We concluded that the 20% cement content was the optimal content.
In order to further explore the effect of the cement content on the UCS of the CMS, the strength growth multiples of the CMS with different cement contents can be calculated according to formula (1), and the calculated results are shown in Figure 8.where  represents the multiple, and  and  represents the UCS of the CMS at curing ages of 180 d and 7 d, respectively.


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
	
		
	
		
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
		
			
		
	

Figure 8: Multiple changes in the strength of CMS with different cement contents during the curing process.


In Figure 8, the UCS of the CMS with each cement content increased by 2.5 times with the increase in curing age.
According to Table 3, the comparison of the UCS of the CMS with different cement contents and different curing ages is shown in Figure 9.


	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
	
	
		
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
		
	

Figure 9: The UCS of the CMS with different cement contents and different curing ages.


In Figure 9, with the same cement content, the UCS of the CMS increased significantly with the curing age from 7 d to 90 d. During the curing from 120 d to 180 d, the UCS of the CMS did not increase significantly.
In order to further explore the effect of the curing age on the UCS of the CMS, the strength multiples of the CMS at different curing ages were calculated according to formula (2), and the calculated results are shown in Figure 10.where  represents the multiple,  represents the peak strength of the CMS when the cement content is 25%, and represents the peak strength of the CMS when the cement content is 5%.


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	

Figure 10: Multiple changes in the strength of the CMS with different cement contents during the curing process.


As can be seen from Figure 10, with the increase in the curing age, the strength increased multiple times, gradually decreased, and finally reached a stable value.
3.3. Time Effect Model
In order to comprehensively analyze the improvement effect of the cement content and the curing age on the UCS of the CMS, we obtained from Figures 7 and 8 that, with different cement contents, the UCS of the CMS had a similar change law with the increase in the curing age. The relationship between the UCS and curing age can be described bywhere q represents the UCS, t represents the curing age, and A and B are functions of the cement content cw.
The prediction model of the UCS of the CMS with respect to the curing age can be obtained by fitting calculations:
The calculated data of formula (4) were compared with the experimental data, as shown in Figure 11.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
			
		
			
				
			
				
		
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
	
	
		
			
		
		
			
			
			
		
		
			
			
		
	
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
			
		
			
	
	
		
		
	
	
		
			
		
			
	
	
		
			
		
			
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
	
	
		
	
	
	
	
		
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	













Figure 11: The UCS and curing age curve of the CMS with different cement contents.


As can be seen from Figure 11, formula (4) can better predict the UCS of the CMS under different curing ages. In order to consider the effect of the cement content on the UCS of the CMS, the function relation of A and B in formula (4), on the cement content cw, was fitted and calculated. The calculation functions of A and B can be obtained as shown in formulas (5) and (6), respectively.
The fitting curves of formulas (5) and (6) are shown in Figure 12. Both formulas (5) and (6) have better fitting accuracy.


	
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
		
			
		
		
			
		
		
			
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	













Figure 12: The relationship curves between A, B and the cement content cw.


Formulas (5) and (6) are substituted into formula (3), and the UCS prediction formula for CMS can be obtained:
The measured UCS value of each group of CMS was compared with the predicted value calculated by formula (7), and the results are presented in Figure 13. We concluded that the correlation coefficient between the predicted value and the measured value was 0.991, indicating that formula (7) can better predict the UCS of the CMS with different cement contents and different curing ages.


	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
			
		
			
				
			
				
		
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
	
	
		
			
		
		
			
			
			
		
		
			
			
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		













Figure 13: The correlation fitting curve between the prediction data and measured data.


Formula (7) fit the measured strength of the CMS with 100% moisture content and had a good correlation. The UCS of the CMS increased linearly with the logarithm of the curing age. According to formula (7), the curve of the UCS of the CMS with different curing ages and different cement contents can be plotted, as shown in Figure 14, which can provide a reference for related engineering designs and practice.


	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	













Figure 14: The prediction model of the UCS of the CMS.


4. Microscopic Test and Mechanism Analysis
In order to further explore the formation mechanism of the UCS of the CMS by the cement content and curing age, we used SEM, EDX, and XRD testing methods to test the microstructure, element changes, and compound change rules of CMS, so as to study the micromechanism of the time effect of CMS. The test scheme is shown in Table 4.
Table 4: The CMS microtest scheme.
	

	Cement content/(%)	Curing age/(d)	Test content
	

	5 and 20	7, 28 and 90	SEM, EDX, and XRD
	



4.1. SEM Test
The SEM microtest is a popular microtest method commonly used in civil engineering and geotechnical engineering. SEM is used to enlarge the sample into the specified multiples, and the corresponding multiple microscopic images can be obtained directly. The uneven microstructure on the surface of the sample can be seen intuitively, and the particle distribution, pore distribution, and particle size inside the sample can be clearly observed. A JSM-6360LU tungsten filament high and low vacuum scanning electron microscope instrument produced by Japan Electronics Co., Ltd was used in this test. The SEM test was performed according to the test scheme in Table 4, and the SEM microscopic images of the CMS are shown in Figure 15.
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Figure 15: SEM images of CMS with different cement contents and curing ages. (a) Cement content 5% and curing age 7 (d). (b) Cement content 20% and curing age 7 (d). (c) Cement content 5% and curing age 28 (d). (d) Cement content 20% and curing age 28 (d). (e) Cement content 5% and curing age 90 (d). (f) Cement content 20% and curing age 90 d.


When the curing age is 7 d, the microstructure of CMS with a cement content of 5% is filled with more small particle units, few large particle units, a low degree of internal cementation, and a large number of pores, as shown in Figure 15(a). The microstructure of CMS with a cement content of 20% has larger pores, as shown in Figure 15(b). Compared with Figure 15(a), there are fewer small particle units and more large groups cemented together, forming a large group cemented loose structure at the microscopic scale. The reason is that, with the increasing cement content, after the hydration reaction, more gelling substances will be generated, which will further react to form crystals. In addition, these gelling substances will also wrap the slurry particles to cement them together to form a larger structure, thereby improving the strength of the slurry.
When the curing age was 28 d, there was a small amount of gelling substance inside the CMS sample with a cement content of 5%. However, there were interspaces inside the sample, and the cementation among the units was poor. The overall skeleton was more dispersed, as shown in Figure 15(c). In the microstructure of the CMS with a cement content of 20%, the large particle units became significantly larger, and a small amount of the small particle units is attached to the large particles, as shown in Figure 15(d). Compared with Figure 15(b), the microstructure of the CMS at the 28 d curing age was more compact, which was reflected in the increase of strength, microscopically.
When the curing age was 90 d, compared with the curing age of 7 d and 28 d, the microstructure of the CMS sample with a cement content of 5% had a larger number of large particle units, with only a few small particle units. The degree of cementation between the large particle units was improved, and the pores between the samples decreased. The cementation between units was poor, and the overall skeleton was relatively dispersed, as shown in Figure 15(e). This is because the cement content was too small, resulting in less gelling substances generated by cement hydration, which could not fill the internal pores of the CMS. In the microstructure of the CMS with a cement content of 20%, the overall cementation degree was further deepened, and the structure was more compact, presenting a complete skeleton as shown in Figure 15(f).
We concluded from the above analysis that, with the increase in curing age and cement content, the gelling substances in the microstructure of CMS gradually increased, filling the pores among the soil particles, thereby improving the microstructure compactness of the CMS. Macroscopically, the UCS of the CMS gradually increased with the increase in the curing age and cement content.
4.2. EDX Test
By means of high-energy X-ray, the X-ray energy spectrometer recoordinated the atoms in the sample atoms, and the electrons in the outer layer supplemented the vacancy of the electrons in the inner layer, thus releasing the characteristic X-rays, whose wavelength has a certain relationship with the atomic number. Qualitative analysis can be performed according to the wavelength of the spectral line, and the content of the element can also be obtained. The X-ray energy spectrometer used in this test was the British Oxford X-act energy spectrometer produced by the Beijing OBR Scientific Instrument Co., Ltd. The EDX test was performed according to the test scheme in Table 4, and the energy spectrum of the CMS was obtained as shown in Figure 16.
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(f)
Figure 16: EDX test results under different cement content and curing age. (a) Cement content 5% and curing age 7 (d). (b) Cement content 5% and curing age 28 (d). (c) Cement content 5% and curing age 90 (d). (d) Cement content 20% and curing age 7 (d). (e) Cement content 20% and curing age 28 (d). (f) Cement content 20% and curing age 90 d.


It can be seen from Figure 16 that the main elements in the CMS are Si, O, Al, and Ca. This is because the main minerals, dicalcium silicate and tricalcium silicate, in cement undergo a hydration reaction with water, resulting in the production of gelling substances to improve the strength of the slurries. The chemical components in gelling substances are mainly Si, O, Al, and Ca elements.
4.3. XRD Test
The X-ray diffractometer is an analytical instrument for researching and identifying the composition and atomic structure of crystalline substances and materials. The wavelength of X-rays is close to the distance between the atomic surfaces inside the crystal. The crystal can be used as a spatial diffraction grating of X-rays. That is, when an X-ray beam is irradiated on an object, it is scattered by the atoms in the object, and each atom generates a scattered wave. These waves interfere with each other, resulting in diffraction. The superposition of the diffraction waves makes the intensity of the rays strengthen in some directions and weaken in other directions. By analyzing the diffraction results, the crystal structure can be obtained, and its composition can be analyzed. The XRD test was performed according to the test scheme in Table 4, and the X-ray diffraction analysis chart of the CMS is shown in Figure 17.
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(f)
Figure 17: The XRD images of different cement contents and curing ages. (a) Cement content 5% and curing age 7 d. (b) Cement content 20% and curing age 7 d. (c) Cement content 5% and curing age 28 d. (d) Cement content 20% and curing age 28 d. (e) Cement content 5% and curing age 90 d. (f) Cement content 20% and curing age 90 d.


It can be seen from Figure 17 that the compounds in the CMS are mainly SiO2, Al2O3, and CaCO3, which are in good agreement with the EDX test results. According to the XRD test results, the mass ratios of SiO2, CaCO3, and Al2O3 at the curing ages of 7 d, 28 d, and 90 d with a cement content of 5% and 20% can be obtained through statistics, as shown in Figure 18.


	
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
	
	
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	













Figure 18: The relationship between mass ratios of various elements with different cement contents.


It can be seen from Figure 18 that the mass ratios of SiO2, Al2O3, and CaCO3 increased with the increasing cement content and curing age.
According to reference [31], the direction index of SiO2 can be calculated. The relative UCS and relative direction index are calculated based on the strength and direction coefficient of the CMS with a cement content of 20% and at a 28 d curing age. The calculated results are shown in Figure 19.


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
	
		
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		













Figure 19: The relationship curve between the relative UCS and relative direction coefficients.


As can be seen from Figure 19, there is a negative linear correlation between the relative UCS and relative direction coefficient. That is, as the UCS increases, the direction coefficient gradually decreases.
4.4. Micromechanical Analysis
We concluded through the EDX and XRD tests that, under the same curing age, the mass ratios of Si, Al, and Ca increased with the increase of cement content, due to the chemical reaction between the cement and soil particles and the water inside the slurry. The higher the cement content was, the more the dicalcium silicate, tricalcium silicate, and alumina were produced by the reaction. With the same cement content, the mass ratios of Si, Al, and Ca elements increased with the increase in the curing age. This is because the strength improvement effect of the dicalcium silicate began to play its role after curing for 28 days. As the curing age increased, the hydration reaction of the cement became more and more sufficient, and more hydration products are generated.
As can be seen in Figure 17, the composition and types of the compounds did not change along with the increase of the cement content and curing age. This is because the main components of cement are dicalcium silicate (C2S), tricalcium silicate (C3S), tricalcium aluminate (C3A), tetracalcium iron aluminate (C4AF), and the hydration reaction equations are shown in equations (8)–(11), respectively:
The hydration reaction of C2S and C3S is the main reason for the formation of CMS strength. The action times of the two mineral components are different. C3S generally exerts its improvement effect within 28 days, while C2S begins to exert its effect after 28 days. Therefore, with the increase in curing age, the hydration reaction products increased, and the corresponding Si, O, Al, Ca, and the other elements increased. Therefore, it can be explained from the perspective of the element composition that the UCS of the CMS increased with the increase in curing age.
According to Figure 17, under the same curing age, the SiO2, CaCO3, and Al2O3 contents of CMS increased with the increase of cement content. As a result, the hydration reaction products in CMS increased to improve its UCS.
5. Conclusions and Discussions
5.1. Conclusions
By studying the time effect and micromechanisms of the UCS of the CMS, the following conclusions can be obtained:(1)With the increase of the cement content and curing age, the UCS of the CMS improved significantly. From the curing age of 7 d to 180 d, the UCS of the CMS in each curing age increased with the increase of cement content, and the growth rate of the UCS of the CMS with a cement content from 20% to 25% significantly decreased. Thus, we concluded that the 20% cement content was the optimal content.(2)With the cement content from 5% to 25%, the UCS of the CMS at each cement content increased first and then tended to be constant with the increase in the curing age. The UCS at the curing age of 180 d was about 2.5 times higher than that at 7 d.(3)Based on the mathematical characteristics of the strength-age curve and the strength-cement content curve, a time effect model was established, which could better characterize the relationship between the UCS of the CMS and the curing age and the cement content. This can effectively predict and guide the use of CMS in engineering practice.(4)The strength formation mechanism of CMS mainly includes the following two aspects: on one hand, the hydration reaction of C2S and C3S in cement generated gelling substances, which fill the pores among the particles, thereby improving the strength of CMS. On the other hand, with the increase of the cement content and curing age, more and more gelling substances were formed, which results in the small particles clumping together to form a larger cement soil mass, thus increasing the strength of the CMS.
5.2. Discussions
The strength change law of CMS under different curing ages was obtained by UCS tests and microscopic test. It should be noted that:(1)This study only discussed the UCS time effect of CMS with 100% moisture content. For other representative moisture contents, such as optimal moisture content, plastic limit and liquid limit, the UCS time effect model of CMS needs to be further studied.(2)Environmental factors have a certain influence on the UCS of CMS, so it is necessary to study the modification of time effect model of CMS by dry wet cycles and freeze-thaw cycles.(3)The role of other materials such as nanomaterials [32, 33], polymer materials [34–36], and fibers [37–40] can improve the mechanical properties of building materials, and it is necessary to study the application of these materials in CMS modification.
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