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Abstract

:

Compared with the small diameter and the single stratum shield tunnel, the surface subsidence is much greater when the large-diameter shield passes through the upper-soft and lower-hard stratum. In this case, it is particularly important to control the deformation of the embankment when the large-diameter shield passes underneath the embankment. Taking a tunnel project underneath the north embankment in Zhuhai as an engineering example, this paper investigates the deformation characteristics and safety control measures of a super-large-diameter (i.e., 15.80 m) shield tunnel underneath the embankment under complex stratum conditions in upper-soft and lower-hard strata, using on-site monitoring and three-dimensional numerical simulations. The results of the numerical simulation show that grouting can effectively reduce the settlement of the embankment. Grouting is applied to practical engineering, and the monitoring data are in agreement with the numerical simulation results. The surface subsidence of the embankment gradually increases as the shield tail leaves the monitoring section and finally stabilizes. After the shield machine has passed through the embankment, the horizontal deformation troughs on the embankment’s surface conform to the Gaussian normal distribution. The maximum settlement occurs in the area directly above the central axis of the tunnel. The deformation trough covers an area about four times the diameter of the tunnel on both sides of its center line.
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1. Introduction


With the improvement of the economic level and the continuous development of shield technology, large-diameter slurry pressure balance shielding, with the properties of high construction quality and efficiency, has gradually become the preferred method for domestic underwater tunnel construction. Figure 1 shows the current construction status of cross-river/sea tunnels with a shield diameter of more than 10 m in operation and under construction in China [1]. It is obvious that the construction of cross-river/sea tunnels using the large-diameter shield method in China exhibits a trend of sharp increase [2]. Large-diameter tunnels are more sensitive to the ground impact than small-diameter tunnels due to the former possessing a larger cross-section [3], more segments, and more joints. The upper-soft and lower-hard strata show an obvious rock–soil stratification interface, and there are large differences in the properties between rock and soil. When the shield tunneling crosses through this type of formation, it is extremely likely to cause abnormal deformation of the excavation surface, resulting in the significant deformation of the surface [4]. An increase in the difficulty of shield construction may occur with constructions in this stratum, which will affect the construction process [5]. The embankment is an important barrier for the urban flood control system. Once the embankment is damaged, the safety of people and surrounding buildings will be seriously threatened. During the construction of an underwater tunnel using the shield method, it will inevitably cross the embankments on both sides of the river. Therefore, it is of extraordinary significance to study the deformation characteristics of the embankment and to take measures in advance to ensure the safety of the embankment.



Scholars at home and abroad have recently carried out a great deal of systematic research in related fields, and it has greatly promoted the development of large-diameter shield tunnel crossing engineering construction technology under complex geological conditions. For tunnel excavation in upper-soft and lower-hard strata, Li et al. [6] comprehensively analyzed, with the help of on-site real-time monitoring and measurement methods, the evolution law of four types of multisource settlement data of surface, lining, box culvert, and pipeline in the process of shield tunneling in the upper-soft and lower-hard strata of a subway tunnel in a city. The influence of the variation of upper-soft and lower-hard strata on the stability of the surrounding rock was investigated by Yang et al. [7] based on indoor physical model tests. As for large-diameter shield tunnels, Wu et al. [8] obtained the calculation formula for the formation deformation caused by large-diameter slurry pressure balance shield construction based on the Mindlin solution. For tunnels crossing embankments, Li et al. [9] proposed a new method for adjusting the excessive uplifting of a shield machine, and the maximum uplifting of 118 mm was corrected via the technique of under-excavation. Based on the engineering background of Nanjing Weisan Road Crossing River Tunnel, the ABAQUS numerical method was used by Guan and Zhang [10] to investigate the characteristics of the stratum deformation and surface settlement caused by the crossing of the flood control embankment in the Weisan Road Crossing River Tunnel in Nanjing City. According to the studies of Zhang et al. [11] and Li et al. [12], the three-dimensional numerical simulation method is adopted to analyze the dynamic settlement characteristics of an embankment when a large-diameter slurry pressure shield tunnel passes through the embankment of the Yangtze River. On the basis of a large amount of data obtained from on-site monitoring, Lu et al. [13] adopted finite element analysis to calculate the bounds of the support pressure required for tunnel face stability, and the influences of friction angle, tunnel cover-to-diameter ratio, and water level were investigated. Recently, Lin et al. [14] proposed a simplified analytical method for evaluating the vertical deformation and horizontal strain of the embankment caused by shield tunneling. Qi et al. [15] studied the impacts of the length and the thickness of the grouting ring on the settlement of the existing tunnel.



In summary, most of the existing research focuses on the construction of large-diameter slurry pressure shield tunnels under the embankment or in the upper-soft and lower-hard strata. However, few studies have been carried out on super-large-diameter shield tunnels crossing embankments in upper-soft and lower-hard strata.



Therefore, in this work, a tunnel project in Zhuhai that crosses through the embankment on the bank of the Ma Liuzhou waterway is regarded as an engineering background. With the help of numerical simulation coupled with field measurements, an investigation on the construction deformation characteristics and safety control measures of a shield tunnel with a super-large diameter crossing the embankment in the upper-soft and lower-hard strata is conducted. The result shows that grouting can effectively reduce the subsidence of the embankment, and that the maximum settlement occurs in the area directly above the central axis of the tunnel, which will provide reference values for similar projects in the future.




2. Project Overview


2.1. Tunnel Engineering Background


The tunnel is a single-hole and double-line tunnel with upper and lower floors. The total length of the left line is 1905 m, and the total length of the right line is 2656.96 m. The buried depth of the shield tunnel is approximately 17.9~18.1 m. A super-large-diameter slurry pressure balance (SPB) shield machine with a diameter of 15.80 m is adopted for shield tunneling. The shield machine, with a total length of 167 m, a total weight of about 2500 t, and a maximum propulsion speed of 50 mm/min, starts from the south working well and will be received in the north working well. A series of ring wedge-shaped single-layer segments with an outer diameter of 15.2 m, an inner diameter of 13.9 m, a width of 2 m, and a thickness of 65 cm are adopted in this project.




2.2. Upper-Soft and Lower-Hard Strata Characteristics


During the crossing of the shield tunnel through the north bank embankment, the soil layers from top to bottom are plain fill ①, silt ②-1, silty clay ②-2, coarse sand ②-3, silty soil ②-4, gravel ②-5, sandy clay ③, fully weathered granite ④-1, strongly weathered granite ④-2, and moderately weathered granite ④-3. The physical and mechanical parameters corresponding to each soil layer or rock layer are shown in Table 1. Figure 2 shows the longitudinal sections of the shield tunnel crossing the soil layer of the north embankment of the Ma Liuzhou waterway. It can be seen that when the shield tunnel crosses the north embankment, the upper part is distributed with a soft soil layer with low strength, and the lower part is distributed with a granite stratum with high strength and different degrees of weathering, which are the typical characteristics of the upper-soft and lower-hard strata.





3. Numerical Simulation Analysis


3.1. Model Construction


To better understand the impact of shield tunnel crossing on the embankment, some effective measures may be taken in advance to curb the deformation of the embankment [16]. Finite element software [17] is used to establish a three-dimensional model of the super-large-diameter shield tunnel crossing the north embankment under the upper-soft and lower-hard strata according to actual engineering and stratigraphic information (Figure 3). There are two working situations with and without reinforcement measures that will be simulated. To minimize the influence of the boundary effect of excavation, the left and right boundaries and the lower boundary of the model are set to four times and three times the hole diameter, respectively, while the upper boundary is set to 18.1 m according to the actual buried depth of the shield tunnel. The result is that the entire model with a length of 142.2 m, a width of 123.98 m, and a height of 81.3 m includes a total of 91,104 elements and 62,617 nodes. The three directions (X, Y, and Z) of the bottom surface of the model are all set as displacement constraints, and the top surface (including the top surface of the embankment) is set as a free boundary. The left and right sides of the model are set as the displacement constraints in the X direction, while the front and back are set as the displacement constraints in the Y direction.



The stratum in the whole model is divided into nine layers: the upper six layers are soil layers, and the lower three layers are granite layers. Both the soil and rock layers are arranged to obey the Mohr–Coulomb (M–C) elastoplastic constitutive model. The surrounding rock, segment, grouting layer, and the existing north embankment in the model are all simulated by solid elements. The grouting filling body on the back of the segment is regarded as a homogeneous material with an equal thickness. The support pressure of the tunnel face and the grouting pressure of the grouting layer are performed by means of node-concentrated force in the process of shield tunneling. Table 1 lists the numerical calculation parameters of each layer. Additionally, the segment and grouting layers are given elastic models, and the values of the density, elastic modulus, and Poisson’s ratio of the two materials are shown in Table 2.




3.2. Simulation Conditions and Steps


To investigate the deformation control of the embankment during the process of the shield tunnel crossing the embankment, two working conditions, i.e., reinforced and unreinforced embankment, are studied. The reinforcement range of the embankment, a total width of 25.2 m, is 5 m on both sides of the tunnel side line. The effect of reinforcement is reflected by improving the formation parameters of the reinforcement range. Therefore, there is a comparison over the deformation and failure characteristics of the embankment with and without the reinforced working conditions. The realization process of the numerical simulation of shield excavation mainly includes the following five steps: (1) equilibrating the initial in situ stress field; (2) excavating a soil layer within the width of the segment and applying earth pressure on the face of the tunnel; (3) generating segment elements, grouting body elements, applying grouting pressure, and simultaneously eliminating the earth pressure on the face; (4) removing grouting pressure around the tunnel and turning the grouting element into a hardened grouting element; (5) taking the above four steps as a cycle step and continuing to excavate.




3.3. Numerical Results Analysis


Figure 4 shows the cloud map of the vertical displacement of the embankment with and without reinforcement. It can be seen that prior to the reinforcement, the embankment in the floating position of the shield tunnel exhibits obvious settlement, with a maximum value of 3.85 cm and a significant range of settlements. Encouragingly, after the grouting reinforcement measures are adopted, a remarkable improvement over the settlement value and range of the embankment may be observed, whereby the maximum settlement value declines to 2.46 cm, and the settlement range is significantly reduced.



Figure 5 illustrates the change diagram of the plastic zone of the embankment. From Figure 5, an obvious damage to soil is seen prior to the reinforcement of the embankment. However, when the grouting is applied, the extent of the plastic zone is significantly reduced (see Figure 5b). By comparing the two simulated conditions, it can be found that the settlement of the embankment and the extent of the plastic zone are significantly reduced after the grouting reinforcement measures are taken, which indicates that the effect of grouting reinforcement is promising and remarkable.




3.4. Comparison of Field Measurement Results with Numerical Results


According to the monitoring and measurement scheme mentioned in the field, the same arrangement is also used in the numerical simulation process. In this section, the variations of the lateral surface deformation trough of the monitoring sections (i.e., DM1, DM2, and DM3) located on the surface of the embankment are provided after the shield tunnel passes through the embankment. Figure 6 presents the lateral surface deformation of DM1, DM2, and DM3 obtained by field measurement and numerical simulation. It can be seen from Figure 6 that the lateral deformation trough of the three sections seems to be described by Gaussian normal distribution. At the position far from the tunnel centerline, an uplifted deformation of the embankment is observed, and a subsidence deformation is seen. The maximum settlement deformation occurs above the central axis of the tunnel. The coverage of the lateral deformation trough is about three times the diameter of the hole on both sides of the tunnel centerline. The numerical simulation is in agreement with the field measurement results, indicating that the aforementioned numerical simulation may truly reflect the actual situation.





4. Conclusions


In this research, the law of settlement deformation of the super-large-diameter shield tunnel crossing the embankment under the conditions of upper-soft and lower-hard strata is investigated, and corresponding security control measures are put forward. The following main conclusions are drawn:




	
The numerical simulation results show that the settlement of the embankment caused by the shield tunneling before the reinforcement is large, and there are potential construction risks. However, the use of grouting reinforcement can effectively minimize the maximum surface settlement value and deformation range.



	
A method for controlling the deformation of the embankment during the construction of the super-large-diameter shield tunnel crossing the embankment is proposed, which can provide a reference for other large-diameter shield tunneling projects in the future.
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Figure 1. Current status of river/sea construction of large-diameter shield tunnels in China in recent years [1]. 
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Figure 2. The longitudinal section of the tunnel crossing the north embankment. 
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Figure 3. 3D numerical model. 
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Figure 4. Vertical displacement cloud map of the embankment: (a) without reinforcement and (b) with reinforcement. (Unit: cm.) 
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Figure 5. Embankment plastic zone map: (a) without reinforcement and (b) with reinforcement. 
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Figure 6. Numerical simulation and field monitoring results of lateral surface deformation characteristics of DM1, DM2, and DM3 sections: (a) DM1 section result, (b) DM2 section result, and (c) DM3 section result. 






Figure 6. Numerical simulation and field monitoring results of lateral surface deformation characteristics of DM1, DM2, and DM3 sections: (a) DM1 section result, (b) DM2 section result, and (c) DM3 section result.



[image: Applsci 12 04324 g006]







[image: Table] 





Table 1. Basic physical and mechanical parameters of rock and soil.






Table 1. Basic physical and mechanical parameters of rock and soil.





	Stratum Number
	Stratum
	Thickness/m
	Density/g⋅cm−3
	Moisture

Content/%
	Deformation Modulus/MPa
	Poisson Ratio
	Cohesion/

kPa
	Friction

Angle/°





	①
	Plain fill
	1.0~5.0
	1.71
	23.8
	-
	0.18
	14.0
	26.9



	②-1
	Silt
	5.2~16.7
	1.60
	63.9
	1.8
	0.40
	15.0
	13.0



	②-2
	Silty clay
	2.0~18.0
	1.92
	28.4
	4.8
	0.30
	35
	17.4



	②-3
	Coarse sand
	0.9~13.0
	2.64
	-
	-
	0.26
	-
	30



	②-4
	Silty soil
	1.1~19.2
	1.74
	46
	2.3
	0.39
	18
	16.2



	②-5
	Gravel
	0.8~19.2
	19.0
	-
	40.0
	0.25
	-
	35.0



	③
	Sandy clay
	1.4~16.5
	1.88
	24.5
	4.9
	0.25
	29
	23.2



	④-1
	Fully weathered granite
	1.1~25.0
	1.91
	20.9
	89
	0.30
	26
	23.0



	④-2
	Strongly weathered granite
	0.2~7.5
	2.00
	-
	160
	0.23
	35
	25



	④-3
	Moderately weathered granite
	6.0~7.4
	2.81
	-
	2000
	0.20
	400
	33
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Table 2. Model parameters of the grouting layer and segment.






Table 2. Model parameters of the grouting layer and segment.





	Materials
	Density/(kg·m−3)
	Elastic Modulus/GPa
	Poisson’s Ratio





	Segment
	2500
	34.5/36.5
	0.167



	Grouting layer
	2000
	2 × 10−3
	0.25
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