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Study on the performance of cement-water glass double liquid grouting material

Abstract
The cement − water glass double liquid grouting material is often used in the early reinforcement and temporary plugging of the mine, so the lower material is often subject to greater maintenance pressure. In order to explore the field working performance of cement − water glass double liquid grouting material, this paper explores the influence of different water glass content ( volume ratio of 40 %, 50 % and 60 % respectively ) on the physical density and setting time of the consolidation body based on the indoor test, and simulates three kinds of deep well high water pressure environment ( 0.5Mpa, 1Mpa, 2Mpa ) to analyze the influence of curing pressure on the 7d strength of the consolidation body. The results show that with the increase of water glass content, the density of cement slurry decreases and the gelation time prolongs. With the increase of curing pressure, compared with the consolidation body under normal pressure curing, the compressive strength of the consolidation body with water glass content of 40 % and 50 % decreased first and then increased. When the curing pressure was 0.5 ~ 1Mpa, the compressive strength of the two consolidation bodies decreased by about 23 % and 47 % respectively compared with the control group under normal pressure. When the curing pressure was 1 ~ 2Mpa, the compressive strength of the two consolidation bodies increased by about 10 % and 25 % respectively compared with the control group under normal pressure. The compressive strength of the consolidated body with 60 % water glass content did not change much under three pressure environments.
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1 Introduction
With the continuous mining of mineral resources, the depth of the mine is increasing, and the coal mining is in the stage of comprehensively advancing to the deep [1-2]. Therefore, deep mining is not only an urgent problem facing the current coal mine development, but also the main way to ensure sustainable development [3].With the mining depth is increasing. Under the interference of various external factors, the structure and mechanical properties of rock mass have undergone major changes. The rock mass of roadway surrounding rock is loose and fragile, and the phenomenon of underground roof fall and water inrush is frequent, which brings great hidden dangers to the safe and efficient production of mine [4].Grouting technology has become an effective means to reinforce fractured rock mass, seal cracks and prevent water inrush due to its labor-saving and effective characteristics[5].
Using cementitious materials to implement grouting engineering to control water disasters is a widely used water disaster control technology. Therefore, the study of grouting materials has important practical significance for mine production. At present, the commonly used grouting materials are divided into two categories : organic slurry and inorganic slurry [6]. Among them, inorganic cement slurry, because of its high strength after consolidation, low price and convenient configuration, has become the most widely used grouting material in the field of mining engineering. However, the traditional pure cement slurry has the disadvantages of long setting time, large liquid particles and poor slurry stability, which is limited in the field of plugging in dynamic water environment [7]. The cement − water glass double liquid grouting material is widely used in underground engineering due to its advantages of short gel time, high stone rate and strong permeability [8]. Pang Zongxia [9] et al.confirmed that the concentration of water glass and water-cement ratio within a certain range will significantly affect the setting time and compressive strength of cement − water glass double slurry ; Liu [10] et al. found that when the concentration of water glass was greater than 40 ° Bé, the growth rate of the basic mechanical properties of cement − water glass double slurry slowed down. YANG [11] et al. found that the compressive strength and durability of concrete soaked in water glass were significantly improved. Dou [12] found that after adding fly ash and slag to the cement-water glass grouting material, the hydration product Ca(OH)2 is less than the traditional two-liquid slurry, and the corrosion resistance is enhanced. The existing research results mainly focus on the field process and grouting effect of cement − water glass double slurry, but few studies on the structure and mechanical properties of double liquid grouting materials under high pressure.
Based on the above analysis, the fluidity and setting time of cement − water glass double-liquid grouting materials with different CS volume ratios under a certain water-cement ratio were investigated. Based on the conventional indoor maintenance test, a new type of indoor maintenance device was developed, which can provide stable maintenance pressure. The strength evolution law of cement-water glass double slurry consolidation body under curing pressure of 0 MPa, 0.5 MPa, 1 MPa and 2 MPa was studied. The research results can provide some reference value for the systematic research and engineering application of cement − water glass grouting materials.
2 Raw materials and experimental methods
2.1 Test raw materials
Test raw materials : 1 P.O42.5R Portland cement. The chemical composition and performance parameters of Portland cement are shown in Table 1 and Table 2. The main performance parameters of water glass are shown in table 3.。

Table 1 Main components of Portland cement
	  
	CaO
	SiO2
	Fe2O4
	Al2O3
	K2O
	MgO
	Na2O
	SO3

	mass fraction /%
	62.07
	22.64
	3.09
	4.51
	0.75
	2.68
	0.7
	1.85



Table 2 Performance parameters of Portland cement
	density（g/cm3）
	setting time（min）
	shear strength（Mpa）
	compressive strength（Mpa）

	3.15
	initial set 148
	final set 210
	3d 5.9
	28d 8.1
	3d 28.6
	28d 44.5



Table 3 Main parameters of sodium silicate
	type
	baume degree（Bé）
	density（g/cm3）
	Na2O（%）
	SiO2（%）
	modulus

	Sodium silicate
	39
	1.368
	8.35
	27.41
	3.3



Cement-water glass slurry is also called CS slurry, C represents cement slurry, S represents water glass. Cement and water glass are the main agents, and the two are injected in a certain proportion in a double-liquid manner. If necessary, other additional agents can be added as required.。The mix ratio of grouting materials is shown in Table 4.
Table4  Grouting material mix proportion (%, mass ratio)
	numbering
	cement
	water glass content

	A1
	100
	40

	A2
	100
	50

	A3
	100
	60


According to table 4, the single factor test was designed. Firstly, the appropriate proportion of Portland cement and water were weighed respectively. After adding the mixer and stirring evenly, the C liquid with a water-cement ratio of 0.8 was obtained. Subsequently, two beakers were used to weigh the corresponding volume cement slurry ( C liquid ) and water glass reagent ( S liquid ) respectively, and the C liquid was poured into the beaker containing the S liquid to quickly stir evenly. In this step, three different proportions of cement − water glass double liquid grouting materials were obtained.
2.2 Experimental equipment and experimental methods
In this experiment, the solidified body was cured under constant temperature and constant humidity conditions ( curing temperature is ( 20 ± 2 ) °C, curing humidity is 95 % RH ). Fig.1 shows a self-developed pressure stabilizing device for high-pressure seepage and consolidation test. The device mainly includes several parts such as pressure stabilizing liquid supply device, pulley assembly and counterweight device. It is connected with the curing tank to provide a stable high-pressure curing environment
[image: ][image: ]
Fig. 1 Maintenance pressure equipment       Fig.2 compression testing machine 

In this experiment, the consolidation body with curing pressure of 0,0.5,1 and 2Mpa is taken as the research object, and the influence of curing pressure on consolidation strength is mainly analyzed. FAHEY et al [13] and ALIREZA[14] found that the curing pressure plays a key role in the consolidation strength of the consolidated body within the first 48 h ; after the initial setting of the consolidated body is completed, the curing pressure is continuously applied. Although the curing pressure still has a certain influence on the strength development of the filling body, the influence is relatively small. Therefore, the curing pressure of all schemes in this study reached the specified pressure within 3 days of curing, and then cured to 7 days respectively.。
1 ) Compressive strength test. The above different slurry was poured into a curing tank with a height of 100 mm and an inner diameter of 50 mm. The paste filling body sample was taken out after curing to a specified time, and it was polished and placed on the YAW-6206 electro-hydraulic servo pressure testing machine shown in Figure 2 for compressive strength testing. 
2 ) Density. The sample after curing was taken, and the surface moisture was dried with absorbent paper. The mass was m, and the density value was calculated according to ρ = m / v. 
3 ) Slurry setting time. In this experiment, the inverted cup method was used to add C liquid and S liquid respectively in two clean beakers according to the test scheme. The beaker containing C liquid was inclined and poured into the beaker containing S liquid. At the same time, the timing was started and poured repeatedly. When the two-liquid slurry was not flowing in the beaker and kept inclined, the timing could be stopped. At this time, the data displayed on the stopwatch was the gelation time of the two-liquid slurry.。
4 ) fluidity. The above slurry was poured into a 60 mm × 70 mm × 100 mm ( high × upper inner diameter × lower inner diameter ) truncated conical circular mold, and the truncated conical circular mold was lifted. The slurry flows freely on the glass plane until it stops forming a circular slurry, and the measured circular diameter is the fluidity.
3 Result and discussion
3.1 Density 
The density changes of different cement − water glass two-liquid grouting materials are shown in Table 5. When the volume ratio of CS is 40 %, 50 % and 60 %, the density of double slurry is 1.582, 1.560 and 1.543 g / cm3, respectively. With the increase of water glass content, the density of grouting material decreases gradually. It can be seen that the density of double liquid grouting material is negatively correlated with the content of water glass, and the incorporation of water glass will reduce the density of cement slurry [15].
Table5  Density of cement-sodium silicate grouting material
	numbering
	A1
	A2
	A3

	Density（g/cm3）
	1.582
	1.560
	1.543



3.2 Setting time
The proportion of water glass in double slurry will greatly affect the reaction rate of water glass and cement slurry, and the difference of reaction rate will lead to the difference of gelation time of double slurry. In this experiment, the same method was repeated for 3 times, and the average value was taken as the final value. The test results are shown in Figure 3.
Fig.3 Setting time of cement-sodium silicate grouting material

When the content of water glass is 40 %, 50 % and 60 %, the initial setting time of grouting material is 37 s, 45 s and 57 s respectively. It can be seen from the development trend that as the volume ratio of CS becomes larger, that is, the content of water glass becomes relatively high, the gelation time of the double slurry will gradually extend. This is because the added water glass is equivalent to the dilution of the C liquid, so that the distance between the solid particles in the double system increases, and the spatial flocculation structure of the double slurry cannot be formed within a certain period of time, thus prolonging the gelation time of the double slurry [16].

3.3 Degree of fluidity
In the double slurry, the volume ratio of liquid A to liquid B will greatly affect some characteristics of the slurry. In this experiment, CS volume ratios of 0.4,0.5 and 0.6 were used for comparative tests. At the same time, other conditions remain unchanged, the water-cement ratio is 0.8, the water glass modulus is 3.3, the baume degree is 39 ° Bé, and the temperature is the normal indoor temperature. Because the solidification rate of the two-liquid slurry is fast after mixing, the solutions of the three ratios are solidified within 1 minute, so the time point when the two-liquid slurry solidifies into a solid is the final measurement standard. The test results are shown in Table 6.
Table.6 The results of the three CS volume-to-volume flow tests（Unit：mm）
	Water-cement ratio
		CS volume ratio

	
	0.4
	0.5
	0.6

	0.8
	286.74
	310.23
	317.14


It can be seen from Table 6 that the fluidity of double slurry increases with the increase of CS volume ratio. This is because the viscosity of liquid water glass is smaller than that of cement slurry, and the mixing of liquid A and liquid B is equivalent to diluting liquid A with liquid B, so the fluidity shows an upward trend.
3.3 The effect of curing time on the strength of double slurry consolidation body
As shown in Fig.4, the 7 d strength is the early strength of the double slurry consolidation body, and the 14 d and 28 d strength are the middle strength and the later strength, respectively. When the curing pressure is atmospheric pressure, the strength of the double slurry consolidation body with a CS volume ratio of 0.4 gradually decreases with the increase of curing time. The strength of the double slurry consolidation body with a CS volume ratio of 0.5 does not change much with the increase of curing time. The strength of the double slurry consolidation body with a CS volume ratio of 0.6 decreases first and then increases with the increase of curing time.

Fig.4Compressive strength of double slurry material with curing time
On the whole, the strength of the consolidated body decreases with the increase of water glass content. The compressive strength of the specimens with a CS volume ratio of 0.4 in the curing time of 7d, 14d, and 28d is 17.58,16.64, and 14.58 Mpa. With the increase of curing time, the compressive strength of the specimens gradually decreases. The compressive strength of the specimens with a CS volume ratio of 0.5 is 12.27,11.08,11.36 Mpa. The strength of the specimens decreases slightly at first and then increases slightly, and the overall strength is relatively stable. The compressive strength of specimens with CS volume ratio of 0.6 was 8.96,7.71 and 11.2 Mpa. The strength of specimens was small at first, then increased, and reached the highest at 28 d.
3.4 The influence of curing pressure on the strength of double-slurry-consolidated body
Fig.5 shows the relationship between uniaxial compressive strength and curing pressure of double slurry consolidation under the same curing time. It can be seen from Figure 4 that when the curing time is constant, the uniaxial compressive strength of the double-slurry-consolidated body with CS volume ratio of 0.4 and 0.5 decreases first and then increases with the increase of curing pressure, while the uniaxial compressive strength of the double-slurry-consolidated body with CS volume ratio of 0.6 changes little with the increase of curing pressure.
Fig.5 Compressive strength of double slurry material with curing pressure

The curing time was 7 days. The compressive strength of A1 specimens was 12.40,9.79,9.31 and 13.59 Mpa under the curing pressure of 0,0.5,1 and 2 Mpa, respectively. The compressive strength of A2 specimens were 12.19,6.85,6.11 and 15.18 Mpa, respectively. The compressive strength of A3 specimens were 10.84,10.53,10.19 and 10.55 Mpa, respectively. The change rate of compressive strength of A1 high pressure curing specimen is -21 %, -25 % and 10 % compared with that of normal pressure curing specimen. The compressive strength change rate of A2 specimen is-44 %, -50 % and 25 % ; the change rate of compressive strength of A3 specimen is -3 %, -6 % and -3 %. The results show that under the condition of curing pressure, the change rate of compressive strength of A1 and A2 specimens is large. When the curing pressure is below 2Mpa, the compressive strength of the specimens will be reduced. When the curing pressure is 2Mpa, the compressive strength of the specimens can be enhanced. The compressive strength of A3 specimens changed little under the three curing environments, but it also showed a trend of decreasing first and then increasing.
4 Conclusion
1) A new type of pressure-stabilized curing test device has been independently developed, which makes up for the deficiency that the ordinary indoor curing test can not provide the curing pressure stably for a long time. It can simulate the curing environment of the consolidated body which is close to the site, narrow the gap between the indoor test and the field test, and lay a good foundation for the design of the ratio of the consolidated body on site. 
2) With the increase of water glass content, the density of double liquid grouting material decreases and the gelation time prolongs. 
3) When the curing pressure is 0 ~ 1MPa, the uniaxial compressive strength of the consolidated body decreases with the increase of the curing pressure, but the decreasing rate shows a decreasing trend. When the curing pressure is 1 ~ 2Mpa, the uniaxial compressive strength of the consolidated body increases. 
4) Combined with the characterization results, when the pressure is 1 ~ 2Mpa, the sample with 50 % sodium silicate content is the most prominent, and the compressive strength is greatly improved. The compressive strength of the sample with 60 % water glass content is stable under pressure environment.
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