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Abstract

:

Underwater tunnel structures are vital in urban areas, and their use is continuously increasing. The engineering assessments for these impressive phenomena have to be performed from both geotechnical and structural engineering perspectives. The designer should take account of the requirements of the underwater structures to adequately withstand different applied loads. The underwater tunnel might be particularly vulnerable at locations where the geological conditions are uncertain. This study will cover all aspects concerning the stability of the tunnel crossing of the River Nile. The protentional exists for the tunnel failure during construction due to insufficient cover thickness and after construction due to a combination of long-term degradation and local scour. There were no imposed constraints on the alignment and the original design with a cover between the tunnel crown and the riverbed of at least one tunnel diameter. The tunnel stability was analyzed based on the most critical underwater section with a minimum cover thickness of the Greater Cairo Metro, Line 2 as the case study. Then, three-dimensional (3D) numerical analysis based on the Finite Element (F.E.) models was employed to explore soil–tunnel interactions. Comparison between numerical models’ results indicated that the safe cover thickness was equal to the tunnel diameter. The minimum cover thickness can be used to verify the required factor of safety calculated by theoretical analysis. The safety factor of the tunnel stability should not be less than 1.5 for construction and service stages and 1.3 for the exceptional case; scour accrues.
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1. Introduction


The Thames Tunnel is the first tunnel known to have been constructed successfully underneath a navigable river and was built between 1825 and 1843 using the tunneling shield. Many underwater tunnel projects have been constructed and operated all over the world. For example, in Japan, the Kanmon Straits Tunnel was completed in 1944 [1]. Additionally, in Norway, the Eiksund Undersea Tunnel was completed in 2008. The great Tunnel in China, the Dapu Road Tunnel, was completed in 1971 [2]. Finally, the Channel Tunnel that connects the U.K. with France was completed in 1994 [3].



Underwater tunnels represent a challenge for geotechnical engineers to design and construct a cost-effective underwater tunnel with no security risk, despite the significant advances made in underwater tunneling technology in the past several decades [4,5,6,7,8,9].



Most underwater tunneling projects suffer from the same challenges, such as uncertainties of engineering geology and the complexities of fluid–mechanical interaction [10]. The existence of the water body over the tunnel causes practical difficulties in geological investigations. Moreover, the degree of accuracy of the geological predictions may be lower than that of a land surface. Such challenges lead to high remediation costs and project delays [11].



Advanced site investigation programming and monitoring technology can be applied [12,13,14,15]. In addition, the efforts to improve the understanding of fluid–mechanical interaction involved in underwater tunneling are also helpful [16,17,18,19,20,21]. These efforts provide new insights into the hydraulic interaction between an underwater tunnel and groundwater, which are beneficial to ensure optimum design and construction control of underwater tunnels. However, there are many critical aspects to designing underwater tunnels that must be addressed. The minimum cover thickness is one of these aspects.



It is an essential design parameter affecting the stability and the cost of underwater tunneling [22]. Moreover, the minimum cover thickness of underwater tunnels significantly differs from case to case [23,24], and, currently, there is no international standard to estimate its value.



The importance of tunnel cover thickness, among other related factors such as lining joint pattern [25], tunnel face lagging distance [26], soil permeability [27], dynamic disturbance [28,29], and time effect [30], has an essential effect on the tunnel stability.



The tunnel structure with surrounding ground responses at various cover thicknesses must be critically estimated as they significantly affect optimum design in terms of minimizing cost and disturbance to surrounding infrastructures. Based on F.E. analysis, [31] found that the axial force and bending moment of the tunnel lining increased with the increase of tunnel cover thickness.



Considering the effects of tunnel cover thickness, modeling of tunneling-induced ground surface and subsurface settlements was implemented by several investigators [32,33,34,35,36,37]. Based on numerical simulations, Kasper and Meschke [38] reported that lower uplift of the tunnel lining was achieved at a higher tunnel cover thickness. The results of 3D centrifuge tests performed by Boonyarak and Ng [39] demonstrated that the settlement of an existing tunnel induced by a new tunnel excavation underneath was reduced by a simultaneous increase in the cover thickness of the two tunnels.



However, the cover thickness effects on tunnel and ground responses were not critically understood for the underwater tunneling cases due to a lack of investigation. Therefore, a different mechanism of the cover thickness effects may arise compared to the tunneling cases on land. Moreover, in analyzing the cover thickness effects of an underwater tunnel, the seepage–stress coupling must be considered for a realistic simulation.




2. The Greater Cairo Metro, Line 2


The Greater Cairo Metro is an important rapid transit system in Egypt. It was the first of the three full-fledged metro systems in Africa to be constructed and the first in the Arab world. The first tunnel to be built under the Nile River carries Line 2 across the river, crossing the two branches of the Nile. That part of the shield-bored tunnel heads east of El Gizera station to cross under the 370-m-wide main branch at the south of Kaser El Nile bridge to reach Sadat station situated at Tahrir square (Figure 1).



Figure 2 depicts the Line 2 alignment. It includes 6.00 km of at-grade and a viaduct section with six at-grade stations, cut and cover tunnels of 1.80 km length, and a bored tunnel of 9.50 km length (Figure 2). For the bored tunnel section, a single tunnel 8.35 m in internal diameter was constructed using two bentonite slurry shield tunnel boring machines (TBMs), each 9.48 m in diameter with a length of 8.32 m, a weight of 5660 kN, and slurry-specific weight of 11.00 kN/m3 (Figure 3).



To cover all aspects of tunnel stability under the Nile River during construction and service, general stability, front face stability, and soil–lining interaction had to be taken into consideration [40,41,42,43,44].



General stability concerns protecting the tunnel against buoyancy during the different phases of construction and service. Front face stability requires maintaining appropriate stability during the excavation of the tunnel. Soil–lining interaction analysis involves evaluating the deformation of the tunnel subject to cover thickness.



This research studied the general stability of the tunnel using two methodologies. The first was an empirical model, and the second was a 3D numerical model using the F.E. method.




3. Empirical Model


In general, underground structures are subjected to deformations through the interaction between the ground and the structures. A tunnel should be designed to satisfy safety and function criteria in tunnel construction and during the service stage of the tunnel life cycle.



This study was conducted on the most critical section of the Line 2 tunnel under the Nile River. The only section with a cover thickness above the tunnel crown less than the minimum requirement is section Kp10.60 (Figure 4).



3.1. Geotechnical Investigations


The geological condition of the site consists of a thick deposit of slightly silty sand. The soil formation becomes slightly gravelly as the depth increases from 21.00 m to 39.00 m below the Nile bed. The geological profile (Figure 5) illustrates that the formation contains sandy gravel with a sparse cobble layer 1.5 m to 6.5 m thick. Thin layers of silty clay (0.2 m to 0.5 m thick) also occur at different depths. The sandy soil formation can be divided into three main layers concerning the variability of soil properties with depth (Figure 5).




3.2. Bathymetric Survey


A bathymetric survey was essential to estimate the scour risk during the service stage regarding floatability. Before tunnel construction, a long-term sediment transport hydraulic study for the zone which the tunnel crossing. The design river discharge is 605 × 106 m3/day, with a division of 75% in the east branch and 25% in the west branch. On the east branch, scours are due to the upstream bridge (Figure 6). In the context of substantive flood events, scours up to 3.00 m under the actual bed can occur, which will be referred to later as the exceptional case. At the location of Metro Line 2, the influence of the bridge is noticeable [45,46,47].




3.3. General Stability of the Tunnel


The general stability condition is fulfilled when downward forces are greater than upward buoyancy forces. Therefore, the safety factor is given by the ratio between the downward and upward forces, which should not be less than 1.50 for construction and service stability, but 1.30 for the exceptional case where erosion of the cover is assumed to occur.



The shield-driven bored tunnel consists of a segmental lining with an external ring diameter of 9.15 m, a lining thickness of 0.40 m, and a specific weight of 25.00 kN/m3.



Figure 7 shows that H is the cover thickness of the soil above the tunnel crown with parameters as follows: bulk unit weight is 19.00 kN/m3, frictional angle is 37°, and cohesion is zero.



To satisfy the general stability condition, three stages during construction and one case during service are necessary, as per Figure 8.



For the short-term case,
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For the middle term case,


   F u  =  ρ t  π    (   r t   )   2   



(3)






   F r  = o .  w t  + H  D t   ρ  s u b   +  (       D t   2   2  − π      D t   2   8   )   ρ  s u b    



(4)







For the long-term case,
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For the exceptional case,
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where Fu is the upward (uplift) force, Fr is the downward (resistance) force, o.ws is the weight of the TBM, o.wt is the weight of the tunnel, o.wfilling is the weight of the filling, rs is the external radius of the TBM, rt is the external radius of the tunnel, Ds is the external diameter of the TBM, Dt is the external diameter of the tunnel, H is the thickness of the soil above the tunnel, ρs is the slurry-specific weight of the TBM, ρt is the concrete specific weight of the tunnel, and ρsub is the submerged density of soil.



The minimal allowable cover thickness has to be the greatest of all the above cases, as calculated in Table 1, so H = 8.16 m. This condition is fulfilled in all the sections along the tunnel route except near section Kp10.600, where the actual H is about 5.60 m (Figure 4). This section is critical and backfilling of the Nile bed is required at this location. The stability should be checked, considering the addition of the backfilling of the depression.




3.4. Stability of Backfilling


Protection of the bed is necessary to prevent scours. Backfilling was required, which included riprap and filters (Figure 9 and Figure 10). The protection concept should ensure a sufficient cover for the tunnel, resist flowing velocities, avoid washing the sand bedding by the flow, and not generate currents that will lead to new scourings, especially beside the protected area.



Many empirical relationships have been developed for sizing riprap. Here, the California Division of Highways [48] study was used for sizing the riprap, as per Equation (9).


    0.20 g  U 2     (   S s  − 1  )   D  50     = 1  



(9)




where U is the mean velocity, Ss is the specific weight of the riprap, D50 is the median size of the riprap, and g is gravity acceleration.



The backfilling can be considered according to three stages. During the construction, the filter proposed should be gravel from 1 mm to 50 mm with submerged density 8.00 kN/m3 and thickness 1.00 m; riprap should be enrockments from 30 to 250 mm with submerged density 8.00 kN/m3 and thickness 2.50 m. At the next stage, the top 1.50 m of riprap should be removed. Finally, there is a temporary backfilling level (+10.00), with the weight of backfilling 28.00 kN/m2, and final backfilling level (+8.50), with the weight of backfilling 12.00 kN/m2.



The checking of the most critical section with backfilling protection follows the same procedure used to calculate the minimal cover thickness with an additional load of backfilling and takes H = 5.5 m, as shown in Table 2.





4. Numerical Modeling


The principal aim in this section was to present 3D numerical analyses, based on the F.E. technique, for the prediction and mitigation of the impact of minimum cover thickness for the Nile crossing tunnel. The numerical modeling was developed to simulate soil–tunnel interactions using the commercial 3D F.E. program Midas/GTS NX [49].



4.1. Model Establishment


The tunnel embedded in the soil has an excavation diameter equal to 9.15 m and a lining thickness of 400 mm with a segment width of 1.5 m. As the thickness of segments is not constant due to the longitudinal joints of the segments constituting the rings of the tunnel, a reduction in flexural stiffness of the lining should be taken into consideration, based on Muir Wood [50]. Thus, after calculating the Muir Wood reduction ratio and the equivalent lining section thickness, the tunnel lining was modeled as continuous with a reduced thickness of 0.32 m. The dimensions of the overall model in x, y, and z directions are 100.00 × 105.00 × 39.00 m (Figure 11). The burial depth (H) is assumed to be 5.50 m from the Nile bed. The water height is 10.00 m over the bed level.



The thickness of the grout coating was assumed to be 150 mm to fill the tail void of the shield machine. Solid elements were chosen for ground, tunnel, grout, and isolation. The most critical part of mesh generation is the node connection. It is between adjacent elements so that hybrid mesh is formed by combining a pyramid and tetrahedron on a hexahedron base. The ground was assumed to consist of three layers of soil. The soil behavior is described using the non-associated Mohr–Coulomb (MC) criteria. The material properties of the soil are shown in Table 3.



The elastic properties of the concrete lining and grouting are shown in Table 4. The grouting should have the same properties (or better) as the surrounding ground in the final state [51].



Midas/G.T.S. N.X. is capable of automatically constraining the model [49]. The nodal Degree of Freedom (D.O.F.) along the vertical sides of the model was constrained in the x-direction. On the other hand, for the front and back, it was constrained in the y-direction. Nodes located at the bottom have D.O.F.s of the z-direction that were constrained with y and x directions. D.O.F.s along the ground surface were not constrained (Figure 11).




4.2. Construction Analysis


Active/reactive elements and loads present simulations of the progressive advancement of the TBM. It reflects the change in material properties. It starts from the initial condition of the ground before the commencement of any construction events. The analytical results from the previous stage are accumulated and reanalyzed.




4.3. Construction Loads


The main construction loads applied in this study (Figure 12; Table 5) were as follows:




	
Face pressure: Horizontal pressure applied to the face of the excavation by the slurry in the chamber of the slurry TBM, related to the vertical earth pressure and groundwater table, acts normal in the excavated soil.



	
Grouting pressure: Radial pressure applied by injecting the grouting material through the tail skin into the annular void (residual space between the ground and the extrados of the segments) normally acts around the tunnel toward the soil and rings of the tunnel. It is tacked as face pressure + 100 KN/m2 [52].



	
Jacking pressure: Jacking system pushes the machine to advance. It includes 30 TBM RAMs distributed by pairs on 15 pads with two pads per segment and one pad on the key segment. The jacking force = 3400 KN/pad, which can be activated on the model on the net area of the segment, which equals = π [(Dout)2 − (Dint)2]/4.









4.4. Construction Stages


A stage-by-stage analysis was employed to simulate the progress of the TBM and the tunnel construction process. The tunnel is divided into 70 rings constructed in 79 stages. The length of the shield is 10.5 m, simulated in the model as a ring with a width of 1.5 m. The face pressure is normal on the excavated soil at the shield face. The soft grout is pumped from the tail of the shield by grouting pressure towards the soil to prevent it from collapsing. The grout results in a compressive force on the segments. The jacking force rested on the tunnel segment to push the machine to advance (Figure 13).



It is assumed that the grout hardened after two constructed rings, and the grout pressure was simulated considering the soft grout state. The Initial Stage (I.S.) simulated the initial state of stresses in the terrain before tunneling construction. In Stage n (Sn), the excavation of the nth ring is simulated and replaced by the shield. With the machine progression, the tail of the shield is released from its position to the next excavated ring. In the meantime, the tunnel segments are constructed. Then, jacking is released from its position to be applied on the next. The grout pressure acts on the perimeter of the segments toward the soil and is released before the previous segments; then, the hard grout is applied to them. This stage is repeated until all segments are constructed. The main construction stages applied in the F.E. model are shown in Table 6.




4.5. Service Analysis


Service analysis includes long-term and exceptional cases. The tunnel is completed and filled with concrete, undertaken using the long-term concrete modulus since dimensioning actions are static and of long duration. Filling concrete is plain concrete used for the trackbed invert; a specific weight of 22.00 kN/m2 was considered and used in the model as a normal load acting on the internal mesh element of the tunnel. The exceptional case corresponds to recommendations of the Nile Research Institute to consider a 3.00-m scour design value for emergency discharge of the Nile River (N.R.I. 1997).




4.6. Backfilling


A local backfilling of the main branch bed was foreseen to ensure a sufficient covering for the shield-bored tunnel. Riprap and gravel filters can be modeled as an average weight on the riverbed with 60 m width (Figure 14). For the short term, the weight of backfilling is 28.00 kN/m2. For the long-term and exceptional case, the weight of backfilling is 12.00 kN/m2.




4.7. Model Development


The 3D model calculations were processed with Midas/G.T.S. NX, the interaction between soil and lining, was modeled in successive stages.



In checking the stability of the tunnel, the cover thickness is the essential factor to consider. An estimation of the deformation of the tunnel rings and surrounding soil was the main objective of this study. Eight numerical models were considered for checking the stability of the tunnel under the Nile.



The critical section was based on a case study of Greater Cairo Metro Line 2, which has a cover thickness of 5.50 m checked with three models without backfilling and three further models with backfilling at construction, service stage, and exceptional case. Two additional models with a cover thickness less and more significant than the critical section were also considered to compare the effect of cover thickness. The study program is shown in Figure 15. Nonlinear analysis was used for the service stage and exceptional case models.





5. Results and Discussion


An interpretation of the 3D F.E. analysis results regarding the ground and tunnel lining responses to tunneling was described. Based on the interpretation of the results, the determination of the reasonable minimum cover thickness for the considered underwater shield tunnel case history was discussed.



The vertical displacement at the crown of the tunnel during different stages of the tunnel construction and in-service case were studied. For the construction stage, the 3D analysis results (Figure 16) showed that the maximum crown vertical displacement values were about 58.00 mm and 10.52 for cover thickness 4.00 m (half-tunnel diameter) and 9.0 m (tunnel diameter), respectively. When the cover thickness changes from a half-tunnel diameter to approximately one diameter ahead of the tunnel face, the crown vertical displacement value decreases by a ratio of 80%.



Two models with/without riprap conducted analyses. If the cover thickness is less than the theoretical calculation, this is called a critical section. The critical section has a 5.50-m cover thickness. For the construction stage, in the model with riprap, the maximum heave equals 15.45 mm, but for the model without riprap, the heave is equal to 22.45 mm, as shown in Figure 16.



For the long- and short-term combination, the total crown vertical heave was 24.68 mm for the model without riprap and 11.75 mm for the model with riprap, decreasing the ratio by approximately 52% (Figure 17). For the exceptional case, the total crown vertical heave was 27.00 mm for the model without riprap and 9.59 mm for the model with riprap by decreasing the ratio by approximately 54% (Figure 17).



The surface displacement should be less than the design value (±15 mm). For the construction stage, when the cover thickness changed from a value equal to a half diameter to one diameter, the total surface displacement decreased from 18.77 mm to 11.14 mm.



For the model with cover thickness 5.5 m with/without riprap, the following was noticed:




	
The surface heave decreased by 21–31% during construction, as shown in Figure 18.



	
The surface heave decreased by 59–65% for the combination between short-term and long-term, as shown in Figure 19.



	
For the models during the exceptional case, the surface heave decreased by 63–73%, as shown in Figure 19.








Figure 20 and Figure 21 show the horizontal surface settlement displacement and transverse trough during the service stage during construction and service stages. The results show the effectiveness of riprap to reduce the tunnel crown displacement.




6. Conclusions


The safety factor for the stability of the tunnel, which is the ratio of the downward forces to the upward forces, should not be less than 1.5 for construction and service cases and 1.3 for the exceptional case (scour accrues).



To satisfy the general stability condition for the different cases studied, the minimum allowable cover thickness has to be the greatest cover thickness that fulfills the above-mentioned safety factor.



Comparison between models indicated that the safe cover thickness was equal to the diameter of the tunnel. Suppose there is a difficulty in satisfying this depth because of the alignment or another reason. In that case, the minimum cover thickness can be used to verify the required factor of safety calculated by theoretical analysis.



It is essential to check that the soil–lining interaction is compatible with the condition stipulated in the specifications of tunnel stability.



Floatability during the service stage should be taken into account. To ensure tunnel stability, protection of the bed is necessary. The layers should be significantly thick to ensure a sufficient cover for the tunnel. The width of the riprap should be sufficient to avoid security issues above the tunnel.



Suppose the buoyancy condition is verified for the construction stage. In that case, it is also valid for the service stage, where filling concrete inside the tunnel is favorable as it increases the resistance force.



The protection backfilling weight should be equivalent to the difference between the minimum cover thickness used and the actual thickness related to the condition of execution.
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Figure 1. Tunnel layout under the east branch of the Nile River. 






Figure 1. Tunnel layout under the east branch of the Nile River.



[image: Infrastructures 06 00147 g001]







[image: Infrastructures 06 00147 g002 550] 





Figure 2. Tunnel profile. (a) plan view, (b) elevation section. 
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Figure 3. One of the TBMs on the last day of drilling the Line 2 tunnel. 
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Figure 4. Tunnel section under the east branch of the Nile River. 
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Figure 5. Geological section under the east branch of the Nile River. 
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Figure 6. Bathymetric survey plan view. 
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Figure 7. Sketch of the bored tunnel under the Nile River. 






Figure 7. Sketch of the bored tunnel under the Nile River.



[image: Infrastructures 06 00147 g007]







[image: Infrastructures 06 00147 g008 550] 





Figure 8. Tunnel general stability flowchart according to the empirical model. 
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Figure 9. Longitudinal section of backfilling protection. 
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Figure 10. Cross section of backfilling protection. 
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Figure 11. F.E. modeling for tunnel and surrounding soil. 
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Figure 12. Construction loads. 
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Figure 13. Construction stages. 
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Figure 14. F.E. simulation of backfilling load. 
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Figure 15. Numerical modeling development flowchart. 
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Figure 16. Displacement of tunnel crown during construction. 






Figure 16. Displacement of tunnel crown during construction.



[image: Infrastructures 06 00147 g016]







[image: Infrastructures 06 00147 g017 550] 





Figure 17. Displacement of tunnel crown during service. 
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Figure 18. Displacement of surface ground during the construction stage. 
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Figure 19. Displacement of surface ground during service stage. 
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Figure 20. Horizontal surface settlement displacement and transverse trough during construction stage. 
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Figure 21. Horizontal surface settlement displacement and transverse trough during service stage. 
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Table 1. Calculation of minimum cover thickness above the tunnel.
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	General Stability
	Upward Forces (Fup) [kN]
	Downward Forces

(Fdown)

[kN]
	The Factor

of Safety

(Fup/Fdown)
	Minimum Cover Thickness

[m]





	Short term
	776.4
	680.3 + 80.6H + 82
	1.50
	5.00



	Middle term
	657.5
	274.9 + 77.8H + 76.4
	1.50
	8.16



	Long term
	657.5
	274.9 + 77.8H + 76.5 + 241.5
	1.50
	5.06



	Exceptional case
	657.5
	274.9 + 77.8(H-3) + 76.5 + 241.6
	1.30
	6.37







H is the thickness of soil above the tunnel, m.
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Table 2. The factor of safety calculation of tunnel-critical section.
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	General Stability
	Upward Forces (Fup) [kN]
	Downward Forces

(Fdown)

[kN]
	Cover at the Critical Section [m]
	The Factor of Safety

(Fup/Fdown)





	Short term
	776.4
	680.3 + 80.6H + 82 + (9.48 × 28)
	5.50
	1.89



	Middle term
	657.5
	274.9 + 77.8H + 76.4 + (9.15 × 28)
	5.50
	1.57



	Long term
	657.5
	274.9 + 77.8H + 76.5 + 241.5 + (9.15 × 12)
	5.50
	1.72



	Exceptional case
	657.5
	274.9 + 77.8(H-3) + 76.5 + 241.6 + (9.15 × 12)
	5.50
	1.36







H is the thickness of soil above the tunnel, m.
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Table 3. Properties of soil materials.






Table 3. Properties of soil materials.





	Material
	Thickness of Layer [m]
	Modulus of Elasticity (E)

[kN/m2]
	Poisson’s Ratio (ν)
	Unit Weight

(γ)

[kN/m3]
	Cohesion

(cu)

[kN/m2]
	Friction Angle

(Φ) [°]





	Upper sand
	3.80
	20000
	0.30
	19.00
	0.00
	30.00



	Middle sand
	12.30
	75000
	0.30
	20.00
	0.00
	36.00



	Lower Sand
	23.00
	90000
	0.35
	20.00
	0.00
	40.00
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Table 4. Properties of concrete lining and grout materials.
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	Material
	Modulus of Elasticity (E) [kN/m2]
	Poisson’s Ratio (ν)
	Unit Weight (γ) [kN/m3]





	Concrete short term
	2.85 × 107
	0.20
	25.00



	Concrete long term
	1.516 × 107
	0.20
	25.00



	Shield
	2.00 × 108
	0.30
	75.00



	Hard Grout
	50,000
	0.30
	23.00



	Soft Grout
	1000
	0.30
	11.00
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Table 5. Construction loads.
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	Pressure Type
	Value

[kN/m2]





	Face pressure
	200



	Grout pressure
	300



	Jacking pressure
	4600
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Table 6. Construction stages.
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Components

	
I.S.

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	
S7

	
S8

	
S9

	
S10

	
Sn






	
Upper sand

	
A

	

	

	

	

	

	

	

	

	

	

	




	
Middle sand

	
A

	

	

	

	

	

	

	

	

	

	

	




	
Lower sand

	
A

	

	

	

	

	

	

	

	

	

	

	




	
Constrain

	
A

	

	

	

	

	

	

	

	

	

	

	




	
Self-weight

	
A

	

	

	

	

	

	

	

	

	

	

	




	
Water level

	
A

	

	

	

	

	

	

	

	

	

	

	




	
Excavated soil

	
A

	
R1

	
R2

	
R3

	
R4

	
R5

	
R6

	
R7

	
R8

	
R9

	
R10

	
Rn




	
Shield

	

	
Length of shield = 10.5 m

	

	

	

	




	
A1

	
A2

	
A3

	
A4

	
A5

	
A6

	
A7

	
A8

	
A9

	
A10

	
An




	

	

	

	

	

	

	

	
R1

	
R2

	
R3

	
R (n − 7)




	
Face pressure

	

	
A2

	
A3

	
A4

	
A5

	
A6

	
A7

	
A8

	
A9

	
A10

	
A11

	
A (n + 1)




	

	

	
R2

	
R3

	
R4

	
R5

	
R6

	
R7

	
R8

	
R9

	
R10

	
R (2 − 1)




	
Segment

	

	

	

	

	

	

	

	
A1

	
A2

	
A3

	
A4

	
A (n − 6)




	
Jacking pressure

	

	

	

	

	

	

	

	
A1

	
A2

	
A3

	
A4

	
A (n − 6)




	

	

	

	

	

	

	

	
R1

	
R2

	
R3

	
R (n − 7)




	
Grout pressure & Soft grout

	

	

	

	

	

	

	

	

	
A1

	
A2

	
A3

	
A (n − 7)




	

	

	

	

	

	

	

	

	

	
R1

	
R (n − 9)




	
Hard grout

	

	

	

	

	

	

	

	

	

	

	
A1

	
A (n − 9)








A: Active; R: Reactive; S: Stage No.
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