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Abstract. A coupled wave–vegetation simulation is pre-
sented for the moving effect of the coastal vegetation on
tsunami wave height damping. The problem is idealized by
solitary wave propagation on a group of emergent cylinders.
The numerical model is based on general Reynolds-averaged
Navier–Stokes equations with renormalization group turbu-
lent closure model by using volume of fluid technique. The
general moving object (GMO) model developed in compu-
tational fluid dynamics (CFD) code Flow-3D is applied to
simulate the coupled motion of vegetation with wave dynam-
ically. The damping of wave height and the turbulent kinetic
energy along moving and stationary cylinders are discussed.
The simulated results show that the damping of wave height
and the turbulent kinetic energy by the moving cylinders are
clearly less than by the stationary cylinders. The result im-
plies that the wave decay by the coastal vegetation may be
overestimated if the vegetation was represented as stationary
state.

1 Introduction

A huge tsunami in Southeast Asia caused catastrophic dam-
age and claimed more than 200 000 people in December
2004. Cochard et al. (2008) pointed out that this event has
stimulated a debate about the role coastal ecosystems, such
as mangrove forests and coral reefs, played in protecting low-
lying coastal area. For example, Baird (2006) questioned the
effectiveness of the coastal forests or reefs on the reduction
of the damage caused by the tsunami. However, Danielsen
et al. (2005) reported that areas with coastal tree vegetation

were markedly less damaged than areas without. Iverson and
Prasad (2007) also indicated that developed areas were far
more likely to be damaged than forested zones. Several stud-
ies (Hiraishi and Harada, 2003; Harada and Kawata, 2004;
Teh et al., 2009) have shown that tsunami wave heights,
velocities, and energies were significantly reduced as the
wave propagates through mangrove forests. Nevertheless,
Wolanski (2006) has noted that mangroves probably can-
not protect the coast against a tsunami wave greater than a
threshold level based on some evidence from observations of
the Indian Ocean tsunami. Based on the field observations,
Shuto (1987) and Yanagisawa et al. (2009) found that single
trees or even entire forests could be destroyed through tilting,
uprooting, bending, or trunk breaking by tsunami. Because
tsunamis remain a threat to lives and property along the most
coasts of the world, it remains important for estimating the
effectiveness of the coastal vegetation on the tsunami impact.

Many numerical and experimental approaches have been
developed in recent years to help understand the tsunami
wave interactions with coastal vegetation. Coastal tree veg-
etation was idealized by a group of rigid cylinders in most
investigations. Huang et al. (2011) performed both experi-
ments and a numerical model by considering solitary wave
propagation on emergent rigid cylinders and found that dense
cylinders may reduce the wave transmission because of the
increased wave energy dissipation into turbulence in cylin-
ders. By using both direct numerical simulation and a macro-
scopic approach, Maza et al. (2015) simulated the interac-
tion of solitary waves with emergent rigid cylinders based
on the arrangement of laboratory experiments of Huang et
al. (2011). Previous approaches (e.g. Anderson et al., 2011;
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Figure 1. Cylinder cell arrangement (left), field length (right), and locations of wave probes for the computations.

Figure 2. FAVOR technique geometry of cylinders and constructed
computational rectangular grid with 0.001 m× 0.001 m (left) and
0.002 m× 0.002 m (right).

Huang et al., 2011; Maza et al., 2015; Wu et al., 2016) as-
sumed that the idealized mangrove vegetation is stationary
and neglected the plant motion with the wave.

Several works have investigated the hydraulic resistance
of coastal vegetation involving the flexible effect of plants.
Zhang et al. (2015) pointed out that the prop roots under tidal
hydrodynamic loadings in a mangrove environment can be
regarded as fairly rigid on account of a large Young modu-
lus. However, Augustin et al. (2009) indicated that motion of
the flexible elements is an important factor on wave attenu-
ation based on flume tests considering both stiff and flexible
parameterized tree models under wave action. Husrin (2013)
found that the trunk of a mangrove, with its strength prop-
erties, may behave as a stiff or flexible structure which also
governs its relative contribution to the total energy dissipa-
tion under tsunami and storm wave action. Coastal pines,
which are typical of coastal forest vegetation, have longer
trunk than mangroves; Husrin and Oumeraci (2013) indi-
cated that they are more deflected when subject to similar
flow velocity compared to mangroves. Husrin et al. (2012)
and Strusińska et al. (2013, 2014) examined the tsunami at-
tenuation by coastal vegetation under laboratory conditions
for mature mangroves using parameterized trees, including
flexible tree models. Maza et al. (2013) presented a new nu-
merical model for the interaction of waves and flexible mov-
ing vegetation which couples the flow and the plant motion
by considering the plant deformation using RANS equation
with k− ε turbulent model.

Some mangrove roots and branches at the growing stage
are hanging from the canopy to the flow; this causes the
prop roots to oscillate in the water. This study presents a nu-

Figure 3. Comparison of free-surface evolution between numerical
and experimental using field length of 1.635 m and Hi = 0.05 m.

merical simulation that consider vegetation motion coupled
with tsunami waves to investigate the wave-damping perfor-
mance. We model the motion of the vegetation by attach-
ing rigid cylinders to torsional connectors under wave ac-
tion, which is similar to the experimental work of Kazemi et
al. (2015). This is also a simplified way to represent some
movements of mangroves induced by sediment scour, tilting,
or uprooting states. A direct numerical model based on com-
putational fluid dynamics (CFD) is presented in this paper
for simulating the wave-damping characteristics by both sta-
tionary and moving vegetation.
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Figure 4. Comparison between the numerical results using the field
length of 0.545 m and Hi = 0.05 m.

Figure 5. Wave surface evolutions for stationary and moving cylin-
ders, Hi = 0.05 m.

2 Numerical model description

Among a number of open-source CFD codes available, IH-
FOAM (Higuera et al., 2013, 2014) is specially designed
for coastal engineering applications. IHFOAM was used by
Maza et al. (2015) for direct numerical simulation of a soli-
tary wave interacting with stationary vegetation. Alterna-
tively, the model Flow-3D (Flow Science, Inc., 2012) is ap-
plied in this paper to conduct numerical simulations that in-
clude vegetation motion under wave action. Flow-3D pro-
vides exclusively the FAVOR (fractional area/volumes ob-
stacle representation) technique (Hirt, 1993) and a general
moving object (GMO) model that is capable of simulating
the rigid body motion dynamically coupled with fluid flow.
The FAVOR technique retains rectangular elements with a
simple Cartesian grid system and has been shown to be one
of the most efficient methods to treat immersed solid bodies
(Xiao, 1999). The free water surface tracking in the model
is accomplished by using the volume of fluid (VOF) method
(Hirt and Nichols, 1981).

Referring to previous literature, the problem is idealized
by a solitary wave passing on a group of emergent rigid cylin-
ders. Considering the fluid to be incompressible, the continu-

Figure 6. Comparison of wave height evolutions for moving cylin-
ders with different spring constants.

Figure 7. Comparison of the maximum deflection angle of moving
cylinders with different spring constants.

ity and momentum equations for a moving object formulated
with area and volume fraction functions are given as
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where Sij = (∂ui/∂xj+∂uj/∂xi)/2,VF is the fractional vol-
ume open to the flow and Aj is the fraction area for the sub-
script direction. The subscripts of i and j = 1, 2, 3 represent
x, y, and z directions. xi and xj represent Cartesian coor-
dinates. ui and uj are the mean velocity component in sub-
script direction. t is the time, p is the pressure intensity, ρ is
the fluid density, gi is the gravitational acceleration, µ is the
absolute viscosity, νt is the eddy viscosity, k is the turbulent
kinetic energy, and δij is the Kronecker delta function such
that δij = 1 when i = j ; δij = 0, when i 6= j .

The eddy viscosity νt in Eq. (2) takes the form as

νt = cµ
k2

ε
, (3)

where k and ε represent the turbulent kinetic energy and tur-
bulent energy dissipation rate, respectively, and cµ is a con-
stant. k and ε are related to the effect of space and time
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Figure 8. Comparison of wave height damping ratio between sta-
tionary and moving cylinders.

distribution of the turbulent motion, which can be solved
by a variety of turbulent closure models such as a one-
equation model, two-equation k− ε model, renormalization
group method (RNG k− ε model), large eddy simulation
(LES), and shear stress transport (k−ω SST) model. The
RNG k−ε turbulent model was originally derived by Yakhot
and Orszag (1986) based on renormalization group methods
and improved by Yakhot et al. (1992) with scale expansions
for the Reynolds stress and production of dissipation terms.
The RNG k− ε model can be a useful turbulence model
for practical engineering and scientific calculations (Speziale
and Thangam, 1992). Choi et al. (2007) applied an RNG
k− ε turbulent model to the three-dimensional simulation of
tsunami run-up around a conical island and demonstrated its
computational efficiency and accuracy. The RNG k− ε tur-
bulent model has been proven to be reliable for a wider class
of flows, and thus it is applied in this paper.

Referring to Yakhot et al. (1992), the turbulent transport
equations of the RNG k− ε model are expressed as
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where P is the turbulence kinetic energy production given by
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1
VF

(
Aj
∂ui

∂xj
+Ai

∂uj

∂ui

)
. (6)

The coefficients are summarized as follows:

Cµ = 0.085,Cε1 = 1.42−
α(1−α/αo)

1+βα3

Cε2 = 1.68,σk = 0.7179,σε = 0.7179,
(7)

where α = Sk/ε,S = (2Sij Ŝij )1/2,αo = 4.38, and
β = 0.015.

For coupling the rigid body motion dynamically with
fluid flow, the GMO model is adopted here. Compared with

the continuity equation for stationary obstacle problems,
−∂VF /∂t in Eq. (1) is equivalent to an additional volume
source term and exists only in mesh cells around the moving
object boundary. It can be calculated using

−
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uobjnj , (8)

where Vcell is volume of a mesh cell; Sobj, nj , and uobj are,
respectively, surface area, unit normal vector, and velocity
of the moving object in the mesh cell. The relative transport
equation for the VOF function F is given using

∂F

∂t
+

1
VF

∂(FuiAi)

∂xi
=−

F

VF

∂VF

∂t
. (9)

According to kinematics, general motion of a rigid body can
be divided into a translational motion and a rotational mo-
tion. If the cylinder is considered to sway in the x direc-
tion with wave, angular velocity of the moving cylinder is
the only non-zero component. Then the equations of motion
of the cylinder are rendered as

T = J ω̇, (10)

where T , J , and ω̇ are total torque, moment of inertia, and
angular acceleration about the fixed axis. And the velocity of
any point G on the moving cylinder is calculated by VG =
ωrG/C , where rG/C denotes distance from the fixed end C of
the cylinder to point G.

In computing the coupling of fluid and rigid body interac-
tion, the velocity and pressure of fluid flow are first solved.
The hydrodynamics forces on the rigid body are then ob-
tained and used to calculate the velocity of the rigid body.
Then the volume and area fractions are updated according to
the new position of the rigid body, and the source term can
be calculated using Eq. (8). The flow field is computed re-
peatedly until the convergence is achieved. A similar GMO
model has been applied for the numerical simulation of cou-
pled motion of solid body and waves, e.g. in Bhinder et
al. (2009), Dentale et al. (2014), and Zhao et al. (2014).

As for the boundary conditions for solving the governing
equations of flow, the normal stress is in equilibrium with
the atmospheric pressure while shearing stress is zero on the
free surface. All of the solid surfaces were treated using the
no-slip boundary condition. The variation of the turbulent en-
ergy and the turbulent energy dissipation on the free-surface
boundary was set as zero in the normal direction. The solu-
tion of solitary wave derived from Boussinesq equations was
employed as the incident wave.

3 Validation

Huang et al. (2011) conducted laboratory experiments in a
wave flume for the solitary waves interacting with emer-
gent rigid vegetation. The vegetation was represented by a
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Figure 9. The snapshots of the velocity distribution for stationary cylinders (left) and moving cylinders (right), Hi = 0.05 m.

Figure 10. Comparison of the horizontal velocity profile for mov-
ing and stationary cylinders as wave crest passes each section,
Hi = 0.05 m.

group of cylinders which were made of Perspex tubes with
a uniform outer diameter of 0.01 m. The present computa-
tions used the same geometric configuration of Huang’s lab-
oratory works. The water depth was uniform and equal to
h= 0.15 m, and the cylinder height was 0.24 m. The arrange-
ment of cylinders shown in Fig. 1 was selected to validate
the present numerical simulation. Examples of two vegeta-
tion lengths, L= 1.635 and 0.545 m, are simulated here. The

numerical tank was set by 32 m long, 0.55 m wide, and 0.3 m
height. Note that the verification of the model performance
is only implemented by the case of stationary cylinders be-
cause the experimental information on the moving cylinders
by solitary waves is unfortunately lacking.

Two different uniform computational meshes around the
cylinder field, 0.002 and 0.001 m, respectively, were used to
test the numerical accuracy and the sensitivity to grid size.
Figure 2 shows that the FAVOR technique resolved success-
fully the geometry of cylinders using these two computa-
tional grids constructed. It indicates that FAVOR efficiently
uses 29 and 17 points to define each cylinder for the mesh of
0.001 and 0.002 m, respectively.

Figure 3 shows the comparison of free-surface evolution
between the present numerical results and experimental mea-
surements for an incident wave heightHi = 0.05 m consider-
ing the vegetation length L= 1.635 m. The results obtained
by the direct simulation using IHFOAM with k−ω SST
turbulent model in Maza et al. (2015) were also shown in
the figure. The comparisons show that the present numeri-
cal results are in good agreement with both the laboratory
experiments and previous numerical simulations. The sec-
ond validation is performed by considering the vegetation
length L= 0.545 m to compare with Fig. 14 of Maza et
al. (2015) using Hi = 0.05 m. The simulated result of wave
height evolution along the vegetation shown in Fig. 4 depicts
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Figure 11. Snapshots of TKE for stationary cylinders (left) and moving cylinders (right), Hi = 0.05 m.

a good agreement with previous numerical results, though
the present simulation used a different turbulent model. The
comparisons shown in Figs. 3 and 4 also validate that there
are almost no differences in the free-surface or wave height
evolution for the two computational meshes.

4 Results and discussion

The above comparisons demonstrated that the present nu-
merical model is capable of simulating accurately the wave
evolution by the group cylinders. The following simulations
are performed for a solitary wave passing through both the
stationary and moving cylinders. The characteristics of the
surface elevation evolution, the flow field variation, and the
turbulent kinetic energy (TKE) are analysed and compared
between stationary and moving cylinders. The numerical do-
main and the arrangement of cylinders used in the following
simulations are the same as in previous section. The uniform
fine mesh with 0.001 m is used for the following computa-
tions.

The moving cylinders induced by waves are set up by the
GMO model for coupling the cylinder’s motion and fluid
flow dynamically. Similar to Kazemi et al. (2015), each
cylinder end was simplified by attaching a torsion spring
connector on the bottom in the model. The use of torsion

spring could not completely reproduce the natural bending
behaviour of the mangrove tree, but it allows the cylinders to
move with the passing wave. Peltola et al. (2000) and Hus-
rin (2013) indicated that the deflection angles for a broken
trunk may range from 23 to 42◦. In the numerical tank with
small model scale, too high a value of the specific gravity
and lower spring constant will produce too large a deflection
angle of the cylinders under wave action. Therefore, after
many numerical tests, the spring constants are set to values
of ks = 1–1.8 kgw m−1 with the cylinder’s specific gravity of
0.25 to affirm that cylinders can return back to their original
position after being hit by waves.

4.1 Free-surface evolution

The numerical free-surface evolutions along the stationary
and moving cylinders, respectively, are shown in Fig. 5. The
spring constant is set by ks = 1.0 kgw m−1 in this case. It can
be seen that the free-surface elevation decays rapidly along
the stationary cylinders but decays mildly along the moving
cylinders.

Figure 6 shows the comparison of wave height evolution
for moving cylinders with different spring constants, which
can be seen that the results of moving and stationary cylin-
ders are almost identical as ks = 1.8 kgw m−1. The smaller
spring constant obtains smaller wave height damping. In ad-
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Figure 12. Snapshots of DTKE for stationary cylinders (left) and moving cylinders (right), Hi = 0.05 m.

Figure 13. The time evolution of surface elevation and TKE at each
section for stationary cylinders, Hi = 0.05 m.

dition, Fig. 7 shows that the smaller spring constant produces
the larger deflection of cylinder. It also shows that the deflec-
tion decreases along the cylinders. It is noted that the spring
constant ks = 1.0 kgw m−1 is used in the following examples.

Figure 8 shows the variation of the wave height damping
ratio, HD = (H −Hi)/Hi , along the cylinder array for dif-
ferent incident wave heights. It can be seen that the maxi-

Figure 14. The time evolution of surface elevation and TKE at each
section for moving cylinders, Hi = 0.05 m.

mum wave height damping ratio for Hi/H = 0.33 is approx-
imately 26 % for the moving cylinders but could reach 61 %
for the stationary cylinders. The results show that the wave
height damping of the stationary cylinders is working better
than by the moving cylinders. That is, the wave height decay
can be overestimated if the coastal vegetation was considered
as a stationary state.
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Figure 15. Comparison of vertical profiles of TKE as wave crest
passes through each section, Hi = 0.05 m.

4.2 Flow field evolution

Figure 9 shows the snapshots of velocity distribution at the
centre line of the tank for moving and stationary cylinders
as the solitary wave crest passes through gauges G3 to G6
for an incident wave height Hi = 0.05 m. It can be observed
that the water velocity reduces rapidly along the array of sta-
tionary cylinders. However, the flow velocity under the wave
crest is not markedly damped along the moving cylinders be-
cause they have angular motion by wave action and even be-
come immersed in the water. Figure 10 shows a compari-
son of the horizontal velocity profile as a wave crest passes
through gauges G3 to G6, i.e. x/L= 0, 0.33, 0.66, and 1.0,
for moving and stationary cylinders. It can be seen that the
velocity profiles have multiple shear layers due to the motion
effect of cylinders.

4.3 Turbulent kinetic energy evolution

The TKE will be generated and will dissipate during the wave
when interacting with the group of cylinders. The turbulent
kinetic energy (k) and the turbulent kinetic energy dissipation
rate (DTKE) (ε) are obtained from the RNG k− ε turbulent
closure model while the general RANS equations is solving.
We focus on when and where the maximum TKE occurs for
an incident wave height Hi = 0.05 m.

Figures 11 and 12 display the snapshots of the spatial
distribution of the TKE and the DTKE for stationary and
moving cylinders, respectively, when the wave crest passes
through gauges G3 to G6. It shows that the turbulent kinetic
energy starts generating and dissipating after the wave crest
impinges on the front row of cylinders. It can be seen that
the characteristics of spatial distribution of TKE and DTKE
for moving cylinders or stationary cylinders are very similar.
Figures 13 and 14 display the time variations of TKE at each
section (x/L= 0–1), which shows that the maximum TKE
occurs at x/L= 0.33 of both cylinders. The result is that the
maximum TKE does not occur when the wave crest reaches

Figure 16. Comparison of total TKE evolution along cylinder array,
Hi = 0.05 m.

the cylinders (x/L= 0). This result is similar to Maza et
al. (2015), who found that the maximum turbulent intensity
does not develop when the wave crest reaches the cylinders.

Figure 13 also shows that there is a time lag between the
occurrence of maximum TKE and the maximum wave ele-
vation for stationary cylinders, but there is almost no lag for
moving cylinders. That is, the maximum TKE is produced af-
ter the wave crest passes each section for the case of station-
ary cylinders. However, for moving cylinders, the maximum
TKE occurs at the wave crest when passing each section. It
can also be seen in Fig. 14 that multiple peaks of the TKE
evolution exist in the case of moving cylinders during the
return to its original position, and the peak values decrease
with time to zero.

Figure 15 shows the comparisons of vertical profiles of
TKE between moving and stationary cylinders as the wave
crest passes through gauges G3 to G6. It confirms that almost
no TKE is produced at x/L= 0. Like the horizontal velocity
profiles, it can be seen that multiple shear layers exist in the
vertical profile of TKE due to the moving effect of cylinders.
Figure 16 is the comparison of total TKE evolution along the
array of both cylinders, in which the total TKE is calculated
by the integral of time evolution shown in Figs. 13 and 14.
This figure shows that the largest TKE occurs at x/L= 0.33
for both cylinders. The maximum TKE produced by the in-
teraction of wave and moving cylinders is clearly less than
by the stationary cylinders.

5 Conclusions

A numerical simulation based on the three-dimensional
RANS equations and RNG k− ε turbulent model was im-
plemented to investigate the moving effect of coastal vege-
tation on the damping of tsunami wave by means of solitary
waves passing over a group of emergent rigid cylinders. The
FAVOR technique and GMO model were employed in this
paper for simulating the coupling of fluid and rigid body in-
teraction. The present numerical model was first validated
using both previous laboratory data and numerical results
of surface elevation evolution along the stationary cylinders.
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Then the evolutions of wave height, flow field, and turbu-
lent kinetic energy along both stationary and moving cylin-
ders were investigated. The simulated results showed that the
wave height damping by the moving cylinders is much less
than by the stationary cylinders. The maximum turbulent ki-
netic energy produced by the interaction of wave and moving
cylinders was also clearly less than by the stationary cylin-
ders. That implies that the tsunami damping by the coastal
vegetation can be overestimated if the moving effect of veg-
etation is not considered.

Data availability. The data used for the validation were cited from
Huang et al. (2011) and Maza et al. (2015). To access the numerical
dataset, please contact the corresponding author.
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