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Abstract

:

The cofferdam method is generally applied in the construction of underwater pier foundation in bridge engineering, and the pouring of bottom sealing concrete is one of the important links in the construction of the cofferdam. The bottom sealing concrete can prevent water seepage and balance the main body of the cofferdam, and its structural size and construction quality have a great influence on the above functions. Under the condition of large water level difference, it is difficult to determine the reasonable thickness of the bottom sealing concrete. There are few related studies in this field, and there is a lack of systematic summary of calculation theory. This work theoretically deduces the approximate solution of ultimate bending moment and ultimate stress of the bottom sealing concrete, introduces two different calculation methods, systematically summarizes the calculation methods of three kinds of ultimate stress, analyzes the calculation methods of ultimate bonding force, and uses ANSYS finite element software to simulate a specific bottom sealing concrete model, and compares it with the theoretical calculation results. The maximum stress obtained by the approximate solution is closer to the actual monitoring data than the traditional method, and the calculation method of the bonding force can be used to make a rough estimate.
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1. Introduction


Bridges across rivers and seas all need to build deep-water foundations, which have become a critical part in the construction of large-span bridges due to their difficult construction, high safety risks and long construction period [1,2]. In recent years, the large-scale pile group foundation widely used in the deep-water foundations of bridges in China is the development trend of deep-water foundations of bridges, and various cofferdam construction technologies have developed accordingly. General forms of cofferdam mainly include steel sheet pile cofferdam, concrete cofferdam, steel boxed cofferdam, steel hoisting box cofferdam, steel-concrete combined cofferdam, etc. [3].



The cofferdam used in the construction of deep-water bridges is not only the construction platform for the bored piles in the early stage, but also the water-retaining structure for the construction of the later stage caps. It has always been the focus and difficulty in the construction. In the cofferdam foundation construction, after pouring the bottom sealing concrete, the cofferdam should be pumped to form a dry environment for the construction of the cap. At this time, the bottom of the cofferdam mainly resists the huge buoyancy through the adhesion between the bottom sealing concrete and the steel pipe pile (surrounded externally by the steel sleeves).



Scholars have conducted extensive theoretical and applied research on various cofferdams (particularly steel sheet pile cofferdams), mainly including cofferdam structure calculation, seepage and construction plan design.



Blum [4] firstly studied the problem of bending stiffness reduction of steel sheet piles; Lohmeyer [5] studied the bending strength of steel sheet pile walls and proposed a numerical model that can evaluate the shear failure caused by slip between piles. The influence of the bending stiffness is fully transmitted. Terzaghi [6] studied the stability and stiffness of cellular cofferdams. After that, Ovesen [7] also studied the cellular cofferdam. Sunir Mal Banerjee [8] drew the design chart of the double-walled cofferdam and summarized the construction method of the double-walled cofferdam. Dr.-Ing. Hans-Dieter Clasmeier [9] pointed out that modern cofferdams may have evolved from steel sheet piles in the early 20th century. During construction, the steel sheet piles driven into the water are horizontally connected and locked to form a modern cofferdam with higher strength. Lefas et al. [10] established a simplified two-dimensional model to analyze the structure of steel sheet pile cofferdams and analyzed the force and deformation characteristics of the cofferdam during the construction process by writing a program and demonstrated the rationality of this model by comparing with traditional methods. Hu [11] studied the application and development of construction technology of double-walled steel cofferdam for bridge foundations. Pan et al. [12] studied the deformation and internal force characteristics of steel sheet pile cofferdams under different construction procedures. Li [13] conducted research on water-stop performance test and structural design of steel sheet pile cofferdam. Wen [14] used the method of model test to study the value of the bonding force between the sealing concrete of the double-walled steel cofferdam and the steel protective tube. Chen [15] conducted researches on the anti-floating characteristics of deep foundation pit concrete sealing structure. He [16] studied the construction technology of the steel cofferdam in complicated hydro-geological conditions. Hua [17] analyzed the mechanical behavior of double wall steel cofferdam by monitoring the stress. Yu [18] analyzed the mechanical characteristics of the single wall steel cofferdam in deep water construction and researched the key technology. In addition, Divyah N. [19], Rafael Alves de Souza [20], Vinay Shimpi [21] and other scholars [22,23,24,25,26,27] also did some relevant researches on the cofferdams.



At present, there are few studies on the ultimate bearing capacity of the bottom sealing concrete of the underwater deep foundation pit engineering, and there is no systematic calculation theory summary about this, which is not enough to guide the construction of such projects. Therefore, it is necessary to conduct a systematic study on the calculation theory of the ultimate bearing capacity of the bottom sealing concrete to provide a reference for similar projects.



Besides, traditional empirical data is mostly used for the value of the bonding stress between the concrete and the steel pipe pile at the bottom of the cap. There are very few studies on this, the test results of various units are quite different, the test data is also less, the versatility is poor, and it is not enough to guide the construction of various bridges. In addition, the influence of the ratio of concrete thickness to steel pipe pile diameter and concrete strength grade on the bonding stress remains to be studied.




2. Theoretical Calculation


As shown in Figure 1, there is the simplified model of the bottom sealing concrete of an underwater deep foundation pit project. The model has a length of a, a width of b, and a thickness of d (a > b >> d). There are several cylindrical holes in the middle (the contact surface with the steel sleeves), and the four sides of the bottom sealing concrete are in contact with the cofferdam.



The forces acting on the bottom sealing concrete are as follows: the vertical downward self-weight G, the vertical upward cohesive force f (acting on the contact surface between the bottom sealing concrete and the cofferdam, and the contact surface between the bottom sealing concrete and the steel sleeves) and the vertical upward buoyancy F (acting on the bottom surface of the bottom sealing concrete). Under the combined action, the bottom sealing concrete is in static equilibrium. The area of the bottom surface of the bottom sealing concrete is A, and the area of the contact surface with the steel sleeves is B. The maximum bending moment that the bottom sealing concrete can withstand needs to be solved to determine its maximum compressive stress and tensile stress. At the same time, the bonding force between the bottom sealing concrete and the steel sleeves also needs to be solved.



2.1. Ultimate Bending Moment and Ultimate Stress


For the calculation of the ultimate bending moment and ultimate stress of the bottom sealing concrete, this article lists two calculation methods.



2.1.1. Approximate Solution Derived by Elasticity Method


The length and width of the bottom sealing concrete are generally much larger than its thickness. At the same time, the bottom sealing concrete can be regarded as an isotropic, continuous, uniform, and small deformation elastic material, whose elastic modulus is E and Poisson’s ratio is μ, thus simplifying the bottom sealing concrete. It is an elastic thin slab, which is solved by using elasticity method.



Consider the simplest case. As shown in Figure 2, a certain underwater deep foundation pit project is only equipped with one steel sleeve, and the bottom sealing concrete has only one cylindrical hole. Fill up the cylindrical holes, and treat the bottom sealing concrete as a complete rectangular elastic thin slab simply supported on four sides. This thin slab is subjected to a uniformly distributed load acting on the bottom surface in the vertical upward direction and its strength is q. There is the following equation to calculate q:


  q =   F − G  A   



(1)







Compared with the thin slab with one hole, the completed thin slab lacks the frictional resistance at the contact surface with the steel sleeve, which is equivalent to lack of one support. Besides, the completed thin slab has a uniformly distributed load on the effective area. With the load increasing, the internal stress will also increase. Therefore, for the thin slab with holes, its maximum stress will not exceed the maximum stress of the completed thin slab. Therefore, the maximum stress of the completed slab is used as the maximum stress of the bottom sealing concrete, which makes the calculation result safer.



For the completed thin slab, by the Levy solution of a simply supported rectangular thin slab on four sides [28,29], the bending moment at the center of the thin slab is the largest, and the maximum bending moment along the long side is:


   M x  =  β x  q  a 2   



(2)






   β x  =  1 8  −  2   π 3      ∑   m = 1 , 3 , 5 , …  ∞        − 1       m − 1  2        1 − μ    a m  t h  a m  + 2      m 3  c h  a m       



(3)




among them:


   a m  =   m π b   2 a    



(4)






  t h  a m  =    e   a m    +  e   a m       e   a m    −  e   a m       



(5)






  c h  a m  =    e   a m    +  e   a m     2   



(6)







Maximum bending moment along the short side is:


   M y  =  β y  q  a 2   



(7)






   β y  =  μ 8  +  2   π 3      ∑   m = 1 , 3 , 5 , …  ∞        − 1       m − 1  2        1 − μ    a m  t h  a m  − 2 μ      m 3  c h  a m     



(8)







Maximum compressive stress along the long side is:


   σ  c x   = −   6  M x     d 2    = −   6  β x  q  a 2     d 2     



(9)







Maximum compressive stress along the short side is:


   σ  c y   = −   6  M y     d 2    = −   6  β y  q  a 2     d 2     



(10)







Maximum tensile stress along the long side is:


   σ  t x   =   6  M x     d 2    =   6  β x  q  a 2     d 2     



(11)







Maximum tensile stress along the short side is:


   σ  t y   =   6  M y     d 2    =   6  β y  q  a 2     d 2     



(12)




where    M x    = The maximum bending moment along the long side;    β x    = The coefficient for calculating    M x   ; am = The parameter for calculating    β x   ; m = The parameter that determines the calculation accuracy, and only odd numbers are taken; e = Natural constant;  π  = Ratio of circumference to diameter;  μ  = Poisson’s ratio; q = Strength of distributed load; a = Length of the bottom sealing concrete; d = Thickness of the bottom sealing concrete;    M y    = The maximum bending moment along the short side;    β y    = The coefficient for calculating    M y   ;    σ  c x     = Maximum compressive stress along the long side;    σ  c y     = Maximum compressive stress along the short side;    σ  t x     = Maximum tensile stress along the long side;    σ  t y     = Maximum tensile stress along the short side.



Analyzing the above equations, it can be found that the convergence speed of    σ  c x   ,    σ  c y   ,    σ  t x      and     σ  t y     is faster. For actual projects, different convergence terms can be selected according to accuracy requirements.




2.1.2. Traditional Method


According to the traditional method, the strength of the bottom sealing concrete needs to be checked by the following formula:


  d =     9.09  M  m a x      b 0   σ t       



(13)




where d = Minimum thickness of the bottom sealing concrete;    M  m a x     = The standard value of the maximum bending moment per meter width of the bottom sealing concrete; b0 = Unit width, the value is 1 m;    σ t    = The design value of concrete tensile strength.



For the calculation method of the maximum bending moment per meter width of the bottom sealing concrete, as shown in Figure 3, the bottom sealing concrete thin slab can be divided along the long side direction, divided into several concrete beams with fixed supports at both ends, and the bottom bears uniform load. The concrete beam with a rectangular cross-section of unit width (that is, the width of the beam is 1 m) is used for analysis and calculation, as shown in Figure 4.



According to this calculation method, the force between adjacent concrete beams is not considered, which will make the calculation result of bending moment larger. Take the concrete beam with the largest span for calculation and analysis, that is, take the concrete beam with the long side length a of the span, which is the most dangerous concrete beam.



Suppose b0 is the unit width (that is, b0 = 1 m), the uniform load strength is    q ′  = q  b 0   , and the maximum bending moment can be obtained as:


   M  m a x   =    q ′   a 2    12   =   q  b 0   a 2    12    



(14)







Substituting Equation (13) to get the minimum thickness of the bottom sealing concrete is:


  d =     9.09 q  a 2    12  σ t       



(15)







The maximum tensile stress of the bottom sealing concrete is:


   σ t  =   9.09 q  a 2    12  d 2     



(16)









2.2. Ultimate Bonding Strength


When calculating the bonding force, ignoring the force between the bottom sealing concrete and the cofferdam. In fact, the bottom sealing concrete is in static equilibrium under the combined action of gravity, buoyancy and friction (including the friction exerted by the cofferdam and the steel sleeves). However, due to the different types of cofferdams and materials used, the friction between cofferdam and concrete is usually difficult to determine. For example, for the steel sheet pile cofferdam, lubricant will be added between adjacent steel sheet piles during construction, and the friction between steel sheet piles and concrete will be reduced due to the presence of lubricant. In this case, the friction between the steel sleeves and the concrete should be focused first.



The bonding force acts on the contact surface between the cylindrical holes of the bottom sealing concrete and the steel sleeves, and the total area of the contact surface is B. The force analysis of the bottom sealing concrete shows that it is balanced under the action of the vertical downward self-weight G, the vertical upward buoyancy F, and the vertical downward cohesive force f. Assuming that the bonding force is evenly distributed on the acting surface and the calculated bonding force is only the average value, then:


  f = F − G = p A  



(17)






  τ =  f B  =   p A  B   



(18)







For the ultimate bonding force between the bottom sealing concrete and the steel sleeves, according to engineering experience, it is initially taken as 150 kPa. Therefore, as long as   τ ≤ 150    kPa   , the strength requirement can be met [14].





3. Numerical Simulation and Theoretical Verification Calculation


3.1. Numerical Simulation Based on ANSYS


The submerged foundation of Pier 51 of the Ziyang Hanjiang River Bridge is a deep-water foundation of piles [30]. The foundation consists of many rock-socketed piles. The project uses a steel hoisting box cofferdam. The relevant parameters of the engineering are shown in Table 1. The layout of the steel sleeves is shown in Figure 5 and Figure 6.



ANSYS software is used to simulate the bearing status of the bottom sealing concrete. The element type is selected as the concrete65 element. The finite element model adopts quadrilateral meshing. The maximum element side length is 0.5 m. The elastic modulus of the concrete material is set to E = 28 GPa, and the Poisson’s ratio is μ = 0.2. The boundary conditions of the bottom sealing concrete are fixed on all sides, and the hole in the middle in contact with the steel protective tube restricts the vertical displacement. The model assumes that the bottom sealing concrete material is isotropic, homogeneous, and dense.



Calculation conditions: The bottom sealing concrete is affected by its own weight and buoyancy, the design thickness is 3.0 m, the plain concrete weight is 24 kN/m3, and the combined force of its own weight and head buoyancy is applied at 89.57 kPa from the bottom of bottom sealing concrete according to the uniformly distributed load on the surface. Suppose the long side direction is the x-axis, the short side direction is the y-axis, and the thickness direction is the z-axis, the normal stress cloud diagram of the bottom sealing concrete along the x-axis direction is calculated as shown in Figure 7, and the normal stress cloud diagram along the y-axis direction is shown in Figure 8.



From Figure 7 and Figure 8, it can be seen that the maximum compressive stress of the bottom sealing concrete is 0.10 MPa, and the maximum tensile stress of the bottom sealing concrete is 0.39 MPa.



For the maximum bonding force of the bottom sealing concrete, it can be analyzed through the shear stress cloud diagram, as shown in Figure 9 and Figure 10.



It can be seen from Figure 9 and Figure 10 that the maximum bonding force of the bottom sealing concrete is 93.75 kPa.




3.2. Theoretical Verification Calculation


3.2.1. Maximum Tensile Stress Verification Calculation


The approximate solution and the traditional method are used to calculate the maximum tensile stress of the bottom sealing concrete of the project, and then the monitoring value of the maximum tensile stress of the bottom sealing concrete is calculated from the monitoring data of the project, and the maximum tensile stress obtained from the numerical simulation is compared, as shown in Table 2.



Obviously, the maximum tensile stress calculated by the approximate solution is closer to the actual monitoring value than the traditional method.




3.2.2. Bonding Strength Verification Calculation


First use Equation (18) to calculate the average bonding force, and then compare it with the maximum bonding force obtained by numerical simulation, as shown in Table 3.



It can be seen that the average bonding force calculated using Equation (18) is slightly smaller than the numerical simulation value, and the error is about 4.62%.






4. Discussion


Regarding this paper, there are the following discussions:




	
It can be seen that the tensile stress of the bottom sealing concrete calculated by the approximate solution is closer to the monitored value than the traditional method. Therefore, the approximate solution is more accurate than the traditional method.



	
The result calculated by traditional method is safer in engineering. But, if the traditional method is adopted, the amount of concrete required during construction will be much larger, which will cause waste of materials.



	
The numerical simulation method is closer to the monitored value than the above two theoretical calculation methods, but the steps are relatively cumbersome and require more time.



	
When the accuracy required in the project is not high, the traditional method can be used; when the required accuracy is moderate, the approximate solution can be used; when the required accuracy is high, the numerical simulation method can be used.



	
In the future research, for the elastic mechanics method, the influence of the holes in the bottom-sealed concrete can be considered to improve the accuracy of the calculation; for the numerical simulation method, the operation steps can be simplified.









5. Conclusions


Through the research of this paper, the following conclusions can be got that:




	
When calculating the maximum compressive stress and tensile stress of the bottom sealing concrete, the concrete can be regarded as an isotropic, continuous, uniform, and small deformation elastic material, and the bottom sealing concrete can be simplified into an elastic thin slab, and the elasticity method is used for the calculation. The traditional method can also be used to divide the bottom sealing concrete slab along the long side and divide it into several concrete beams. The maximum stress obtained by the approximate solution is closer to the actual monitoring value than the traditional method.



	
Equation (18) can be used to calculate the ultimate bonding force between the bottom sealing concrete and the steel sleeves. The calculated bonding force is only an average value, and it will be slightly smaller, which can be used to make a rough estimate.



	
For the calculation of the maximum compressive stress, tensile stress, and cohesive force of the bottom sealing concrete, it can be assumed that the bottom sealing concrete material is isotropic, homogeneous, and dense, and the ANSYS finite element software can be used for numerical simulation.
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Figure 1. Bottom sealing concrete model diagram. 
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Figure 2. Modified bottom sealing concrete model diagram. 
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Figure 3. Divided bottom sealing concrete model diagram. 
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Figure 4. Schematic diagram of concrete beam calculation. 






Figure 4. Schematic diagram of concrete beam calculation.
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Figure 5. Top view of the bottom sealing concrete of the project. 
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Figure 6. Bottom sealing concrete model diagram of the project. 
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Figure 7. Normal stress cloud diagram along the x-axis. 
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Figure 8. Normal stress cloud diagram along the y-axis. 
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Figure 9. Shear stress cloud diagram along the z-axis on the x-axis normal plane. 
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Figure 10. Shear stress cloud diagram along the z-axis on the y-axis normal plane. 
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Table 1. Relevant parameters of the engineering case.
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	Parameters
	Values





	Piles’ Length
	49.0 m



	Piles’ Diameter
	2.0 m



	Piles’ Number
	24



	Cofferdam’s Long
	27.5 m



	Cofferdam’s Wide
	19.2 m



	Thickness of the Bottom Sealing Concrete
	3.0 m
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Table 2. Contrast of maximum tensile stress of bottom sealing concrete.






Table 2. Contrast of maximum tensile stress of bottom sealing concrete.





	Data Sources
	Maximum Tensile Stress/MPa
	Relative Error Compared with Monitoring Data





	Approximate Solution
	0.95
	2.96



	Traditional Method
	5.70
	22.75



	Numerical Simulation
	0.39
	0.625



	Monitoring Data
	0.24
	0
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Table 3. Contrast of bonding force of bottom sealing concrete.






Table 3. Contrast of bonding force of bottom sealing concrete.





	Data Sources
	Bonding Force/kPa





	Equation Calculation
	89.61



	Numerical Simulation
	93.75
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