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Abstract

:

Underwater shield tunneling will disturb the soil near the river, especially in water-rich soft ground. This may cause a groundwater infiltration hydraulic gradient to exceed the critical value, leading to calamities, such as unexpected flooding or submerged erosion. To ensure the security of construction and the stability of river embankment seepage, it is crucial to assess the safety of the underwater tunnel cover thickness. A shield tunnel project under a river in Hefei is used as an example. The numerical model established by the finite element method is used for calculating and analyzing the changes in the groundwater flow field and the stability state of embankment seepage induced by underwater shield tunneling under different overburden thickness conditions. The results show that the construction disturbance of the shield tunnel through the river is increased, the internal force environment of the embankment slope is destroyed, and the maximum seepage hydraulic gradient is increased. In the case study, the embankment keeps in a stable state of seepage when the cover thickness of the shield tunnel has 2.9 times its outer diameter. The findings of this study can serve as a scientific guide to assure seepage stability in an underwater shield tunneling project and to stop river embankment erosion.
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1. Introduction


In recent years, urban subway construction in China has grown significantly, and tunneling projects that cross rivers are becoming increasingly prevalent [1,2,3,4]. The shield technique is the most widespread tunneling build process [5]. When the shield method is utilized, the construction pace is fast and safe. However, the surrounding soil will inevitably be disturbed while the shield tunnels cut through the rivers. Furthermore, the physical and mechanical characteristics of the disturbed soil can be changed as a side effect of tunnel construction [6], weakening its ability to resist seepage [7] and significantly increasing the infiltration hydraulic gradient [8]. This increases the seepage erosion of the soil on the river embankment slope and causes significant soil loss, which in turn causes infiltration damage, such as flowing soil and pipe surges [9,10]. For example, in the construction of the river-crossing tunnel of Shanghai rail transit line 4, accidents occurred in the connecting channel flowing sand and gushing water, tunnel structures damaging, ground setting, and the direct cause of the accident was the sudden surge of pressurized water [11]. It was reported that sand and water surged at the end of the shield seal when one shield tunnel crossing the river was being built in Wuhan, China [12]. A rapid surge disaster happened during the construction of Tianjin Metro Line 2’s shield structure beneath the river while traversing a thin layer of water-rich silt [13]. The Quaternary fluvial deposits, which mostly consist of clay, pulverized clay, dust, silt layers, and sand layers accumulated in the alluvial phase of ancient rivers, frequently predominate in the riverine strata [14]. These rising and falling are practically coordinated considering the hydraulic connection between the groundwater in the riverine strata and the stream of surface water [15]. There is a high likelihood that seepage channels will be created during tunnel construction, changing the seepage environment and harming the embankment slope’s internal force environment [16,17,18]. The fine particles of the disturbed pore space rock and soil are continuously carried away by the groundwater flow under the influence of high permeability during high water levels in flood season and the sudden drop in water level. This further development leads to infiltration damage caused by seepage, which results in embankment slope instability [19]. To maintain the security of construction and river embankment safety and avoid infiltration damage, it is crucial to design the shield tunnel with the appropriate cover thickness.



Therefore, the minimum cover depth, as one of the most critical aspects to design underwater tunnels, must be addressed. The Japanese minimum water seepage method [20,21], the Norwegian empirical method [22], the mechanical equilibrium method [23], and the Chinese underwater mining empirical method [24] are popular methods for predicting the minimum cover depth, but it is still not certain to what capacity they can be used to estimate the safe thickness of shield tunnels. The level of the tunnel cover depth, together with additional elements, such as soil permeability [25,26,27] and dynamic disturbances [28,29,30], have significant effects on the tunnel and ground reaction.



Several researchers have developed models of the surface settlement caused by tunnel excavation while taking the effect of tunnel cover depth into consideration [31,32]. However, when contemplating realistic modeling of the seepage field for underwater tunnels, it is crucial to take the influence of the depth of cover into account. The seepage field variations in submerged tunnel excavation have been predicted and examined by numerous studies [33,34,35,36]. Additionally, it is beneficial to better understand the fluid-mechanical interaction that occurs in underwater tunneling [37,38,39,40,41]. These studies shed light on the hydraulic interaction between an underwater tunnel and groundwater, which is essential for ensuring the ideal design and construction management of underwater tunnels. Associated research have further shown that tunnel excavation has a stronger effect on the seepage stability of the formation and the region of seepage erosion of the formation is larger when the shield tunnel cover thickness is shallow [42,43]. In this study, the investigation of the maximum hydraulic gradient variation of the embankment slope serves as the primary methodology for estimating the minimum depth of cover for submerged tunnels.



To study the impact of various cover thickness conditions on the seepage stability of the embankment slope, the shield tunnel crossing the river in Hefei serves as an illustration, establishing a two-dimensional seepage model by means of the finite element software Geo-studio. Furthermore, the safety of the overburden thickness of the underwater shield tunnel for this project was also assessed.




2. Methods


To simulate the two-dimensional steady-state seepage and transient seepage field changes on the river embankment slope under the design flood level and the design flood level declining respectively, the seepage calculations in this study primarily use the finite element method of the Geo-studio software. The two-dimensional seepage differential control equations are [44]:


   ∂  ∂ x    (   K x    ∂ h   ∂ x    )  +  ∂  ∂ z    (   K z    ∂ h   ∂ z    )  = C   ∂ h   ∂ t    



(1)






  C =   ∂ θ   ∂ h    



(2)




where h(x, y, z, t) is the head function to be sought (m), Kx and Ky are the permeability coefficient (cm∙s−1) in the direction of the x and z axis as the main axis, C is the water capacity, θ is the unit volume of water content.



The fixed solution conditions are as follows:




	(1)

	
Initial conditions:











  h  |     t = 0     =  h 0   (  x , z , 0  )   



(3)







	(2)

	
Assume that the boundary is either Γ = Γ1 or Γ = Γ2. Where Γ1 is the first class of boundary conditions, such as given head bounds and upstream and downstream water level boundary surfaces. Water separation boundaries and other well-known flow borders are examples of the second category of boundary conditions or Γ2.







Type I boundary conditions:


  h  |     t = 0     =  h 0   (  x , z , t  )   



(4)







Type Ⅱ boundary conditions:


   K n    ∂ H   ∂ n    |      Γ 2      = q  (  x , z , t  )   



(5)




where Kn is the normal permeability coefficient of the boundary surface (cm∙s−1), and n is the normal vector outside the boundary surface.



The variational approach is used to further get the finite element computation format:


   [ K ]   { h }  +  [ M ]   {    ∂ h   ∂ t    }  +  [ D ]   { q }  =  {   F 0   }   



(6)




where {F0} is the nodal water vector created by sources or sinks inside the seepage field, [K] is the unit seepage conduction matrix, [M] is the matrix of water absorbed or released from the pore with unit head variation, [D] is the matrix of water generated by unit flow variation at the flow boundary.


   K  ij   =    ∭   Ω e      (   K x    ∂  N j    ∂ x     ∂  N i    ∂ x   +  K z    ∂  N j    ∂ z     ∂  N i    ∂ z    )     dxdz  



(7)






   M  ij   = C    ∭   Ω e      N i   N j     dxdz  



(8)






   D  ij   = C    ∭   Ω e  ∩  Γ 2      N i   N j     d Γ  



(9)




where Kij, Mij, and Dij are the relevant matrix elements and iterative calculation is used to determine the seepage field in the embankment slope.




3. Study Area


The Nanfei River is crossed by the metro shield tunnel project in Hefei, Anhui Province. Figure 1 shows the precise site of the project crossing. The shield tunnel cutting through the river is constructed by a single-circle shield method with prefabricated assembly-type single-layer lining. The thickness of the single-circle tunnel segment in the shield section is 300 mm, with an inner diameter of 5.4 m and an outer diameter of 6 m. The project is situated in the Nanfei River, also known as Shishui, Jindou River, which is a major tributary of the Chaohu Lake water system. It originates from the Jianghuai watershed and continues to extend southward from the great submerged mountain of Changgang. The main river channel has a length of 70 km, and the watercourse of crossing position is relatively straight. Moreover, according to the river’s measured part, the project section’s river embankment has an elevation of 12.6 m, the water’s surface is about 80 m wide, and the river’s minimum elevation is 6.0 m. The Nanfei River portion, where the project is located, currently has a 100-year flood control standard.



The Nanfei River’s Second Bottom and river floodplain make up the terrain of the project river segment. The project river section’s top layer is a layer of Quaternary artificial fill, mainly miscellaneous fill that is localized as plain fill. Layers of Quaternary Holocene alluvial clay, pulverized clay, dust, and silt-sand are found beneath the top layer. The deep soil layers are Quaternary alluvial clay, chalky clay, powder clay, and sandy soil layers of the alluvial phase of the ancient river of modest depth. According to the investigation region’s geological survey report, the stratum at the project location is generalized in this study, and the stratum at the crossing section is made up of miscellaneous fill, clay, powdery clay, chalk, and fine sand in that order from top to bottom. The pertinent parameters of the stratum at the river section are shown in Table 1.



The primary aquifers in the study region are water-bearing formations of rocks that are submerged (somewhat pressured), exhibit excellent permeability, receive recharge from atmospheric precipitation, and share fair recharge and discharge relationships with rivers. Additionally, there is no infiltration inside the underwater tunnel in seepage impact of interest. The two-dimensional modeling considered the shield tunnel layer’s permeability coefficient, which is set to 0, in order to mimic the tunnel cross-section. The relevant parameters of the shield tunnel are also shown in Table 1.




4. Numerical Modeling


In this work, the underwater shield tunnel crossing the river embankment was modeled and examined using the finite element analysis program Geo-studio. A two-dimensional model was created for the semi-river profile at the shield tunnel crossing position based on the project profile. Model the slope’s top elevation (12.6 m), the river’s bottom elevation (6.0 m), and the shield tunnel’s outer diameter (6 m). As mentioned in Section 3, the shield tunnel layer permeability coefficient is configured as 0 to simulate the tunnel section in 2D modeling. While taking into account the shield tunnel’s impact on the surrounding soil disturbance, designate the shield tunnel’s outer diameter 2 m range as the troublesome zone, and increase the soil permeability coefficient value by one order of magnitude for the troublesome zone’s permeability coefficient. The numerical model mesh of seepage is split as indicated in Figure 2 and the upper boundary condition of the model is the first kind of specified head boundary. The prior testing calculations show that the number and size of the grid could accurately define the river boundaries in the case of meeting the demands of numerical calculation accuracy.



Two seepage calculation conditions, steady and unsteady seepage conditions, are used. The 100-year design flood level of 12.21 m is the steady seepage calculation condition, and the unstable seepage calculation is that the design flood level decreases sharply by 2 m in 24 h. The specific calculation circumstances are provided in Table 2.



Along with the investigation of the region’s engineering geology, the shield tunnel’s diameter was held constant, and the overburden thicknesses were chosen to be 3.76 m, 9.07 m, and 17.51 m for the three overburden thicknesses to evaluate the impact of the various overburden thicknesses on the stability of river embankment seepage. Moreover, the top elevation of the embankment minus the minimum top elevation of the tunnel, which corresponds to the location at the burial depth of 17.51 m (the distance between the river bottom and the top of the tunnel), gives the maximum burial depth of the tunnel in the design scheme. Table 3 displays the various operating circumstances and the resulting overburden thicknesses.




5. Results and Analysis


5.1. Analysis of the Impact of Underwater Shield Tunnel on River Embankment Seepage Stability under Design Flood Level


5.1.1. The Results of Seepage Head under Design Flood Level


From a general perspective, the seepage head is smaller the closer it is to the river embankment, and it gradually grows larger the farther it is from the river embankment. This is given as the numerical model makes the top of the slope a zero pressure hydraulic boundary, and the water flow path from the embankment to the river flow, which needs to conquer soil resistance causing the seepage head loss and enhances further the flow of seepage head loss. It is observed that the seepage head contours within the disturbance zone of the underwater shield tunnel with different burial depths are vertical. Consider Figure 3a as a case study, the seepage head within the disturbance zone of the underwater shield tunnel cutting through the powdered clay layer has almost no changes in the vertical direction and only gradually decreases in the horizontal direction, and the seepage head distribution below the disturbance zone changes drastically.



According to Figure 4, the submerged shield tunnel cover thickness of 9.07 m has a maximum seepage head of 12.69 m, which is somewhat less than the maximum seepage head for the 3.76 m and 17.51 m submerged tunnel cover thicknesses. The seepage head contour in Figure 3a is nearly vertical within the soil near the top of the embankment slope, indicating that there is still a significant amount of horizontal seepage at this location. When the underwater tunnel overburden thickness is shallow, the tunnel has a greater impact on the embankment seepage field distribution. The analysis’s findings index that the submerged shield tunnel influences the distribution of seepage head on the river embankment and that the impacts are larger on the seepage field the shallower the overburden thickness.




5.1.2. The Results of Seepage Hydraulic Gradient under Design Flood Level


To examine the change in the infiltration hydraulic gradient of the river embankment under various overburden thickness excavation in the underwater shield tunnel at the design flood level condition (100-year event), simulation results from the numerical calculation model of steady seepage are utilized (Figure 5). The top of the river embankment, there remaining violent water flow, is that the infiltration damage occurs at a high level of the water, according to calculation findings, and it is safer to regulate the infiltration hydraulic gradient within 0.30 in accordance with the relevant specification [45]. The findings indicate that when excavating at 3.76 m, the maximum hydraulic gradient reaches 0.30 and there is a likelihood of infiltration damage. In contrast, the infiltration hydraulic gradient of the river embankment under other overburden thickness conditions is below the permitted hydraulic gradient, and there is no immediate risk of infiltration damage on the river embankment.



Figure 6 provides a detailed comparison and analysis of the results of river embankment infiltration hydraulic gradient for various shield tunnel cover thicknesses. The dotted line indicates the design flood level. (12.21 m). The maximum infiltration hydraulic gradient is 0.30 for underwater shield tunnel cover thickness of 3.76 m, 0.14 for underwater shield tunnel cover thickness of 9.07 m, and 0.09 for underwater shield tunnel cover thickness of 17.51 m. The comparison consequences reveal that the overburden thickness rises 141% when 3.76 m to 9.07 m, whereas the river embankment infiltration hydraulic gradient falls by 53.3%. From 9.07 m to 17.51 m, the overburden thickness of the shield tunnel rises 93.1%, while the maximum infiltration hydraulic gradient of the river embankment falls 35.7%. The maximum hydraulic gradient under the design flood level gradually decreases when the burial thickness of the underwater shield tunnel rises.





5.2. Analysis of the Impact of Underwater Shield Tunnel on River Embankment Seepage Stability under Sudden Drop of Design Flood Level


5.2.1. The Results of Seepage Head under Sudden Drop of Design Flood Level


Based on the preliminary analysis of Figure 7, the maximum seepage head value at the underwater shield tunnel overburden thickness of 3.76 m is 13.67 m, the highest seepage head value at the underwater shield tunnel overburden thickness of 9.07 m is 12.77 m, and the maximum seepage head value is 12.86 m at the underwater shield tunnel overburden thickness of 17.51 m.



Figure 8 shows that the maximum seepage head values within the river embankment decrease by 6.6% when the underwater shield tunnel overburden thickness increases by 141% (from 3.76 m to 9.07 m). Moreover, Figure 8 shows that the maximum seepage head of the river embankment increases by 0.7% when the underwater shield tunnel overburden thickness increases by 93.1% (from 3.76 m to 9.07 m). The dotted line indicates the design flood level plunges by 2 m in 24 h. The findings demonstrate that the shallow submerged shield tunnel under unsteady seepage conditions influences both the maximum seepage head and the spatial distribution of the seepage head.



Additionally, it compares the maximum seepage head values of the river embankment under various hydraulic conditions in Figure 9. When the underwater shield tunnel overburden thickness is 3.76 m, the maximum seepage head value under the sudden drop of design flood level is 6.3% higher than the maximum seepage head value under the design flood level. When the underwater shield tunnel overburden thickness is 9.07 m, the maximum seepage head value is 0.63% greater than the maximum head value under the design flood level. The maximum seepage head values for the sudden drop of design flood level and design flood level are the same for the underwater shield tunnel overburden thickness of 17.51 m. The findings demonstrate that when the shield tunnel overburden thickness is shallow, the maximum seepage head value under a sudden drop in design flood level is higher than that of the design flood level. According to the detailed analysis of the causes of the phenomenon, the reasons are that the maximum seepage head increases due to the rapid decline in water level and the low permeability of the soil in the river embankment, which prevents water from flowing out of the embankment in time to discharge.




5.2.2. The Results of Seepage Hydraulic Gradient under Sudden Drop of Design Flood Level


Analyze the changing laws of infiltration hydraulic gradient of the river embankment of the shield tunnel excavated with different overburden thickness under a sudden drop of design flood level (a sudden drop of design flood level by 2 m in 24 h), according to simulation results of the numerical calculation of unsteady seepage (Figure 10). When the underwater shield tunnel overburden thickness is 3.76 m, the maximum infiltration hydraulic gradient is 0.65 and the maximum hydraulic gradient is at the top of the river embankment. When the underwater shield tunnel overburden thickness is 9.07 m, the maximum infiltration hydraulic gradient is 0.40 and the maximum hydraulic gradient is at the intersection of the river channel and the river embankment. The greatest infiltration hydraulic gradient value is 0.24 when the shield tunnel overburden thickness is 17.51 m, and the maximum hydraulic gradient is also found at the embankment and river channel converge. The maximum hydraulic gradient values for the underwater shield tunnel overburden thickness of 3.76 m and 9.07 m are 0.65 and 0.40 respectively, which exceed the allowable slope drop of the code. Under these two work conditions, the river embankment may sustain infiltration damage.



The maximum infiltration hydraulic gradient value continually declines with the increasing underwater shield tunnel overburden thickness, and this rule is consistent with the changing trend of the maximum hydraulic gradient under the parameters mentioned above for the design flood level. Comparing and analyzing the infiltration hydraulic gradient results in Figure 11, it can be reported that the underwater shield tunnel overburden thickness increases from 3.76 m to 9.07 m, and its maximum hydraulic gradient decreases by 39.4%. While it increases from 9.07 m to 17.51 m, its overburden thickness increases by 93.1%, and the embankment’s maximum infiltration hydraulic gradient decreases by 40%. And the dotted line indicates the design flood level plunges by 2 m in 24 h in Figure 11.



To investigate the influences of various seepage circumstances and tunnel covering thickness on the maximum infiltration hydraulic gradient of the river embankment, the outcomes for the maximum hydraulic gradient are further compared (Figure 12). When the underwater shield tunnel overburden thickness is 3.76 m, the maximum infiltration hydraulic gradient under a sudden drop of the design flood level is 120% greater than the maximum infiltration hydraulic gradient under the design flood level. When the underwater shield tunnel overburden thickness is 9.07 m, the maximum infiltration hydraulic gradient under the sudden drop of the design flood level is 186% greater than the value under the design flood level. When the underwater shield tunnel overburden thickness is 17.51 m, the maximum infiltration hydraulic gradient under the design flood level is 186% greater than the value under the design flood level. This demonstrates that when the underwater shield tunnel overburden thickness increases, the maximum hydraulic gradient under the sudden drop of design flood level condition is significantly greater than the design flood level condition, which is caused by the flood level plunge creating a large hydraulic head difference between the groundwater and surface water body, resulting in the larger hydraulic gradients.



Moreover, when the underwater shield tunnel overburden thickness is 3.76 m, the maximum infiltration hydraulic gradient occurs at the top of both the river embankment near the shoulder under the design flood level condition and sudden drop of design flood level condition. When the underwater shield tunnel overburden thickness is 9.07 m and 17.51 m, the maximum infiltration hydraulic gradient occurs at the junction between the river channel and the river embankment under the sudden drop of design flood level condition, while the maximum hydraulic gradient always occurs at the top of the river embankment under the design flood level. The outcome reveals that when the underwater shield tunnel overburden thickness is modest, the maximum hydraulic gradient value appears in the top region surrounding the river embankment. When the underwater shield tunnel overburden thickness is large, the maximum hydraulic gradient appears at the junction of the river channel and the river embankment. The simulation results are consistent with the results of unsteady seepage physical tests performed by Duan et al. [46], i.e., they confirm that the maximum infiltration hydraulic gradient is generally near the water level of the surface water body. Thus, the maximum infiltration hydraulic gradient is easily at the junction location between the river channel and the river embankment when the water level drops abruptly.





5.3. Analysis of the Effect of Shield Construction Disturbance on River Embankment Seepage Stability


The surrounding soil is readily disturbed to some level during shield tunnel construction, and the impacts of construction disturbance on the seepage stability of river embankment are modeled for varied overburden thicknesses in response to increased construction disturbance. In this section, the permeability coefficients of the disturbance zone are increased by raising orders of magnitude to generalize the growth of disturbance, and a model for calculating the seepage stability of river embankment with different overburden thickness under the design flood level and sudden drop of design flood level is established. The stratigraphic parameters used in the calculation are shown in Table 1.



Figure 13 illustrates the findings of infiltration hydraulic gradient under the design flood level and design flood level plunging circumstances respectively, and compares them in detail to the infiltration hydraulic gradient results of Figure 6 and Figure 11. In comparison to the previous results for hydraulic gradient when the permeability coefficient of the disturbance zone is raised by one order of magnitude, the maximum hydraulic gradient rises when the permeability coefficient of the disturbance zone is increased by two orders of magnitude. Under design water level conditions, the underwater shield tunnel overburden thickness is 3.76 m, with the maximum hydraulic gradient increasing by 10%. The underwater shield tunnel’s overburden thickness is 9.07 m, with the maximum hydraulic gradient increasing by 2.9%. With the underwater shield tunnel overburden thickness of 17.51 m, the maximum hydraulic gradient does not increase. However, the maximum hydraulic gradient increases by 15% when the shield tunnel overburden thickness is 3.76 m, 12.5% when the shield tunnel overburden thickness is 9.07 m and 8.3% when the shield tunnel overburden thickness is 17.51 m under the design flood level plunging scenario. The results show that when the permeability coefficient of the disturbed zone grows, the maximum hydraulic gradient increases, while the influence of shield disturbance on the permeability hydraulic gradient decreases as the overburden thickness increases.




5.4. Analysis of Underwater Shield Tunnel Cover Thickness


According to the findings of the previous investigation, when the underwater shield tunnel overburden thickness is 3.76 m under the design flood level condition, the maximum hydraulic gradient gets the permissible value, the river embankment seepage stability is in the critical state, and when the underwater shield tunnel overburden thickness is 9.07 m, the maximum hydraulic gradient value is within the permissible range. Under the design flood level plunging condition, the maximum hydraulic gradient for shield tunnel overburden thickness of 3.76 m and 9.07 m exceeds the code’s allowable hydraulic gradient, and infiltration damages may occur on the river embankment under the two work conditions, whereas the maximum hydraulic gradient for shield tunnel overburden thickness of 17.51 m does not exceed the allowable value.



Considering the engineering geological background of this study, the river embankment is in seepage stability when the overburden thickness of the underwater shield tunnel is 1.5 times the tunnel outer diameter (9.07 m) under the design flood level condition (Figure 14). Figure 14 shows that the overburden thickness is safe under the design flood level plunge scenario, where the underwater shield tunnel overburden thickness is 2.9 times the tunnel outer diameter (17.51 m), the river embankment is in a seepage stable state, and no infiltration damage occurs.





6. Conclusions


This study is conducted on the underground shield tunnel crossing the river project in Hefei. The effects of shield tunnel cover thickness on river embankment seepage stability are investigated under the design flood level and design flood level plunge conditions, as well as the effects of tunnel shield construction on river embankment seepage stability under different cover thickness, to evaluate the safety of the shield tunnel overburden thickness under engineering geology. The following conclusions were drawn:




	(1)

	
The maximum infiltration hydraulic gradient value of the river embankment gradually lowers as the thickness of the underwater shield tunnel overburden grows. When the underwater shield tunnel overburden thickness is thin, the maximum infiltration hydraulic gradient occurs at the top of the river embankment and the maximum seepage head values increase. When the underwater shield tunnel overburden thickness is thick, the maximum infiltration hydraulic gradient arises at the junction of the river channel and the river embankment.




	(2)

	
Shield tunnel construction has effects on river embankment seepage stability when the construction disturbance is large, i.e., the permeability coefficient of the disturbance zone increases, and the infiltration hydraulic gradient increases. However, as the underwater shield tunnel cover thickness increases, the effect of shield construction disturbance on the infiltration hydraulic gradient weakens, and the effect on river embankment seepage stability decreases.




	(3)

	
In the case of the underwater shield tunnel cover thickness reaching 1.5 times the tunnel outer diameter in the design flood level condition, the river embankment may keep seepage stability. When the design flood level plunges, an underwater shield tunnel cover thickness that remains 2.9 times the outer diameter of the tunnel can keep the river embankment in seepage stability.
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Figure 1. Project location map. 
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Figure 2. Diagram of the numerical model of seepage in the study area. 
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Figure 3. Seepage head contours under the design flood water level of: (a) 3.76 m of underwater tunnel overburden thickness; (b) 9.07 m of underwater tunnel overburden thickness; (c) 17.51 m of underwater tunnel overburden thickness. 
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Figure 4. Maximum seepage head of embankment under the design water level. 
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Figure 5. Seepage hydraulic gradient contours under design flood water level of: (a) 3.76 m of underwater tunnel overburden thickness; (b) 9.07 m of underwater tunnel overburden thickness; (c) 17.51 m of underwater tunnel overburden thickness. 
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Figure 6. Maximum seepage hydraulic gradient of embankment under design water level. 
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Figure 7. Seepage head contours under the sudden drop of design flood level of: (a) 3.76 m of underwater tunnel overburden thickness; (b) 9.07 m of underwater tunnel overburden thickness; (c) 17.51 m of underwater tunnel overburden thickness. 
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Figure 8. Maximum seepage head of the embankment under the sudden drop of design flood level. 
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Figure 9. Comparison of maximum seepage head of river embankment. 
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Figure 10. Seepage hydraulic gradient contours under the sudden drop of design flood level of: (a) 3.76 m of underwater tunnel overburden thickness; (b) 9.07 m of underwater tunnel overburden thickness; (c) 17.51 m of underwater tunnel overburden thickness. 
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Figure 11. Maximum seepage hydraulic gradient of embankment under a sudden drop of design flood level. 
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Figure 12. Comparison of maximum seepage hydraulic gradient of river embankment. 
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Figure 13. Comparison for original maximum hydraulic gradient and maximum hydraulic gradient of increased construction disturbance: (a) Design flood level condition; (b) Sudden drop of design flood level condition. 
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Figure 14. Diagram of shield tunnel cover thickness. 
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Table 1. Physical and mechanical parameters of the stratum section at the project river section.
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	Materials
	E (MPa)
	γ (kN∙m−3)
	c (kPa)
	φ (°)
	K (cm∙s−1)
	Enhanced K (cm∙s−1)





	Miscellaneous fill
	10
	19.5
	0
	9
	5.0 × 10−5
	-



	Clay
	55
	19.8
	75
	12.5
	1.0 × 10−5
	-



	Silty clay
	18
	20.1
	70
	12
	2.0 × 10−5
	2.0 × 10−4



	Silt
	19
	20.5
	67.5
	22.5
	3.0 × 10−5
	3.0 × 10−4



	Silty fine sand
	20
	21.0
	0
	27.5
	1.0 × 10−4
	1.0 × 10−3



	Shield tunnel
	3.0 × 105
	25
	-
	-
	0
	-
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Table 2. Seepage calculation conditions.
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	Initial Conditions
	Descriptions





	Stabilized seepage condition
	100-year design flood level 12.21 m



	Unsteady seepage condition
	The 100-year design flood level plunges 2 m in 24 h
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Table 3. The cladding thickness of the underwater shield tunnel.
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	Numbers
	Types of Strata Crossed by the Underwater Shield Tunnel
	Cladding Thickness (m)





	1
	Silty clay
	3.76



	2
	Silt
	9.07



	3
	Silty fine sand
	17.51
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