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a b s t r a c t
This paper presents a novel coupled ﬂow-vegetation interaction model capable to resolve the ﬂow and motion
of ﬂexible vegetation with large deﬂections simultaneously on a hybrid Eulerian–Lagrangian grid. The hydrodynamics model is based on a Navier–Stokes ﬂow solver with the Volume of Fluid surface capturing method in
OpenFOAM. The deforming and moving vegetation are tracked through a series of Lagrangian grids attached
to the vegetation and embedded in the computational domain of OpenFOAM. The governing equations for the
ﬂexible vegetation motion are based on a slender rod theory and are solved by a Finite Element Method on
a vegetation-following Lagrangian grid. The hydrodynamics and vegetation models are coupled through the
vegetation-induced hydrodynamic forces using a novel diﬀused immersed boundary method to avoid excessive
ﬂuid grid reﬁnements around the vegetation. The standard two-equation k − 𝜀 turbulence model is extended for
vegetated ﬂow by incorporating additional closure terms of vegetation eﬀects. The newly developed coupled
ﬂow-vegetation model is validated against experiments for both individual single-stem vegetation and a vegetation patch in a large-scale wave ﬂume. Model results of asymmetric displacement of the vegetation motion,
wave height decay, and wave kinematics within and outside the vegetation patch are in good agreement with
measurements. The drastical change in wave radiation stress by the presence of vegetation patch leads to a strong
current jet near the top of vegetation patch, which in turn drives a local circulation pattern around the vegetation
patch. The eﬀect of vegetation bending stiﬀness on the model results and empirical drag and inertia coeﬃcients
for calculating the hydrodynamic forces are examined in detail. Maximum turbulence energy is observed close
to the bed and the top of vegetation patch just before and after the wave crest/trough, where the relative ﬂow
velocity to vegetation is large.

1. Introduction
Coastal vegetation such as seagrasses, salt marshes, kelp forests, and
mangroves provide a wide range of ecosystem services. They play a
key role in the resilience of estuarine ecosystem to severe storms by
reducing currents, damping waves, stabilizing seabed, providing habitats, and improving water quality (Nepf, 2012; Guannel et al., 2015).
Novel coupled ﬂow-vegetation models complement laboratory studies
to provide insights into the complex interactions between waves, currents, turbulent ﬂow, vegetation, and sediment and particulate transport (Abdolahpour et al., 2018; Beudin et al., 2017). Fundamental understandings of the small-scale processes thus obtained may be used
for empirical parametrizations of these processes required in large-scale
model applications to ﬁeld conditions (e.g., Suzuki et al., 2012; Marsooli
et al., 2016).
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As one of the core coastal protection services provided by the vegetation, attenuation of wave height has received renewed interests in
light of climate change and sea level rise. The presence of vegetation
dissipates the wave energy by doing work against the ﬂuid motion and
generating turbulence in the stem-scale wakes and canopy-scale vortices (Nepf, 2012). At the scale of vegetation stem, the rate of energy
dissipation is dependent on the relative motion between ﬂuid and vegetation. The drag coeﬃcient is mainly a function of vegetation geometry
and ﬂow conditions (Henry et al., 2015). At canopy scale, the rate of
energy dissipation also depends on the population density, and interaction among vegetation and canopy-scale vortices at the interface of
vegetated and non-vegetated regions. Thus the bulk drag coeﬃcient is
aﬀected by these processes, not necessarily equal to the drag coeﬃcient
for individual vegetation (Mattis et al., 2015).
In the past decade, much laboratory studies have been dedicated
to quantifying the wave dissipation by rigid and ﬂexible vegetation
(Lowe et al., 2005; Augustin et al., 2009; Stratigaki et al., 2011; Manca
et al., 2012; Koftis et al., 2013; Ozeren et al., 2013; Anderson and
Smith, 2014; Wu and Cox, 2015; Paul et al., 2016; Luhar et al., 2017).
The impact of current on wave dissipation was also recently examined
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(Paul et al., 2012; Hu et al., 2014; Henry et al., 2015; Maza et al.,
2015b). The bulk drag coeﬃcient is calibrated using the analytical theory based on energy ﬂux conservation (Dalrymple et al., 1984; Mendez
and Losada, 2004; Losada et al., 2016) or momentum conservation
(Asano et al., 1992; Kobayashi et al., 1993; Mendez et al. 1999). A number of empirical formulations have been proposed for the bulk drag coeﬃcient as a function of Reynolds number or Keulegan-Carpenter (KC)
number (see Henry et al., 2015 for a comprehensive review). Signiﬁcant variations exist in the length and velocity scales and formulations
for drag force calculation. The calibration of bulk drag coeﬃcient may
also need to account for the heterogeneous distribution of vegetation
(Augustin et al., 2009; Blackmar et al., 2013; Maza et al., 2015a; Wu
et al., 2016).
A few ﬁeld measurements have been conducted to study the wave
dissipation by kelp forests (Gaylord et al., 2003), seagrass meadow
(Bradley and Houser, 2009), and salt marsh vegetation (Jadhav et al.,
2013; Riﬀe et al., 2011). Although almost all vegetation exhibits certain degree of ﬂexibility and rigid vegetation is scarce in the real world,
majority numerical models incorporate the vegetation eﬀect using the
Morison equation (Morison et al., 1950) and treat the vegetation as vertically rigid cylinders (Chakrabarti et al., 2016; Chen et al., 2019; Li
and Yan, 2007; Li and Zhang, 2010; Ma et al., 2013; Marsooli and Wu,
2014; Tang et al., 2015; Wu et al., 2016). However, it is well recognized that vegetation ﬂexibility decreases wave dissipation by allowing
the vegetation to move with the ﬂow and thereby reducing the relative
velocity between ﬂow and vegetation (Mullarney and Henderson, 2010;
Riﬀe et al., 2011; Houser et al., 2015; Rupprecht et al., 2015).
A number of numerical studies account for vegetation ﬂexibility
by solving a force balance equation for the vegetation motion, which
includes buoyancy, damping, bending stiﬀness, and gravity as restoring forces, and drag and inertia as driving forces (Ikeda et al., 2001;
Maza et al., 2013; Zhu and Chen, 2015). Ikeda et al. (2001) solved
for the tip displacement of the vegetation stem by assuming an exponential velocity proﬁle and deﬂection along the stem, while Maza
et al. (2013) assumed a linear variation of deﬂection and obtained the
velocity ﬁeld directly by a Navier–Stokes ﬂow solver. Mullarney and
Henderson (2010) derived an analytical relationship between singlestem vegetation and wave motion, using the Euler-Bernoulli beam equation for a cantilever beam with constant and tapered diameters. The
ﬂuid drag force is linearized and balanced by the elastic restoring force
due to bending, neglecting the buoyancy and inertia forces. Zhu and
Chen (2015) solved the complete force balance equation with a Finite
Element Method (FEM), and coupled the vegetation model with a nonhydrostatic phase resolving wave model, NHWAVE (Ma et al., 2012).
These vegetation models are, however, only suitable for small deﬂections.
For highly ﬂexible vegetation with large deﬂections, a number of numerical models have been developed to determine the vegetation deﬂections in the presence of steady currents and the current proﬁle changes
due to the vegetation (Abdelrhman, 2007; Dijkstra and Uittenbogaard,
2010; Li and Xie, 2011; Luhar and Nepf, 2011; Kubrak et al., 2012;
Marjoribanks et al., 2014; Mattis et al., 2015). Relatively few models
examined the vegetation deﬂections in the presence of waves (Luhar
and Nepf, 2016; Zeller et al., 2014). Two approaches are adopted to
tackle the geometrically nonlinear, large vegetation displacement problem. The ﬁrst approach starts with the Euler-Bernoulli equation in a
coordinate along the length of the vegetation (Li and Xie, 2011; Mattis et al., 2015, 2019) or by including a higher-order curvature term
(Kubrak et al., 2012). The other approach divides the vegetation into
a number of ﬁnite length segments, and obtains the governing equation from a local force balance for each segment (Abdelrhman, 2007;
Dijkstra and Uittenbogaard, 2010; Luhar and Nepf, 2011; Marjoribanks
et al., 2014). The latter approach is designated as the N-pendula model
in Marjoribanks et al. (2014), and diﬀers from the ﬁrst approach that is
based on a global diﬀerential equation for the vegetation deﬂection. The

N-pendula model was recently applied to study the ﬂexible vegetation
motion subject to waves only (Luhar and Nepf, 2016) and waves plus
currents (Zeller et al., 2014).
Another component of a coupled wave-vegetation interaction model
is wave hydrodynamics model. Augustin et al. (2009) and Blackmar
et al. (2013) applied a Boussinesq equation based wave model to
calibrate the vegetation-enhanced bottom friction factor. Majority of
other wave models, however, use the Morison-type drag formulation
to represent the vegetation damping as a function of vegetation density and stem width and height. Examples include the mild-slope equation wave model (Tang et al., 2015) and the nearshore spectral wave
model, SWAN (Suzuki et al., 2012; Beudin et al., 2017). Suzuki et al.
(2012) implemented a multilayer schematization to account for the
vertical variation of diﬀerent vegetation species in SWAN. Chen et al.
(2019) applied a non-hydrostatic wave-ﬂow model SWASH (Simulating WAves till SHore, Zijlema et al., 2011) and identiﬁed a strong negative wave-driven current jet at the bottom of a suspended canopy
in the opposite direction of the wave. For ﬂexible vegetation, the
drag force may be reduced due to the reduced frontal area since
the vegetation will be deﬂected as a result of ﬂow-induced bending.
This drag reduction was incorporated by Beudin et al. (2017) using the concept of “eﬀective blade length” proposed by Luhar and
Nepf (2011). The same concept has been used by Losada et al.
(2016) to derive the drag formulations in the presence of waves and
currents.
Compared with the wave models mentioned above, Navier–Stokes
equations based wave hydrodynamics models provide more detailed
ﬂow features in the presence of vegetation. The vegetation alters the
ﬂow ﬁeld and generates turbulence around the vegetation stems. The
turbulent interactions between waves and vegetation can be examined by solving the Reynolds-Averaged Navier–Stokes (RANS) equations
along with a turbulence closure model (e.g., Chen et al., 2019; Li and
Yan, 2007; Li and Zhang, 2010; Ma et al., 2013; Zhu and Chen, 2015).
The vegetation-induced resisting force and turbulence can be incorporated as an additional source term in the momentum and turbulent energy transport equations. The RANS ﬂow solver coupled with a Volume
of Fluid (VOF) surface capturing method is capable to resolve the process
of wave breaking (Chakrabarti et al., 2016; Maza et al., 2013, 2015a;
Marsooli and Wu, 2014).
The objective of this paper is to construct a two-way coupled wavevegetation interaction model for ﬂexible vegetation with large deﬂections, which is ubiquitous in the nearshore environment. The wave hydrodynamics model is based on a RANS-VOF ﬂow solver with realistic
wave generation and absorption components (Higuera et al., 2013). The
ﬂexible vegetation model is based on an elastic rod theory, with a complete force balance equation solved by Finite Element Method (FEM)
(Garrett, 1982; Chen et al., 2011a,b). The FEM-based vegetation model
is applicable to ﬂexible vegetation with large deﬂections, and is inherently robust in incorporating spatial variations of geometric and mechanical properties of the vegetation (Augustin et al., 2009; Feagin et al.,
2011; Rupprecht et al., 2015; Wu et al., 2016). The hydrodynamics and
vegetation models are coupled through the vegetation-induced hydrodynamic forces calculated by the Morison equation (Morison et al., 1950).
The drag and inertia forces are included as source terms in the momentum equation of the RANS-VOF ﬂow model and drive the vegetation
model at the same time. The ﬂow velocity and acceleration input for the
vegetation model are obtained from the RANS-VOF ﬂow model, instead
of the experiments as in Zeller et al. (2014) and Luhar and Nepf (2016).
The standard two-equation k − 𝜀 turbulence model (Launder and Spalding, 1974) is modiﬁed to include the eﬀect of vegetation following
Lopez and Garcia (2001). The present model couples the ﬂow and vegetation motion using an immersed boundary approach (Peskin, 2002;
Mattis et al., 2015) instead of porous media approach (e.g. Maza et al.,
2013, 2015a; Zhu and Chen, 2015). Two sets of grids are used in
the coupled ﬂow-vegetation model. The ﬂow motion is solved in the
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(a)

Eulerian grid, while the vegetation motion is solved in the Lagrangian
grid. Applying the hybrid Eulerian–Lagrangian grid to wave-vegetation
interaction is one of the novelties of this paper. The governing equations
of vegetation motion used a coordinate system conformed to the deformation of the vegetation which is robust to resolve structural dynamics
in the presence of large deformation.
The rest of the paper is structured as follows. Section 2 presents the
four components of the coupled wave-vegetation model: (1) the RANSVOF wave model; (2) the ﬁnite element model of ﬂexible vegetation;
(3) the k − 𝜀 turbulence model modiﬁed to account for the eﬀect of
vegetation on turbulence; and (4) the coupling procedure between the
ﬂow and vegetation motion using the immersed boundary method. In
Section 3, the ﬂexible vegetation model is ﬁrst validated against a
largely deﬂected cantilever beam. The coupled wave-vegetation model
is then validated against single-stem vegetation subject to wave motion. The modiﬁed turbulence model for vegetation ﬂow is validated
against vegetated open channel ﬂows. In Section 4, the coupled wavevegetation model is applied to a vegetation patch in a large-scale ﬂume
experiment. The vegetation motion, wave height decay, wave kinematics, circulation pattern and turbulence within and outside the vegetation
patch, and the eﬀect of vegetation ﬂexibility are examined. Conclusions
and discussions are summarized in Section 5.

(b)

2. Model development
2.1. RANS-VOF ﬂow solver
The Reynolds Averaged Navier–Stokes solver coupled with a Volume
of Fluid surface capturing scheme (Hirt and Nichols, 1981) has been
used extensively to solve wave hydrodynamics problems with and without breaking (Lin and Liu, 1998; Lara et al., 2008; Wang et al., 2009;
Lv et al., 2010).The RANS-VOF model adopted by the present study is
the two-phase ﬂow solver, “interFoam”, in the open source CFD toolbox
OpenFOAM, which uses a collocated unstructured grid, ﬁnite volume
method, and VOF surface capturing method (Jasak, 1996; Rusche, 2002;
Weller, 2002). The model solves the pressure and velocity ﬁelds from
the continuity and momentum equations for an incompressible ﬂuid:
∇⋅𝐔=0

Fig. 1. (a) The Posidonia oceanica seagrass meadow at high stem density
(adapted from Nepf, 2012). (b) Deﬁnition of coordinate system for the rod (vegetation stem) model. r(s,t) is a position vector of the rod’s centerline, s is the arc
length, and q(s,t) is distributed force per unit length.

deformed state can be expressed by a position vector r(s, t), which is a
function of arc length s, measured along the centerline curve, and time
t. Assuming that there is no torque or twisting moment, one can derive
a linear momentum conservation equation with respect to the position
vector (Garrett, 1982),
(
)
(
)
𝜕𝐫
𝜕2
𝜕2 𝐫
𝜕
𝜕2 𝐫
𝐸𝐼
+
(4)
−
𝜆
+ 𝐪 = 𝑚𝑣
2
2
𝜕𝑠 𝜕𝑠
𝜕𝑠
𝜕𝑠
𝜕 𝑡2
(
)
1 𝜕𝐫 𝜕𝐫
𝜆
−1 ≈
(5)
2 𝜕𝑠 𝜕𝑠
𝐸𝐴

(1)

(
)
𝜕𝜌𝐔
+ ∇ ⋅ (𝜌𝐔) − ∇ ⋅ 𝜇𝑒𝑓 𝑓 ∇𝐔 = −∇𝑝∗ − 𝐠 ⋅ 𝐗∇𝜌 + ∇𝐔 ⋅ ∇𝜇𝑒𝑓 𝑓 − 𝐅𝐡𝐝
𝜕𝑡
(2)
and the Volume of Fluid (VOF) ﬁeld from the advection equation
]
[
𝜕𝛼
+ ∇ ⋅ (𝐔𝛼) + ∇ ⋅ 𝐔𝑟 𝛼(1 − 𝛼) = 0
𝜕𝑡

where EI is the bending stiﬀness of the vegetation stem, mv the vegetation mass per unit length, 𝜆 = Te − EI𝜅 2 with Te being local eﬀective
tension and 𝜅 = |r′′| rod curvature, and q is the external distributed load
on unit length of rod. Eq. (5) states that the rod is elastic and extensible,
where EA is the axial stiﬀness the vegetation stem. The scalar variable
𝜆 can be considered as a Lagrangian multiplier. Eqs. (4) and (5), combined with initial and boundary conditions, are suﬃcient to determine
the dependent variables r(s, t) and 𝜆(s, t).
In coastal and nearshore environments where vegetation abounds,
the applied force on the vegetation stem, q = w + Fhs + Fhd , consists
of gravity force, w, hydrostatic force, Fhs , and hydrodynamic force,
Fhd , from the surrounding ﬂuid. While the hydrostatic buoyancy force
is incorporated into the eﬀective tension following Paulling and Webster (1986), the hydrodynamic force is calculated using Morison equation and is decomposed into 3 components: drag force 𝐅̄ 𝐝 , inertia force
𝐅̄ 𝐢 , and added mass (Morison et al., 1950),
(
)
(
)
𝐅𝐡𝐝 = 0.5𝜌𝐶𝐷 𝑏𝑣 ||𝐔𝐧 − 𝐫̇ 𝐧 || 𝐔𝐧 − 𝐫̇ 𝐧 + 𝜌𝑉𝑣 𝐔̇ + 𝜌𝐴𝑣 𝐶𝐴 𝐔̇ 𝐧 − 𝐫̈ 𝐧
= 𝐅̄ 𝐝 + 𝐅̄ 𝐢 − 𝜌𝐴𝑣 𝐶𝐴 𝐫̈ 𝐧
(6)

(3)

where U is the velocity vector, 𝜌 the ﬂuid density, p∗ = p − 𝜌g · X the
pseudo-dynamic pressure, g the acceleration due to gravity, X the position vector, and 𝜇𝑒𝑓 𝑓 = 𝜇 + 𝜌𝜐𝑡 is the eﬀective dynamic viscosity, which
takes into account of the molecular dynamic viscosity 𝜇 and the turbulent eddy viscosity 𝜐𝑡 . 𝛼 is the VOF indicator to mark the location of the
air-water interface. Note that in Eq. (3), an extra convective term, ∇ ·
[Ur 𝛼(1 − 𝛼)], is added to the classic VOF advection equation to limit the
smearing of the interface (Weller, 2002). The last term in Eq. (2), -Fhd ,
represents the hydrodynamic forces exerted on the ﬂow by the vegetation, which will be described in the following sections.
To adapt the OpenFOAM solver for coastal engineering applications,
Higuera et al. (2013) developed active wave generation and absorption
boundary conditions. In the present study, we use this extended solver,
IHFOAM, as the wave model.
2.2. Elastic rod model for ﬂexible vegetation
We treat the ﬂexible vegetation as a slender elastic rod. In a 3D Cartesian coordinate system as shown in Fig. 1b, the centerline of the rod in
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(
)
𝐅̄ 𝐝 = 0.5𝜌𝐶𝐷 𝑏𝑣 ||𝐔𝐧 − 𝐫̇ 𝐧 || 𝐔𝐧 − 𝐫̇ 𝐧

(7)

𝐅̄ 𝐢 = 𝜌𝑉𝑣 𝐔̇ + 𝜌𝐴𝑣 𝐶𝐴 𝐔̇ 𝐧

(8)
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where CD , CA are the drag and added mass coeﬃcients, bv , Av , Vv the
width and area of the cross-section and volume per unit length of the
rod, U, 𝐔̇ ﬂuid velocity and acceleration, and 𝐫̇ , 𝐫̈ are the rod velocity and
acceleration. The superscript “n” in Eqs. (6)–(8) indicates the respective
normal components perpendicular to the rod tangent r′. The normal
component of ﬂuid velocity, U, for example, can be obtained by
(
)
𝐔𝐧 = 𝐔− 𝐔 ⋅ 𝐫 ′ 𝐫 ′ = 𝐍𝐔
(9)

explicit time diﬀerencing scheme is used for dynamic problems involving transient wave motion. Readers should refer to Garret (1982) and
Ran (2000) for more details.
2.3. Turbulence modeling in presence of vegetation
Various turbulence models have been proposed to study vegetated
open channel ﬂows (Shimizu and Tsujimoto, 1994; Lopez and Garcia, 2001; Hiraoka and Ohashi, 2008) and wave-vegetation interactions
(Li and Yan, 2007; Li and Zhang, 2010; Ma et al., 2013; Maza et al.,
2013, 2015a). In this study the standard k − 𝜀 model in OpenFOAM is
adapted to simulate turbulent ﬂows within the vegetation canopy by
incorporating two additional terms related to vegetation eﬀects in the
transport equations for turbulence energy, k, and dissipation rate, 𝜀.
The turbulence production due to the presence of vegetation is related to the drag force by
(
)
3
𝑃𝑣 = 𝐅̄ 𝐝 ⋅ 𝐔𝐧 −𝐫̇ 𝐧 = 0.5𝜌𝐶𝐷 𝑎||𝐔𝐧 −𝐫̇ 𝐧 ||
(18)

where N = I-r′r′ is the transformation matrix and I is the identity matrix.
The hydrodynamic force exerted by the vegetation on the ﬂow is -Fhd ,
which is to be incorporated in Section 2.4 as a source term in the ﬂuid
momentum equation, Eq. (2).
The ﬁnite element method is used to discretize the governing equations of motion, Eqs. (4)–(5). For an element of length L, we approximate
ri (s,t) and 𝜆(s, t) by
𝑟𝑖 (𝑠, 𝑡) =
𝜆(𝑠, 𝑡) =

4
∑
𝑙=1
3
∑
𝑚=1

𝐴𝑙 (𝑠)𝑈𝑖𝑙 (𝑡)

(10)

𝑃𝑚 (𝑠)𝜆𝑚 (𝑡)

(11)

where a = bv N is the vegetation density measured as frontal area per unit
volume thus having a unit of length−1 , and N is the number of stems per
unit area. Note that the normal relative velocity, 𝐔𝐧 −𝐫̇ 𝐧 , is used to be
consistent with the drag force formulation in Eq. (7). Vegetation induced
turbulence is therefore proportional to the cube of the normal ﬂow velocity relative to the vegetation. The modiﬁed k − 𝜀 model including
vegetation-induced turbulence is given by
[(
) ]
𝜇
𝜕𝜌𝑘
+ ∇ ⋅ (𝜌𝐔𝑘) = ∇ ⋅ 𝜇 + 𝑡 ∇𝑘 + 𝑃𝑘 − 𝜌𝜀 + 𝐶𝑘𝑝 𝑃𝑣
(19)
𝜕𝑡
𝜎𝑘

where Al and Pm are shape functions deﬁned in terms of 𝜉 = s/L,
𝐴1 = 1 − 3𝜉 2 + 2𝜉 3 , 𝐴2 = 𝜉 − 2𝜉 2 + 𝜉 3
𝐴3 = 3𝜉 2 − 2𝜉 3 , 𝐴4 = −𝜉 2 + 𝜉 3

(12)

𝑃1 = (𝜉 − 1)(2𝜉 − 1), 𝑃2 = 4𝜉(1 − 𝜉), 𝑃3 = 𝜉(2𝜉 − 1)

(13)

and Uil , 𝜆m are nodal variables to be solved,

𝜕𝜌𝜀
+ ∇ ⋅ (𝜌𝐔𝜀) = ∇ ⋅
𝜕𝑡

𝑈𝑖1 = 𝑟𝑖 (0, 𝑡), 𝑈𝑖2 = 𝐿𝑟′ 𝑖 (0, 𝑡)
𝑈𝑖3 = 𝑟𝑖 (𝐿, 𝑡), 𝑈𝑖4 = 𝐿𝑟′ 𝑖 (𝐿, 𝑡)

(14)

𝜆1 = 𝜆(0, 𝑡), 𝜆2 = 𝜆(𝐿∕2, 𝑡), 𝜆3 = 𝜆(𝐿, 𝑡)

(15)

(20)
where 𝜇 t = 𝜌𝜈 t = 𝜌C𝜇 k2 /𝜀 is the dynamic eddy viscosity linking the k − 𝜀
model with the ﬂuid momentum, Eq. (2), 𝜎 k ,𝜎 𝜀 ,C1𝜀 ,C2𝜀 ,C𝜇 are the standard closure coeﬃcients (Launder and Spalding, 1974), and Ckp ,C𝜀p are
the two new coeﬃcients to be calibrated. The new term in Eq. (19),
Ckp Pv , represents the parameterization of the work of mean velocity
against drag forces. Lopez and Garcia (2001) suggested, based on a
theoretical argument, that the two new coeﬃcients are so related that
Ckp = 1.0 and C𝜀p = C2𝜀 /C1𝜀 Ckp = 1.33.

Thus the unknown variable Uil are the position ri and the tangent r′i
at two nodes of the element. The unknown variable 𝜆m are the tension
at two nodes and the midpoint of the element.
Using Galerkin’s method and Eqs. (10)–(11), the equations of motion
for one element may be written in matrix form as
(
)
(
)
𝑎
1
2
+ 𝜆𝑛 𝐾𝑛𝑖𝑗𝑙𝑘
(16)
𝑀𝑖𝑗𝑙𝑘 + 𝑀𝑖𝑗𝑙𝑘
𝑈̈ 𝑗𝑘 + 𝐾𝑖𝑗𝑙𝑘
𝑈𝑗𝑘 − 𝐹𝑖𝑙 = 0

2.4. Coupling of vegetation motion with ﬂow

𝑎 the added mass matrix,
where Mijlk is the consistent mass matrix, 𝑀𝑖𝑗𝑙𝑘

An immersed boundary approach is adopted to couple the wave hydrodynamics with the ﬂexible vegetation motion. The immersed boundary method is a robust technique to simulate the ﬂow interaction with
structures, especially the moving structures (Zhang et al., 2010; Ha et al.,
2014; Lin et al., 2016; Peng et al., 2018). In this method, the ﬂuid model
is deﬁned in Eulerian grids while the structure model is deﬁned in Lagrangian coordinates. The immersed structure (i.e., ﬂexible vegetation)
is represented as a collection of one-dimensional lines, whose behavior,
r(s, t), is determined by the external line force, Fhd (r), and the restoring
mechanisms such as elastic bending. The force exerted by the structure
on the ﬂuid is then integrated as a source term in the ﬂuid momentum
equation, Eq. (2), using

1 the stiﬀness matrix due to bending resistance, and 𝐾 2
𝐾𝑖𝑗𝑙𝑘
is the stiﬀ𝑛𝑖𝑗𝑙𝑘
ness matrix arising from the rod tension and curvature. The extensibility
condition may be written as

𝐺𝑚 = 𝐴𝑚𝑖𝑙 𝑈𝑘𝑖 𝑈𝑘𝑙 − 𝐵𝑚 − 𝐶𝑚𝑛 𝜆𝑛 = 0

[(
) ]
)
]
𝜇
𝜀[ (
𝜇 + 𝑡 ∇𝜀 + 𝐶1𝜀 𝑃𝑘 + 𝐶𝜀𝑝 𝑃𝑣 − 𝐶2𝜀 𝜌𝜀
𝜎𝜀
𝑘

(17)

The matrices and force vectors in Eqs. (16)–(17) are listed in
Appendix A.
As the added mass, stiﬀness, and external loads in turn are functions
of the unknown variables Uil , 𝜆m , special numerical treatment is needed
to solve the equations. The Newton–Raphson method is used for static
problems such as vegetation reconﬁguration under steady current. Good
initial guess and incremental loading help to achieve fast convergence
of solution for large deﬂections. For cantilevered vegetation stems studied in this paper, an unstressed initial state is appropriate initial guess to
obtain a convergent solution with a single step loading in the presence
of small current. Under strong current, however, it is advisable to apply
the total current loading through several small load increments. For the
ﬁrst load increment, an unstressed state is appropriate initial guess to
obtain a converged solution, which then serves as an initial state for the
next load increment. With this technique, the model results would converge quickly for highly ﬂexible vegetation. A mixture of implicit and

−𝐅𝐡𝐝 (𝐗) = −

∫

𝐅𝐡𝐝 (𝐫 )𝛿(𝐗 − 𝐫 )𝑑𝑠

(21)

Γ

where X is the position vector within the ﬂuid grid, 𝛿(X − r) is the Dirac
delta function, and 𝚪 is the Lagrangian structural grid. Correspondingly,
the force acting on the structure by the ﬂuid can be determined using
the inverse integral transform,
𝐅𝐡𝐝 (𝐫 ) =

∫
Ω
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tion. The following smoothed approximation to the Dirac delta function
is used (Peskin, 2002),
(𝑥 ) (𝑥 ) (𝑥 )
1
𝛿ℎ (𝐱) =
𝜙 1 𝜙 2 𝜙 3
(24)
ℎ
ℎ
ℎ
ℎ3
where h is the Eulerian grid size, x1 , x2 , x3 are the three components of
vector x, and
)
{ (
1
1 + cos 𝜋𝜍
𝑓 𝑜𝑟 |𝜍 | ≤ 2,
4
2
𝜑 (𝜍 ) =
(25)
0
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.
Fig. 3 illustrates the ﬂow chart of solving the coupled wavevegetation model, in which an interface module is developed to exchange information between the wave and vegetation model components. At each time step of the computation, the vegetation motion is
solved ﬁrst with the ﬂow velocities output of the wave hydrodynamics model. The velocity and acceleration at cell centers of the ﬂuid grid
are interpolated to the structure’s grid point. After solving the vegetation motion, the hydrodynamic force at each structure’s grid point
is smoothly distributed to the surrounding ﬂuid cells using Eq. (21).
The smoothed vegetation force acts as a source term in the ﬂuid momentum equation, Eq. (2), of the RANS-VOF solver. Then the standard
step of a RANS-VOF ﬂow solver follows (i.e., VOF advection and PISO
loop coupling pressure with velocity). Similarly, the vegetation-induced
turbulence production term at each structure’s grid point is smoothly
distributed to the surrounding ﬂuid cells using Eq. (23). The smoothed
turbulence production is added to the transport equations, Eqs. (19) and
(20), for the k − 𝜀 turbulence model which is solved next. The new ﬂow
velocities will then be used to solve the vegetation motion at the next
time step.
3. Model validation
In this section, both the individual model components and the coupled wave-vegetation model are validated against the available experiments. Since the IHFOAM wave model has been validated extensively
by Higuera et al. (2013), the FEM model for ﬂexible vegetation is validated using the measurements for a cantilever beam and single-stem
vegetation. The modiﬁed k − 𝜀 turbulence model is calibrated using one
set of experiments for vegetated channel ﬂows (Shimizu and Tsujimoto,
1994).

Fig. 2. Smoothing distribution of force from the structure (vegetation) node to
the ﬂuid grid. (a) A Lagrangian structure grid, r(s, t), immersed in the Eulerian
ﬂuid grid, X. Shaded circular region indicates the extent to which the forcing
at Lagrangian boundary point, F(r), is to be smoothly distributed to the surrounding ﬂuid cells. (b) Smoothed approximation to the Dirac delta function,
Eq. (25).

3.1. Elastic rod model
We ﬁrst test our vegetation model by a cantilever beam with large
deﬂections. Belendez et al. (2003) considered a ﬂexible steel beam of
rectangular cross-section. Deﬂections of the beam were measured under
a uniformly distributed load due to gravity, q = 0.758 N/m, and a concentrated load applied at the free end, F = 0∼0.588 N. The beam length
is 0.4 m, and the bending stiﬀness is EI = 0.02591 Nm2 . In our model
simulation 20 elements were used to discretize the beam. Starting from
an unstressed state and applying the gravity and tip load within a single step, the model converged with as few as 5∼7 iterations for all the
cases. The predicted and measured deﬂections for 3 tip loads are shown
in Fig. 4, and also tabulated in Table 1 with all the other concentrated
loads. It is seen that the model predictions agree very well with the
measured deﬂections. The diﬀerences between the two sets of results
are within 2%, with an average value of 0.8%. Note that our model results are almost identical to the ANSYS model results by Belendez et al.
(2003).

where Ω is the Eulerian ﬂuid domain. Eqs. (21) and (22), ensure that the
momentum of the coupled ﬂuid-structure system is conserved (Mattis
et al., 2015).
In a similar manner, the turbulence production due to the singlestem vegetation, with N = 1 in Eq. (18), should be integrated over a
region enclosing the vegetation stem,
𝑃 𝑣 (𝐗 ) =

∫

𝑃𝑣 (𝐫 )𝛿(𝐗 − 𝐫 )𝑑𝑠

(23)

Γ

By doing so, the vegetation-induced turbulence will be smoothly distributed among the surrounding ﬂuid cells. In the ﬂuid-structure interaction approach, Eq. (23) constitutes the vegetation-induced source term
in the turbulence transport equations, Eqs. (19) and (20).
Because the structure grid does not generally coincide with the cell
centers of the Eulerian grid, the forcing and turbulence at each Lagrangian point along the vegetation is distributed over a band of neighboring ﬂuid cells (see Fig. 2). Thus the sharp delta function is replaced by
a smoother distribution function, which is suitable for use on a discrete
mesh (Mittal and Iaccarino, 2005). The ﬂuid velocity in Morison equation, Eq. (6), can also be obtained through the same smoothing func-

3.2. Wave interaction with single-stem vegetation
Maza et al. (2013) measured the magnitude of vegetation bending
under wave action. The vegetation mimics were composed of four PVC
strips, one pair 54 cm long and another pair 27.5 cm. The PVC strips
have a cross-section of 1 mm thick and 1 cm wide, a Young’s modulus
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Vegetation motion - FEM

Fig. 3. Flow chart of solving the coupled wave-vegetation interaction model. An interface is created to exchange information between the Eulerian grid based RANS-VOF wave model
and the Finite Element Method (FEM), Lagrangian grid based
vegetation model.

Wave velocity
& acceleration

Next time step

Wave-Vegetation
Interface

VOF advection

Immersed boundary
method
PISO loop
Momentum predictor
Pressure correction
Smoothed force
& turbulence

Turbulence

Fig. 4. Predicted and measured (Belendez et al., 2003) deﬂections of
a cantilever beam under the self-weight and the concentrated tip load
of 0, 0.098 and 0.196 N.

Table 1
Large deﬂections of a cantilever beam under self-weight and varying
tip loads.
Tip load F (N)

0.000
0.098
0.196
0.294
0.392
0.490
0.588
a

Tip deﬂection -z (m)

achieved under gravity and buoyancy without external loading is used
to initialize the vegetation motion simulation. The time step in the coupled ﬂow-vegetation model is solely determined by the Courant number
limit in the ﬂow solver, which varies between 0.003∼0.006 s, signiﬁcantly smaller than the time step required by the vegetation structural
solver. No iteration is thus performed in a time step of ﬂow solver for
the vegetation motion solver. The coupled wave-vegetation model is run
for 32 s, which took about 2 h on a single Intel Core i5 CPU. A ramping
function with a buildup period of 4 s is applied to smoothly adding the
loading to the vegetation, which soon reaches an equilibrium state of
highly periodic wave and vegetation motion.
Fig. 5 presents the predicted instantaneous conﬁgurations for the
ﬂexible vegetation over one wave period. The drag coeﬃcient for ﬂat
plates, CD =1.95 (Luhar and Nepf, 2011, 2016) is used. The bending stiﬀness calibrated, EI = 0.006 Nm2 , is equivalent to that of 2 PVC strips
bond together to resist the wave motion. The two extreme displacements (curves b & d in Fig. 5) are in good agreement with the measurements (squares) by Maza et al. (2013). Due to the asymmetry of
wave kinematics and the vegetation ﬂexibility and nonlinear interaction between wave motion and vegetation displacement, the vegetation
displaces more under wave crest (25 cm) than under trough (17 cm).
However, the maximum displacements do not occur exactly at the crest
and trough; there are certain phase lags between the instants of maximum displacement and the crest/trough. This ﬁnding is consistent with
another set of experiment presented in Maza (2015c, see their Fig. 9.1),
conﬁrming the present model’s capability to resolve the large deﬂections
of ﬂexible vegetation.

Diﬀerence (%)

Experimenta

ANSYSa

Present

0.089
0.149
0.195
0.227
0.251
0.268
0.281

0.0898
0.1516
0.1960
0.2270
0.2495
0.2661
0.2785

0.0898
0.1516
0.1960
0.2272
0.2495
0.2659
0.2784

0.90
1.74
0.51
0.09
0.60
0.78
0.93

Measurements and ANSYS predictions by Belendez et al. (2003).

E = 0.9 GPa, and a density 𝜌v = 700 kg/m3 . Since there is no binding
between the four-stem vegetation mimics, it’s diﬃcult to predict each
mimic’s response to the wave action. To simplify model simulation, an
equivalent single-stem vegetation is used and some calibration is thus
required to determine the geometric and mechanical properties of the
equivalent vegetation stem. A 50 m long and 1.2 m deep numerical ﬂume
is setup, with the vegetation stem positioned at x = 20 m downstream
from the wavemaker at the inlet, where a 10th-order Stream Function
wave theory is speciﬁed to generate the waves. The ﬂuid grid size is
uniformly 0.04 m in the horizontal x-direction and 0.01 m in the vertical z-direction. The vegetation stem is discretized by 10 equal segments. For vertically standing vegetation stems, the static equilibrium
181

H. Chen and Q.-P. Zou

Advances in Water Resources 126 (2019) 176–192

(a)

(b)

Fig. 5. Instantaneous water surface elevation (upper panel) and single-stem
vegetation conﬁguration (lower panel) under a periodic wave H = 0.2 m,
T = 4.0 s, d = 0.8 m. Upper panel shows the surface elevation over one wave period at the location where the vegetation stem stands. The four instantaneous
conﬁgurations labeled as a,b,c,d in the lower panel correspond to the four instants marked by the diamonds in the upper panel. Red squares in the lower
panel indicate the measurements (Fig. 20 in Maza et al., 2013) of the two extreme displacements under the wave motion.

3.3. Turbulence model in the presence of rigid vegetation
The extended k − 𝜀 turbulence model is calibrated against a laboratory experiment of fully developed open channel ﬂows over submerged
vegetation (Case R31 and R32 in Shimizu and Tsujimoto, 1994). For
case R31, the water depth and depth-averaged current velocity were
6.31 cm and 11.21 cm/s, respectively. The ﬂume bottom was covered
with rigid vegetation of 10,000 stems/m2 , height 4.1 cm, and stem diameter 0.1 cm. The frontal area per unit volume is thus 0.1 cm−1 . To
examine the fully developed current proﬁle, a 2D numerical model is
developed to mimic only a short segment of the open channel ﬂow. The
computational domain is 0.1 m long and 0.11 m high, and is discretized
uniformly using 20 and 40 grids, respectively, in the horizontal and vertical directions. Periodic boundary conditions are speciﬁed at the inlet
and outlet boundaries of this short ﬂume, which maps the model results
of ﬂow and turbulence variables at the outlet of the ﬂume back to the inlet. Once the simulation is run long enough, the fully developed current
proﬁle and turbulence quantities are achieved. The model was run 40 s
and completed within half a minute wall time, which ensured that fully
developed conditions were obtained. We used the same drag coeﬃcient
CD = 1.2, as in Ma et al. (2013) and Marsooli et al. (2016).
Fig. 6a shows the model-data comparisons for case R31 of the vertical distributions of mean current velocity U and Reynolds shear stress,
−⟨𝑢′ 𝑤′ ⟩ = 𝜐𝑡 𝜕 𝑈 ∕𝜕 𝑧, which are normalized by the depth-averaged mean
current velocity U0 . It is seen that the ﬂow within the vegetation is noticeably suppressed. There appears an inﬂection point in the velocity
proﬁle near the top of the canopy. The faster ﬂow above the vegetation
and the slower ﬂow below form a shear layer at the interface of ﬂuid and
vegetation canopy, where the Kelvin-Helmholtz (KH) instabilities may
develop (Ghisalberti and Nepf, 2002). The Reynolds stress peaks near
the top of the vegetation, and decays to nearly zero both downward
into the canopy and upward to the free surface. Based on the context of

Fig. 6. Comparison of normalized (left) current velocity and (right) turbulent
shear stress proﬁles in the presence of vegetation with a frontal area per unit
volume 0.1 cm−1 and height 4.1 cm. (a) Case R31: h = 6.31 cm, U0 = 11.21 cm/s;
(b) Case R32: h = 7.47 cm, U0 = 13.87 cm/s in Shimizu and Tsujimoto (1994).
U0 is the depth-averaged current velocity. Dashed horizontal line indicates the
top of the vegetation canopy.

exchange with surrounding water, Nepf and Vivoni (2000) divided the
submerged canopy into two zones. In the longitudinal exchange zone
(z/h ≤ 0.4), the vertical turbulent transport of momentum is negligible,
i.e. ⟨u′w′⟩ ≈ 0. In the vertical exchange zone (z/h > 0.4), the vertical
turbulent transport is dominant over the longitudinal exchange.
Fig. 6 indicates that good model-data comparisons were achieved by
using Ckp = 1.0 and C𝜀p = 1.28. The sensitivity of the model results to the
coeﬃcients C𝜀p and CD was investigated. In general, the model results
are more sensitive to C𝜀p than to CD , consistent with the ﬁndings in Ma
et al. (2013). The C𝜀p = 1.28 produces reasonable agreements with both
cases R31 and R32 in Shimizu and Tsujimoto (1994), and is, therefore,
used in the following studies.
4. Wave interaction with a vegetation patch
The coupled wave-vegetation model is validated by a large-scale
ﬂume experiment by Stratigaki et al. (2011). This experiment has been
used to validate a then state-of-the-art coupled ﬂow-vegetation model by
Maza et al. (2013) and a wave-rigid vegetation model by Marsooli and
Wu (2014). Maza et al. (2013) assumed a linear deformation for the
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vegetation stem and coupled the vegetation motion with the ﬂow ﬁeld
through a porous medium approach. The present model extends their
approach by (1) developing a large deformation vegetation model, (2)
coupling the wave motion and the vegetation motion using an immersed
boundary approach. Based on the same set of experiment, the vegetation motion, wave height decay, sensitivity of model results to vegetation ﬂexibility, and the ﬂow structures outside and within the vegetation
patch are investigated.

wave-vegetation model is then run for another 30 s, which took about
16 h on a single Intel Core i5 CPU. The time step in the coupled model is
determined by the maximum Courant number of 0.3 in the ﬂow solver.
No iteration is performed in a time step of ﬂow solver for the vegetation motion solver. The following results are obtained by averaging over
the last 6 wave periods. Grid convergence study in Appendix B shows
that the above grid is adequate in resolving the vegetation dynamics and the wave kinematics in the presence of the vegetation
patch.

4.1. Model setup
4.2. Eﬀects of vegetation ﬂexibility
Fig. 7 shows the model setup simulating a regular wave, T = 3.5 s and
H = 0.5 m, propagating through a vegetation patch. The water depth is
2.4 m at the wavemaker boundary and 1.7 m at the onshore boundary,
and between the two sections is a 12 m long, 1:17 sandy slope. A 10.7 m
long artiﬁcial vegetation meadow was placed over the ﬂat sandy bottom,
starting at x = 38.36 m from the wave paddle. Fig. 8 shows a zoom-in
view of the vegetation patch in Fig. 7, along with the three locations at
which velocity proﬁles outside and inside the vegetation were measured
in Stratigaki et al. (2011).
A uniform grid of 0.04 m by 0.02 m in the horizontal and vertical
directions, spans the entire computational domain. This base mesh is
then intersected with the bathymetry using the “snappyHexMesh” utility in OpenFOAM. The remaining sandy beach beyond the vegetation
patch is ignored in the simulation, which avoids resolving the computationally intensive wave breaking process in the surf zone and thus
may produce a partial standing wave pattern diﬀerent from the experiment (see Fig. 10 below). The ﬁfth-order Stokes wave theory is speciﬁed at the wavemaker. The waves propagating through the vegetation
ﬁeld are absorbed at outlet by using the IHFOAM absorbing boundary
conditions developed by Higuera et al. (2013). Each vegetation stem is
discretized using 6 elements of equal length of 0.09 m. The static equilibrium achieved for each stem under gravity and buoyancy without
external loading is used to initialize the vegetation patch. The initial
and boundary conditions for the turbulence model are speciﬁed following Lin and Liu (1998). The model is ﬁrst run 30 s without activating
the vegetation module. After the wave is fully developed in the ﬂume,
the vegetation module is switched on, with the driving force from the
wave motion smoothly ramped up within one wave period. The coupled

The vegetation mimics used in this experiment were the same as described in Section 3.2 for single-stem vegetation (Maza et al., 2013),
except that the vegetation in this case is packed with greater density
N = 180 stems/m2 and over a length of 10.7 m. We take the bending stiﬀness calibrated for single-stem vegetation as the basis value,
EI = 0.006 Nm2 , and investigate the eﬀect of vegetation ﬂexibility on
wave attenuation and wave kinematics within the vegetation patch.
4.2.1. Vegetation motion
Fig. 9 shows the eﬀect of bending stiﬀness on the extreme conﬁgurations of a representative vegetation stem. Similar to the single-stem vegetation in Section 3.2, the vegetation motion exhibits vertically asymmetric displacements relative to the un-deformed state. The vegetation
displaces more under the half-cycle of wave crest than that of the wave
trough. As the bending stiﬀness increases, the vegetation shows increasingly smaller motion, more so for the tip vertical displacement in Fig. 9c.
Note that the instant at which the extreme displacement occurs in Fig. 9b
is shifted depending on the bending stiﬀness (see also Zhu and Chen,
2015).
4.2.2. Wave height decay
Fig. 10 shows the wave height evolution for bending stiﬀness of EI,
10 EI and 50 EI where EI = 0.006 Nm2 . It is seen that the smallest stiﬀness, EI, leads to the least wave dissipation. Increasing the bending stiﬀness from EI to 10 EI signiﬁcantly increases the wave attenuation, while
increasing further from 10 EI to 50 EI has little eﬀect on the wave attenuation. This observation conﬁrms that larger vegetation ﬂexibility leads

Fig. 7. Model setup for coupled wave-vegetation interaction, mimicking the large-scale ﬂume experiment by Stratigaki et al. (2011).
Fig. 8. A close-up view of the vegetation patch in
Fig. 7 and the three locations at which vertical proﬁles of
velocities outside (#1) and inside (#2, #3) the vegetation
patch were measured in Stratigaki et al. (2011).
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(a)

(b)
Fig. 11. Eﬀect of vegetation bending stiﬀness on the vertical distribution of
the maximum/minimum wave horizontal velocities and mean current at the
location of proﬁle #2 within the vegetation patch indicated in Fig. 8. Squares:
measurements by Stratigaki et al. (2011). Black dashed horizontal line indicates
the top of the vegetation patch. Bending stiﬀness of EI, 10 EI and 50 EI where
EI = 0.006 Nm2 .

(c)

to less dissipation, since greater ﬂexibility allows the vegetation to move
more with the ﬂow, thereby reducing the relative velocity between ﬂow
and vegetation motion (see Eq. (7)).
The above observation, however, may not apply if the interaction
between neighboring vegetation stems becomes signiﬁcant. The present
coupled wave-vegetation model does not take into account the possible contact between largely deﬂected vegetation, which may cause additional damping of the wave energy. It’s likely that while increasing
ﬂexibility would decrease the wave damping due to ﬂow resistance, the
large deﬂections resulting from the large ﬂexibility may cause the vegetation to collide with each other, thereby increasing the wave damping
through the collision.
It is observed in Fig. 10 that an oscillation pattern appears in the
wave height evolutions predicted by the present and previous models
and observed in the experiments. Although the magnitude of oscillation
predicted by Maza et al. (2013) is less pronounced than that of the measurements, the phase shift of their prediction relative to the measurement is smaller than the present model. The wave height oscillation in
the ﬂume may arise from the nonlinear wave-wave interactions starting

Fig. 9. Eﬀect of vegetation bending stiﬀness on (a) the maximum conﬁgurations and time history of (b) horizontal and (c) vertical displacements of the
vegetation tip at x = 43.6 m. Bending stiﬀness varies as EI (solid lines), 10 EI
(dashed lines) and 50 EI (dash-dotted lines) where EI = 0.006 Nm2 .

Fig. 10. Eﬀect of vegetation bending stiﬀness on wave
height evolution along the vegetation patch. Circles: measurements by Stratigaki et al. (2011). Dash-dotted line: numerical result by Maza et al. (2013). Bending stiﬀness of
EI, 10 EI and 50 EI where EI = 0.006 Nm2 .
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Fig. 12. Snapshots of instantaneous conﬁguration of vegetation stems within the patch and contour of horizontal velocity at ﬁve time instants, t=0, 0.2T, 0.4T, 0.6T,
0.8T, for the case with H = 0.5 m, T = 3.5 s, N = 180 stems/m2 . The bending stiﬀness is 10 EI where EI = 0.006 Nm2 .

from the wavemaker, in which case, the location of the wavemaker is
critical to the oscillation patterns downstream. In addition, the interaction between the incident and the reﬂected waves at the rear end of the
physical ﬂume by the sandy beach, which is not captured by the present
model, may also contribute to the oscillation pattern. Both Maza et al.
(2013) and Marsooli and Wu (2014) attributed the discrepancies between their model results and measurements to the unknown reﬂection
patterns in the physical ﬂume. The spatial shift between the predicted
partial standing wave patterns and the measurement is due to the exclu-

sion of the sloping sandy beach in the present model setup. As demonstrated by SWASH model results of wave interactions with vegetation
canopy, where sponge layers were used to dissipate incoming waves
and minimize the wave reﬂection (see Fig. 4 in Chen et al., 2019), the
location where the waves start to be artiﬁcially damped and the phase
of the reﬂected waves relative to the incident waves are dependent on
the thickness of the sponge layer. They in turn lead to diﬀerent spatial
oscillation patterns of the wave amplitude above the vegetation patch.
Since both model predictions and the measurements show signiﬁcant
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Fig. 13. Model-data comparisons of vertical distribution of minimum (Umn ), mean (Um ), and maximum (Umx ) horizontal velocities at (a) 0.7 m before the vegetation patch at proﬁle #1 indicated in
Fig. 8, (b) 2.0 m into the vegetation patch at proﬁle #2 indicated in Fig. 8, and (c) 2.7 m before the
end of vegetation patch at proﬁle #3 indicated in
Fig. 8. Solid lines: model prediction; squares: measurements by Stratigaki et al. (2011). The bending
stiﬀness is 10 EI where EI = 0.006 Nm2 .

Fig. 14. Spatial evolution of vegetation-induced mean current, phase diﬀerence between wave velocities u and w,
and wave shear stress ⟨uw⟩ outside (Proﬁle #1) and inside
(Proﬁle #2, Proﬁle#3) the vegetation patch, at locations
indicated in Fig. 8. The bending stiﬀness is 10 EI where
EI = 0.006 Nm2 .

oscillations, the ﬁtted linear decay rate is adequate to quantify the accuracy of the model. Among the 3 sets of results, the prediction with the
intermediate stiﬀness, 10 EI, is in closest agreement with the measurement.

motion to the ﬂow ﬁeld. The drag and inertia coeﬃcients in the Morison equation, Eq. (6), are assumed to be constant along the vegetation
stem and over time. These assumptions, however, are highly questionable for ﬂexible vegetation behaving like either a cantilever or a whip
(Dijkstra and Uittenbogaard, 2010; Paul et al., 2012; Luhar and Nepf,
2016). In particular, the empirical inertia/added mass coeﬃcient in the
Morison equation accounts for the additional ﬂuid inertia perturbed by
the vegetation stem’s motion, which might aﬀect the mass conservation in the vegetated ﬂume. It was noticed that as the vegetation stem
becomes increasingly ﬂexible, the water mass variation in the ﬂume becomes slightly larger, mainly due to the lower limit of water mass within
one wave cycle. The speciﬁc reason for the larger mass variation and
the reverse current warrants further ﬂuid-structure interaction studies
resolving the structure (vegetation stem) geometries.

4.2.3. Wave kinematics
Fig. 11 shows the eﬀect of vegetation bending stiﬀness on the vertical distributions of wave kinematics and mean current at one location within the vegetation patch. It is seen that the predictions using 10
EI and 50 EI are consistent with the measurement by Stratigaki et al.
(2011). The wave kinematics is obviously altered by the presence of the
vegetation. A mean current ﬂowing in the wave propagation direction,
the maximum velocity being about 20% of wave orbital velocity, appears at the top of the vegetation. For the predictions using relatively
small bending stiﬀness, EI, a mean current in opposite direction to the
wave propagation appears, which is inconsistent with other experimental observations for ﬂexible vegetation canopies (Luhar et al., 2010; Abdolahpour et al., 2017). This indicates that the ﬂow ﬁeld for this case
may not be predicted well by the coupled model.
Although the model for vegetation with small bending stiﬀness, EI,
predicts the observed wave height decay reasonably well (Fig. 10), it
predicts the wave-averaged current in the opposite direction as the measurements. This contradiction suggests that some model assumptions
might not be valid for highly ﬂexible vegetation. The coupled ﬂowvegetation model employs empirical formulas to account for the ﬂuid
forces acting on the vegetation, and thus the feedback of vegetation

4.3. Wave-induced mean current
Since the bending stiﬀness of 10 EI predicts the observed wave
height decay (Fig. 10) and wave kinematics within the vegetation patch
(Fig. 11) reasonably well, it is used in the following plots to examine the generation mechanism of vegetation-induced mean current.
Fig. 12 shows a sequence of snapshots of the horizontal velocity ﬁeld
along with the instantaneous conﬁguration of the vegetation stems. The
most signiﬁcant ﬂow perturbation by the vegetation occurs at the top
of the vegetation patch, beneath the wave crest. There appears a sharp
increase of horizontal velocity across the free surface. This is due to the
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wave-averaged current which changes a lot across the mean water level
and the top of the vegetation patch (see Fig. 15a). Due to the numerical treatment at the air-water interface (VOF surface capturing, density
jump), the model may produce inaccurate results in the vicinity of the
interface. The ﬂow velocities near the interface is known to subject to
spurious air velocities (Larsen et al., 2018). This OpenFOAM’s limits of
simulating highly nonlinear, shallow water waves may also play a role
here (Ransley et al., 2017). The instantaneous conﬁguration of each
stem in the vegetation patch in Fig. 12 is largely in accordance with
the observations of single-stem vegetation presented in Section 3.2. The
maximum/minimum displacements do not occur exactly beneath the
wave crest/trough. The vegetation tends to deﬂect more under the crest
than under the trough as the ﬂow velocity is larger underneath wave
crest as shown in Fig. 12.
Fig. 13 shows a comparison of the horizontal velocity proﬁle outside and within the vegetation patch. Before entering the vegetation
patch (Fig. 13a, at location proﬁle #1 indicated in Fig. 8), the horizontal velocity is uniform across the lower water column, consistent
with the shallow water wave theory. After entering the vegetation patch
(Fig. 13b,c, at location proﬁle #2 and #3 indicated in Fig. 8), the
horizontal velocity is altered around the top of the vegetation (see
also snapshots in Fig. 12). Both the model predictions and the measurements by Stratigaki et al. (2011) show an increase of maximum
horizontal velocity above the vegetation ﬁeld. As a result, there appears a mean current in the direction of the wave propagation. Luhar
et al. (2010) observed a similar mean current within a model seagrass
meadow, and attributed it to the nonzero wave stress, which is responsible for the streaming observed in the wave bottom boundary layers
(Zou et al., 2006).
Fig. 14 shows the spatial evolution of the mean current, phase shift
between wave horizontal and vertical velocities, and wave shear stress
from proﬁle #1, to proﬁle #2 and proﬁle #3 locations illustrated in
Fig. 8. At 0.7 m upstream the vegetation patch (proﬁle #1), the mean

current has a rather small magnitude, with a positive velocity near the
bed and a negative velocity over a large portion of the upper water column. This velocity structure resembles a typical mean current proﬁle observed in a closed laboratory ﬂume, where the Stokes drift transported
above the wave trough is compensated by a returning ﬂow underneath.
At this location, the phase diﬀerence between the wave horizontal (u)
and vertical (w) velocities is close to 90°, the theoretical value of an inviscid, irrotational ﬂow solution. The wave shear stress, ⟨uw⟩, is, therefore, approximately zero. Due to the returning ﬂow and wave height
variation (see Fig. 10) in the numerical ﬂume, u and w are no longer in
quadrature so that wave stress is no longer zero.
Within the vegetation patch (proﬁle #2, #3), a positive mean current appears around the top of the vegetation canopy. The phase diﬀerence between u and w departs signiﬁcantly from 90° as in the wave
bottom turbulent boundary layer due to turbulent friction observed
by Zou and Hay (2003) and Zou et al. (2003), leading to a nonzero
wave stress across the height of the vegetation. The wave stress change
its sign at the top of the vegetation. The wave stress at downstream
location (proﬁle #3) is larger than that upstream (proﬁle #2). The
discontinuity in the drag force between the vegetation patch and the
ﬂow above is believed to the main driving force for the nonzero wave
stress.
The appearance of a mean current at the vegetation interface creates a local circulation pattern. Fig. 15a shows a spatial distribution
of the mean current around the vegetation patch. The ﬂow pattern
far away from (both upstream and downstream) the vegetation patch
seems to be unaﬀected by the mean current generated at the top of
the vegetation patch, except for some disturbances in the immediate vicinity. The mean current is established within a short distance
(<1 m) into the vegetation patch, and restores to its original upstream
state after a similar distance downstream the patch. The mean current generated at the top layer of the vegetation is diverted both upward and downward at the downstream end of the meadow, while at
Fig. 15. Spatial distribution of (a) the
vegetation-induced mean current and
wave radiation stress (b) ⟨uu⟩ and (c)
⟨uw⟩. Area enclosed by the dashed lines indicates the vegetated region. The bending
stiﬀness is 10 EI where EI = 0.006 Nm2 .
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Fig. 16. Snapshots of (left column) turbulence energy and (middle column) dissipation within the vegetation patch, and (right column) horizontal component of
normal relative velocity, 𝐔𝐧 − 𝐫̇ 𝐧 , between ﬂow and vegetation motion at ﬁve time instants, t=0, 0.2T, 0.4T, 0.6T, 0.8T, corresponding to rows (a)-(e) with H = 0.5 m,
T = 3.5 s, N = 180 stems/m2 . The bending stiﬀness is 10 EI where EI = 0.006 Nm2 .

the start of the meadow, the recirculated current converges towards
the top of the vegetation. The predicted circulation pattern is consistent with the ﬂow measurements around a model seagrass meadow
by Luhar et al. (2010).
Fig. 15b,c show the spatial distribution of the wave radiation stress
<uu> and ⟨uw⟩, respectively, around and within the vegetation patch.
Noticeably, the presence of the vegetation patch alters the vertical proﬁles of both wave normal and shear stress. Both wave radiation stresses,
⟨uu⟩ and ⟨uw⟩, change rapidly across the interface between the vegetation patch and the ﬂow around it, which drives the strong jet like current
at the interface.

etation is at a maximum displacement such that the relative velocity
is, again, equal to the wave velocity. Although the maximum displacement does not occur exactly under a wave crest/trough (referring to
Section 3.2 for details), the wave velocities at the time of maximum
displacement are still appreciable, leading to signiﬁcant turbulence
generations.

5. Conclusions and discussion
A RANS-VOF Navier–Stokes ﬂow solver is coupled with a ﬁnite element vegetation model to investigate the wave-vegetation interaction.
The wave hydrodynamics is simulated by a RANS-VOF model based on
OpenFOAM. The vegetation motion is described by a slender rod theory
using a Finite Element Method, which is applicable to ﬂexible vegetation with either small or large deﬂections. The ﬂow and vegetation
motion is coupled through hydrodynamic forces using a novel diﬀused
immersed boundary method on a hybrid Eulerian–Lagrangian grid. The
two-equation k − 𝜀 turbulence model in OpenFOAM is extended to account for the inﬂuence of vegetation on turbulence. The ﬂexible vegetation model is in a good agreement with the experiments for a largely
deﬂected cantilever beam and single-stem vegetation. Then, the coupled
ﬂow-vegetation model was validated by a large-scale ﬂume experiment
of a wave propagating though a vegetation patch. The eﬀect of vegetation ﬂexibility on the model results is also examined to highlight the
limits of constant empirical coeﬃcients adopted in the coupling of ﬂow
and vegetation model.
It was observed that a strong current jet was generated around the
top of the vegetation patch. This jet may reach about 20% of the wave
orbital velocity and is correlated with a nonzero wave radiation stress.

4.4. Time evolution of turbulence within vegetation patch
Fig. 16 shows the instantaneous distribution of turbulence energy
and dissipation within the vegetation, corresponding to the same time
instants as in Fig. 12 for the horizontal velocity contours. These ﬁgures indicate that signiﬁcant turbulence energy is generated close to the
bed underneath the wave crest and trough. This observation is consistent with the vegetation-induced turbulence as formulated in Eq. (18),
which is proportional to the cube of the normal ﬂow velocity relative to the vegetation. Since the vegetation motion close to the bed is
constrained, the relative velocity is, therefore, approximately equal to
the wave velocity, which is positive under the wave crest and negative under the wave trough (see the right column in Fig. 16). Significant turbulence is also generated in the upper portion of the vegetation patch, where the relative velocity between the ﬂow and vegetation
motion is large. The relative velocity is ampliﬁed whenever the vegetation moves in a direction opposite to the wave velocity, or the veg-
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The presence of vegetation creates a drag discontinuity at the interface
of vegetation with the ﬂow above and drastically changes the vertical
proﬁles of the wave radiation stress across the interface. The vegetation
ﬂexibility plays an important role in the vertical distribution of ﬂow
and dictates how far the ﬂow disturbance by vegetation penetrates into
the vegetation patch. As a result of the current jet in the wave direction at the top of the vegetation patch, a circulation pattern is formed
around the vegetation patch. The predicted circulation pattern is consistent with that observed around a model seagrass meadow by Luhar
et al. (2010), that at the top of a suspended vegetation canopy predicted
by the SWASH model by Chen et al. (2019) and that predicted by a
RANS-VOF model by Garcia et al. (2004) for waves propagating over a
low-crested permeable breakwater. Maximum turbulence energy is observed close to the bed and the top of vegetation patch just before and
after the wave crest/trough, where the ﬂow velocity relative to vegetation is large. The predicted complex circulation and turbulence pattern
around vegetation patch has strong implications on the net transport
and mixing of the nutrient, pollutant, and sediment in vegetated coastal
habitat.
The proposed model couples the high-ﬁdelity RANS-VOF wave
model with a ﬁnite element ﬂexible vegetation model using a novel diffused immersed boundary approach. The geometry of the vegetation
stem is not resolved. The coupling between the two models is achieved
through a Morison-type force using empirical drag and inertia coeﬃcients to save CPU time. Without any tuning of the drag coeﬃcient,
however, the coupled model captures adequately the asymmetric displacement of the vegetation motion, the rapid variation of wave kinematics around the ﬂow and vegetation interface, and the complex circulation pattern around the vegetation patch. Once the displacement of
the vegetation stem is predicted, the distribution of ﬂuid forces on the
stem can be obtained from the Morison equation and used to investigate
stem breakage as well as wave attenuation during storms (Möller et al.,
2014; Vuik et al., 2018).
Our model results indicate that the wave kinematics in particular
is sensitive to the vegetation ﬂexibility (i.e., bending stiﬀness of the
vegetation stem). Calibration is thus required to determine the appropriate bending stiﬀness, and possibly the drag and inertia coeﬃcients
as well. In the present study, the drag/inertia coeﬃcient is assumed
to be constant along the vegetation stem and over time. This assumption may not be valid for ﬂexible vegetation behaving like either a cantilever or a whip (Dijkstra and Uittenbogaard, 2010; Paul et al., 2012;
Luhar and Nepf, 2016). It is tempting to propose a spatially- and timevarying drag/inertia coeﬃcient, but this warrants signiﬁcant additional
experimental and analytical work (Luhar et al., 2010). Nevertheless, it
is straightforward to incorporate this modiﬁcation in the present model
in the future, since the FEM vegetation model is robust in accounting
for the spatial variations of geometric and mechanical properties of the
vegetation stem.
This sensitivity of model results to the vegetation ﬂexibility may be
partly associated with the limitation of the coupling between wave and
vegetation model (Mattis et al., 2015), which does not resolve the geometry of the vegetation stem but resorts to empirical drag and inertia
coeﬃcients to obtain the hydrodynamic force on the vegetation. Considering the magnitude diﬀerence between the ﬂuid grid O(2 cm) and
the stem’s cross-section O(0.1 cm), it requires a lot of CPUs to conduct a
direct simulation such as those by Maza et al. (2015a) and Chakrabarti
et al. (2016) to resolve the geometry of each stem within the vegetation patch. The high-resolution coupled ﬂow-vegetation model complements experimental studies to examine the ﬂow, turbulence, and mixing in coastal canopies (e.g., Abdolahpour et al., 2018). In addition, the
possible contact and wake interactions between neighboring stems are
not considered by the present model, which may also aﬀect the model
performance. The stem interactions may be accounted for by adding
a damping term in the governing equations of vegetation motion, and
then calibrate the unknown damping coeﬃcient against the observed
vegetation motion.
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Appendix A. Matrices and force vectors in the FEM formulation
𝐿
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𝑎 the added mass matrix,
where Mijlk is the consistent mass matrix, 𝑀𝑖𝑗𝑙𝑘
1
2
𝐾𝑖𝑗𝑙𝑘
the stiﬀness matrix due to bending resistance, 𝐾𝑛𝑖𝑗𝑙𝑘
the stiﬀness
matrix arising from the rod tension and curvature, 𝛿 ij the Kronecker
Delta function, 𝑤̄ 𝑖 the net weight of the rod, and 𝐹̄𝑖𝑑 is the hydrodynamic
force excluding the added mass eﬀect, which is incorporated into the
𝑎 .
added mass matrix 𝑀𝑖𝑗𝑙𝑘

Appendix B. Grid size eﬀect on vegetation motion and wave
kinematics
Grid convergence study has been conducted to assess the grid size
requirement for the coupled wave-vegetation model. The computational
domain shown in Fig. 7 is ﬁrst meshed uniformly with a base grid and
then reﬁned with ﬁner grids in the vicinity of the free surface. As listed
in Table B1, three sets of ﬂuid grids are used, and the total number of
Table B1
Grid size for the ﬂuid domain and vegetation in the coupled wavevegetation model.
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Grid

Fluid (horizontal x vertical, cm)

Vegetation (cm)

Fluid cells #

1
2
3

4×4
4×2
2×2

9
9
4.5

169,792
324,310
648,619
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(a)

Fig. B1. Eﬀect of grid size on (a) the extreme conﬁgurations and time
history of (b) horizontal and (c) vertical displacements at the tip of the
vegetation stem located at x = 43.6 m. The bending stiﬀness is 10 EI
where EI = 0.006 Nm2 .

(b)

(c)

Fig. B2. Eﬀect of grid size on the vertical distribution of the maximum/minimum wave horizontal velocities and mean current at proﬁle #2 indicated in Fig. 8. Squares: measurements by Stratigaki et al.
(2011). Black dashed horizontal line indicates the top of the vegetation patch. The bending stiﬀness is 10 EI where EI = 0.006 Nm2 .
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cells for the ﬂuid domain is approximately 170 k, 324 k, and 649 k,
respectively. Each stem of the vegetation is discretized uniformly with
elements of equal length, 9 cm and 4.5 cm for grid sets 1 & 2 and 3,
which correspondingly leads to 6 and 12 elements for each stem. The
bending stiﬀness for each vegetation stem is assumed to be 0.06 Nm2
(10 EI as assessed in Section 4.2).
Fig. B1 shows the grid size eﬀect on extreme conﬁgurations and tip
displacement history of a representative vegetation stem. Fig. B2 shows
the grid size eﬀect on the vertical distribution of wave kinematics and
mean current at x = 40.36 m. It can be observed in both ﬁgures that
these results are not very sensitive to the grid size tested. Therefore,
the grid set 2 is selected considering the balance between accuracy and
computational time.
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