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Abstract


The dynamic action of groundwater in the water-rich sand stratum carries away injected cement slurry before it becomes solidified, which seriously affects the determination of the diameter and strength of the column. Grouting additives and information-based construction are two main actions to control the quality of jet grouting construction. This study introduced a solution of grouting additives and information-based construction of jet grouting in the water-rich sand stratum. First, high-polymer cement grout (HPCG), red mud and phosphogypsum cement grout (RPCG) and metakaolin cement grout (MKCG) additives were screened with a series of laboratory tests on solidification time and permeability; moreover, the mix proportion of grouting fluids was developed in order to adapt for water-rich sand strata. Secondly, information-based construction of jet grouting was conducted to control grouting quantity with real-time monitoring of drill rotational velocity, drill lifting speed and injection pressure equipped with the monitoring system on the double fluid jet grouting systems. Lastly, the validity of grouting additives and information-based construction in the water-rich sand stratum was verified via a test pile in situ, and a series of material tests on drilling core samples on permeability with SEM observation. The results indicate that the high polymer is the preferred additive of grouting fluids because the solidification time can be controlled in the range of 10 min to 20 min; the permeability of drilling core samples can reach the order of 10−7, with the mix proportion being A:B = 2:1, high-polymer additive:water > 1:3, with a water-cement ratio of 0.8. The specifications of information-based construction are a drill rotational velocity of 10 r/min, a drill lifting speed of 0.2 m/min, an injection pressure of 20 MPa and a grouting quantity of 40 L/min.
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1. Introduction


Jet grouting is widely used means in soil reinforcement and water-tightness by which the cement slurry is injected with high pressure and velocity into the pore and fissure of soil/rock [1,2,3,4,5,6,7]. The jet grouting technique has been widely used in various fields of geotechnical engineering after more than 160 years of development, in applications such as foundation treatment, cement–soil composite piles, braced excavation, and in control of post-construction settlement in tunnel engineering.



Jet grouting usually involves initially drilling a borehole with a 100–150 mm diameter to the required lower end of the section. Then, grout fluid is injected into the soil under high pressure at a high velocity with small-diameter nozzles, in order to break up the soil texture and produce a soil–cement mixture to form a quasi-cylindrical soil cement column [8]. The main jet-grouting methods are divided by the number of injected fluids, which are single fluid with grout only; double fluid with grout and air; and triple fluid with water or accelerator, grout and air [9,10,11,12,13,14,15,16].



The most significant parameters affecting the design of jet grouting are usually soil type, mixture influx between soil and grout, grout flow volume, exiting jet energy from the nozzle, lifting speed and rotating speed [17,18,19], which also control the compressive strength and the geometric dimensions of the soil–cement columns [20]. Six full-scale tests were carried out to determine the effect of pressure and grout volume on the mechanical and physical parameters of a column, which revealed that the uniaxial compressive strength increased logarithmically, with increased injection pressure and volume [21]. The parameters, such as lifting speed and rotational velocity of the drilling step, water-to-cement ratio (W/C), injection pressure, grout flow volume and the air and water pressure affecting diameter, as well as the uniaxial strength, increased in sandy soil as compared to clay [22].



The most important parameter that affects the success of injection application within soils is the properties of the injection materials. Extensive research has been carried out to determine the strength and mechanisms of soil–cement in different soil types. Strength tests such as uniaxial testing have been carried out to examine the use of additives to enhance the strength as well as the effects of factors such as chemicals, curing time, cement type and soil density on soil strength [23,24,25].



Grouting materials have become the key scientific restriction for grouting control of water-rich sand stratum disasters. It is urgent to prepare efficient grouting materials for water-rich sand strata to overcome the defects of existing grouting materials, and to achieve effective grouting plugging and reinforcement treatment of water-rich sand strata, which provide advantages such as the high injectability of sand layer pores, stable pumping, controllable setting time, high strength, stable volume, reasonable density of hydrated minerals, durability, good reinforcement effect, appropriate price, green environmental protection, etc. [26,27].



In the water-rich sand stratum, when the construction of water-tightness curtains use jet grouting, the dynamic action of groundwater in the water-rich sand stratum carries away the injected cement slurry before it solidifies, which seriously affects the determination of the diameter and strength of the column. This study solves the severe losses of cement slurry from jet grouting in the water-rich sand stratum with grouting additives and information-based construction. Three grouting additives, including high-polymer additive, red mud and phosphogypsum and metakaolin, were screened with a series of laboratory tests on solidification time and permeability. Based on equipping a monitoring system on the double fluid jet grouting systems, the mixed proportion of grouting fluids in laboratory tests was verified via site tests of jet grouting and laboratory tests of drilling core samples to find reasonable specifications for information-based jet grouting construction in the water-rich sand stratum.




2. Water-Rich Sand Stratum


2.1. Geology


In this research, the experimental site for double fluid jet grouting was located in Suzhou city, Jiangsu Province, China. The geology of the experiment site had 5 units within a 20 m depth of the drill hole, the stratum of which has silty clay, muddy silty clay, silty clay with silt, silt, and silty clay, as shown in Table 1 and Figure 1. The groundwater level changes seasonally according to a range that varies from 0.50 m to 1.00 m, and a buried depth which ranges from 0.50 m to 2.50 m.




2.2. Soil


Silt in the fourth layer of the stratum was the main soil reinforced with jet grouting, the state of which was slightly dense or medium dense, with a thickness ranging from 3.7 m to 14.3 m. The lithology was gray, greenish-gray, saturated silt, mainly composed of quartz, followed by feldspar and mica, with medium and uniform particle composition. The physical indexes and permeability coefficients of silt in the fourth layer of the stratum are shown in Table 1 and Table 2, according to different depths. The dry density was about 1.44~1.58 g/cm3, the liquid limit was 33.6% and the plastic limit was 22.6%. The vertical permeability coefficients ranged from 1.76 × 10−3 to 4.12 × 10−3 cm/s, and the horizontal permeability coefficients ranged from 3.25 × 10−3 to 7.48 × 10−3 cm/s.





3. Screening of Grouting Additives


The purpose of constructing jet grouting is to improve the anti-permeability of the stratum. In the water-rich sand stratum, the dynamic action of groundwater carries away the injected cement slurry before it solidifies during the construction of jet grouting. Therefore, grouting additives need to be mixed into the cement soil of jet grouting in order to reduce the solidification time of cement soil and enhance the anti-permeability of cement soil. Three grouting additives, including high-polymer additive, red mud and phosphogypsum and metakaolin were screened with a series of laboratory tests on solidification time and permeability.



3.1. Grouting Additives


3.1.1. High-Polymer Additive


High-polymer additive has the hydrophilic features of being easily soluble in water, fast curing, and impermeable to water. The high-polymer additive used in this study was produced by Shanghai Gu’en Waterproof Building Material Company, as shown in Figure 2a, the principal components of which were the acrylates of group A and group B. The ingredients of group A were the monomers of acrylate including calcium acrylate and magnesium acrylate, which is a water-soluble organic electrolyte. Group B included the crosslinking agent, the initiator agent and the accelerator agent. The ingredients of the crosslinking agent included ethylene glycol diacrylate. The ingredients of the initiator included ammonium sulfate. The ingredients of the accelerator were mainly triethanolamine and tetramethyl ethylenediamine.




3.1.2. Red Mud


Red mud is a kind of solid waste eliminated in the alumina production process, with extremely fine particles, strong alkalinity and certain impermeability. The red mud used in the study was produced by Shanxi Luliang Liulin Aluminum Factory, the color of which was reddish-brown, as shown in Figure 2b. The chemical composition of this red mud is shown in Table 3.




3.1.3. Metakaolin


Metakaolin is a new green cementitious material composed of SiO4 and AlO4 tetrahedrons, and has good anti-seepage performance, early strength, fast hardening, good volume stability, and chemical resistance with a spatial three-dimensional network bonding structure [28]. The material used in this study was metakaolin (Mk) with white powder produced by Shengyun Mining Company in Hebei Province, China. The specification of this metakaolin was AS2-1250MESH, as shown in Figure 2c, and the chemical composition of this metakaolin was a total content of over 94% silicon and aluminum, as shown in Table 4.





3.2. Solidification Time


The “pouring cup method” was used to test the solidification time of the slurry mixed with additives and cement soil. The grouting materials were prepared in the proportion of water, cement and additives; the composed grouting fluids were poured back and forth at a fixed frequency of 15 s/time until they stopped flowing. The solidification time was the time difference between the completion time of stirring the grouting fluids and the time that fluids stopped flowing.



3.2.1. OPC without Additives


The cement used in this study was ordinary Portland cement (OPC 42.5). The chemical composition of this cement is shown in Table 4.



The solidification times of grouting fluids with different contents of OPC are shown in Figure 3. The solidification time of grouting fluids decreased with the water-cement ratio. When the conventional water:cement ratio was 1:1, the solidification time of grouting fluids was 41 min. The solidification time could not prevent the dynamic action of groundwater from interfering with the solidification of cement soil.




3.2.2. HPCG


Figure 4 shows the solidification times of grouting fluids with different ratios of group A and group B. The curve in Figure 4 is V-shaped in the condition that the ratio of group A and group B increased under the constant ratio of high-polymer additive to water (1:3). When the ratio of group A to group B was 2:1, the solidification time reached a minimum, and the recommended ratio of group A to group B was 2:1.



Figure 5 shows the solidification times of grouting fluids with different ratios of high polymer and water. The curve in Figure 5 is the monotonic decline in the condition that the ratio of high-polymer additive and water increased. The solidification time of grouting fluids should be controlled in the range of 10 min to 20 min according to the hydrodynamic characteristics of the water-rich sand stratum, which inferred that the optimal ratio of high-polymer and water was greater than 1:3, and the water to cement ratio was 0.8.




3.2.3. RPCG


Figure 6 shows the solidification times of grouting fluids with different ratios of cement, red mud and phosphogypsum. When the water to cement ratio was constantly 1:1, and the ratio of red mud to phosphogypsum was 7:1, the solidification time of grouting fluids decreased with increased amounts of red mud and phosphogypsum. When the ratio of cement to the sum of red mud and phosphogypsum was 2:1, the solidification time was 36 min. When the ratio of cement to the sum of red mud and phosphogypsum was 1:1 after adding the amount of red mud, the solidification time showed no obvious change. Thus, the ratio of cement to the sum of red mud and phosphogypsum was proposed as 2:1.




3.2.4. MKCG


Figure 7 shows the solidification times of grouting fluids with different ratios of cement and metakaolin. When the water to cement ratio was constantly 1:1, the solidification time of grouting fluids increased with increased metakaolin. However, the range of change was not obvious, and the solidification time was 5 min ahead of OPC.





3.3. Permeability Test


The TJSS-25 permeability test device by Tianjin Luda Construction Instruments Company was used in this study to test the permeability of the samples. The device could simultaneously carry out the normal head permeability test of three cement soil specimens, with a maximum permeation pressure of 4 MPa and an accuracy of 0.02 MPa.



3.3.1. OPC without Additives


Figure 8 shows the permeability coefficient of cement-stabilized silt with different contents of cement, under a constant ratio of water to cement. Although an increase in the content of cement and the ratio of water to cement can improve the impermeability of cement-stabilized silt, no matter what the water to cement ratio and the cement content were, the permeability coefficients of cement-stabilized silt never changed by more than an order of magnitude, and were basically below 10−6 cm/s to meet the requirements of curtain grouting anti-seepage.




3.3.2. HPCG


Figure 9 shows the permeability coefficients of cement–high-polymer-stabilized silt with different ratios of high-polymer additive and cement. An increase in the ratio of high-polymer to cement improved the impermeability of the cement–high-polymer-stabilized silt. When the ratio of high-polymer to cement was greater than 1/420, the permeability coefficient of cement–high-polymer-stabilized silt became lower than 1 × 10−7 cm/s. However, excessive content of high-polymer additive not only increases the cost of jet grouting, but also causes blockage of jet pipes during the construction of jet grouting. Therefore, the ratio of high-polymer additive to cement was recommended as 100/420, and the mass ratio of high-polymer additive to water was recommended as 1:3.




3.3.3. RPCG


Figure 10 shows the permeability coefficients of cement–red mud-phosphogypsum-stabilized silt with different ratios of cement, and the sum of red mud and phosphogypsum. When the ratio of cement to the sum of red mud and phosphogypsum was in the range from 5:1 to 3:1, an increase in the content of red mud and phosphogypsum significantly decreased the permeability coefficient of cement–red mud-phosphogypsum-stabilized silt, which caused a difference of an order of magnitude. Therefore, the ratio of cement to the sum of red mud and phosphogypsum was recommended as 2:1, and the ratio of water to cement was recommended as 0.8.




3.3.4. MKCG


Figure 11 shows the permeability coefficients of cement–metakaolin-stabilized silty sands with different ratios of cement and metakaolin. The permeability coefficient of cement–metakaolin-stabilized silty sands with total cement–metakaolin contents of 15% decreased initially, then increased with the dosage of metakaolin minerals. The reason for these variations was that the calcium hydroxide formed by the hydration of cement could fully rehydrate with the silicon aluminum oxides in metakaolin or covalently polymerize the silicon aluminum oxides in metakaolin in an alkaline environment; more cementitious materials were formed to fill the pores in silty sands, thereby effectively improving the impermeability of silty sand [29,30], when the ratio of cement to metakaolin was greater than 5:1. However, when the ratio of cement to metakaolin was less than 5:1, even after further increases, the calcium hydroxide formed by hydration of cement could also rehydrate with part of the silicon aluminum oxide in metakaolin; the limited amount of hydroxyl ions had already not satisfied the rehydration requirement of silicon aluminum oxide in metakaolin or covalent aggregation. Therefore, the impermeability improvement of silt stabilized by admixtures of cement and metakaolin was not ideal [31]. The experimental results show that the suitable ratio of cement to metakaolin is 5:1, and the ratio of water to cement is 0.8.






4. Information-Based Construction


4.1. Framework of the Information Monitoring System


Information-based construction was implemented based on adding an information monitoring system to the jet grouting machine. The information-based jet grouting machine can provide real-time feedback on the construction parameters and quality information of jet grouting to control its quality in the column. Figure 12 shows the framework of the information monitoring system of jet grouting. The jet grouting machine included a drilling system, pulping system and feeding system. The information monitoring system included monitoring sensors, an operating host and a LORA wireless host.




4.2. Monitoring Sensor


The monitoring sensors fixed on the drilling system contained a speed sensor and a depth sensor for monitoring the retracting velocity and rotation velocity of the drill, and the position of slurry spraying. The monitoring sensors fixed on the feeding system contained an electromagnetic flowmeter and pressure gauge for monitoring the pressure and flow rate of grouting, respectively, which recorded data every 10 milliseconds to calculate the amount of cement paste per second with principles of calculus, and to estimate the diameter of the jet grouting column. An automatic pulping station was used in the pulping system for real-time monitoring of the water:cement ratio. Figure 13 shows the installation of monitoring sensors.




4.3. Operating System


The operating system was programmed based on the construction process and operating steps of double fluid jet grouting, which specifically included four steps, as shown in Figure 14. The operating system had three modules, including work, set and data; the interface is shown in Figure 14a. In the setup menu, there were three submenus of workmode, recordmode and polemode, and the setting of water/cement, as shown in Figure 14b. In the workmode, there were three types of jet grouting, including single fluid, double fluid and triple fluid. The recordmode was used to record the monitoring data by drilling depth and drilling time. The polemode had two modes, single pole and continuous pole. Figure 14c shows that the working monitor recorded the jet grouting parameters, including lifting speed, injection pressure, grout flow volume, rotation rate, depth and total slurry. Figure 14d shows the history data storage including time, depth, pile ID and other jet grouting parameters.




4.4. Test of Information-Based Construction


The proportion of grouting fluids in HPCG, RPCG and MKCG are shown in Table 5, which were acquired from the screening of grouting additives in Section 3. The design length of the jet grouting column was 2 m, the design diameter of the jet grouting column was 60 cm. The bottom elevation of the jet grouting column was —10 m, and the jet grouting column was in the silt sand stratum. Referring to Table 5, three types of grouting fluids were mixed with the additives in HPCG, RPCG and MKCG in the automatic pulping station, as shown in Figure 15, when the drill rod was rotated and retracted from the drilling hole. Grouting additives were injected into the soil to promote solidification. The use of additives made the soil–cement admixture gel. In the information-based construction test, the construction specifications of jet grouting used were a drill rotational velocity of 10 r/min, a drill lifting speed of 0.2 m/min, an injection pressure of 20 MPa, and a grouting flow rate of 40 L/min. Figure 16 shows the monitoring data of double fluid jet grouting information-based construction on three additives, HPCG, RPCG and MKCG. The grout flow volume of HPCG and RPCG reached about 40 L/min; the injection pressure of HPCG and RPCG reached the design value of 20 MPa. The grout flow volume of MKCG was unstable, the range of which varied between 45 L/min and 15 L/min, and the injection pressure of MKCG reached about 25 MPa.





5. In Situ Coring Test


5.1. Preparation of Coring Samples


Figure 17 shows the coring from the information-based construction tests 60 days after construction. The diameters of jet grouting columns were checked, as were the piling qualities of jet grouting for HPCG, RPCG and MKCG, which were 58 cm, 54 cm and 50 cm, respectively. HPCG showed the best diffusivity of the three additives in the water-rich sand stratum.



Figure 18 shows core sampling from the jet grouting columns; the inner diameter of the drill bit was 95 mm. Figure 19 shows the round table samples of permeability coefficient tests; a JWL-1018 lathe was used to process those permeability coefficient test samples. The dimensions of the permeability samples were 7 cm in top diameter, 8 cm in bottom diameter, and 3 cm in height.




5.2. Permeability Test


Table 6 shows the permeability test results of HPCG. The permeability coefficients of HPCG-1 and HPCG-2 were about 7 × 10−8 cm/s at a seepage pressure of 300 kPa. The permeability coefficients of HPCG-3 to HPCG-6 ranged from 1.1 × 10−7 to 6.5 × 10−7 cm/s at a seepage pressure of 500 kPa. The average permeability coefficient of the seven samples was 2.61 × 10−7 cm/s, which was less than the 1.0 × 10−6 cm/s required by the specifications.



Table 7 shows the permeability test results of RPCG. The permeability coefficient of RPCG-1 was 4.23 × 10−6 cm/s at a seepage pressure of 600 kPa. The permeability coefficient of RPCG-2 was 1.2 × 10−6 cm/s at a seepage pressure of 1000 kPa. The permeability coefficients of RPCG-3 to RPCG C-5 were between 1.48 × 10−6 and 2.08 × 10−6 cm/s, respectively, at a seepage pressure of 500 kPa. The average permeability coefficient of the five samples was 2.7 × 10−6 cm/s, which was more than the standard requirement of 1 × 10−6 cm/s.



Table 8 shows the permeability test results of MKCG. The permeability coefficients of MKCG-1 and MKCG-2 were about 3.08 × 10−6 cm/s at a seepage pressure of 200 kPa. The permeability coefficient of MKCG-3 was 2.42 × 10−6 cm/s at a seepage pressure of 1000 kPa. The permeability coefficients of MKCG-4 and MKCG-5 were 3.68 × 10−6 and 4.28 × 10−6 cm/s at a seepage pressure of 500 kPa. The average permeability coefficient of the five samples was 3.31 × 10−6 cm/s, and all five exceeded the standard requirement of 1 × 10−6 cm/s.



Therefore, only the permeability coefficient of the HPCG core sample was less than the specification requirement of 1 × 10−6 cm/s, which reached an order of 10−7; meanwhile, the permeability coefficients of RPCG and MKCG core samples were both on the order of 10−6, and the permeability coefficient of the HPCG core sample was one order of magnitude higher, which met the water stopping requirement of the high-pressure jet column in the water-rich sand stratum.




5.3. SEM Observations


A JSM-5900 scanning electron microscope was adopted in this study. The microstructure observations were carried out via SEM at different magnification times to evaluate the stabilization effect of silty sands stabilized with HPCG, RPCG and MKCG.



Figure 20a shows the spatial network structure of the high-polymer additive; a series of chemical reactions occurred during the curing process of the polymer grouting material to form water-insoluble polymer compounds. The cluster blocks were connected by a dense network, the number of voids was greatly reduced, and the particle units and flocs were closely arranged, which improved the water-stopping performance of HPCG.



In Figure 20b, on the surface of the large particles and in the middle of the pores, there was an obvious rod-like or needle-like structure, which is a significant feature of the existence of ettringite. The structures in the system gradually connected to form a dense large block; therefore, the overhead pores could be easily observed. The positively charged Ca2+ provided in the RPCG, on the one hand, promoted the formation of ettringite and other hydration products; on the other hand, the positively charged Ca2+ and negatively charged soil particles combined to form colloidal condensation; however, there were voids in the internal structure of the soil, and the flocculant only attached to the granular units.



In Figure 20c, the MKCG cementation material transformed the contact connection between the flaky sand particles into a cementation connection. Due to the existence of different degrees of aluminosilicate polymers on the surface of soil particles and among the particles, previously tiny individual particles, stacks and flocs in the silica–aluminate polymer formed large bulk agglomerates that attached to the granular units, with voids between the granular units and the flocs.





6. Discussion


The mix proportions of grouting fluids in laboratory tests were verified by site tests of jet grouting and laboratory tests of drilling core samples to find reasonable specifications of information-based construction of jet grouting in the water-rich sand stratum. Figure 21 shows the comparison of permeability coefficients of in situ tests with laboratory tests at 28 days; permeability coefficients of HPCG, RPCG and MKCG in laboratory tests all reached an order of 10−7; however, only the permeability coefficients of the in situ core sample of HPCG reached an order of 10−7, which was similar to the results of the laboratory tests. This indicates the reasonableness of the optimal ratio of high polymer composite cement (HPCG). The permeability coefficients of in situ core samples of RPCG and MKCG reached an order of 10−6, both of which failed to achieve required results of the laboratory tests. The SEM results showed that the HPCG had a tight mesh between the granular units and the flocs, which could reduce the internal pore space and improve the impermeability of the soil. The flocs in RPCG and MKCG were only attached to the granular units, and were washed away by the groundwater dynamics in too slow a time.




7. Conclusions


This study introduced a solution to the severe cement flurry losses of jet grouting in the water-rich sand stratum from grouting fluids and information-based construction. Three grouting additives, including high-polymer additive, red mud and phosphogypsum and metakaolin, were screened with a series of laboratory tests on solidification time and permeability. Based on the monitoring system-equipped double fluid jet grouting system, the mix proportions of grouting fluids in laboratory tests were verified with site tests of jet grouting and laboratory tests of drilling core samples to find reasonable operation specifications of jet grouting in the water-rich sand stratum. Some main conclusions are obtained as follows:




	(1)

	
The optimal ratio of HPCG is: A:B = 2:1, high-polymer additive:water > 1:3, water:cement ratio of 0.8. The solidification time of HPCG can be controlled in the range of 10 min to 20 min, which is more than 20 min shorter than the solidification time of OPC (40 min); the solidification time of RPCG and MKCG are similar to the solidification time of OPC.




	(2)

	
Information-based construction of double liquid jet grouting can effectively monitor the key construction control parameters in real-time. The construction specifications of jet grouting are a drill rotational velocity of 10 r/min, a drill lifting speed of 0.2 m/min, an injection pressure of 20 MPa and a grouting flow rate of 40 L/min, which can effectively and stably control the quality of jet grouting. The pumping stability order of the three cement grouting material additives is: HPCG > RPCG > MKCG.




	(3)

	
The permeability coefficients of cement-stabilized silt by three grouting additives in laboratory tests can all reach an order of 10−7, while only the permeability coefficient of HPCG in situ core samples reached an order of 10−7; these are similar to the laboratory results, which verifies the reasonableness of the optimal ratio of high-polymer composite cement (HPCG). The permeability coefficients of RPCG and MKCG in situ core samples could not reach the experimental results.




	(4)

	
SEM images of HPCG show that the cluster blocks are connected by a dense network, and the particle units and flocs are closely arranged. It can be found that HPCG has significant performance advantages and good engineering applicability, and is a better grouting material for reinforcing underground engineering in the water-rich sand stratum.
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Figure 1. Geology of the place of study. 
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Figure 2. Types of additives. (a) High-polymer. (b) Red mud. (c) Metakaolin. 
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Figure 3. Solidification times of grouting fluids with OPC. 
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Figure 4. Solidification times with different ratios of group A and group B. 
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Figure 5. Solidification times with different ratios of high polymer and water. 
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Figure 6. Solidification times with different ratios of cement, red mud and phosphogypsum. 
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Figure 7. Effect of the ratio on the solidification aging of MKCG. 
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Figure 8. Permeability coefficient of cement–soil with different contents of cement. 
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Figure 9. Permeability coefficients of HPCG. 
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Figure 10. Permeability coefficients of RPCG. 
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Figure 11. Permeability coefficients of MKCG with different cement to metakaolin ratios. 
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Figure 12. Framework of the information monitoring system of jet grouting. 
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Figure 13. Installation of monitoring sensors. (a) Flowmeter. (b) Speed sensor. (c) Depth sensor. (d) Pressure sensor. 
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Figure 14. The operating system for the double fluid jet grouting system. (a) Interface. (b) Setup menu. (c) Working monitor. (d) Data history. 
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Figure 15. On-site mixing of modified cement grouting materials. (a) HPCG. (b) RPCG. (c) MKCG. 
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Figure 16. Information monitoring data during construction of test columns. (a) HPCG. (b) RPCG. (c) MKC. 
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Figure 17. Excavation site of test piles. 
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Figure 18. Core sampling of site tests. (a) HPCG. (b) RPCG. (c) MKCG. 
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Figure 19. Round table samples of permeability coefficient tests. (a) HPCG. (b) RPCG. (c) MKCG. 
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Figure 20. SEM results of test columns. (a) HPCG. (b) RPCG. (c) MKCG. 
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Figure 21. Comparison of permeability coefficients of in situ tests with laboratory tests at 28 days. 
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Table 1. Physical indexes of the silt.
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Sampling Depth (m)

	
Specific Gravity

	
Saturation Density (g/cm3)

	
Dry Density (g/cm3)

	
Void Ratio

	
Liquid Limit (%)

	
Plastic Limit (%)

	
Plasticity Index (%)

	
Liquid Index (%)






	
3.8~4.0

	
2.69

	
1.94

	
1.52

	
0.760

	
33.6

	
22.6

	
7.0

	
0.67




	
4.8~5.0

	
2.68

	
1.94

	
1.52

	
0.759




	
6.8~7.0

	
2.68

	
2.00

	
1.58

	
0.691




	
9.8~10

	
2.68

	
1.94

	
1.44

	
0.864




	
11.3~11.5

	
2.68

	
1.93

	
1.44

	
0.856











 





Table 2. Permeability coefficients of the silt.
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	Sampling Depth (m)
	Vertical Permeability Coefficient (10−3cm/s)
	Horizontal Permeability Coefficient (10−3cm/s)





	3.8~4.0
	1.85
	3.76



	4.8~5.0
	4.12
	7.48



	6.8~7.0
	2.64
	5.13



	9.8~10.0
	1.76
	3.25



	11.3~11.5
	2.14
	3.62










 





Table 3. Chemical composition of metakaolin and red mud.
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Metakaolin

	
Chemical composition

	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
K2O

	
Na2O

	
SO3

	
TiO2




	
Proportion/%

	
57.16

	
37.7

	
1.28

	
0.13

	
0.09

	
0.55

	
0.01

	
0.01

	
3.06




	
Red mud

	
Chemical composition

	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
Na2O

	
SO3

	
TiO2

	
Others




	
Proportion/%

	
26.71

	
23.7

	
5.82

	
15.56

	
1.13

	
6.15

	
3.51

	
3.36

	
14.06











 





Table 4. Chemical composition of ordinary Portland cement.






Table 4. Chemical composition of ordinary Portland cement.





	CaO
	SiO2
	Al2O3
	Fe2O3
	SO
	MgO
	F-CaO
	Loss on Ignition





	57.22
	23.19
	8.61
	4.08
	1.93
	1.04
	1.37
	2.56










 





Table 5. Proportion of test columns.
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Grouting Material

	
Mass of Each Component/kg






	
HPCG

	
Group A

	
Group B

	
Cement

	
Water




	
15

	
7.5

	
100

	
100




	
RPCG

	
Red mud

	
Phosphogypsum

	
Cement

	
Water




	
35

	
5

	
80

	
100




	
MKCG

	
Metakaolin

	
Cement

	
Water




	
20

	
100

	
100











 





Table 6. Permeability coefficients of HPCG.
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Case ID

	
Seepage Pressure/(kPa)

	
Permeability Coefficient/(cm/s)

	
Average Permeability Coefficient/(cm/s)






	
HPCG-1

	
300

	
7.27 × 10−8

	
2.61 × 10−7




	
HPCG-2

	
300

	
6.50 × 10−8




	
HPCG-3

	
500

	
2.34 × 10−7




	
HPCG-4

	
500

	
1.87 × 10−7




	
HPCG-5

	
500

	
6.45 × 10−7




	
HPCG-6

	
500

	
1.13 × 10−7




	
HPCG-7

	
300

	
5.14 × 10−7











 





Table 7. Permeability coefficients of RPCG.






Table 7. Permeability coefficients of RPCG.





	
Case ID

	
Seepage Pressure/(kPa)

	
Permeability Coefficient/(cm/s)

	
Average Permeability Coefficient/(cm/s)






	
RPCG-1

	
600

	
4.23 × 10−6

	
2.7 × 10−6




	
RPCG-2

	
1000

	
1.20 × 10−6




	
RPCG-3

	
500

	
1.49 × 10−6




	
RPCG-4

	
500

	
2.08 × 10−6




	
RPCG-5

	
500

	
1.48 × 10−6











 





Table 8. Permeability coefficients of MKCG.






Table 8. Permeability coefficients of MKCG.





	
Case ID

	
Seepage Pressure/(kPa)

	
Permeability Coefficient/(cm/s)

	
Average Permeability Coefficient/(cm/s)






	
MKCG-1

	
200

	
3.09 × 10−6

	
3.31 × 10−6




	
MKCG-2

	
200

	
3.08 × 10−6




	
MKCG-3

	
1000

	
2.42 × 10−6




	
MKCG-4

	
500

	
3.68 × 10−6




	
MKCG-5

	
500

	
4.28 × 10−6
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