B

US Army Corps

of Engineersg
Engineer Research and
Development Center

Coastal Ocean Data System

Two- and Three-Dimensional Laboratory
Studies of Wave Breaking, Dissipation, Setup,
and Runup on Reefs

DRAFT ERDC/CHL TR-12-X

Ernest R. Smith, Tyler J. Hesser, May 2012
and Jane McKee Smith

>
—
o
=
©
—
o
O
©
-l
7]
2
=
©
—
O
>
L
©
c
@©
©
)
7y}
©
@]
(&

Approved for public release; distribution is unlimited.






Coastal Ocean Data System ERDC/CHL TR-12-X
May 2012

Two- and Three-Dimensional Laboratory Studies
of Wave Breaking, Dissipation, Setup, and
Runup on Reefs

Ernest R. Smith, Tyler J. Hesser, and Jane McKee Smith

Coastal and Hydraulics Laboratory

U.S. Army Engineer Research and Development Center
3909 Halls Ferry Road

Vicksburg, MS 39180-6199

Draft report

Approved for public release; distribution is unlimited. [or a restricted statement]

Prepared for U.S. Army Corps of Engineers

Under Work Unit

Monitored by Coastal and Hydraulics Laboratory
U.S. Army Engineer Research and Development Center
39009 Halls Ferry Road, Vicksburg, MS 39180-6199



DRAFT ERDC/LAB TR-12-X

Abstract

Physical model studies were performed at a 1 to 50 model to prototype
scale in a three-dimensional (3D) basin and a two-dimensional (2D) flume
to measure wave transformation, setup, and runup on a generalized reef to
improve understanding of the processes. Incident wave and water level
conditions encompassed a range of combinations representative of the ge-
ographical locations where reefs are present.

Results from the 3D experiment indicated higher frequency wave energy
dissipated across the reef, whereas low frequency wave energy remained
nearly constant. Three-dimensional patterns were observed on the reef,
which was attributed to non-symmetrical bathymetry, wave-wave interac-
tions, wave refraction, and reflection. Additional tests with an angled
channel cut into the reef showed net offshore flow in the channel and near
the reef centerline, where a net alongshore velocity also was measured.
Wave heights were similar to the non-channel tests, but longer-period
waves with higher incident heights generally showed greater heights in the
shoaling region.

A cross-section of the 3D reef was duplicated and installed in a wave tank.
The 2D experiments were performed for similar wave and water level con-
ditions as in the three-dimensional tests. Reef slopes of 1:2.5 and 1:5 were
examined. Transformation results were similar to the 3D tests except that
a strong return flow was observed which increased breaker height. Reef
roughness was varied for both the 2D- and 3D tests, but had little effect on
the waves, indicating that a rougher surface would be necessary to reduce
wave height.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
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1

Introduction

Background

Island coasts and populations are extremely vulnerable to tropical storms.
Waves propagating on top of storm surge from tropical cyclones (typhoons
and hurricanes) can penetrate inland from the coast, and the resulting in-

undation and wave runup can cause significant damage.

Methodologies for analyzing tropical cyclone waves were developed for
mainland coasts, which generally consist of gently sloping beaches. Is-
lands differ from mainland coasts in that they are adjacent to deep water,
exposed to very large storm waves, and most include fringing coral reefs.
Waves undergo significant transformation as they shoal and break on
fringing reefs and then run up the shore, flooding coastal areas. Storm
waves and storm surge are closely linked. Large waves increase water lev-
els due to wave setup (wave setup can account for half of storm surge in
island environments) and increased water levels allow waves to break fur-
ther inland, which further increases runup and flooding on island shore-
lines. The interaction between surge and waves is nonlinear and compli-
cates reliable estimates of the maximum inundation caused by tropical
cyclone waves, which is important for establishing flood risk and manag-
ing emergency response.

The topography of reefs in the Pacific and Atlantic Oceans and Caribbean
Sea are non-uniform, which results in non-uniform bottom roughness,
and the size, profile, and morphology of the reefs can vary significantly.
Research studies have shown that the physical structure of reef geometry
determines the characteristics of wave transformation and resulting wave
breaking and attenuation over reefs (Hardy et al. 1991; Gourlay, 1994,
19964, 1996b; Massel and Gourlay 2000). These site- and reef geometry-
specific data may not be used for other reef geometries. Also, waves im-
pinging on complex and unique reef topography are influenced by a varie-
ty of hydrodynamic processes including the turbulence generated by waves
and flow over the specific structure of a given reef.

Numerical modeling of waves over reefs remains a difficult coastal engi-
neering challenge because of the nonlinear interaction between waves and
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water levels and because it is not easy to characterize the topography of
reefs. Earlier attempts to model waves over reefs have relied on simplified
models, limiting the success of numerical wave models applied over long
reef reaches with complex morphology. Additionally, the current design
guidance for estimating wave setup and wave runup for island flooding is
based on empirical formulae derived from laboratory experiments for pla-
nar beaches and sloping structures (HQ USACE 2002). It is generally rec-
ognized that nonlinear wave-wave interactions lead to strong low-
frequency (infragravity) oscillations of the water level close to the shore-
line. Wave runup estimates associated with the low-frequency oscillations
over reef-type topographies can be significantly higher than those for pla-
nar beaches (Demirbilek and Nwogu 2010; Nwogu and Demirbilek 2006).
For example, runup during Hurricane Iniki on the island of Kauai in Ha-
walii was 6 to 8 m in some locations. In summary, coastal inundation cal-
culation methodologies for island coasts have not received attention com-
mensurate with the importance and complexity of the processes.

Purpose of Study

The U.S. Army Corps of Engineers (USACE) initiated the Surge and Wave
Island Modeling Studies (SWIMS) program in 2005 to develop improved
methodologies for predicting coastal flooding associated with typhoons
and hurricanes in the U.S. Pacific and Caribbean islands. A comprehensive
understanding of the physics of wave inundation over reef systems is re-
quired to develop reliable predictive models of inundation for emergency
planning and for calculation of flooding. The objectives of SWIMS are to:

e Acquire coastal hydrodynamic and meteorologic data under tropical
cyclone and high-wind conditions in island environments.

e Use these data to improve understanding of the physics of coastal
waves and water levels in these environments.

e Incorporate this understanding to improve analytic and computer-
based models for application to tropical cyclone hazard mitigation
studies.

e Contribute these results to improved emergency management tools
and procedures for islands.

As part of SWIMS, three-dimensional (3D) and two-dimensional (2D)
physical model studies were performed to measure wave transformation,
setup, runup, and reflection on steep bathymetry and fringing reefs to im-
prove the understanding of the processes. In conjunction with field meas-
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urements collected under a sister program (Pacific Islands Land-Ocean
Typhoon Experiment), the physical model data are being used to validate
numerical models and modeling systems.

The 3D model included a generalized reef surface overlaid on an embayed
surface. A total of 94 tests were performed on the 3D reef, which included
16 tests conducted with a channel cut into the reef bathymetry. A 0.61-m-
wide section of the 3D reef was reproduced and installed in a wave tank for
the 2D experiments. Prior to conducting the SWIMS 2D experiments, a
set of data was collected in collaboration with the University of Florida
(UF), which included measurements of currents on the reef slope in addi-
tion to wave, water surface, and runup measurements. A total of 172 tests
were performed in the SWIMS 2D experiment that included two slopes
fronting the reef. Additionally, tests were performed in both the 3D and
2D studies with smooth and roughened reef surfaces.

Model wave conditions were selected to encompass a range of wave period
and height combinations representative of the geographical locations
where reefs are present: the Pacific and Atlantic Oceans, and the Caribbe-
an Sea. The test conditions also included waves at multiple water levels
because wave breaking and transformation is controlled in part by the wa-
ter depth.

The design, construction, and results from the 3D and 2D experiments are
discussed in Chapters 2 and 3, respectively. A summary of the study is
given in Chapter 4. Appendix A includes wave transformation figures
from the 3D experiments and Appendix B contains figures of wave heights
measured in the longshore direction of the 3D experiment. Figures pro-
duced from the 3D experiment with the channel installed are found in Ap-
pendix C. Wave transformation figures from the 2D UF experiments are
in Appendix D and Appendix E contains wave transformation figures from
the SWIMS 2D experiment.
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2 Three-Dimensional Physical Model
Experiments

This chapter describes the design and construction of the three-
dimensional reef experiments. The purpose of these experiments was to
obtain wave, setup and runup data over an idealized reef, which included
an irregular surface and an embayment.

Test Facilities and Equipment

Tests were conducted in a 51.8-m-long, 29.0-m-wide, and 1.5-m-deep
wave basin. The basin contained a 14.8-m-long by 22.0-m-wide com-
pound-slope steel platform on which reef bathymetry was installed. The
platform was configured into a compound slope that included reef slopes
of 1:4 (0.29-m long) and 1:13 (2.43-m long), a 7.3-m flat section, and a 1:10
foreshore slope (4.8-m long).

Waves were produced by the Directional Spectral Wave Generator
(DSWG). The DSWG is 27.4-m long and consists of 60 paddles, divided
into four modules. Each paddle is 0.46-m wide by 1 m high and driven at
the paddle joints by an electric motor in piston mode. Displacement of the
DSWG wave paddles was controlled by a command signal transmitted to
the board. Irregular wave command signals to drive the board were gen-
erated to simulate a TMA shallow-water unidirectional spectrum (Bouws
et al. 1985), with a gamma value of 3.3.

The DSWG has a stroke of 0.36 m, and angles between paddles can be con-
tinuously varied using the "snake principle™ to produce waves at angles
approaching 85 deg from normal. However, only shore-normal waves, i.e.,
perpendicular to the DSWG, were generated for the present study. Addi-
tionally, Module 1 was not operated due to technical difficulties. Modules
2 through 4 provided sufficient coverage of the reef model to accomplish
the experiment.

Model Design

Model experiments were conducted at a geometrically-undistorted linear
scale of 1:50, model to prototype. Scale was based on the capabilities of
the wave generator to produce required wave heights at modeled water
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depths. Time relations were scaled according to Froude Model Law (Ste-
vens et al. 1942) and model-prototype relations were defined in terms of
length | and time t shown in Table 1.

Table 1. Model-Prototype Scale Relations (1:50 scale)

Scale Relations
Characteristic Dimension Model:Prototype
Length | Ir= 1:50
Area /2 ar= 1:2500
Volume I3 vr= 1:125,000
Time 1172 tr= 1:7.07
Reef design

The goal of the physical model experiments was to provide the numerical
modeling effort detailed wave transformation, setup, and runup observa-
tions on a generalized reef topography/bathymetry. The physical model
was designed and constructed to include idealized reef topography to pro-
vide roughness, and an embayment to provide three-dimensional wave
transformation.

Two approaches were considered in the design of the irregular reef sur-
face. The first approach considered a range of random depths generated
over a grid. However, it was important that the idealized reef surface rep-
resented bathymetry that reproduced realistic hydrodynamic conditions,
and this approach, though feasible, would require judgment as to what
constituted a “realistic” idealized reef. The second approach, which was
adopted, was more straightforward and consisted of modifying bathymetry
of an existing reef. LIDAR data were available for southeast Guam. To ide-
alize the Guam bathymetry, features specific to Guam were removed from
the data. To remove the site-specific features, the bathymetry was interpo-
lated to a uniform grid with 0.5-m prototype spacing. The mean slope was
determined by a polynomial solution along each cross-shore grid line, and
deviations from the mean slope were saved as idealized reef bathymetry.
The result was a horizontal irregular surface having a standard deviation
of approximately 1 m. The reef bathymetry was then overlaid onto an em-
bayed surface, which was 375-m long (prototype), and centered at the off-
shore portion of the reef with a shoreward extent of 250 m. The contours
of the resulting idealized bathymetry at model scale are shown in Figure 1.
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Figure 1. Reef Design Bathymetry

Reef construction

A durable material was required for the model reef to allow installation of
numerous wave gauges and the ability to accommodate personnel to ac-
cess the gauges. Three materials were considered for reef construction:
concrete, high-density pressed foam, and acrylic glass. Traditionally,
three-dimensional bathymetric models have been constructed of concrete.
However, it was not feasible to achieve the desired bathymetric resolution
with concrete construction. It was uncertain if pressed foam could support
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personnel and maintain the desired bathymetry; therefore the reef was
constructed of acrylic glass.

The idealized reef bathymetry was reduced to model scale, which yielded a
horizontal model spatial resolution of 0.01 m. A programmable automated
table router cut the reef surface from the bathymetric xyz coordinates onto
0.61-m wide, 2.44-m long, 0.05-m thick acrylic glass sheets. After the sur-
face was cut, the sheets were reduced to 0.61-m square panels, which im-
proved installation efficiency over the heavier rectangular sheets. An ex-
ample of the reef surface resolution on one of the square panels is shown
in Figure 2.

1oy

% ma : : wi.-lﬁ“

Figure 2. Bathymetry applied onto a 0.61-m square acrylic panel

The reef panels were installed on the horizontal portion of the compound
slope platform (Figure 3). Legs were attached to the corners of each panel
and were adjusted to the design elevation. The priority of installing the
panels was to maintain a uniform surface between sections. Some sections
were adjusted to maintain smooth transitions between adjacent acrylic
sections. This procedure resulted in a continuous reef surface, although
actual elevations deviated slightly from the design. After a section was ad-
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Figure 3. Installation of reef panels on compound slope

justed to a satisfactory elevation, the legs were attached to the steel plat-
form with a marine urethane adhesive/sealant.

A post-construction survey of the reef was performed with a 3D-scanning
laser to determine constructed elevations. Figure 4 shows differences be-
tween measured and design elevations. The majority of the reef is within
0.004 m of the design elevation. The figure indicates elevation differences
as high as 0.04 m along the offshore reef boundary where the acrylic is
very thin and nearly transparent. The scanning laser resolves elevations
from captured images, and we believe that the underlying surface was cap-
tured along the offshore boundary rather than the reef surface. Elevations
were approximately 0.01 m higher at many points between longshore loca-
tions of 8.0 and 12.2 m. These anomalies were a result of non-uniformity
of the underlying steel platform where the acrylic pieces were adjusted to
maintain a flush surface. The result is that depths are slightly shallower in
this region.
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Figure 4. Elevation differences between measured and design bathymetry

The reef height was approximately 0.15 m above the steel platform on the
landward side of the reef, and plywood was installed as a transition be-
tween the platform and reef in the cross shore. Additionally, the steel plat-
form was 4.9 m longer than the reef on each side in the longshore direc-
tion. Gravel of size dso = 6.4 mm was placed on each end of the acrylic reef
to provide consistent depth and prevent refraction at the side boundary. A
concrete layer was added to stabilize the gravel in the breaking zone. Fig-
ure 5 shows the completed reef during an experiment with wave gauges on
the reef and the DSWG in the background. Gravel bordering the reef sides
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Figure 5. Waves on the 3D model

is shown as brown. Insulated tape, shown as dark stripes in the foreground
of the figure, prevented runup gauges from short circuiting with the un-
derlying steel foreshore slope. The tape also was placed alongshore to pro-
vide a seal at the transition between the reef and foreshore slope

Reef Roughness

One of the complexities of modeling waves on reefs is specifying the
roughness coefficient in the numerical model. Tests were performed for
two roughnesses. Roughness for the initial tests consisted solely of the sur-
face bathymetry molded into the acrylic. Although the bathymetry was ir-
regular, the surface was smooth. Following experiments with the “smooth”
surface, a roughening agent was added to paint and applied to the acrylic.
The roughening agent was commercially obtained and had a dso of

0.33 mm (Figure 6).

Wave and Water Level Conditions

Islands with fringing reefs are present in the Pacific and Atlantic Oceans
and the Caribbean Sea, each characterized by different wave conditions.
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Figure 6. Grain size distribution of roughening agent

Fetch lengths and depths of the Pacific generally produce higher waves
with longer periods, whereas storm conditions in the Atlantic and Carib-
bean Sea have shorter periods and lower wave heights due to shorter fetch
and shallower depths. Consequently, the model design wave conditions
were selected to encompass a range of wave period and height combina-
tions representative of the geographical locations where reefs are present.
Wave breaking and transformation is controlled in part by the water
depth; therefore, test conditions included waves at multiple water levels. A
total of forty wave and water level conditions were generated for the study
and are given in Table 2 in prototype units with the corresponding model
units in parenthesis. Table 2 provides peak wave period, Tp, incident zero-
moment wave height, Hi, and still water depth, h, measured relative to the
basin floor. However, all results in this report are presented in model
units.

Water surface elevations were collected with 19 single wire capacitance-
type gauges distributed in both across and along the shore. Five continu-
ous wire capacitance gauges were placed on the foreshore slope to measure
runup. It was necessary to convert measurements from the runup gauges
from distance along the 1:10 slope to vertical elevations to obtain runup.
The wave and runup gauges all sampled water surface eleva-
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Table 2. SWIMS 3D Reef Design Wave Conditions in Prototype, m (Model, m)

/~20.9 m (0.418 m) /=221 m (0.442 m) F~24.6 m (0.493 m)
T Hi Hi Hi
sec m (m) m (m) m (m)
7 (1.0) 4.1 (0.08) 4.2 (0.08) 4.0 (0.08)
7 (1.0) 4.8 (0.10) 5.0 (0.10) 5.1 (0.10)
10 (1.4) - - 4.7 (0.09)
10 (1.4) 4.1 (0.08) 3.5(0.07) 6.4 (0.13)
10 (1.4) 5.6 (0.11) 5.9 (0.12) 7.3 (0.15)
10 (1.4) - 7.0 (0.14) 7.9 (0.16)
13 (1.8) 5.7 (0.11) 4.6 (0.09) 4.8 (0.10)
13 (1.8) 6.9 (0.14) 8.0 (0.16) 7.8 (0.16)
13 (1.8) 7.7 (0.15) P 8.5 (0.17)
16 (2.3) 5.5(0.11) 5.6 (0.11) 4.7 (0.09)
16 (2.3) 6.9 (0.14) 7.4 (0.15) 7.6 (0.15)
16 (2.3) 7.3 (0.15) 7.9 (0.16) 8.7 (0.17)
20 (2.8) 5.1 (0.10) 4.3 (0.09) 4.4 (0.09)
20 (2.8) 6.7 (0.13) 6.3 (0.13) 7.5 (0.15)
20 (2.8) 6.9 (0.14) - 8.5 (0.17)
Values in parenthesis refer to values in model seconds and meters

tions at 20 Hz. Eleven of the wave gauges were positioned along the cen-
terline of the reef to measure waves as they transform from deeper water,
through breaking, and across the reef. Five gauges were placed in the long-
shore direction to capture three-dimensional effects of waves propagating
across the reef. The coordinates of the gauge locations are listed in Table 3
where the origin is at the wave generator in line with the left edge of the
acrylic reef looking offshore (Figure 7). Figure 7 shows the basin and loca-
tions of the reef and the wave gauges.

Data analysis performed on wave data from individual gauges included (a)
mean up-crossing analysis to obtain significant Hs, maximum and average
wave heights, significant and average wave periods, and mean water levels
at each gauge, and (b) spectral analysis to calculate zero-moment wave
height, Hmo, and peak wave period, Tp. Three gauges (Gauges 4 to 6 in
Figure 7) were positioned on the flat portion of the basin floor in front of
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Table 3. SWIMS 3D Reef Wave Gauge Locations

Gauge x (m) y (m)
1 14.02 4.73
2 14.02 7.93
3 18.50 6.10
4 22.98 6.10
5 23.32 6.10
6 23.93 6.10
7 26.79 6.10
8 28.19 6.10
9 29.23 6.10

10 30.45 6.10
11 31.61 6.10
12 33.40 1.32
13 33.40 4.06
14 33.40 6.10
15 33.40 8.13
16 33.40 10.94
17 33.58 6.03
18 33.58 6.16
19 35.91 6.10
20 38.44 1.23
21 38.44 3.67
22 38.44 6.10
23 38.44 8.55
24 38.44 10.98

the generator in an array that allowed calculation of incident and reflected
wave heights using the method of Goda and Suzuki (1976). Operations
performed on the wave gauge array were unidirectional spectral density
incident/reflection analysis to determine incident Tp, incident Hmo, and
reflection coefficient, K.
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Figure 7. Three-dimensional wave basin and gauge location
Test Procedures

Wave gauges were calibrated daily before performing experiments. For
the mid- and low-water levels, some gauges that were positioned on the
reef had insufficient depth to perform a calibration. Under these circum-
stances, the last calibration obtained at the high-water level was applied
for these gauges. At a minimum, all gauges were calibrated once per week,
which required raising the water level to high water, performing wave
gauge calibration, and then lowering the water to the desired level to per-
form experiments. For days in which the gauges weren’t calibrated, the
calibration was verified by generating a previously tested wave condition
and the results compared to the previous run.

Prior to each run of a test case, the water level of the basin was checked
and adjusted as needed. Water level could be adjusted to within 0.03 cm
of the target value. The desired wave condition file was selected on the
control computer and the waves were started. Each wave time series was
20-min duration and waves ramped down and ceased at the end of the
time series. Data collection was synchronized with the start of the wave
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generator and ended at the conclusion of the wave time series. As a result,
the initial portion of the time series included still water and waves pro-
duced by the wavemaker ramping. Therefore, this data segment was not
included in analysis.

A video camera mounted above the model was used to document each ex-
periment. The camera gave an overhead oblique view of tests. Video of
the experiment was recorded digitally and was manually started immedi-
ately following initiation of waves. The camera was set to record for

20 minutes and ended at approximately the same time as the wave action.
The experiments were also documented through photos and video taken
from the model shoreline and from the side of the model.

Results

Data were collected for a total of 78 runs, which include 40 runs on the
smooth reef surface and 38 on the roughened surface. Wave runs at the
0.492-m water level were not completed for 0.17-m high waves at 2.3-sec
and 2.8-sec periods on the roughened surface. Several attempts were
made to collect data for these conditions; however, portions of the acrylic
reef bathymetry became dislodged when subjected to the waves. A discus-
sion of this issue is found in Chapter 4.

This section includes results from the wave and runup gauges, including
presentation of wave transformation, alongshore wave heights, and analy-
sis of spectral transformation, wave setup, runup and reflection.

Wave Height Transformation

Figures of wave height, Hmo, and mean water level (setup), n, measured
along the centerline of the model are plotted with distance from the wave
generator in Appendix A. Data collected for both the smooth and rough
surfaces are shown for each wave and water level condition. The initial
water level and reef bathymetry also are presented as a reference, but both
are reduced by a factor of 10 for the plot.

The initial level for the low-water experiments was below the elevations of
several wave gauges and the runup gauges, i.e., the gauges were out of the
water at the onset of the test. Mean water levels recorded for these gauges
were adjusted by adding the elevation difference between the particular
gauge and the initial water elevation.
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The highest waves generated for 1.0- and 2.8-sec periods at each water
level for both reef surfaces are shown in Figures 8 to 13. The figures show
a common trend of relatively uniform wave heights in the flat portion of
the basin, shoaling as the wave encounters the reef slope, and a sharp de-
crease in height shoreward of breaking and as the wave propagates across
the flat reef surface. Several of the plots also indicate a slight decrease in
height immediately offshore of the breakpoint, particularly for the longer
wave periods.

As expected through linear wave theory, shoaling is greater for the longer
wave periods, and wave breaking and dissipation offshore of the reef are
reduced with higher water levels. Wave heights over the reef are similar
for the two reef roughness. This indicates that energy is saturated for both
roughness conditions and that the difference between the surface
roughnesses is negligible. It shouldn’t be implied that roughness doesn’t
affect wave height, only that the surface roughness applied for the experi-
ment didn’t significantly affect wave heights on the reef.
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Wave Setup

Wave setup measured for the two reef roughnesses was also similar. Both
conditions show a decrease in water level, setdown, as the wave approach-
es the break point and increasing setup over the reef, which is greater for
the longer period and for the lower water levels. Setup continues to in-
crease over the reef as the wave propagates into shallower water for the
mid- and high-water levels. Figure 8 also indicates increasing setup with
shallower depth for the shorter-period wave condition with the rough sur-
face. However, following an increase of setup shoreward of breaking, set-
up decreases for 1-sec waves with the smooth reef surface. Although, it
should be noted that no data were available for the most shoreward gauge
(Gauge 19). Figure 9 shows a sharp increase in setup immediately shore-
ward of breaking, shoreward of which setup decreases at Gauge 19 for the
longer-period wave on the smooth surface (no data were available at
Gauge 19 with the rough surface).

In previous laboratory tests by Gourlay (1996a) and Demirbilek et al.
(2007), setup decreased with increasing water depth on reefs. The highest
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setup recorded for each test is plotted as a function of deepwater wave
power, P, in Figure 14 (gauges at elevations above the initial water level
were excluded). Wave power is defined as:

P=HZT, (2-1)

in which Ho is Hmo in deep water, which was calculated from the incident
wave height obtained from reflection analysis. With the exception to a few
tests with low water, the highest setup occurred with the lowest water lev-
els. The figure shows that setup follows the trend from the previously cit-
ed laboratory experiments of Seelig (1983) and Gourlay (1996b) who also
found that setup increased with wave power.

® [ = Laws Emaoth |
¥ Mid Smooth
2 High Smoath
d’o O LowRough |
o 0 O Mid Rough
High Raugh |

4 = noe

H:TP m’s)
Figure 14. Highest mean water level recorded for each wave condition

Alongshore Wave Heights

Figure 15 shows a photograph taken from above the model during an ex-
periment at the low water level with 2.8-sec, 0.1-m waves approaching the
reef from the bottom of the photo. The photograph was taken immediately
after a wave broke on the reef and shows that the crest of the broken wave
is not uniform. The broken wave crest has propagated farther onshore on
the left of the photo than the right. It is believed that the non-uniform
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Figure 15. Overhead photograph of 2.8-sec, 0.1-m waves at low water

breaker line is due to return flow on the right side of the reef and reflection
from the foreshore slope. The non-uniform breaker line results in waves
breaking at an angle to shore normal. Also shown are wave crests that re-
fract toward the reef sides from the center of the model, which interact
with other directional incident and reflected waves; all of which is meas-
ured by the alongshore gauges shown in the center of the reef.

Appendix B includes figures of Hmo and n measured at the alongshore reef
gauges (Gauges 12 through 16) for both smooth and rough surface condi-
tions. For reference, the figures include the initial water levels and meas-
ured bathymetry elevations reduced by a factor of 10 along the gauge tran-
sect.

Figures 16 to 21 show alongshore heights and setup for the highest waves
generated for 1.0- and 2.8-sec periods at each water level for both surfaces.
It should be noted that the initial water level at the low water level was
lower than the gauges on the sides of the reef (Gauges 12 and 16), i.e., the
gauges were not in the water at the start of the experiment. Wave heights
were generally highest at Gauge 14, the center gauge, where water depth is
greatest and lowest at Gauges 12 and 16, the side gauges, as expected in a
two-dimensional regime. However, Figure 20 illustrates the three-
dimensionality of the waves over the reef, which is neither uniform nor
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Figure 16. Alongshore wave heights for 1.0-sec, 0.1-m waves at low water
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symmetrical in the alongshore direction. The figure shows an asymmet-
rical distribution with the highest wave measurement at Gauge 13, one
gauge to the left of center in the figure. The gauge measurements in the
figures show total wave height and setup and as a result, refraction, reflec-
tion and the wave-wave interactions are all included in the measurement.

Differences in wave height and setup are minor between the smooth and
rough surfaces. The greatest differences between surface roughnesses oc-
cur at the low water level. An observation during the low-water experi-
ments is that the drawdown of waves consistently extended seaward of the
alongshore gauge locations.

Spectral Analysis

All laboratory runs were recorded for 20 min or 1200 sec. The time series
of water surface elevations at Gauge 3 is shown in Figure 22 for a 2.8-sec,
0.10-m wave at low water. For consistency, all analysis was performed for
measured data between 30 seconds and 20 minutes.

During spectral analysis the mean was removed from the data. A Welch
method for spectral analysis was performed and the resulting energy den-
sity spectrum is shown (Figure 23 (top panel)). The Welch method uses a
Hamming window with 50 percent overlap. The data set was separated
into 4096 point sections for the analysis. The Welch method calculates the
spectrum for each section and then averages the spectra from all sections
to produce the final spectrum.

A filter was used to remove all energy greater than 2.0 Hz to eliminate very
high oscillations from the data. A second filter separated the low and high
frequency oscillations. The applied cut off for the low-frequency oscilla-
tions was /1.5, where f,, is the peak frequency. This cutoff was selected
based on observations of the full energy density spectrum. In Figure 23,
the full energy density spectrum is shown in the top panel, along with the
low-frequency (middle panel) and the high-frequency (bottom panel)
spectra. The separated low-frequency and high-frequency oscillations for
the analyzed portion of the time series are shown in Figure 24 after the
low-frequency cut off was applied to the raw data. Low frequencies (red
line) are generally associated with reflection, seiching or infragravity
waves, and high frequencies (black line) are associated with the incident
wave signal and nonlinear harmonics. Wave parameters such as Hmo, and
Tp were derived from analysis of the full spectrum.
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Figure 22. Time series of 2.8-sec, 0.1-m waves at low water measured at Gauge 3
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frequency cut off was applied: black line is total time series, red line is low-frequency time

Spectral Transformation

The transformation of the wave spectrum across the bathymetric profile is
shown in Figures 25 to 27. Energy density, S(f), is shown at gauges along
the centerline of the basin progressing from offshore to the reef. Energy

series

densities are shown at Gauges 5, 8, 9, 10, 11, and 14 in the analysis.
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Figure 27. Energy density spectrum transformation of 2.3-sec, 0.16-m waves at high water

Gauge 5 was located in the offshore region of the basin, Gauges 8 and 9
were on the offshore reef slope, and Gauges 10, 11, and 14 were located on
the reef top. Note the scale change between the top and bottom plots in
each figure.

The change in energy density at the peak frequency between Gauges 5

and 9 was similar at all three water levels. The energy peak remained at
the same frequency, but the energy at the peak decreased as the waves ap-
proached the top of the reef slope. Dissipation of energy from offshore to
the reef slope was caused by a combination of friction and wave breaking.
Inshore of breaking, usually between Gauges 9 and 10, wave attenuation is
observed by the rapid decrease of energy density at the peak frequency. In
the low-water tests (Figure 25), the energy at the peak frequency was com-
pletely diminished at Gauge 11, due to the very shallow water depth at
Gauge 11. The additional depth at Gauge 11 for the mid- and high-water
tests allowed wave energy at the peak frequency to reach Gauge 11. A
small amount energy remained in the peak frequency at Gauge 14 for the
mid- (Figure 26) and high-water (Figure 27) tests. At all water levels, the
majority of the energy shifted to the low frequencies at Gauge 14.
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Low Frequency Spectral Transformation. The low-frequency energy spec-
tral transformation at all three water levels is shown in Figures 28 to 30
for similar incident waves. Low-frequency energy peaks at the offshore
gauges (top panels) were a result of reflection and seiching in the basin.
The offshore region of the basin could be assumed to be a rectangular ba-
sin. The period of oscillations for seiching in a rectangular basin as given
by Dean and Dalrymple (1984) is

T= 2l (2-2)
nygh,
where T is the period of seiching, | is the length of the basin, h; is the depth
of the basin, and n is mode of seiching. The basin floor was flat between
the wavemaker and the base of the reef slope, and the reef slopes are con-
sidered steep. Therefore, | was the distance between the wavemaker and
top of the reef slopes, 30 m, and h; was the elevation of the reef slope crest
above the floor, 0.354 m. The first mode of seiching, n =1, has a period of
oscillation equal to 30 seconds, or a fundamental frequency of 0.03 Hz.
There was no peak measured at 0.03 Hz at any of the water levels. How-
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Figure 28. Low frequency energy density spectrum for 2.3-sec, 0.13-m waves at low water



DRAFT ERDC/CHL TR-12-XX

51

3
x10
S | R ....... . ———Gauge #5 -
& f : Gauge #8
gz-- o e AFAURE H#D S
‘-I:\ 3 I'l. e
% o Lu’ ;‘ : T
ﬂ _— ""-_".:_\_‘ﬂ_"—'—_ -':|---'_\-\x\mﬁ:_--\-\-'''‘—_°|'—=l-='-='\:|-——\————-|-—-—'—''_‘H_\—__-'-‘:l
0 0.05 0.1 0.15 02 0.2%
Frequency (Hz)
x10”
[ | P ......... Gaugc#l[}_
- : : . — Gauge #11
Ez_. e Gange #14
= .
i — il rﬁ*\ — -
D T et e il B~ e
0 0.05 0.1 0.15 02 Q.25
Freqnency (H?)

Figure 29. Low frequency energy density spectrum for 2.3-sec, 0.14-m waves at mid water

0.01 : : ;
~ — Gauge #5
E —{Juuge 48
£ 0.005 Grauge #9 1
= :
v P TR :
ol N T AN e
0 0.05 0.1 0.15 0.2 0.25
Frequency (Hz)
0.01 ! !
~ — Jauge #10
E Gauge #11
£ 0.005 : Gauge #14
& T :
v p /A\
n = A | _\_:L_\_'_—._\-""‘_—"'_,_,—-""--.___ - .,;—-'-"‘- e
0 0.05 0.1 0.15 0.2 0.25
Frequency (Hz)

Figure 30. Low frequency energy density spectrum for 2.3-sec, 0.16-m waves at hiigh water



DRAFT ERDC/CHL TR-12-XX

52

ever, the 2nd mode of seiching, n = 2, was equal to 15 sec, or a frequency of
0.07 Hz, where a peak was measured in the energy spectrum in all three
water levels. The 3@ mode occurred at a frequency of 0.1 Hz near the loca-
tion of the second peak measured in the low-frequency spectrum.

Transformation of the low-frequency energy spectrum on the reef is shown
in the bottom panels of Figures 28 to 30. Peaks associated with seiching
on the reef centerline were not apparent in the 3D tests, which could be
caused by the lateral dimension in the basin. The lateral freedom of the
basin could create spreading of the energy across the lower frequencies,
which would minimize the peaks at expected seiching frequencies. One
gauge in the high-water tests recorded energy in the in the low-frequency
associated with seiching (Figure 30). The transmission of low-frequency
energy was more apparent in the high water tests because of the deeper
water over the reef crest.

Runup

Runup is defined as the elevation above the initial water level reached by
an incident wave, and was obtained from the time series of water eleva-
tions of the five runup gauges (Gauges 20 through 24). The initial water
level of the low-water tests was lower than the elevation of the runup
gauges; therefore the elevation difference between the initial water level
and gauges was added to the measured values. A common expression of
runup is two-percent runup, Rz, which is defined as the elevation exceeded
by two percent of the total runups. Figure 31 shows Rz plotted by water
level and surface roughness versus wave power. It shows a trend of in-
creasing runup with wave power. Runup does not appear to be influenced
by water level. The runup gauges were not functioning during most of the
rough surface experiments, but roughness does not appear to influence
runup based on the available data. There is scatter in R2 for common val-
ues of wave power, which is part due to the alongshore variation of runup.
Two-percent runup versus wave power is plotted in Figure 32 with sym-
bols representing the distance between each runup gauge and the along-
shore centerline, AYc.. The highest runup generally occurs at the center-
line (Gauge 22) and at AYcL = -2.4 m (Gauge 21). The gauges farthest from
center (Gauges 20 and 24) typically had the lowest runup values. This is
consistent with the wave heights measured from the alongshore gauges
(Gauges 12 through 16), where highest waves occurred in relatively deeper
water near the centerline of the reef.
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Reflection

Wave reflection analysis was performed to separate incident and reflected
waves from the reef. Reflected waves interacting with incident waves are
often present in recorded wave data from laboratory experiments (Hughes
1993), especially when structures or steep slopes are present. In this la-
boratory study, reflection analysis was performed to provide more accu-
rate incident wave characteristics for numerical modeling.

Goda and Suzuki (1976) developed a separation technique using two gaug-
es separated by an exact distance. The incident and reflected wave com-
ponents were separated using a Fast Fourier Transform. The method de-
veloped by Goda and Suzuki, commonly called the Goda method, is based
on linear wave theory, so nonlinear interactions were excluded. In the
present research, the Goda method was employed with three gauges which
allows for redundancy.

Battjes (1974) found correlation between the Iribarren number, commonly

called the surf similarity parameter, and wave reflection off a beach. The
surf similarity parameter is defined as,

So =T (2-3)

where & is the surf similarity parameter in which the subscript denotes
deepwater conditions, m is the slope of the bottom, and Ho and L, are
deepwater height and wave length, respectively. The reef in the 3D study
consisted of three slopes of 1:4.3, 1:13.6, and 1:6. An average slope of ap-
proximately 1:6.5 was used to calculate the surf similarity parameter.

The Battjes (1974) relationship is expressed as
K, =0.1£2 (2-4)
where Ky is the reflection coefficient.

Seelig and Ahrens (1981) developed the following equation also based on &
for plane slopes, beaches and breakwaters:
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K = (2-5)

in which a and y are empirical coefficients, the values of which are de-
pendent on the reflecting surface such as plane slopes, sandy beaches, or
rubble breakwaters. Values of a =1.0 and y = 6.2 were given for a 1:2.5
slope.

Smith and Kraus (1990) performed laboratory experiments to study wave
breaking over breakpoint bars and artificial reefs. They found that reflec-
tion was weakly dependent on the seaward slope of the bar and independ-
ent of wave steepness. Based on a 1:6.5 slope for the 3D study, Smith and
Kraus estimate a constant Kr-value of 0.15.

Smith and Kraus (1992) re-analyzed the data of Smith and Kraus (1990)
and modified the Seelig and Ahrens (1981) coefficients to apply to beach
slopes having breakpoint bars. The equations to calculate a and y are sole-
ly a function of the breakpoint bar’s shoreward slope. In the case of reefs,
the shoreward slope is approximately zero, and the resulting coefficients
area=0.19and y = 0.23.

Incident and reflected waves were calculated by the Goda method from
water surface elevations recorded at Gauges 4, 5, and 6. Reflection coeffi-
cient, Ky, versus & for all wave conditions and water levels is shown in
Figure 33. Also shown in the figure are the equations of Battjes (1974)
(Equation 2-4), Seelig and Ahrens (1981), (Equation 2-5), and Smith and
Kraus (1992) (Equation 2-5 with modified coefficients). Measured reflec-
tions coefficient do not vary with surf similarity and all values are 21 per-
cent or less, with exception of one point. The outlying point with K, great-
er than 30 percent was likely a result of a faulty gauge in the array.

The equations of Battjes (1974) and Seelig and Ahrens (1981) under pre-
dict K for & > 1 and overpredict K for & > 1.5. The Smith and Kraus
(1992) relationship gives reasonable reflection values, but underpredicts at
lower surf parameters. The constant reflection coefficient predicted by
Smith and Kraus (1990) of 0.15 gives a reasonable, although low, predic-
tion of the data.
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Figure 33. Reflection coefficient as a function of surf similarity parameter

Channel Experiment

Following the experiment with the smooth and rough surfaces, a channel
was cut into the bathymetry at an angle to incident waves (Figure 34). The
channel was 5.5 m long and 0.15 m wide with vertical sides that extended
to the underlying steel platform (0.1-m deep with respect to the mid-water
level). The shoreward end of the channel contained a 1:1 slope which
transitioned to the reef surface.

Two acoustic Doppler velocimeters (ADVs) were placed on the reef to
measure currents; ADV 1 was placed at the midpoint of the channel with
its sampling volume measuring in the center of the channel and ADV 2
was placed near the center of the reef. The ADVs were positioned vertical-
ly at one-third of the water depth from the bottom to measure velocities
that approximated the mean velocities (Hamilton, et al. 2001). Both ADVs
were 2-dimensional, side-looking instruments and were sampled at 20 Hz.
Figure 34 shows the two ADV locations, shown as solid circles in relation
to wave gauges placed on the reef, shown as open circles. The model coor-
dinates for the ADVs are given in Table 4. Wave and velocity measure-
ments were taken for the highest wave height for each wave period at the
mid-water level, and for all wave conditions at the high-water level exclud-
ing the highest waves for the 2.3-sec and 2.8-sec periods.
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Figure 34. Location of channel and ADVs during channel experiment

Table 4. SWIMS 3D Reef ADV Locations (see Figure 7 for coordinate system)

ADV x (M) y (m)
1 31.24 7.73
2 31.85 6.10

Measurements were made for selected conditions in Table 2 at the mid-
and high-water levels. Tests with the channel included the highest waves
for each period at the mid-water level and all wave conditions at the high
water level except for the highest wave at the 1.4-, 2.3- and 2.8-sec wave
periods.

Appendix C contains figures generated from the channel experiment,
which include wave height transformation, rose plots of currents taken
from the ADVs, and alongshore current plots. The following paragraphs
discuss selected figures from the channel experiment.
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Centerline Hmo and # from the channel experiment are plotted with dis-
tance from the wave generator in Figures C1 to C17 and Figures 35 to 38
for select tests. Data collected from the rough surface tests without the
channel are shown in the figures for comparison (although both surfaces
were rough, references to the rough surface tests imply no channel was in-
stalled). Also plotted are initial water levels and reef bathymetry (scaled
down by a factor of 10) for reference. The figures include the highest
waves generated for 1.0- and 2.8-sec periods at the mid-water level and
1.0- and 2.3-sec at the high-water level for the channel and rough cases.
Despite identical input wave signals, the incident wave height generated
during the channel test with the 2.8-sec wave at high water was much low-
er than the incident heights with the rough condition. Therefore, the
2.3-sec wave was selected to provide a better comparison for discussion.
The figures show that wave transformation is similar with and without the
channel. The 1.0-sec period incident wave height with the channel is
slightly lower than the rough surface test height at the mid-water level, but
wave heights at breaking and in the surf zone are comparable (Figure 35).
Figure 36 shows that Hmo with 2.8-sec waves at mid water are similar be-
tween the two cases, with the exception to waves immediately offshore of
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Figure 35. Wave transformation for 1-sec, 0.1-m waves at mid water
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Figure 38. Wave transformation for 2.3-sec, 0.16-m waves at high water

breaking, where heights are slightly higher as the waves approach the
break point with the channel in place. Little variation is seen between
wave heights for 1.0-sec waves at high water between the channel and non-
channel tests (Figure 37). However, 2.3-sec waves measured with the
channel installed are higher than the rough surface test waves directly off-
shore of breaking (Figure 38).

Wave height comparisons between the channel and rough surface tests
showed similar trends as observed in Figures 35 to 38. Wave heights were
similar between the two tests, but longer-period waves and higher incident
waves generally showed greater heights in the shoaling region directly off-
shore of breaking with the channel.

Rose plots showing velocities from the ADVs are presented in Figures C18
to C34 and in Figures 39 to 42 for the same conditions discussed for wave
transformation. The rose plots represent cumulative velocity by direction.
Each 20-Hz velocity measurement was separated into 20 directional bins

and the velocities were summed by bin. The origin of the rose-plot figures
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Figure 41. Current rose patterns for 1-sec, 0.1-m waves at high water
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is the lower offshore corner of the acrylic reef and shoreward to the right.
For ease of discussion, the lower part of the figure will be referred to as
downdrift, with updrift toward upper alongshore locations.

The figures show that currents in the channel are, expectedly, mainly bi-
directional in the direction of the channel but with a net flow directed off-
shore. Figure 39 shows cumulative velocities at ADV 2 are mostly offshore
directed, but also are skewed downdrift for the 1.0-sec wave condition at
mid water. Velocities at ADV 2 with the 2.8-sec wave at mid water also
show slight net flows offshore and downdrift, but the rose plot is more
symmetrical in the onshore-offshore direction than the 1.0-sec wave at the
same water level (Figure 40). Velocities at ADV 2 with the 1.0-sec wave
condition at high water show a strong offshore net flow and a net
downdrift velocity (Figure 41). Figure 42 shows that, like the 2.8-sec wave
at mid water, onshore-offshore velocities are nearly equal at ADV 2 with
the 2.3-sec waves, but longshore velocities are directed downdrift.

The rose plots show that cumulative velocities in the channel were directed
offshore. It is possible that the offshore-directed velocities in the channel
led to increased height on waves as they approached breaking through
wave-current interaction. It is interesting that currents on the reef have a
downdrift tendency with shore-normal incident waves. Reef elevations
were unintentionally constructed higher on the “updrift” portion of the
reef due to anomalies of the underlying steel platform, which may have
produced a downdrift water surface gradient. Shorter periods produced a
strong net offshore-directed flow at ADV 2, whereas onshore-offshore di-
rected currents were more balanced with longer periods.

Figures of Hmo and # measured at the alongshore reef gauges (Gauges 12
through 16) for the channel and rough surface conditions are given in Fig-
ures C35to C51. For reference, the figures include the initial water level
and measured bathymetry elevations reduced by a factor of 10 at the gauge
locations.

Alongshore wave heights measured with the channel installed are present-
ed for discussion in Figures 43 to 46 for the same wave conditions dis-
cussed previously in this section. Wave heights with the rough surface also
are plotted to provide a comparison with the channel condition. Wave
heights generally are comparable between the channel and rough surface
condition, except at Gauge 15 (alongshore location ~ 8 m), where height is
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Figure 43. Alongshore wave heights for 1-sec, 0.1-m waves at mid water
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Figure 44. Alongshore wave heights for 2.8-sec, 0.12-m waves at mid water
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consistently lower with the channel condition. Gauge 15 was located next
to the channel, where the influence of deeper water probably affected the
heights at Gauge 15. Variability in heights between the two conditions also
is evident at other locations, particularly for the shorter period tests (Fig-
ures 43 and 45), but most of the differences are slight and within meas-
urement error. Wave setup is very similar for channel and rough surface
tests for all conditions.
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3 Two-Dimensional Physical Model
Experiments

This chapter describes the design and construction of the two-dimensional
reef experiments, which included a duplicate cross-shore section from the
three-dimensional experiment. The purpose of these experiments was to
obtain wave, setup and runup data over an idealized reef for a range of
wave heights, periods, water levels and reef roughnesses with minimized
three-dimensional effects.

Test Facilities and Equipment

Two-dimensional experiments were performed in a 45.7-m long, 0.91-m
wide, and 0.91-m deep wave tank. The bottom configuration of the wave
tank included an 11-m horizontal bottom, a 3.4-m long section at a 1:20
slope, and a 21.6-m long section at a 1:100 slope.

An electronically controlled hydraulic system controlled the position of a
piston-type wave board and produced waves by periodic motion of the
board. Displacement of the wave board was controlled by a command
signal transmitted to the board by computer. A TMA shallow-water wave
spectrum (Bouws et al. 1985) with a gamma value of 3.3 was used to define
the spectral shape in the command signal for all wave conditions.

Model Design

A 0.61-m wide cross-shore section of the three-dimensional acrylic reef
was duplicated and installed in the wave tank as the reef surface. It was
desired to choose a section of the 3D reef that had uniform alongshore
contours, yet was near the center of the reef to allow comparison of wave
heights with the 3D model. The area chosen is shown in Figure 47, of
which the longshore edges ranged between 1.22 and 1.83 m from the 3D
model centerline.

Fronting slopes of reefs are much steeper than the slopes that were present
in the 2D tank, and it was desired that the waves encounter the reef slope
without influence of the gentler slopes. Therefore, the reef was construct-
ed so that the crest of the offshore slope was positioned over the toe of the
initial flume slope. Experiments were conducted with two reef-front
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Figure 47. Area of bathymetry installed in 2D flume

slopes, 1:2.5 and 1:5. The reef was designed to allow installation and re-
moval of 1:5 slope without removing the 1:2.5 slope. The toe of the reef
was located 9.26 m and 10.15 m from the wave board for the 1:5 and 1:2.5
slopes, respectively. The reef crest was 11.0 m from the wave board and
the reef shelf extended 7.3 m shoreward, where a 1:10 foreshore slope was
constructed. Figure 48 shows side and plan views of the reef and wave
gauges in the 2D wave tank.

A wall was installed to divide the flume horizontally into 0.61 and 0.30 m
sections, and extended from the toe of the reef slope to the top of the 1:10
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Figure 48. Sketch of 2D wave flume and reef

foreshore slope. The acrylic reef surface was placed in the 0.61 m wide
section and rubberized absorber was placed in the 0.30-m-wide section.

Installation of the 2D reef surface differed from the 3D, which was at-
tached to legs that were attached to the underlying surface. In the 2D ex-
periments, a flat marine plywood floor was constructed above the concrete
slope. The floor sides were sealed to the glass and dividing walls to pre-
vent motion from wave action or buoyancy. The acrylic sections were
mounted on 0.005- by 0.01-m wood cross-sectional pieces attached every
0.61 m along the plywood floor. Each cross-sectional piece was adjusted to
an elevation that would maintain a smooth surface between acrylic sec-
tions. The acrylic sections were sealed to the cross-section pieces, the di-
viding wall, glass wall and each other with silicone.

The same procedure used in the 3D tests was employed to compare reef
roughness. Initial tests were performed with the bathymetry unpainted to
provide a smooth surface. Following the smooth-surface experiments, the
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panels were roughened by applying paint mixed with the roughening agent
used in the 3D experiment (dso ~0.33 mm).

Wave and Water Level Conditions

Waves generated in the 2D flume were similar to the conditions generated
in the 3D basin. The experiments were performed at a 1:50 scale with tar-
get periods ranging from 7 to 20 sec for the maximum wave height the
wave generator could produce at each period. Waves were generated for
three water levels, representing low- , mid-, and high-tide conditions. The
water line of the mid-tide water level coincided with the base of the 1:10
foreshore slope and the shoreward end of the reef.

Two data sets were collected in the flume. The first data set was a collabo-
ration of ERDC and the University of Florida (UF) to measure unidirec-
tional waves and currents over steep slopes characteristic of reef environ-
ments. A description of the tests and wave transformation figures are
given in Appendix D. Following the UF experiments, the design waves
shown in Table 5 were generated for both smooth and rough reef bathyme-
try with 1:2.5 and 1:5 reef slopes. The table lists values in prototype units
with model units in parenthesis.

Water surface elevations were measured with twelve capacitance-type
gauges sampled at 20 Hz. Gauges 1 through 3 were located seaward of the
reef and positioned to measure wave reflection by the method of Goda and
Suzuki (1977). Positions of Gauges 4 through 6 varied depending on the
reef slope installed to capture wave heights in the breaking region. Gauge
4 was positioned immediately seaward of the reef toe, Gauge 5 at mid-
slope of the reef slope, and Gauge 6 midway between Gauge 5 and the reef
crest. Gauges 7 through 12 were placed on the reef, with Gauge 7 located at
the reef crest and the remaining gauges spaced at increasingly greater dis-
tances. Gauge locations for both slopes are listed in Table 6.

A 2-m long capacitance wire runup gauge was installed on the centerline of
the foreshore slope. The gauge was positioned with the bottom at the base

of the slope with the length extending 2 m up the slope. Because the gauge
was placed on the slope, it was required to convert the runup gauge values

from distance along the 1:10 slope to vertical elevations.
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Table 5. SWIMS 2D Reef Design Wave Conditions in Prototype, m (Model, m)

h=20.8 m (0.415 m) h=21.9 m (0.439 m) h=24.5 m (0.490 m)
sZc i i Hi
m (m) m (m) m (m)
7 (1.0) 4.2 (0.084) 3.9(0.079) 4.1 (0.081)
7 (1.0) 5.2 (0.103) 5.2 (0.104) 5.2 (0.104)
10 (1.4) 4.5 (0.090) 3.8 (0.076) 4.6 (0.091)
10 (1.4) 5.7 (0.115) 6.0 (0.121) 6.1 (0.122)
10 (1.4) 6.9 (0.137) 6.8 (0.137) 6.9 (0.138)
13 (1.8) 5.5 (0.110) 4.4 (0.088) 4.6 (0.092)
13 (1.8) 6.1 (0.122) 6.0 (0.120) 6.1 (0.122)
13 (1.8) 7.5 (0.149) 7.5 (0.149) 7.7 (0.154)
16 (2.3) 5.5 (0.109) 4.6 (0.091) 4.6 (0.092)
16 (2.3) 6.1 (0.122) 6.0 (0.120) 6.1 (0.122)
16 (2.3) 7.6 (0.152) 7.7 (0.155) 7.7 (0.155)
20 (2.3) 5.2 (0.104) 4.2 (0.084) 4.4 (0.088)
20 (2.8) 6.2 (0.124) 6.0 (0.120) 6.1 (0.122)
20 (2.8) 8.0 (0.160) 6.9 (0.138) 8.0 (0.160)
20 (2.8) - 8.0 (0.160) -
Values in parenthesis refer to values in model seconds and meters

Table 6. SWIMS 2D Reef Wave Gauge Locations

Distance from Wavemaker (m)
Gauge 1:2.5 slope 1:5 slope

1 4.82 4.82
2 5.13 5.13
3 5.74 5.74
4 9.72 8.77
5 10.64 10.19
6 10.84 10.63
7 11.02 11.02
8 11.35 11.35
9 11.66 11.66
10 12.83 12.83
11 14.68 14.68
12 17.73 17.73
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Test Procedures

Wave gauges were calibrated daily before performing experiments. For
the mid- and low-water levels, some gauges that were positioned on the
reef had insufficient depth to perform a calibration. Under these circum-
stances, the last calibration obtained at the high-water level was applied
for these gauges. At a minimum, all gauges were calibrated once per week,
which required raising the water level to high water, performing wave
gauge calibration, and then lowering the water to the desired level to per-
form experiments. On days that calibration was skipped for gauges on the
reef, a previously tested wave condition was generated and the results
were compared to the previous run. Waves shoaled on the reef slope, and
wave heights were high in comparison to the local water depth. Conse-
quently, the calibration ranges necessary to capture wave heights on and
immediately shoreward of the reef slope were greater than the local water
depths. Therefore, Gauges 4 through 8 were calibrated in the flat portion
of the wave tank and moved to position prior to tests.

Prior to each run of a test case, the water level of the basin was checked
and adjusted as needed. Water level could be adjusted to within 0.03 cm
of the target value. The desired wave condition file was selected on the
control computer and waves were started. Each time series was 20-min.
Data collection was synchronized with the start of the wave generator and
ended at the conclusion of the wave time series.

The experiments also were documented through photos and video taken
from the side of the wave tank near breaking and along the reef surface.

Results

Excluding the UF experiment, data were collected for a total of 172 runs,
which include 43 runs on each reef surface and reef slope configuration.
This section includes results from the wave and runup gauges, including
presentation of wave transformation, analysis of spectral transformation,
wave setup, runup and reflection.

Wave Height Transformation

Figures of Hmo and » measured in the flume are plotted with distance from
the wave generator in Appendix E. Data collected for both the smooth and
rough surfaces are shown for each wave and water level condition. Initial



DRAFT ERDC/CHL TR-12-XX 75

water level and reef bathymetry also are presented as a reference, but both
are scaled down by a factor of 10 for the plot.

The initial water level for the low-water experiments was lower than the
elevations of Wave Gauge 12 and the runup gauge, i.e., the gauges were out
of the water at the onset of the test. Mean water levels were adjusted in
the same manner as the 3D experiment: the elevation difference between
the particular gauge and the initial water elevation were added to the rec-
orded measurement.

The highest waves generated for 1.0- and 2.8-sec periods at each water
level for both reef surfaces are provided in Figures 49 to 54 for the 1:2.5
slope and Figures 55 to 60 for the 1:5 slope. The 1.0-sec period waves with
the 1 0n 2.5 slope (Figures 49, 51, and 53) remained relatively constant
and showed slight shoaling leading to breaking. A slight decrease in wave
height offshore of the breakpoint also is observed. The 2.8-sec wave
heights (Figures 50, 52, and 54) decreased as they approached the slope,
followed by sizeable shoaling to the breakpoint. At breaking, both the 1.0-
and 2.8-sec waves dissipated rapidly, followed by a moderate decrease in
height across the reef.

Similar wave transformation trends occurred for wave conditions with the
1:5 reef slope. Heights of the 1.0-sec period waves are relatively uniform
between the wavemaker and the breakpoint for all water levels (Figures 55,
57, and 59). Waves broke near the top of the reef slope, and heights de-
creased sharply and propagated over the reef with a moderate decrease in
height. Shoaling was more apparent at the low water level and the plots
indicate that the shorter period waves were less effected by the reef slope,
and didn’t shoal appreciably until shallower water was encountered at the
top of the slope. Conversely, the 2.8-sec waves (Figures 56, 58, and 60)
shoaled significantly over the reef slope, broke with a sharp decrease in
height, and propagated over the reef with a more moderate decrease in
height. Figures 56 and 59 indicate a subtle height decrease immediately
offshore of the reef slope, which was observed in many of the 3D experi-
ments. Also, heights varied at Gauge 3 during the smooth reef tests with
the 1:5 slope and the measurement is suspect. However, measurements at
the gauge look reasonable for experiments performed on the 1:2.5 slope.

Wave heights were similar over the reef bathymetry between the smooth
and rough surfaces. Differences between smooth and rough wave heights
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Figure 49. Wave transformation for 1-sec, 0.1 m waves at low water with a 1:25 reef slope
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Figure 51. Wave transformation for 1-sec, 0.1 m waves at mid water with a 1:25 reef slope
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slope



DRAFT ERDC/CHL TR-12-XX

Tp=n995e~: Hyg =011 m h=048m

0.25 : - : : - : ' - - .
O I-I:Msmoalhi
s H_ Rough
0l n] n Smeath |
; X qRough |
0ASF
E
i
%4
o1 o &
i o
| 3
o
g L~
005t L~ 0
Q
of . a8~
005 I A L | i L
a 2 4 L] ] 10 12 14 16 18 20

Distance from Wawve Maker (m)

Figure 53. Wave transformation for 1-sec, 0.11 m waves at high water with a 1:25 reef slope
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Figure 54. Wave transformation for 2.8-sec, 0.16 m waves at high water with a 1:25 reef
slope
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Figure 55. Wave transformation for 1-sec, 0.1 m waves at low water with a 1:5 reef slope
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Figure 56. Wave transformation for 2.8-sec, 0.15 m waves at low water with a 1:5 reef slope
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Figure 57. Wave transformation for 1-sec, 0.1 m waves at mid water with a 1:5 reef slope
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Figure 58. Wave transformation for 2.8-sec, 0.15 m waves at mid water with a 1:5 reef slope
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Figure 59. Wave transformation for 1-sec, 0.1 m waves at high water with a 1:5 reef slope
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Figure 60. Wave transformation for 2.8-sec, 0.16 m waves at high water with a 1:5 reef slope
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are generally small and within measurement error, and no consistent
trend was found to show that the roughness applied to the reef had a sig-
nificant influence on wave height. As was stated in the 3D section of this
report, this does not imply that roughness does not affect wave height, but
the roughness selected for the present experiment did not have significant
influence on heights.

Comparisons of zero-moment wave heights for the two reef slopes are
shown in Figures 61 through 66 for the previously discussed wave condi-
tions with the roughened reef surface. The bottom elevations are plotted
for reference. It should be noted that Gauges 4 through 6 for the 1:2.5
slope tests are positioned shoreward of the 1:5 slope locations (Table 6).
As a result, the location of Gauge 5 for the 1:2.5 slope tests (10.64 m) is ap-
proximately the same location as Gauge 6 for the 1:5 slope tests (10.63 m).
This location was used to compare waves between slopes near breaking.
For low- and mid-water tests, 1.0-sec waves show consistent wave heights
offshore of the reef slope with slightly higher waves near breaking for the
1:5 slope (Figures 61 and 63). Wave heights are similar shoreward of
breaking but are generally higher with the 1:2.5 slope. Wave heights are
very similar throughout the flume between the two slopes for 1.0-sec
waves at high water with exception at breaking, where heights with the
1:2.5 slope are slightly higher (Figure 65).

Differences between heights are more apparent with the 2.8-sec waves,
particularly for the low- and mid-water tests (Figures 62 and 64). Waves
are slightly higher near breaking in the outer surf zone for the 1:2.5 slope.
Wave heights remain higher in the inner surf zone for the 1:2.5 slope, but
appear to converge with heights on the 1:5 slope. A similar trend is shown
at the high water level (Figure 66), but differences between heights are
less. Also, the first three gauges measure higher waves with the 1:2.5
slope, which may be due to reflection from the steeper reef slope.

The breaking wave height to depth ratio for the 2.8-sec waves is large; ra-
tios range from 0.85 to 1.5, which is much higher than that expected on
sandy coastlines. Breaking wave height is influenced by several factors,
particularly wave period and bottom slope. Larger breaking wave height
to depth ratios generally occur for longer periods and steeper slopes.
Therefore, a higher breaker height would be expected with the 2.8-sec
wave than the 1.0-sec wave. The present experiments simulated shallow
fringing reefs that transition from deeper ocean depths over a relatively
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Figure 61. Wave transformation comparison between reef slopes for 1-sec, 0.1 m waves at

low water with rough reef surface
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Figure 62. Wave transformation comparison between reef slopes for 2.8-sec, 0.15 m waves

at low water with rough reef surface
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