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Abstract: FETSWCM-SWAN and DualSPHysics models are used to study the storm flooding process
of Dazuo Seawall in Quanzhou city, Fujian province, China. Firstly, a storm over-topping assessment
method is proposed. Secondly, the water level and storm wave at the foot of Dazuo Seawall calculated
by FETSWCM-SWAN during the process of Typhoon Usagi in 2013 and Typhoon Dujuan in 2015.
Finally, the typical wave and storm run-up processes at Dazuo Seawall are modeled by DualSPHysics.
The results show that the typical wave run-up of Dazuo Seawall is less than 2 m, but the storm wave
run-up can reach 6.85 m under Usagi. The risk is high when high tide is encountered. The risk of
storm flooding is classified into three grades. This risk assessment could provide decision-making
support to government departments in warning against storm flooding threats.

Keywords: seawall; flooding risk assessment; waves; storm surge

1. Introduction

A seawall is a type of water-retaining structure built on the shoal in estuaries and
coastal areas to prevent tidal and wave invasion. Seawalls play an important role in
ensuring the sustainability of economic development and public safety in southeastern
coastal areas of China, where typhoons and stormsurges are frequent. Such disasters occur
when waves pass over the seawall and a surge of seawater floods inland. Predicting the
over-topping of seawalls and warning of flooding disasters caused by storms are important
responsibilities of the government.

Flooding in coastal areas is commonly caused by a combination of the extremely
high-water levels of storm tides and the overflow of large waves. It is necessary to consider
the comprehensive influence of storm surge, astronomical tide level, and wave run-up
at the seawall as storms develop so as to determine whether seawater will overflow the
seawall and issue an early warning.

Accurate forecasting of the seawater level and the storm wave is one of the major
tasks in storm flooding forecasting. Wave-flow models consider astronomical tides, storm
surges, waves, and the interactions among them to achieve accurate calculations. Wave-
flow models such as ROMS+SWAN [1], ADCIRC+SWAN [2-4], FVCOM_SWAVE [5], and
FETSWCM-SWAN [6] have been well verified and applied offshore.

Calculating the storm wave run-up height at the seawall is the other task in a storm
flood warning. Water runs up at the seawall by the action of waves, and the wave run-up
height is measured from the normal sea level. Simulating wave run-up is complicated due
to the fluid—structure interaction. There are four ways to calculate wave run-up: theoretical
analysis, physical model tests, field observation, and numerical simulation.

Saville [7] proposed a formula to calculate wave run-up height based on an exper-
imental study of a physical model in 1956. Iwagaki [8] studied irregular wave run-ups
and proposed a formula for wave run-up height in 1977. Van Der Meer [9] proposed a
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formula to calculate the mass of wave over-topping and wave run-up height based on the
experimental results of sloped seawalls in 1992. Duan [10] proposed the Putian formula to
calculate wave run-up height according to six years of observation at the seawall of Putian,
China. In 2002, the Technical Advisory Committee on Water Defense of the Netherlands
proposed equations to calculate wave run-up and over-topping that take into account the
influence of foreshore and shallow foreshore, roughness, slope, and wave angle. However,
the above-mentioned formulas are complicated. Some correlation formulas based on ob-
servations at specific seawalls have been proposed [11,12], which are easy to compute but
only valid for the specified seawalls.

Numerical wave tanks, with high precision and avoiding the scale-effect limitations of
physical wave tanks, have been applied extensively to study wave propagation and wave—
structure interaction [13-15]. Wave generation, wave elimination, and complex boundary
dynamics are the major tasks in establishing a numerical wave tank [16,17]. To investigate
wave run-up height, DualSPHysics, a platform of smoothed-particle hydrodynamics (SPH),
is employed to simulate the wave action on Dazuo Seawall in the present study [18].

This paper is organized into four sections. Section 1 is the introduction. Section 2
describes the model setup, including study area and storm cases, the parameterization
scheme adopted by the DualSPHysics model and FETSWCM-SWAN, and a two-way model
coupling FETSWCM and SWAN. Section 3 describes the numerical results, including water
level simulation, wave simulation and wave over-topping simulation during regular and
typhoon periods. Section 4 presents the main conclusions of this work.

The aim of this paper is to conduct numerical experiments to quantitatively explore
the typical wave and storm run-up processes at Dazuo Seawall during two super typhoons.

2. Models and Methods
2.1. Study Area and Storm Cases

Dazuo Seawall of Quanzhou City lies to the southeast of China, which suffers frequent
storm disasters. Fujian Chongwu Dazuo Seawall (Figure 1) is located in Chongwu County,
Quanzhou City, Fujian Province. It is a stepped seawall with a step-shaped cement-block
protecting surface. The steps are 0.250-m high and 0.175-m wide, and the water level in
front of the embankment is constant at 10 m. The seawall slope height is 8.2 m, the seawall
inclination is 55°, and there is a 2-m vertical wave wall at the top of the seawall.

Figure 1. Location of Dazuo Seawall, the tidal gauge of Chongwu.

In this paper, strategies for storm over-topping assessment are proposed, and the
storm wave processes at the Dazuo Seawall during Typhoon Usagi in 2013 and Typhoon
Dujuan [19] in 2015 are studied. These two typhoons were both designated as super
typhoons and made landfall on the southeast coast of mainland China in 2013 and 2015,
respectively, and their paths are shown in Figure 2.
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Figure 2. Location of tidal stations and wave buoys (left) and mesh grid (right).

Typhoon Usagi, the 19th typhoon of 2013, was generated in the northwest Pacific
Ocean, east of the Philippines, at 02:00 CST on 17 September. The maximum wind speed
near its center was 18 m/s, and the minimum central pressure was 1000 hPa at that time. It
then went westward slowly and upgraded to a super typhoon at 18:45 CST on 18 September.
At that time, the maximum wind speed near its center was 52 m/s, and the minimum
pressure at the center was 930 hPa. After that, Usagi continued to move northwest and
made landfall near the southern coast of Shanwei City, Guangdong Province, at 19:40 CST
on 22 September. The maximum wind speed near its center was 45 m/s, and the minimum
pressure at the center was 940 hPa when landing.

Typhoon Dujuan, the 21st typhoon of 2015, was generated in the northwest Pacific
Ocean on 23 September. The maximum wind speed near its center was 18 m/s, and
the minimum central pressure was 998 hPa at that time. It then went westward slowly
and upgraded to a severe tropical storm at 17:00 CST on 24 September. At that time, the
maximum wind speed near its center was 25 m/s, and the minimum pressure at the center
was 985 hPa. Dujuan was upgraded to a typhoon at 17:00 CST on 25 September, with a
maximum wind speed near its center of 33 m/s and a minimum central pressure of 975 hPa.
It was upgraded to a super typhoon at 8:00 CST on 27 September, with a maximum wind
speed near its center of 55 m/s and a minimum central pressure of 930 hPa. Dujuan then
moved westward and made landfall near Xiuyu District, Putian City, at 09:00 CST on
29 September. The maximum wind speed near its center was 33 m/s, and the minimum
pressure at the center was 975 hPa when landing.

2.2. FETSWCM-SWAN Model

FETSWCM-SWAN, a two-way model coupling FETSWCM and SWAN established by
the Storm Surge Research Group of Xiamen University (China), has been used to study
the interaction of astronomical tide, storm surge, and typhoon waves in the middle part
of Taiwan Strait and the coast of Fujian province [12]. FETSWCM, or Finite Element Tide
Storm surge Wave Coupled Model, is a two-dimensional hydrodynamic model based on
a specific typhoon wind model. SWAN [19], a third-generation wave model developed
at Delft University of Technology (The Netherlands), computes random, short-crested,
wind-generated waves. FETSWCM passes on the water levels and currents to SWAN
and then computes with the radiation stress gradients feedback from SWAN in the next
time step.

The model is forced by the modified wind model, which is considered influenced
by the terrain of the Strait and Taiwan Island [20] the typhoon pressure field adopts the
Holland pressure model [21]. The calculation time step of the SWAN model is 900 s, the
spectral distribution is 360°, the direction step is 3°, and the discrete frequency is 0.125 Hz.
The selected physical processes are wave shallowing, refraction, bottom friction, crushing,
and three-phase wave nonlinearity. The calculated minimum water depth is set to 0.5 m,
and the wind field, water level and flow field are jointly driven.
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Water levels were recorded at eight tide gauge stations, and the wave heights were
recorded at ten wave buoys. The locations of the tidal stations (solid circles) and wave
buoys (open circles) are shown in Figure 2.

In FETSWCM mode, the governing equations are in Cartesian coordinates. In the
GWCE equation under the system (Generalized Wave Continuity Equation) and VIMEs
equations (Vertically Integrated Momentum Equations), the oxy surface of the coordinates
is the same as the static sea surface. The x-axis points to the east, the y-axis points to the
north, and the z-direction is positive.

The equation expression is as follows:
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This paper takes the seawall along the coast of Fujian as the main research object, and
the water depth distribution in the study area is shown in Figure 2. The computational
domain is divided by triangular meshes; the resolution of the open boundary mesh is 30 km,
the average resolution of the Fujian coastal mesh is 1 km, and the highest resolution is
100 m, with a total of 11,802 mesh nodes and 20,448 triangular meshes. The water depth of
the computational domain is interpolated by etop2-1min water depth data in the open sea.
The open boundary tidal drive is taken from the global tidal model NAO99b model [22].

Using the FETSWCM-SWAN model to simulate 5 typhoons that made landfall or
affected Fujian Province in the Taiwan Strait during 2013-2015, The quasi-mean absolute
error of the significant wave heights at ten buoy stations is 0.70 m [12].

2.3. DualSPHysics Model

DualSPHysics [23] is an open-source program developed at Universidade de Vigo
(Spain) and the University of Manchester (UK) that uses the SPH method to deal with real-
life engineering problems, which can be run on either CPUs or GPU cards. DualSPHysics
simulates free-surface flow phenomena where Eulerian methods can be difficult to apply,
such as waves or the impact of dambreaks on offshore structures. DualSPHysics has been
applied to study wave run-up on a real armor block coastal breakwater [24-26] and evaluate
wave impacts on coastal structures [27-29].

SPH is a gridless method established based on the Lagrangian system, and its calcula-
tion process does not depend on the calculation grid.

N-S(Navier-Stokes) equation derived by the SPH form is

av +
g = L 1) VoW, + g @
b

And the continuity equation is:

% = ;meub Vo Wep ©)

In the numerical simulation, a Quintic kernel was set [30], and the initial particle
spacing was set to 0.02 mm, which resulted in 2-D cases smoothing length of 0.034 m.
The second-order wave generation solution [31], dynamic boundary condition (DBC) [32],
The active wave absorption system (AWAS) [33], and Symplectic algorithm [34] integrate
variables in time are adopted.
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3. Results and Discussion
3.1. Water Level Simulation

The water level was simulated by FETSWCM-SWAN during the Usagi and Dujuan
typhoons, which were influenced by the combination of tide and storm surge. The observed
and simulated water levels are shown in Figures 3 and 4, where it is obvious that FETSWCM-
SWAN could simulate both the magnitude and phase of the real tide surge. The semi-
diurnal tide is predominated in the central and northern parts of the Fujian coast, and the
tide simulation has a higher accuracy, whereas the tide is irregular semi-diurnal at the
southern Fujian coast, which has a more complex tidal process and is more difficult to
simulate accurately.

These above results suggest that the FETSWCM-SWAN model can well-simulate
hydrodynamic processes during storm periods.

In summary, the FETSWCM-SWAN model is successful in the simulation of the tide
level near Fujian during typhoons.

3.2. Wave Simulation

Significant waves are simulated by FETSWCM-SWAN during the process of Usagi and
Dujuan, which considers the effects of tide and storm surge. The observed and simulated
wave values are shown in Figures 5 and 6. The waves exceed 6 m in the central area of
the Taiwan Strait, benefiting from the average water depth of 50 m. As the water becomes
shallow near the shore, the wave heights decrease to approximately 2 m due to wave
deformation and breaking. The waves oscillate in the tidal period at the nearshore area as a
result of being affected by tides. The FETSWCM-SWAN model incorporates the effect of
tidal current and tidal water level on wave action, which leads to agreement between the
wave simulation and observations.
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Figure 3. Comparison of water level simulations and observations along the Fujian coast during
Typhoon Usagi.
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during Typhoon Dujuan.

According to the observed results at buoys No. 1 and No. 2 in Figure 5, the wave height
was approximately 2 m in the middle of the Taiwan Strait before Usagi developed. Other
meteorological factors independent of the storm are not taken into account in FETSWN-
SWAN, which causes an underestimation of wave height in the early process of Usagi.

The nearshore wave observations showed obvious tidal periodic oscillation, which
was considered an effect of tidal action. The FETSWCM-SWAN model incorporates such
wave-tide interactions. Therefore, the simulation results are in good agreement with the
observations.

3.3. Typical Wave Run-Up Simulation

Water runs up at the seawall by the action of waves, and the wave run-up height is
measured relative to the still sea water level. The simulation of wave run-up is complicated,
as it involves fluid-structure interactions. According to the size and real sea conditions
around Dazuo Seawall, an SPH numerical flume with a stepped slope is designed, as shown
in Figure 7. The flume is 200 m in length and 20 m in height, and the water depth is 10 m.
On the left side of the flume is the seawall with steps at a slope of 55°, which is 9.95 m
in total height considering the vertical wall on the top. The left side of the flume is the
wavemaker.

Dike wave maker

20m

10 m

\ L) —
A4

|«

Figure 7. Initial setup of the SPH flume of Dazuo Seawall.

>l
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Typical waves were determined by analyzing those observed at a distance of 100-m
away from Dazuo Seawall over three months. The significant wave height with the highest
frequency was 0.76 m and 5.29 s, and the significant wave height with a cumulative
frequency of 65% was 1.24 m and 7.03 s.

The Active Wave Absorption System is implemented in DualSPHysics to eliminate
the secondary reflected waves at the wavemaker by adjusting the boundary conditions
of the numerical wave flume. As the typical waves were of intermediate height, regular
and irregular waves were generated in accordance with Stokes” second-order wave theory
in DualSPHysics. To define the sea state, three-month wave data are measured in a buoy
100 m from the dike toe. The typical wave run-ups are simulated using the conditions of
typical waves, which are set as follows (Table 1).

Table 1. Typical wave conditions and maximum wave run-up heights.

Maximum Regular Maximum Irregular

Wave Height (m)  Wave Period (s)  Water Depth (m)  Wave Length (m) Wave Run-Up Wave Run-Up
Height (m) Height (m)
Wave#l 1.24 7.03 10 45 1.87 1.89
Wavet#2 0.76 5.29 10 33 1.05 1.52

The regular and irregular wave run-ups at Dazuo Seawall are shorter than 2 m, and
the averaged high tide in the adjacent area is 3.73 m, according to Li’s analysis of tide data
over 50 years [24]. Considering the height of Dazuo Seawall is 8.2 m, wave over-topping
will not happen even when a typical wave is encountered during high tide. Thus, the
design of Dazuo Seawall meets the protection requirements of typical waves.

Figures 8 and 9 show the wave run-up time series of regular and irregular waves
calculated by SPH mode under the typical incident wave conditions, respectively.
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Figure 8. Wave run-up time series of regular Wave#1 and Wave#2.
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Figure 9. Wave run-up time series of irregular Wave#1 and Wave#2.
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3.4. Storm Over-Topping Simulation

The storm tides and the significant wave heights at the foot of Dazuo Seawall are
simulated by FETSWCM-SWAN. As is shown in Figure 10, the significant waves show
oscillation in the tide period that is two to four hours later than the tide phase, which was
due to the interaction of tide and wave action.
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Figure 10. Water level and significant wave height (SWH) simulations at Dazuo Seawall during
typhoons Usagi (left) and Dujuan (right).

Eight sets of experiments are conducted according to the simulation of wave heights
and tide levels three days before the landfall of both typhoons. As shown in Tables 2 and 3,
Exp 1 stands for the conditions at the time of the largest significant wave; Exp 2 stands
for the conditions at the time of the highest storm tide level; Exp 3, 4, and 5 stand for the
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conditions when an average wave is encountered with average high tide, mean tide, and
average low tide; and Exp 6, 7, and 8 stand for the conditions when the largest wave is
encountered with average high tide, mean tide, and average low tide. The wave period of
the average wave is calculated from the fitting formula derived from the wave height and
wave period observations.

Table 2. Wave conditions and wave run-ups for Typhoon Usagi.

Significant Tid W. Maxi W. Wave
Exp Wave 1de rave aximum yvave Run-Up Overtoppin,

Height (m) Level (m) Period (s) Run-Up (m) Height (m) 8

1 3.38 1.50 9.8 5.34 16.84 no

2 3.29 3.10 9.9 6.85 19.95 yes

3 2.33 3.05 8.4 3.13 16.18 no

4 2.33 0.36 8.4 3.10 13.46 no

5 2.33 —2.45 84 3.30 10.85 no

6 3.38 3.05 9.8 6.90 19.95 yes

7 3.38 0.36 9.8 5.99 16.35 no

8 3.38 —245 9.8 6.75 14.30 no

Table 3. Wave conditions and wave run-ups for Typhoon Dujuan.
Significant . . Wave
Exp gWave L Tul‘le(e ) P Wa‘ée( ) M?{XIm%m (Wa)ve Run-Up Overtopping

Height (m) evel{m enod s un-tp tm Height (m)

1 3.15 —1.07 9.5 5.13 14.06 no

2 2.45 3.72 9.0 3.30 17.02 no

3 1.94 3.30 8.0 2.50 15.80 no

4 1.94 0.57 8.0 2.55 13.12 no

5 1.94 —2.12 8.0 2.66 10.54 no

6 3.15 3.30 9.5 431 17.61 no

7 3.15 0.57 9.5 491 15.48 no

8 3.15 —2.12 9.5 5.73 13.61 no

The 16 sets of wave run-ups at Dazuo Seawall (over 15 s) are simulated by Dual-
SPHysics, and all the waves are considered regular.

The time series of the wave run-up of Exp 1 and 2 are shown in Figure 11, those of
Exp 3 and 5 are shown in Figure 12, and those of Exp 6 and 7 are shown in Figure 13.

According to the simulation results of Exp 1-8 for Usagi, storm over-topping occurred
at the time of the highest storm tide level (Exp 2) and when the largest wave was encoun-
tered with average high tide (Exp 6). As shown in the upper sections of Figures 11 and 13,
the time series of wave run-ups for Exp 2 and Exp 6 were truncated at the top, indicating
that water passed over the seawall and storm over-topping occurred. The water exceeded
the seawall in every quarter of the wave period in Exp 2 and exceeded the seawall in half
of the time in Exp 6.

As shown in Figures 12 and 13, the wave run-up decreases as the water becomes
deeper under the same wave conditions. At an intermediate depth, waves propagate at
a higher speed than in deep water, and they are stretched and shortened because of the
different propagation speeds at the crest and trough.

As indicated by the results of Exp 2, 3 and 6, the risk of storm over-topping might
increase when waves are encountered during high tide.

Figure 14 shows different points in time during the wave run-up for Exp 2 of Typhoon
Usagi at Dazuo Seawall. Water climbs to the top of the seawall and reaches the vertical wall.
With the blocking of the vertical wall, during high tide and under the action of large waves,
water can climb to the top of the slope of the seawall, but it is not carried over the barrier.
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Figure 11. Wave run-up at Dazuo Seawall for the highest wave and highest tide of typhoons, Usagi
(upper) and Dujuan (lower).
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Figure 12. Wave run-up at Dazuo Seawall for Exp 3-5 of typhoons Usagi (upper) and Dujuan (lower).
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Figure 13. Wave run-up at Dazuo Seawall for Exp 6-8 of typhoons Usagi (upper) and Dujuan (lower).
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Figure 14. Different points in time during the wave run-up for Exp 2 of Typhoon Usagi at Dazuo

N

Seawall.

4. Conclusions

In this study, the FETSWCM-SWAN and DualSPHysics models are used to study the
flooding process of typhoon waves at Dazuo Seawall. The numerical flume is more accurate
and effective in reproducing the wave actions compared with the statistical method. The
numerical simulation of storm tide level and wave run-up height can be used in practical
disaster prevention and mitigation applications. This study is of great significance for
the design of seawalls and the early warning of flood over-topping or inundation under
extreme weather caused by typhoons.

(1) The FETSWCM-SWAN model is used to calculate the tidal level, wind, and waves
over Fujian and Taiwan Strait during Typhoon Usagi in 2013 and Typhoon Dujuan in
2015. The simulation results are in good agreement with the wave heights recorded
by buoys. The FETSWCM-SWAN model successfully reproduces wave oscillation
due to the interaction of tide and wave.

(2) The DualSPHysics model is used to study the wave climbing process of Dazuo Seawall
in Chongwu, Fujian province. A numerical flume with the Active Wave Absorption
System is used to simulate the wave run-ups at Dazuo Seawall under typical waves
and typhoon waves. The simulation results show that the typical wave run-up height
of Dazuo Seawall is lower than 2 m, and the design of the seawall meets the daily
protection requirements. Under the extreme conditions of Typhoon Usagi, the wave
run-up height reached 19.95 m, exceeding the designed protecting height of Dazuo
Seawall, and over-topping occurred.
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(3) The typhoon process usually lasts 3-5 days. Based on an analysis of tide level and
wave simulations three days before the landfall of the typhoons, eight sets of exper-
iments were conducted. The results show that the risk of over-topping increases
during high tide. The wave run-up height decreases as the water becomes deeper
under the same wave conditions as a result of the ocean wave being stretched and
shortened by the different propagation speeds at crest and trough.
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