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Numerical simulation analysis of landslide-induced surge wave field characteristics offers
great insights for engineering practices and is crucial for studying reservoir landslide
disaster warning, prevention, and control. Based on the computational fluid dynamics, a
numerical calculation model of typical landslide surge was established, and the surge
waves caused by the movement of a rigid landslide body along the slope and its
propagation process was to simulated and analyzed. The results were compared with
classical physical experiments to validate the applicability of the numerical calculation
model. Furthermore, effects of the shape and density of landslide body on the surge wave
generation, water entry characteristics of landslide body, propagation pattern of surge
waves were also studied. It was showed that the starting position of far-field landslide
surge negatively correlated with the landslide body density. The shape of landslide body
did not substantially impact the far-field starting position, which was mainly influenced by
the area of water surface in contact with the sliding body.

Keywords: landslide-induced surge waves, near-field, far-field, numerical simulation, propagation characteristics

INTRODUCTION

Reservoir bank landslide surges and their subsequent disaster chain are key factors that cause
disasters and are being studied worldwide. These surges undermine the engineering safety of
reservoir and dam projects and the ecological environment in the reservoir area. Studying the
propagation characteristics of reservoir bank landslide surge can provide support and scientific
grounds for the design, construction, and safe operation of high dam projects, and is theoretically
significant in offering insights into engineering practices.

So far, hydrodynamic theories and numerical analysis have played important roles in
characterizing the surge wave propagation in reservoir bank landslides. Zhou et al. [1] developed
the GEO-FLOW program based on the shallow water control equations to numerically evaluate the
dynamic processes of landslide surge propagation. Deng et al [2]. 1 simulated the two-dimensional
landslide surge process using the finite volume method in FLUENT software. In addition to the
traditional finite difference and finite element methods, the Smoothed Particle Hydrodynamics
method has also been applied to simulate surge waves. Tan et al. [3] employed a coupled digital
elevation modeling-SPH model to simulate the surge wave characteristics of a loose landslide on
water by considering the lubricating effect of water in the landslide. Noda [4] proposed that the
landslide body could be simplified as a rigid rectangular box with a drop height greater than static
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water depth and ignored the effect of the height of the landslide
on the surge. Liu et al. [5] derived the analytical solution for the
surge generated by a two-dimensional landslide block moving
down a slope based on one-dimensional linear phreatic
equations. Yim et al. [6] used the unsteady-state Reynolds-
averaged N-S equations and the SPH method to simulate the
surge generated by free fall of a rigid rectangular body, where the
dynamic balance of the forces acting on the rigid body
determined its displacement. Du et al. [7] used a new Method
of extending TPDP-MPM to landslide surge problem. Tan et al.
[8] proposed a hybrid DEM-SPH model to simulate landslides
and reproduce the surge waves generated by them and concluded
that the lubrication of the solid particles and the drag effect are
important effects influencing the underwater landslide
movement.

Physical model tests can also delineate landslide surge
propagation characteristics. The current landslide surge test
models generally classify the landslide body into two
categories: rigid body (blocky rock landslide) and granular
materials (granular landslide). Wiegel [9] simulated surge wave
generation by vertically dropping rigid blocks through a two-
dimensional flume and found that the generated surge waves were
dispersed, and their maximum wave amplitude was closely
related to the weight of the block. Walder et al. [10] also
applied the two-dimensional flume model to investigate the
near-field surge wave propagation characteristics of landslides.
They derived a dimensionless formula for the maximum
amplitude of the near-field surge wave according to the Euler
equations. Apart from these, some researchers have also applied
three-dimensional landslide models to determine surge wave
characteristics. Assuming that the generated 3D radial surge
waves were symmetrical along the main movement direction
of the landslide body in a 3D block landslide experiment. Panizzo
et al. [11] proposed new prediction equations that incorporated
the underwater movement time of the landslide, which was
considered as a major influencing factor for the primary wave
height based on the experiments by Watts [12]. Liu et al. [13]
carried out landslide surge experiment and found that the lower
the wave height, the higher the propagation speed to the front of
the dam. Through physical experiments, Xu et al. [14] analyzed
the failure mechanism of surge to landslide dam, and obtained the
contact area and the landslide height have a significant impact on
the dam-break surge.

Most of the abovementioned research focused on the near-
field surge characteristics of landslides to delineate surge features
of near-dam reservoir bank landslides. However, these studies
were not applicable to the simulation of catastrophic landslide-
induced surge wave disasters in a reservoir area far from the high
dams. Hence, it is important to divide landslide surge
propagation processes into near-field and far-field to further
investigate their surge-wave propagation characteristics. This
study applied a computational fluid dynamics approach to
establish computational programs for near-field and far-field
propagation processes. The model was verified by relevant
physical model tests of landslide-induced waves in rigid
bodies. Furthermore, this study explored the characteristics of
various shapes and the density of the slide block body and
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landslide body when moving into the water to determine the
near-field and far-field propagation patterns of landslide-induced
surges of rigid bodies.

LANDSLIDE-INDUCED SURGE
PROPAGATION DYNAMICS MODEL AND
VALIDATION

A unique free-surface tracking algorithm (volume of fluid, VOF)
based on computational fluid dynamics was used to track the
liquid-liquid or liquid-solid interfaces. A finite difference method,
which was established using a multi-grid modeling approach, was
adopted to solve three-dimensional Navier-Stokes equations. The
VOF algorithm introduced volume fraction variables for
individual phases and determined the relative variable relation
by calculating the volume fraction within the control cell. The
volume fraction of the mth phase within a given control cell was
denoted as 6m (0 < Om < 1). When 0m = 0, the mth phase does not
exist in the control cell; when 0m = 1, the control cell is filled with
the mth phase; when 0 < Om < 1, the control cell contains a multi-
phase interface. Within the control cell, the sum of the volume
fractions of multiple phases is 1 (}_,6m = 1). The Generalized
Minimal Residual (GMRES) algorithm was adopted in this study
to estimate the pressures in the model, and according to the
renormalization group (RNG) k-¢ turbulence and the general
moving object (GMO) models, the movement of rigid bodies in a
fluid was simulated assuming that a landslide body was during the
process.

Control Equations of the Landslide-Induced

Surge Propagation Process
Continuity equation:

6% (uAy) +

d
a (VAy) +

Momentum equations:

0
3. (wA;) =0 (1)

0, 1 0, d, O 10,
a {uA ax+ A ay Azaz} = a G +fx (2)
g, g, g, g, 10,
otV {uAax+Aa+ Aaz}_ 3, +G,+f, (3
Oy 1 Oy 0w Ow| 10,
a—t {Axax Aa +wAaz}— a PG, +f. 4)

where p is the density of water, V. is the volume fraction of the
fluid, (Ax, Ay, A;) are the area fractions of the fluid in the (x, y, 2)
directions, respectively; (u, v, w) are the velocity components in
the (x, y, z) directions correspondingly; (G, G,, G.) are the
respective acceleration of gravity in (x, y, z) directions; (f, fy»
f2) are the acceleration of viscous force in (x, y, z) directions,
respectively.

Initial and Boundary Conditions
Kinematic boundary conditions:
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TABLE 1 | Landslide model input data.

Related parameters Specific numerical

Density of the slide block (kg/m?) 2,282
Coefficient of friction 0
Grid size (m) 0.05
Model size (m) 0.5x0.5
Depth of the water (m) 0.4

on o¢
4 VeaVn = - 5
o TV = 5, ©)
where 7 is the height of the wave surface, g is the acceleration of
gravity (9.81 m/s?), and ¢ is the potential function of velocity,
referred to as the velocity potential.

Dynamic boundary conditions:

o 1 a¢\’
a—‘f+5{|v¢|2+<£> }+g11:0 (6)

The bottom boundary of the computational domain was set as
a solid-wall no-slip boundary, which required the fluid velocity
gradient and flow variables to be zero at the fluid-solid interface.
The upper part of the flume was set as a free surface boundary,
which required the liquid pressure to be equal to the gas pressure
and the normal velocity on the free surface to be zero. The
remaining four boundaries were symmetric and required that
zero flow flux and shear stress. Initially, the water surface was not
impacted by the landslide body and remained stationary. The
initial velocity of the landslide body was zero.

Model Validation

To validate the performance of the numerical simulation, the
physical experiment by Heinrich [15] was used as the reference
standard for comparison. The landslide surge experiment was
conducted in a flume (20 m length, 0.55 m width, and 1.5m
height). The size of the sliding block was 0.5 x 0.5 m in the form of
an isosceles right triangle. Smooth sliding surfaces were used in
the experiment without considering the deformation of the block.
The degree of the slope was 45°, and the water depth was 0.4 m.
Initially, the bottom of the block was only in contact with the
hydrostatic surface, making it a subaerial landslide. Under the
influence of gravity, the block freely moves along the slope and
stops when it reaches the bottom. The calculated parameters in
the numerical simulation were consistent with the parameters
obtained from the physical experiment, and the weight was
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2,282 kg/m’. The landslide model input data is shown in
Table 1. The numerical simulation model is shown in Figure 1.

Variations of the free surface levels at points A (x =4 m), B (x
=8m), and C (x = 12 m) were extracted and compared with the
physical experiment model for validation. Dots and lines
represent the results of the physical experiment and the
numerical simulation, respectively (Figure 2).

The numerical simulation results of this study (Figure 2A)
agreed well with Henrich’s test results. Both generated the
maximum wave height and the first peak (1.96s). The
experiment showed that the maximum crest was 0.907 m
above the water surface, and the numerical simulation revealed
that the maximum crest was 0.91 m above the water surface, with
a relative error of 3.3% compared to the experimental result. The
trough first appeared at 2.72 s. The experiment showed that the
trough was located 0.0261 m below the water surface. The first
trough of the numerical simulation about occurred at 2.72 s. The
trough was calculated to be 0.019 m below the initial water surface
with an error of 2.72%.

Figure 2B indicates that the maximum wave height has
decayed. At 4s, the maximum height of the physical
experiment was 0.77m above the water surface, while the
numerical simulation showed a maximum crest of 0.776 m
above the water surface. Both results showed almost the same
height, which was lower than the peak height at point A. The
second crest occurred at 5.7 s, which was significantly lower than
the height of the previous crest but slightly higher than the test
value. Two primary reasons might explain this observation: First,
in the numerical simulation, the bottom and side walls of the
flume were assumed to be smooth with no friction, neglecting the
effects of roughness and frictional resistance on the water flow.
Second, in the physical experiment, a rubber baffle was placed
near the bottom of the flume in order to suddenly stop the sliding
block when it reached the bottom of the flume; the collision and
energy dissipation between the block and the baftle were omitted
in the numerical simulation.

Both the physical experiment and the numerical simulation
results showed a lower crest at point C than the peak height at
point B (Figure 2C), which occurred at ~5.86 s for both events.

The comparison analysis concluded that the occurrence time
of both peaks in the numerical simulation and physical
experiments coincided, indicating the calculation results were
consistent with the physical experiment. The numerical
calculation based on computational fluid dynamics was highly
accurate for the simulation of landslide-induced surge wave
generation and propagation processes. The results of this study

slide block
A

4m

JL4

)
2

12m

FIGURE 1 | Numerical plot of the validation model (in m).
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FIGURE 2 | Comparison of liquid surface levels at different locations. (A)
Point A (x = 4 m), (B) Point B (x = 8 m), and (C) Point C (x = 12 m).
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were effectively validated for simulating surge wave propagation
processes caused by a reservoir-bank landslide.

STUDY OF LANDSLIDE-INDUCED SURGE
CHARACTERISTICS

Near-Field and Far-Field Division

In recent years, numerous studies have been conducted in China
regarding the near-field characteristics of landslide-induced surge
waves. Ke et al. [16] analyzed the formation mechanism of landslide-
induced surges and the characteristics of the initial surge wave form in
the near-field area based on a physical model test. However, these
research outcomes focused on the generation and propagation
processes of landslide-induced surges and did not numerically
verify the water wave characteristics of near-field and far-field
landslide surges. Few researchers have explored the differences in
the near-field and far-field of landslide surge waves. Two forms of
energy are involved in the propagation of gravity waves: kinetic
energy, which is the energy inherent in the movement of water
particles; and potential energy, which is the energy generated by the
displacement of particles from their average position. The energy of a
wave generated by a landslide-induced surge is the sum of the kinetic
and potential energy of the vibration. According to Fritz et al. [17] the
potential energy of surge waves and kinetic energy generated by the
landslide body entering water are defined as follows.

L
Epoi (x/h) = %bpwgc J wdt 7)
0
E, = lm V2 (8)
s 2 sV

E ot (x/h) denotes the surge wave potential energy at x/h, where b
is the width of the landslide body, and c is the wave velocity. Eg
refers to the kinetic energy of the landslide body entering the
water, v, is the speed of the body when entering the water, # is the
wave height, p,, is the density of the water, m; is the mass of the
sliding body, and g is the gravity density.

Numerical Experimental Study of Field

This study adopted the sliding block shape used by Lo et al. [18]
(Figure 3). The experiment was done in a flume with a width of
0.55 m, 30 m length, and a water depth (h) of 2 m. The slope angle
was 45°, the shape of the block was parabolic, with the specific
shape equation:

3 [ 3 128
B(@)z[H<6+8\£>—H<0—8 2>]x[1—9ﬂ92] ©)

where B(6) is the block shape function and H(0) is a step function.
The length of the bottom of the slide block is 2 \/g m, the height is

1 m, and the area of the closed curve S is % \g m>

Slide block A, with density pj, = 2,650 kg/m?, slid down the slope
with an initial velocity of 2.83 m/s and stopped at the bottom of the
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FIGURE 3 | Parabolic numerical model diagram (m).
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FIGURE 4 | Free surface height time-history at the featured points (A=H).

flume. Monitoring points were arranged at 0.5 m intervals from 6.5 to
20.5 m, with monitoring point A at 6.5 m as the starting point for
recording the surge recording (x = 0). Characteristic points A through
H were analyzed, and the plots for the free surface height time-history
at each point are shown in Figure 4.

At 0.7 s, the first wave peak generated at point A was 0.88 m, with
a wave speed of 0.88 m/s; at 3.3 s, the second wave peak occurred,
with a wave height of 028 m and a wave speed of 0.25m/s

(Figure 4A). At 1.2s, the peak height was 0.508 m (Figure 4B).
Figures 4C-H display that the first wave peak of each measurement
point was lower than the previous one, revealing energy decay during
wave propagation. The energy decay was primarily caused by
dispersion, which transferred partial energy of the main peak to
the trailing wave [19] (Fritz 2003). Due to the reduction in the
wavelength of the trailing wave, wave propagation speed decreased
from the front to the back of the wave group. The crest of the second
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4
wave was greater than that of the first wave (Figures 4E-H). Because 40x10
the right boundary was not set as the absorbing boundary in this o
experiment, the second wave crest was considered as the emission 3.5x10%
wave peak generated by the surge when it reached the boundary. Dean o &
et al. [20] have proposed that the limit of the linear wave was H/h = %ﬂ ;8}3,0,(104
0.03. For measurement point A, at 6.8 s, the wave group was linear and g~
. . . —= 2
propagating at a group velocity rather than a single column § g 5 510
propagation. The surge energy was stored in the alternate forms of 59
S . . g .8
kinetic energy and potential energy, with the total energy of the surge - T
area remaining unchanged. The total wave potential energy at different 2" . . o
. . . L]
x/h can be calculated according to Eq. 7. With a longer propagation . . R S T
. . [ L]
time, the free surface of the surge further approached a stationary state. 15x107 *
For x/h > 2, the potential energy and kinetic energy of the 5 - 5 + . : - :
waves interconverted during wave propagation, were almost +/h
equal at infinite distance, and stabilized at a constant value
Epot/Es = 1.5 x 107*. This suggests that away from the surge FIGURE 5 | Variations of surge potential energy Epe; vs. distance x/h for
generation area, the linear water wave had approximately equal quadratic parabolic shaped slide block.
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levels of kinetic and potential energy (Watts 1998 [12]). The first
position where both the surge energies became equal was the
place where the surge energies tends to stabilize (Fritz 2004). At x/
h = 1.75-2.25, the potential and kinetic energy of the surge
became equal for the first time (Figure 5). Hence, x/h = 2 was set
as the starting point for the far-field surge and the numerical
simulation of landslide-induced surge waves.

Influence of Various Densities of Slide
Blocks on Near- and Far-Field Surges
Slide blocks B (p, = 2,450 kg/m3) and C (p, = 2,250 kg/m3) were
also investigated with other parameters remaining uniform. At
measurement point A (near-field), the heights of the first wave

generated by slide blocks A, B, and C were 0.87 m, 0.85 m, and
0.83 m, respectively (Figure 6), indicating that the height of the
first wave grew as the slide block density increased in the near-
field surge because blocks with greater density generated a greater
kinetic energy. There were slight differences in the surge time-
history plots under the three operating conditions, but their
characteristics were mostly uniform. The highest free surface
level occurred at the landslide’s water entry stage (i.e., the first
wave), and forward splashing of the water wave followed, while a
depression was formed at the landslide entry point. After the first
wave subsided, the depression in the liquid surface was replenished
by the surrounding water. At the end of this replenishment, the
surge wave began to propagate outwards at a certain wave height,
during which the free liquid surface oscillated repeatedly and
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formed a wave train with continuously decaying amplitude. The
wave generation efficiency of a denser slide block was lower than
that of a comparatively lighter slide block; the lower the density of
the slide block, the earlier the trough of the first peak disappears
(Figure 6). At measurement point C (far-field), the wave crests
were 0.466 m, 0.452 m, and 0.450 m, respectively, and the wave
characteristics were consistent with those of the near-field. In the
far-field area, wave frequencies generated under the three working
conditions were equivalent.

The potential energy of slide blocks B and C is shown in Figures
7, 8. For block B, the potential and kinetic energy of the surge waves
became approximately equivalent at x/h = 1.5-2; therefore, x/h =
1.75 was set as the starting position of the far-field surge. For block C,
the potential and kinetic energy became approximately equal at x/h
= 1-1.5; thus, x/h = 1.25 was set as the starting position of the far-

field surge. Thus, it was observed that a heavier block increases the
distance of the far-field starting position from the surge generation
area, and the first wave potential energy also grows with the
increasing density of the block. The dissipation of potential
energy accelerated with the decreasing density since a greater
density generated a greater initial kinetic energy, taking a longer
time to dissipate the potential energy.

Influence of Different Block Shapes on the

Near- and Far-Field Areas of Surges
The three shapes of slide blocks and their details are shown in
Figure 9. All blocks were 1 m thick with py, = 2,650 kg/m’ and an
initial velocity of 2 m/s, where

B;(6) was a rectangle defined by the following equation:
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The bottom width was about 0.62 m.

B,(6) was a quadratic parabolic type block with a specific
equation shown in the Eq. 9.

B;(0) was an isosceles triangle:
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FIGURE 15 | Fourier transform plot of far-field (x/h = 2) surge.

The bottom width was about 1.25 m.

Compared to the previous numerical simulation of the
different block shapes of B;(6), B,(6) and B;(6) generated the
largest dimensionless potential energy. When the block was
rectangular, as shown in Figure 10, the potential and kinetic
energy of the wave became approximately equal for the first time
at x/h = 1.5-2; thus, x/h = 1.75 was set as the starting position of
the far-field surge. When the block was an isosceles triangle, as
shown in Figure 11, the potential and kinetic energy of the wave
approached equivalency for the first time at x/h = 1.5-2.5;
therefore, x/h = 2 was set as the starting position of the far-
field surge. When the block was a quadratic parabolic type, x/h =
2 was the starting position of the far-field surge. It was concluded
that the shape of the slide block did not substantially impact the
starting position of the far-field surge.

The surge time-history curves of the three shapes in the
near- and far-field are shown in Figures 12, 13. In the surge
generation area, block B;(0) had the highest height of the first
wave, followed by block B,(8), and finally block B,(8). These
might result from the amount of contact areas between water
and the blocks, with the largest contact area for block B;(0),
followed by block B,(6) and then block B;(6). When the surge
reached the far-field area, the general characteristics of the wave
curves generated by the three slide blocks were similar. Block B,(6)
had a slightly shorter wavelength than the other two blocks, and all
three blocks showed equivalent surge wave peak heights. Therefore,
it was inferred that the block shape impacted the near-field surge
propagation more than the far-field.

Fourier transform (FT) was performed on the surge time-
history curves at x/h = 0 and x/h = 2, the frequency-amplitude
curves of which are shown in Figures 14, 15. In the surge
generation area, the frequency spectra of the three slide blocks
were generally the same. Under the same frequency and
similar conditions, the rectangular slide block [B;(6)]
generated slightly higher surge amplitude. In the far-field
range (x/h = 2), the frequencies and amplitudes of the
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three blocks were consistent with each other, with the main
frequency of the surge (f) at about 0.32 + 0.01 Hz, indicating a
negligible impact of the block shape on the far-field surge
propagation.

CONCLUSION

The following conclusions were drawn from the study:

1) In the near field, the highest free surface of surge appears in
the stage of landslide entering water (i.e., the first wave), and
then the surge wave begins to spread to the periphery with a
certain wave height. The smaller the density of the slide block
was, the earlier the first wave trough disappeared. The height
of the first wave increased with increasing block density. The
first wave height of the isosceles triangular block was the
largest, followed by the parabolic type, and then the
rectangular block, due to the differences in the contact area
of the blocks with water.

In the far-field area, the first wave height generated by the
three block shapes was about 2.5 + 0.1 m, with the main
frequency of the surge at about 0.32 + 0.01 Hz, suggesting that
the influence of block shape on the far-field propagation was
negligeable. The main reason for the decay of wave crest
energy was the dispersion of waves, where the first wave
energy was transferred to the trailing wave that followed
closely. In the far-field range, the potential and kinetic
energy were approximately equivalent and converted to
each other.

For a 45° slope and 2 m water depth, x/h = 2 was determined to
be the starting position of the far-field surge wave according to

2)

3)
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