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Landslide-generated impulse waves (LGIWs) in channel reservoirs of mountainous regions exhibit essential
differences to those in lacustrine reservoirs. We used a soil-water coupling smoothed particle hydrodynamics
model to study the near-field characteristics of LGIWs in channel reservoirs. Results show that wave formation
and propagation are strongly affected by the opposite bank. A three-dimensional first wave in the near field
gradually transforms into a two-dimensional leading wave that travels along the channel in far field. We classify
the channel reservoir into wide or narrow according to whether the first wave is visibly affected by the opposite
bank. The relations between parameters of first wave and landslide parameters in the near field are obtained
from a series of numerical computations. We also provide estimation formulae for the amplitude of a leading
wave in a channel reservoir which is beyond the capability of former empirical relations in lacustrine reservoir.
The leading wave can be used later as initial conditions for a wave propagation model. These findings are helpful
for engineering estimates of LGIWs in channel reservoirs.
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1. Introduction

Landslides on the banks of large reservoirs can impact quiet water
and introduce high-energy waves, termed landslide-generated impulse
waves (LGIWs). LGIWs pose a serious hazard to boats in the reservoir,
human life and property on nearby banks, and even threaten the safety
of the associated dam and downstream infrastructure. A famous LGIW,
known as the Vajont giant wave, was induced by a massive landslide,
destroyed several downstream villages, and caused 2000 deaths in
northeastern Italy (Bosa and Petti, 2011). The impact of LGIWs can
sometimes be even stronger than the landslide itself in terms of sec-
ondary hazards, especially in the reservoir. An understanding of LGIW
characteristics is therefore crucial to prevent and mitigate the damage of
such hazards.

The process of LGIW generation is a complicated fluid-solid coupling
problem. A landslide that loses stability will first accelerate on the slope
and then impact the quiet water, causing a sudden rise of water eleva-
tion with occasional rolls and sprays. The elevated water ultimately
transforms into a surge after the landslide ceases. The landslide motion
is a combination of translation, deformation, and even fracture, which
are strongly affected by water. LGIWs therefore present a strong
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nonlinear fluid-solid coupling problem with high deformation of both
water and landslide (Fritz et al., 2003a, 2004; Di et al., 2009). The
geological and environmental conditions (e.g., topography, reservoir
boundary) (Heller et al., 2009) and dynamics of the landslide itself also
increase the LGIW complexity, which make the process a difficult and
open scientific problem.

The leading LGIW wave is typically the biggest wave that can impact
nearby infrastructure (Noda et al., 1970; Kamphuis and Bowering,
1970). The leading wave exhibits several three-dimensional (3D) char-
acteristics that can be used to determine the subsequent surge propa-
gation. Previous studies have therefore focused on the near-field
characteristics and leading wave formation of LGIWs, rather than the
entire process. Owing to the complex fluid-solid coupling and large free-
surface deformation physics, theoretical progress of LGIW has been
established on very simplified assumptions, which do not fully reflect
the role of fluid-solid coupling on wave formation. Physical modeling
has thus become an important approach to studying LGIWs. The two-
dimensional (2D) behavior of LGIWs has been extensively studied
with experiments by applying the landslide as a rigid body in a flume
(Heinrich, 1992; Watts, 1997, 2000; Monaghan and Kos, 2000; Panizzo
et al., 2002; Walder et al., 2003; Di and Paolo, 2008; Ataie-Ashtiani and
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Shobeyri, 2008; Heller and Spinneken, 2013, 2015). Other studies per-
formed water tank experiments to investigate the 3D properties of the
leading LGIW wave by varying the shape, density, initial landslide
speed, and water depth. Some useful empirical relations between the
leading wave height and key physical parameters of the landslides and
water depth have been obtained (Panizzo et al., 2005; Liu et al., 2005;
Ataie-Ashtiani and Nik-Khah, 2008; Ataie-Ashtiani and Najafi-Jilani,
2008; Huang et al., 2009). The deformation behavior of a landslide
has also been considered using granular material in 2D flume experi-
ments (Watts, 1997; Rzadkiewicz et al., 1997; Ataie-Ashtiani and Najafi-
Jilani, 2008; Fritz, 2002; Fritz et al., 2003a, 2003b, 2004; Zweifel et al.,
2006, 2007; Heller and Hager, 2010; Miller et al., 2017; Mulligan and
Take, 2017; Meng, 2018) and 3D water tank experiments (Mohammed
and Fritz, 2010; Ren et al., 2002; McFall and Fritz, 2016) to study the
impact of landslide deformation on the leading LGIW wave. These ex-
periments have greatly enhanced our understanding of the formation
and fundamental behavior of the leading LGIW wave. However, the
physics of the LGIW process and especially the interaction between
landslide and water are difficult to fully extract owing to measurement
technique limitations of both the water wave and particularly the
physical landslide process. Furthermore, it is not feasible to maintain
similarity between the water flow and landslide dynamics, which makes
it impossible to extend the indoor experimental results to actual large-
scale LGIWs.

In addition to experimental methods, several achievements have
been made in the past decade by numerically simulating LGIWs. The
Lagrangian and mesh-free smoothed particle hydrodynamics (SPH) can
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better handle high free-surface deformation and fluid-solid interaction
than mesh-based methods, and provides an efficient platform for high
surface deformation of water waves, landslides, and LGIWs (Monaghan
and Kos, 2000; Du et al., 2006; Schwaiger and Higman, 2007; Bui et al.,
2008, 2014; Capone, 2009; Vacondio et al., 2013; Wang et al., 2016;
Heller et al., 2016; Shi et al., 2016; An et al., 2016). Qiu et al. (2017)
developed an SPH model to simulate the generation and transport of the
LGIW surge by treating the landslide as a rigid body. Shi et al. (2016)
established a fully coupled 3D fluid-solid SPH model by considering an
elasto-plastic constitutive law for the landslide and a fluid-solid inter-
face coupling technique to simulate the formation and propagation of
the LGIW surge where solid deformation plays an important role.

The above experiments and numerical simulations of LGIWs have
increased our understanding of the surge formation and propagation of
LGIWs. However, most of these studies have been based in a simple
reservoir or flume without considering topography and boundary effects
on LGIW surge formation and propagation. Reservoirs in mountainous
regions are usually built on narrow and deep rivers, which we term
channel reservoirs in this study. There are a lot of LGIWs in channel
reservoirs already happened such as Huangtian LGIW (Chen, 2011) near
Xiaowan hydropower station, Tangjiaxi LGIW in Zhexi reservoir et al.
(Huang et al., 2019). LGIW surge formation and propagation are greatly
limited within a narrow channel and strongly affected by the opposite
bank. This type of LGIW differs substantially from LGIWs in a wide lake,
which we term a lacustrine reservoir, where the influences of topog-
raphy and boundary on the leading wave formation can be neglected.
LGIWs in channel reservoirs may exhibit different wave structures in
their surge formation and propagation. This study is therefore devoted
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to the near-field characteristics and surge formation of LGIWs in channel
reservoirs using numerical methods.

2. Numerical model
2.1. Soil-Water coupling SPH method

LGIWSs represent a typical soil-water coupled process, which in-
volves landslide motion and wave generation. To simulate this fluid-
solid coupling system, we have established a novel coupled SPH
model for both the landslide and water wave (Shi et al., 2016; Shi,
2018).

We discretized the governing equation of water flow using the SPH
method as follows:

dp;
s me (vi =) - ViW;

dv; P, P
— == m| g+ +][[|ViWwi+e
dt J P i ij

where v is particle velocity, p and m are density and mass for each
particle, respectively, P is pressure, g is gravity, [[ is an artificial viscous
dissipation term to suppress spurious oscillations, subscripts i and j
denote particles i and j, and Wj; is the kernel function, which in this study
is represented by a cubic spline function (Liu and Liu, 2003):

where ry; is distance between particles i and j, i’ is the smoothed length,
q =r;/H, and.ap = 1/<7rh3>
Hij is shown in Eq. (4) (Monaghan, 2005):
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where ;= hvyry/(rF+ %), ry = ri—rj, vy = vi—v;, ¢ is sound
speed,c; = (cl +c}'-) /2, pj = (pi+p;)/2, andy? = 0.01h%. The coeffi-

cient o artificial viscous term is set as 0.01.

To maintain simplicity in the SPH method, we use the weak
compression method to handle the continuity equation, where pressure
is calculated by the artificial state equation (Monaghan, 2005):

o )

where y; = 7, B = ¢2py/71, po = 1000 kg/m3, and ¢, is the reference
sound speed. To maintain the density fluctuation within 1%, c,, is set to
20 times of the maximum estimated fluid velocity.

The soil motion is modeled as a large deformation problem that
considers the elasto-plastic behavior, which is discretized by the SPH
method as:
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where a and f are 1, 2, and 3, x, ¥, and 2z are Cartesian coordinates, v is
the velocity of the soil particles, 6%/ represents the total stress tensor,
and 6% is the Kronecker delta. When a = g, 6% =1; when a # g, 6% =
0. F{;Rgﬂ is the artificial stress to reduce the tension instability of the soil
particles, where n; = W(0,h)/W(Ax, h), andF; = W;;/W(Ax,h) is a co-
efficient to control the artificial stress magnitude, which is set as n; =
2.55.

The rate form of the elasto-plastic constitutive equation of the soil
material is given as:

ap
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where the “” symbol denotes the time derivative, é* is the deviatoric

strain rate tensor, s is the deviatoric stress tensor, a,, is a parameter that
characterizes the plastic deformation related to the dilatancy angle y, G
and K are the shear modulus and bulk modulus, respectively, which can

be calculated using the Young’s modulus and Poisson ratio, é* is the

total strain rate tensor, @ is the spin rate tensor, and /A is the plastic
factor rate. The final three variables are calculated as (Shi et al., 2016):
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where f(I,J2) is the Drucker-Prager yield function, where I; is the first
principal invariant of the stress tensor and Jidenotes the second
invariant of the deviatoric stress, and @, and k. are Drucker—Prager
parameters, which can be obtained from the friction angle ¢ and cohe-
sion c.

The interaction duration between water flow and landslide motion in
LGIWs is usually very short; thus the mixing between them is not
obvious. Soil-water interaction is mainly governed by direct in-
teractions across the interface contact. We therefore use the interface
coupling technique to solve the soil-water coupling effects. We use the
same computation technique for both soil and water in the SPH frame-
work, but with an artificial stress model for the water phase and an
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elasto-plastic model for the soil phase. A soil-water interaction pair
technique is developed to achieve interface coupling in the soil-water
problem. Detailed numerical treatment is provided by Shi et al. (2016)
and Shi (2018).

2.2. Numerical model setup

In southwest area of China, a lot of channel reservoirs are built across
the mountainous valley river, which are prone to LGIW hazards. His-
torical LGIW hazards in channel reservoirs include Huangtian LGIW
(Chen, 2011) near Xiaowan hydropower station, Tangjiaxi LGIW in
Zhexi reservoir et al. (Huang et al., 2019) Therefore we set up an
idealized numerical model to represent LGIW in a channel reservoir, as
shown in Fig. 1. A symmetric channel with left and right bank slopes of
45° from the horizontal surface was established to model the channel
reservoir. The hydrostatic water depth h was set to 100 m, the channel
length was 20 times the hydrostatic water depth (2000 m), and the water
density was p,, = 1000 kg/m°.

A trapezoid-shaped landslide was initially set at the center of the left
bank (Fig. 1) and released to generate a surge. All of the physical pa-
rameters required for the SPH model were selected from typical coarse-
grained granular material (Biarez and Hicher, 1994; Zhang, 2006; Shi,
2018), as listed in Table 1.

Table 2 shows four estimated geometrical parameters in several
LGIWs in different reservoirs or fjords. Huangtian LGIW in Xiaowan
reservoir (Chen, 2011), Dayanta LGIW in Shuibuya reservoir (Huang
etal., 2019), and Tangjiaxi LGIW in Zhexi reservoir (Huang et al., 2019)
were all historical LGIW hazard events. Rongsong landslide could
possibly make the largest LGIW that threatens the safety of Rumei hy-
dropower station which is planned to be built on Lancang river (An
et al., 2016). The above mentioned LGIW belongs more or less to LGIW
in channel reservoirs. The Lituya LGIW in 1958 in Alaska in a fjord,
however, seems to be a typical 2D LGIW (Fritz et al., 2001). Therefore,
three geometric parameters characterizing the landslide (Fig. 1)
including length Ls, width Ws, and thickness S, together with the
channel width Wc listed in Table 3 are set to several combinations of
dimensionless numbers to study the LGIW characteristics in channel
reservoirs.

Using different combinations of these geometric parameters, we
established a series of SPH models for LGIWs in channel reservoirs. The
number of SPH particles of two typical examples with Ls = 3.6 and S =
0.6 and variable Ws and Wc is listed in Table 4.

Table 1

Soil parameters used in the simulations.
ps(kgm™2) c(kPa) »(°) w(°) E (MPa) v
1800 0 30 0 200 0.3

(a) Channel Profile

(b) Plan view from top

Fig. 1. Schematic diagram of the wave channel and landslide.
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Table 2
Key landslide and channel parameters observed in real world LGIW.
Landslide (Dimensionless) Channel
idthwe =
Reservoir ThicknessS = LengthLs = WidthWs = Widthwe
we/h

Name s/h I;/h ws/h
Xiaowan 2.0 9.0 5.0 1.5~25
Rumei 0.4 3.5 3.0 3.0~39
Shuibuya 0.05 3.0 6.0 2.5
Zhexi 1.0 6.7 5.3 4.0 ~ 6.7
Lituya 0.75 8.0 6.0 11.0

Table 3

Key landslide and channel parameters in the numerical model.
Landslide (Dimensionless) ChannelWidthwe =
ThicknessS = LengthLs = WidthWs = we/h
s/h I./h w/h
0.3~1.2,06 2.4~ 48,36 1~5 2~6,2,6

Table 4

Particle assignment in the simulations (Ls = 3.6, S = 0.6).
Condition Boundary Landslide Water TotalParticles
Ws=2 Wc=2 244,784 32,103 170,660 447,547
Ws=5 Wc=6 388,464 79,083 809,060 1,276,607

3. Results and discussions
3.1. Generation and characteristics of LGIWs

Fig. 2a-2f show the velocity fields of a typical LGIW with dimen-
sionless parameters Ls = 3.6, S = 0.6, Ws = 2.5, and Wc = 4. After
release, the landslide accelerates, rapidly deforms, and rushes into the
quiet water, which results in a surge that then propagates toward the
opposite bank, upstream, and downstream of the channel. Three phases
are noted during the entire process. In stage 1, an elliptical surge is
generated after the landslide rapidly rushes into the water and propa-
gates in all directions, as shown in Fig. 2b and 2c. In stage 2, after the
landslide has stopped, the surge runs up against the opposite bank and
then falls back and forth because of gravity (Fig. 2d and 2e). In stage 3,
the falling water runs both upstream and downstream along the channel
with a wave front nearly perpendicular to the channel (Fig. 2e and 2f).
This clearly implies that the two banks play a constraining role that
limits the water wave transport in all directions but propagates along the
channel direction after several up and down runs in the near-field re-
gion, which differs substantially from LGIWs in a lacustrine reservoir.
For consistency, the first wave generated in the near-field by the land-
slide impact is called the first wave, as shown in the front of Fig. 2b and
2c. The wave traveling along the channel after leaving the near field is
called a leading wave (Fig. 2e and 2f).

Fig. 3a-3d show the elevation evolution of the wave front down-
stream of the channel. Fig. 4 shows the wave elevation evolution along
the center slice of the landslide where y = 0 for several positions denoted
by different x-coordinates, which are made dimensionless by the water
depth. The wave generated by the landslide is initially transported in all
directions, then runs up and down against the opposite bank, and
gradually changes transport direction to form a leading wave that
travels along the channel both downstream and upstream. The bank
constraint therefore strongly changes the LGIW pattern, and only part of
the disturbance generated by the landslide can propagate along the
channel to potentially impact infrastructure downstream and upstream.

Fig. 5 shows the wave elevation along the center of the channel (x =
Wec/2) at several positions. The first wave initially decays quickly in the
near field of the landslide; a new leading wave is then generated that
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propagates both upstream and downstream with a slow decay. The
above phenomena imply that there is a near field where surge genera-
tion and decay are particularly important and differ between channel
and lacustrine reservoirs.

3.2. Characteristics of the first wave toward the opposite bank

3.2.1. First wave generation process

The above qualitative analysis clearly demonstrates that the opposite
bank plays a key role in both the generation and transport of the surge in
a channel reservoir. It is therefore more appropriate to classify the
channel reservoir into some typical forms that share similar surge gen-
eration and transport behavior. Fig. 6 shows the surge evolution during
propagation in a wide channel (Wc = 6) for several landslides with
different widths but constant length and thickness (Ls = 3.6, S = 0.6).
For comparison, a reference case, quasi-three-dimensional (Q3D) LGIW
with a width equal to the channel length (Wc = 20), is also shown as a
red line in Fig. 6.

The results imply that the surge strongly depends on landslide width.
Narrower landslides generate a weak first wave that propagates in all
directions. Wider landslides generate a strong surge, even similar to the
Q3D LGIW if the width is sufficient (Fig. 6). The propagation of the first
wave toward the opposite bank shows several similarities, which can be
divided into three regimes according to the wave amplitude.

(1) Formation regime. In this regime, the surge quickly forms owing
to the interaction of the landslide with the water, and the surge
elevation quickly increases until the slide stops. For narrower
landslides (Ws = 2-4), this regime lies in region x < 1, and for
wider landslides (Ws = 6), the formation regime lies in region x <
2.5.

(2) Decay regime. When the landslide stops, there is no energy input
into the first wave. The surge decays while propagating toward
the opposite bank. For narrower landslides (Ws = 2), the surge
begins to decay at x = 1.0, but for wide landslides (Ws = 6.0), the
surge starts to decay at x = 2.5.

(3) Edge-growth regime. In this regime, the wave elevation begins to
increase owing to the growing bed near the other bank when the
first wave propagates close to the opposite side. This region is
approximately at the position of 1.5 times the water depth from
the opposite bank.

Fig. 7 shows the water elevation evolution at four positions along the
y = 0 section of the LGIW in channels of different widths for a landslide
of Ls = 3.6, Ws = 2.5, and S = 0.6. The first wave generation process is
the same as in a lacustrine reservoir prior to being influenced by the
opposite bank; but afterward, the opposite bank strongly affects the
wave propagation. For Wc < 4, surge formation is affected by the other
bank because the channel does not supply sufficient space for surge
formation. For Wc > 4, the three regimes clearly occur because sufficient
space is provided for the landslide to run out and form the first wave. In
general, Wc = 4 appears to be an appropriate criterion for channel
reservoir-type classification according to the first wave characteristics.

We divided the channel reservoir into two channel types (wide and
narrow) according to the surge formation characteristics. A wide
channel is defined when Wc>4. In wide channels, the opposite bank does
not play a role in the formation of the first wave, the first wave exhibits
full formation and decay regimes, and the surge characteristics are
similar to LGIW behavior in lacustrine reservoirs.

A narrow channel is defined when Wc < 4. The formation of the first
wave is strongly affected by the other bank because the channel does not
supply sufficient space for the landslide to run out and form a surge, and
the formation, decay, and edge-growth regimes overlap. In this case, the
first wave characteristics are rather different than LGIWs in a lacustrine
reservoir.
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Fig. 2. Impulse wave generation process. Ls = 3.6, Ws = 2.5,S =0.6, Wc=4. (@) t=0.4s, (bD)t=6s,(c)t=12s,(d)t=18s,(e)t=24s,(f) t=30s.



X. Wang et al. Journal of Hydrology 595 (2021) 126012

1000 1000 20
9S00 900
800 800
700 700
2 N
600 600
— —_
E = E o
- LN,
400 400
10
300 300
200 200
100 100
% T ° % aw
X (m) X (m)
(a) (b)
1000 1000
700 700
600 600 H&
_ _
E s & s
. ey
400 400
300 300
200 200
100 100
0 0
0 400 5
X (m)

(c) (d)

Fig. 3. Elevation of the free surface in the channel. Ls = 3.6, Ws = 2.5, S = 0.6, Wc =4. (@)t =125, (b) t =185, (c) t =245, (d) t =30 s.
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3.2.2. Characteristics and decay of the first wave in wide channels

The first wave in a wide channel forms after the landslide stops and
begins to decay at approximately x = 2.5. The wave elevation at x = 2.5
is therefore used to characterize the first wave amplitude. For simplicity,
we set Wec = 6, Ls = 3.6, and S = 0.6 to study the first wave character-
istics in wide channels. Fig. 8 shows the wave elevations at x = 2.5 and
4.5 during the entire landslide process, together with the Q3D reference
case. With increasing landslide width, the first wave height increases
and even toward the case of a Q3D LGIW as an upper limit. However, the
time when the first wave forms does not change with landslide width.

The height of the first wave depends on the landslide width in wide
channels. Taking the wave height at the position where the wave starts
to decay, the relationship between the dimensionless height of the first
wave and landslide width is obtained by curve fitting (Fig. 9a) with a
correlation coefficient of R? = 0.997 according to:

A (2>W‘*
AQSD 3

To examine the effects of landslide length and thickness, we simu-
lated four cases of LGIWSs near the reference case where Ls = 3.6 and S =
0.6. Fig. 9b shows the results and two curves denoting 10% deviation.
The height formula of the first wave in Eq. (12) is acceptable for other
landslide lengths and thicknesses within a 10% deviation.

The first wave begins to decay after fully forming. A series of nu-
merical simulations shows that the landside-generated wave is similar to
a solitary wave (Fig. 8). By assuming the first wave as a solitary wave, we
can therefore calculate the wave energy per unit width E;, against the
wave amplitude A according to solitary wave theory (Zou, 2005):

Eo = k'A3/2

where k = (8/3v/3)p,,gh®?. Again by assuming the first wave as a
solitary wave that spreads around the wave generating point with three
portions of two pieces of a quarter arc and the front of a landslide with
Ws (Fig. 3a), we can obtain the total wave energy of the first wave in a
channel:

aX+Ws X+ Ws
Ec = / Ey dic = / kA% dle
0 0

where [¢ is the length of the leading wave front.
If the first wave propagates without dissipation, we can then find the
leading wave amplitude decay with transport distance:

A (V+WS/I[)72/3
Ay \ro+Ws/nm

where ry is the position where the first wave starts to decay, Ay is the
initial wave amplitude, where A denotes the amplitude of the first wave
when transported to position r. In reality, the first wave dissipates en-
ergy during transport but without changing the wave pattern; thus, we
may still assume that the wave amplitude during transport with dissi-
pation shares the form of Eq. (15) but with a different exponent. We
therefore use data fitting for all of the LGIW simulation cases in wide
channels, yielding an equation for wave amplitude decay:

A (r+Ws/z -
Ai() n (VU + WS/IZ)

Fig. 10 compares the results of Eq. (16) with the simulation results
(R? = 0.93). An exponent of — 1 was also obtained by Heller and
Spinneken (2015) in the first wave decay of an LGIW in a lacustrine
reservoir; however, the transport distance (i.e., r in Eq. (16)) should be
carefully selected in the channel reservoir because the beginning decay
position ry differs from that in a lacustrine reservoir (Mohammed and
Fritz, 2010).

To study the sensitivity of Eq. (16) to landslide shape, we consider a
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Fig. 8. Influence of landslide widths on the free-surface elevation at section y = 0 and (a) x = 2.5 and (b) x = 4.5. Ls = 3.6, S = 0.6, Wc = 6.

landslide with Ls = 3.6 and S = 0.6 as a reference and select a range of
parameters Ws, Ls, and S. The simulated first wave decay behavior is
shown in Fig. 11, from which we found the decay formula of Eq. (16) can
still be applied within 10% deviation.

3.2.3. Characteristics and runup of the first wave in a narrow channel

In narrow channels, the generation and transport of a surge clearly
depends on the opposite bank, which increases its analysis difficulty
using conventional water wave theory. To better estimate the first wave

for engineering purposes, we simulated a series of cases of LGIWs in
narrow channels.

For narrow channels, we choose the height of the first wave at the
center of the channel along the center line of the landslide (x = Wc/2, y
= 0) to characterize its amplitude, which is made dimensionless by the
leading wave height of the Q3D case. The regression analysis for the
simulated cases yields the following for a first wave amplitude with Ws
(Fig. 12a) together with the numerical results for We = 2 and Wc = 3:
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Dashed lines indicate + 10% deviation.
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The correlation coefficient of Eq. (17) is R? = 0.91. By changing the
parameters Ls and S, we simulated several cases to examine the effects of
landslide shape. The results are shown in Fig. 12b. We find that Eq. (17)
can be used within 25% deviation.

The runup on the opposite bank is very important for safety assess-
ment. We therefore calculated the runups for all LGIWs in narrow
channels. The regression analysis results of Eq. (18) for the runup of
different landslide widths (Fig. 13a) are within 10% deviation for all of
the numerical cases with a correlation coefficient of R> = 0.93.
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Some other cases were simulated to test the effects of landslide
shape. The results imply that landslide shape influences the runup less
than its impact on the first wave height in narrow channels (Fig. 13b),
and Eq. (18) can be used within 10% deviation.
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3.3. Propagation behavior of the leading wave

3.3.1. Leading wave characteristics in a channel

In many of the simulated results, we find that in a channel reservoir,
the formation and transport of an LGIW clearly depend on the opposite
side. In the formation phase, similar to that in a lacustrine reservoir, the
water wave is generated in all directions in a circular mode owing to the
impact of the landslide. When the first wave moves to the opposite bank,
the wave deforms and runs up onto that bank, then returns back to the
channel, and gradually changes directions and propagates along the
channel. There is a transformation from a 3D near field structure into a
2D surge traveling along the channel in a channel reservoir, which dif-
fers from LGIWs in a lacustrine reservoir. The first wave in the near field
of a landslide generated in a channel reservoir can therefore not be used
as the leading wave that travels along the channel. The latter requires a
new estimation because only the wave traveling along the channel can
impact infrastructure in the channel far from the landslide occurrence.

In a channel reservoir, only the leading wave that transforms from a
complex 3D near-field first wave can make an impact on the dam far
away downstream. However, the transform process is quite complex.
When the wave front is nearly perpendicular to the channel and the
wave height is nearly constant along the wave front, this wave can be
considered as the leading wave along the channel.

The widths of the landslide and channel are two factors to be

10

considered for the transformation of the 3D first wave in near field to the
2D leading wave along the channel. In general, the transformation takes
place at a farther distance with increasing landslide or channel width.
The simulation results show that the transformation finishes at
approximately Yo = Ws/2 + Wc, where the generated 3D first wave
changes into a 2D leading wave traveling along the channel. Fig. 14
shows the wave heights at different positions along Y = Ws/2 +Wc
crossing the channel for simulations with different channel and land-
slide widths. The wave along the crossing section at Y¢ = Ws/2 +Wc can
be approximately considered as a leading wave that travels mostly along
the channel.

In summary, a leading wave that travels along the channel approx-
imately forms at position Yo = Ws/2 + Wc. We therefore make a divi-
sion for the entire channel reservoir: the near field where the surge is
generated is defined as the region where |Y|<Y¢, and the far field where
a leading wave traveling along the channel is defined as the region
where |Y| > Yc. In the near field, strong water-soil interactions occur in
the wave generation phases, as well as complex wave motion including
wave decay, runup, and gradual transformation into a 2D leading wave
along the channel. In the far field, the 2D leading waves travel both
upstream and downstream along the channel, which can be well simu-
lated by the long shallow water or Boussinesq equation. In real case
applications of LGIWs, we can divide the entire LGIW problem into two
phases: a near-field wave generation and a far-field traveling wave.
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3.3.2. Estimation of leading wave height in wide channels

To simulate a leading wave traveling in a channel during the second
phase, the initial conditions must be known. The results of the present
study yield an approximate amplitude of the leading wave in the near
field with variable combinations of channel width and landslide shapes
for wide channels (Wc = 4-6). To more accurately analyze the leading
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waves, we also define a wave impact region of |Y|<Ws/2 where soil—
water interaction plays a key role, and a wave diffusion region of Ws/2<
|Y|<Yc where complex wave interaction and transformation occurs. The
wave amplitude at the fringe of the wave impact region (x = 2.5, y = Ws/
2),A(2.5, Ws/2),is chosen as an approximate reference for the leading
wave to travel along the channel.
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We performed a regression analysis for the leading wave height
generated by landslides of variable width and constant length and height
(Ls = 3.6, S = 0.6) in a typical wide channel case with Wc = 6. The
leading wave amplitude varies with transport distance, as shown in
Fig. 15a. The fitted equation is given in Eq. (19) with a correlation co-
efficient of 0.98 for the leading wave along the channel, which is made
dimensionless by the wave height A(2.5, Ws/2) at the fringe of the
impact region:

A25, Y)

AQ25, Ws/2)

— 0'813Y7WS/2

where A(2.5, Ws/2) is the wave height at position (x = 2.5, y = Ws/2),
and A(2.5, Y) denotes the wave height at position (x = 2.5,y > Ws/2).
Fig. 15a shows that after y = Ws/2 + Wc, the wave amplitude slightly
decays while traveling upstream or downstream.

The leading wave along a wide channel is transformed from the
complex 3D wave in the near field during the surge generation phase.
From the above analysis, we can approximately determine the leading
wave amplitude from the surge height without considering the complex
3D transformation process. The wave amplitude at the fringe of the
impact region can be obtained from its relation with the first wave
amplitude in the generation phase with a correlation coefficient of 0.93:

A5, Ws/2) .
— 0.52+0.48-0.82"
A25, 0) +
A5, 0)

3.3.3. Estimation of leading wave height in narrow channels

The situation is slightly different for narrow channels. For example,
the surge formation, decay, and runup stages overlap; thus there is not a
clear first wave, as found in Section 5.3. We therefore directly fit the data
for a leading wave along a wide channel at Y¢ = Ws/2 +Wc for different
landslide width in a typical narrow channel (Wc = 2). The initial wave
amplitude is made dimensionless by the wave amplitude where it begins
to decay, which is approximately at x = 1 and y = O for LGIWs in narrow
channels:
% =0.45+0.43-0.6"*

0

where A¢ is the height of the leading wave in a narrow channel at Y =
Ws/2+Wc and A is the height of the first wave, which can be estimated
by Eq. (17) for narrow channels. Eq. (21) yields a correlation coefficient
of 0.99 (Fig. 16).
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4. Conclusion

We studied the near-field characteristics of landslide-generated im-
pulse waves in a channel reservoir using a newly established SPH model
for soil-water interaction. The conclusions are summarized as follows.

1. In a channel reservoir, the near-field characteristics of a landslide-
generated impulse wave differs from that in a lacustrine reservoir
owing to the influence of the opposite bank. The generation and
transport of the surge can be divided into three phases: a) a sudden
rise of water owing to the landslide impact that forms a first wave in
all directions; b) the surge running up on the opposite bank and
returning to the channel in a back and forth manner; and c) a leading
wave traveling along the channel upstream and downstream.

2. There are three regimes in the propagation of the first wave toward
the opposite bank: a formation regime; a decay regime; and an edge-
growth regime. Channels can be classified into either wide or narrow
according to whether the first wave is strongly affected by the
opposite bank. Several numerical results show that a channel with a
dimensionless width (i.e., channel width over water depth) greater
than four can be considered a wide channel; otherwise, it is consid-
ered a narrow channel. In wide channels, the first wave completely
forms before propagating to the opposite bank and three regimes are
clearly observed, which is similar to that in lake-like reservoirs. In
narrow channels, the first wave’s formation is strongly affected by
the opposite bank and the three regimes overlap.

3. The first wave of landslide-generated water waves exhibits three-
dimensional characteristics in reservoirs that largely depend on
landslide width. Through regression analysis of the numerical sim-
ulations, we obtained empirical relations of the first wave amplitude
in a wide channel and landslide width and wave decay behavior. For
a narrow channel, the first wave amplitude and run up height were
also obtained for landslides with different widths.

4. In a channel reservoir, the first wave generated by landslides will
gradually transform into a leading wave traveling upstream and
downstream along the channel. The numerical simulation results
imply that at about |Yc| = Ws/2 + Wc, the leading wave along the
channel forms, which can be used as an approximate initial condition
for the later wave traveling in the channel by the shallow water
model or Boussinesq equation. An estimation relation for the leading
wave amplitude is also given for both wide and narrow channels for
several landslide types.
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