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Abstract: The slope of a reservoir area is unstable and can be destroyed by natural disasters, such as
strong earthquakes and rainstorms. Landslide bodies that enter the water and generate landslide
surges pose serious safety risks to terminals, ships, and hydraulic structures in a reservoir area.
After analyzing landslide data in a reservoir area, a series of comparative tests was carried out
to investigate the propagation characteristics of landslide-induced tsunamis in channel reservoirs,
and the changes in water level values at various monitoring points in the river channel after the
landslides entered the water were explored. The effects of landslide width and thickness on the
characteristics of landslide-induced tsunamis were analyzed. The main target was a fixed-velocity
ship in landslide-swelling water. The complex nonlinear motion characteristics of the ship on the
water were studied to determine the safe navigation range.
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1. Introduction

Tsunamis are water waves generated by impulsive disturbances such as river erosion, rainfall,
groundwater erosion, water level fluctuation, earthquakes, human activities, and other external
environmental conditions. Unfavorable geological phenomena, such as bank collapses and slipping,
also occur frequently and can cause tsunamis [1,2]. During these events, a large amount of energy
flows into the water at a high speed and creates a large landslide-induced tsunami, which can cause
serious disasters around landslide-related areas. Generally, landslide-generated tsunamis take place on
both a larger temporal and smaller spatial scale, if compared with those generated by earthquakes [3].
Landslide-induced tsunamis are superimposed in the propagation process, and structures within
a certain range are strongly affected [4,5]. Landslide-induced tsunamis adversely affect the movement
of ships during navigation, and can even cause ships to overturn [6]. Therefore, the propagation
characteristics of landslide-induced tsunamis in different working conditions must be studied to
protect the normal navigation of ships. The motion responses of different types of landslides to sailing
ships should also be examined.

Recent research efforts into landslide-induced tsunamis have been productive. The formation,
propagation, and run-up of landslide-induced impulse waves have been studied through physical
experiments [7–9], scale model physical experiments [10], and numerical simulation [11]. Based on
these studies, there are new physical model experiments to research on the run-up and formation
of landslide-induced tsunamis [12,13], to be carried out in a large wave tank by varying the
initial acceleration [14] in order to improve the knowledge on the involved phenomena and
optimize the detection algorithm [15]. However, while a lot of scaled model experiments have been
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designed in water, there is little research on the interaction between landslide-induced tsunamis and
hydraulic structures.

In recent years, extensive efforts have been made to investigate the motion of ships. A series of
methods have been proposed to predict the rolling parametric by nonlinear trip theory [16], to obtain
passive and stable state-space [17], to predict the motion of barge ships in regular waves [18], and
to calculate the motion sickness dose value [19]. Based on these studies, a partial-body nonlinear
time-domain code was modified to achieve higher accuracy [20,21]. As far as the tsunamis are
concerned, more and more methods are being utilized to research ship motion in the region of
tsunamis [22–24]. Many experiments on tsunamis are being explored to investigate the run-up [25],
the dynamic response of the sand bed [26], and the hydrodynamic pressure of a bore [27]. Although
these laboratory experiments have been performed in a sufficiently large experimental facility, there is
little research on the interaction between landslide-induced tsunamis and sailing ships.

The present paper investigates the propagation law of landslide-induced tsunamis in complex
curved river channels, strengthens the early warning and prevention of geological disasters in
reservoir areas, and explores the nonlinear effects of landslide-induced tsunamis on the primary
degree-of-freedom motion response of a ship based on a series of landslide-induced tsunami tests.

2. Landslide-Induced Tsunami Test Design for Rock Mass

2.1. Model Scale Ratio

Three similar conditions—geometric similarity, similarity in motion, and similar dynamics—must
be met to obtain a similar physical phenomenon between a prototype and model. A landslide is
dominated by gravity. Therefore, the model must be designed according to the gravity similarity
criterion, and the following requirements should be met.

λ2
v

λgλl
= 1 (1)

λv =
√

λl (2)

λt =
√

λl (3)

λF = λm = λ3
l (4)

where λl , λv, λt, λF, λm and λg denote geometric, speed, time, force, mass, and gravitational
acceleration scales, respectively, and λg = 1, λl = 70, λv = 70, λt =

√
70, λF = 703, and λm = 703.

The scale ratio of the model is determined to be 1:70 according to the actual test conditions and
test accuracy.

2.2. General Design of the River Model

Simulation of the reach of the river section indicates that the mileage of the navigation channel
is 336 km, and the channel length is 330 km. The model is produced using the section method and
generalized to the bottom terrain. As shown in Figure 1, the model was built according to the drawing
before the test. The specific size and the designated spots are shown in Figure 2.
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2.3. Landslide Body, Chute, and Carriage Model Design

2.3.1. Landslide Body

The landslide body is a slider, and cement, sand, and stones are used as raw materials. Blocks are
also utilized in accordance with statistics. The blocks that have been created are stacked and integrated
according to the parameter table of each scheme block to simulate the crack development, dispersion
degree, and block composition of the sliding body. The sliding blocks are used according to the actual
situation of the landslide, and are composed of different sizes, as shown in Figure 3.
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2.3.2. Chute

A ferrous material is used to make the chute, and the bottom iron plate simulates the sliding
surface. The chute length is 2 m. Both sides have variable widths. The variable range is 0.5 m to 1.5 m.

2.3.3. Carriage

The volume and weight of the landslide body in the test are small, but the landslide body has
a high center of gravity. The landslide slope and slope variation are relatively large. Observations,
photographing, and other functions are also performed on the carriage for safety. High requirements
are set for operation convenience. Model 20 channel steel is used to construct the shelves. The carriage
is 2 m high, 2 m wide, and 3 m long. The layout of the sliding frame is shown in Figure 4.
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2.3.4. Measuring Instrument

Figures 5 and 6 show the wave acquisition analyzer and a water level collector. The role of the
water level collectors is to detect changes of the water level in the channel river. All the water level
collectors are placed at the designated spots.
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2.3.5. Hull Model Building

The different load conditions of the ship utilize iron ballast weights and instrument tests so
that the ship model can meet draft, weight, gravity center position, mass moment of inertia, natural
vibration cycle, and prototype similarity conditions. The main dimensions and related parameters
of the actual ship and the ship model are shown in Table 1. This test assumes that the degree of
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ship loading is full load. The ship model uses the MG996R steering gear to maintain constant ship
speed. The rudder is active: we set it to be fixed during the model tests and keep the ship straight
during navigation. We focused on researching the transient interaction between the ship and the
landside-induced tsunami. The specific parameters of the rudder are shown in Table 1. The rudder
geometry is shown in Figure 7. Figure 7 also shows the photograph of the ship model, propeller
geometry, rudder geometry, and the details of the self-propulsion system.
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Table 1. Primary parameters of the ship.

Parameter Real Ship Ship Model

Length/m 94.5 1.350
Beam/m 15.1 0.216
Deep/m 9.0 0.129
Draft/m 5.6 0.08

Cb 0.7 0.7
Cp 0.69 0.69

Displacement/(t/g) 3500 t 10,150 g
Area of rudder (m2/cm2) 14.3 2.9

Rudder height (m/cm) 4.1 5.9
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Table 1. Cont.

Parameter Real Ship Ship Model

Aspect ratio 1.72 1.72
number of blades Z 4 4

propeller diameter (m/cm) 3.1 4.4
Screw pitch (m/cm) 2.6 3.7

3. Experimental Verification

A good dynamics model is essential for the successful design of the navigation and control
systems of a ship. However, it is difficult to determine the relevant hydrodynamic forces, especially the
added mass and the drag coefficients. At the same time, from the viewpoint of marine safety, it is of
importance to evaluate the ship’s maneuvering performance at the initial design stage.

In the present study, the main object is a sailing ship, and the turning test is used as part of
checking the maneuvering performance by evaluating the ability of the model ship to maintain or alter
the direction of course in accordance with the operator’s intention. The characteristics of the rotary
performance are acquired by the turning test, and subsequently, the steering, U-turn, and inward and
outward abilities are studied in-depth.

3.1. The Turning Test

The maneuvering performance of the ship, in general, will be estimated in the fully loaded
condition. The International Maritime Organization (IMO) has been discussing the establishment of
ship maneuvering performance standards, and the recent preliminary results of this discussion have
pointed out that these should consider the fully loaded condition as the first step [28]. The maneuvering
characteristics are influenced considerably by effects of the loading condition, depending on ship type.
For example, the turning circle when considered as the turning ability in the fully loaded condition is
much larger than that in the ballast condition in some cases. Likewise, the turning circle in trim by the
stern condition is larger than in the even keel condition.

To verify the validity of the model test, the maneuverability of the ship is decided by its steering,
turning, collision avoidance, and other behaviors, which are closely related to the ship’s rotary
performance. Therefore, the rotary performance of the ship is the only standard available to measure
the maneuverability of the ship. The rotary test was performed in the laboratory of Chongqing Jiaotong
University. The experimental tank is 50 m long and 30 m wide. The rotary program was written using
Visual Basic language, and a Differential Global Positioning System (DGPS) was equipped within the
ship to capture its position information during navigation.

At the beginning of the model test, the angle of the rudder was controlled at zero, the ship was
maintained in a straight line, and a signal was sent to change the rudder angle. Next, the ship model
started to enter rotational motion, and the position information was recorded by DGPS during the
model test. When the ship entered a stable state of rotation, the diameter of rotation was recorded.
The data of the turning test in the state of 35◦, at speeds of 0.4 m/s and 0.7 m/s, is shown in Figure 8.
The ship model enters the steady state for a moment, at which time the trajectories of the left and right
are symmetrical. The difference from the different navigable speeds is apparent.

The turning test results from different rudder angles are shown in Table 2. It can be seen from
the trajectory that indices such as the forward speed, the rudder angle, vertical intercept, horizontal
intercept, and turning radius, which represent the turning characteristics of the model ship, should be
analyzed on the basis of the turning trajectory measured [29].
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Table 2. Turning test data.

Element Test Results

Rudder angle 35◦

Speed of ship 0.4 m/s 0.7 m/s

Vertical intercept (m) 4.81 5.63

Horizontal intercept (m) 2.22 2.39

Turning radius (m) 8.08 8.07

3.2. Free Attenuation Test

Roll decay tests in calm water were undertaken; they were mainly useful for the verification of the
ship loading conditions. A common method of assessing the damping present in ship rolling motion is
to perform a free decay experiment in which, in the absence of waves, the ship is given an initial roll
amplitude and then released. By processing the resulting decaying oscillatory trace it is possible to
estimate quantitatively the degree of damping, even when this is nonlinear. The freedom degree of
the ship in the vertical plane exhibits the recovery characteristic. The ship model deviates from the
position of equilibrium under an external loading. When the external force disappears, the ship will
return to the original position, which depends on its own recovery characteristic. In a free roll decay
test, the model is heeled in calm water to an initial heel angle and released; the model starts to perform
free decaying oscillations with a frequency depending on the amplitude. Subsequently, the accuracy of
the model test can be verified. The decay curve of the roll motion is shown in Figure 9. It can be seen
from the test results that the decay of the ship meets the requirements of the loading condition, and
the experimental data were used to tune the ship hydrodynamic inertia properties, the natural roll
period, the roll damping, and the inertia.
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4. Study of the Characteristics of Landslide Surges in Rock Mass

The landslide-induced tsunami is divided into the initial wave and the wave, according to the
particularity of the wave characteristics of the landslide-induced tsunami in the propagation process.
The initial wave is the wave at the point when the landslide enters, and the wave is generated by
the landslide directly in the process of energy exchange with the water body. The landslide-induced
tsunamis along the way are waves that arrive at different locations on the river channel after the
landslide has spread. These waves inherit the characteristics of the initial wave, but their wave
characteristics differ from those of the initial wave for many reasons, such as propagation distance,
topography of the river channel, and the bent shape of the river.

4.1. Rock Landslide Surge Test Conditions

An innovative system, based on a lifting device, has been employed for controlling the motion
of the landslide model and, consequently, for generating impulsive waves. The experiments have
been carried out in a parametric way by varying the volume of the landslide. In combination with
the design considerations of landslide model design, the experiment is designed using a single-factor
test scheme. Seven cases are considered, and their specific conditions are shown in Table 3. Figure 10
shows the dimension of the landslide rock.

Table 3. Schedule of the model test.

Case Volume

Case1 1 m × 0.5 m × 0.2 m
Case 2 1 m × 0.5 m × 0.4 m
Case 3 1 m × 0.5 m × 0.6 m
Case 4 1 m × 1 m × 0.2 m
Case 5 1 m × 1 m × 0.4 m
Case 6 1 m × 1.5 m × 0.2 m
Case 7 1 m × 1.5 m × 0.4 m

4.2. The Formation and Propagation of Landslide-Induced Impulse Waves

The high-speed rockslide impact initiates an extremely unsteady energy conversion process.
The complex phenomena that occur on macro-scale during this extremely unsteady process with
high-speed rockslide impact, air cavity formation, impulse wave generation, and propagation are
shown in the photo sequence of Figure 11.
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The whole process of a sliding impact may be subdivided into several main stages—rock impact,
impact crater formation and wave generation, and impact crater collapse with rockslide run-out.
The impact stages overlap and their transition from wave generation to propagation and run-up is
fluent. The landslide body is sliding into the water, and the water surface is impacted at the channel
bottom. Flow separation on the rockslide shoulder due to fast slide penetration into the water body
creates a large air cavity on the back of the granular slide. During this separation stage three phases
with sharp borderlines may be distinguished: water, granular material, and air (Figure 11a). In large
scale events the splash would break up and is expected to reach less high (Figure 11b). The subsequent
impact crater collapse during slide run-out along the channel bottom causes a massive displacement of
air and water (Figure 11c). As the large nonlinear wave propagates outwards, the splash hits the wave
crest. Simultaneously, the backward flow runs up the slide ramp. Thereafter the run-down generates
a second outward travelling wave and the energy of the landslide-induced wave decreases gradually
in the process of propagation. Eventually, the water surface returns to calm (Figure 11d).

4.3. Study of Landslide-Induced Tsunami Characteristics at Different Locations

According to the layout of the measuring points during the test, the No. 2, No. 4, and No. 6
measuring points are 2.8 m away from the landslide point, and the propagation characteristics of the
landslide-induced tsunami at the same distance and at different positions are studied.

Figure 12 shows the sequence of images collected during the experiments. The No. 2 monitoring
site is located on the landslide section, the No. 4 monitoring site is located on the area of the straight
river, and the No. 6 monitoring site is located on the area of the river bend. Figure 12 illustrates that, after
the landslide body enters the water, it interacts with the water body to generate a landslide-induced
tsunami, and the waves scatter and propagate in all directions. The landslide-induced tsunami
reaches the No. 2 monitoring point, and the No. 2 measuring point surge rapidly reaches its peak
at t = 1.51 s. The first generated wave always has a first crest followed by a though. The main
reason for this phenomenon is that the landslide body enters the water along the cross section of
the river, rapidly moves the water body, and causes a change in the water level. Consequently,
the landslide-induced tsunami travels at different speeds in different locations within the channel
reservoir. The peak value of No. 2 monitoring point is greater than those of No. 4 and No. 6 monitoring
points. The landslide-induced tsunami gradually attenuates in the propagation process, the peak value
gradually decreases, and the impact on buildings in the channel reservoir gradually decreases.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 17 

4.3. Study of Landslide-Induced Tsunami Characteristics at Different Locations 

According to the layout of the measuring points during the test, the No. 2, No. 4, and No. 6 
measuring points are 2.8 m away from the landslide point, and the propagation characteristics of the 
landslide-induced tsunami at the same distance and at different positions are studied. 

Figure 12 shows the sequence of images collected during the experiments. The No. 2 
monitoring site is located on the landslide section, the No. 4 monitoring site is located on the area of 
the straight river, and the No. 6 monitoring site is located on the area of the river bend. Figure 12 
illustrates that, after the landslide body enters the water, it interacts with the water body to generate 
a landslide-induced tsunami, and the waves scatter and propagate in all directions. The 
landslide-induced tsunami reaches the No. 2 monitoring point, and the No. 2 measuring point surge 
rapidly reaches its peak at t = 1.51 s. The first generated wave always has a first crest followed by a 
though. The main reason for this phenomenon is that the landslide body enters the water along the 
cross section of the river, rapidly moves the water body, and causes a change in the water level. 
Consequently, the landslide-induced tsunami travels at different speeds in different locations within 
the channel reservoir. The peak value of No. 2 monitoring point is greater than those of No. 4 and 
No. 6 monitoring points. The landslide-induced tsunami gradually attenuates in the propagation 
process, the peak value gradually decreases, and the impact on buildings in the channel reservoir 
gradually decreases. 

 
Figure 12. Variation curve of the case 7 water level in different positions. 

4.4. Study of the Landslide-Induced Tsunami Characteristics of a Landslide Body with Different Thickness 
Values 

The landslide-induced tsunami characteristics generated by landslides with the same lengths 
and widths but different thickness values are studied. The changes in water level at monitoring 
point 2 with landslide thickness values of 0.2, 0.4, and 0.6 m are compared.  

As shown in Figure 13, the wave heights generated by the landslides with different thickness 
values are different. The maximum water level and the minimum water level at each case are 
reported. The landslide-induced tsunami height increases as the thickness of the landslide body 
increases. Large thickness of the rock slope equates to large rock slope volume, high initial energy of 
the rock slope into water, high energy transferred to water during the exchange process, and highly 
intense movement of the water level. The landslide-induced tsunami generated by the landslide 
body entering water under any working condition also has a large initial wave height at t = 2.02 s. 
The energy during the propagation process decreases gradually and stabilizes in a stable state.  

The variation curve of case 2 and case 3 are similar, whereas case 1 is slightly different. The 
main reason for this is that the volume of the landslide body is small, and there is more loss of 

Figure 12. Variation curve of the case 7 water level in different positions.



Appl. Sci. 2019, 9, 475 11 of 17

4.4. Study of the Landslide-Induced Tsunami Characteristics of a Landslide Body with Different
Thickness Values

The landslide-induced tsunami characteristics generated by landslides with the same lengths and
widths but different thickness values are studied. The changes in water level at monitoring point 2
with landslide thickness values of 0.2, 0.4, and 0.6 m are compared.

As shown in Figure 13, the wave heights generated by the landslides with different thickness
values are different. The maximum water level and the minimum water level at each case are reported.
The landslide-induced tsunami height increases as the thickness of the landslide body increases.
Large thickness of the rock slope equates to large rock slope volume, high initial energy of the rock
slope into water, high energy transferred to water during the exchange process, and highly intense
movement of the water level. The landslide-induced tsunami generated by the landslide body entering
water under any working condition also has a large initial wave height at t = 2.02 s. The energy during
the propagation process decreases gradually and stabilizes in a stable state.
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The variation curve of case 2 and case 3 are similar, whereas case 1 is slightly different.
The main reason for this is that the volume of the landslide body is small, and there is more loss
of energy in the process of formation and propagation. At the same time, tsunamis generated by
deformable granular landslides are physically modeled in a three-dimensional tsunami wave basin
based on the generalized Froude similarity. The first wave amplitude is formed with the sliding of
a partial landslide. Case 1 also shows the larger peak in the initial stage, and the water level gradually
decreases with the increase of time.

4.5. Study of the Landslide-Induced Tsunami Characteristics of Landslides with Different Widths

The landslide-induced tsunami characteristics generated by landslides with the same length and
thickness but different widths are studied. The changes in the water level of the monitoring sites at
rock masses with landslide widths of 0.5, 1, and 1.5 m are compared, as shown in Figure 14.

This shows that the maximum wave height and the sliding body width increase linearly with
the same water depth and the same bank slope angle. With the increase in the width of the landslide
body, a large volume results in high initial energy of the landslide body into the water. The energy
exchange process between the landslide body and the water body is also sufficient. During the
exchange, the energy transmitted to the water increases. The greater the intensity of the water spot
movement, the greater the effective solid–liquid interface and the overall kinetic energy during the
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energy exchange process are, the higher the energy exchange rate is, and the greater the maximum
wave height is. The instantaneous maximum water level reached 3.98 cm, and the prototype data
is 2.79 m.

Figure 14 shows case 5 has a very large peak after a few seconds, whereas case 7 does not present
a similar behavior. The main reasons for this are as follows.
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The first reason is that case 5 is an example that illustrates the impulse waves generated by
three-dimensional deformable granular landslides into shallow waters. The deformable granular
landslide moved rapidly after it was released, and a water jet flow was formed when the front edge of
the landslide collided with the water body, followed by the formation of the leading wave.

The second reason is that the deformable granular landslide interacts with the water for a very
short time because the water body is shallow, which allowed only a short duration of energy exchange
between the water body and the deformable granular landslide. Two bigger wave peaks may be formed
before the deformable granular landslide stops: one occurs when the front edge of the deformable
granular landslide hits the surface of the water body, and the second occurs when the deformable
granular landslide is completely submerged. As shown by data from the wave gauges, the first two
wave peaks in the wave train are relatively large, which is in line with the results of referenced
experiments [30].

The third reason is that uncertainty analysis has been carried out for the experiments:
three experiments were performed for this group, and the water level of the initial wave was acquired.
Subsequently, the average values of those data were calculated as the experimental values of the results
for this group.

The fourth reason is that the local area of the deformable granular landslide occurs in the
second collapse.

4.6. A Comparative Discussion of the Model Results for Different Configurations

In this section, the comparative discussion of the model results for different configurations is
presented. We focus on the influence of the thickness, the width, and the location.

All the results obtained for the seven cases and by using different values of volume, for a total
of 21 experiments, have been plotted together in order to check for the maximum. Figure 15 shows
the water level of the different configurations used during the experiments. The water level of the
landslide-induced tsunami increases gradually with the increase of the thickness and width of the
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landslide body. On the contrary, it decreases with the decrease of distance between the entry point and
the monitoring point.
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5. Impact of Landslide-Induced Tsunamis on the Motion Characteristics of a Sailing Ship

A ship’s movement changes after the ship experiences a landslide-induced tsunami. The wave
generated by a landslide differs from a general wave, and the occurrence of a landslide-induced
tsunami involves a certain degree of abruptness. This study considers the characteristics of a ship’s
navigation speed in the region. The constant speed of the ship model is set to 0.4 m/s according to the
scale ratio of the test model. The ship’s characteristics in terms of roll and pitch are studied according
to the rules for the construction and technical regulation for the statutory survey of a river vessel.

Roll is, in fact, a lightly damped and lightly restored motion, and the roll natural period of
a conventional ship is very close to the richest region in the wave energy spectrum. A very large
amplitude of the roll motion can then occur, even in a moderate sea state, if the wave frequency
spectrum is narrow and tuned with the ship’s roll natural period. As shown in Figure 16, the ship’s
constant speed navigation route designed in this study is located at the bottom of the landslide point.
That is, the most dangerous situation is that the same landslide volume produces a landslide-induced
tsunami. Figure 16 demonstrates that at the initial moment, the landslide body begins to slide into
the water at a high speed and the landslide body interacts with water. As the action time course
continues, the sliding body enters the water to generate a landslide-induced tsunami, and the scattering
propagation interacts with the ship. The effect eventually causes the ship’s movement response
amplitude to change. One second before the ship steadily sails in still water, the roll angle of the
ship gradually increases after encountering a surge, and the roll angle reaches the maximum at 5 s.
The ship’s roll angle gradually decreases due to the effect of the restoring moment. During the entire
voyage of the ship, the roll amplitudes increased dramatically due to the resonance effects when the
incident wave period coincided with the free decay roll period of the ship. The maximum roll angle of
the ship does not exceed 14◦, which is within a safe and reasonable range. During the ship’s navigation,
the ship is subjected to the impact of surge waves, which is superimposed on the other side of the
ship after the reflection of the surge on the opposite shore. Therefore, when the amplitude of the roll
motion of the ship changes, it is straightened by the reverse wave force: the angle then decreases.

The response of the ship’s roll motion is similar to the pitch motion response. It is interesting to
note that the pitch amplitude begins to decline when the incident wave period is further increased.
The amplitude of ship motion changes 1 s after the landslide, and the time of the pitch motion response
reaches the maximum at 4.5 s. The pitch amplitudes increased sharply when the incident wave period
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was close to the free decay pitch period of the ship. The maximum amplitude of the pitch response of
the ship does not exceed 2◦, which is within a safe and reasonable range, as shown in Figure 17.
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In order to provide a better understanding of the yaw response to the incident waves, it is desirable
to plot the maximal yaw angle. As shown in Figure 18, after the ship model enters the test region of the
landslide water, the ship model goes into a state of unmanned steering. The direction of the ship’s bow
rapidly changes after encountering the effects of the landslide surge, and the direction of the ship’s
navigation is changed. Figure 18 shows that the ship is in a landslide. Two seconds before the wave,
the ship rotates clockwise. With the continuous action of the landslide surge, the reflected wave from
the opposite side acts on the other side of the ship. The ship’s model is in a state of constant speed,
and the port side of the ship is swelled. The stern begins to rotate counterclockwise as a result of the
impact. The bowing angle continues to increase under the influence of the landslide and the inertia of
the ship. In the testing of landslide-induced tsunami, the maximum angle of the sailing vessel is 5.5◦,
and the risk can be reasonably avoided by adjusting the rudder angle.

As shown in Figure 19, when the ship enters the experimental monitoring area and is in a state
of unmanned steering, the ship’s direction changes after encountering a landslide-induced tsunami
in the course of navigation. The ship yaws, and the original route position is left. At the same time,
the landslide-induced tsunami interacts with the ship. The direct action leads to lateral deviation
of the ship. The maximum distance grows gradually to 45 cm and the prototype data is 31.5 m.
Under the superposition of the two cases, the amplitude of the sway movement of the ship gradually
increases. Therefore, in the region of landslide-induced tsunami, ships facing each other should
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maintain lateral distances to prevent accidents. They can also be stopped in an emergency, and be kept
in the moored state.
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6. Discussion and Conclusions

The experimental investigation described herein aimed at modeling landslide-induced tsunamis.
A three-dimensional research project was conducted on a river channel model to study the propagation
characteristics of landslide-induced tsunamis and the characteristics of landslide-induced tsunamis
around ships are further studied through experiments. The following conclusions have been drawn.

(1) A landslide-induced tsunami is complicated. An oscillation wave coexists with the wave and the
landslide enters the water to slide into the water points by scatter propagation. The propagation
speeds of different directions vary and the maximum speed spreads in the cross section with the
landslide maximum speed.

(2) The water level of the first wave has a maximum, and then rapidly decreases. The energy of
the landslide-induced tsunami by high-speed water in rock masses increases with the increase
in landslide amount. Under the single-variable condition, landslide width exerts the greatest
influence on the change in water level, followed by the thickness of the landslide body.

(3) This analysis is useful to investigate how a ship undergoes resistance during tsunami propagation.
The influence of the landslide-induced tsunami of the rock body on the major degrees of freedom
of a sailing ship is simultaneous. The roll of the ship reaches its peak in 5 s after the landslide
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body enters the water. This is also dependent on the relative location of the ship and the entry
point. The motion amplitude meets the rules for the construction and technical regulation for the
statutory survey of a river vessel.

(4) Landslide-induced tsunamis act on the middle of a fixed-speed navigation ship, which causes
swaying amplitude of the ship, acts on the ship bow, and changes the ship’s swaying amplitude.
The crest of the first wave and the second wave becomes more important, and for a certain
distance it induces the largest degree of damage to the ship.
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