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Waves generated by landslides into water cause great harm to wharfs. Hence, the surge wave pressure generated by the landslide
serves as an important reference for the structural design of wharfs in reservoir areas. In this study, a series of hydraulic model tests
were performed to study the energy and wave pressure produced by the surge. According to wave pressure-time curves, the
extreme values of sudden transient changes in wave pressure are obtained. -e mechanism and influencing factors of surge wave
pressure on vertical wharf buildings are expounded. On this basis, a formula to calculate the wave pressure exerted by landslide
surge on the pile foundation of an overhead vertical wharf is developed. A large number of experiments show that the empirical
formula is in good agreement with the experimental data.

1. Introduction

-e collapse of slopes and waves caused by landslides in
reservoir areas may cause great harm to navigation
buildings and wharfs and can affect ships passing through
these areas, as in the case of the landslide at the Dali-
vayiang reservoir [1] and the landslide into Daning River
in Wushan, Chongqing [2]. Channel type reservoirs are
located in semiclosed water areas. -us, a surge in the
channel type reservoir is different from that in an open sea
environment. -e surge induced by a landslide on the
reservoir bank cannot be fully attenuated due to its short
propagation distance. When it reaches the nearshore
water area, it still has a large standing wave height. -e
surge carries a large amount of energy, which can overturn
ships and impact wharf buildings, thereby posing a serious
threat to the infrastructure on the reservoir bank and the
safety of local residents [3].

In recent years, it has become a development trend for
the construction of river terminals in mountainous areas

to ensure that the structure of the overhead vertical wharf
is suitable for large water level differences. In the past,
researchers [4–6] have studied the safety impact of
landslide surges on the channel and wharf structure using
physical model experiments. -e landslide mass of a
mountain river causes a large energy surge in a short time,
which can be potentially dangerous to wharf structures. In
order to avoid the occurrence of disasters and to reduce
the impact of disasters caused by landslide surges in
reservoir areas, it is necessary to accurately estimate, in
advance, the wave pressure and impact on these structures
when a disaster occurs and incorporate the corresponding
preventive measures during the structural construction or
daily operation of the wharf.

Edward [7] analyzed the motion relationship of
landslide objects in two extreme positions, namely, ver-
tical falling and horizontal pushing, and proposed a
simple formula that related surge height, water depth, and
motion speed. Robert and Wiegel [8] explained the re-
lationship between surge and width, water depth, ferred

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 8823552, 8 pages
https://doi.org/10.1155/2020/8823552

mailto:631502010327@mails.cqjtu.edu.cn
https://orcid.org/0000-0002-7866-8399
https://orcid.org/0000-0003-1672-4751
https://orcid.org/0000-0002-2918-139X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8823552


number, and landslide speed using a hydrodynamic model
test. Pan [9] proposed an algorithm for surge calculation
considering wave reflection and wave superposition. On
the basis of Jiazheng’s algorithm, the phase difference of
waves during propagation was considered by Ha and Hu
[10], and they proposed a formula for calculating the surge
height of each part of the reservoir. Based on a three-
dimensional model, Dai [11] measured the maximum
landslide surge and propagation wave height and calcu-
lated and analyzed the landslide movement process, surge
height, and propagation law based on the three-dimen-
sional model. Hu [12] studied the influence of slope, ef-
fective contact area, and affluent depth of solid flow on the
surge characteristics according to the principle of solid
flow energy exchange. Huang [13] proposed a calculation
model of surge pressure using a physical model and
employed the calculation model to analyze and evaluate
the safety of a dam under the action of surge.

Although physical block model experiments on land-
slide surges have provided a considerable amount of re-
search results on wave characteristics, wave propagation,
and coastal climbing height [14–22], there are few studies
on the relationship between landslide mass and nearby
wharf structural pile foundation. In this study, based on a
hydraulic physical generalization model test of the Tuokou
wharf in Wanzhou Jiangnan of the -ree Gorges Reservoir
area, the relationship between the landslide and wave
pressure acting on the pile foundation of the overhead
vertical wharf is analyzed by measuring the wave pressure
acting on the pile foundation of the landslide under the
action of the surge wave. Furthermore, we analyze and
study the relationship between the landslide and wave
pressure acting on the pile foundation from various as-
pects, such as the change characteristics of the diachronic
curve, the influencing factors, and the distribution size and
propose an empirical formula to characterize the effect of
slope and surge on the pile foundation.

2. Physical Model Experiment

In this study, the experiment was carried out in a simulated
river channel. According to water levels of 145m, 155m, and
175m in the -ree Gorges Reservoir area, the experimental
water depth was 74 cm, 88 cm, and 116 cm based on a scale of
1 : 70. -e wharf structure and the center of the sliding wave
body are along the same straight line, and the distance
between them is 6.37m, as shown in Figure 1.

An overhead vertical wharf model was constructed
according to the Jiangnan Tuokou container terminal of
Wanzhou port, Chongqing, and the geometric scale was 1 :
70. Fifteen wharf bents were selected. -e width of the
model was 1.5m, the design size of the model was 2.28 cm,
and the spacing between bends was 10 cm. -e wharf model
is shown in Figure 2.

-ere are nine sizes of the simulated landslide mass, of
which the width B has three sizes: 0.5m, 1.0m, and 1.5m; the
thickness D has three dimensions: 0.2m, 0.4m, and 0.6m;
and the length is 1m. According to statistical data, the slope
angle of the shear outlet of the landslide mass is constrained

between 15° and 60° with an average value of 33°. -erefore,
the slope angles, β, of the landslide mass in this experiment
were designed to be 20°, 40°, and 60°. In this test, the front edge
of the landslide mass was tangent to the edge of the water
surface under different water levels (water depth) and dif-
ferent slope angles, and the sliding distance L of the landslide
mass was half the length of the landslide mass, that is, 0.5m.
-e landslide model used in the test is shown in Figure 3.

-e test conditions were selected according to the water
depth, slope, width, and thickness of the slide, thereby to-
taling 81 groups of test conditions.

Under different landslide conditions, the wave pressure
exerted by the landslide surge on the front of the pile foun-
dation of the overhead vertical wharf was measured. -ree
measuring points were set up under three water levels, and
wave pressure tests were performed under a total of 81 groups
of testing conditions. -e placement of the wave pressure
sensor at different water depths is shown in Figure 4.-emain
measuring equipment was a DH5902 dynamic strain gauge
and wave pressure sensor (CYG1145T), as shown in Figure 5.

3. Experimental Data Analysis

3.1. Time History Characteristics of Wave Pressure. -e
change in the wave pressure-time curve at three different
measuring points on the same pile is shown in Figure 6.

It can be seen from the figure that the wave pressure-time
curve shows a trend of rapid rise to rapid decline and then
becomes steady gradually. As the landslide mass enters the
water, the water body is subjected to great impact pressure, and
the water body climbs along the front edge to form a wave
crest. As the landslide continues to slide, the peak value of the
wave will reach the highest value until it breaks and flows into
the water body.-is generates the initial surge forming the first
row of regular waves. As the wave climbs, it is blocked by the
structure, and the wave reflection and superposition defor-
mation form multiple wave trains, which are all smaller than
the first row of regular waves. -erefore, the measured wave
pressure value shows a trend of rapid decrease. As the wave
propagating to the wharf becomes smaller, the wave pressure
exerted on the wharf structure is also significantly reduced.

According to the test data, the surge wave pressure of
landslides exhibits a transient mutation, which can be
regarded as the most concerned extreme value in engineering.

3.2. Analysis of Wave Pressure Influencing Factors.
According to the research of Mohammed et al. [23, 24], the
formation mechanism of swell is different from that of wind
waves. Wind waves are surface waves directly generated by the
action of winds, and their influence range is shallow. Wave
energy is concentrated in the upper part of the water body, and
its propagation direction is consistent with wind direction at all
times. However, landslide swell is caused by a landslide body.
-e landslide body exchanges energy with the water body, the
impact range is deep, and the energy is concentrated in the
entire exchanged water body. With increase in propagation
distance, the surge is affected by the water viscosity resistance,
scattering, and air resistance, and, thus, the energy loss is higher.
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-e generation of surge is actually the process of energy
exchange between the landslide mass and water body. In this
test, the landslide mass slides due its own gravity. As the
landslide mass enters the water, the gravity potential energy
is converted into kinetic energy of the water. -e sliding
process of the landslide mass can be simplified as shown in
Figure 7.

According to the law of conservation of energy, we
obtain

mgl sin α �
1
2

mv
2

+ mgl μ cos α⇒ v
2

� 2gl(sin α − μ cos α).

(1)

As the sliding distance L and friction coefficient μ are
constant, the speed of the landslide mass before entering the
water is only dependent on the inclination of the sliding
surface, and, hence, the speed increases with an increase in the
inclination of the sliding surface. -erefore, the energy (i.e.,
initial kinetic energy) of the landslide mass when entering the
water body at the same inclination of the sliding surface is only
determined by the volume of the landslide mass.

-ree groups of measurement schemes were selected
to observe the variation of the initial maximum wave
pressure with the landslide volume at the upper, middle,
and lower measurement points, as shown in Figures 8–10.
It can be seen from the figure that the initial maximum
wave pressure increases with the increase of the landslide
volume. -e initial maximum wave pressure values of the
upper, middle, and lower measuring points are consistent
with the change of the landslide volume, and the maxi-
mum initial wave pressure always appears near the static
water surface (upper measuring point).

It can be seen from Figures 11–13 that the initial
maximum wave pressure measured at the middle and low
water levels is greater than that at the high water level when
the landslide volume is the same under the same sliding
plane inclination. -e main reason for this is that, in the
test, the difference between the middle and high water
levels is twice that between the middle and low water levels.
Hence, unlike that at the high water level, the wave pressure
changes at the middle and low water levels are similar.
Furthermore, according to the law of conservation of
energy, the wave energy formed under the same sliding
plane inclination should be the same. When the water level
is low, the same amount of energy should be shared within
a small volume of water, while when the water level is high,
the same amount of energy will be distributed in the larger
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Figure 1: Experimental diagram.

Figure 2: Model of overhead vertical wharf.

Figure 3: Landslide model in test.
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Figure 4: Side view of the location of wave pressure sensor at (a) 74 cm water depth, (b) 88 cm water depth, and (c) 116 cm water depth.
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Figure 5: Wave pressure acquisition system in test. (a) Wave pressure acquisition and (b) water level acquisition.
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Figure 6: Seventeen wave pressure changes at each measuring point (20°, 88 cm, 1× 1.5× 0.4m3). (a) Upper measuring point. (b) Middle
measuring point. (c) Lower measuring point.
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volume. -erefore, the wave pressure measured at the
middle and low water levels is larger than that measured at
the high water level.

It can be seen from Figures 14–16 that, under the same
water level, when the dip angle of the sliding surface is small
(20°), the measured initial maximumwave pressure is small. At
the middle and low water levels, the maximum initial wave
pressure can be obtained at large (60°) and medium (40°)
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Figure 7: Stress diagram of landslide mass.
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Figure 8: Variation of initial maximum wave pressure at upper,
middle, and lowermeasuring points with landslide volume (20°, 88 cm).
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Figure 9: Variation of initial maximum wave pressure at upper,
middle, and lowermeasuring points with landslide volume (40°, 74 cm).
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Figure 11: Variation of initial maximum wave pressure with
landslide volume at three water depths (at 20°).
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Figure 12: Variation of initial maximum wave pressure with
landslide volume at three water depths (at 40°).
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Figure 10: Variation of initial maximum wave pressure at upper,
middle, and lower measuring points with landslide volume (60°,
116 cm).
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angles; in the high water level, the maximum value of the
initial wave pressure is always obtained at 40°. As shown
in Figure 17, when the dip angle of the sliding surface,
which is directly related to the speed at which the
landslide mass enters the water, is small (20°), the energy
of the landslide body into the water is small, and the

energy exchanged with the water body is also small, so at
this time, the initial maximum wave pressure value
measured at any water level is obviously small. When the
dip angle of the sliding surface is large, the energy of the
landslide mass as it enters the water is large. Assuming
that the affluent water depth is sufficient at the high water
levels and that the thickness of the landslide mass is the
same, the contact width between the slope and the water
surface is larger when the landslide mass enters the water
at 40° than when it enters the water at 60°. -is indirectly
reduces the wave propagation distance, and, thus, the
initial wave pressure measured at 40° is larger.

We found that the wave pressure values at the upper,
middle, and lower measuring points show a clear decreasing
trend, and the initial maximum wave pressure always ap-
pears near the static water surface (upper measuring point).
Under the static water level, the initial maximum wave
pressure intensity of the landslide surge is almost linear
along the water depth. Above the static water surface, be-
cause the wave height can be taken as the height of the swell
center line in front of the wharf structure beyond the static
water surface, half of the swell wave height can be taken as
the wave pressure distribution height. A simplified calcu-
lation model of the initial maximum wave pressure exerted
by the landslide surge on the pile foundation of the overhead
vertical wharf structure is shown in Figure 18. -e wave
pressure at the intersection of the pile body and ground, that
is, at the pile depth, is determined using the following
formula:

Pd � kP, (2)

where K is the initial maximum wave pressure reduction
coefficient; the value of K is within the ranges of 0.70–0.83
at the high water level and 0.84–0.89 at the low water
level.

3.3. Formulation. According to the above analysis, the initial
maximum wave pressure value p at the water surface is
related to the single width volume (width and thickness
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Figure 13: Variation of initial maximum wave pressure with
landslide volume at three water depths (at 60°).
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Figure 14: Variation of initial maximum wave pressure with
landslide volume under different slope angles (at 74 cm).
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Figure 15: Variation of initial maximum wave pressure with
landslide volume under different slope angles (at 88 cm).
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Figure 16: Variation of initial maximum wave pressure with
landslide volume under different slope angles (at 116 cm).
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change, length is fixed), the angle of the sliding surface β, the
sliding distance L, the water depth h, and the volume weight
c of the water body, which can be obtained by the di-
mensional analysis method:

f
P

ch
, β,

l

d
,
h

b
  � 0. (3)

Based on the authors’ expertise, linear, power, and
exponential functions were selected for multiple re-
gression analysis to obtain formulae to estimate the
initial maximum wave pressure at the hydrostatic sur-
face. -e values of initial maximum wave pressure
measure under 81 groups of test conditions were com-
pared with those calculated using these formulae. As
shown in Figure 19, the power function formula
exhibited a high degree of coincidence between the
measured and calculated values:

P

ch
� 0.032β0.464 l

d
 

−0.822
h

b
 

−1.158

. (4)

4. Conclusion

(1) With the slide of landslide, the time curve of wave
pressure increases rapidly, decreases rapidly, and
then tends to be calm gradually. -e transient
mutation of the surge wave pressure as the landslide
mass enters the water can be regarded as the ex-
tremum of engineering concern.

(2) In the process of wave attenuation, the initial
maximum wave pressure formed when the initial
wave propagates to the wharf structure has the
greatest influence on the wharf structure.

(3) -e maximum value of the initial wave pressure
always appears near the static water surface (upper
measuring point), and the value of the initial wave
pressure is larger when the landslide mass enters the
water at 40° than that at 20° and 60°.

(4) Under the static water surface, the positive wave
pressure intensity of landslide surge on the vertical
pile of overhead vertical wharf is approximately
calculated according to the linear distribution. -e
calculation formula can refer to the empirical
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60°d d

Figure 17: Water entry state of landslide mass under different slope angles.
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Figure 18: Simplified calculation model of landslide surge wave
pressure.
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formula, and the effect of landslide surge should be
considered in the design of Wharf in reservoir area.
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