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Abstract

:

Riverside pit-ponds are one of the hidden dangers of flood control project safety. At present, the safety evaluation of riverside pit-ponds is limited to the seepage and stable safety review of the dam, and the impact of the pit on the river flow is not considered. In this paper, a two-dimensional mathematical model of flow is established. Pressure correction method is used to solve the pressure-velocity coupling. Topographic cutting method is used to deal with the dynamic boundary problem. The model grid of the pit-ponds area is encrypted. The accuracy of the model in the analysis of river hydrodynamics is verified by an example. The model is applied to the evaluation of the impact of the pit-ponds on river flooding. Taking some riverside pit-ponds of the Yellow River as an example, the river water level, velocity, and flow in the present condition and the backfill condition are simulated by the model. The results show that the existence of these riverside pit-ponds only affects the hydrological features of regions around the pit-ponds, and the impact is too insignificant to threaten the hydrological safety. Through the hydrological safety assessment of the project, it is shown that the combination of the two-dimensional flow mathematical model with seepage, anti-sliding, and seismic safety review can comprehensively assess the hydrological safety of dike engineering.
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1. Introduction


As the oldest and most basic flood control facilities, dike projects are widely used in China. At present, the length of the dike project built in China is nearly 420,000 km [1]. According to relevant statistics [2], almost half of China’s population, and one-third of the arable land and two-thirds of the gross industrial and agricultural product are under the protection of dikes. Thus, it can be seen that the flood control safety of the dike project is of great importance. There are many factors that affect the flood control safety of the dike project, with near dike pit-ponds being one of them.



Due to flood erosion, earth borrowing for the construction of dikes, and earth borrowing for housing, some pit-ponds are left behind on the riverside of the dike, most of which accumulate water all year round and have been used as fish ponds for fish farming. In the Pearl River Delta region, a well-developed pond ecosystem has been formed [3,4]. However, the existence of riverside pit-ponds has always been a safety hazard for dike flood control, because it has changed the ground elevation on both sides of the dike, reduced the stability of the dike, and destroyed the impermeable water layer or weak water layer of the original surface [5], causing changes in the seepage field of the dam. In actual projects, the pit-ponds filling method is often used to deal with these pit-ponds [6]. However, it is relatively reasonable to choose the dangerous pit-ponds for filling through the safety evaluation of pit-ponds. In the past, only the impact of the pit-ponds on the seepage and slope stability of the dike was considered for the safety evaluation of the pit-ponds [5], and the impact of the pit-ponds on the flood flow of the river was not considered, which is not perfect. The existence of pit-ponds is bound to affect hydrologic factors, such as water level, flow velocity, and flow volume during floods. Therefore, it is of great significance to break through the traditional evaluation method on the problem that riverside pit-ponds affecting flood control safety.



In recent decades, the development of computers and the improvement of computing technology have provided conditions for the use of mathematical models to study the movement of water flow. Among them, due to the reliable results and simple calculation, the two-dimensional water flow mathematical model is widely used in water network simulation [7,8], river regulation [9], sediment transport [10,11], flood prediction [12,13], dike engineering [14,15], and other aspects. In 1992, the two-dimensional finite element method was adopted by Bates PD [16] to simulate the floodplain flow, laying a foundation for floodplain simulation. Domestically, Sun Dongpo et al. [15] first applied the two-dimensional water flow mathematical model to the analysis and evaluation of the impact of the production dikes on floods, and typical flood simulation was carried out for three conditions of the Yellow River, such as producing dikes, abolishing production dikes, and limiting production dikes. Xu Hui et al. [17] proposed a new method for numerical simulation of two-dimensional water flow in a submerged spur dam group using a new grid node arrangement and established a mathematical model. The simulation results were consistent with the measured results. Shi Yingbiao [12] creatively introduce the irregular triangular mesh into the two-dimensional flow mathematical model of water and sand transportation in complex rivers, and the disadvantages of the poor adaptability of structural rectangular grid to irregular coastline and complex terrain in natural rivers was improved.



The two-dimensional water flow mathematical model is applied in this paper for evaluating the safety of pit-ponds, with the pit-ponds on the riverside of a section of the Yellow River being cited as examples, the current conditions and the backfilling conditions of the pit-ponds are simulated, and the influence of the pit-ponds on the flood flow of the river is analyzed. Concurrently, combined with seepage, anti-sliding, and a seismic resistance safety review of the dam, the flood control safety of the dike project is comprehensively evaluated, thus providing a new idea for the safety evaluation and handling of similar projects.




2. Establishment of a Two-Dimensional Mathematical Model of Water Flow


2.1. Control Equation


Basic governing equation for two-dimensional water flow [18,19]:



Continuous equation:


∂ζ∂t+∂[(h+ζ)u]∂x+∂[(h+ζ)v]∂y=0



(1)







Momentum equation:


∂u∂t+u∂u∂x+v∂u∂y=∂∂x(ve∂u∂x)+∂∂y(ve∂u∂y)−g∂ζ∂x−τbxρH+fv



(2)






∂v∂t+u∂v∂x+v∂v∂y=∂∂y(ve∂v∂y)+∂∂x(ve∂v∂x)−g∂ζ∂y−τbyρH−fu



(3)




where: u, v are components of the depth-averaged components of water flow velocity in the x- and y-direction; h is the water depth below the water surface; ζ is the water level fluctuation, H=h+ζ; f is the Coriolis force coefficient, f=2ωsinϕ, ω is the earth’s angular velocity, ϕ is the latitude, νe is the effective viscosity coefficient, ν is the kinematic viscosity coefficient, νt is the turbulent viscosity coefficient, νe=νt+ν; τbx,τby are components of the bottom shear stress in the x- and y-direction of τbx=ρcfuu2+v2, τby=ρcfvu2+v2, respectively, cf is the bottom friction coefficient; τsx,τsy are components of the surface wind stress in the x- and y-direction. This model does not consider the influence of wind stress for the moment, and lets τsx,τsy be zero.



The above governing equations can be written as a unified convection-diffusion differential equation:


∂HΦ∂t+∂HuΦ∂x+∂HvΦ∂y=∂∂x(HΓΦ∂Φ∂x)+∂∂y(HΓΦ∂Φ∂y)+SΦ



(4)




where the calculated variable is Φ=u,v,K,ε, SΦ is source item. By negatively ramping the source term linearly: SΦ=SΦc+SΦPΦP, SΦP must be met; SΦP≤0; ΓΦ=νt/σΦ+ν, σΦ is the empirical constant.




2.2. Discrete Solution of Equations


Using coordinate transformation, the Cartesian coordinate system pair of convection-diffusion differential Equation (4) can be transformed into the (ξ, η) plane unified convection-diffusion differential equation:


∂JHΦ∂t+∂JHUΦ∂ξ+∂JHVΦ∂η=∂∂ξ[HΓΦJ(α∂Φ∂ξ−β∂Φ∂η)]+ ∂∂η[HΓΦJ(γ∂Φ∂η−β∂Φ∂ξ)]+SΦ



(5)




where U=uyη−vxη, V=vxξ−uyξ, U, V are inverse speed flux components in the corresponding (ξ, η) coordinate system; J is diffusion flux; α=xη2+yη2, β=xξxη+yξyη, γ=xξ2+yξ2.



The differential equations are discrete as follows:


aPΦP=∑anbΦnb+bΦ+aP∗ΦP∗+SΦ



(6)




where aP=∑anb+aP∗−SPΔξΔη, aP∗=JHPnΔξΔηΔt, SΦ=SΦcΔξΔη, bΦ=−(βHnΓΦJΦηn)|we−(βHΦnJΦξn)|sn;



The pressure correction method is used for coupling the pressure-flow rate. The main steps are as follows:



(1) Given the initial water level prediction value ζ∗;



(2) The momentum equation is solved with the corresponding ζ∗, while the velocity equation of U* and V* may not be necessarily satisfied.



(3) The flow rate fluxes Ue∗, Vn∗ of the control volume interface are calculated by the momentum interpolation calculation formula.



(4) The water level correction equation is solved and ξ′ is obtained.



(5) The corrected water level is solved by the SIMPLE method, and the SIMPLEC method is used to correct the flow velocity to obtain U and V.



(6) With the corrected water level ζ as the new predicted water level ζ∗, return to the second step and repeat the whole process until a convergent solution is obtained.




2.3. Boundary Conditions


In the two-dimensional flow digital model, the boundary conditions usually include the bank boundary, the inlet boundary, the exit boundary, and the dynamic boundary. The model adopts the following boundary conditions.



(1) Initial conditions:



Given the initial condition at moment t = 0, the initial value of all computational variables (U, V, ζ, K, ε, Si, Ni) in the domain can be obtained (U0, V0, ζ0, Kε0, Si0, Ni0).



(2) Control boundary conditions:



Upstream import conditions: The upstream section uses the flow process line, and the flow velocity of each control point is calculated by the following formula:


Uj=Qin(t)×hj23∑hj53dyjαj



(7)




where Uj, hj is flow point and water depth of the calculated grid point along the y direction, dyj is discrete grid spacing.



Vj = 0, the turbulent kinetic energy of k=αkU2, αk is a constant, turbulent dissipation rate of ε=k3/2/0.413B, and B is the width of the river.



Given the water level control of ζn(t) and Sin(t), the flow velocity of ∂Ui/∂ξ=0,Vi=0 at import points, the turbulent kinetic energy and turbulent dissipation rate are calculated as above.



(3) Solid wall conditions:



The flow velocity uses no sliding boundary conditions, U = V = 0. Due to the turbulent energy dissipation ε≠0 on the solid wall boundary, in the k−ε model, the solid wall conditions are to be specially treated, and the near-shore flow rate Uτ satisfies the logarithmic flow rate distribution relationship:


Uτ/U∗=1kln(y+E)



(8)




where y+=yPU∗/v, U∗ is shore wall resistance velocity; yP is the distance between the grid point and the shore wall; E is the parameter that represents the roughness rate; k is the Carmen’s constant.



(4) Convergence control condition:



Control the maximum mass source bmax of the continuous equation, though the flow Qj of each section, bmax/Qj<1.0%; flow velocity |Uijn+1−Uijn|≤1×10−3 m/s; water level |ζijn+1−ζijn|<1×10−4 m.




2.4. Parameter Selection and Boundary Simulation


(1) Selection of calculation parameters



The mathematical model calculation involves the selection of many calculation parameters. The selection of calculation parameters, such as roughness coefficient, turbulent viscosity coefficient, and calculation step length in the two-dimensional flow mathematical model affect the calculation process and calculation results. The average flow velocity of the natural river channel is related to the hydraulic radius, river ratio drop, and roughness coefficient. It is somewhat similar to the ground friction coefficient. The lower the roughness, the higher the flow rate. The determined roughness factor is, therefore, a defined value for determining the flow rate and other relevant parameters. Therefore, the value of roughness coefficient n in the calculation process is: Main channel, n=0.01+0.0045e2.0−h, floodplain n=0.03+0.0045e2.0−h. Termination of the turbulent viscosity coefficient of the water flow is based on the zero-equation turbulent model, νe=αu∗h, where u∗ is the friction flow rate, α is constant, and generally α is 1–10. This paper calculates the step length as Δt = 10–30 s.



(2) Dynamic boundary simulation



The terrain cutting method is used to deal with dynamic boundary problems, which can easily solve the calculation of irregular open beach and avoid the unstable factors caused by the handling of moving boundary conditions. From the moment of tn to tn + k = tn + kΔt (k ≥ 1), for node i, the depth of Hi=hi+ζi: (1) If Hi≥dh (dh is the critical depth of the exposed beach), that is, a computable node that does not need to be processed. (2) If Hi<dh, the node is an exposed beach, so it needs to be processed to temporarily reduce the terrain of the node, so that the depth of node is calculated as dh, while taking the larger roughness coefficient and viscosity coefficient. Once the actual water depth is judged to be greater than the critical water depth of the exposed beach, the original terrain will be restored in time.





3. Model Verification


Taking consideration of the calculation scope, import and export conditions, hydrological data, and the scope of the project, a section of the Yellow River with a total length of about 70 km is selected for model accuracy verification. The computational space step length of the verification model is from 15 to 300 m, with a total of approximately 71,757 grid nodes, 59,800 units, and the minimum spacing is approximately 15 m, which fully reflects the dike production, flood protection dams, and the topography of the pit-ponds. The side length of this mesh is the space step length and the minimum spacing is the minimum value for mesh spacing. The grid of the model river section is shown in Figure 1, and the channel bathymetry after grid generation is shown in Figure 2. The discrete terrain basically reflects the measured terrain of the engineering river section.



The measured water level data for the four Hydrographic stations in July 2014 are used to verify hydrological data. In the process of verification and calculation, the flow hydrograph is used in the upstream section and the water stage hydrograph is used in the downstream section as the boundary condition. The calculation time step takes Δt=10 s; the critical depth dh of the exposed beach takes 0.1 m. The relevant calculation parameters, such as roughness coefficient, turbulence viscosity coefficient, and length of calculation time, are determined by rate determination; the results are shown in Figure 3. It can be seen from the figure that the calculated value is basically in agreement with the measured water level process, and the error meets the requirements of the specification. It can be seen that the model calculation better simulates the process of water level change along the course, reflecting the comprehensive resistance effect of the river channel.




4. Case Analysis


The length of the section of the Yellow River is about 76 km, the distance between the two banks of the river is 4.1 to 20 km, and the height of the dike is 8 to 12 m. The soil layer can be divided into four layers from top to bottom: artificial filled soils, low liquid limit clay, low liquid limit powdery clay, and low liquid limit clay. In the process of rehabilitation of the Yellow River dike, there are 16 pit-ponds in the riverside of the Yellow River due to the digging earth in the neighborhood, among other reasons, which are distributed within 100 to 650 m from the foot of the dike, with an average depth of 8 m and an area of 10,000 m2 to 100,000 m2. The flood control standard of this section is set based on the upstream control section of 2200 m3/s flow leakage flood fortification. In order to ensure the stability of the Yellow River and the safety of the Yellow River dike, it is necessary to study the impact of the riverside pit-ponds under the floodplain conditions and the safety of the dike, so as to provide scientific basis for the safe operation and management of the dike.



4.1. Hydrodynamic Analysis of the Pit-Ponds Section


The two-dimensional flow model is used to calculate and compare the changes of flood water level, flow velocity, and cross-section flow under the two conditions of current terrain and pit backfilling. According to the engineering situation, five computational operating conditions are selected, that is, upstream import flow Q = 4000 m3/s (local burst floodplain), Q = 7000 m3/s (floodplain), Q = 10,000 m3/s (floodplain), Q = 15,000 m3/s (floodplain), Q = 22,000 m3/s (floodplain). Q is discharge.



4.1.1. Influence of Backfilling in Pit-Ponds on Water Level


In order to analyze the impact of pit-pond backfilling on the water level, 27 water level measuring points are selected along the main channel and on both sides. The water level changes before and after the project are shown in Figure 4. It can be seen that there is almost no change in the water level before and after the project under various hydrological conditions. Under the condition of Q = 22,000 m3/s floodplain, the maximum water damming height in the pit-ponds area is less than 0.03 m, indicating that the backfilling of the pit-ponds has less effect on the flood level of the river.




4.1.2. Influence of Backfilling on Pit Flow Rate


(1) Changes in the flow field



At Q = 7000 m3/s and 22,000 m3/s flow, the flow field under flood conditions before and after the project is shown in Figure 5 and Figure 6. In general, the larger the flow volume, the larger the flow velocity, and the greater the adjustment of the flow field after filling the pond. After the implementation of the backfilling project, the flow field is adjusted only within the local backfilling area. The flow velocity in the backfilling area is increased, and the flow rate upstream and downstream of the backfilling area decreased slightly. The flow change is limited to the backfilling area and its edges, but the adjustment is relatively small, generally within 3° to 5°, while it has little impact on other regions.



(2) Changes in flow velocity



Under various computational operating conditions, changes in the velocity of the pit-pond points are shown in Figure 7, and changes in the velocity around the spur dike are shown in Figure 8. It can be seen that the flow velocity of local waters has been adjusted after backfilling. The depth of water at each measuring point in the pit-ponds has decreased, and the flow velocity has slightly increased, but the overall change is small. The flow velocity of the measuring point in the front waters around the spur dike decreased slightly, but the change is relatively smaller. Under the condition of Q = 2200 m3/s, the increase in the flow velocity in the pit-ponds is small after the implementation of backfilling, generally within 0.1 m/s. The flow velocity at the front of the spur dike in the flood protection project of the training dike flooding has been slightly reduced, with the amplitude generally within 0.08 m/s.



(3) Change in flow velocity distribution



The distribution of cross-sectional velocity before and after filling the pit-ponds under Q = 7000 m3/s and 22,000 m3/s flow is shown in Figure 9 and Figure 10. It can be seen from the figure that the axis of hydrodynamic force has not changed basically after the implementation of the project. Only the local range velocity of the pit-pond backfilling area has been slightly adjusted, and the change of flow velocity in other areas is small.



Under the condition of Q = 7000 m3/s flow, the natural floodplain is stagnant for a long time, both sides of the main channel are basically submerged, but the beach flow rate is relatively small, generally within 0.4 m/s, and the flow rate in the pit-ponds after backfilling is generally within 0.07 m/s, and the change of flow velocity in other areas is small. Under the conditions of Q = 10,000 m3/s, Q = 15,000 m3/s, and Q = 2200 m3/s, it is a full-section flood. In general, the greater the flow volume, the greater the flow velocity, and the greater the impact of pit-pond backfilling. Under the condition of Q = 2200 m3/s, the maximum velocity of the beach is generally within 1.1 m/s, and the increase in the flow velocity in the pit-ponds after the implementation of backfilling is relatively small, generally within 0.1 m/s.




4.1.3. Influence of Backfilling in Pit-Ponds on Section Flow


The two flow sections of the pit-ponds area are selected to analyze the impact of backfilling. The location of the cross-section is shown in Figure 11. The single width flow distribution of the cross-section is shown in Figure 12 and Figure 13. It can be seen from the figure that the main channel under each flow is the main channel for floods. Due to the obvious horizontal ratio drop on the banks on both sides of the main channel, the single width flow is generally closer to the root of the dike under various operating conditions, while the single width flow on both sides of the dike is larger than on other parts of the beach land. After filling the pond, there is no significant change in the single width flow in the section, the main channel, and the beach areas on both sides. The local single width flow in the backfilling area decreased, and the amplitude is generally within 30%.





4.2. Seepage, Anti-Sliding, and Seismic Resistance Safety Review


According to the Geological Survey data, six sections are selected as the calculation sections. Considering the length of this paper, only one of the sections is selected as an example. The simplified profile of the section is as Figure 14.



4.2.1. Seepage Safety Review


The operating condition of seepage calculation is shown in Figure 15. The water level of flood prevention is selected as water level on the riverside, while the ground elevation at the lowest point is selected as the water level on the back side. The results show that the seepage field of the dike is normal, the line of seepage does not escape from the slope surface of the silt area, and there is no seepage stability and safety problem on the slope surface. The total differential head between the front of the dike and the back slope of the dike is about 5.2–8.14 m. The seepage diameter at the contact surface of the dike is generally about 160 m, and the average falling gradient is about 0.051. The seepage stability of the dike satisfies the requirements. Due to the distance between the pit-ponds and the dike foot, there is no obvious effect on the seepage of the dike.




4.2.2. Anti-Sliding Safety Review


The selection of the section of the anti-sliding stability analysis, the calculation conditions, and the seepage analysis are the same. The simplified Bishop method is used as the calculation method, and the arc sliding surface is selected for analysis. The calculation results of the typical section are shown in Figure 16. The anti-sliding stability safety factor of the dike slope on the riverside and back side of the river under the section is greater than the minimum value of 1.2 specified in the specification. Because the pit pond has a certain distance from the foot of the dike, the stability of the slope is not affected. The calculation of the anti-sliding safety review also shows that the slope under various working conditions is stable and there will be no landslide danger.




4.2.3. Seismic Resistance Safety Review


Seismic resistance stability analysis section selection and seepage analysis are the same, the calculation conditions are non-conventional operating conditions (the multi-year average water level on the riverside, and 7-degree earthquake is encountered by taking the ground elevation on the back side of the river to form a stable seepage), and the calculation method is the same as the anti-sliding safety review. The results of the calculation of the typical section are shown in Figure 17. The seismic resistance stability safety of the dike on the riverside and backside of the river is greater than the minimum value of 1.5 specified in the specification. There are pit ponds on the back river side of the dike, because of the existence of the pit pond, which changes the original terrain and increases the height difference of the ground on the back river of the levee, which may affect the seismic safety of the dike project. The seismic safety review calculation also shows that the section dike on the side of the river must equal the back of the dike seismic stability and safety to meet the review of seismic safety.





4.3. Project Flood Control Safety Evaluation


Through hydrodynamic analysis and seepage, anti-sliding, and seismic resistance safety review, the following conclusions can be drawn. The pit-ponds on the riverside have no obvious effect on the water flow in the dike area; simultaneously, due to the distance between the pit-ponds and the dike, the seepage, anti-sliding, and seismic resistance safety of the dike have not been significantly affected, which satisfies the requirements of the standard. Therefore, the flood control safety of the dike meets the requirements.





5. Conclusions


Based on momentum equation and continuous equation, the two-dimensional flow mathematical model is established, and the accuracy of the model in the analysis of river hydrodynamics is verified by an example. The model is applied to the analysis of flood impact of potholes on a river channel, and combined with seepage, anti-sliding, and seismic resistance safety review of dikes, the impact of riverside pit-ponds on flood control safety is evaluated. Taking a section of the Yellow River riverside pit-ponds as an example, the water level, flow velocity, and flow volume of the river after the floodplain under the current conditions and the backfilling conditions of the pit-ponds are simulated. The results show that the existence of the pit-ponds only affects the hydrological factors in the vicinity of the pit-ponds and the impact is small, and will not threaten the flood control safety of the area. Through the flood control safety evaluation of the project, it is shown that the two-dimensional water flow mathematical model combined with seepage, anti-sliding, and seismic resistance safety review can be used to comprehensively evaluate the flood control safety of dikes.



The water conservancy project has the functions of agricultural irrigation, flood control and drought resistance, and river operation, and is the basic guarantee for the sustained growth of the social economy. As an indispensable part of water conservancy projects, dikes should correctly treat dike flood control safety. Due to the existence of pit-ponds, the original terrain has been changed, which may have a certain impact on the flood control safety of the dike project. The method of this paper expands the related numerical research of dike pits and provides a new idea for flood control safety evaluation of similar projects. In the subsequent research, other numerical simulation methods can be tried to improve the calculation speed to obtain more accurate results, and can be applied to flood control safety evaluation in various fields, such as hydraulic engineering.
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Figure 1. Grid diagram of the river section. 
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Figure 2. Discrete topographic map of the river section. 
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Figure 3. Comparison of measured and calculated water levels. 
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Figure 4. Comparison of flood water level in the present condition and the backfilling condition. 
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Figure 5. Variation of flow field under the floodplain condition (Q = 7000 m3/s). 
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Figure 6. Variation of flow field under the floodplain condition (Q = 22,000 m3/s). 
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Figure 7. The variation of velocity in the pit-ponds. 
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Figure 8. Variation of the velocity around the spur dike. 
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Figure 9. The velocity distribution under the floodplain condition (Q = 7000 m3/s). 
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Figure 10. The velocity distribution under the floodplain condition (Q = 22,000 m3/s). 
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Figure 11. The cross-section position. 






Figure 11. The cross-section position.



[image: Water 11 00744 g011]







[image: Water 11 00744 g012 550]





Figure 12. Single width flow distribution of the 167 cross-section. 
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Figure 13. Single width flow distribution of the 172 cross-section. 
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Figure 14. Typical profile map of the dike. 
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Figure 15. Seepage field potential distribution diagram of typical dike section. 
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Figure 16. Calculation result of anti-sliding stability of typical dike section. 
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Figure 17. Calculation results of seismic stability of typical dike section. 
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