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Abstract: Flume experiments were performed to test four plant mimics with different stiffness to
reveal the effect of plant stiffness on the wave dissipation and turbulence process. The mimics
were built of silica gel rod groups, and their bending elastic modulus was measured as a proxy for
stiffness. The regular wave velocity distribution, turbulence characteristics, and wave dissipation
effect of different groups were studied in a flume experiment. Results show that, when a wave ran
through the flexible rod groups, the velocity period changed gradually from unimodal to bimodal,
and the secondary wave peak was more apparent in the more flexible mimics. The change in the
turbulence intensity in the different rod groups showed that the higher the rod stiffness, the greater
the turbulence intensity. With an increase in the bending elastic modulus of a rod group, the wave
dissipation coefficient increased. The increase in the wave dissipation coefficient was not linearly
correlated with the bending elastic modulus, but it was sensitive within a certain range of the
elastic modulus.

Keywords: vegetation stiffness; bending elastic modulus; velocity distribution; turbulence intensity;
wave dissipation

1. Introduction

Waves are one of the most important hydrodynamic force in coastal environments [1–3].
The reduction of coastal erosion induced by waves is an important topic for coastal protection and
morphological changes [4–6]. Plants, such as mangroves, play an important role in protecting coasts.
The planting of forests for wave attenuation in front of seawalls can reduce the arrival of waves,
reduce the impact force of waves, and enhance the security of dams. It is known that different
plant properties (e.g., density, stiffness, flexibility, arrangement mode, degree of submergence, and
other factors) produce different influences on momentum transfer and the turbulence structure in
canopy flow [7–12]. These related processes can lead to different sediment deposition patterns, which
can influence the coastal morphology. The interesting point is that even the presence of a short,
low-biomass seagrass meadow can lower the beach erosion rates compared to shallow unvegetated
nearshore reef flats [13–16]. However, wave interactions between plants with varied stiffness have not
been fully understood.

To investigate these interactions, Huang et al. [17] designed a physical model with a rigid main
trunk and flexible branches and leaves. They then systematically analyzed wave propagation behaviors
on a vegetated floodplain, as well as the effect of plant branches and leaves, tree trunks, the width
of the beach, the depth of the water on the beach land, and wave elements on the propagation and
deformation of the wave. Jiang et al. [18] used a physical model experiment of a wave flume to
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study the effect of changes in the wave height and wave form. Incident wave height, plant densities,
reflection, transmission coefficient, and the wave energy dissipation were investigated. Moller and
Spencer discovered that wave height decreased exponentially in a vegetated area [19]. Quartel et al. [20]
performed an experiment at the Red River Delta in Vietnam and found that the wave dissipation ability
of mangrove areas is five to 7.5 times more than that produced due to bottom friction. Bradley and
Houser [21] quantitatively analyzed the effect of the relative movement of flexible seaweed leaves on
wave height reduction in a reversing current. Fonseca and Cahalan [22] and Augustin et al. [11] showed
that, when the height of seaweed was greater than or close to the water depth, the wave dissipation
effect was obvious, and when the plant was submerged, the wave dissipation effect decreased with
increased water depth. Tschirky and Hall [23] and Lima et al. [24] performed experiments that indicated
that an increase in plant density enhanced the wave dissipation effect. However, Mazda et al. [25] and
Horstman et al. [26] found that when the water depth in the mangrove was more than the height of
the aerial roots, an increase in water depth reduced the wave dissipation effect, and when the water
depth increased to the height of the mangrove leaves, the wave dissipation effect increased. Cruise
and Muslesh [27] used a rigid pole to simulate the emerged portion of rigid vegetation and studied
the effect of plant diameter and arrangement on water depth and velocity. White and Nepf [28] also
studied the plant drag force, flow turbulence, and diffusion with a rigid rod.

Currently, there are many laboratory studies on vegetation under unidirectional currents and/or
waves [29–32], field studies on wave dissipation through flexible vegetation [33–36], and turbulent
flow through real mangrove roots [37]. However, the wave propagation and turbulence in vegetation
with different stiffness is currently less studied [8].Therefore, in this study, the main aim is to study the
wave propagation and turbulence characteristics among vegetation with different stiffness. A type of
mimics used in this study is completely rigid, and the other three types of mimics are flexible to mimic
the stems of macro algaes like Fucus vesiculosus and Fucus serratus with comparable elastic modulus
(0.121–0.585 Gpa) [38]. The bending elastic modulus were measured using plant mimics made of silica
gel rods with different stiffness. The regular wave velocity distribution, turbulence characteristics, and
wave dissipation effect of different groups were studied to better understand the wave dissipation
process through a vegetated field. The knowledge obtained by this study may provide a scientific
reference for the planning and design of coastal protection projects.

2. Experimental Setup

2.1. Experimental Design

Experiments were conducted in a laboratory wave flume. The dimensions of the flume were
66 m long, 1.0 m wide, and 1.6 m deep. A piston-type waves paddle installed at one end of the flume
was used to generate regular and irregular waves. For simplicity, we only tested regular waves in the
current study. An overview of the flume, with its coordinate system and the wave maker, is shown
in Figure 1. All of the instruments were deployed in this flume. Details of the flume dimensions and
sensor deployments are also shown in Figure 1. The water surface elevation was measured using
capacitance-type wave probes with good long-term stability and linear calibration curves. The wave
probes were calibrated just prior to conducting the experiments. A SonTek 16-MHz Micro ADV
(Acoustic Doppler Velocimeter) (SonTek/Xylem Inc.: San Diego, CA, USA) was used to measure
the three-dimensional water velocity. The sampling frequency of the ADV and wave gages is 50 Hz.
The data were collected after the waveform stabilized in the front of the mimic vegetation area, and
the data collection lasted for 60 s. In order to eliminate the error, each experiment was repeated for
three times. Peak velocities were obtained by taking the maximum value of an entire wave period.
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Figure 1. Model configuration and rod arrangement (from left to right, The green solid dots are the 
rods and the red ones are the ADV (Acoustic Doppler Velocimeter) measuring points). 

The vegetation zone was composed of silica gel rods of different stiffness installed on a flat slope. 
The rods were fixed though the prefabricated holes on the at the slope bed. Wave gauges were 
installed before and after the vegetation zone to quantitatively measure the wave attenuation. The 
3D flow field structure and turbulence characteristics were measured using the ADV. The current 
velocity was measured at the middle and bottom layers at 10 cm and 2 cm above the bed using the 
ADV. These two measuring points are regarded as representative heights of the vertical profile, while 
the information of the whole profile was not obtained. 

The wave and flow design included no wave breaking action nor the presence of emergent 
vegetation. Therefore, the designed water depth of the floodplain was 15 cm, and the corresponding 
water depth before the wave plate was 45 cm. In addition, the regular wave height was 5 cm, and the 
wave period was 1.34 s. The resulting wave length was 1.53 m, and the tested water depth (0.15 m) 
in the vegetation canopy was half water depth. The wave condition is similar to previous lab work 
with small waves (wave height H ≤7 cm) [36,39]. 

2.2. Experiment Materials 

The diameter of plant mimics (d) was 1 cm and mimic height (hv) was 20 cm, and they were 
arranged into a rectangle with a total width of 195 cm consisting of 40 rows that were 5 cm apart with 
columns 5 cm apart (See Figure 1). The height of the mimics was determined to be similar to F. 
vesiculosus. The projecting area was 289.85 cm2, which is also similar to the field conditions of F. 
vesiculosus [38]. Thus, essentially, this experiment did not involve scaling, as the tested mimics were 
dynamically similar to F. vesiculosus in the field conditions and the tested wave condition was also 
similar to the real field condition (depth = 0.15 m, wave height = 0.05 m, and period = 1.34 s). In the 
current experiment, the tested Re (Re = u×d/ν, where u is the velocity of the middle and bottom layers) 
number range was generally between 1000 and 2000. 

Eleven measuring point was set along the center-line of the wave flume to minimize the 
influence of the side-wall. The obtained velocities and turbulence statistics are regarded as the 
representative measurements of the flume cross section. However, pair ADV measurements in the 
lateral direction were not conducted in our experiment. Thus, the current study mostly focused on 
velocity in the streamwise direction, i.e., u. The u velocity is positive when it is in the same direction 
as wave propagation, and it is negative when it is opposite to wave propagation. 

We used a spring scale for the cantilever measurement. 10 rods of the same material were 
involved in each test and the experimental results are averaged. The elasticity modulus was 

Figure 1. Model configuration and rod arrangement (from left to right, The green solid dots are the
rods and the red ones are the ADV (Acoustic Doppler Velocimeter) measuring points).

The vegetation zone was composed of silica gel rods of different stiffness installed on a flat slope.
The rods were fixed though the prefabricated holes on the at the slope bed. Wave gauges were installed
before and after the vegetation zone to quantitatively measure the wave attenuation. The 3D flow
field structure and turbulence characteristics were measured using the ADV. The current velocity was
measured at the middle and bottom layers at 10 cm and 2 cm above the bed using the ADV. These two
measuring points are regarded as representative heights of the vertical profile, while the information
of the whole profile was not obtained.

The wave and flow design included no wave breaking action nor the presence of emergent
vegetation. Therefore, the designed water depth of the floodplain was 15 cm, and the corresponding
water depth before the wave plate was 45 cm. In addition, the regular wave height was 5 cm, and the
wave period was 1.34 s. The resulting wave length was 1.53 m, and the tested water depth (0.15 m) in
the vegetation canopy was half water depth. The wave condition is similar to previous lab work with
small waves (wave height H ≤7 cm) [36,39].

2.2. Experiment Materials

The diameter of plant mimics (d) was 1 cm and mimic height (hv) was 20 cm, and they were
arranged into a rectangle with a total width of 195 cm consisting of 40 rows that were 5 cm apart
with columns 5 cm apart (See Figure 1). The height of the mimics was determined to be similar to
F. vesiculosus. The projecting area was 289.85 cm2, which is also similar to the field conditions of
F. vesiculosus [38]. Thus, essentially, this experiment did not involve scaling, as the tested mimics were
dynamically similar to F. vesiculosus in the field conditions and the tested wave condition was also
similar to the real field condition (depth = 0.15 m, wave height = 0.05 m, and period = 1.34 s). In the
current experiment, the tested Re (Re = u × d/ν, where u is the velocity of the middle and bottom
layers) number range was generally between 1000 and 2000.

Eleven measuring point was set along the center-line of the wave flume to minimize the influence
of the side-wall. The obtained velocities and turbulence statistics are regarded as the representative
measurements of the flume cross section. However, pair ADV measurements in the lateral direction
were not conducted in our experiment. Thus, the current study mostly focused on velocity in the
streamwise direction, i.e., u. The u velocity is positive when it is in the same direction as wave
propagation, and it is negative when it is opposite to wave propagation.
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We used a spring scale for the cantilever measurement. 10 rods of the same material were involved
in each test and the experimental results are averaged. The elasticity modulus was calculated using
the cantilever beam formula, and the stiffnesses of different materials were measured as:

Cantilever beam formula : E = FL3/(3uI) (1)

where E is the elasticity modulus (Pa); u is the offset distance (m); F is the transverse tensile force (N);
I is the inertia moment, i.e., I = πd4/64 for a circle; and L is the rod length (m).

The elastic modulus of the rods is shown in Table 1. Materials 1, 2, 3, and 4 with different stiffnesses
are denoted as M1, M2, M3, and M4, respectively (Figure 2). These rods were commercially available.
The elastic modulus of M1 was significantly greater than the others, and it was able to keep upright
throughout the entire process. Therefore, M1 can be seen as a rigid rod.

Table 1. The bending elastic modulus of the different materials and statistics of the flow velocity peak values.

Material
Application Elasticity

Modulus E (Gpa)
Measuring Point of 5#

Force (N) Middle Layer Velocity (cm/s) Bottom Layer Velocity (cm/s)

M1 30 16.56 22.17 19.95
M2 1.2 0.66 18.10 17.33
M3 0.7 0.39 17.23 16.08
M4 0.2 0.11 15.28 13.54
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2.3. Data Processing

The original data were phase-averaged according to Cox’s theory [40]:

µa
(

x, y, z, tj
)
=

1
N

Nj

∑
n=1

µm(x, y, z, tn)j = 1, 2, . . . ,
T
∆t

. (2)
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On the basis of j = T
∆t points, the original 3D data were divided into three directions and Nj

circles. Using the phase average, the velocity of each point in one circle can be obtained, uia(i = x, y, z),
and the fluctuating velocity can be presented as follows:

u′i = uim − uiai = x, y, z. (3)

Turbulence intensity is the root mean square of the fluctuating velocity:

η =

√
(u′i)

2i = x, y, z. (4)

The probability density function of random data means the probability of an instantaneous value
being within a specified range. For the turbulent process, the probability of its value, u(t), being in the
(u0, u0 + ∆u) can be defined as the following:

prob[u0 < u(t) < u0 + ∆u] = lim
T→∞

Ts

T
, (5)

where T is the measuring time; and Ts is the sampling time within (u0, u0 + ∆u), Ts = ∑n
i=1 ∆ti.

A probability density function of velocity measurements was made for each material. If this random
process is a normal distribution, then the probability density function can be found using the
following equation:

f (u′i) =
1

σi
√

2π
e
−

u2
i

2σ2
i , (6)

where f is the probability density; and u′i is the fluctuating velocity in the i direction.
Reynolds stress is the shear force caused by the momentum exchange of a unit fluid passing

through a unit area. The equation is the following:

τij = −ρµ′iµ
′
j, (7)

where when i = j, σ = −ρµ′iµ
′
j, and σ is the normal stress; when i 6= j, τij is the Reynolds shear stress.

3. Results and Discussion

3.1. Velocity Variations in the Mimicked Vegetation Canopy with Different Stiffnesses

3.1.1. Peak Velocities

The peak velocities changed significantly when waves crossed the different rod groups. The more
flexible the plant, the smaller the peak the velocity. Table 1 shows the value of the velocity peaks.
It was found that with an increase in rod flexibility (from M1 to M4), the velocity peak value in the
middle and bottom layer both gradually diminished. Compared to M1, the peak value of the middle
and bottom layer of M4 were reduced by 31% and 32%, respectively. The peak velocity value between
two rods was increased. It is because rigid rods do not have any swing deformation, which squeezes
the passing water and leads to higher velocity. For flexible rods, however, they sway as water passes,
and hence do not lead to similar increased velocity. In fact, as the flexibility increases, the averaged
velocity reduces (Figure 3).

Flexible rods do not cause contraction of the flow passing the flume section because of the
unsynchronized swing. Therefore, the peak wave velocity was small. This is similar to what occurs
when a bridge makes a channel narrow and increases the flow velocity.

3.1.2. Phase Averaged Velocity

According to the instantaneous velocity measured using the ADV, phase velocities in the direction
of u are shown for different rod groups in Figure 3. Data from measuring point #5 is shown as it is in
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the center of the vegetation patch and it is representative of the averaged flow condition. The velocity
curve shows that with a phase shift, the more flexible the materials are, the lower peak flow is. With a
low flow velocity, the differences among the flow velocities of different materials are not obvious.Water 2019, 11 FOR PEER REVIEW  6 
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3.1.3. The Secondary Wave Peak in the Flexible Rod Groups

The experimental results show that when waves went through the flexible rod groups, the velocity
period changed gradually from unimodal to bimodal, owing to swing in the rod group. The more
flexible the rod group, the more obvious the secondary wave peak. Figure 4 shows velocity of the
M4 rod group at measuring point #5. The figure shows that both in the middle and the bottom layer,
bimodal structures existed during each wave period. The ratio between the secondary wave peak
and the main wave peak in the middle layer was 0.49:1, while in the bottom layer it was 0.31:1. This
phenomenon indicates that the swing extent of a rod increases as the water surface approaches, and its
impact on the secondary peak of the wave velocity also increases.
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3.2. Turbulence Characteristics of the Different Rod Groups

3.2.1. Turbulence Intensity

The middle layer turbulence intensity distributions in the u direction for the M1 and M4 rod
groups are presented in Figure 5. The middle and bottom layer turbulence distributions of the different
materials are shown in Figure 6. Spatial changes in the turbulence intensity indicates that the highest
value occurs during the period of the wave entrance into the rod group and in the middle of the
rod group. Possible explanations include the following: (1) The water’s entrance into the rod group
means that the wave propagates from one interface to another interface, which can result in intense
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turbulence; and (2) wave streaming causes intense turbulence when the wave propagates in the middle
of the rod group.Water 2019, 11 FOR PEER REVIEW  7 
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Figure 6. Middle and bottom layer turbulence distributions of the different materials (measuring point #5).

The turbulence intensity changes in different materials indicate that the greater the material
stiffness, the stronger the turbulence velocity and intensity. From M1 to M4, the turbulence intensity
reduces 5.1%, 5.4%, and 4.4%, respectively, in the u direction of measuring point #5. This result is
similar to that of a previous experiment by Pujol et al., [29].

The turbulence intensity in different directions shows that the largest was in the u direction
followed by the v direction, and the intensity in the w direction was minimal. As far as the vertical
distribution, the turbulence intensity in the bottom layer was smaller than in the surface layer. This
reflects that turbulence was anisotropic when the vegetation patch was under wavy flows.

3.2.2. Probability Density of the Fluctuating Velocity

If the probability density is a normal distribution, the wider the graph, the larger the velocity
deviation. The y axis intercept is the turbulence intensity in Figure 7. Figure 7 shows the probability
density distribution of the fluctuating velocity in the u, v, and w directions. Two peak values are found
in the probability density function of the u direction, and at the same time, the turbulence intensity
decreases with an increase in the flexibility of the rod group. While in the v direction and w direction,
the probability density follows a normal distribution, and the differences between different materials
are not obvious.
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3.2.3. Reynolds Stress

Reynolds stress is generally greater than the viscous shear force in vegetated flows [41]. Therefore,
only near the sidewall is the viscosity term considered, otherwise it is ignored.

Reynolds stress is the result of an uneven flow velocity distribution in a flow field. Therefore,
the more uneven the velocity distribution is, the greater the Reynolds stress is, and the stronger the
turbulence. Figure 8 shows the change in Reynolds stress for different rod groups, where Ra = 〈u′v′〉,
Rb = 〈u′w′〉 and Rc = 〈v′w′〉 (u′, v′, and w′ represent fluctuating velocities in the u, v, and w directions,
respectively). Results show that the Reynolds stress decreases with increasing stiffness. The Reynolds
stress of the M4 middle layer is only 10% that of M1.

Moreover, the Reynolds stress of the middle layer is larger than the bottom layer, which is similar
to Ma’s [42] research on the wave turbulence. The middle layer Reynolds stress is about 1.14 times
that of the bottom layer in the rigid rod group (M1), and about 1.52 times that of the flexible rod
group (M4).
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3.2.4. Energy Spectrum Density

The turbulent process can be seen as superposition of simple harmonic waves with different
frequencies. Velocity spectra were computed and give the parameters used to compute the power
spectra (E(n),

∫ ∞
−∞ E(t)dn = 1

2 u2). The energy spectral density curve represents the distribution of
turbulent kinetic energy in a wave band (w, w + dw) in steady time. Time is the inverse of frequency.
We set a 95% confidence interval on each of the spectra to eliminate the effect of noise. The high
frequency in the energy spectrum represents the quickly changing turbulence, or turbulence on a small
time scale [43].

The energy spectral density distributions in the u direction for different material rod groups at
measuring point #5 are shown in Figure 9, which is related to the wave energy transmission process.
As can be seen from the figure, when a wave propagates in the rod groups, two energy spectral peaks
exist, with the main peak value larger than the secondary peak. With a reduction in material rigidity,
the main peak value of the wave energy decreases, which means that the wave turbulence intensity is
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reduced. Furthermore, the secondary peak of M4 is the largest among all the cases. The secondary
peaks were related to rod group swing. The more flexible the rod group was, the more obvious the
secondary wave peak was.
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Figure 9. Energy spectral density distributions in the u direction for different material rod groups at
measuring point #5.

3.3. Wave Dissipation Effect in the Different Rod Groups

The change in wave height before and after the wave moves through the rod groups represent the
attenuation of wave energy (see Table 2 and Figure 10). When the bending elastic modulus of the rod
group increases from 0.11 GPa to 0.39 Gpa (Compare M4 with M3), the wave dissipation coefficient
correspondingly increases from 25.17% to 39.79%. When the flexural elastic modulus increases from
0.39 GPa to 16.56 Gpa (Compare M3 with M1), the wave dissipation coefficient increases from 39.79% to
40.45%, only an increase of 1.66%. M2 and M3 may have happened to be in an area that was insensitive
to stiffness, causing the wave dissipation coefficients to fluctuate.

Table 2. Wave height and wave dissipation coefficient before and after the wave moves through the
rod groups.

Material Bending Elastic
Modulus E (Gpa)

Wave Height before
the Rod Groups (cm)

Wave Height after the
Rod Groups (cm)

Wave Dissipation
Coefficient

M 1 16.56 5.81 3.46 40.45%
M 2 0.66 5.79 3.56 38.51%
M 3 0.39 5.83 3.51 39.79%
M 4 0.11 5.84 4.37 25.17%
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Overall, the wave dissipation coefficient increases with increases in the bending modulus of
elasticity in the rod group. More succinctly, the greater the stiffness of the rod group is, the more
obvious the energy dissipation effects will be. In addition, the growth of the wave dissipation coefficient
is not linear with the bending elastic modulus; but is sensitive within a certain range of the elastic
modulus. There is a sharp quick increase in the wave dissipation coefficient. However, when the
bending elastic modulus value increases to 0.39 Gpa, the wave dissipation coefficient growth becomes
extremely small.

The above behaviors can also be interpreted from the physical phenomenon point of view. M3
and M4 obviously swing more under wave flow. M2 only slightly swings when the wave peak passes.
M1 is completely rigid and does not swing. This phenomenon shows that the bending elastic modulus
values of M3 and M4 happen to be in the most sensitive ranges for a swing reaction under group wave
conditions; that is, in the most sensitive ranges for a change in the wave dissipation coefficient.

Our results showed that when waves ran through flexible vegetation mimics, the velocity period
changed gradually from unimodal to bimodal. This phenomenon is likely due to the swaying effect of
the flexible vegetation [8,31], as it is more apparent with flexible mimics. The change in the turbulence
intensity in the different rod groups showed that the higher the rod stiffness, the greater the turbulence
intensity exists. This result is similar to that in Reference [29]. With an increase in the bending elastic
modulus of a rod group, the wave dissipation coefficient increased, which is consistent with the
previous studies [39,41]. However, the increase in the wave dissipation coefficient was not linearly
correlated with the bending elastic modulus. It was more sensitive in a certain range of the elastic
modulus than others.

4. Conclusions

The bending elastic modulus was measured using a conceptual plant model that was built
of silica gel rod groups of different stiffness. The regular wave velocity distribution, turbulence
characteristics, and wave dissipation effect of the different groups were studied. According to the
results, the conclusions that follow can be drawn.

(1) When waves went through different material rod groups, the peak velocity of the wave was
in decay. The more flexible the rod group, the smaller the peak flow velocity. With a low flow
velocity, the differences among the flow velocities of the different materials was not apparent.

(2) When waves go through the flexible rod group, the velocity period gradually changed from
unimodal to bimodal. Owing to rod group swing, the more flexible the rod group was, the
more obvious the secondary wave peak was. With a reduction in material rigidity, the second
peak value of the wave energy decreased, which was related to flow shocks that were caused by
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the swing of the flexible rod group. It is expected that, with different wave periods, the swing
behavior and the wave energy transmission will be different, which should be further studied.

(3) High turbulence intensity existed in the areas at the front and in the middle of the rod group.
This was because when the wave entered the rod group, the wave propagated from one interface
to another, resulting in intensified turbulence.

(4) The greater the material stiffness was, the stronger the turbulence velocity and intensity were.
The Reynolds stress decreased with increased flexibility. Additionally, the middle layer Reynolds
stress was generally larger than that at the bottom layer.

The insights on different patterns in wave propagation turbulence intensity in different canopies
may lead to further understanding of the coastal morphological changes with vegetation influence
and may assist in selecting vegetation species with suitable stiffness for coastal protection purposes.
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