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Abstract— The National Capital Integrated Coastal Development (NCICD) is a construction megaproject around Jakarta Bay targeted 

environmental revitalization and flood mitigation. One of the main projects of NCICD is to develop the Jakarta’s outer sea dike to 

prevent future disasters triggered by the increase of the sea level around Jakarta Bay. In this paper, we aim to assess and optimize the 

design of Jakarta’s outer sea dike by investigating the wave run-up phenomenon, which is measured as the maximum vertical extent of 

wave uprush on a structure above the still water level. We used the Non-linear Shallow Water Equations (NSWE) as our mathematical 

model to simulate this phenomenon. The NSWE model was solved numerically using the finite volume method on a staggered grid with 

a wet-dry procedure to obtain accurate wave run-up height. To validate our numerical scheme, we conducted benchmark tests against 

a publicized experimental dataset, resulting in a good agreement between the numerical and experimental data, which confirms the 

robustness and accuracy of our model. We then simulate the wave run-up over three different sea dike profiles: single slope, single 

berm, and single berm with rocks. Our study shows that among the cases we investigated, the single berm with rocks is the most effective 

design of the sea dike as even small-sized rock units can significantly reduce the wave run-up height.  
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I. INTRODUCTION

Indonesia is ranked as the third-longest coastline globally, 

with a total length of 54,716 km [1]. It is estimated that 60% 

of Indonesia’s total population occupies coastal areas (within 

50 km from the coastline). This number is expected to rise to 

about 73% by 2055 [2]. In addition, more than 80% of the 

country’s industrial sites are also located in coastal areas. 

Particularly in Jakarta, around 40% of the coastal lowland 

area lies below the tidal surface. With 13 rivers disembogued 

in Jakarta Bay, floods are unavoidable in such densely 

populated and low-lying regions. They can be more severe 

due to land subsidence caused by excessive groundwater 

extraction. Added to the fact that the sea level has been rising, 
a serious attempt to prevent more disasters is necessary. 

Therefore, in 2014, the Provincial Government of DKI Jakarta, 

Banten, and West Java, together with the Ministry for Public 

works and Human Settlements, launched a megaproject called 

NCICD (National Capital Integrated Coastal Development), 

which includes the development of Jakarta’s outer sea dike. 

Several studies have been undertaken to analyze various 

aspects of this project. One evaluated the project in the grand 

scheme of things [3], another focused on watershed 

management studies for flood mitigation [4], and the other 

studied sea defense structures related to this project [5]. 
However, those studies did not consider one significant aspect 

that is very useful when investigating the sea dike structure, 

which is the wave run-up phenomenon. Wave run-up is the 

phenomenon that occurs when an ocean wave reaches a beach 

or sea dike structure and rises above the still water level. The 

height of wave run-up, which is heavily dependent on the 

design of the sea dike structure, may be used to assess the 

effectiveness of that structure. As a result, calculating wave 

run-up height would be highly beneficial in identifying the 

optimal sea dike design. This subject is discussed further in 

this paper. 
Previously, several researchers have studied the wave run-

up phenomenon experimentally [6]–[9]. However, the 

experimental method is proven to be costly and prone to high 

overheads. Therefore, there have been several attempts to 
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investigate wave run-up empirically for a certain bathymetry. 

Lerma et al. [10] developed a model to reproduce wave run-

up in highly dissipative stormy conditions. Whilst these 

results are pragmatic and efficient in modeling reality, they 

are difficult to generalize because they are usually calibrated 

to a certain condition. Several studies constructed empirical 

formulae which are only suited for certain bottom 

topographies [11]–[15]. A numerical model, on the other hand, 

is undoubtedly applicable in a variety of situations. 

A popular model in fluid dynamics to be approached 

numerically is the Navier-Stokes equations [16]–[20]. Despite 
their high accuracy, these equations are not entirely practical 

for modeling since they are complicated and require finer 

grids to simulate, making them computationally expensive 

[21]. Another model that could be used is the Boussinesq-type 

equations [22]–[27]. Solving these equations requires dealing 

with higher-order derivative terms, which are difficult to 

handle. 

Therefore, we develop a numerical model of Nonlinear 

Shallow Water Equations (NSWE) to study wave run-up over 

various sea dike designs and determine the most effective one. 

The NSWE model is favorable and beneficial due to its 
simplicity yet powerful ability to simulate different test cases 

with fairly accurate results. Compared to the Navier-Stokes 

and Boussinesq-type Equations, NSWE is much easier to 

solve numerically, thus, saving us computational costs. There 

are two ways to solve NSWE numerically: using a collocated 

grid [28] and a staggered grid [29]–[32]. However, using a 

collocated grid often leads to Riemann problems, which can 

be avoided by using a staggered grid instead [33]. This reason 

leads us to use the staggered grid finite volume method in this 

study. 

Following the establishment of the numerical scheme, we 
run multiple simulations based on an experiment done by 

Synolakis [34]. The results were compared to the 

experimental data to confirm our model's accuracy. Moreover, 

the validated scheme was used to simulate wave run-up on 

three different sea dike designs: one sloping domain, two 

sloping domains with a berm, and two sloping domains with 

berm and rocks. The simulations are based on experiments 

performed in 2018 as part of the NCICD megaproject. The 

simulation results were analyzed to identify the optimum 

design for reducing wave run-up height. Combining the 

NSWE model and a staggered finite volume method offers an 

alternative approach to designing and evaluating the optimal 
design of Jakarta's outer sea dike. Furthermore, the simple yet 

accurate model and method used allowed researchers to solve 

the problems easily and accurately estimate wave run-up 

height for each design we assessed. 

The main objective of this research is to assess and identify 

the optimal design of Jakarta's outer sea dike to reduce wave 

run-up height and avoid flooding around Jakarta Bay. A 

mathematical model and numerical method were applied and 

discussed in detail in the fifth chapter of this paper to 

accomplish the research objectives. We briefly introduce the 

wave run-up phenomenon and the model and method used in 
this paper in the first chapter. The formulation of the 

mathematical model based on the NSWE is explained in the 

second chapter. In the third chapter, the numerical scheme 

built using a staggered finite volume method is presented. 

Then, in the fourth chapter, we validated the numerical 

scheme against experimental data and evaluated the most 

effective sea dike design. Finally, in the fifth chapter, we 

overview all the research findings and recommend the most 

effective design for Jakarta's outer sea dike. Furthermore, we 

believe that the results of this study can be used to develop 

one of the optimization tools for the design of a sea dike 

structure. 

II. MATERIAL AND METHOD 

This study was performed in several steps, starting from 

examining the wave run-up phenomenon on a sea dike 

structure to the optimal design to minimize the wave run-up 

height. Several stages were pursued in the first step as 

formulation of the mathematical model. Then, we established 

a numerical scheme to solve the model. This scheme was used 

to simulate a specific case, the results of which were validated 

against previously collected experimental data. Next, the 

scheme was applied to simulate wave run-up on three 

different sea dike’s designs. The results were compared to 
experimental data obtained specifically for the Jakarta Sea 

dike project, which was assessed to determine the optimal sea 

dike design for minimizing wave run-up height. A flowchart 

of this study can be seen in Fig. 1. 

 

 

Fig. 1 Flowchart illustrating the procedure of this research. 

A. Mathematical Model 

In this section, we applied the Non-linear Shallow Water 

Equations to three different sea dike designs. The following 

system of differential equations governs our model: �� � �ℎ��� 	 0, (1) �� � ��� � ��� � �� 	 0. (2) 

Eq. (1) represents the mass conservation equation, and Eq. (2) 

represents the momentum balance equation in the horizontal 
direction. Meanwhile, uux is the advection term, serving as the 
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nonlinearity factor of this equation. The mathematical model 

is illustrated in Fig. 2.  

 

Fig. 2 Illustration for NSWE 

Here, we define the governing equations of the incoming 

waves propagating from the sea, which result in wave run-up 

and overtopping over the sea dike structure. Let � denotes the 

surface elevation, and u is the horizontal velocity, with 

gravitational acceleration g. The water thickness is denoted 

by ℎ 	 � � �, where d is the water depth measured from the 

still water level.  

B. Numerical Method 

Here, we derive the numerical solution for Eqs. (1, 2) by 
applying a staggered finite volume method. To start with, we 

define a computational domain, which comprises of a spatial 

domain Ω� 	 ���, ���  and a time domain Ω� 	 �0, �� . We 

divide the spatial domain Ω� into half and full grids with the 

spatial step Δ�. After that, we discretize the time domain Ω� 

to finite time steps with a constant interval Δ�. Next, Eqs. (1, 

2) was partitioned with cells centered at ��  and ����/ , 

respectively. As seen in Fig. 3, we calculate the water surface � and velocity � at the full- and half-grid points, respectively. 

 

Fig. 3 Discretization of staggered conservative scheme 

Then, using this partition, we obtain the difference 

equations for Eq. (1, 2), which are: 

��!�� " ��!Δ� � �ℎ∗����� ! " �ℎ∗���$� !
Δ� 	 0, (3) 

���� !�� " ���� !
Δ� � � ����!�� " ��!��Δ� � �������� ! 	 "����� !��, (4) 

where subscripts and superscripts denote the spatial grid point 

and time, respectively. However, referring to Eq. (3), we do 

not have the value of the water thickness ℎ∗ at half-grid points. 

Thus, we approximate ℎ∗ using the upwind method written as: 

ℎ��� ∗ 	 % ℎ� ���� ! & 0ℎ��� ���� ! ' 0. (5) 

Therefore, for positive flows, we have 

��!�� 	 ��! " Δ�Δ� (ℎ�!���� ! " ℎ�$�! ��$� ! ).  (6) 

Additionally, to ensure that our numerical scheme is stable, 

on the right-hand side of the momentum equation (Eq. 2), � is 

evaluated at �!�� , in place of �! . The most difficult part in 

solving NSWE is approximating the advection term. Here, the 

advection term ���  is obtained from the relation + 	 ℎ� , 

written as 

��� 	 1ℎ -.�+��.� " � .+.�/. (7) 

Next, we discretize Eq. (7) as follow: 

�������� 	 1ℎ0��� -+0��� ∗���� " +0�  ∗��Δ� " ���� 
+0��� " +0�Δ� /, (8) 

with 

ℎ0��� 	 12 �ℎ� � ℎ����, (9) 

+0� 	 12 -+��� � +�$� /, (10) 

 ∗�� 	 %��$� +0� & 0���� +0� ' 0. (11) 

To simulate wave propagation over a sloping structure ℎ 

where we have a moving boundary over a dry area, it is 

necessary for the numerical scheme to adapt to the moving 

wet-dry interface. Therefore, we compute the discrete formula 

for Eq. (4) only if the water depth is greater than a minimum 

threshold depth ℎ2�! 	 0. 
III. RESULT AND DISCUSSION 

Here, we present several numerical simulations and 

analyze their ability to estimate wave run-up height. For 

validation, the numerical results was compared to the 

experimental data provided by Synolakis [34]. Following that, 

we run simulations for three different sea dike structures: one 

sloping domain, two sloping domains with a berm, and two 

sloping domains with berm and rocks. The results were 

compared to the experimental data from the NCICD. Further, 

simulations with various friction coefficients were conducted 
to identify the optimal size of rocks on the sea dike. 

A. Comparison with Synolakis’ Experiment 

First, we examined the ability of our numerical scheme to 

model wave propagation with the existence of nonlinearity 

and wet-dry conditions. Here, we use the data from Synolakis’ 

experiment of a solitary wave propagating through a single 

slope as our benchmark test. Our numerical scheme uses the 

same initial wave as the Synolakis’ experiment, which was 
done in a wave tank with 31.73 m of length, 39.97 cm of width, 

and 60.96 cm of depth. Considering that the length of the 

wave tank is much longer than the width, we can validate our 

one-dimensional numerical scheme with this experimental 

data.  Here, we use the initial condition as follow: ���, 0� 	 345ℎ 67�� " ���8,  

���, 0� 	 9 ��� ���, 0�,  

where 3 is the wave height, ��  is the undisturbed water depth, ��  is the wave crest position, and 7 	 : ;<=>? . We set two 

simulations with �� 	 1 , the first of which is the non-
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breaking solitary wave with 3 	 0.0185, and �� 	 38.34. 

The second one is the solitary breaking wave. For the 

numerical simulations, we choose Δ� 	 0.3 and Δ� 	 0.003.  

Figure 4 compares the experiment measurement (dashed 

line) and numerical results (solid line) for � 	40, 50, 60, 70 4. The key takeaway from this figure is that our 

numerical scheme can accurately simulate the phenomenon 

seen in Synolakis’ experiment. Therefore, we proceed the 

comparison with a larger normalized wave height, 3/�� 	0.3. We compare the results at � 	 15, 20, 25, 30 4, as shown 

in Fig. 5.  

 
Fig. 4 Wave surface profile for 3/�� 	 0.0185 at (a) � 	 40, (b) � 	 50, 

(c) � 	 60, (d) � 	 70 

From Fig. 4 and Fig. 6, we can slightly notice that in the 

first half of both experiments, our computational scheme 

underestimated the wave profile before and after it reached 

the beach. However, near the shoreline tip, our numerical 

scheme slightly overestimated the wave run-up height. This is 

expected as in real occurrences, the viscous effects are most 

significant in that flow region, while we ignore this effect in 

the model [34]. Nevertheless, we can infer from both figures 
that our numerical scheme successfully simulated the wave 

run-up phenomenon. 

 
Fig. 5 Wave surface profile for 3/�� 	 0.3 at (a) � 	 15, (b) � 	 20, (c) � 	 25 

B. Simulation Cases with Experimental Data 

Now that we have confirmed our numerical scheme's 

ability to perform the wave run-up phenomenon simulation, 

we investigated further the Jakarta outer sea dike design. In 

this case, we compared our numerical results with the 

experimental data from Balai Pantai Experiment. This 

experiment was conducted in a scale of 1:30 with the scaling 

of length and time was determined by Froudian similitude. 

We tested our numerical scheme for multiple scenarios by 

varying the wave amplitude and period. The numerical 

scheme’s performance is evaluated using MAPE (Mean 

Absolute Percentage Error) and RMSE (Root Mean Squared 

Error) metrics defined as the following: 

F3GH 	 1I J K3� " G�3� K!
�L� ,  

MFNH 	 O1I J�3� " G�� !
�L� .  

The variable I  denotes the number of scenarios, 3�  and G� 
denote the experimental and numerical results of run-up 

phenomena, respectively.  

1) Single Slope (SD1): First, we tested the simulation to 

examine the numerical scheme’s performance to model wave 

propagation over a single slope. We use the same initial wave 

as the experiment on wave transformation and wave-structure 

interaction processes, which was conducted in a wave flume 

at Laboratory of Experimental Station for Coastal 

Engineering Buleleng, Bali. Considering that the length of the 

wave tank is much longer than the width, we can validate our 

scheme with this experimental data. In this case, we perform 
the numerical simulation based on the illustration in Fig. 6. 

The length of each domain is Ω� 	 15 P, Ω 	 2.775 P, and Ω; 	 0.655 P. 

 
Fig. 6 Experiment Set-up Case for Single Slope (SD1) 

TABLE I 

RESULT CASE FOR SINGLE SLOPE 

Amplitude (m) Period (s) 
Experimental 

Run-up (m) 

Numerical Run-

up (m) 

0.025 1.0 0.1097 0.1000 
0.050 1.0 0.1920 0.2125 
0.050 1.5 0.2236 0.2750 
0.065 1.5 0.2868 0.3375 
0.080 1.5 0.3343 0.3375 
0.050 2.0 0.2394 0.3000 

0.050 2.0 0.2394 0.3000 

0.050 2.0 0.2394 0.3000 

 

Table I has the RMSE and MAPE values for the 

experimental and numerical results, which are 0.052 and 0.17, 

respectively. Those numbers show that the ability of our 
numerical scheme to simulate run-up phenomena is passable. 

However, we need to examine other cases below to provide a 

more accurate conclusion about our numerical scheme. 

205



2) Single Berm (SD2): In this case, we increase the 

number of domains by introducing a berm and a second 

sloping domain. We create the numerical scheme based on the 

illustration in Fig. 7, where each domain has length of Ω� 	15 P, Ω 	 2.8 P, Ω; 	 0.33 P, Ω= 	 0.84 P, and ΩQ 	0.5 P. 

 
Fig. 7 Experiment Set-up Case for Single Berm (SD2) 

According to the results presented in Table II, the RMSE 

and MAPE values for the experimental and numerical results 

are 0.085 and 0.159, respectively. The number of MAPE is 

lower than the previous simulation, but the number of RMSE 

is higher. Those numbers show that the effects of extreme 

values cannot be ignored, but the overall performance is better. 

TABLE II 

RESULT CASE FOR SINGLE BERM 

Amplitude 

(m) 

Period 

(s) 

Experimental 

Run-up (m) 

Numerical 

Run-up (m) 

0.025 1.0 0.1095 0.1000 
0.050 1.0 0.1825 0.1750 
0.050 1.5 0.1825 0.1840 
0.065 1.5 0.2775 0.2940 
0.080 1.5 0.2775 0.3607 
0.050 2.0 0.4200 0.2607 

0.065 2.0 0.2775 0.3273 
0.080 2.0 0.3725 0.4273 
0.050 2.5 0.3725 0.2940 
0.065 2.5 0.3725 0.3607 
0.080 2.5 0.6650 0.4607 

3) Single Berm with Rocks (SD3): In the previous cases, 

we did not consider friction on the surface of the sea dike. 

However, interactions between sea dike and waves in real life 

generate friction, which cannot be ignored. The measure of 

friction in a sea dike depends on the materials used to build 

the structure. For this case, we introduce friction by adding 

rocks. We assumed that the rocks are well-distributed over the 

sea dike structure and have a median diameter of 66  cm, 

which converts into friction coefficient of 0.266  by this 

formula: � 	 0.041 R�Q�S
, where �  denotes the friction 

coefficient and �Q� denotes the median diameter of rocks. The 

illustration for this case can be found in Fig. 8. 

 
Fig. 8 Experiment Set-up Case for Single Berm with Rocks (SD3) 

From Table III, the RMSE and MAPE for the experimental 

and numerical results are 0.0087 and 0.039, respectively. 

Those numbers show that our numerical scheme predicts the 

run-up phenomenon accurately. Furthermore, the fact that the 

number of RMSE is closer to zero than the other sea dike 

design indicates no significant differences between the 

experimental and numerical wave run-up. 

TABLE III 

RESULT CASE FOR SINGLE BERM WITH ROCKS 

Amplitude 
(m) 

Period 
(s) 

Experimental 
Run-up (m) 

Numerical 
Run-up (m) 

0.025 1.0 0.1095 0.0840 
0.050 1.0 0.1095 0.1077 
0.050 1.5 0.1095 0.1077 

0.065 1.5 0.1095 0.1094 
0.080 1.5 0.2045 0.2006 
0.050 2.0 0.1095 0.1147 
0.065 2.0 0.2045 0.2060 
0.080 2.0 0.2045 0.2060 
0.050 2.5 0.1825 0.1802 
0.065 2.5 0.1825 0.1747 
0.080 2.5 0.2995 0.2917 

C. Sea Dike Design Assessment  

1) Sea Dike Profile: To assess each design, we compare 

the relation between wave amplitude and run-up in SD1, SD2, 

and SD3, as illustrated in Fig. 9. Overall, SD3 is the sea dike 

profile that reduces the wave run-up height most effectively. 
This finding infers those rocks are indeed effective in 

reducing wave run-up. Therefore, we further investigated the 

most effective size of rocks to be used in sea dike design. 

 
Fig. 9 Comparison of Sea Dike Profiles 

2) Different Sizes of Rocks: For the last simulation, we try 

to simulate the numerical scheme for the same sea dike 

structure with a single berm, but with various sizes of rocks.  

TABLE IV 

RESULT CASE FOR SINGLE BERM WITH ROCKS 

d50 (m) cf Run-up (m) 

0.0000 0.0000 0.2145 

0.0000 0.0021 0.1794 
0.0002 0.0096 0.1445 
0.0010 0.0130 0.1094 
0.0040 0.0164 0.1094 
0.0168 0.0207 0.1094 
0.0840 0.0271 0.1094 

 
Fig. 10 Influence of d50 towards the Height of Wave Run-up 
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As seen in Fig. 10, the relationship appears to look like an 

exponential decay which can be fitted into this formula: 

 M 	 0.1051 5$TQ=;.; � � 0.1094  

Increasing the size of rocks indeed reduced run-up. 

However, after a certain point (in this case, �Q� 	 0.001 P), 

this declining trend starts to become insignificant and instead 

turns stagnant. This would mean that larger rocks are better at 

reducing run-ups. However, it gets to the point where 

increasing the size of rocks does not affect much. One should 

then choose the appropriate rock sizes by considering the cost 

of installation and maintenance. 

IV. CONCLUSION 

We have successfully simulated the wave run-up 

phenomenon using a numerical scheme derived from the 

Nonlinear Shallow Water Equations. Several test cases 

against the experimental data have been performed to 

examine the accuracy of our scheme. Among the three sea 

Dike designs that are evaluated, our scheme can simulate run-

up phenomena more precisely on structures with rocks (SD3). 

In addition, we also found that SD3 is the most effective sea 

Dike design to reduce the wave run-up height. These results 

suggest that the friction coefficient should not be neglected, 

which has prompted us to investigate further the effect of 
rocks size on reducing wave run-up height.  

The numerical scheme is used to determine the relationship 

between the median diameter of rocks and the wave run-up 

height. It is found that larger rocks are more effective in 

reducing wave run-up. However, one should be aware that the 

wave run-up height eventually remains stagnant as the rocks 

become larger. Hence, we should begin assessing the size of 

the rocks from a cost-efficiency perspective. We believe that 

the results of this study can be implemented as one of the 

assessment tools to build the optimal sea Dike structure. 
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