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Abstract

:

In order to make up for the shortcomings of existing theory calculation methods for circular diaphragm walls, an alternative calculation method was developed with a clear concept based on the circular cylindrical shell theory and superposition principle in elasticity and named the circular cylindrical shell theory calculation method (CCSTCM). We took the north anchorage circular foundation pit of G3 Tongling Yangtze River Highway and Railway Bridge as an example and calculated and analyzed it by the proposed CCSTCM, finite element numerical simulation method (FENSM) and site monitoring. As a result, we obtained the radial displacement, circumferential stress and vertical bending moment of the circular diaphragm wall, and then summarized their regularities. By researching the results of the CCSTCM (TCR), the results of the FENSM (NSR) and the results of the site monitoring (SMR), the following conclusions could be drawn: the numerical calculation model established was reasonable; the variation trends of the data curves of the TCR were highly similar to those of the NSR and SMR; and the TCR were slightly larger than the NSR but slightly smaller than the SMR, and closer to the SMR in general. Finally, the proposed CCSTCM was proven to be correct and applicable and could be used in similar circular diaphragm wall projects.
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1. Introduction


As the diaphragm wall has the three functions of retaining soil, bearing load and proofing water, it has become one of the most widely used support forms in foundation pit engineering. In particular, the circular diaphragm wall has been widely used in deep and large foundation pits in urban areas and for large bridge anchorages as its circular arch effect can produce less deformation, smaller internal force and higher stability [1,2,3,4,5]. Therefore, many scholars and engineering practitioners have carried out a series of researches on circular diaphragm walls, especially on the deformation and internal force of the wall body. They mainly use three research methods: the theoretical calculation method of physics and mechanics, the numerical simulation method, and the site monitoring method.



In the theoretical calculation method, the Chinese specification [6] recommends adopting the beam-on-elastic-foundation method, which is also described in the literature [7] and used widely for its simple model, clear concept, and consideration of the arch effect of circular diaphragm walls. However, the circumferential force of circular diaphragm walls and reinforced concrete lining (hereinafter referred to as lining) cannot be calculated by this method, and the calculation results are often conservative. There are a number of calculation methods for linear diaphragm walls, and a smaller amount for circular diaphragm walls, and most of the empirical or semi-empirical methods are derived from linear diaphragm walls [8,9,10,11,12,13,14,15]. Comparatively speaking, there are few theoretical calculation methods for the deformation and internal force of circular diaphragm walls. Liu et al. [16] analyzed the internal force and displacement in walls with different thicknesses, radiuses and depths based on the analytical solution of internal force and displacement of circular diaphragm walls, and they discussed the pattern of the internal force, which changed with the body characteristics. Cui et al. [17] established a functional to solve the displacement of the circular diaphragm wall based on the basic three-dimensional elasticity equations of cylindrical shells under the action of axial symmetric loads. They obtained the solution equations of the displacement function with the variational principle by introducing a single Fourier series as the trial function of displacement and put forward the Ritz method of the circular diaphragm wall after finally combining it with the boundary conditions.



Some scholars use the numerical simulation method to research the mechanical response of only the circular foundation pit (e.g., Cai et al., 2002; Arai et al., 2008; Borges and Guerra, 2014; Wu et al., 2017) [18,19,20,21]. Some scholars adopt the site monitoring method to study the mechanical response of circular foundation pits and compare the field monitoring data with the existing research results or the theoretical calculation results, so as to provide reference experience and methods for the design and construction of circular ground walls (e.g., Tan and Wang, 2013; Tan and Wang, 2015; Kumagai et al., 1999; Parashar et al., 2007; Jia et al., 2019) [1,7,22,23,24]. Some scholars utilize the site monitoring method and numerical simulation method at the same time to study the mechanical response of circular foundation pits, in order to compare and analyze the results from the two methods and make the conclusion more convincing (e.g., Gao et al., 2023; Cabarkapa et al., 2010; Schwamb, 2014; Schwamb et al., 2015; Shi et al. 2022) [5,25,26,27,28]. However, it is difficult to set the material parameters of the model and the contacts between different parts accurately when the numerical simulation method is utilized, and the calculation cost is also very large. The parameters in the numerical calculation model are different for different construction sites, and therefore the parameters chosen should not be identical. The calculation process may not converge for these complex models. The site monitoring method has a hysteresis quality and the monitoring instruments and process are easily interfered with by external factors, such as temperature and mechanical load, which leads to some errors in the monitoring data obtained.



In view of the shortcomings of existing research methods for the deformation and internal force of circular diaphragm walls, according to its own structural characteristics and mechanical characteristics, the alternative calculation method with a clear concept will be developed based on the circular cylindrical shell theory and superposition principle in elasticity, and the specific analytical solutions will be given. This method will be named the circular cylindrical shell theory calculation method (CCSTCM). Taking the north anchorage circular foundation pit of G3 Tongling Yangtze River Highway and Railway Bridge in Anhui Province China as a case study, the proposed CCSTCM will be adopted to perform a calculation; the numerical model of the case will be built and the finite element numerical simulation method (FENSM) will be used to calculate; and site monitoring will also be carried out. Then, the results of the CCSTCM (hereinafter referred to as TCR) and results of FENSM (hereinafter referred to as NSR) will be compared with the measured results from the site monitoring (hereinafter referred to as SMR), the regularity of the results will be summarized and researched, and the correctness and applicability of the numerical model and the proposed CCSTCM will be verified. In this way, the safety and stability of the north anchorage foundation pit will be evaluated and the reinforcement measures and matters needing attention will be proposed in the construction process, based on the results. This research will provide a reference for the design and construction of other similar circular diaphragm wall projects.




2. Project Profile


The G3 Tongling Yangtze River Highway and Railway Bridge is a project under construction instead of the existing Tongling Yangtze River Highway Bridge, which connects the downtown area of Tongling on the south bank of the Yangtze River with the suburban area and the Zongyang County of Tongling on the north bank of the Yangtze River. The bridge is constructed according to the standard of “4-line railway + 6-lane expressway”. The four-line railway include two lines of prepared intercity railways and two lines of universal speed railways, from the south of Tongling to the Port in the north of the Yangtze River. The six-lane expressway is the six-lane G3 Beijing-Taipei Expressway with emergency parking belts on both sides. Combined, the railway and expressway of the bridge is 2682.2 m long. The main bridge is 1505 m long, and the main span is 988 m long. The approach bridge—the combination of the railway and expressway on the north of the Yangtze River—is 686.7 m long, and the approach bridge combining the railway and expressway on the south of the Yangtze River is 490.5 m long. The bridge adopts the joint type of cable-stayed bridge and suspension bridge and is designed as a cable-stayed suspension composite bridge. The north anchorage on the Zongyang Bank and the south anchorage on the Tongling Bank are the main components that bear the oblique tension. In this study, only the force and deformation of the circular diaphragm wall of the north anchorage foundation pit will be discussed in the construction process.



The design size of the north anchorage is shown in Figure 1 and Figure 2. The diaphragm wall of the foundation pit is a circular structure that is 1.5 m thick, and its outer diameter is 60 m long. Its bottom elevation is −50.500 m, its top elevation is +5.000 m, and its height is 55.5 m (excluding the cap beam). The circular diaphragm wall is divided into 40 slots, and there are 20 slots in the first-stage project, with a center-line arc length of 6.885 m, and 20 slots in the second-stage project, with a center-line arc length of 2.8 m. The cap beam is connected with the top of the circular diaphragm wall, with a total width of 4.5 m and a total height of 2 m, and the boundaries of the cap beam exceed both the inner and outer sides of circular diaphragm wall by 1.5 m. The excavation depth of the foundation pit is 47 m from the top of the cap beam to the bottom of the foundation. In order to meet the safety requirements of the circular diaphragm wall during the excavation stage of the foundation pit, the lining is set on the inner side of the circular diaphragm wall with a total height of 45 m. The thickness of the upper part (from 0 m to 15 m) of the lining is 1.5 m, that of the middle part (from 15 m to 30 m) is 2.0 m, and that of the lower part (from 30 m to 45 m) is 2.5 m. The circular diaphragm wall, cap beam and lining are all made of the same reinforced concrete. The strength grade of the concrete is C35 and it has an elastic modulus of 31.5 GPa, a Poisson’s ratio of 0.2 and a bulk density of 25 kN/m3. The foundation pit was excavated in layers using a top-down method, and one layer of lining (each layer is 3 m in height) was constructed after one layer of soil had been excavated, with a total of 15 layers. The specific construction situation is shown in Figure 2 and Table 1.



The north anchorage is located on the first terrace of the north bank of the Yangtze River, about 60 m away from the Yangtze River levee. The site where the north anchorage is located has a flat terrain, little fluctuation in bedrock, and a thick overburden range of 45.0 m to 47.0 m. The specific distribution and physical and mechanical parameters of the surrounding soil layers are shown in Figure 1 and Table 2. When the CCSTCM or FENSM are adopted, the uniform distribution normal pressure applied on the upper surface of the surrounding soil layer is considered to be q0 = 80 kPa.




3. Force Analysis of Circular Diaphragm Wall


A body defined by two surfaces is called a shell if the distance between the surfaces is much smaller than the other dimensions of the body. The face formed by the points that are equidistant from the two surfaces is called the middle face. The shell with the cylindrical face as the middle face is called the cylindrical shell. Furthermore, if the middle face of the cylindrical shell is a circular cylindrical face, this is called the circular cylindrical shell [29]. As shown in Figure 3, in the engineering case, the thickness δ of the circular diaphragm wall is 1.5 m, the radius R of the middle face of the circular diaphragm wall is 28.5 m, and the ratio of δ to R approaches 1/20; hence, this can be simplified into a circular cylindrical shell for force analysis [30]. According to the literature [29], for thin circular cylindrical shells, a curvilinear coordinate system can be selected for mechanical calculation. Coordinate α is placed in the longitudinal direction, which is the direction of the generatrix of the middle face. Coordinate β is placed in the circumferential direction, which is the direction of the directrix of the middle face. Coordinate γ is placed in the radial direction, which is the direction of the thickness of the middle face. As shown in Figure 4, the circular diaphragm wall is mainly subjected to four kinds of horizontal external forces, including the horizontal supporting force of the cap beam, the horizontal supporting force of the lining, the horizontal subgrade reaction on the pit-facing surface of the circular diaphragm wall, and the horizontal earth pressure on the pit-back surface of the circular diaphragm wall.



3.1. Horizontal Supporting Force of the Cap Beam


The cap beam has the effect of horizontal support at the top of the circular diaphragm wall, which is considered to be the normal uniform distribution force qM along the circumference of the top surface of the circular diaphragm wall, as shown in Figure 4. qM can be calculated by using Equation (1) below. In Equation (1), KM represents the supporting stiffness of the cap beam; w(0) represents the horizontal displacement at the top (α = 0) of the circular diaphragm wall, caused by the excavation of the soil layer with Δh in thickness in every condition; EM represents the Young’s modulus of the cap beam material; AM represents the effective section area of the cap beam; and RM represents the central radius of the cap beam.


   q M  =  K M  ⋅ w ( 0 ) =    E M   A M     R M 2    ⋅ w ( 0 )  



(1)








3.2. Horizontal Supporting Force of the Lining


As shown in Figure 4, the horizontal support effects of the linings are considered as the distributed forces qCi, which are exerted on the pit-facing surface of the circular diaphragm wall at the corresponding position in the normal direction. Along direction α, the normal distributed forces qCi per unit depth can be expressed by Equation (2) below. In Equation (2), KCi represents the support stiffness per unit depth of the lining at Layer i; i represents the lining layers or the soil layers from the 1st layer to the 15th layer, and the values are 1, 2, 3, … 15; w(α) represents the horizontal displacement at a depth of α, caused by the excavation of the soil layer with Δh in thickness in every working condition; EC represents the Young’s modulus of the lining material; δCi represents the thickness of the lining at Layer i; and RCi represents the central radius of the lining at Layer i.


   q  Ci   ( α ) =  K  Ci   ⋅ w ( α ) =    E C   δ  Ci      R  Ci  2    ⋅ w ( α )  



(2)








3.3. Horizontal Subgrade Reaction on the Pit-Facing Surface


As shown in Figure 4, the horizontal subgrade reaction ep(α) on the pit-facing surface of the circular diaphragm wall could be calculated with the “m” method provided in the literature [6], thus ep(α) can be expressed by the following Equation (3). In Equation (3), m represents the horizontal subgrade reaction coefficient; h represents the excavation depth of the foundation pit before the Δh is excavated; and w(α) represents the same mean as before.


   e p  ( α ) = m ( α − h − Δ h ) w ( α )  



(3)








3.4. Horizontal Earth Pressure on the Pit-Back Surface


As shown in Table 2 and Figure 4, the horizontal earth pressure ean and e′an on the pit-back surface of the circular diaphragm wall could be calculated through the Rankine active earth pressure theory by considering earth and water pressure together. The Rankine active earth pressure calculation process for cohesive soil is shown as follows.



The earth pressure strength of Layer ① can be obtained by Equations (4) and (5).


   e   a 0    =  q 0    tan  2   (  45 ° −    ϕ 1   2   )  − 2  c 1  tan  (  45 ° −    ϕ 1   2   )   



(4)






   e   a 1    = (  q 0  +  γ 1   α 1     ) tan   2   (  45 ° −    ϕ 1   2   )  − 2  c 1  tan  (  45 ° −    ϕ 1   2   )   



(5)







The earth pressure strength of Layer ② can be obtained by Equations (6) and (7).


    e ′   a 1   = (  q 0  +  γ 1   α 1     ) tan   2   (  45 ° −    ϕ 2   2   )  − 2  c 2  tan  (  45 ° −    ϕ 2   2   )   



(6)






   e  a 2   = (  q 0  +  γ 1   α 1  +  γ 2   α 2     ) tan   2   (  45 ° −    ϕ 2   2   )  − 2  c 2  tan  (  45 ° −    ϕ 2   2   )   



(7)









   …   …   











The earth pressure strength of Layer n can be obtained by Equations (8) and (9).


    e ′   a ( n −  1 )    = (  q 0  +  γ 1   α 1  +  γ 2   α 2  + … +  γ  n − 1    α  n − 1      ) tan   2   (  45 ° −    ϕ n   2   )  − 2  c n  tan  (  45 ° −    ϕ n   2   )   



(8)






   e  an   = (  q 0  +  γ 1   α 1  +  γ 2   α 2  + … +  γ n   α n     ) tan   2   (  45 ° −    ϕ n   2   )  − 2  c n  tan  (  45 ° −    ϕ n   2   )   



(9)







In Equation (9), q0 represents the applied load above the calculation surface; γn represents the bulk density of the rock or soil at Layer n; φn represents the internal friction angle of the rock or soil at Layer n; and cn represents the cohesion of the rock or soil at Layer n. For in cohesive soil, the cohesion cn is just set to 0.





4. Circular Cylindrical Shell Theory Calculation Method (CCSTCM)


4.1. Internal Force Expressions of Cylindrical Shell


The cylindrical shell is a special case of the shell in elasticity, and the equilibrium differential equations of the cylindrical shell can be expressed by Equation (10) under arbitrary load [29]. In Equation (10), as shown in Figure 3, FT1 represents the tension or pressure applied on the unit width of the middle face on face α; FT12 represents the leveling force applied on the unit width of the middle surface on Surface α; FT2 represents the tension or pressure applied on the unit width of the middle face on face β; FT21 represents the leveling force applied on the unit width of the middle face on face β, and FT21=FT12. These four internal forces are called membrane internal forces. M1 represents the bending moment applied on the unit width of the middle face on face α; M12 represents the torque applied on the unit width of the middle face on face α; FS1 represents the transverse shear force applied on the unit width of the middle face on face α; M2 represents the bending moment applied on the unit width of the middle face on face β; M21 represents the torque applied on the unit width of the middle face on face β, and M21=M12; and FS2 represents the transverse shear force applied on the unit width of the middle face on face β. These six internal forces are called bending internal forces. q1, q2 and q3 represent the distribution loads applied on the cylindrical shell in directions α, β and γ, respectively.


        ∂  F   T 1      ∂ α   +   ∂  F   T 12      ∂ β   +  q 1  = 0       ∂  F   T 2      ∂ β   +   ∂  F   T 21      ∂ α   +  q 2  = 0     −    F   T 2     R  +   ∂  F   S 1      ∂ α   +   ∂  F   S 2      ∂ β   +  q 3  = 0       ∂  M  12     ∂ β   +   ∂  M 1    ∂ α   −  F   S 1    = 0       ∂  M  21     ∂ α   +   ∂  M 2    ∂ β   −  F   S 2    = 0    }   



(10)







The geometric equations of the cylindrical shell are shown in Equation (11), as follows. In Equation (11), R represents the radius of the middle face of the cylindrical shell; ε1 and ε2 represent the normal strains along the directions α and β on the middle face of the cylindrical shell, respectively; ε12 and ε21 represent the shear strains along the directions α and β on the middle face of the cylindrical shell, respectively; χ1 and χ2 represent the change of the main curvature of each point along the directions α and β on the middle face of the cylindrical shell, respectively; χ12 and χ21 represent the change of the twisting curvature of each point along the directions α and β on the middle face of the cylindrical shell, respectively; and u, v and w represent the displacement of the cylindrical shell in the directions α, β and γ, respectively.


       ε 1  =   ∂ u   ∂ α        ε 2  =   ∂ v   ∂ β   +  w R       ε  12   =  ε  21   =   ∂ u   ∂ β   +   ∂ v   ∂ α        χ 1  = −    ∂ 2  w   ∂  α 2         χ 2  = −    ∂ 2  w   ∂  β 2         χ  12   =  χ  21   = −    ∂ 2  w   ∂ α ∂ β      }   



(11)







The physical equations of the cylindrical shell are shown in Equation (12) below. In Equation (12), E represents Young’s modulus; μ represents Poisson’s ratio; δ represents the thickness of cylindrical shell; D represents the bending stiffness of the cylindrical shell, and   D =   E  δ 3    12 ( 1 −  μ 2  )    . The other symbols are the same as before.


       F  T 1   =   E δ   1 −  μ 2    (  ε 1  + μ  ε 2  )      F  T 2   =   E δ   1 −  μ 2    (  ε 2  + μ  ε 1  )      F  T 12   =  F  T 21   =   E δ   2 ( 1 + μ )    ε  12        M 1  = D (  χ 1  + μ  χ 2  )      M 2  = D (  χ 2  + μ  χ 1  )      M  12   =  M  21   = ( 1 − μ ) D  χ  12      }   



(12)







From the equilibrium differential equations, geometric equations, and physical equations above, it can be determined that there are eight internal forces but only three displacements in the bending problem of the cylindrical shell, so it will be easier to use the displacement method to solve it. In order to obtain the equilibrium differential equations of the cylindrical shell, represented by the displacements in the displacement method, it is first necessary to substitute the geometric equations into the physical equations; thus, Equation (11) is substituted into Equation (12) to obtain the elastic equations, as shown in Equation (13). The last three equations in Equation (13) are substituted into the last two equations in Equation (10), and then Equation (14) will be obtained as follows. In Equation (14),    ∇ 2  =    ∂ 2    ∂  α 2    +    ∂ 2    ∂  β 2     , and the other symbols are the same as before. Finally, Equations (13) and (14) are substituted into the first three equations of Equation (10) to obtain the equilibrium differential equations of the cylindrical shell expressed by the displacements of the middle face, which are the basic equilibrium differential equations solving the bending problem of the cylindrical shell by the displacement method, as shown in Equation (15).


       F  T 1   =   E δ   1 −  μ 2     [    ∂ u   ∂ α   + μ  (    ∂ v   ∂ β   +  w R   )   ]       F  T 2   =   E δ   1 −  μ 2     [   (    ∂ v   ∂ β   +  w R   )  + μ   ∂ u   ∂ α    ]       F  T 12   =  F  T 21   =   E δ   2 ( 1 + μ )    (    ∂ u   ∂ β   +   ∂ v   ∂ α    )       M 1  = − D  (     ∂ 2  w   ∂  α 2    + μ    ∂ 2  w   ∂  β 2     )       M 2  = − D  (     ∂ 2  w   ∂  β 2    + μ    ∂ 2  w   ∂  α 2     )       M  12   =  M  21   = − ( 1 − μ ) D    ∂ 2  w   ∂ α ∂ β      }   



(13)






       F   S 1    = − D  ∂  ∂ α    ∇ 2  w      F   S 2    = − D  ∂  ∂ β    ∇ 2  w    }   



(14)






         (     ∂ 2    ∂  α 2    +   1 − μ  2     ∂ 2    ∂  β 2     )  u +   1 + μ  2     ∂ 2  v   ∂ α ∂ β   +  μ R    ∂ w   ∂ α   = −   1 −  μ 2    E δ    q 1          1 + μ  2     ∂ 2  u   ∂ α ∂ β   +  (     ∂ 2    ∂  β 2    +   1 − μ  2     ∂ 2    ∂  α 2     )  v +  1 R    ∂ w   ∂ β   −  1   R 2      d R   d β   w = −   1 −  μ 2    E δ    q 2         μ R    ∂ u   ∂ α   +  1 R    ∂ v   ∂ β   +  w   R 2    +    δ 2    12    ∇ 4  w =   1 −  μ 2    E δ    q 3       }   



(15)








4.2. Internal Force Expressions of Circular Cylindrical Shell


Equation (15) is very difficult to solve because the coefficients include R and     d R   d β    , which are usually functions of β, so the equilibrium differential equations are not constant coefficients but variable coefficients. However, if the middle face is set to a circular cylindrical surface, the cylindrical shell will be a circular cylindrical shell, and as a result R will become a constant and     d R   d β     will become 0. Therefore, the equilibrium differential Equation (15) variable coefficients become differential equations with constant coefficients, which are relatively easy to solve. The circular diaphragm wall of the north anchorage foundation pit in the engineering case can be approximately simplified into a thin circular cylindrical shell model. Moreover, it has been noted that the loads applied on the circular diaphragm wall are mainly in the horizontal direction (the normal direction) in the excavation process of the foundation pit, and the impact of the loads in other directions is slight; as a consequence, the loads in other directions can be ignored. Thus, Equation (15) can be further simplified to derive the basic equilibrium differential equations of the circular cylindrical shell under only a normal load, as shown in Equation (16).


         (     ∂ 2    ∂  α 2    +   1 − μ  2     ∂ 2    ∂  β 2     )  u +   1 + μ  2     ∂ 2  v   ∂ α ∂ β   +  μ R    ∂ w   ∂ α   = 0         1 + μ  2     ∂ 2  u   ∂ α ∂ β   +  (     ∂ 2    ∂  β 2    +   1 − μ  2     ∂ 2    ∂  α 2     )  v +  1 R    ∂ w   ∂ β   = 0        μ R    ∂ u   ∂ α   +  1 R    ∂ v   ∂ β   +  w   R 2    +    δ 2    12    ∇ 4  w =   1 −  μ 2    E δ    q 3       }   



(16)







By introducing the displacement function H = H(α, β), the displacements of the middle face can be expressed as Equation (17).


        u =  ∂  ∂ α    (     ∂ 2    ∂  β 2    − μ    ∂ 2    ∂  α 2     )  H       v = −  ∂  ∂ β    [     ∂ 2    ∂  β 2    +  (  2 + μ  )     ∂ 2    ∂  α 2     ]  H              w = R  ∇ 4  H        }   



(17)







Then, the first two equations of Equation (11) can be always satisfied, while the third equation must be satisfied with Equation (18).


   ∇ 8  H +   E δ    R 2  D      ∂ 4  H   ∂  α 4    =    q 3    R D    



(18)







Then, the internal forces expressed by the displacement function H can be obtained by substituting Equation (17) into Equations (13) and (14), producing Equation (19), as follows. Thus, the boundary conditions can always be expressed by H, and H can be solved from Equation (18) in the boundary conditions. Then, the displacements of the middle face can be solved from Equation (17), and the internal forces can be obtained from Equation (19).


       F  T 1   = E δ    ∂ 4  H   ∂  α 2  ∂  β 2         F  T 2   = E δ    ∂ 4  H   ∂  α 4         F  T 12   =  F  T 21   = − E δ    ∂ 4  H   ∂  α 3  ∂ β        M 1  = − R D  (     ∂ 2    ∂  α 2    + μ    ∂ 2    ∂  β 2     )   ∇ 4  H      M 2  = − R D  (     ∂ 2    ∂  β 2    + μ    ∂ 2    ∂  α 2     )   ∇ 4  H      M  12   =  M  21   = − ( 1 − μ ) R D    ∂ 2    ∂ α ∂ β    ∇ 4  H      F  S 1   = − R D  ∂  ∂ α    ∇ 6  H      F  S 2   = − R D  ∂  ∂ β    ∇ 6  H    }   



(19)








4.3. Internal Force Expressions of Circular Cylindrical Shell under Normal Loads


When a circular cylindrical shell is only subjected to normal load q3 =q3(α), which is symmetric about the central axis of the circular cylindrical shell, and the boundaries are also symmetric about the central axis, the displacements and internal forces will also be symmetric about the central axis and their expressions will only be the functions of α. In this case, the displacement function H can be set as a function including independent variable α only, H = H(α), and the partial differential Equation (18) can be simplified to the ordinary differential Equation (20).


   ∇ 8  H +   E δ    R 2  D      ∂ 4  H   ∂  α 4    =    q 3    R D    



(20)







Accordingly, the third equation in Equation (17) can be simplified as Equation (21).


  w = R    d 4  H   d  α 4     



(21)







Equation (22) can be derived through substituting Equation (21) into Equation (20). Equation (22) is a fourth-order ordinary differential equation for w, which can be solved according to two boundary conditions on w at each boundary.


     d 4  w   d  α 4    +   E δ    R 2  D   w =    q 3   D   



(22)







By using Equation (21) and H = H(α), the Equation (23) of internal forces can be obtained from Equation (19), so that all internal forces can be calculated from the solution of w.


       F  T 1   = 0      F  T 2   =   E δ  R  w      F  T 12   =  F  T 21   = 0      M 1  = − D    d 2  w   d  α 2         M 2  = − μ D    d 2  w   d  α 2    = μ  M 1       M  12   =  M  21   = 0      F  S 1   = − D    d 3  w   d  α 3         F  S 2   = 0    }   



(23)







In order to simplify the solution, a constant λ is cited that is expressed as Equation (24) with a dimension of L−1.


  λ =    (    E δ   4  R 2  D    )     1 4    =    [    3 ( 1 −  μ 2  )    R 2   δ 2     ]     1 4     



(24)







Then, one coordinate ξ with a dimension of 1 is cited instead of α.


  ξ = λ α  



(25)







Thus, the differential Equation (22) is transformed into Equation (26), as follows.


     d 4  w   d  ξ 4    + 4 w =   4  R 2    E δ    q 3   



(26)







Consequently, the solution to Equation (26) can be obtained as Equation (27).


  w =  C 1  sin ξ sinh ξ +  C 2  sin ξ  cos h  ξ +  C 3  cos ξ sinh ξ +  C 4  cos ξ cosh ξ +  w 0   



(27)







In Equation (27), w0 is any one particular solution, which can be selected by the function form of the normal load according to the requirements of differential Equation (26). The constants of C1, C2, C3 and C4 are determined by the boundary conditions, and Equation (23) of internal forces could be further transformed into Equation (28).


       F  T 1   = 0      F  T 2   =   E δ  R  w      F  T 12   =  F  T 21   = 0      M 1  = −  λ 2  D    d 2  w   d  ξ 2         M 2  = − μ  λ 2  D    d 2  w   d  ξ 2    = μ  M 1       M  12   =  M  21   = 0      F  S 1   = −  λ 3  D    d 3  w   d  ξ 3         F  S 2   = 0    }   



(28)








4.4. Solving Steps


For the engineering case in this study, the circular diaphragm wall of the north anchorage foundation pit is subjected to four normal loads: the horizontal supporting force qM of the cap beam, the horizontal supporting force qCi of the lining, the horizontal subgrade reaction ep(α) on the pit-facing surface of the circular diaphragm wall, and the horizontal earth pressure strengths ean and e′an on the pit-back surface of the circular diaphragm wall. According to the circular cylindrical shell theory above and the superposition principle in elasticity, the solving steps for deriving the results of the circular diaphragm wall under normal loads in every working condition in the engineering case can be concluded as follows.



Firstly, all four normal loads in every working condition must be calculated, including qM, qCi, ep(α), ean and e′an.



Secondly, the internal forces and deformations Ai, Bi, Ci, Di of the circular diaphragm wall, caused by each normal load in any one working condition, should be calculated by Equation (29).


         A i  = f (  q M  )        B i  = f (  q  C i   )        C i  = f  [   e p   ( α )   ]         D i  = f  [   e  an   ,   e ′   an    ]       }   



(29)







Finally, the total internal force and deformation Fi will be obtained in each working condition by Equation (30).


   F i  =  A i  +  B i  +  C i  +  D i   



(30)









5. Finite Element Numerical Simulation Method (FENSM)


Based on the project profile, considering the influence of various factors such as arch effect and rock-socketed depth, a three-dimensional continuum model was established with the finite element software that included the cap beam, lining, diaphragm wall and surrounding soil, as shown in Figure 5, so that the mechanical responses of the diaphragm wall, which included the radial displacement, circumferential stress and vertical bending moment, could be determined during excavation. As for whether the three-dimensional continuum finite element model can reflect the circular arch effect of the circular diaphragm wall effectively and obtain reliable calculation results, this should be verified later by comparing with the SMR.



5.1. Establishment of Mesh Model


The mesh models of the cap beam, lining and circular diaphragm wall were built according to their actual sizes with the eight-node hexahedral solid unit (C3D8R) and elastic material. The cap beam was divided into 1024 units with 1926 nodes, the lining was divided into 7800 units with 12,220 nodes, and the circular diaphragm wall was divided into 5200 units with 10,660 nodes. The specific mesh models are shown in Figure 5.



As shown in Figure 5d, the mesh model of soil was built with the eight-node hexahedral solid unit (C3D8R) and elastoplastic material conforming to the Mohr–Coulomb yielding criteria. Considering the size of the circular foundation pit, the length, width and height of the soil model were set as 400 m, 400 m and 200 m, respectively, with 88,272 units and 92,975 nodes. The detailed physical and mechanical parameters were set according to Table 2.




5.2. Application of Boundary Conditions and Loads


As shown in Figure 6, for the overall modeling, the bottom of the model was set as full constraint (Ux = Uy = Uz = 0); the two surfaces in the normal direction x were limited by the displacement in the direction x (Ux = 0); the two surfaces in the normal direction y were limited by the displacement in the direction y (Uy = 0); and the upper surface of the model was set as a free surface. The boundary conditions of the model are shown in Figure 6.



In addition to the gravity of the model, the gravity of the overlying soil layer with a thickness of 4.14 m, the random construction loads, and the vehicles loads around the foundation pit should also be considered for the loads on the model during the excavation. In summary, a uniform normal pressure of 80 kPa was applied to the soil model upper surface.




5.3. Simulation of Construction Process


The construction process of the foundation pit in the numerical simulation was consistent with the actual construction situation in Table 1, but the detailed excavation process of the soil and the detailed reinforced concrete construction process of the lining were not considered. This study was mainly concerned with the safety and stability of the supporting structure in pit excavation; the numerical simulation was only carried out until the completion of the soil excavation and the lining construction; and the construction of the foundation plate and later the relatively safe construction phase were no longer simulated. The “passivate” and “activate” functions of regional units in the software were used to hide the soil units and regenerate the lining units layer by layer, respectively, so as to simulate the foundation pit construction process. A total of 36 analysis steps were set and the specific working condition of each analysis step was established according to Table 1.





6. Site Monitoring


For the mechanical responses of the circular foundation pit in the excavation, it is difficult to obtain accurate results through theoretical calculation and numerical simulation. Even using the model test, it is also difficult to simulate the complex geological, hydrological, load and other site conditions, and the test results may not be able to reflect the actual situation of circular foundation pit truthfully in the excavation; therefore, site monitoring with dynamic monitoring feedback is very important. In essence, site monitoring of the circular foundation pit is equivalent to an equal scale model test at 1:1, and the monitoring data obtained are relatively accurate, which is a reliable basis for confirming the results of the theoretical calculation and numerical simulation.



In order to verify the correctness of the TCR and NSR, the monitoring process and results of the section at Point A (hereinafter referred to as Section A) of the circular diaphragm wall were selected as references according to the centrosymmetry property, and the specific location of Point A is shown in Figure 7. Two monitoring items were mainly carried out, including the radial displacement monitoring and circumferential stress monitoring of Section A, and the vertical bending moments of Section A could be obtained by the difference method from the results of the radial displacement monitoring [31].



6.1. Radial Displacement Monitoring


The radial displacement monitoring was to monitor the deep horizontal displacement of the circular diaphragm wall at Section A, and the instruments required included the movable vertical clinometer, the readout instrument for clinometer, and the pipe for the clinometer, as shown in Figure 8. From Figure 8a, we can see that the movable vertical clinometer consisted of the probe and cable. The probe was equipped with a high-precision accelerometer, which had good sealing performance and could withstand certain water pressure. There were two sets of guide wheels on the upper and lower parts of the probe, to facilitate its lifting and sliding along the guide slots in the pipe. The cable, besides powering and transmitting signals to the internal accelerometer, was able to connect the probe to the readout instrument and serve as a scale for the probe test point and a rope for the probe rising and falling. There was a mark on the cable every 0.5 m and the distance is indicated by amark that started from the middle point of the two sets of guide wheels. As shown in Figure 8b, the readout instrument for the clinometer was composed of the display, working power supply, power switch and other devices. As shown in Figure 8c, the pipe for the clinometer was made of PVC material, with a diameter of 70 mm and a length of 2 m for each one. An entire pipe was formed at Section A by connecting each pipe together, and the top of the entire pipe should be 20 cm long over the cap beam. There were two pairs of orthogonal longitudinal guide slots in the pipe, and the probe guide wheels were located in a pair of guide slots during measurement to ensure they could slide up and down freely. When the reinforcement cage of the circular diaphragm wall was made, the enter pipe was fixed on the reinforcement cage and then placed in the right position, with the reinforcement cage being placed into the excavated slot. The pipe must be protected when the concrete of the circular diaphragm wall is poured, and its perpendicularity must also be ensured. The specific position of the pipe in the circular diaphragm wall after installation is shown in Figure 2, and the monitoring frequency of radial displacement in the construction process is shown in Table 3.




6.2. Circumferential Stress Monitoring


Firstly, the circumferential stress monitoring was to monitor the concrete circumferential strain of the circular diaphragm wall at Section A, and then the circumferential strain could be converted to the circumferential stress according to the generalized Hooke’s law. The used instruments included the vibrating string concrete strain gauge and frequency readout instrument as shown in Figure 9. As shown in Figure 2, the concrete strain gauges were bound at the three monitoring points at Section A, along the circumferential direction on the reinforced cage, and the distances between the monitoring points and the top of circular diaphragm wall from top to bottom are 14 m, 29 m and 44 m, successively. In order to prevent the failure of the monitoring points for the damage of strain gauges and ensure the accuracy of monitoring, two strain gauges were arranged at every monitoring point. The frequency readout instrument was used to read the data, and the average of the two strain gauges was taken as the final strain value for each monitoring point. The monitoring frequency of circumferential stress in the construction process is shown in Table 3.





7. Results and Discussion


Based on the project background, the proposed CCSTCM and FENSM were adopted to calculate the radial displacement, circumferential stress and vertical bending moment of the circular diaphragm wall, and the TCR and NSR were obtained. In order to prove the correctness of the TCR and NSR and the applicability of the CCSTCM and FENSM, by combining with the site monitoring position, the TCR, NSR and SMR at Section A were compared and analyzed. The following items need to be explained for discussing the results clearly.



	(1)

	
W 1~W 15 in Figure 10, Figure 11 and Figure 12 represent, respectively, the working conditions of the layers of soil, which have been excavated completely but the corresponding lining has not been constructed.




	(2)

	
The 0 on the vertical axis in Figure 10, Figure 11 and Figure 12 represents the position of the top surface of the circular diaphragm wall.




	(3)

	
The radial displacement and vertical bending moment in Figure 10 and Figure 12 are prescribed a plus for the inner of the foundation pit and a minus for the outside.




	(4)

	
The values of radial displacement, circumferential stress and vertical bending moment are only distinguished by the absolute values without considering plus and minus when describing the change law of the curve.







7.1. Radial Displacement of Circular Diaphragm Wall


The radial displacements of the circular diaphragm wall obtained through the CCSTCM, FENSM and site monitoring are shown in Figure 10. From Figure 10, we can observe that the radial displacements of the circular diaphragm wall obtained through both the CCSTCM and FENSM increase first and then decrease with the increase in depth in different working conditions. The maximum radial displacement increases gradually with the increase in excavation depth, and the position of the maximum radial displacement declines gradually and then tends to be stable with the increase in excavation depth. The TCR values are slightly larger than the NSR values. Except for Working Conditions 1 and 2 (W 1 and W 2), in other working conditions, the radial displacements of the circular diaphragm wall obtained from site monitoring increase first and then basically decrease with the increase in depth. The maximum radial displacement increases gradually with the increase in excavation depth, but there are obvious fluctuations. The position of the maximum radial displacement gradually declines with the increase in excavation depth and then also tends to be stable. Combined with Table 4, it can be further determined that the extremum of the maximum radial displacements obtained from the field monitoring is 11.6 mm, which occurs 35 m from the top of the circular diaphragm wall in the last working condition (W 15). The extremum of the maximum radial displacements obtained from the CCSTCM is 10.1 mm, which is 87.1% of the SMR and occurs 32 m from the top of the circular diaphragm wall in W 15. The extremum of the maximum radial displacements obtained from the FENSM is 9.7 mm, which is 83.6% of the SMR and 96.0% of the TCR, and occurs 32 m from the top of the circular diaphragm wall in W 15 also. Generally speaking, the variation rules of the radial displacements obtained by the three methods are basically the same, and the curves of the radial displacements show the shape of “big in the middle and small at both ends”; however, the SMR are slightly larger than the TCR and NSR and closer to the TCR. To a certain extent, the proposed CCSTCM and the numerical calculation model established are reasonable. Because all the maximum radial displacements of circular diaphragm wall obtained by the three methods are generated at the last working condition and the depth range is about 31 m~36 m, the reinforcement measures should be taken within this depth range when the excavation of the north anchorage foundation pit reaches the last several working conditions.




7.2. Circumferential Stress of Circular Diaphragm Wall


The circumferential stresses of the circular diaphragm wall obtained through the CCSTCM, FENSM and site monitoring are shown in Figure 11, and they are minus, which represents compressive stress. From Figure 11, we can observe that the circumferential stresses of the circular diaphragm wall obtained through both the CCSTCM and FENSM increase first and then decrease with the increase in depth in different working conditions. The maximum circumferential stress increases gradually with the increase in excavation depth, and the position of the maximum circumferential stress declines gradually and then tends to be stable with the increase in excavation depth. The TCR values are slightly larger than the NSR values. Except for Working Conditions 4 and 5 (W 4 and W 5), in other working conditions, the circumferential stresses of the circular diaphragm wall obtained from the site monitoring increase first and then basically decrease with the increase in depth. The maximum circumferential stress increases first and then decreases slightly with the increase in excavation depth, but the fluctuations are obvious. Combined with Table 4, it can be further determined that the extremum of the circumferential stresses obtained from the site monitoring is 2.973 Mpa, which occurs 29 m from the top of the circular diaphragm wall in the ninth working condition (W 9). The extremum of the maximum circumferential stresses obtained from the CCSTCM is 2.521 Mpa, which is 84.8% of the SMR and occurs 32 m from the top of the circular diaphragm wall in W 15. The extremum of the maximum circumferential stresses obtained from the FENSM is 2.375 Mpa, which is 79.9% of the SMR and 94.2% of the TCR, and occurs 32 m from the top of the circular diaphragm wall in W 15 also. Generally speaking, the variation rules of the circumferential stresses obtained by the three methods are the same and basically in accordance with those of the radial displacements, and the SMR values are slightly larger than the TCR and NSR values and closer to the TCR values, which further illustrates that the proposed CCSTCM and the numerical calculation model established are reasonable and applicable. However, the extremum of the maximum circumferential stresses obtained from the site monitoring occurs 29 m from the top of the circular diaphragm wall in W 9, which is quite different from the position and working conditions of the extremum of the maximum radial displacements. The reason for this could be related to many factors, such as the perpendicularity deviation of the wall, the thickness deviation of the wall, or the mud added to the joint in the actual construction process of the circular diaphragm wall. Another possibility is that the monitoring points of the circumferential stress set were insufficient at Section A, so there was a certain deviation for the TCR.




7.3. Vertical Bending Moment of Circular Diaphragm Wall


The vertical bending moments of the circular diaphragm wall obtained through the CCSTCM, FENSM and site monitoring are shown in Figure 12. From Figure 12, we can observe that the vertical bending moments of the circular diaphragm wall obtained through both the CCSTCM and FENSM increase first to the maximum vertical plus bending moments, then to the maximum vertical minus bending moments, and finally decrease to 0 with the increase in depth in different working conditions. The maximum vertical plus bending moments and maximum vertical minus bending moments increase gradually with the increase in excavation depth, and the positions of the maximum vertical plus bending moments and maximum vertical minus bending moments decline gradually and then tend to be stable with the increase in excavation depth. The TCR are slightly larger than the NSR. Except for Working Conditions 1 and 2, in other working conditions, the vertical bending moments of the circular diaphragm wall obtained through the site monitoring first increase to the maximum vertical plus bending moments, then to the maximum vertical minus bending moments, and finally decrease to 0 with the increase in depth. The maximum vertical plus bending moments and maximum vertical minus bending moments increase gradually with the increase in excavation depth, and the positions of the maximum vertical plus bending moments and maximum vertical minus bending moments decline gradually and then tend to be stable with the increase in excavation depth. Combined with Table 4, it can be further determined that the extremum of the maximum vertical plus bending moments obtained from the site monitoring is 2074.5 kN·m, which occurs 34 m from the top of the circular diaphragm wall in W 15. The extremum of the maximum vertical plus bending moments obtained from the CCSTCM is 1632.2 kN·m, which is 78.7% of the SMR, and occurs 32 m from the top of the circular diaphragm wall in W 15. The extremum of the maximum vertical plus bending moments obtained from the FENSM is 1518.0 kN·m, which is 73.2% of the SMR and 93.0% of the TCR, occurs 32 m from the top of the circular diaphragm wall in W 15 also. The extremum of the maximum vertical minus bending moments obtained from the site monitoring is −1328.1 kN·m, which occurs 46 m from the top of the circular diaphragm wall in W 15. The extremum of the maximum vertical minus bending moments obtained from the CCSTCM is −1269.8 kN·m, which is 95.6% of the SMR, and occurs 46 m from the top of the circular diaphragm wall in W 15. The extremum of the maximum vertical minus bending moments obtained from the FENSM is −1183.9 kN·m, which is 89.1% of the SMR and 93.2% of the TCR, occurs 46 m from the top of the circular diaphragm wall in W 15 also. Generally speaking, the variation rules of the vertical bending moments obtained by the three methods are basically consistent, and the SMR are just slightly larger than the TCR and NSR and closer to the TCR, which more precisely illustrates that the proposed CCSTCM and the numerical calculation model established are correct and reliable.





8. Conclusions


In view of the shortcomings of existing calculation methods for circular diaphragm walls, as well as their own structural characteristics and mechanical characteristics, an alternative calculation method was developed with clear concept based on the circular cylindrical shell theory and superposition principle in elasticity. Taking the north anchorage circular foundation pit of G3 Tongling Yangtze River Highway and Railway Bridge as a case study, the proposed CCSTCM in this study was used to calculate and analyze, and its applicability and correctness were also proven. The specific research content is as follows.



	(1)

	
Because the circular diaphragm wall of the north anchorage foundation pit was mainly subjected to horizontal loads in the construction process, the mechanical calculation model of the circular diaphragm wall under the axisymmetric normal loads was given according to the mechanical characteristics of the circular diaphragm wall.




	(2)

	
The circular diaphragm wall of the north anchorage foundation pit was simplified into a circular cylindrical shell model. The calculation formulas of the internal force and deformation of the circular diaphragm wall under axisymetric normal loads were derived by the circular cylindrical shell theory in elasticity, and the analytical solution and calculation steps based on the elastic superposition principle were provided.




	(3)

	
The numerical model of the whole construction process of the north anchorage circular foundation pit was established, and the site monitoring of Section A was carried out.




	(4)

	
The proposed CCSTCM and the FENSM were used to calculate the engineering case, and then the radial displacement, circumferential stress and vertical bending moment of the circular diaphragm wall under normal loads were obtained. All the obtained results were summarized regularly, and the numerical calculation model established was proven to be correct and reliable.




	(5)

	
The TCR and NSR were compared with the SMR. On the whole, the TCR values were slightly larger than the NSR values, but slightly smaller than and closer to the SMR. Moreover, the curves obtained from the CCSTCM were highly similar to those obtained from the FENSM and site monitoring. All these facts fully prove the rationality and correctness of the CCSTCM proposed.
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Figure 1. Design size of the north anchorage (the unit of elevation is “m”, and the rest are in “cm”). 
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Figure 2. Layered excavation schematic diagram of the foundation pit (the unit is “m”). 
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Figure 3. Curvilinear coordinate system for the cylindrical shell and internal forces. (a) Membrane internal forces. (b) Bending internal forces. 
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Figure 4. Circular diaphragm wall model under normal loads. 
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Figure 5. Three-dimensional continuum finite element mesh models. (a) Cap beam. (b) Lining. (c) Circular diaphragm wall. (d) Soil. 
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Figure 6. Boundary conditions and loads on the model. 
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Figure 7. The position of Point A. 
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Figure 8. Instruments for radial displacement monitoring. (a) Movable vertical clinometer. (b) Readout instrument for clinometer. (c) Pipe for clinometer. 
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Figure 9. Instruments for circumferential stress monitoring. (a) Concrete strain gauge. (b) Frequency readout instrument. (c) Binding of concrete strain gauge. 
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Figure 10. Radial displacement results of the circular diaphragm wall at Point A. (a) Variation of radial displacements obtained by CCSTCM with depth in different working conditions. (b) Variation of radial displacements obtained by FENSM with depth in different working conditions. (c) Variation of radial displacements obtained by site monitoring with depth in different working conditions. (d) Variation of maximum radial displacements with excavation depth. 
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Figure 11. Circumferential stresses results of the circular diaphragm wall at Point A. (a) Variation of circumferential stresses obtained by CCSTCM with depth in different working conditions. (b) Variation of circumferential stresses obtained by FENSM with depth in different working conditions. (c) Variation of circumferential stresses obtained by site monitoring with depth in different working conditions. (d) Variation of maximum circumferential stresses with excavation depth. 
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Figure 12. Vertical bending moment results of the circular diaphragm wall at Point A. (a) Variation of vertical bending moments obtained by CCSTCM with depth in different working conditions. (b) Variation of vertical bending moments obtained by FENSM with depth in different working conditions. (c) Variation of vertical bending moments obtained by site monitoring with depth in different working conditions. (d) Variation of maximum vertical bending moments with excavation depth. 
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Table 1. Construction situation of the north anchorage foundation pit.






Table 1. Construction situation of the north anchorage foundation pit.





	
Working

Condition

	
Construction Content

	
Start Date

	
Finish Date

	
Thickness/m






	
0-1

	
Constructed the circular diaphragm wall, excavated the overlying soil layer, and chiseled away the slurry at the top of circular diaphragm wall

	
27 June 2022

	
24 July 2022

	
4.14




	
0-2

	
Excavated the cap beam layer of soil

	
25 July 2022

	
30 July 2022

	
2




	
Constructed the cap beam layer of reinforced concrete

	
27 July 2022

	
13 August 2022

	
3




	
W1

	
Excavated the 1st layer of soil

	
10 August 2022

	
21 August 2022

	
3




	
Constructed the 1st lining layer of reinforced concrete

	
16 August 2022

	
25 August 2022

	
3




	
W2

	
Excavated the 2nd layer of soil

	
23 August 2022

	
30 August 2022

	
3




	
Constructed the 2nd lining layer of reinforced concrete

	
26 August 2022

	
5 September 2022

	
3




	
W3

	
Excavated the 3rd layer of soil

	
31 August 2022

	
6 September 2022

	
3




	
Constructed the 3rd lining layer of reinforced concrete

	
6 September 2022

	
12 September 2022

	
3




	
W4

	
Excavated the 4th layer of soil

	
7 September 2022

	
13 September 2022

	
3




	
Constructed the 4th lining layer of reinforced concrete

	
13 September 2022

	
17 September 2022

	
3




	
W5

	
Excavated the 5th layer of soil

	
14 September 2022

	
19 September 2022

	
3




	
Constructed the 5th lining layer of reinforced concrete

	
18 September 2022

	
23 September 2022

	
3




	
W6

	
Excavated the 6th layer of soil

	
20 September 2022

	
26 September 2022

	
3




	
Constructed the 6th lining layer of reinforced concrete

	
24 September 2022

	
29 September 2022

	
3




	
W7

	
Excavated the 7th layer of soil

	
27 September 2022

	
4 October 2022

	
3




	
Constructed the 7th lining layer of reinforced concrete

	
30 September 2022

	
6 October 2022

	
3




	
W8

	
Excavated the 8th layer of soil

	
5 October 2022

	
10 October 2022

	
3




	
Constructed the 8th lining layer of reinforced concrete

	
7 October 2022

	
12 October 2022

	
3




	
W9

	
Excavated the 9th layer of soil

	
11 October 2022

	
15 October 2022

	
3




	
Constructed the 9th lining layer of reinforced concrete

	
13 October 2022

	
18 October 2022

	
3




	
W10

	
Excavated the 10th layer of soil

	
16 October 2022

	
22 October 2022

	
3




	
Constructed the 10th lining layer of reinforced concrete

	
19 October 2022

	
25 October 2022

	
3




	
W11

	
Excavated the 11th layer of soil

	
23 October 2022

	
28 October 2022

	
3




	
Constructed the 11th lining layer of reinforced concrete

	
26 October 2022

	
1 November 2022

	
3




	
W12

	
Excavated the 12th layer of soil

	
29 October 2022

	
5 November 2022

	
3




	
Constructed the 12th lining layer of reinforced concrete

	
2 November 2022

	
8 November 2022

	
3




	
W13

	
Excavated the 13th layer of soil

	
6 November 2022

	
11 November 2022

	
3




	
Constructed the 13th lining layer of reinforced concrete

	
9 November 2022

	
17 November 2022

	
3




	
W14

	
Excavated the 14th layer of soil

	
12 November 2022

	
25 November 2022

	
3




	
Constructed the 14th lining layer of reinforced concrete

	
18 November 2022

	
28 November 2022

	
3




	
W15

	
Excavated the 15th layer of soil

	
26 November 2022

	
5 December 2022

	
3




	
Constructed the 15th lining layer of reinforced concrete

	
29 November 2022

	
30 December 2022

	
3
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Table 2. Physical and mechanical parameters of the soil around the circular diaphragm wall.
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	Code
	Classification
	Thickness/m
	Bulk

Density/

(kN/m3)
	Young’s

Modulus/MPa
	Poisson’s Ratio
	Cohesion/kPa
	Internal

Friction

Angle/°





	①
	Silty clay
	1.26
	18.62
	129
	0.3
	21.5
	11.3



	②
	MSC
	7.6
	17.64
	93
	0.3
	10.3
	6.6



	③
	Silt
	16
	18.5
	305
	0.3
	10
	20



	④
	Fine sand
	14
	19
	341
	0.3
	0
	24



	⑤
	FBS
	2
	22
	975
	0.3
	0
	45



	⑥
	HWAS
	3
	22.83
	1227
	0.2
	150
	25



	⑦
	WCC
	2.1
	23.03
	4117
	0.2
	200
	40



	⑧
	MCAS
	11.54
	23.42
	4408
	0.2
	200
	30







Note: MSC represents the mucky silty clay; FBS represents the fine boulder soil; HWAS represents the highly weathered argillaceous sandstone; WCC represents the weakly consolidated conglomerate; MCAS represents the moderately consolidated argillaceous sandstone.
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Table 3. Monitoring frequency.






Table 3. Monitoring frequency.





	
Monitoring Item

	
Monitoring Frequency




	
Excavation

0 m~15 m

	
Excavation

15 m~30 m

	
Excavation

30 m~45 m






	
Radial displacement monitoring

	
Once/3 d

	
Once/2 d

	
Once/d




	
Circumferential stress monitoring

	
Once/3 d

	
Once/2 d

	
Once/d
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Table 4. The extremum comparison of the results.






Table 4. The extremum comparison of the results.





	Method
	EMRD
	PCS

/%
	P

/m
	EMCS

/Mpa
	PCS

/%
	P

/m
	EMVPBM

/kN·m
	PCS

/%
	P

/m
	EMVMBM

/kN·m
	PCS

/%
	P

/m





	Site monitoring
	11.6
	-
	35
	2.973
	-
	29
	2074.5
	-
	34
	−1328.1
	-
	46



	CCSTCM
	10.1
	87.1
	32
	2.521
	84.8
	32
	1632.2
	78.7
	32
	−1269.8
	95.6
	46



	FENSM
	9.7
	83.6
	32
	2.375
	79.9
	32
	1518.0
	73.2
	32
	−1183.9
	89.1
	46







Note: EMRD represents the extremum of the maximum radial displacements; P represents the position of the extremum; EMCS represents the extremum of the maximum circumferential stresses; EMVPBM represents the extremum of the maximum vertical plus bending moment; EMVMBM represents the extremum of the maximum vertical minus bending moment; PCS represents the percentage compared with the SMR.
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