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Abstract. Bengkalis Island has been experiencing a severe coastal erosion process, 
particularly on the northern coast. In 1955, the north shore of Bengkalis Island was 
protected by mangrove forest, which has a function as a natural barrier against coastal 
erosion. Currently, the condition of this area has been severely eroded due to the human 
activity of mangrove deforest. The coastal morphology of Bengkalis is a peatland and 
known as Bog Burst. Almost 70% erosion type that happens in Bengkalis Island are 
toppling failure and sliding failure, the effect of tidal wave oscillation promoted the 
formation and widening of tension cracks, parallel to the bank edge, the presence of tension 
cracks led to an unstable bank configuration, triggering mass failure, the tensile strength of 
the soil, so erosion occurs. Three types of mangroves that are often encountered in the 
northern coast of the Bengkalis island are namely red mangrove, grey mangrove and palm 
mangrove. This research aims to study the erosion process and the ability of all three types 
of mangroves in reducing the erosion rate at Bengkalis island from a numerical approach. 
Xbeach 1D model will be employed to simulate the wave attenuation in the mangrove tree 
and calculate the vegetation effect to reduce the erosion rate. The numerical model is based 
on the Mendez and Lozada (2004), which is using the vegetation stem width and density to 
calculate the vegetation drag force on the water column for wave energy loss. The mangrove 
tree will be defined by multiple height segments of the species with different properties, the 
value is given from the bottom to the top. The simulation results show that the mangrove 
palm, although only defined has 2 layers, namely the stem and canopy but overall have a 
better ability to reduce the erosion rate. 
 
Keywords: Erosion rates, tropical coast, mangrove, x-beach. 

1   Introduction 

In 1955, the north shore of Bengkalis Island was protected by mangrove forest, which has a 
function as a natural barrier against coastal erosion. Currently, the condition of the area has been 
severely eroded due to the human activity of mangrove deforest. The coastal morphology of 
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Bengkalis is a peatland and known as Bog Burst. Mass failure is episodic changes in the 
morphology of banks or cliffs in rivers, estuary, or coasts [1]. When included in the toppling 
model, the effect of vegetation may result in a delay of the mass failure, but a more detailed 
description of the root mat structure; and the soil stress characteristic would be needed. It is 
important to stress that the toppling failure model [2] describes three types of erosion failure, 
which is the overhanging block of soil that occurs once the scour at the bank toe exceeds a 
limiting value, as seen in Figure 1. 

 
Fig. 1. Mass failure modes of Bengkalis banks a) Toppling failure, b) Rotational sliding, c) Cantiliver 

failure [3] 
 

The failure process is assumed to occur instantaneously once a specific threshold of stress is 
exceeded. However, the inclusion of the vegetation would require a progressive failure 
mechanism, due to the progressive detachment of the block of soil from the failure surface 
induced by the cumulative effect of waves. Indeed, even if the extension failure surface would 
be progressively reduced by the effect of waves, the root mat may continue to offer a resistance 
against the mass failure. Furthermore, different typologies of plants may diversely affect the 
failure process since the extent of the root mat can have a control on the depth of the formation 
of tension cracks and, as a consequence, on the dimensions of the block subject to failure. 
 
Mentayan Beach is located in the northern part of the Bengkalis Island. For Mentayan people, 
erosion is a scary thing, especially for those living in coastal areas that are directly facing the 
Straits of Malacca, which is famous for large tidal waves that trigger the abrasion rate. Hundreds 
of meters of gardens and agricultural land, even the resident homes are threatened to collapse 
every year. 

 

 
 

Fig. 2. Research area 
 



 

 
 
 
 

Figure 2 shows the location of the research area. The local government of Bengkalis Regency 
through the environmental Department and MAP’s a local NGO partners Yayasan Laksamana 
Samudra, in partnership with CRM project called Co-Fish established 10 mangrove stewardship 
groups that have made efforts to replant mangrove trees. They chose the grey mangrove or 
known as Avicennia Marina as the kind of mangrove to be planted because it can be growing in 
tropical areas and one of the most tolerant of mangroves to salinity and aridity, also it can be 
growth rapidly. 
 
The main objective of this research is to investigate the erosion process and the ability of the 
red mangrove, gray mangrove, and mangrove palm in reducing the erosion rate from a numerical 
approach. 

2 Research  Methods 

2.1 Field Survey and Data Measurement 
 

The measurement campaigns base on geo-informatics activity composed of both terrestrial 
survey and photogrammetry to produce the bathymetry data and high-resolution image for the 
interest area. All of the images from the photogrammetry result need to be geo-referenced (see 
Table 1) by the ground control point to get a better result. 

Table 1. Geo-reference result of Selatbaru Beach 

ID X source Y source X map Y map Rms err 
1 196600,3 172153,9 196600,6 172152,6 0,066 
2 196535,2 172145,6 196536,1 172142,9 -0,033 
3 196557,9 172272,8 196556,3 172267,8 -0,016 
4 196665,8 172284,2 196663,1 172279,7 0,020 
5 196714 172180 196712,7 172177,5 -0,036 
Total RMS error 0,450 

 
The coordinate system of WGS 84 is used. We could see the Total RMS error less than 1, which 
means the Georeference calculation accepted. 
 

 
Fig. 3. Map which had been rectified 



 

 
 
 
 

 
Three data loggers are installed at two different locations, pt.2 and pt.3 data loggers, are installed 
at the offshore side with a distance of 5 m away from the mangrove area, while loggers number 
two, pt.1, are installed on onshore, 5 m after the mangrove areas. The data logger records at 1-
second intervals. The data from all loggers will be used as validation for the wave reduction 
factor and current velocity for the x-beach numerical model. 

Table 2. Location of the logger 

ID X source Y source X map Y map Rms err 
1 196600,3 172153,9 196600,6 172152,6 0,066 
2 196535,2 172145,6 196536,1 172142,9 -0,033 
3 196557,9 172272,8 196556,3 172267,8 -0,016 

 

 
Fig. 4. Water level recorded by hobo logger black line indicated onshore side and red line offshore side 

(left), detail of wave high for every stations (right) 
 

The maximum high tidal is 2.51 m, and the minimum low tidal is 0.78 m. There is a 1.73 m 
difference between high and low tidals. Base on the condition of the research area, water only 
floods and touches the cliffs during high tides. The met-ocean data records by wave logger at 
an approximate water depth of 0 to 2 m. The wave data logger recorded every 1 second. A 
significant wave occurs at 0.57 m height and 6 second period. 

 



 

 
 
 
 

 
Fig. 5. Current velocity recorded by ADCP pt.3; red and blue lines indicated current velocity in vertical 

layer in high and low tidal conditions, respectively 

2.2 Modelling Approach 
 

The role played by vegetation in the mass failure processes is still an open issue. On one hand, 
vegetation can increase the porosity of the soil and the filtration velocity, possibly reducing soil 
resistance; on the other hand, the presence of the root mat can induce an additional cohesion to 
the soil matrix reducing the depth of the cracks and their frequency of occurrence [4]. Vegetation 
can delay the failure of the vegetated clods [5]. The phenomenon of toppling failure that occurs 
can be explained through cross-sectional of the shorelines in x-y view. 

 

 
Fig. 6. (a) Unstable bank configuration of Mentayan Beach, (b) Sketch representing an unstable bank 

configuration, (c) Aerial images taken 19 March 2019, (d) Aerial images taken 22 May 2019 
 
From the figure, it can be seen that there has been an erosion in the area marked with a rectangle 
during observation starting from 19 March 2019 to 22 May 2019, during the erosion period 



 

 
 
 
 

occurred just behind the mangrove area, if observed in the picture (d) there is a mangrove tree 
at the edge of the shoreline that protects the cliff behind it to avoid erosion. To explain the 
phenomenon, the modeling approach as shown in figure (b) using the modeled system behaves 
dynamically as a consequence of the external forces. The failure surface is located at a depth 
from the top of the bank equal to the depth of the tension crack ib, with the dimensions are 
assumed equal to the width Lb and length db of the block. The block mass can be calculated as: 
         (1) 

When the waves act on the block, it is partially free to oscillate due to the soil at the base and 
the possible presence of water inside the crack [6]. The hydrodynamic mass for rotation motions, 
regarding to the base of the block, is estimated through [7]: 
         (2) 
With Z is the elevation of the rotating point, which is at the point of db/2, the moment of inertia 
Ib can calculate as: 

        (3) 

Different erosion behavior occurs along the coastline depending on the morphological 
conditions and tidal conditions, to illustrate the condition of the coastline retreat due to Toppling 
failure, a simple mathematical model is described as follows. 

 
Fig. 7. Sketch of the bank retreat model due to cantilever failures (bendoni 2016) 

 
The upper part is eroded when the water surface elevation to the toe of the bank ñ falls between 
Zb,avg and Zb,avg + ∆Ltop, whereas the lower part is eroded when the waterfall between Zb,avg - 
∆Ltop. The cumulative retreats of the two portions of the bank are calculated as: 

         (4) 

 

         (5) 

 
In tidal environments sand (0:063 < d < 2 mm), silt (0:004 < d < 0:063 mm) and clay (d < 0:004 
mm) are present in variable fractions. The ratio between clay and silt is fairly constant in these 
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environments [8], in this study very fine sediments are considered for the sand d50 = 0.2 mm for 
both Erosion rates for sand and mud can be calculated as: 

        (6) 

 

        (7) 

Where E*m and E*s are the absolute volumetric erosion rates per unit area for the cohesive and 
non-cohesive regimes, respectively. The absolute erosion rate in the cohesive regime is: 
 

         (8) 

 
In which Mc is the erosion parameter in the cohesive regime, τcr,c is the bottom shear stress, is 
the critical shear stress in the cohesive regime, and Hf is the Heaviside function. Similarly, the 
absolute erosion rate in the non-cohesive regime reads: 

         (9) 

Where Mnc is the erosion parameter for the non-cohesive regime and Tnc a dimensionless 
transport parameter [9]: 

       (10) 

With  the τcr,c critical shear stress in the non-cohesive regime. The values of the erosion 
parameter calculate as: 

 

      (11) 

 

       (12) 

 
in which ωs,s is the sand settling velocity, Fs is a shape factor accounting for the sediment 
distribution along the water column [9], αc is the reference height from the bed for the sediment 
equilibrium concentration, d* is the dimensionless grain size and Mm is the erosion parameter 
for pure mud, ranging from 10-5 to 10-3 kg/m2s [10]. 
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2.3 Wave dissipation by vegetation 
 
In Xbeach is simplicity based on a wave orbital velocity calculated from linear wave theory, 
three short wave dissipation processes can be accounted for: wave breaking (Dw), bottom 
friction (Df), and vegetation (Dw). The vegetation can be schematized in the number of vertical 
elements with each specific property. In this way, the damping effect of vegetation such as 
mangrove trees, with a relatively dense root system but sparse stem area, can be model. The 
dissipation term is then computed as the sum of the dissipation per vegetation layer. 

       (13) 

Where Dv,i is the dissipation by vegetation in vegetation layer i and Nv is the number of 
vegetation layers. The dissipation per layer is given by 

 

       (14) 

      (15) 

 
Where 	𝐶!,#	is a drag coefficient, 	𝑏%,#	 is the vegetation stem diameter 	𝑁%,#	is the vegetation 
density 𝛼𝑖	is the relative vegetation height (&!	ℎ ) for layer i. 

 
Red mangroves or Rhizophora mangle can be distinguished by their long prop roots. It generally 
lives in intertidal zones which are inundated daily by the ocean. They exhibit some adaptations 
to this environment, including pneumatophores that elevate the plants above the water and allow 
them to respire oxygen even while their lower roots are submerged, the gray mangrove or 
known as Avicennia marina, is a species of mangrove tree classified in the plant family of 
Acanthaceae. As with other mangroves, it occurs in the intertidal zones of estuarine areas. 
Because of its ability to grow quickly, this type of mangrove becomes one of the choices for 
local governments in efforts to prevent erosion, this can be seen in the research location where 
most of the mangrove plants on the Mentayan coast planted by the local government are 
Avicennia marina. The mangrove palm or known as Nipah is a kind of palm that grows in the 
environment of mangroves forest or tidal areas near shorelines. These species best adapted to 
grow in areas with moderate only salt load, and circumscribing quite well the actual areas of 
occurrence of this palm tree in the gradient from seawater habitats to inland sites [11], and 
usually it growth behind a mangrove tree. Nipah tree trunks spread on the ground, forming 
rhizomes submerged by mud. Only the rosette leaves appear on the ground, so the Nipah looks 
as if it is not trunked. The fiber roots can reach 13 meters in length, and function as a barrier for 
the sediment deposit. 
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Fig. 8. Red mangrove (left), grey mangrove (middle), mangrove palm (right) 

 
Vegetation plays a very important role in the process of mass failure. loss of vegetation may 
increase soil porosity and filtration speed, possibly reducing soil resistance. When included in 
the collision model, the effect of vegetation can cause a delay in mass failure. It is important to 
emphasize that in the collision failure model, the failure process is assumed to occur instantly 
once a certain stress threshold is exceeded. inclusion of vegetation will be able to reduce the 
wave energy from collisions of the cumulative effects of waves. Different plant typologies can 
affect the failure process because the extent of the root mate can have control of the wave height 
inhibition. 
 
With the intention of to getting better results from numerical calculations, a vertical variation of 
mangrove trees, made by giving more than three layers. The main part of mangrove trees is 
roots, stem, and canopy. The species property will be defined by multiple height segments of 
the species with different properties, the value given from bottom to the top as seen in Figure 9. 
 

 
Fig. 9. Mangrove (left), the method of vertical layer from X-beach model (right) 

 
Ah1 is the height of root segment from bed level, Ah2 defines as stem height and Ah3 is the 
canopy height, bv1 is root diameter, bv2 stem diameter, and bv3 is canopy diameter. A high tree 
has a large diameter to maintain its stability, for mangrove density (N1, N2, N3). The physical 
value of vegetation will be given in Table 1. 
 

Table 3. Value of phisycal parameter of type 1 (api-api) and type 2 (bakau) 



 

 
 
 
 

Vegeta-tion Ah1 
(m) 

Ah2 
(m) 

Ah3 
(m) 

bv1 
(m) 

bv2 
(m) 

bv3 
(m) 

N1 
m-

2 

N2 
m-

2 

N3 
m-2 

Type 1 red  0,9 1,2 3,6 0,05 0,15 0,03 70 4 100 
Type 2 grey  0,4 1,3 5 0,12 0,35 0,2 6 1 8 
Type 2 palm - 0,3 3,5 - 1 0,3 0,3 1 30 

 

2.4 Wave Input 
An X-Beach model is generally forced by waves on its offshore boundary. The detail of the 
wave motion within the model is described by the wave numeric in terms of the wave actions 
balance. JONSWAP wave spectrum input is used. 

Table 4. JONSWAP Input Parameter 

ID Hrm0 (m) Trep (sec) WL (m) 
Case 1 0,8 6 1,3 
Case 2 1,1 6 1,3 
Case 3 1,4 6 1,3 
Case 4 0,8 8 1,3 
Case 5 1,1 8 1,3 
Case 6 1,4 8 1,3 

 
The cross-shore profile came from the intended initial cross-shore profile in Mentayan Beach, 
as seen in cross A-A’ at Figure 3. The cross profile is defined by the coordinates of x and y. The 
initial profile is shown by the solid red line, while the position of the mangrove plant is located 
between 100 m to 225 m; the grid spacing is 1 m with a total grid in the x- direction of 267. 
 

 
Fig. 10. Cross section profile. A-A’ 

 

2.5 Model Validation 
 

This section will discuss the comparison of the results of the numerical model produced by X-
beach and the results of field data recorded through two types of recording devices that have 
been installed in the field, namely the Water level meter and the current speed meter (ADCP), 
initial modeling effort was done using default X-beach setting and recorded data at Mentayan 
Beach on May 22, 2019, for 24 hours, the purpose of this activity is to verify the suitability of 
the default setting. 



 

 
 
 
 

 
 

 
Fig. 11. Result of the validation run with default X beach model setting and Field data observation, wave 

high validation, black lines indicated wave high recorded by hobo logger pt.2 and red lines indicated 
Xbeach model(upper), Current velocity validation, black lines indicated current velocity recorded by 

ADCP pt.3, red lines indicated Xbeach model (lower) 
 
The positive results of this validation model can be seen from the ability of xbeach to simulate 
wave heights and speed of currents, this can be seen in the figure.8, the solid black line is the 
data obtained from observations in the field while the solid red line is the result of xbeach 



 

 
 
 
 

simulation. The model parameter settings on xbeach are made in such a way that they are close 
to the actual conditions in accordance with the study area, to understand the ability of the three 
types of mangroves in an effort to reduce the erosion rate at Bengkalis Island Six case were 
selected for each type of mangrove. For information on each case can be seen in Table 2. 

 
3.  Result and Discussion 

 
The eroded part is defined as the lower area of the initial profile and the creation as the part that 
is above the initial profile, to determine the amount of erosion volume can be calculated by 
comparing the cliff volume below the initial profile at the start with the cliff volume below the 
profile measured, erosion and creations that occur can be modeled as dynamic behavior as a 
consequence of external forces from waves and currents. 

 

 
 

 



 

 
 
 
 

 
 

 
 



 

 
 
 
 

 
 

 
Fig. 12.  Erosion profile on the cliff for all different cases, Upper left panel case 1, upper right panel case 
2, middle left panel case 3, middle right panel case 4, lower left panel case 5 and lower right panel case 6 

 
From the Figure 12, it can be seen that the mangrove tree with the type of palm mangrove 
indicates as solid green line has the greatest ability in reducing of erosion. The area of wave 
propagation or wave breaking in an additional dissipation mechanism for short wave. The short 
wave dissipation due to vegetation is calculated as function of the local wave height and 
vegetation parameter. 

 



 

 
 
 
 

 
 

 
Fig. 13.  Variation in Hmo for Dissipation due to shortwave attenuation by vegetation, for T=6 sec 

(upper) for T=8sec (lower) 
 
Palm mangrove has a greater ability in this regard can be seen from the picture above which is 
marked with a green line for palm mangrove, gray line for mangrove gray and red line for red 
mangrove, dissipation has a greater value when short waves begin to enter the mangrove area 
and seen decreasing when heading to the coast, from the two graphs above also shows that the 
greater the value of the wave period, the greater the value of dissipation by vegetation. 



 

 
 
 
 

 

 
 

 
Fig. 14.  Hrms in Hmo Variation for every cases, for Wave priode (T)= 6 second (upper), T=8second 

(lower) 
 
For the case with vegetation, it can be noticed that wave propagation without obstruction to the 
beach cliff, from the figure we can calculate the wave reduction factor, defined as: 

          (16) 
xH
Hr
D

D
=

.



 

 
 
 
 

Where 𝛥 H is the difference in wave height between initial wave height and the wave height 
at the end of mangrove forest transect. 𝛥x defined as the distance for the mangrove in this study 
95 m. The r value for each case will be displayed in the following table 

 
 

Table 5. R value for every case 

Case Mangrove Type T (sec) Hmo (m) R (m-1) 

1 
Gray Mangrove 6 0.8 0.002688 
Palm mangrove 6 0.8 0.008103 
Red mangrove 6 0.8 0.00583 

2 
Gray Mangrove 6 1.1 0.003093 
Palm mangrove 6 1.1 0.008095 
Red mangrove 6 1.1 0.004664 

3 
Gray Mangrove 6 1.4 0.001787 
Palm mangrove 6 1.4 0.008706 
Red mangrove 6 1.4 0.006596 

4 
Gray Mangrove 8 0.8 0.001875 
Palm mangrove 8 0.8 0.00777 
Red mangrove 8 0.8 0.006922 

5 
Gray Mangrove 8 1.1 0.003251 
Palm mangrove 8 1.1 0.008518 
Red mangrove 8 1.1 0.007211 

6 
Gray Mangrove 8 1.4 0.002719 
Palm mangrove 8 1.4 0.008238 
Red mangrove 8 1.4 0.006664 

 
From the Table 5, it can be seen that the highest value of wave reduction factor (R) is shown by 
the mangrove palm and the lowest by gray mangrove, for cases with a wave period of 6 seconds 
the maximum R value for palm mangrove is 0.0081-0.0087 m-1, for wave period 8 seconds the 
r value for palm mangrove is 0.0077 - 0.0085 m-1, the lowest r value for gray mangrove is 0.0017 
- 0.003 m-1 for wave period 6 seconds and 0.0018 - 0.0032 m-1. 

 



 

 
 
 
 

 
 

 
Fig. 15.  Erosion rate (m/s) in Hmo Variation for every cases, for Wave period T = 6 second (upper), T = 

8 second (lower) 
 

The erosion rate measures the amount of soil mass lost over a specified time of wave period. 
The x-beach model that occurs in toppling failure is a function of the eroded region width and 
wave period, this can be seen from the total number of eroded deposits near the shoreline, the 
greater the wave period the erosion rate will be greater. The most rate erosion rate occurs for 
the condition with wave period T = 6s and high hmo = 1.1 m, at this condition the water level is 
on a stem layer that has a low Dveg value, gray mangrove species marked with a thin gray line 



 

 
 
 
 

have the ability to the lowest in holding the speed of erosion rate, followed by the type of red 
mangrove. of the three types of mangroves compared, palm mangrove see Figure 7 can 
withstand the erosion rate. 
nology implementation on the MSME community in Bengkalis. 
 

4. Conclusion 
 

This research aims to study the erosion process and the ability of all three types of mangroves 
in reducing the erosion rate at Bengkalis island from a numerical approach. All of the mangrove 
tree samples taken in this study are located on the Mentayan beach located on the north side of 
the Bengkalis Island. X-beach 1D model simulates the wave attenuation in the mangrove tree, 
and calculate the vegetation effect to reduce the erosion rate. The simulation result shows that 
the mangrove palm, although only defined has two layers, namely the stem and canopy but 
overall have a better ability to reduce the erosion rate. From the three types of mangroves 
compared in this study, the type of the gray mangrove has the weakest capability of the others, 
although this type of mangrove is a type that is recommended by local governments as a type of 
mangrove to be planted in offshore areas because of its superiority, namely have fast growth, 
but during our field observations, we found that there are many dead plants of this species, so it 
can be concluded that this species is not a good type to plant near the offshore side. What better 
choice on the type of mangrove red mangrove and palm mangrove, further research is needed 
to examine the ability of mangroves to store the sediment from eroded materials 

 

Nomenclature 

a specific surface area m2m-3 
x length co-ordinate m 
 
Greek letters 
a heat transfer coefficient Wm-2K-1 
t residence time s 
 
Subscripts 
i inlet 
e equilibrium 
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