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The initiation and reception of shields are major risk events for shield construction in water-rich and weak strata. Although the freezing method and the steel sleeve method receiving-shield tunneling technologies both have engineering applications, the environmental safety control effect cannot meet the construction requirements of water-rich soft soil. Considering the shield construction of a typical soft soil layer in Suzhou, China, as a research target, the applicability and safety of the freezing method combined with steel sleeve receiving-shield technology in water-rich soft soil were evaluated based on a field test system. The test results show that, during soil freezing, the temperature change trend of each measuring point in the temperature measuring hole is roughly the same. The freezing process can be divided into five typical stages. The closer the active freezing period of the water-rich soft soil is to the inside of the frozen-soil curtain, the faster the development rate of the frozen wall. The soil cooling gradient increased with an increase in the radial depth. After freezing the curtain circle, the soil frost heave significantly accelerated until the frost heave amount peaked. During the construction process, special attention should be paid to the change in the value of the soil settlement during each stage change to prevent sudden changes in soil displacement. The freezing method, combined with steel sleeve receiving-shield technology, can effectively reduce the environmental disturbance caused by shield construction in water-rich soft soil.
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1 INTRODUCTION
The initiation and reception of shields is one of the major risk events for shield construction in water-rich and weak strata. Although the freezing method and the steel sleeve method of receiving-shield tunneling technology have engineering applications (Ding et al., 2017; Hu J. et al., 2017; Zhao et al., 2017; Li X. et al., 2021; Ren et al., 2019; Dong et al., 2021; Li et al., 2019; Nie et al., 2021), the environmental safety control effect cannot meet the construction requirements of water-rich soft soil. The freezing method, combined with steel sleeve receiving or starting shield technology in water-rich soft soil, can be an effective way to solve environmental safety control when receiving or starting shields in water-rich soft soil.
Many scholars have studied the end of tunnel construction and the connecting channel by using the freezing method. In terms of the measurement of the freezing temperature and displacement fields, Hu et al. (2019), Fan et al. (2019) and Fan et al. (2020) analyzed in detail the vertical frozen-soil curtain at the end of the tunnel during freezing. The temperature distribution and surface deformation provide measured data for the freezing temperature field at the end of a large-diameter cross-river tunnel. For measured changes in deep soil frost heave and thawing and temperature development from freezing to complete thawing, Yang et al. (2017) showed that the freezing temperature change law is divided into five stages, and the thawing change law is divided into three stages. In addition, the vertical displacement change law of deep soil was obtained. The freezing method is reliable and safe, and it is widely used. However, because it is mostly used for shallow buried tunnels in urban rail transit, it is more sensitive to stratum changes caused by frost heave and thawing. Based on the effective prediction of frost heave and thawing deformation, Zheng et al. (2020) and Kang et al. (2021) used finite-difference numerical calculation to simulate the entire process of freezing method construction, and they comparatively studied the surface frost heaving, thawing deformation, and tube segment deformation caused by frozen-wall models with different thicknesses. The freeze wall thickness was optimized.
Scholars worldwide have carried out much research on the laws of formation frost heaving and thawing. Yan et al. (2013), Jiang et al. (2016) and Kang et al. (2020) controlled indoor water content, dry density, load conditions, and the number of freeze–thaw cycles through laboratory tests. The physical characteristics and temperature changes of silt after repeated frost heave and thawing were studied. Wang et al. (2017) and Li et al. (2015) experimentally studied the thawing characteristics of different soils at different freezing temperatures and analyzed the effects of the dry density and water content on the thawing of frozen soil. Wang et al. (2022a), Li et al. (2015) and Klas and Lars-Christer (2006) studied the effects of different parameters on the frost heave of frozen soil using laboratory model tests. To understand intuitively the laws of soil frost heaving, thawing, and deformation during the entire freezing process, the deformation differences of frozen walls of different thicknesses were compared to obtain prediction models that can effectively guide engineering applications and have greater practical significance. The numerical models show obvious superiority (Wang et al. (2020); Wang et al. (2021a)). Yuan et al. (2010) and others used the ADINA finite-element software to establish a numerical model of the freezing temperature field for the inflow section of a shallow buried tunnel, and they analyzed the effects of frozen-pipe spacing, salt water temperature, and frozen-pipe diameter on the frozen-wall development rate and frozen-wall thickness. The results show that artificial-freezing technology can effectively solve this special geotechnical engineering problem. Wu et al. (2006) analyzed and evaluated the deformation and stress of the frozen curtain of the Dalian Road tunnel freezing-method construction from the perspective of numerical methods. They found that the most unfavorable position of the curtain is at the point where the curtain contacts the existing tunnel. The analysis of the excavation process by Cheng et al. (2007) showed that quick freezing or intermittent freezing should be adopted in the freezing method to reduce the frost heave displacement caused by water migration. Some researchers, such as Hu X. et al. (2017), have verified the heat transfer of the cup-shaped frozen-soil curtain by numerical simulation. They found that the nature of the frozen soil and the crossing time of the frozen-soil curtain are related to the thermophysical properties of the soil in addition to the in situ soil moisture sensitivity.
Experimental research on the steel sleeve construction method has focused mainly on the characteristics analysis, construction control, and design improvement of the construction method. For example, Li and Lin (2009) summarized the design background and structural composition of the steel sleeve receiving auxiliary device. Zhao (2013) described a number of key technologies related to the steel sleeve receiving method. Xu (2014) optimized the design parameters of the steel sleeve structure and summarized the main points of the construction operation after optimization. Some of the forces and deformation laws of the steel sleeve during the shield-receiving period have also been analyzed. For example, Liao et al. (2016) used numerical simulation to analyze the field measurements of sleeve deformation and flood wall settlement and verified the feasibility of the steel sleeve receiving method.
Although there have been reports worldwide of typical freezing or steel sleeve method construction cases, the effect of the combined use of the two processes still lacks sufficient experimental data. Therefore, in this study, the shield construction of a typical soft soil layer in Suzhou, China, was studied. The applicability and safety of the freezing method combined with steel sleeve receiving-shield technology in water-rich soft soil were evaluated based on a field test system.
2 TEST AREA OVERVIEW
The research test area was selected from Tayuan Road to Zhuyuan Road Station of Subway Line 5 in Suzhou City, Jiangsu Province, eastern coastal area of mainland China. The earth pressure balance shield was used for the construction, and the total length of the shield section was approximately 929.47 m. A three-level underground structure with a ground elevation of +3.8 m, a shield tunnel center elevation of −17.750 m, channel centerline spacing of 10.55 m, shield center burial depth of approximately 21.3 m, hole diameter of 6.7 m, and segment thickness of 350 mm was used. The retaining structure is in the form of an underground continuous wall. The west end of Zhuyuan Road Station is located below Zhuyuan Road, an existing municipal road west of Binhe Road. Gas, water, sewage, rainwater, and other pipelines are stored in the surrounding area (Figure 1). According to the geological survey report, the soil layer distribution and physical and mechanical indices of the shield-receiving section are shown in Figure 2. Among them, the soil layers in the area reinforced by the tunnel are mainly 42 silty sand and silty soil and (5)1 silty clay layer. The tunnel of the shield-receiving section is located in the sandy silt layer. This layer is a microaqueous aquifer. The risk of gushing water and sand easily occurs during construction. Moreover, the site conditions of the shield-receiving end are limited, and the groundwater level is high. The conventional method was used to reinforce the soil. Therefore, to receive the shield successfully, and in combination with the complicated engineering environment, it was decided to use a cup-shaped horizontal freezing method to strengthen the end and combine the steel sleeve to solve this problem (Figure 3).
[image: Figure 1]FIGURE 1 | Surrounding environment of Zhuyuan Road Station.
[image: Figure 2]FIGURE 2 | Soil distribution in shield well area.
[image: Figure 3]FIGURE 3 | In site freeze pipes at the shield machine launching shaft.
3 TEST PLAN
3.1 Test Purposes and Construction Machinery Overview
3.1.1 Test Purposes
Based on the field test data, construction using the reinforced freezing method for the Suzhou water-rich soft soil layer, combined with a steel sleeve shield tunnel, was studied. The applicability and safety of the two combined receiving-shield technologies in water-rich soft soil were examined. The temperature change law of the frozen-soil curtain during the period of active freezing and maintenance freezing and the influence of the shield on the ground surface were analyzed when the freezing method was combined with the steel sleeve.
3.1.2 Construction Machinery Overview
3.1.2.1 Shield and Freezing-Station Layouts
The shield receiving in the Tazhu section is set at the Zhuyuan Road Station, and one Liaoning Sansan shield machine is used for construction. The main components of the shield machine include the front shield, middle shield, tail shield, segment installation machine, and screw conveyor. The cutter head, rear trailer, and accessories.
The freezing station is set close to the vent of the station, covering an area of approximately 100 m2. The equipment in the station mainly includes the freezer, brine tank, brine pump, clean water pump, and cooling tower. For cooling-water circulation, two KYLR150-315A-type clean-water pumps are used, one for each standby. The freezing pipelines are laid with water distributors from the top of the cave door, without affecting the shield turning head and installing the steel sleeve in the receiving well.
3.1.2.2 Steel Sleeve Receiving
The steel sleeve receiving method is based on the design concept of the balanced arrival of the shield. Injecting a filler (clay soil, water, etc.) with a certain pressure and fluidity into the steel sleeve pushes the shield through the steel sleeve. The pressure in the cabin is always in equilibrium.
Steel sleeve shield reception is a safe and effective method. It can ensure that, when the surrounding environment is complex or in the water-rich sand layer, the tunnel door seal does not leak when the shield is received. In the case of weak water-rich formations or complex geological conditions, it is not sufficient to rely on the rubber door curtain and the door pressure plate to seal the door. The shield has a risk of water and sand coming through the door. Therefore, a steel sleeve is installed in the receiving well and connected to the door; thus, when the shield machine penetrates into the sealed environment inside the steel sleeve, the risk of water and sand leakage when the shield machine is out of the hole can be avoided.
3.1.2.3 Steel Sleeve Structure Design
The steel sleeve receiving system is composed of a barrel structure, bottom frame, I-beam support, back shield system, rear-end cover, feed port, and slurry injection and discharge pipe. As shown in Figure 4, the barrel material is made of a 20-mm-thick steel plate, and the outer circumference of each section of the barrel is welded with longitudinal and circumferential plate ribs to ensure the rigidity of the barrel. The thickness of the rib is 20 mm, the height is 120 mm, and the interval is approximately 550–600 mm. The ends of each section of the cylinder and the upper and lower semicircular joint surfaces are welded with a round flange. The flange uses a 40-mm-thick plate. M30 and 8.8 bolts are used between the four cylinders and between the two cylinders, and a 10-mm-thick rubber pad was added in the middle to ensure the sealing effect of the steel sleeve.
[image: Figure 4]FIGURE 4 | Structural drawings of steel sleeve.
3.2 Test Implementation Plan and Design Parameters
The main construction process of this test includes the freezing method, steel sleeve installation, and shield receiving. In the freezing method construction process, the freezing-station installation and drilling construction are carried out at the same time. After the drilling construction is completed, the freezer installation and freezing phases are transferred. Through the observation and calculation of each measuring point in the temperature measurement hole, it is determined that the frozen soil and the ground connection wall are completely cemented, and the frozen-soil curtain intersects. When the design strength is reached, the shield starts to advance. The process stops immediately, the ground connecting wall is removed to 0.85 m, the frozen pipe in the opening of the tunnel is removed, and, finally, shield tunneling is implemented. The design parameters are listed in Table 1.
TABLE 1 | Frozen-curtain parameters.
[image: Table 1]The construction procedure of the steel sleeve is as follows.
The connection of the main part → the connection of the transitional connection plate of the steel sleeve and the steel ring of the door → support installation → tightness inspection → mortar base installation. Before the steel sleeve installation, first determine the center line of the line in the foundation pit—that is, the centerline of the steel sleeve—when the steel sleeve is positioned, the two control lines of the bottom line of the steel sleeve and the centerline of the line must coincide. After the steel sleeve is assembled as a whole, it is lifted up to make the steel sleeve. The center of the line coincides with the centerline of the predetermined line, moves toward the door as a whole, leans against the door, and is welded to the steel ring of the door. After the steel sleeve is installed, the cylinder position is retested, inspected, and shielded. It is determined whether the centerlines reached by the airshaft coincide.
Shield-Receiving Construction Process
The use of a steel sleeve to receive the shield construction includes a series of key procedures, such as the removal of the door, the installation and positioning of the steel sleeve, and the tightness test. The shield machine is pushed into the steel sleeve, and the shield is grouted. The door is sealed, the shield machine is received, the steel sleeve is removed, etc. Before the shield arrives, the height difference between the center of the hole at the west end and the floor is 4,050 mm, and the height difference between the center of the door and the bottom of the steel sleeve is 3,600 mm. Therefore, the bottom of the bracket has a 45-mm I-steel pad height of 450 mm, to ensure the smooth performance of the shield advance. During the advancement of the shield, the shield must pass through the reinforced area, pass the door structure of the station, and then reach the steel sleeve. In this process, the advance speed and total thrust should be strictly controlled, the shield construction parameters and attitude should be controlled, and the steel sleeve should be monitored in real time. Force and deformation data of the cylinder are used to adjust the shield parameters over time.
The advancement construction of the shield-receiving section is divided into three stages. The shield advances to the cutter head to add solids at a distance of 1 m and enters the frozen and solidified tunneling stage of the steel sleeve. According to engineering experience, the speed of the shield in the first stage should be controlled at 10–20 min and a thrust T1 < 15,000 kN. The speed of the second stage should be controlled at 5–10 mm/min and a thrust T2 < 8,000 kN. The speed of the third stage should be controlled at <5 mm/min and a thrust T3 < 4,000 kN.
3.3 Freezing Hole and Temperature Measuring Hole Arrangement
3.3.1 Freezing Hole Layout
The freezing method, as a method of soil consolidation with a strong water-sealing effect and almost no impact on the environment, is widely used in water-rich soft soil layers. According to the geological conditions and construction conditions, this project adopts the construction scheme of horizontal freezing and strengthening of boreholes in working wells. The specific arrangement of the frozen holes and temperature-measuring holes is shown in Figure 5. According to the design of the frozen curtain, the frozen holes of the receiving door are horizontally angled. Fifty-seven frozen holes are arranged. Among them, the cup wall freezing holes are arranged circularly along an opening of φ7.8 m, the opening spacing is 0.765 m (chord length), the number of frozen holes is 32, and the length is 6.4 m. The freezing holes at the bottom of the cup are arranged circularly along openings of φ5.2 and φ2.6 m. The intervals of the openings are 1.019–0.998 m (chord length), the number of frozen holes is 24, the length is 4.2 m, the center of the opening is one frozen hole, and the length of the frozen hole is 2 m. The terminal was actively frozen for 35 days. Before acceptance, an acceptance inspection should be performed to determine the thickness of the frozen wall through the temperature measurement hole and to ensure that the average temperature meets the design requirements—the average design temperature of the frozen wall of the frozen body cup wall is less than −10°C. (The average design temperature of the frozen wall at the bottom of the cup is less than −15°C.) The frozen wall and the continuous wall are completely glued, and the average temperature at the measurement point at the junction is less than −5°C.
[image: Figure 5]FIGURE 5 | Frozen hole and temperature hole layout (unit: mm): (A) elevation view and (B) sectional view.
3.3.2 Temperature Hole Arrangement
To measure the temperature development status of different positions of the freezing curtain range and understand the development law of the freezing temperature field, five temperature measuring holes were arranged in the receiving cave door with a depth of 3.9–6.4 m. The aim was to adopt corresponding control measures comprehensively to ensure the safety of construction. In each temperature measuring hole, one to seven measuring points were set. A measuring point was set at every 1-m interval, with a large distance between the final holes. The positions of the temperature measuring holes (C1–C5), where each point is evenly distributed along the hole depth—specifically, holes C1–C3 with a depth of 3.9 m, each with a temperature measurement point at depths of 1, 2, 3, and 3.9 m, and holes C4–C5 with a depth of 6.4 m, a temperature measuring point was arranged for every at depths of 1, 2, 3, 4, 5, 6, and 6.4 m. The temperature measurement point number of each hole is Ci-j (i indicates the number of temperature measurement holes, and j indicates the number of measurement points), as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Site layout of the west end of Zhuyuan Road Station.
3.4 Arrangement of Ground Settlement Points
The shield construction process has a large impact on the ground deformation. To control the ground settlement strictly, the monitoring points were laid out along the tunnel axis according to the section. Within 100 m of the shield-receiving section, a section was set every 5 m, and a single line was arranged for each monitoring section. There were two settlement observation points, and a cross section was set every 10 m in the remaining sections. The horizontal distance between the observation points was 2.5–5 m. The specific arrangement is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Temperature curves of salty water in the freezing pipe and temperature difference between feeding and returning brines.
3.5 Steel Sleeve Measurement and Monitoring
When the shield reached the steel sleeve, the measurement frequency was increased, and the control points were reviewed to ensure that the shield reaches the correct posture. A monitoring point was arranged before the shield machine arrived to monitor the shield entry sleeve displacement. According to the analysis of the steel sleeve displacement monitoring data, if the deformation is large, it is necessary to take targeted measures.
4 FREEZE MONITORING AND DATA ANALYSIS
4.1 Measured Analysis of Deloop Brine
After the project starts to freeze, the monitoring results of the temperature measurement point of the main circuit of the brine loop are shown in Figure 7.
The data show that the temperature change of the brine return circuit can be roughly divided into three stages. In the first stage, during the rapid decline of the brine temperature, which lasted approximately 6 days, the temperature dropped from 2.5°C to −21°C, and the average cooling rate was 3.92°C/d. The temperature difference of the return circuit was large. The temperature difference of the return circuit reached 2.5°C at the beginning of freezing. With the passage of time, the temperature difference of the return circuit gradually decreased. In the second stage, the slowdown stage lasted approximately 28 days, the temperature dropped from −21°C to −28°C, and the average cooling rate was 0.25°C/d. In the third stage, the temperature of the brine increased slightly because of the rupture of the freezing tube, which caused the freezing time to extend. This stage lasted about 16 days, and the temperature returned to approximately −28°C. Then, the temperature of the brine was maintained at approximately −28°C to −29°C. The temperature of the brine route reached −29.0°C, the circuit reached −28.2°C, and the temperature difference between the brine and the circuit was less than 2.0°C.
4.2 Measured Analysis of Soil Temperature
Before the shield machine is started, the thickness of the frozen curtain must meet the design requirements of 2 m. The temperature of the frozen soil around the shield must not be lower than −5°C and close to zero, which can ensure that the water is solid. At 2°C, all the design requirements must be met before the door can be broken. Figures 8–12 show the monitoring data of the temperature at each temperature measuring point during the freezing period for the freezing, excavation, and maintenance freezing of the cave door.
[image: Figure 8]FIGURE 8 | Correlation between the temperature in temperature hole C1 and time.
[image: Figure 9]FIGURE 9 | Correlation between the temperature in temperature hole C2 and time.
[image: Figure 10]FIGURE 10 | Correlation between the temperature in temperature hole C3 and time.
[image: Figure 11]FIGURE 11 | Correlation between the temperature in temperature hole C4 and time.
[image: Figure 12]FIGURE 12 | Correlation between the temperature in temperature hole C5 and time.
4.2.1 Change Law of Soil Temperature Over Time
During freezing, the temperature changes of the measuring points in the temperature measuring hole were roughly the same, and they can be divided into five stages. The temperature measuring holes C1, C2, and C3 were located inside the frozen wall, and the temperature measuring holes C4 and C5 were located in the outer ring of the frozen wall. Figures 8–12 show that the temperature changes of the temperature measuring holes C1, C2, and C3 were similar, and the temperature changes of the temperature measuring holes C4 and C5 were similar. The inward development speed of the frozen wall was much higher than the outward development speed. For temperature measuring holes C1, C2, and C3, the first stage was as follows. At the beginning of the active freezing stage, the formation temperature was high, and the temperature difference between the salt water and the formation was large. Therefore, the temperature of the soil body decreased rapidly, and the temperature of the temperature measuring hole changed rapidly. As the temperature decreased, the temperature difference between saline water and soil became increasingly smaller, and the temperature change rate gradually decreased. This stage lasted approximately 8 days, and the average cooling rate reached 2.13°C/d. The second stage was the middle of the active freezing stage. The temperature of the warm hole was close to 0°C. Owing to the influence of the latent heat of the water, the temperature of the soil decreased slowly, and the temperature of the temperature measuring point changed slowly. This stage lasted approximately 10 days, and the average rate reached 0.15°C/d. The freezing curtain around the freezing tube gradually intersected to form a frozen wall, the speed became faster, and the thickness of the frozen wall increased faster. In the third stage, in the late stage of the active freezing phase, the soil temperature was less than 0°C, and the water formed ice to produce latent heat. At that time, the soil temperature began to drop rapidly, and the temperature at the measuring point of the temperature measuring hole dropped rapidly. This stage lasted approximately 17 days, and the average rate reached 1.47°C/d. For the C4 and C5 temperature measuring holes, the temperature changes were similar, because it is far away from the freezing wall, the temperature is close to 0°C on the 26th and 28th days, respectively, and the phase transition is reached. The rates were 0.69°C/d and 0.64°C/d, respectively. At the end of the active freezing phase, the latent heat of water formation was completed, at which time the soil temperature began to drop rapidly, and the temperature reached −5°C and −8°C, respectively, at the end of the active freezing phase. The fourth stage is the initial stage of the maintenance freezing phase because of temperature inertia. The freezing wall was still slowly expanding, during which the amount of frost heaving reached the maximum. However, the temperature of the brine increased slightly because of the rupture of the frozen pipe caused by construction, and the freezing time was extended. This stage lasted approximately 20 days, and the temperature reached approximately −25°C. The fifth stage was maintenance at the end of the freezing phase. The temperature at this stage remained basically unchanged and was maintained at −28°C to −29°C. The difference in circuit temperature was less than 2°C, which was in line with the design value.
The picture shows that the temperature gradient of the measurement point with a smaller penetration depth was smaller than the measurement point with a larger penetration depth. In the initial freezing stage, the temperature of the measurement point with a small penetration depth was lower than that of the measurement point with a large penetration depth. When the freezing curtain formed, the temperature of the measuring point with a smaller penetration depth was slightly higher than the temperature of the measuring point with a larger penetration depth. This is because the convective heat dissipation of the surface of the segment affected the temperature drop of the soil near the segment, so the temperature changed more slowly at the measuring point near the segment. The temperature measuring holes C1, C2, and C3 were located inside the frozen wall, closer to the excavation surface, and were more affected by the excavation. The temperature measuring holes C4 and C5 were located outside the frozen wall, far away from the excavation surface, and are less affected by the excavation, except that the temperature at the measuring points (C4-1 and C4-2) at the segment increased. The remaining measuring points remained unchanged.
4.2.2 Development Rate and Temperature Distribution of Frozen Wall
The times for the temperature of the temperature measuring holes C1, C2, C3, C4, and C5 to reach 0°C were 10, 9, 9, 26, and 28 days, respectively—that is, the rates of reaching 0°C were 1.8°C/d, 2.11°C/d, 2°C/d, 0.69°C/d, and 0.64°C/d, respectively. From this, it can be calculated that, when the frozen wall reaches C1, C2, C3, C4, and C5, the development speeds of the frozen wall are 39.8, 38.7, 30.5, 22.8, and 21.3 mm/day. Therefore, it can be concluded that the freezing wall develops inward more quickly. This requires more study, because the soil on the inside of the frozen wall that participates in heat conduction is less than that outside, and it is affected by the heat absorption of the low-temperature brine in the frozen tube at the top. Thus, development is faster (Han et al., 2015; Liao et al., 2016).
4.3 Freezing Effect Analysis
According to the temperature measurement, the C5 temperature measurement hole was an outer-ring temperature measurement hole, with a depth of 6.4 m (4.4 m deep in the soil). The 6.4-m measurement point was the most unfavorable temperature measurement point. The temperature measurement value was −2.1°C. For the T5 temperature measurement, the temperature of the 6.4-m hole was used to check the frozen-wall thickness and average frozen-wall temperature. The calculation is as follows.
4.3.1 Calculation Formula for the Frozen-Cylinder Radius

[image: image]
In the formula:
Circuit brine temperature t1 = −28.7°C.
Distance between the temperature measuring hole and freezing tube r = 1.1 m.
Radius inside freezing tube r1 = 0.0345 mm.
Measuring hole temperature t = −2.1°C.
Calculated frozen-cylinder radius r2 = 1.45 m
[image: image]
In the formula:
Maximum distance of the frozen tube l = 0.9 m.
Freezing cylinder radius r = 1.45 m.
The calculated thickness of the most unfavorable position of the frozen wall E = 2.75 m, which meets the requirements of a design greater than 2 m.
4.3.2 Average Temperature of Frozen Wall
According to the soil temperature measured at the site, the average temperature of the frozen wall of the section was calculated using the ice-forming formula.
[image: image]
In the formula:
t = average temperature of effective thickness of frozen wall, °C
tb = brine temperature, −28.7°C
l = freezing hole spacing, 0.9 m.
E = frozen-wall thickness, 2.75 m
tB = wellside frozen-soil temperature, −2.1°C.
According to the ice-forming formula, the average temperature of the frozen wall is t = −10.42°C, which is lower than the design requirement of −10°C.
To verify further the reinforcement quality of the tip well and ensure the safe reception of the shield machine, horizontal drilling was carried out from September 15 to 16 September 2019, and nine drilling holes with a depth of 2 m were drilled. The arrangement of the exploration holes is shown in Figure 13. During the construction of the exploration holes in the frozen wall, according to the site observations, the soil was dense and free of water leakage and sand leakage.
[image: Figure 13]FIGURE 13 | Measured hole survey.
Based on the above comprehensive analysis, according to the freezing temperature, the development trend of the temperature measuring hole, and the thickness of the frozen wall, it can be determined that the wall breaking condition has been reached.
4.4 Measured Analysis of Surface Subsidence
Many factors affect ground subsidence, including the construction of frozen holes, the removal of tunnel doors, and the tunneling of shields (Mei et al., 2016; Mei et al., 2019; Lai et al., 2020; ; Wang et al., 2022b). In this study, the effects of shield tunneling on ground surface changes were mainly examined. The specific layout of the surface monitoring points is shown in Figure 6. The measurement point DBL-i-4 (where i is the measurement point numbers 705–745) was selected for analysis of the shield centerline. The measurement point of DBL-750-4 was destroyed, and no measurement data were available. The measured results are shown in Figure 14. Because of the influence of the construction conditions, surface subsidence monitoring near the western end was started 20 days after the freezing hole was constructed. The freezing hole was actively frozen for 35 days, and the maintenance freeze was 20–25 days—that is, the active freezing ends at 15 days in the picture. After the freezing started, the ground deformation was small, because the soil was not frozen in the early stage. At that time, the ground settlement caused by the shield was greater (Li Z. et al., 2021; Sheng et al., 2021; Wang et al., 2021b; Wang J. et al., 2022) and the farther away from the frozen end, the greater the settlement. After 30 days of freezing, the frozen-curtain crossing circle was basically completed. Then, the surface settlement near the frozen body began to decrease, and, the closer to the frozen body, the smaller the influence of the shield on the ground deformation. The initial period of maintenance freezing lasted approximately 15 days. Owing to the temperature inertia, the frozen wall continued to expand slowly, and the amount of frost heave during this period reached its maximum. The freezing method, combined with the steel sleeve effect, was sufficient to resist the impact of the shield on the ground surface, and the surface settlement appeared positive. The effect was more obvious as it got closer to the frozen surface, such as the measurement points DBL-725–745. During the later period of the maintenance freeze until the receiving period of the shield, the shield gradually approached the frozen body, and its influence on soil deformation increased continuously. The surface settlement value began to increase and changed from positive to negative.
[image: Figure 14]FIGURE 14 | Cumulative value of ground surface freezing and steel sleeve receiving at the western end of Zhuyuan Road.
5 DISCUSSION
In the construction scheme, in which the horizontal freezing method was combined with a steel sleeve, freezing technology froze the surrounding soil, so that the soil could remain stable when the ground wall was broken, reducing the risk of poor soil self-reliance when the tunnel door was broken. The enclosed space of the steel sleeve provided balanced water and earth pressure on the palm face, which greatly reduced the risk of water and sand gushing through when the shield was received. The key to the combined application of the two receiving measures was determining whether the equilibrium pressure between the steel sleeve and the cavity of the negative ring segment could be balanced with the actual water and earth pressure in time after the door was broken. Owing to the large range of soil freezing and strengthening, cutter head freezing accidents are likely to occur when the shield passes through the frozen-soil wall. Therefore, it is necessary to ensure that the shield is normal, does not stay, and passes quickly to prevent the shield from being frozen. Therefore, preventing the shield cutter head from freezing was also one of the key points to be controlled in this project. In addition, the shield-receiving construction scheme combined with the freezing method and the steel sleeve has a small floor area, convenient construction, a small impact on the surrounding environment, good safety, and good construction prospects.
6 CONCLUSION

1) The freezing method, combined with steel sleeve receiving-shield technology, in water-rich soft soil can not only reduce the risk of poor self-reliance of the soil when the door is broken, but also greatly reduces the gushing water when receiving the shield. The risk of sand gushing is reduced, the craft covers a small area, and the construction is convenient. These characteristics can effectively reduce the environmental disturbance caused by shield construction and have good promotion and application value.
2) During the freezing period of water-rich soft soil, the temperature change trends of the measuring points in the temperature measurement hole are roughly the same. The freezing process can be divided into a rapid cooling period, slow cooling period, medium rapid cooling period, stable soil temperature period, and maintenance freezing period. In the five typical stages, special attention is paid to the changes in the soil settlement when the various stages are changed during construction to prevent sudden changes in soil displacement.
3) When the water-rich soft soil is frozen, the closer the active freezing period is to the inside of the frozen-soil curtain, the faster the development rate of the frozen wall. At the same time, the temperature gradient of the soil body increases with increasing radial depth. After the curtain circle has been frozen, the frost heaving of the soil accelerates significantly until the amount of frost heave peaks. The influence of shield tunneling on ground settlement is large, but the combination of the freezing method and steel sleeve can somewhat suppress this effect.
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