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Highlights

1. A model mangrove forest reduced wave heights and wave forces on a vertical wall.

2. For random waves the 18 m forest reduced 1/250 characteristic forces by 4 — 43%.

3. Attenuated wave heights in existing equations gave very good wave force estimates.

4. Seaward wave forces were similar or greater than shoreward forces for some trials.

5. Results inform engineering guidance for implementing mangrove forests in design.
Abstract
A prototype-scale physical model was used to study wave height attenuation through an
idealized mangrove forest and the resulting reduction of wave forces and pressures on a vertical
wall. An 18 m transect of a Rhizophora forest was constructed using artificial trees, considering
a baseline and two mangrove stem density configurations. Wave heights seaward, throughout,
and shoreward of the forest and pressures on a vertical wall landward of the forest were
measured. Mangroves reduced wave-induced forces by 4% to 43% for random waves and 2% to

38% for regular waves. For nonbreaking wave cases, the shape of the pressure distribution was
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consistent, implying that the presence of the forest did not change wave-structure interaction
processes. Analytical methods for determining nonbreaking wave-induced loads provided good
estimations of measured values when attenuated wave heights were used in equations. The ratio
of negative to positive force ranged between 0.14 and 1.04 for regular waves and 0.31 to 1.19 for
random waves, indicating that seaward forces can be significant and may contribute to
destabilization of seawalls during large storms. These results improve the understanding of
wave-vegetation-structure interaction and inform future engineering guidelines for calculating

expected design load reductions on structures sheltered by emergent vegetation.
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Keywords: Rhizophora mangle (red mangroves), wave-induced forces, physical modeling,

nature-based solutions, engineering with nature, coastal flood hazard mitigation

1. Introduction

As coastal communities face increasing exposure to coastal flood hazards, support has
grown for leveraging existing or restored natural (“green”) infrastructure systems in combination
with, or as alternatives to, conventional (“gray”) infrastructure systems for coastal flood hazard
mitigation. Natural infrastructure systems (e.g., vegetation, beaches and dunes, reefs), also
referred to as Natural and Nature-Based Features (NNBF), Nature-based Solutions (NbS),
Building With Nature (BWN), Engineering With Nature (EWN), among other terms, can provide
engineering, environmental, economic, and social benefits when implemented properly. As a

result, major initiatives have sought to implement these systems more broadly at local and
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regional scales (Hardaway et al. 2017, Turconi et al. 2020) and at national and international
scales (Bridges et al. 2021, NOAA 2015, Faivre et al. 2017, Webb et al. 2019, World Bank 2017,
Castellari et al. 2021). Efforts have proposed guidelines for restoring or conserving natural
infrastructure in coastal environments (NOAA 2015, Webb et al. 2019, Bridges et al. 2021,
Bredes et al. 2023) and considering changes over a natural system’s growth cycle (Maza et al.
2021, Ostrow and Cox, submitted). However, quantitative and robust design guidelines at a
similar rigor to manuals of practice and design standards for conventional systems (e.g., ICC
2015, USACE 2002, ASCE 2022) are required in order to confidently incorporate these systems
in coastal protection design. Knowledge gaps in the quantitative engineering performance of
natural infrastructure systems must be bridged in order to develop rigorous technical standards
for these systems’ design, construction, and adaptive management (Ostrow et al. 2022).
Wetlands comprising native emergent vegetation (e.g., maritime forests, mangroves,
marsh vegetation) represent a natural infrastructure solution with potential to mitigate coastal
hazards in a wide range of climates. In tropical and subtropical regions, mangrove forests
dominated by the Rhizophora genus, characterized by their dense network of above-ground prop
roots, have been observed to mitigate surge or long wave effects in near-shore communities over
sufficiently large spatial scales (Danielsen et al. 2005, Zhang et al. 2012, Rahdarian and
Niksokhan 2017, Goda et al. 2019) and to reduce damages due to storm waves over moderate
cross-shore distances (Tomiczek et al. 2020a). In addition to post-event observations, laboratory
experiments (Chang et al. 2019, Maza et al. 2019, Keimer et al. 2021, Kelty et al. 2022, Wang et
al. 2022a, 2022b, Yin et al. 2020, 2023, Zhang et al. 2023), numerical investigations (Wang et al.
2020, Yin et al. 2020, 2024), and field measurements (Mazda et al. 1997, Horstman et al. 2014,

Tomiczek et al. 2022) have shown that mangroves or other idealized vegetation can attenuate
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wave heights over large and moderate spatial scales during storm conditions or under operational
stressors such as vessel-generated wakes. Reduced-scale physical model experiments (Tomiczek
et al. 2020b, Van Dang et al. 2023, Chen et al. 2023) and computational simulations
(Rosenberger and Marsooli 2022) have also demonstrated wave-induced load reduction on
structures sheltered by idealized mangrove forests or coastal forest “green belts” (Fathi-
Moghadam et al. 2018), which may lead to avoided damages to near-coast structures during
overland flow events. Numerical modeling efforts have similarly shown that mangroves can
reduce wave energy and lead to avoided losses to the built environment during storm events
(Guannel et al. 2016, Menéndez et al. 2020).

While these studies have advanced the understanding of the performance of mangrove
forests in ameliorating coastal flood hazards over a range of incident conditions, the focus has
been primarily on quantifying wave height reduction or qualitatively observing post-storm
impacts in the built environment. Few studies have investigated the effects of mangrove forests
on reducing loads on sheltered near-coast structures (Tomiczek et al. 2020b, Van Dang et al.
2023, Chen et al. 2023), with previous measurements based on reduced-scale physical models
subject to transient (tsunami-like) waves rather than random wave conditions expected during
storm events. While reduced-scale experiments provide useful information about wave-
vegetation-structure interaction, careful interpretation is needed to ensure that results are
appropriately applied at prototype scales (Kelty et al. 2022). Therefore, measurements of load
reduction by natural infrastructure systems interacting with wind waves at prototype-scale are
necessary to inform performance criteria for existing design standards and manuals of practice.

Several methodologies already exist for predicting wave-induced loads on near-coast

structures. For example, the Coastal Engineering Manual (USACE 2002) presents equations for
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predicting wave forces on structures based on parameters including structure geometry, incident
wave height, wavelength, and water depth, among others (Sainflou 1928, Goda, 1974, Tanimoto
et al. 1976). A well-accepted methodology for predicting wave forces on walls is based on the
method proposed by Goda (2010) for determining the wave-induced pressure distribution on a
caisson breakwater. Wiebe et al. (2014) showed that this method can be modified for vertical
walls of near-coast elevated structures such as residential buildings, and Tomiczek et al. (2019)
later validated these equations for elevated structures based on large-scale experiments. This
method was adopted by the American Society of Civil Engineers (ASCE) as prescriptive for
determining wave loads on buildings and other structures (ASCE 2022). Other equations have
been proposed to determine impulsive and quasi-static wave forces on walls (Blackmore and
Hewson 1984, Cuomo et al. 2010). However, despite the advancement of analytical methods for
predicting wave height attenuation through vegetation (NAS 1977, Dalrymple et al. 1984,
Mendez and Losada 2004, Kelty et al. 2022), the applicability of existing design equations for
computing the wave-induced force on structures due to waves that have propagated through
shielding vegetation remains unknown.

Therefore, the objectives of this paper were to (1) assess the capacity of mangrove
systems to mitigate wave-induced loads in the built environment under various wave and
mangrove density conditions, and (2) incorporate wave-vegetation interaction (i.e., wave height
decay through mangrove forests) into analytical equations for wave force prediction to assess the
ability of existing methods for predicting wave-induced loads on near-coast structures sheltered
by vegetation. This study investigated these research objectives through construction and testing
of a prototype-scale physical model of an idealized mangrove forest to measure wave height

attenuation and pressures (forces) on a vertical wall sheltered by vegetation. The remainder of
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the paper is structured as follows: Section 2 presents details of the physical model experiment,
including descriptions of the facility, instrumentation, configurations, and wave conditions tested
during experiments. Section 3 describes results and observations of mangrove effects on wave-
induced loads for regular and random wave conditions, and comparisons of measured forces with
predicted forces from existing analytical methods. Section 4 discusses implications of these
experiments within the context of nature-based solutions and engineering design and identifies
opportunities for future research. Section 5 presents the main conclusions of the study.
2. Laboratory Investigation
2.1 Experimental Facility, Test Specimens, Instrumentation, and Wave Conditions

Experiments were performed in the Large Wave Flume (LWF) of the O.H. Hinsdale
Wave Research Laboratory at Oregon State University. The flume was 104 m long x 3.66 m
wide x 4.6 m high, with a maximum water depth of 2.74 m. The flume was equipped with a
piston-type wavemaker with a maximum stroke of 4 m and was capable of generating regular,
irregular, tsunami-like, and user-defined waves. The coordinate system was defined with x-, y-,
and z- axes indicating the cross-shore, alongshore, and vertical directions, respectively. The
origin (x =y =z = 0) was at the neutral position of the wavemaker in the x-direction, flume
centerline in the y-direction, and base of the flume in the z-direction. For these experiments, the
bathymetry was constructed as shown in the profile drawing seen in Fig. 1; upon generation,
waves propagated across a 17.93 m long horizontal section before reaching a 7.32 m long 1:12
slope. Following the crest of the slope, at x = 25.25 m, waves propagated across a 36.61 m long
horizontal test section comprising an 10.99 m section to characterize incident waves, followed by

an 18.28 m long test section where the idealized mangrove forest was installed (Fig. 1c), and
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finally a 7.34 m long horizontal section between the shoreward edge of the idealized mangrove

forest and an instrumented vertical wall positioned at x = 61.86 m.
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Figure 1: (a) Profile view and (b) plan view of experimental configuration and layout in the
Large Wave Flume, showing bathymetry and location of mangrove forest section; (c) profile
view of mangrove test section showing locations of instrumentation and wall.

The idealized mangrove specimens (Fig. 2a) were constructed based on the trunk-prop
root system of the Rhizophora genus. Individual specimen designs were parameterized using the

model proposed by Ohira et al. (2013), modified for constructability similarly to previous

reduced-scale studies (Tomiczek et al. 2020b, Bryant et al. 2022). The specimens were the same
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as those used by Kelty et al. (2022) and were constructed using polyvinyl chloride (PVC) pipe
for trunks and cross-linked polyethylene (PEX) for prop roots. Each specimen had a diameter at
breast height Dgy = 0.1143 m and 14 prop roots with diameter Droo: = 0.0286 m. These
dimensions are consistent with reported values from field measurements of Rhizophora mangle
and other mangrove species in south Florida and the Caribbean (Jimenez et al. 1985, Dawes et al.
1999, Novitzky 2010, Loria-Naranjo et al. 2014). Root length increased with elevation above the
ground; roots were installed in pairs at seven vertical locations with the lowest and highest roots
elevated 0.58 m and 1.35 m above ground and extending 0.67 m and 2.10 m from the base of the
tree, respectively. Individual specimens, including prop roots, were secured to the flume bottom
using construction sand and a 0.076 m concrete cap (Fig. 2b). Additional details on the mangrove

specimen design are presented in Kelty et al. (2021, 2022).

(b) -~ 366m—
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Figure 2: (a) Photograph of high-density mangrove test section; (b) forest cross section drawing
showing anchoring of mangrove specimens.
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Mangrove effects on wave-induced force reduction were assessed by measuring the

wave-induced pressures on a vertical wall positioned 7.34 m shoreward of the mangrove forest

section at x = 61.86 m. A detailed drawing of the wall is presented in Fig. 3a, and photographs of

the wall installed in the flume and from the shoreward edge of the mangrove forest are shown in

Fig. 3b and Fig. 3c, respectively. The wall was constructed using two aluminum sections each
measuring 3.66 m wide x 1.83 m high, and the total wall height was 3.66 m. The wall was
secured to the sides of the flume, and a rubber seal was installed between the aluminum plates
and flume sidewalls to prevent flow past the sides of the wall. Seals were created between the
bottom wall section and the floor and between the upper and lower wall sections using wooden

boards and waterproof tape. The wall deformation was not measured during these tests.

(a) >0 | 3.66m i

Legend
B PDCR 1830 pressure gauge
4 O B W PDCR 830 pressure gauge

3.64m

7 . PD8-12 M, . kaam
] s - PDE-11
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- PD8-8 |
= PD8-7 4.57m
- PD8-6
] - PD8-5
2.0 — - PD8-4
] - PD8-3 /. 1.83m
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] y
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0.0 |— A /
e P 7

Elevation, z(m)

Alongshore Location, y(m) \ \ 7

Figure 3: (a) Wall cross-section view showing locations of pressue gaugs; (b) photograph of
wall during pressure gauge installation; (c¢) photograph of wall from shoreward edge of
mangrove forest.
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Six test layouts were considered for experiments as presented in Table 1 (Kelty et al.,
2021). Waves were generated for three configurations with and without the instrumented wall.
Configurations included a baseline (BL) configuration and mangrove configurations considering
two forest stem densities installed along the 18 m test section shown in Fig. 1c. Reported forest
densities at field sites in Florida and the Caribbean range from 0.112 stems/m? to 2.02 stems/m?
(Jimenez et al. 1985, Dawes et al. 1999, Novitzky 2010, Loria-Naranjo et al. 2014). The
experiments classified mangrove configurations with stem densities of 0.375 stems/m? as low-
density (LD) and 0.75 stems/m? as high-density (HD) representing a mature, homogeneous
mangrove forest. The present study focuses on those layouts including the wall (Layouts 2, 3,
and 6 in Table 1). Wave height attenuation through the forest with no wall (Layouts 1, 4, and 5)

were analyzed in Kelty et al. (2022).

Table 1. Experimental test layouts

Layout Configuration Wall
1 High-Density (HD) No

2 High-Density (HD)  Yes
3 Low-Density (LD)  Yes
4 Low-Density (LD)  No

5 Baseline* (BL) No

6 Baseline* (BL) Yes

*No mangroves

Instrumentation used in this experiment to measure wave characteristics throughout the
experimental test section included wire resistance wave gauges (WGs), ultrasonic wave gauges
(USWGs), acoustic Doppler velocimeters (ADVs), and, within the mangrove forest, submerged
PDCR 1830 pressure gauges (PD18s), which were corrected to the free surface accounting for

dynamic wave pressure attenuation with depth. Locations of instruments positioned seaward,

11
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throughout, and shoreward of the forest test section are shown in Fig. 1c. Additional pressure
gauges were installed along the centerline of the wall to measure wave-induced pressures. These
sensors included three PDCR 1830 pressure gauges (PD18s) and twelve PDCR 830 pressure
gauges (PD8s), which are denoted as orange and gray rectangles in Fig. 3a, respectively. This
study focuses on analysis of the PDCR pressure gauge data to determine wave forces. The
sampling rate for all hydrodynamic and load instrumentation was 100 Hz. This frequency is
sufficient to measure quasi-static loads; short-duration, impulsive pressures from breaking waves
require much higher sampling rates (e.g., Bullock et al. 2007, Cuomo et al. 2010, Park et al.
2017), and were not the focus of this study. Instruments were synchronized to the start of the
time series of the wavemaker displacement. Instrumentation coordinates for WGs, USWGs,
ADVs, PD18s recording hydrodynamics through the mangrove test section are provided in
Appendix Table A.1, and instrumentation coordinates for PD18s and PD8s measuring pressures
on the wall are provided in Appendix Table A.2.

Four water depths were considered in experiments, with water depths at the vegetation
test section /2, = 1.85 m, 1.48 m, 1.03 m, and 0.73 m. Initially, three water depths were selected
to represent varying storm surge conditions within the root system (4, = 0.73 m and 1.03 m) or
above the root system (4, = 1.85 m), allowing for comparison of the effects of the projected area
of the vegetation on wave height attenuation (Kelty et al. 2022). The intermediate water depth 4,
= 1.48 m (above the root system) was added for the LD and BL configurations (Layouts 3-6) due
to increased time available at the facility for testing. However, trials for the HD configuration
were not repeated at this water depth because of the schedule for the mangrove specimen
installation and removal. A total of 23 regular, 11 random and 6 transient (tsunami-like) wave

cases with varying incident parameters (i.e., wave height, period, water depth) were generated

12
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for each layout, and the wave transformation through the mangrove forest section and resulting
pressures (forces) on the wall were measured. The data from these experiments for all wave
cases and experimental configurations were published by Kelty et al. (2021). This study focuses
on analysis of regular and random wave conditions generated for the wall configurations, with an
emphasis on nonbreaking and quasi-static wave forces on with the wall and does not present
results of transient wave cases. Figures 4 and 5 show plots of relative wave height (wave height
divided by water depth at the vegetation, H/h,) vs. relative water depth (water depth at the
vegetation divided by wavelength, 4,/L) measured at Array 2, which was located shoreward of
the mangrove forest and seaward of the wall, for regular and random wave conditions,
respectively. Wave heights and periods were varied for the four water depths to consider six non-
dimensional cases of relative wave height and relative water depth for regular wave conditions
and three non-dimensional cases for random wave conditions. The figures also show curves
indicating boundaries of wave breaking, various wave theories and classifications as shallow,

intermediate, or deep-water wave conditions.

13
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As indicated in Fig. 4 and Fig. 5, wave heights and periods were selected to create
conditions ranging from typical wave environments to more extreme storm-driven waves for
coastal areas where mangroves are present (Marsooli and Lin, 2018, Heidarzadeh et al. 2018,
Tomiczek et al. 2020a). For regular waves, 20 individual waves were generated plus additional
waves for ramp up and ramp down. Measured wave heights H at PD18-1, located at the fringe of
the mangrove forest at x = 35.89 m from the wavemaker (Fig. 1¢) ranged from 0.15 m (4, = 1.03
m) to 1.21 m (h, = 1.48 m), and wave periods 7 ranged from 1.86 s to 7.80 s. For each random
wave trial, 300 individual waves were generated using a JONSWAP spectrum with y=3.3.
Measured spectral significant wave heights H,¢ at PD18-1 ranged from 0.10 m (4, = 0.73 m) to
0.73 m (A, = 1.85 m), and peak wave periods 7, ranged from 1.58 s to 7.45 s. While wave
breaking was observed in some regular and random wave trials, the goal was to generate waves
that did not break under depth- or steepness-limited conditions to measure wave height and load
dissipation caused by the presence of the HD or LD mangrove forest configurations. Figure 6
shows example photographs of waves interacting with the mangrove forest and wall for various

water depths and wave conditions.

15
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Figure 6: Photographs of wave-mangrove-wall interaction: (a), (b) high-density (HD)
configuration for (a) 4, = 0.73 m, view through forest section towards the wave maker and (b) 4,
= 1.85 m, view of wave-wall interaction; (c), (d) low-density (LD) configuration for (c) A, =
1.03 m, view through forest section towards the wave maker and (d) 4, = 1.85 m, view of wave-
wall interaction.

16
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2.2 Data Processing and Ensemble Averages for Free Surface and Load Measurements

Water surface elevation data from WGs positioned at Arrays 1 and 2 (seaward and
shoreward of the mangrove forest test section, respectively, Fig. 1¢) were separated into incident
and reflected free surface time series using the Wavelab 3 software developed by Aalborg
University (Frigaard and Lykke Andersen 2014). The software performs the analysis based on
methods presented by Zelt and Skielbreia (1992) for linear waves and Andersen et al. (2017) for
nonlinear waves, with cross-mode separations performed following Gronbech et al. (1997). The
incident wave time series measured at Array 2 for each trial was used in subsequent analysis of
wave forces, omitting ramp-up and ramp-down portions of the signal to determine characteristic
mean wave height H and wave period T. For regular waves, where variation in the free surface
was observed due to factors such as wave breaking, the portion of the time series considered was
that for which two times the standard deviation in wave heights was within 5% or 15% of the
average wave height for nonbreaking or breaking waves, respectively. Examples of the total,
reflected, and incident water surface elevation time series at Array 2 for the baseline
configuration (no mangroves) are shown for selected wave conditions in Fig. 7a (case TR-h4-2,
hy=0.73m, H=0.100 m, T = 2.51 s) and Fig. 7c (case TR-h1-4, 7,=1.85m, H=0.587m, T =
7.66 s). The time series of force per unit width on the wall was determined using trapezoidal
integration of the pressure gauge time series vertically up the face of the wall. Force time series
corresponding to the free surface time series shown in Fig. 7a,c were plotted as shown in Fig.

7b,d, respectively.
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Figure 7: Example time series of total (black), reflected (dashed red), and incident (thick blue)
free surface (a), (c) and corresponding force per unit width (b), (d) for Layout 6 (Baseline) for
wave conditions (a), (b) TR-h4-2, b, =0.73 m, H =0.100 m, T = 2.51 s; and (c), (d) TR-h1-4, A,
=1.85m, H=0.587m, T =7.66s.

For each water surface and force time series for regular waves, a LOESS filter (Marsh
2024) was applied to compute the ensemble average water surface and force time series using
Matlab (2021). Figure 8a and 8c show examples phase-averaged water surface elevations, and
Fig. 8b and 8d show the corresponding phase-averaged forces from two wave conditions for the
baseline (black with 95% confidence intervals shaded in grey), low- (red dashed), and high-
density (blue dash-dot) layouts. In general, the majority of the trials resulted in non-breaking
wave conditions at Array 2, which was located just seaward of the wall, resulting in good
agreement between repeated trials (e.g., Fig. 8a, b). For trials where breaking or high wave

nonlinearities occurred, greater variation was observed in ensemble averages of the free surface
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and wave-induced force. As seen in Fig. 8, the ensemble average water surface elevation and
force generally decreased as the mangrove stem density increased from the baseline to the low-
and then to the high-density configuration. These results are consistent with measurements from
other regular wave trials, for which the average maximum wave-induced force, F,, average
maximum negative wave-induced force, F_, 95% confidence intervals (F, 95% CI and F_ 95%
CI, respectively), and elevation above the bed z at which the resultant shoreward or seaward
forces were applied (Zr; and Zg_, respectively) are reported in Appendix Table B.1 along with
hydrodynamic conditions for each wave case (water depth, %, ensemble average wave height, H,
95% confidence interval, H 95% CI, and ensemble average period, T) and configuration (HD,
LD, or BL). While in few cases the transmitted wave height for the baseline configuration was
similar or slightly smaller than those recorded for the low- or high-density configurations, the
maximum shoreward wave-induced force on the wall was consistently reduced for all wave cases

considered.
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Figure 8: Ensemble average of free surface (a), (c) and force (b), (d) time series for baseline
(black) with 95% confidence intervals (grey shading), low- (red dashed), and high-density (blue
dash-dot curve) configurations for same conditions as Fig. 7.

For random waves, the incident and reflected free surface time series were separated
using Wavelab 3 (Frigaard and Lykke Andersen 2014) through a similar procedure as for regular
wave cases (Zelt and Skielbreia 1992, Andersen et al. 2017, Gronbech et al. 1997). Pressure
gauge time series were integrated vertically using trapezoidal rule to determine the instantaneous
force time series on the wall. Representative incident wave parameters (wave heights and
periods) were determined in the time domain based on zero-upcrossing analysis and in the
frequency domain using a fast Fourier transformation of the water surface elevation time series.
Several representative wave heights were computed. In the time domain, significant wave height

(i.e., the average of the highest one third of wave heights) H, average of the highest 10% of

wave heights H;/0, and average of the highest 1% of wave heights H;/100 were determined along
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with the corresponding wave periods 773, T1/10, and T1/100. In the frequency domain, the spectral
significant wave height H,,0 and peak wave period 7, were calculated.

A similar procedure to that performed for time-domain water surface elevation analysis
was applied to the time series of integrated pressures (forces) to compute the mean wave force
Fonean, and averages of the highest one third, 10%, 1%, and 0.4% of shoreward wave forces F/3+,
Fu10+, Frio0+, and F250+, respectively, as well as the corresponding negative 0.4%
representative force F250.. Figure 9 presents examples of (a) incident water surface elevations
and (b) corresponding forces for 60 seconds for wave case TI-h2-1, with baseline incident
significant wave height H,,0 = 0.486 m and peak period 7, = 6.67 s at Array 2 for the baseline
(black), low- (red dashed), and high-density (blue dash-dot) configurations. Figure 9 indicates
that the mangroves caused a time lag in the occurrence of water surface elevations at Array 2 and
forces on the wall, with the time lag increasing with forest density compared to the baseline
configuration. Additionally, Fig. 9b shows that the forces on the wall were reduced as density
increased from the baseline to low- to high-density configurations for the time series shown here.
These results are consistent for other wave cases in Appendix Table B.2, which presents
measured representative incident wave and water level parameters at Array 2 including 4, Hys,
Hno, T13, T,, measured representative integrated pressures (forces) on the wall Fi3+, Fi/i0+,
Fr100+, and F1s0+ and Fi.50-, and the elevations above the bed z at which F;250+ and F1250- were

applied for all configurations and wave cases tested, zr;250+ and zri/250-, respectively.
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Figure 9. Detail of incident water surface elevation time series at Array 2 (a) and force per unit
width (b) for wave case TI-h2-1 (h, = 1.48 m, H,0 = 0.486 m and 7}, = 6.67 s) for baseline
(black), low-density (red dashed), and high-density (blue dash-dot) configurations.
2.3 Analytical Equations for Wave Force Estimation

The method presented by Goda (2010) was modified following Wiebe et al. (2014) and
Tomiczek et al. (2019) to determine the pressure distribution on the vertical wall based on

incident wave conditions. Parameters defining the pressure distribution are shown in Fig. 10.

(@) n*<h, (b) n*>h,
S A
< n*
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~RA
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Figure 10. Wave-induced pressure distribution on a vertical wall and input variables for Goda
(2010) equations for (a) elevation of zero wave pressure below wall crest elevation and (b)
elevation of zero pressure above wall crest elevation.
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As seen in Fig. 10, the maximum wave-induced pressure occurs at the still water line.
This pressure, p;, was calculated as a function of the water density p, acceleration due to gravity,
g, design wave height Huax, taken as 1.8 times the significant wave height, and geometry and

wave pressure coefficients as described in equation (1):

P1=2(L+ cos B)(ar Ay + ap25008*B)pgHimas (D).

For these experiments, the angle of wave approach, S, was taken as 0° (i.e., normal to the wall)
and geometry coefficients 4; and A2 were set equal to 1. Wave pressure coefficients a; and o are

described in equations (2) and (3), respectively:

_ 1] 4amh/L_ 77 '
a; = 0.6+ 2 [sinh (4mh/L) 2);
. (np=d (Hpax\? 2d
%2 = mln{3hb ( d ) ’Hmax} (3)’

where L is the wavelength and 4, d, and /4, indicate water depths defined by Goda (2010) for a
caisson breakwater elevated on a rubble mound; in the absence of a rubble mound and for a
horizontal bottom as in these experiments, these parameters were equal and taken as the water
depth at the vegetation 4,.

Goda (2010) defined the elevation above the still water level at which wave-induced
pressure was zero, 7* as

n* =075 1+ A, cosf) Hpax (4),

which simplified to #* = 1.5H . for these tests. Pressure was assumed to vary linearly between
pi1 and n*. Therefore, the pressure distribution on the portion of the wall above the still water
level was either a triangle (* < A, Fig. 10a) with height #* or a trapezoid (y* > A, Fig. 10(b))
with pressure p4 at elevation equal to the crest height of the wall 4. found by linearly

interpolating between p; and #*:

Ps = D1 (1 —;l—) n > he (5)-

Below the still water level, pressure was assumed to vary linearly between p; and the

pressure at the bottom of the wall p3 as described in equation (6):
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n' 1
Ps = [1 " h [1 N cosh(ZTrh/L)” P1 (6)

where /4’ defined by Goda (2010) can be taken as 4, in the absence of a rubble mound.

Using measured wave conditions at Array 2 shoreward of the mangrove forest, p;, p3, n%,
and ps (where necessary) were calculated and integrated to estimate the force per unit width on
the wall. For regular waves, we considered Hy..x = H measured during experiments, and for
random waves, we followed the recommendations of Goda (2010) taking the design wave height
Hax equal to 1.8 times the measured incident significant wave height H,,0. These calculated
forces were compared with measured forces obtained from integrating the pressure gauge time
series on the wall.

3. Wave Height and Force Observations and Effect of Mangroves
3.1 Regular Wave Observations

Appendix Table B.1 presents the ensemble average maximum positive and negative
wave-induced forces per unit width and their corresponding standard deviations for all regular
wave cases. Ratios between the measured positive or negative force for the mangrove
configurations to the corresponding positive or negative force for the baseline configuration,
Fyn/Fy 5, OF F_y/F_g., respectively, where N denotes either the HD or LD configuration are also
presented in the table. Mangrove configurations reduced the positive force compared to the
baseline configuration for all trials considered during experiments; as indicated in Appendix
Table B.1, the high-density forest reduced shoreward (positive) forces compared to the baseline
condition by 14% to 38%, while the low-density forest reduced positive forces compared to the
baseline by 2% to 25%. The ratios of positive forces were generally greater at the higher two
water depths tested (ranging 0.78 to 0.86 for the HD configuration and 0.84 to 0.98 for the LD
configuration), compared to those computed at the lower two water depths (ranging 0.62 to 0.84
for the HD configuration and 0.75 to 0.91 for the LD configuration), suggesting that the greater

projected areas of the lower two water depths reduced forces more significantly than conditions
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with lower projected areas. These results are consistent with those of Kelty et al. (2022), who
observed greater wave height attenuation for greater projected areas, as well as analytical
formulations for wave height attenuation through vegetation (e.g., Dalyrymple et al. 1984,
Mendez and Losada 2004).

The high-density forest amplified seaward (negative) forces for three trials (TR-h2-5,
TR-h3-5, and TR-h3-7), with amplification ranging between 11% to 17%, while the low-density
forest amplified forces for one trial (TR-h2-5) by 13% compared to the baseline configuration.
TR-h2-5 was one of the two trials in which wave height amplification was observed behind the
mangrove forest for both configurations, which could have contributed to the amplified seaward
force. For the majority of wave cases, mangroves reduced the seaward forces on the baseline
configuration by up to 37% and 20% for the HD and LD configurations, respectively.

Figure 11 illustrates the effects of wave height and amount of attenuation on the
maximum force per unit width. In the figure, the ensemble average maximum wave-induced
force is plotted against the ensemble average incident wave height measured at Array 2, with
symbols indicating the baseline (asterisks), low- (open circles), and high-density (filled circles)
configurations and colors indicating water depths 4, = 1.85 m (teal), 1.48 m (orange), 1.03 m
(blue), and 0.73 m (black). Horizontal and vertical lines indicate 95% confidence intervals for
wave heights and maximum forces, respectively. Conditions during which wave breaking was
observed generally resulted in larger variation in measured wave height and force compared to
non-breaking wave conditions. As seen in Fig. 11, as wave height increased, the measured force
on the vertical wall also increased, consistent with relationships presented by Goda (2010) and
Cuomo et al. (2010). However, consideration of unique wave conditions (observed in the figure

as groupings of three points of the same color, with symbols for each configuration) indicates
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that increasing the mangrove forest density tended to decrease both the wave height on the
shoreward side of the forest as well as the resulting wave-induced force per unit width on the
wall.

The ratio of the ensemble average minimum (seaward) force per unit width, F_, to the
average maximum (onshore) force per unit width, F,, is presented for each wave condition in
Appendix Table B.1. As indicated in the table, this ratio (F_/F,) ranged between 0.14 and 1.04,
indicating that for some wave conditions, the negative, seaward force exerted by the wave on the
wall was of a similar order of magnitude or larger than the maximum positive, onshore force.
Wave cases for which this ratio was greater than 0.9 had periods ranging between 1.57 s to 2.52 s
and wave heights ranging between 0.122 m and 0.772 m. Comparison of the minimum to
maximum force ratio between the BL, LD, and HD configurations indicated consistency across
configurations for each unique wave condition. This result suggests that while the presence of
mangroves reduced both the onshore and seaward forces on the wall, the processes associated

with wave structure interaction were not affected.
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Figure 11: Measured peak shoreward wave force per unit width (kN/m) vs. incident wave height
(m) at Array 2 for the BL (asterisks), LD (open circles), and HD (closed circles) configurations.
Horizontal and vertical lines indicate 95% confidence intervals for wave height and force,
respectively.

The pressure distribution at the time of the maximum and minimum forces for each wave
condition and mangrove configuration was plotted to investigate effects of the vegetation on
wave-induced pressures. Examples are provided in Fig. 12, which shows elevation above the bed
z against corresponding maximum and minimum pressure measurements at the respective
elevation, with 95% confidence intervals. Pressures measured at the time of the maximum
(positive) force are shown as red symbols, and those measured at the time of the minimum
(negative) force are shown as blue symbols. Color gradients indicate the baseline (light shades),
low- (intermediate shades), and high-density (dark shades) configurations. The black vertical line
in the center of each panel indicates the wall, and the blue horizontal line indicates the still water
level for each trial. Measured pressure distributions were compared with the predicted pressure
distribution computed using the method of Goda (2010), which is shown as dashed black lines in

Fig. 12.
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As seen in Fig. 12, the pressures recorded at each elevation tended to decrease from the
baseline to low- to high-density configurations, resulting in the reduction in force observed in
Fig. 11. Larger positive (onshore) wave forces are observed, although for some cases the
negative (seaward) pressures were of a similar order of magnitude as the onshore pressures (Fig.
12a), consistent with the ratios (F_/F, ) presented in Appendix Table B.1 The shape of the
pressure distribution was not affected by the presence or increased density of mangroves.
Generally, the shape of the pressure distribution was consistent among the baseline, low-, and
high-density configurations, particularly for non-impulsive wave conditions, and showed
excellent agreement with predicted pressures from Goda (2010) (Fig. 12a,c). Breaking wave
conditions (e.g., Fig. 12b) tended to generate larger peak forces, and greater variation was
observed in measured positive pressures and the shape of the pressure distribution above the still
water level, where impulsive wave breaking pressures may be expected. Likewise, the Goda
(2010) method, which is intended for non-impulsive wave conditions, underestimated measured
pressures. However, higher sampling rates are required in order to sufficiently capture these
impulsive wave pressures. For a given wave condition, the location of the resultant force
presented in Appendix Table B.1 is generally consistent across the baseline, low- density, and
high-density mangrove configurations. This consistency in pressure distribution suggests that the
fundamental processes associated with wave-structure interaction are unchanged by the presence
of mangroves seaward of a structure of interest. Therefore, analytical methods for predicting the
wave-induced pressures on a vertical structure such as that proposed by Goda (2010) may still be
relevant considering pressures on a sheltered structure from transmitted waves through a

mangrove forest.
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Figure 12: Example ensemble average pressure distributions with 95% confidence intervals at the time of the peak positive and
negative forces; positive pressures p-+ (red circles and lines) and negative pressures p- (blue circles and lines) for the BL (light), LD
(intermediate), and HD (dark) configurations. Black dashed lines indicate pressure distribution obtained from Goda (2010) using wave
conditions measured at Array 2 for the BL configuration. Panels show wave conditions (a) TR-h4-2; (b) TR-h2-6; (c¢) TR-h1-4. Note
difference in x-axis scale.
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3.2 Random Wave Observations

Appendix Table B.2 indicates wave heights and characteristic forces were consistently
reduced from the baseline to the low- to the high-density configuration. Similar to Appendix
Table B.1, ratios of the characteristic positive or negative forces measured during either the HD
or LD mangrove configuration to those forces measured during the BL configuration are
presented considering the 1/250'" characteristic shoreward (positive) or seaward (negative) force.
As shown in the table, the force ratio for the HD mangrove forest compared to the BL
configuration ranged between 0.57 and 0.82 for positive forces and between 0.66 and 0.91 for
negative forces, indicating reductions of 18 —43% and 9 — 34% for positive and negative forces,
respectively. The LD forest effected less of a force reduction than the HD forest, with positive
forces reduced by 4 — 26% and negative forces reduced by 2 — 26% compared to the BL
configuration. In contrast to regular wave conditions, no amplification was observed in seaward

forces for any of the mangrove configurations or wave conditions tested.

Similar to the regular wave analysis, we considered the effects of wave parameters and
mangrove configuration on measured wave forces. Fig. 13 shows the measured onshore and
seaward 1/250™ characteristic wave forces, 250+ and Fi250., respectively, plotted against the
spectral significant wave height H,,9 at Array 2. Symbols indicate the baseline (asterisks), low-
(hollow circles), and high-density (filled circles) configurations, and colors indicate the water
depth at the vegetation £, = 1.85 m (teal), 1.48 m (orange), 1.03 m (blue), and 0.73 m (black).
Figure 13 indicates that for a given incident random wave condition, mangroves attenuated the
wave heights, leading to a reduction in the magnitude of both F250+ and Fi.250-. Negative forces
are nearly equal to or exceed positive forces for several wave cases, generally corresponding to
measured wave forces less than approximately 5 kN/m. For larger wave forces, negative forces

are less than positive forces by a factor of approximately two to three, yet are still of a similar
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order of magnitude to the onshore-directed waves. As indicated in Appendix Table B.2, the wave

period was not significantly affected by the presence of the low- or high-density mangrove

forest.
30 :
h,(m) HD LD BL -
25 = 1.85 [ ] o ¥ e) -
148 o
_— 103 e o =% ® ¢
é 20 | 073 e O x i
<
~ 15 Onshore force
Te]
N C :
L|_‘_ 10 [ o ol
e : TR
(:,5) 5¢f [ ] . i ® 7
* @ '

®©
S o egetc
= *®0 R **‘ o

5l ®o & o 200 Seaward force |

o, 7
e ® O *
_10 L 1 L 1

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
H - O(m)
Figure 13: Measured top 1/250'" of onshore (positive) and seaward (negative) forces per unit

width (kN/m) versus measured significant wave height (m) at Array 2 for irregular wave
conditions.

The pressure distributions at the time of the maximum and minimum forces were also
determined for each wave case and specimen configuration; examples from three different wave
cases are shown in Fig. 14, while the location of the resultant forces for all trials are presented in
Appendix Table B.2. Similar to Fig. 12 for regular waves, blue colors in Fig. 14 indicate
negative pressures and red colors indicate positive pressures for the baseline (light shades), low-

(intermediate shades), and high-density (dark shades) configurations. Dashed lines denote the
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pressure distribution predicted using the method of Goda (2010). Pressures associated with both
the maximum (shoreward) and minimum (seaward) horizontal forces tended to decrease from the
BL to LD to HD configurations. While some variability is observed (Fig. 14c¢), the shape of the
pressure distribution and location of the resultant force F.250+ or F1250- were generally constant
for configurations with and without mangroves. Pressure distributions predicted by Goda (2010)
were conservative and followed similar trends to measured pressures, although high pressures
above the still water line were underestimated in Fig. 14c. This general agreement suggests that
existing methods (e.g., Goda, 2010) may be applied to determine the wave-induced force on a
vertical wall, provided that accurate incident parameters are considered in the equations.

As seen in Fig. 14, the pressures associated with the minimum (negative) force are of a
similar order of magnitude to those associated with the maximum (positive) force. Appendix
Table B.2 similarly presents the ratio of the seaward top 1/250'"" wave force F/250- to the onshore
top 1/250™ wave force Fi50+ (i.e., Fi1250- | F1/250+), which, for random wave trials, ranged
between 0.31 and 1.19. Little variation in this ratio was observed for individual wave trials
across the BL, LD, or HD configuration, indicating that the wave-structure interaction processes
were not significantly affected by the presence or absence of a mangrove forest, beyond
attenuation associated with reduced wave heights.

For several wave trials, the ratio of F.250- / F1250+ was near or greater than one,
indicating that seaward horizontal forces were nearly equal or greater than shoreward horizontal
forces; wave conditions resulting in ratio values greater than 0.88 had spectral significant wave
heights ranging between 0.067 m and 0.461 m and periods ranging between 1.67 s and 2.78 s.
These conditions generally corresponded with smaller measured forces (less than approximately

5 kN/m). For larger measured forces, the negative forces were still significant compared to
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positive forces, generally less than onshore forces by a factor of approximately two to three.
These significant negative (seaward) pressures and forces were measured during experiments
across all configurations, including the baseline cases in which mangroves were not present.
These observations suggest that these seaward pressures and forces may be a possible
mechanism contributing to the seaward failure of seawalls during storms and should be

considered in design of vertical walls impacted by waves.
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598 Figure 14: Example pressure distributions at the time of the maximum positive (red circles and lines) and negative (blue circles and
599 lines) for the BL (light), LD (intermediate), and HD (dark) configurations. Black dashed lines indicate pressure distribution obtained
600 from Goda (2010) using wave conditions measured at Array 2 for the BL configuration. Panels show wave conditions (a) TI-h4-1; (b)
601  TI-h2-1; (c) TI-h1-2. Note difference in x-axis scale.
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3.3 Comparison with Existing Formulations

Observations for regular and random waves suggest that for the wave conditions tested,
the presence of mangroves served to reduce the wave height interacting with the wall compared
to the baseline condition, thus reducing the total force without significantly changing the shape
of the pressure distribution or other processes associated with wave structure interaction.
Therefore, we investigated the ability of the semi-empirical method proposed by Goda (1974,
2010) to predict the wave-induced force using the attenuated wave height as input.

Figure 15 shows the measured ensemble average force for all regular wave trials plotted
against the force calculated using Goda (2010), applying the measured wave height and period at
Array 2 as inputs and assuming Hu.x = H. Symbols indicate the baseline (asterisks), low- (open
circles), and high-density (closed circles) configurations and are colored by the measured wave
height at Array 2. In general, the semi-empirical equations accurately predict the measured wave
force independent of configuration. The average percent difference between measured and
predicted forces is 10%. For case TR-h2-6 with 4, = 1.48 m, H = 0.503 m, T = 6.90 s for the BL
configuration, measured forces are 60% greater than predicted; we note that impulsive wave
breaking was observed for these conditions, while the method of Goda (2010) is not intended for
waves that break directly on the structure. In such instances, other formulae should be considered
(e.g., Minikin 1963, Cuomo et al. 2010).

Similar to Fig. 15, Fig. 16 shows the comparison of measured top 1/250™ wave forces
with those forces predicted using Goda (2010) for random wave conditions, applying the
measured significant wave heights and peak periods at Array 2 and taking Humax = 1.8Hmo in the
calculation of the wave-induced pressure distribution. In general, predicted forces generally
agree with measurements and are not affected by the test configuration. In contrast with regular

wave results, predicted forces are generally conservative compared to measured values, which
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627  may partially stem from considering the maximum wave height in the sea state as recommended
628 by Goda (2010). These results suggest that given accurate information about wave

629  characteristics, the method of Goda (2010) can be used for conservative estimates of the wave
630 force on a vertical wall. Thus, the load reduction on a sheltered structure due to mangroves may
631  be determined if wave height attenuation through the vegetation is accurately incorporated into

632  existing semi-empirical equations.
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635  Figure 15: Measured ensemble average maximum forces (kN/m) vs. calculated forces using the
636  Goda (2010) model for regular wave conditions. Symbols indicate baseline (asterisks), LD (open
637 circles), and HD (closed circles) configurations and are colored by measured ensemble average
638  wave height at Array 2. Black line indicates 1:1 agreement, and error bars indicate 95%

639  confidence intervals in measured forces.
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Figure 16: Measured top 1/250™ shoreward force (kN/m) vs. calculated force using the Goda
(2010) model for random wave conditions. Symbols indicate baseline (asterisks), LD (open
circles), and HD (closed circles) configurations and are colored by measured spectral significant
wave height at Array 2. Black line indicates 1:1 agreement.

4. Discussion

While wave height attenuation through mangrove forests of moderate cross-shore widths
has been well documented, the effects of that wave height attenuation on performance metrics
such as the reduction in wave force, runup, overtopping and erosion are not as well understood.
This study is the first prototype-scale, quantitative investigation of both wave height reduction
through an idealized mangrove forest and the resulting reduction in the wave-induced force on a
sheltered vertical wall. At a 1:1 geometric scale, these experiments provide information on wave-
vegetation-structure interaction in the absence of scale effects and can be used in future studies

evaluating scale effects to more confidently interpret results of reduced-scale studies. Wave
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heights generally decreased with increasing forest density, although for two regular wave trials
(TR-h2-5 and TR-h3-5), the ensemble average wave height behind the mangrove forest
decreased insignificantly (by <2%) or increased compared to the BL configuration. This increase
in wave height was likely due to wave breaking seaward of the mangrove forest; even in these
conditions, the presence of mangroves caused a reduction in the shoreward wave-induced force
on the wall, although in few instances the seaward wave force was amplified.

Shoreward wave forces measured on the wall during the baseline configuration were
consistently reduced by the HD or LD mangrove forest. Appendix Table B.2 shows that the low-
density mangrove forest configuration caused wave force reductions ranging from 2% to 25%
and 4% to 26% for regular and random waves, respectively, while the high-density forest
configuration caused wave force reductions ranging from 14% to 38% and 18% to 43% for
regular and random waves, respectively. These force reductions are significant, particularly
considering the moderate cross-shore width (18 m) of the model forest, resulting in forest-to-
wavelength ratios ranging between 0.56 and 5.39. The results of this experiment suggest that
shoreward (positive) wave force decay rates of 0.1 — 1.4 %m! for the low-density forest and 0.8
— 2.4 %m’! for the high-density forest. Longer forest widths may be expected to provide even
greater protection for nearshore infrastructure.

As seen in Figs. 15 and 16, analytical equations proposed by Goda (1974, 2010) gave a
reasonable estimate of the wave-induced force on a vertical wall, provided accurate information
about incident wave conditions. These results have implications for incorporating mangroves or
other vegetation into engineering design; with knowledge of wave height attenuation through a
known distance of emergent vegetation, engineers can predict the expected wave load reduction

on a sheltered structure. Future work may investigate the coupled performance of methods to
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predict wave height attenuation (Dean and Dalrymple 1984, Mendez and Losada 2004) with
force-prediction equations (Goda et al. 2010). Similarly, the expected reduction in damages to
the built environment may be determined based on fragility relationships between wave load and
structural capacity (Do et al. 2020). Quantifying the performance of mangrove systems may
facilitate greater implementation of nature-based and hybrid infrastructure systems in future
shore protection designs.

Across all configurations, negative (seaward) wave pressures and forces were
nonnegligible, and for several wave conditions these loads were nearly equal or greater than the
measured positive (onshore) wave pressures and forces (Appendix Tables B.1 and B.2). While
the largest onshore wave forces measured were approximately two to three times larger than the
seaward forces, these negative forces were still of a similar order of magnitude as the positive
forces. Significant negative wave forces on armor units have been measured and can be a
concern for the stability of offshore breakwaters (Boccotti et al. 2011, Douglas et al. 2020);
likewise, measurements in these tests indicate that negative forces and pressures could contribute
to the damage and failure of coastal or onshore infrastructure such as seawalls or vertical walls of
near-coast structures. While robust guidance exists for predicting horizontal wave forces on
vertical walls in the direction of wave propagation (e.g., ASCE 2022), little information is
available for predicting negative loads associated with the wave trough. Results of these
experiments suggest that seaward forces should be considered in the design of walls and other
structural elements affected by waves.

While experimental measurements indicated load reduction by the mangrove forest,
caution must be taken when interpreting results for application to real-world systems. The

specimens considered here were idealizations of the Rhizophora mangrove using the model of
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Ohira et al. (2013); other studies have likewise proposed parameterizations to the Rhizophora
trunk-prop root system based on field surveys of mangrove specimens (Mori et al. 2022). While
the model dimensions and forest densities were selected to be within ranges reported from field
studies, greater variation is expected in a natural or restored mangrove system, both in the root
structure and layout of individual trees. Further, the specimens tested in these experiments
included only the trunk and prop root system of the Rhizophora specimens, and any effects of the
mangrove canopies (branches and leaves) on wave height or wave force attenuation were not
considered. Previous studies have reported that when submerged, mangrove canopies are
important for wave height dissipation, and neglecting the canopy can lead to underestimation of
wave height attenuation potential of the mangrove forest (Zhang et al. 2023). Future work may
similarly consider the effect of mangrove branches and leaves in wave force reduction on
sheltered structures. While the experiments presented in this work considered a mature
mangrove forest, the lifecycle performance of the system must be considered for engineering
design. This performance may vary temporally as a juvenile forest matures and changes due to in
situ ecological and environmental parameters, or under in combination with other vegetation
archetypes in heterogeneous forests. The vulnerability of a forest to damage or degradation due
to acute and chronic hydrodynamic and biological stressors must also be considered.

For two wave cases conducted at the highest water depth, wave-induced pressures at the
topmost gauge were nonzero, indicating forces on the wall between the highest gauge and wall
crest. These pressures and forces may impact the stability of overtopped seawalls, and future
studies may consider additional pressure gauges to more accurately determine pressures acting
near the crest of an overtopped wall. In few trials, typically associated with wave breaking at the

wall, variability in measured pressures increased at each elevation, and the elevation at which the

40



725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

Manuscript to be summited to Nature-Based Solutions or Ocean Engineering

peak pressure occurred above the still water level and changed from the baseline to the low- and
high-density configurations. These observations are consistent with observations by Tomiczek et
al. (2019, 2020b). Pressures associated with breaking wave impact can be highly variable and are
affected by the shape of the breaking wave and level of air entrainment (Chan and Melville 1988,
Cooker and Peregrine 1990, Bredmose et al. 2015), and high impulsive pressures may be
important when considering localized damage. For mangrove forests of moderate cross shore
widths, these effects of the forest on the wave breaking characteristics and location of the peak
pressure on a sheltered structure may become important, while forests of longer cross shore
widths (O~1 km) may be expected to reduce wave heights such that breaking will eventually
stop. Future studies conducted at higher sampling rates and under a wider variety of breaking
wave conditions are needed to investigate the effects of mangrove forests of small or moderate
cross shore widths on wave breaking processes and the resulting interaction with sheltered
structures.
5. Conclusions

This paper presents results from a prototype-scale experiment measuring wave height
transformation through an idealized mangrove forest of 18 m cross shore width and the resulting
wave force reduction on a sheltered vertical wall. The research objectives of this experiment
were to (1) evaluate the effectiveness of mangrove systems in mitigating wave-induced loads on
sheltered structures, and (2) assess the ability of existing analytical methods for wave force
prediction to determine wave forces on structures sheltered by mangrove forests, using the
attenuated wave conditions as inputs. We considered 23 regular and 11 random wave cases at
four water depths propagating through a baseline condition with no mangroves and two forest

densities (0.75 stems/m? and 0.375 stems/m?). We compared measured pressure distributions
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and forces with predicted values using the method of Goda (1974, 2010). These analyses draw

four main conclusions:

As mangrove forest density increased, the wave pressures and forces on the vertical wall
positioned shoreward of the forest section decreased due to the attenuation of waves
through the mangrove trunk and prop root systems. Force reductions of 2% to 38% were
observed for regular wave conditions, and the F.250 force was reduced by 4% to 43% for
random waves.

For nonbreaking wave trials, increasing the mangrove forest density tended to reduce
measured pressures without changing the shape of the pressure distribution. This result
suggests that the vegetation did not significantly change the wave-structure interaction
processes for nonbreaking waves.

Existing equations for calculating nonbreaking wave forces (Goda 1974, 2010) showed
very good agreement with measured forces when the measured wave conditions
shoreward of the mangrove forest were used. The calculated forces slightly
underpredicted the observed ensemble average forces in regular wave trials (i.e. were
slightly non-conservative), and the calculated forces generally overpredicted (i.e. were
conservative) in estimating the observed top 1/250'" characteristic force for random wave
conditions. This suggests that the expected reduction in wave force due to sheltering by
mangroves can be estimated using existing equations when the wave attenuation is
predicted accurately.

Negative (seaward) forces associated with the wave trough were equal to the positive
(onshore) forces for smaller wave forces (less than approximately 5 kN/m) and

approximately two to three times less than the largest onshore forces (Fig. 13). These
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observations show that the offshore-directed forces, though smaller, are of similar

magnitude to the onshore directed forces for large waves. More importantly, these

offshore forces would contribute to the seaward destabilization of vertical seawalls
observed after large storms and may need to be considered in the design of coastal
infrastructure affected by waves.

As communities around the world search for climate resilient and climate-mitigating
solutions with increasing urgency, nature-based solutions show promise for delivering blue-
carbon benefits, ecological services, and coastal flood hazard mitigation. Increased
understanding of the performance of these systems is vital to developing quantified, practical
guidance to broaden the implementation of these systems.
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Appendix A Instrumentation Locations

Table A.1. Coordinates of instrumentation.

Sensor Name Description X (m) y (m) z (m)
WG1 Wire resistance wave gauge 13.98 -1.38 -
WG2 Wire resistance wave gauge 25.36 -1.33 -
WG3 Wire resistance wave gauge 28.68 -1.31 -
WG4 Wire resistance wave gauge 29.60 -1.33 -
WG5S Wire resistance wave gauge 30.52 -1.32 -
WG6 Wire resistance wave gauge 31.44 -1.32 -
WG7 Wire resistance wave gauge 32.04 -1.31 -
WGS Wire resistance wave gauge 54.60 -1.33 -
WG9 Wire resistance wave gauge 55.81 -1.32 -
WGI10 Wire resistance wave gauge 56.42 -1.32 -
WGl11 Wire resistance wave gauge 57.33 -1.33 -
WG12 Wire resistance wave gauge 57.95 -1.33 -
WG13 Wire resistance wave gauge 65.17 -1.36 -
USWGI1 Ultrasonic wave gauge 29.17 -1.27 -
USWG2 Ultrasonic wave gauge 39.76 0.00 -
USWG3 Ultrasonic wave gauge 43.42 0.00 -
USWG4 Ultrasonic wave gauge 50.73 0.00 -
USWGS Ultrasonic wave gauge 55.37 -1.37 -
USWG6 Ultrasonic wave gauge 59.77 -1.52 -
PD18-1 PDCR1830 pressure gauge 35.89 -1.53 1.24
PD18-2 PDCR1830 pressure gauge 39.55 -1.53 1.24
PD18-3 PDCR1830 pressure gauge 43.10 -1.54 1.22
PD18-4 PDCR1830 pressure gauge 46.87 -1.53 1.23
PD18-5 PDCR1830 pressure gauge 50.52 -1.52 1.23
PD18-6 PDCR1830 pressure gauge 54.19 -1.51 1.23
ADV1* Acoustic Doppler velocimeter 32.24 -1.40 1.25%
ADV2 Acoustic Doppler velocimeter 43.09 -1.43 1.40
ADV3 Acoustic Doppler velocimeter ~ 43.09 -1.43 1.55
ADV4 Acoustic Doppler velocimeter 43.09 -1.43 1.72
ADV5 Acoustic Doppler velocimeter ~ 43.09 -1.43 1.86
ADV6* Acoustic Doppler velocimeter 57.83 -1.41 1.38*

*For layout 1, ADV1 and ADV6 were positioned at vertical coordinate z =1.52 m.
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Table A.2. Coordinates of instrumentation used to measure loads on test wall

Sensor Name Description X (m) y (m) z (m)
PD18-7 PDCR1830 pressure gauge 61.20 0.02 1.09
PD18-8 PDCR1830 pressure gauge 61.21 0.02 1.24
PD18-9 PDCR1830 pressure gauge 61.21 0.02 1.43
PD8-1 PDCR 830 pressure gauge 61.22 0.02 1.58
PD8-2 PDCR 830 pressure gauge 61.22 0.01 1.77
PD8-3 PDCR 830 pressure gauge 61.21 0.01 1.92
PD8-4 PDCR 830 pressure gauge 61.21 0.01 2.11
PD8-5 PDCR 830 pressure gauge 61.21 0.01 2.26
PD8-6 PDCR 830 pressure gauge 61.21 0.01 2.44
PD8-7 PDCR 830 pressure gauge 61.21 0.01 2.59
PD8-8 PDCR 830 pressure gauge 61.21 0.02 2.85
PD8-9 PDCR 830 pressure gauge 61.22 0.01 3.00
PD8-10 PDCR 830 pressure gauge 61.22 0.01 3.20
PD8-11 PDCR 830 pressure gauge 61.22 0.01 3.41
PD8-12 PDCR 830 pressure gauge 61.22 0.01 3.61
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Appendix B Measured Hydrodynamic Parameters and Wave-Induced Forces

Table B.1. Ensemble-average H and T at Array 2, maximum positive and negative forces on wall, and standard deviations for regular wave cases.

. h, A H9s% T F. TF9%5% zr F  F95% zZ- —— o —
Trial Layout o m) I (%) ()  (Nm) CI(%) (m) (Nm) CI) (my /P Fen/Fes Fon/Fop
mnly  HD 185 0329 44 252 347 34 1216 352 44 0978 10l 0.86 0.85

LD 185 0375 19 251 38 18 1216 -365  -07 0968 0.94 0.96 0.89
BL 185 0412 42 252 405 37 1234 -412  -44 0955 102 1.00 1.00
HD 185 0273 75 411 537 30 1101 -347 2.1 0927 0.65 0.82 0.88
TR-h1-2 LD 185 0326 7.0 413 609 69 L1118 -378 98 0926 062 0.92 0.96
BL 185 0341 68 412 658 72 1127 -393  -88 0910 0.60 1.00 1.00
HD 185 0589 63 254 602 86 1245 -596  -3.1 0932 099 0.78 0.79
TR-h1-3  LD* 185 0667 156 254 673 150 1183 -623  -11.9 0918 093 0.87 0.82
BL* 185 0772 146 255 776 98 1206 -156 -85 0874 097 1.00 1.00
HD 185 0544 100 7.66 1408 28 1256 -401 2.1 0913 028 0.85 0.80
TR-h1-4° LD 185 0550 7.0 7.65 1527 1.8 1261 -445 2.5 0900 029 0.92 0.89
BL* 185 0587 90 766 1667 30 1244 -498 7.9 0898 030 1.00 1.00
HD 148 0204 65 225 176 39 0916 -181 60 0851 103 0.82 0.82
TR-h2-1 LD 148 0245 63 225 194 46 0928 -200  -53 0840 103 0.90 0.90
BL 148 0259 51 226 214 43 0940 -222  -28 0812 1.04 1.00 1.00
HD 148 0207 38 365 270 42 0825 212  -18 0793 0.9 0.83 0.85
TR-h22 LD 148 0228 54 365 28 55 0835 -232  -1.9 0793 080 0.88 0.92
BL 148 0244 88 365 327 66 0837 -251 43 0764 077 1.00 1.00
HD 148 0372 50 225 310 33 0995 279 23 0792 090 0.79 0.71
TR-h2-3 LD 148 0459 87 227 357 81 0964 -339 93 0761 095 0.91 0.86
BL* 148 0516 117 227 392 140 0959 -394  -99 0740 101 1.00 1.00
HD 148 038 82 680 820 21 0976 -221 85 0751 027 0.80 0.83
TR-h2-4 LD 148 0414 72 680 917 08 1023 -228 2.1 0726 025 0.89 0.85
BL* 148 0456 119 680 1026 80 1020 -268  -157 0740 0.6 1.00 1.00
HD* 148 0430 278 377 646 99 0899 -407  -10.5 0732 063 0.83 117
TR-h2-5 LD* 148 0456  37.5 375 764 181 0972 -394  -148 0729 05l 0.98 113
BL* 148 0380 221 375 780 140 1010 -349 255 0738 045 1.00 1.00
HD* 148 0488 403 678 1536 193 1179 -222 230 0709 0.14 0.80 0.73
TR-h2-6  LD* 148 0485 342 688 1609 352 1218 -241  -209 0687 0.15 0.84 0.80
BL* 148 0503 340 690 1906 249 1179 -303  -150 0740 0.16 1.00 1.00
HD 103 0122 39 185 078 32 0671 -070  -43 0585 089 0.79 0.76
TR-h3-1 LD 103 0146 62 185 090 64 0678 -083  -63 0578 091 0.91 0.90
BL 103 0173 40 18 099 27 0665 -091 28 0550 092 1.00 1.00
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1.00
0.66
0.83
1.00
0.69
0.84
1.00
1.11
0.94
1.00

1.17
0.87
1.00
0.73
0.84
1.00
0.87
0.89
1.00
0.63
0.80
1.00
0.85
0.97
1.00
0.80
0.83
1.00
0.70
0.82
1.00

*wave breaking observed during trial
"nonzero pressures measured at topmost gauge
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1058  Table B.2: Measured wave heights and periods at Array 2 and corresponding representative forces on wall for random wave cases.

F F. _
Trial Layout hy Hys T3 Hypo Tp Fize  Fipior Fijioos  Fijzso+  Zrijzsor Fijzso—  Zrijzso- M F1/250+'N F1/250 N
(m) (m) (s) (m) (s) (kN/m) (kN/m) (kN/m) (kN/m) (m) (kN/m) (m) Fi 250+ 1/250+BL  ©1/250-,BL
HD* 1.85 0.488 547 0.507 7.56 10.69 14.27 19.37 20.87 1.285 -8.39 0.846 0.40 0.73 0.91
TI-h1-1" HD* 1.85 0.529 532 0.552 7.56 11.60 15.41 20.15 21.77 1.416 -8.14 0.864 0.37 0.76 0.88
LD* 1.85 0.569 526 0.602 7.33 13.19 17.74 23.73 24.80 1.408 -8.32 0.846 0.34 0.87 0.90
BL* 1.85 0.638 541 0.676 7.59 1539 21.33 28.25 28.55 1.366 -9.23 0.843 0.32 1.00 1.00
HD 1.85 0.321 2.61 0334 274 2.96 3.56 4.09 4.17 1.307 -4.97 0.961 1.19 0.57 0.67
TLh1-2 HD 1.85 0372 269 0380 2.76 3.46 4.30 5.64 594 1412 -5.90 0941 0.99 0.82 0.79
LD 1.85 0418 264 0430 2.68 3.98 4.92 6.34 6.99 1.663 -6.72 0910 0.96 0.96 0.90
BL* 1.85 0450 274 0461 2.78 4.17 5.21 6.78 7.27 1425 -7.46 0.893 1.03 1.00 1.00
HD* 148 0366 503 0384 6.43 6.42 8.14 9.52 9.75 1.000 -4.74 0.704 0.49 0.70 0.85
TI-h2-1 LD* 148 0407 496 0426 6.64 7.27 9.35 11.12 11.32 1.057 -5.10 0.690 0.45 0.81 0.91
BL* 148 0464 500 0486 6.67 8.47 11.11 13.64 13.96 1.032 -5.59 0.665 0.40 1.00 1.00
HD 148 0235 244 0.242 2.39 1.82 2.22 2.81 2.88 1.013 -3.40 0.773 1.18 0.74 0.81
TI-h2-2 LD 148 0261 242 0270 246 1.99 2.49 3.30 3.60 0.979 -4.10 0.751 1.14 0.93 0.98
BL 148 0306 238 0313 240 2.32 2.84 3.78 3.88 1.146 -4.20 0.744 1.08 1.00 1.00
HD 148 0372 3.80 0400 3.83 4.38 5.17 6.15 6.69 0.946 -5.14 0.699 0.77 0.59 0.84
TI-h2-3 LD* 148 0424 371 0452 3.82 4.68 5.75 7.58 8.98 1.105 -5.56 0.664 0.62 0.79 0.91
BL* 148 0.486 3.68 0.522 3.85 5.71 6.86 9.13 11.36 1.347 -6.14 0.649 0.54 1.00 1.00
HD* 1.03 0.208 491 0219 6.27 2.52 3.28 4.41 478 0.724 -1.77 0.494 0.37 0.63 0.74
TI-h3-1 LD* 1.03  0.232 4.60 0245 6.29 2.99 3.92 5.28 5.67 0.733 -2.02 0.480 0.36 0.74 0.85
BL* 1.03 0.279 445 0.296 5385 3.57 4.87 7.12 7.64 0.890 -2.38 0.475 0.31 1.00 1.00
HD 1.03 0.113 2.06 0.116 2.18 0.69 0.86 1.06 1.10 0.713 -1.05 0.556 0.96 0.73 0.67
TI-h3-2 LD 1.03 0.132 2.05 0.133 2.13 0.74 0.93 1.16 1.19 0.727 -1.26 0.538 1.06 0.79 0.80
BL 1.03 0.154 2.00 0.157 2.11 0.84 1.07 1.41 1.50 0.660 -1.58 0.508 1.06 1.00 1.00
HD* 1.03 0.203 324 0212 348 1.65 2.08 2.63 2.68 0.669 -1.95 0.489 0.73 0.71 0.80
TI-h3-3 LD* 1.03 0.231 3.17 0.242 3.50 1.88 2.39 3.05 3.11 0.698 -2.13 0.484 0.68 0.82 0.87
BL* 1.03 0.285 3.16 0297 3.17 2.25 2.88 3.64 3.80 0.697 -2.44 0.459 0.64 1.00 1.00
TI-h4-1 HD 0.73 0.124 432 0.132 4.88 1.09 1.40 1.76 1.79 0.454 -0.78 0.345 0.43 0.61 0.74
HD 0.73 0.123 420 0.133 491 1.11 1.41 1.77 1.81 0.454 -0.77 0351 042 0.62 0.73
LD 0.73 0.153 4.16 0.163 4.89 1.28 1.68 2.18 2.29 0.496 -0.90 0.333  0.39 0.79 0.85
BL 0.73 0.181 4.05 0.193 4.87 1.52 2.05 2.78 2.92 0.522 -1.06 0311 0.36 1.00 1.00
TI-h4-2 HD 0.73 0.066 1.78 0.067 1.92 0.35 0.44 0.51 0.52 0.496 -0.46 0.384 0.89 0.72 0.66
LD 0.73 0.084 1.75 0.085 1.78 0.40 0.49 0.58 0.59 0.498 -0.52 0.382 0.88 0.82 0.74
BL 0.73 0.104 1.72 0.105 1.67 0.45 0.57 0.70 0.72 0.513 -0.70 0.344 0.97 1.00 1.00
TI-h4-3 HD 0.73 0.123 2.73 0.131 2.84 0.80 0.94 1.19 1.28 0.486 -0.78 0.349 0.61 0.74 0.71
LD 0.73 0.154 2.70 0.164 2.62 0.90 1.07 1.32 1.40 0.502 -0.91 0.337 0.65 0.81 0.83
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BL 073 0.195 2.60 0.207 2.63 1.08 1.29 1.55 1.72 0.504  -1.10 0.305

0.64

1.00

1.00

*wave breaking observed during trial
“nonzero pressures measured at topmost gauge
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