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Landslide-generated waves have caused great catastrophic damage to the infrastructure, e.g., dam and wharf, because of the
extreme loading in the reservoir area, while the wharf pile is rarely designed to withstand the loading associated with landslide-
generated waves. This experimental study was conducted in a generalized 3D basin to simulate the waves generating process and
explore the impact of the dynamic pressure process on the wharf pile. As the phenomenon that landslide-generated impulse waves
impacted on the wharf pile in the form of dynamic pressure, the distribution pattern of the dynamic pressure along the water
column was analyzed and revealed specifically. The results indicate that the dynamic pressure was constant below the water surface
along the vertical direction and its magnitude was correlated with the wave amplitude as well as wave celerity. On this basis, a
multivariate dimensionless analysis was implemented, and the empirical formulas for the dynamic pressure were established.
Furthermore, the total force acting on the wharf pile was given. From a practical perspective, these findings could offer guidance to

prevent the damage of the impulse wave pressure on the wharf pile.

1. Introduction

Impulse waves impacting into reservoirs is a typical sec-
ondary natural disaster formed after the landslide enters into
the water, and its damage often significantly exceeds the
landslide itself [1]. As a worldwide hazard, landslide-gen-
erated impulse wave has resulted in catastrophic disaster and
caused great losses of life and property, destruction of the
infrastructure in wharf, and vast devastation even overturn
to the ships. In this vein, taking the famous Vajont impulse
wave event as a typical case, almost 2000 persons were killed
and the downstream city of Longarone was fully destroyed
[2].

Hence, to solve this predicament, the topic of landslides
generated impulse waves in reservoirs has been attracting

worldwide attention over the past decades. From the per-
spective of research content, as recently summarized by Mu
et al. [3], this extant literature mainly focused on the impulse
wave generation [4, 5], near field propagating wave char-
acteristics [6-8], and offshore wave runup [9-11], while little
attention was paid to the exposed wharves and other
buildings. To a large extent, with the development of the
ports, the wharf becomes more important for the safe op-
eration of the reservoir compared with other buildings (e.g.,
bank slope and breakwater) and is plagued with more se-
rious hazardous consequences when encountering the im-
pulse wave event [12, 13]. Theoretically, the damage of
impulse waves to the wharf is mainly attributed to the total
force, which is caused by hydrodynamic and hydrostatic
pressure. Since the hydrostatic pressure theory has been
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already developed maturely, the force analysis of conven-
tional design loads on infrastructure could be conducted
well. Furthermore, the wind load and the tide load as the
extreme loading have been considered generally in the wharf
design, but the extreme loading associated with landslide-
generated impulse wave on the wharf is basically ignored
[14]. Obviously, this omission will bring a series of risks to
the management and operation of wharves. Therefore, as an
identified knowledge gap, the hydrodynamic pressure of
landslide-generated impulse wave exerted on the wharf is an
important issue to address.

In view of this case, taking the Three Gorges Reservoir
(TGR) in China as a representative case, exploring the
hazardous impact of impulse wave pressure on the exposed
wharves is not only important but also necessary. As one of
the largest artificial reservoirs worldwide, the TGR has being
faced with the serious natural hazard of impulse waves,
whilst the number of wharves has increased significantly
since it impounded in 2003 [15]. Simultaneously, more than
5300 landslides happened because of the impoundment and
water-level fluctuation between 145 m and 175 m [16], well-
documented events include the impulse waves induced by
Qianjiangping landslide on 14 July, 2003 [17], Gongjiafang
landslide on November, 2008 [18], and the Hongyanzi
landslide-generated impulse waves on June 24, 2015 [19].
Under this situation, to effectively prevent the hazard, it is
very urgent to explore the hazardous impact of landslide-
generated impulse wave pressure on the exposed wharves in
the TGR. Furthermore, given that high-pile wharf is the
most popular type in the TGR [12], this study is further
limited to the wharf pile to improve the effectiveness of
research.

In view of these conditions, this study aims to examine
the impact of landslide-generated impulse waves against the
wharf pile in the TGR. Meanwhile, the impact on the wharf
pile mainly contributes to the dynamic wave pressure, which
is essentially caused by the fluctuation of water level (namely,
impulse wave) [14]. Consequently, the detailed objectives of
this paper are (1) to simulate the waves generate process and
explore the characteristics of landslide-generated impulse at
the wharf; (2) to conduct the dynamic pressure process and
distribution along the water depth; (3) to reveal the rela-
tionship between the dynamic pressure and wave amplitude
as well as wave velocity and further deduce the dynamic
pressure formulas of the impulse waves and the total force
acting on wharf pile.

2. Experimental Setup

2.1. Wave Generation. Due to some features such as sud-
denness and short duration, the data of landslide-induced
impulse waves are scarce on field measurements [3, 20]. To
make up for the lack of data, an experimental approach is
therefore adopted to simulate and analyze the process of
landslide-generated impulse waves in this paper. The scaled
physical experiment has been widely used to study the
landslide-related impulse waves [21-23], because it can
make the phenomenon quite realistic. Following previous
studies [24, 25], the present experiments were conducted in a
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FIGURe 1: Plane layout of the wave basin; geometrical measure-
ments were in m.

3D wave basin with a scale of 1:70, generalized from the
prototype of the Jiangnan tuokou wharf reach, which was a
typical curved reach existing in the upper Yangtze River (see
Figure 1). Specifically, the total length of the basin was 48 m,
the upstream and downstream straight were 28 m and 13 m,
respectively. The radius of curvature for the intermediate
portion was 7 m. The cross-section of the basin was trape-
zoidal, the bottom was 2.94 m, and the slopes in concave
bank and convex bank were 33" and 20°, respectively. The
details are illustrated in Figure 2.

The waves were generated by a gravity type wave maker
at the concave bank of the basin. The system of wave maker,
including landslide, chute, wire mesh, and chain hoist ,
described specifically by Mu et al. [26], allowed for pre-
defining the slide geometry and the slide impact angle. In
addition, the chute could restrict the granular concrete
blocks from an instant collapse of the slide before entering
the water basin. Field survey indicates that there are pri-
marily rocky block rockfall or slide and the disintegrating
structure rock mass failure that have failed or have the
potential to fail in the TGR, which generates or may generate
impulse waves [27, 28]. In this paper, we focus on the latter
type. The landslides were modeled by the granular concrete
blocks containing five various geometric sizes (labelled as
(a), (b), (c), (d), and (e)), as illustrated in Figure 3, allowing
for similarity and deformability as reported by Han and
Wang [29]. Compared to these granular materials, such as
artificial material (PP-BaSQO,) [21], spherical glass beads, and
nonspherical aquarium sand [30], the present slides modeled
by quadrangular concrete blocks, with a density of 2,500 kg/
m’, were more similar to the happened or potential land-
slides in the TGR.

Tested landslide models with nine different sizes, in-
cluding a constant slide length 1.00 m, a slide width 0.50 m,
1.00 m, and 1.50 m, and a slide thickness 0.20 m, 0.40 m, and
0.60 m, were carried out by adjustment of the sliding chute
geometrical shape. The slide length with a constant /=1m
was deemed to be appropriate based on the result that the
slide length has a slight influence on the primary wave
reported by Wiegel [31]. This chute allowed for predefining
the slide geometry, including a slide width 0.50 m, 1.00 m,
and 1.50m and a slide front edge allowing it to reach
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FIGURE 2: The detailed setup of three wave gauges.

S
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FIGURE 3: Sizes of concrete blocks; geometrical measurements were in cm.

different still water depths, as well as a slide impact angle
with any value. A flexible wire mesh was placed in front of
the sliding chute to restrain the concrete blocks before the
trials. When everything was ready, for instance, the water
was still and the measuring equipment had been already
debugged, the motion of landslide was triggered and
accelerated due to gravity into the water body after sud-
denly manual release for the wire mesh. Impulse wave was
generated from the moment that slide entered into the
water body until the cessation of its underwater motion.
Moreover, the blocks would be brought up before each
experiment to remain in the same initial experimental
conditions.

2.2. Wharf Model. Apart from the induced impulse wave,
subsequently, we will focus on the model of wharf. As
emphasized in Section 1, the generalized wharf used in the
present study was “high-pile,” and its structure was assumed
as “rigid,” fixed in the opposite bank of the landslide with a
distance 6.37 m along the axis. The length and width of the
wharf were 1.50 m and 0.43 m, respectively. These piles with
the diameter 2.28 cm, line spacing 10 cm, were made by
plastic pipes, as shown in Figure 4.

2.3. A Comprehensive Experimental Design. The sliding
chute allowed for any angle from 0 to 80 degrees, but only 20,
40, and 60 degrees were considered in this study based on the
field investigation of the distribution of landslide angle in
TGR, where the landslide impact angles were from 20 to 60
degrees, and the average value was 36 degrees. Landslide-
generated impulse waves have great differences under dif-
ferent water level conditions [32]. Since the impoundment of
the TGR in 2003, the water level fluctuated periodically
between 145 m asl and 175 m asl [15, 20], so 145 m asl, 155 m
asl, and 175m asl were selected as the experimental water
levels. Based on the investigated cross-section and the
bottom elevation of the prototype, the water depths in the
physical model corresponded with these three water levels
can be calculated according to geometric similarity, which
were 0.74m, 0.88 m and 1.16 m, respectively. Moreover, the
water depths conform to the criterion of thumb /4 > 0.20 m to
rule out considerable scale effects on the maximum wave
amplitude of subaerial landslide-generated impulse waves,
suggested by Heller et al. [33].

Based on the above analysis, the experiments contained
four factors: slide thickness (s), slide width (w), slide impact
angle («), and still water depth (h). More impulse wave sets
were needed to understand the relationship between impulse



FiGURE 4: The layout of wharf in the test.

waves and pressure, so three levels were chosen for each
factor, as shown in Table 1. A comprehensive experimental
design with all of the factors and combinations was chosen;
therefore, 3* = 81 trials have been conducted. Moreover, each
test with identical controlled variables was repeated twice.

In fact, there was an independent parameter called the
slide impact velocity at the water-entry place, which was
influenced by the slide impact angle. This is because the front
of landslide models was adjusted just to touch the surface of
water, and the slide length was kept constant, so the release
height above water increased with the increase of « in the
basin. As a result, the slide impact velocity (v,) was in-
constant with different slide impact angles. The previous
experimental study by Evers et al. [5] showed that v, was
significant for impulse wave characteristics, especially the
first wave crest amplitude and wave trough amplitude.
Hence, the slide movement process was recorded in videos
by a high-definition camera, and v, could be estimated. It is
important to note that the drop height of underwater in-
creased with the increase of h. Therefore, the slide impact
angle and the still water depth could exert a positive in-
fluence on the kinetic slide energy, which could be ultimately
conversed to wave energy. Finally, the experimental pa-
rameters were expressed as dimensionless ones including the
relative slide length (L), relative slide width (W), relative
slide thickness (S), relative slide volume (V), the slide Froude
number (F), and the slide impact angle. The details of these
dimensionless experimental parameters are summarized in
Table 2.

2.4. Experimental Measurements. The main measurement
instruments include the wave gauges to measure the water
surface elevations in the wave propagation direction and
pressure sensors to determine the impulse wave pressure on
the wharf pile.

In the wave basin, 24 wave gauges with an identification
number from 1 to 24 were installed in the generation and
propagation zones. The wave gauges with an accuracy of
+1.0 mm and a sampling frequency of 50 Hz are developed
by Southwest Water Transport Engineering Research In-
stitute. However, the data from all the wave gauges are
beyond the scope of this paper, which focus on the gener-
ation and attenuation of the impulse waves and will be
investigated in future work by the authors. Only the data
from three wave gauges (labelled as WG1, WG2, and WG3
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TaBLE 1: Three levels of parameters.

Parameters Dimension Three levels
s m 0.20, 0.40, 0.60
w m 0.50, 1.00, 1.50
o Degree 20, 40, 60

h m 0.74, 0.88, 1.16

TaBLE 2: Overview of experimental quantities.

Dimensionless experimental parameters Test range
[li=L=1Uh 0.862~3.436
[L=W=uwh 0.431~3.000
[[5=S=s/h 0.121~0.983
[, = F =v./(gh)** 0.178~0.993
[1s =V = lws/k3 0.064~7.200
[ls=« 20~60 degrees

in Figure 2) along the slide axis direction were used
according to the objective needs of the present research.

WG1 was placed near the point where the slide entered
water to record the impulse wave profiles and was moved to
adopt different water depths based on the preliminary tests,
and it was used to record the initial wave. WG3 was fixed
near the wharf to investigate the characteristics of landslide-
generated impulse waves. WG2 was between WGI1 and
WGS3. The spacing between adjacent wave gauges was a
variable of water depth, as presented in Table 3.

The impulse wave pressure was measured by pressure
sensors (CYG1145T) with an accuracy of +1.0Pa and a
sampling frequency of 500 Hz. The wave pressure sensors at
equal intervals were placed on the middle wharf pile, labelled
as WPSI to WPS3, from the bottom upward to static water
surface. However, the water depth was a governing pa-
rameter and not a constant, so the intervals were not the
same in different water depths. WPS1 was fixed at the same
location, and WPS3 was used to record the wave pressure at
the surface of water. When the water depths were 0.74 m,
0.88 m, and 1.16 m, the intervals between two adjacent wave
pressure sensors were 0.345m, 0.415m, and 0.555m, re-
spectively (see Figure 5).

However, the signals collected by wave pressure sensors
were voltage values. In order to acquire the voltage-pressure
curves, the experiments between wave pressure and voltage
were tested three times. The mean values were adopted as the
calibration results.

3. Results and Discussion

3.1. Wave Generation Process. 'The slide began to impact into
the water body after sudden manual release for the wire
mesh, while waves including jetflow and impulse waves were
generated. A sequence of pictures was extracted from the
video, as shown in Figure 6.

In Figure 6(a), only a few concrete blocks fell into water
at the moment of manual release for the wire mesh, and the
first jetflow was generated. As a number of concrete blocks
plunged into the basin, the first jetflow was further inten-
sified, see Figure 6(b). The first jetflow surged forward and
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TaBLE 3: The distance parameter.

Still water depth (m) L1 (m) L2 (m)
0.74 2.00 1.50
0.88 2.00 2.50
1.16 2.00 2.50

o III-I|-|I!|I!I|
N

||‘
0.415

0.345
0415

0.05 ||
0.5 ||

(a) (®) (c)

FIGURE 5: The experimental setup of three wave pressure sensors at different water depths.
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FIGURE 6: The process of waves generation from test no. 15 with /=1.0m,

fell down in the force of inertia and gravity, and an aerated
water tongue formed quickly, as shown in Figures 6(c) and
6(d). Immediately followed by the second jetflow, and the
first jetflow faded away and the second jetflow strengthened
gradually, simultaneously the first impulse wave came into
being, as shown in Figures 6(e) and 6(f). After that, the
second jetflow disappeared and the second impulse wave was
generated, as presented in Figures 6(g) and 6(h). The first
and second impulse waves propagated upstream, down-
stream, and the opposite bank in the basin, in Figure 6(i) the
first impulse wave had been out of the video recorded by the
camera. In addition, the heights of both the first and second
jetflow were much larger than the impulse wave crest; the
phenomena were also found by Tan et al. [14], who carried
out the tests in generalized model. From a disastrous per-
spective, the destructive intensity of jetflow was much
greater than the impulse wave, but the influence range was
smaller than the impulse wave.

Furthermore, it can be drawn that the jetflow reached its
maximum at the location of WG1, and almost disappeared at
the position of WG2. However, the jetflow could not be
captured in WG3. That is to say, the record of WG3 was only
the water level by the static water plus the impulse wave. For
the impulse wave, similarly, the wave amplitude of the
primary wave was highest near the point where the slide
impacted the water and became lower with the distance of
propagation increasing. When these impulse waves arrived
at the wharf, the amplitude of the leading waves was rela-
tively smaller than that in the water-entry place.

Besides the above pictures from the video, these three
wave gauges also recorded the water-level processes at the
locations of WG1, WG2, and WG3, as shown in Figure 7.

The first impulse wave crest amplitude recorded by WG1
was the largest, and the one at the location of WG2 was
secondly larger. However, the wave crest amplitude of WG3
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w=1.0m, s=0.6m, h=0.74m, and a =40 degrees.

was the least. It could be attributed to two reasons, one was
the influence of jetflow, which had a great effect at the site of
WG1 but almost little impact at WG3, and the other was that
the wave amplitude was generally attenuated because of the
dispersion and damping when propagating [32].

3.2. Dynamic Pressure Process and Distribution. The hy-
drodynamic pressure was essentially caused by the impulse
wave and jetflow, characterized by high splash and dynamic
flow around the structure [34]. However, the wharf pile was
far from the entry point of the slide and the jetflow could not
reach here. Therefore, the hydrodynamic pressure on the
wharf pile was only the dynamic pressure generated by the
impulse wave. Through the data analysis of wave pressure
sensors, an interesting phenomenon has been discovered,
which was that the dynamic pressure processes recorded by
WPS1, WPS2, and WPS3 were almost identical. Test no. 81
was selected as an example, and the dynamic pressure
processes are shown in Figure 8.

In Figure 8, it is not hard to find that the wave pressure
profiles recorded by WPS1, WPS2, and WPS3 were almost
synchronous. For example, the dynamic pressures of WPS1,
WPS2, and WPS3 simultaneously reached their maximum
values at about 30.5s. Similarly, the minimum negative
dynamic pressures recorded by the three pressure sensors
appeared at the same time (approximate 31.5s). In addition,
the dynamic pressure of the impulse waves on the wharf pile
came to being when the first impulse wave arrived, and the
first dynamic pressure was also the highest one.

Subsequently, the distribution of wave pressure on the
pile along water depth would be explored and revealed.
From the perspective of safety, the maximum dynamic
pressure would threaten the wharf pile. Specifically, the
maximum positive dynamic pressure made the wharf pile
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FIGURE 7: The water-level processes recorded by three wave gauges.
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F1Gure 8: The dynamic pressure processes from test no. 81, with /=1.0m, w=1.5m, s=0.6m, h=1.16m, and a=60".

endure the largest total pressure, and the minimum negative
dynamic pressure may cause negative pressure on the wharf
pile. As mentioned above, the first dynamic pressure was
always the most significant, hence both the first maximum
positive dynamic pressure (P.) and the first minimum
negative dynamic pressure (P,) were adopted to explore the
regularity of dynamic pressure distribution. Except for
lacking data in all tests, P, and P, at different still water
depths are plotted in Figure 9. In general, the absolute value

of positive dynamic pressure was greater than the negative
dynamic pressure under the same experimental conditions,
and the former had a more regular distribution than the
latter.

On the whole, the dynamic pressure was almost constant
along the vertical direction under the still water level. It
means that landslide-generated wave energy not only
happened on the surface but also throughout the whole
water, and the dynamic pressure was almost the same from
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top to bottom. The revealed distribution is consistent with
Huang et al. [35]. It is not difficult to understand, the mo-
mentum of the landslide was converted into a huge impact
pressure on the water as soon as the landslide entered into the
water based on the conservation of momentum, and si-
multaneously the pressure can be transmitted along the water
depth. With the propagation of waves, the dynamic pressure
of the impulse wave decreased; however, the dynamic pres-
sure was still constant against the pile from bottom to top.
This finding could be supported by Heller [36], who reported
that for shallow-water waves, e.g., landslide-generated im-
pulse wave, the whole water body is in motion.

However, it is not strictly consistent with the “V” shape
distribution proposed by Tan et al. [14]. For this distinction,
it is largely attributed to the body in which the wave pressure
sensor was put on. In Tan’s test, the wave pressure sensors
were put on the bank slope, which greatly influences the
wave propagation from spreading and resulted in wave
reflection, breaking, and runups. While in this study, the
wave pressure sensors were placed on the front of the wharf
pile, whereat waves can continue to propagate around the
pile, which is also named “wave diffraction.” Moreover,
other piles without wave pressure sensors would affect the
wave propagation and further affect wave pressure.

Now that the distribution characteristics of dynamic
pressure have been revealed, the main affecting factors of
wave pressure will be explored. The wave pressure was caused
by the velocity component and the inertia component [37], so
the relationship between dynamic pressure and wave am-
plitude and wave propagation velocity would be explored.

3.3. The Dynamic Pressure and Force Acting on Wharf Pile

3.3.1. The Relationship between Dynamic Pressure and Wave
Amplitude. Given that the data of wave amplitude and
dynamic pressure recorded by wave gauges (WG1, WG2, and
WG3) and wave pressure sensors (WPS1, WPS2, and WPS3)
were time series, which could be drawn as process curves. Test
no. 69 was taken as an example to probe into the relationship
between impulse wave pressure and wave amplitude. Fig-
ure 10 presents that the wave pressure fluctuation was syn-
chronous as that of the fluctuation of water level elevation. To
a large extent, the finding demonstrating the dynamic
pressure was partly caused by the inertia component.

From the perspective of magnitude, based on the evo-
lutionary consistency of wave pressure and amplitude de-
scribed in Figure 10, it is further inferred that there may be a
linear relationship between the impulse wave pressure and the
wave amplitude. To support this claim, only the first wave
crest amplitude (a.) and wave trough amplitude (a,) were
analyzed. Because the first wave tends to have the greatest
effect on the wharf piles, whilst it can effectively avoid the
impact of wave reflection and superposition [38]. Similarly,
the first maximum positive wave pressure (P,) and the first
minimum negative wave pressure (P,) were selected. Scatter
plots are adopted to study correlation between the wave
amplitude and wave pressure at the same time (see Figure 11).

The experimental result of Figure 11 illustrates the re-
lationship between the maximum wave amplitude and the
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FiGure 10: The curves of water surface elevation and impulse wave
pressure from Test No. 69 with /=1.0m,w=1.0m,s=0.6m, h =
1.16 m, and « = 40°.
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FiGUrE 11: Relative wave pressure with respect to the relative wave
amplitude.

maximum wave pressure. It was not difficult to find that
there was a strong correlation between maximum positive
wave pressure and maximum positive amplitude. Never-
theless, the minimum negative wave pressure scattered
dispersedly with the maximum wave trough, especially the
relative minimum negative wave pressure was more than a
certain threshold value such as —0.02.

3.3.2. The Relationship between Dynamic Pressure and Wave
Propagation Celerity. The wave propagation celerity is an
important parameter for the dynamic pressure as proposed
by the standard of Code of Hydrology for Sea Harbour [37].
However, for each single crest and trough with an individual
wave celerity [7], the relative propagation celerity of the first
wave crest and wave trough was estimated, respectively, as
shown in Figure 12.

In the present study, the crest velocity and trough ve-
locity were defined by two neighbouring wave gauge spacing
divided by the propagation time between the two successive
wave crests or troughs and given as
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where c. and ¢, are the first wave crest propagation celerity
and the first wave trough propagation velocity, respectively.
At and At, are the propagation time required for the first
crest and trough to pass the two successive wave gauges,
respectively. Ax indicates the distance between the locations
of neighbouring wave gauges.

In Figure 12, it is not hard to find that the nondimen-
sional wave propagation celerity could be described as a
function of the dimensionless wave amplitude, and similar
finding was also reported by Heller and Spinneken [39] and
Tang et al. [32]. For the solitary, the celerity can be expressed
as follows:

C, a

N 2)

where ¢, is the solitary celerity, and a; is the solitary am-
plitude. The left side of equation (2) represents the relative
wave celerity of the solitary, and the right side is a function of
the relative amplitude.

The impulse wave propagation celerity was compared
with a solitary propagation celerity. Based on our experi-
mental results, the empirical formulas of ¢, and ¢, were
expressed as follows:

c

@:0.8<1+;—2>, (3)

. 0.7(1 " ﬂ). (4)
\gh 2h
It is noted that the amplitude used to calculate the
landslide-generated impulse wave celerity was the mean
wave crest and trough, which were evaluated based on the
data recorded by WG2 and WG3. For equations (3) and (4),
it is not difficult to find that in forms ¢, and ¢, were 0.8 and
0.7 times in terms of the form of the phase celerity of a
solitary wave, which was due to the finding that landslide-
generated impulse waves consist of a wave packet propa-
gating with a group celerity rather than a phase celerity, and
the group celerity is commonly smaller than the phase ce-
lerity [32, 39]. Furthermore, except for few values, the ex-
perimental wave trough was closer to the 0.7 times
theoretical value more than the wave crest close to the 0.8
times theoretical one. It was attributed to the jetflow
aforementioned in Section 3.1, whose effect on the experi-
mental wave crest was greater than that on the wave trough.
In order to reveal the relationship between dynamic
pressure and wave propagation celerity, the relative dynamic
pressure and the relative wave propagation celerity of the
wave crest and wave trough are shown in Figure 13.
Figure 13 shows that the relative dynamic pressure
generated by the impulse wave was highly correlated with
the relative wave propagation celerity, including the wave
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FIGURE 13: The relative dynamic pressure and the relative wave propagation celerity.

crest celerity and the wave trough celerity, and the dynamic
pressure generated by the velocity component was clarified.
Based on the aforementioned work, the dynamic pressure
formula of impulse wave generated by landslide would be
revealed in the subsequent work.

3.3.3. Dynamic Pressure Formulas of Impulse Waves. As
previously mentioned, the dynamic pressure of impulse
waves was related to the wave amplitude as well as wave
propagation celerity, and as the wave crest amplitude is not
always equal to the wave trough amplitude [7, 26, 40] and the
wave crest propagation celerity is also not the same as the
propagation celerity of the wave trough, therefore, the
positive dynamic pressure and the negative dynamic pres-
sure were analyzed, respectively. In order to minimize the
dimensional effect in the experiments, the multivariate di-
mensionless parameters were used; for instance, the dy-
namic pressure and wave amplitude were expressed as
relative dynamic pressure and relative wave amplitude, re-
spectively. The multiple-nonlinear regression method was
used to analyze the experimental data, and the following
functions could be obtained for the estimation of the positive
and negative pressure acting on the wharf pile, as shown

below:
P c. \%%0 5 o098
< =0.19 < < , 5
pgh (x@ ) ( h > ©

Pt c, 1'08<at>0~98
—=-0.14 — . 6
pgh (\/gh ) h ©

The coefficients of determination for these two equations
are R* = 0.89 and R* = 0.85, respectively. As can be seen in

these formulas, the dynamic pressures acting on the pile are
estimated based on the relative wave amplitude and relative
propagation celerity. In detail, the relative wave crest celerity
c./+/gh or the relative wave trough celerity c,/~/gh expressed
the velocity component, and the relative wave amplitude
a./h or the relative wave trough a,/h represented the inertia
component, which together influence the dynamic pressure.
The validation ranges of the empirical equations (2) and (3)
are0< P /pgh <0.08 and —0.06 < P,/pgh < 0, respectively. To
verify the formulas, the experimental values of the positive
dynamic pressure and the negative one plotted versus the
calculated are shown in Figures 14 and 15, and both the most
experimental values scatter within a range of plus or minus
30%.

It is not hard to find that the influence of celerity is larger
for the troughs than for the crests in equations (5) and (6). In
the tests, the relative celerity of the troughs span from 0.75 to
0.95, and the relative celerity of the wave crests are from 0.95
to 1.15. Taking into account the influence and range of the
wave celerity, the positive and negative dynamic pressures
could be similar. Nevertheless, the relative amplitude is
larger for the crests than for the troughs, and the constant
coeflicient in equation (5) is greater than that in equation (6).
Therefore, positive dynamic pressures have a more impor-
tant influence than the negative dynamic pressures.

3.3.4. Total Force Acting on Wharf Pile. It is well known that
the total pressure is equal to hydrodynamic pressure plus
hydrostatic pressure. For the hydrostatic pressure, it
varies linearly along the vertical direction. However, the
pile is cylindrical and symmetric, and then the hydrostatic
pressures are equal in all directions and the force gen-
erated by the hydrostatic pressure is zero. The



12

06} g
0.5 F
0.4 | . L=

03} L e

Calculated value (kPa)
2
)

The positive pulsating pressure

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Experimental value (kPa)

FiGure 14: Experimental positive dynamic pressure versus cal-
culated results.

0.00

-0.05 -

—0.10 | P o

-0.15 |

Calculated value (kPa)

-0.20 | N
@ o Th? negative pulsating pressure
o)

z

-0.25 - - - -
20.25 -0.20 -0.15 -0.10 -0.05 0.00

Experimental value (kPa)

FiGure 15: Experimental negative dynamic pressure versus cal-
culated results.

hydrodynamic pressure is caused by the impulse wave
when the water body is only disturbed by landslides, and it
is equal to the dynamic pressure. It is noted that the
impulse wave propagated in wave train, and the dynamic
pressures are present around the pile, but their values are
unequal because of the phase angle of the wave train. The
profile of the dynamic pressure distribution on the pile is
shown in Figure 16.

For the worst-case scenario that the pressure is assumed
to have its maximum value, the total force is equal to the
dynamic pressure times the bearing area, which could be
expressed as

A=(h+a)xD, (7)

where A and D are the bearing area and diameter of the
wharf pile, respectively. a is the wave amplitude at the axis of
the wharf pile. a,. could be approximately used instead of a,
and then formula (7) is expressed as

A=(h+a)xD. (8)

Therefore, the maximum positive force acting on wharf
pile could be derived as follows:

ac
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Similarly, the minimum negative force acting on wharf
pile could be expressed as

c -1.08 a.\0.98
F . = —0.14( t (—t> pgh(h-a,)xD. (10)
min \/éz) h

It should be noted that the proposed empirical formulas
are applicable especially to the “high-pile,” and they can
provide reference for landslide-generated impulse wave
disaster prevention and mitigation. Yet, the aforesaid dy-
namic pressure formulas were derived based on idealiza-
tions, simplifications, and specific test conditions. In our
tests, the bottom of the basin was generalized as horizontal,
and all the cross-sections were trapezoidal. In fact, the
bottom of the natural river course is undulating and rough,
and the cross-sections including not only trapezoid but also
U-shaped, V-shaped, and other forms are always variable
including even within a short river reach. These complex
boundary conditions can affect the generation and char-
acteristics of landslide-generated waves, which determine
the dynamic pressure acting on the wharf pile. In addition, to
simplify the physical model, the velocity related to the river
flow is absent. However, the dynamic pressure acting on the
wharf pile was more complicated under the action of water
flow. Therefore, these results in this paper only provide a
rough reference and are not applied to design the pile now.
For further application to design wharf pile, a large number
of extensive trials should be executed to address the uni-
versality of these formulas.

4. Conclusions

To effectively prevent the natural hazard of landslide-gen-
erated impulse waves in reservoirs, in this paper, we ex-
amined the impact of landslide-generated impulse waves
against the wharf pile in the TGR. A series of physical ex-
periments were conducted to generate impulse waves and
study the impact of dynamic pressure on the wharf pile. On
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this basis, some conclusions are summarized and presented
as follows:

(1) In terms of impulse wave characteristics, experi-
mental results show that waves generated by land-
slide include jetflow and impulse wave. The jetflow
appeared earlier than the impulse wave in time, and
its amplitude was larger than the impulse wave
amplitude. However, the propagation distance of the
jetflow was shorter than the impulse wave, so the
water affected by the jetflow was smaller. From a
disastrous perspective, the jetflow had larger inten-
sity but smaller range of influence.

(2) In terms of wave pressure exerted on the wharf pile,
as the jetflow could not arrive at the wharf, the
pressure was only induced by the impulse wave, and
test results illustrate that the dynamic pressure was
constant along the vertical direction.

(3) In terms of the dynamic pressure and force acting
on the wharf pile, this study reports that the dy-
namic wave pressure was determined by the wave
amplitude and wave celerity. A multiple regression
was adopted to reveal the relationship between the
dynamic pressure and the wave amplitude as well
as wave celerity; furthermore, the corresponding
force on the wharf pile caused by impulse wave was
given.
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