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Abstract

Dike pipe surge is a threatening water conservancy engineering disaster which refers to
alarge amount of groundwater flow phenomenon inside the dike due to the concealment
of pipe surge. This lack of in-depth study of the pipe surge mechanism seriously affects
the safety of people’s lives and property. In recent years, with the development of science
and technology, numerical simulation technology has been widely used in water
conservancy projects, allowing for more accurate simulation and prediction of dikes and
foundation pipe surges. By organizing the current research status at home and abroad,
this paper summarizes the research status of pipe surge from three directions:
numerical simulation research of pipe surge, factors affecting pipe surge research, and
visualization research of pipe surge occurrence mechanism. Based on this, the future
development trend of numerical simulation research on dike pipe surge is predicted.
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1. Introduction

China has numerous reservoirs and dams. Over the years of operation, under the influence of
internal and external environments, they face many safety issues, mainly manifesting as long-
term seepage, piping, percolation, soil flow in earth-rock dams, and even swamp formation at
the dam footl!l. Piping can be divided into body piping and foundation piping.

Foundation piping, a phenomenon of large underground water flow within the dam foundation,
easily causes soil instability and dam failure, posing a threat to the safety and stability of water
conservancy projects. Traditional experimental methods are limited by time, location, cost, etc.,
making it difficult to simulate actual conditions. However, numerical simulation technology can
predict the location, range, and flow of piping in a short time, providing scientific basis for the
prevention and control of piping, reducing engineering safety risks, and having significant
practical application value.

Moreover, predicting the occurrence and evolution of piping through numerical simulation can
provide more accurate basic data for engineering design and improve the seismic and sliding
resistance of the project. Therefore, numerical simulation research on foundation piping has
high theoretical and practical value.

2. Research Status

2.1. Mechanism of Piping

Piping in dam foundations refers to the phenomenon of large underground water flow due to
the presence of a non-water-bearing layer above the aquifer, with sufficient water pressure
difference between the two, causing water to continuously infiltrate downwards from the
upper aquifer, forming foundation pipingl?l. The mechanism of piping is mainly related to the
following situations:
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(1) Natural disasters such as mudslides or flash floods cause the water level in the aquifer to
rise, exceeding the saturation pressure of the non-water-bearing layer.

(2) Sudden increases in rainfall or pressure around the dam lead to water pressure exceeding
the saturation pressure of the non-water-bearing layer.

(3) Groundwater extraction activities around the dam cause a decrease in water pressure in the
non-water-bearing layer.

In these situations, water from the aquifer enters the non-water-bearing layer through cracks
and pores, accumulating below it and forming pressure, causing water to backflow and seep out
from the underlying aquifer, resulting in foundation piping. Understanding the mechanism of
piping is crucial for its prevention and control.

2.2. Domestic Research Status

In the early stages, due to technological limitations, researchers often used continuum-based
methods to simulate piping. Zhu Weil3] analyzed and discussed the mechanism of foundation
seepage failure and its influencing factors using finite element saturated-unsaturated seepage
analysis, addressing issues encountered in the Abukuma River foundation seepage prevention
project in Japan. Even today, this method and its improvements still hold a significant place in
piping research. Xu Youyuan[4l used the large general finite element analysis software ANSYS
to analyze the seepage field issues of piping and briefly discussed the direction for further work.
Liu Changjunl®l employed the mesh-free Galerkin method to study the dynamic development
process and mechanism of piping erosion in dam foundations.

The essence of piping is the migration of particles through pore channels. The discrete element
method (DEM), originating from molecular dynamics, uses discrete particles as its basic
research units. It is evident that applying this method to piping simulation analysis is more
targeted. Consequently, more scholars are attempting to use DEM to study the mechanism of
piping, achieving many positive results.

Concentrated
Piping Channel

Figure 1. Schematic diagram of head coupling calculation of pipe surge channel

Jiang Mingjingl®l used the discrete element method (DEM) to perform numerical simulations of
piping phenomena. To verify the fluid-particle coupling calculation function, they first used
DEM to analyze stable seepage (Figure 1 shows the schematic diagram of the head coupling
calculation in the piping channel), obtaining results that conformed to Darcy's law. They
analyzed the quicksand phenomenon and obtained results close to the theoretical critical
hydraulic gradient, then analyzed the piping phenomenon with simple grading. Zhou Xiaojiel”!
employed the element-free Galerkin (EFG) method to adapt to the continuously changing
internal boundary conditions during calculations. Case calculations demonstrated that this
seepage-pipe flow coupling method could simulate the complex development process of piping
channels bypassing impermeable walls. Subsequently, Ren Hel8l applied the natural element
method (NEM) to simulate the development process of piping, replacing the previous EFG
method. Compared to the EFG method, the shape functions of the NEM satisfy the Kronecker
delta condition, allowing for more accurate application of boundary conditions.
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Wu Mengxil°! addressed the binary dam foundation piping problem, where the surface layer is
a relatively impermeable clayey thin layer and the lower layer is a sandy layer. They proposed
a finite element numerical model for simulating flow soil-type piping that develops
retrogressively in the form of a pipeline within the dam foundation. The model considered the
effect of sand concentration in the piping channel on water flow resistance and was able to
quantitatively simulate the dynamic development process of piping over time.
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Figure 2. Schematic diagram of the boundary of the stable seepage dam

Hu Yayuan[1% conducted a finite element numerical analysis of the seepage erosion problem in
a two-dimensional homogeneous earth-rock dam with a free surface, using the modified SPV
piping control equation, the Newton-Raphson method, and the transfer matrix adjustment
method. The analysis showed that piping erosion increases the permeability coefficient of the
dam, significantly affecting the seepage velocity of the dam but having a smaller impact on the
pore pressure distribution and the position of the free surface.

Li Xiaoging1ll studied the influence of different gradation characteristics of piping soils
(continuous gradation and gap gradation) on the piping mechanism. Based on particle flow
theory and fluid-solid coupling effects, they used the FISH programming language embedded in
the PFC3D program to establish a seepage model of the foundation-filter system. They
conducted a series of numerical simulation experiments under different interlayer coefficients.
The results indicated that when the interlayer coefficient values of the foundation-filter system
are within an optimal range, the soil exhibits good soil-retention and water-permeability
properties, and the continuous gradation characteristic of the foundation soil has a strong self-
filtration capability.

Table 1. Physical parameters of embankment soil

Dry density/(g-cm- Particle Permeability
Soil Dso/mm | D3p/mm B density/ n coefficient/
(g-cm3) (m-s?)
Gravel 4.10 0.85 1.80 2.65 0.32 8.7x10*
Fine 0.18 0.14 1.39 2.68 0.48 3.7x10°5
Sand

Wang Shuangl(!?l simulated the dynamic development process of piping in multi-layer dam
foundation structures using finite element analysis software. They analyzed the distribution of
the seepage field within the dam foundation at different stages of piping development. By
comparing the hydraulic gradients of various regions with the critical hydraulic gradients for
soil erosion in those regions, they determined the areas and ranges of particle loss at each stage
of piping development.
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2.3. Foreign Research Status

Compared to domestic research, the progress and development routes of numerical simulation
studies on piping abroad have many similarities to those in China. Kenichil13] used the discrete
element method (DEM) to conduct internal piping research. Their analysis indicated that for
samples with different grain size distribution (GSD) curves, the loss of fine particles led to
changes in the microstructure of the particle chain network, even if the boundary stress state
remained constant.

To finely simulate the seepage field during the piping process, Sibille Luc[4l used a fully coupled
discrete element-lattice Boltzmann method (DEM-LBM) to analyze seepage and piping erosion.
The discrete element method was used to describe the interactions between solid particles,
while the lattice Boltzmann method was employed to solve the water dynamics problem. The
results of the numerical simulation indicated that the internal erosion of the solid phase could
be described by hydraulic shear stress or the energy consumed by seepage.

Mandie S. Fleshman[®>! conducted indoor model tests to evaluate the mechanism of piping
erosion in sandy soils under different gradations, grain sizes, particle shapes, and specific
gravities. They observed and monitored the testing process, correlating the observed behavior
with the measured pore pressure states in the samples. Based on this, they established a
mechanical model for the development of piping.
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Figure 3. CFD-DEM model diagram

Junliang Tao, Ph.D-[16] used coupled computational fluid dynamics (CFD) and discrete element
method (DEM) to re-study the effects of specific gravity, initial porosity, particle size
distribution (PSD), aspect ratio of sand samples, and friction coefficient on piping resistance
(Figure 3 shows the model established using CFD-DEM). Their findings were consistent with
experimental results from existing literature and provided empirical explanations for the
deviations in Terzaghi's theoretical results. Inspired by the numerical analysis results, they
established a theoretical model for piping that considers friction resistance.

Y. Guo, S.M.['7] utilized the coupled CFD-DEM method to test and compare spherical and non-
spherical particles with different aspect ratios (Figure 4 shows the shapes of different particles
in the numerical simulation). The simulation results indicated that grain angularity plays a
significant role in the formation of erosion resistance, and they analyzed the impact of sand
grain shape on soil erodibility.
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Figure 4. The shape of different particles in a numerical simulation

3. Conclusion

(1) Numerical Simulation Methods for Foundation Piping:

The main methods used for numerical simulation of foundation piping include the finite
element method, finite volume method, boundary element method, and discrete element
method. Among them, the finite element method is the most used, suitable for analyzing
complex foundation systems and piping phenomena, as well as studying various material
properties. The finite volume method is suitable for simpler foundation systems with uniform
soil properties, while the discrete element method can well describe the matrix-fluid coupling
process.

(2) Key Parameters for Numerical Simulation of Foundation Piping:

Key parameters to consider in numerical simulation of foundation piping include the physical
and mechanical properties of the foundation and dam, such as elastic modulus and Poisson's
ratio; permeability properties, including permeability coefficient and porosity; hydraulic
parameters of natural materials, such as refractive index, wave velocity, attenuation coefficient,
and characteristic impedance; and geometric and boundary parameters, including dam height,
shape, material properties, and cracks.

(3) Development Trends in Numerical Simulation of Foundation Piping:

With advancements in numerical simulation technology, future research on foundation piping
numerical simulation will become more accurate and comprehensive. For instance, high-
performance computing technology and cloud computing platforms can quickly process large-
scale complex piping simulation data. Moreover, more research will explore using artificial
intelligence and machine learning algorithms for piping simulation and prediction, improving
model accuracy and practicality.

In conclusion, numerical simulation technology provides strong support and tools for piping
research. Future studies will leverage modern computational and analytical methods to more
thoroughly and deeply investigate foundation piping, providing richer scientific evidence for
the operation and safety management of water conservancy projects.
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