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EXECUTIVE SUMMARY

A 1:60 scale model of a portion of the St. Joseph Harbor was constructed in order to
perform scale model tests to determine the response to waves generated on Lake
Michigan. The model reproduced the geometry and the bathymetry of a significant
portion the harbor including the entrance channel exiting to Lake Michigan. The purpose
of the physical hydraulic model study was to determine whether three proposed options
for the construction of the boundary between the proposed Lighthouse Marina and the
existing navigation channel for the St. Joseph Harbor would result in an unacceptable
increase in wave activity that would adversely impact use of the navigation channel. In
order to make this determination, the existing harbor configuration was reproduced in the
model as well as each of the three proposed options. Wave heights at selected locations
were measured in the existing configuration as well as for each of the proposed
modifications in order to determine changes in wave climate within the harbor associated
with the implementation of the Lighthouse Marina project.

Wave observations within St. Joseph Harbor were made during several storms. These
observations consisted of estimating water surface elevation changes at selected locations
around the harbor perimeter. The model response for one of the wave configurations was
compared to observations within the harbor during a storm on September 19, 2003 and
consistent behavior was noted in the model and actual harbors.

Existing information on wave climatology was reviewed to select representative wave
conditions to be used in the testing. Locations for measuring wave response were
selected in consultation with the Detroit District of the U.S. Army Corps of Engineers.
The primary testing was performed for lake levels that are consistent with existing depths
in the navigation channel and the harbor response to incident waves with three different
periods and two wave directions was measured at up to 14 different discrete locations.
Additional, more limited testing was performed for some of the same wave conditions at
four foot greater water levels and also for one of the options in conjunction with a
proposed modification to the U.S. Coast Guard breakwater location across the navigation
channel from the proposed Lighthouse Marina.

Based on several metrics that compare the wave response with the proposed
modifications in place to the corresponding existing condition (i.e. at the same water
depth, wave period and direction), the following conclusions are obtained:

e The various options tested indicate at most a less than ten percent increase wave
activity within the harbor when assessed on the basis of an Overall Harbor
Response which is basically a weighted average wave height ratio for all model
measurement locations. Over half the individual configurations tested at the low
water level condition actually indicate a decrease in wave activity when assessed
by this metric;

e Any one of the three options should be acceptable considering the objective of not
producing a significant increase in wave activity.



Among the three options, Options 2 and 3 produced somewhat more favorable
wave conditions than Option 1. No significant difference could be detected
between Options 2 and 3.

In terms of individual locations within the harbor, a particular wave configuration
may indicate a significant increase in wave height but other wave configurations
may then demonstrate a decrease or only nominal increase in wave height. Based
on these findings, there is no indication that adverse wave conditions in the
navigation channel will result as a consequence of the Lighthouse Marina
development/

Increasing the water level within the harbor by four feet did not produce a
detectable increase in wave height ratios.

A possible modification to the U.S. Coast Guard breakwater across the navigation
channel from the Lighthouse Marina development was incorporated into the
model and tested in conjunction with the proposed Option 3. The results from the
two modifications are not materially different than alternatives that consider the
implementation of only one of the alternatives. Therefore, the execution of both
projects will not result in an increase in adverse wave conditions with the St.
Joseph Harbor. A more limited set of measurements for one wave configuration
only indicates that increasing the height of the U.S. Coast Guard breakwater will
not adversely increase wave heights in the navigation channel.



INTRODUCTION

A modification to the St. Joseph River channel entrance into Lake Michigan is proposed
as part of the proposed Lighthouse Marina development adjacent to the existing
Waterfront Marina. The current channel entrance configuration consists of a pair of
parallel jetties approximately 1750 feet long projecting into Lake Michigan at about a
280 degree azimuth. There is a change in jetty orientation and narrowing of the channel
width roughly at the shoreline. The jetty on the south side of the channel entrance
extends another 800 feet with steel sheet pile construction followed by a section that is
recessed shoreward from the sheet pile walls. This area is composed of deteriorated
structures with more recent armor (both stone and concrete blocks) that have been placed
to prevent further erosion Figures 1-3 are images of the current state of this area. This
area is where the Lighthouse Marina development is proposed and this area would be
replaced by a marina separated from the main channel by a sheet pile wall fronted by
armor stone to mitigate local wave activity. There is also a breakwater section on the
opposite side of the channel protecting U.S. Coast Guard facilities. Modifications have
also been proposed to this breakwater. The satellite photograph in Figure 4 provides an
overview of the Saint Joseph Harbor area while a more detailed aerial photograph in
Figure 5 indicates the area included in the model study.

Concerns have been raised regarding the possibility that modifications to the harbor will
result in an increase in wave activity within the harbor entrance channel, specifically with
regards to possible effects on small craft traversing the entrance channel. A physical
model of the relevant portion of the harbor was constructed and tested to measure wave
heights at selected locations within the harbor subject to incident waves of various
periods and directions. Once the response of the existing harbor was quantified,
additional testing was performed to examine changes in harbor response for three
proposed alternatives associated with the Lighthouse Marina development for the same
wave conditions. Finally, testing was conducted for a case in which a proposed
alternative for the Lighthouse Marina development along with a proposed modification to
the U.S. Coast Guard breakwater were both implemented in the model. This report
presents a description of the testing program as well as the measurement results.
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Figure 1. View of Lighthouse Marina area looking from about middle of project
towards the east.
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Figure 2. View of Lighthouse Marina area looking eastward from Corps of Engineers
seawall towards the Waterfront Marina entrance.
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Figure 3. View of Lighthouse Marina area looking westward towards Corps of
Engineers seawall.



Figure 4. . Satellite Image of St. Joseph Harbor area.



Figure 5. Aerial Photograph of St. Joseph Harbor



GENERAL SYSTEM DETAIL

The channel between the two offshore jetties is aligned at an angle of about 280 degrees
such that waves from just north of west can enter the harbor directly down the entrance
channel. The northern jetty extends further offshore than the southern one, providing
some protection from waves coming from a more northerly direction. The harbor
entrance channel is approximately 315 ft wide at its offshore end and narrows down to a
width of 250 ft onshore of the alignment change (Refer to Figure 5). This narrowing of
the entrance channel along with the alignment change will result in a local increase in
wave heights, particularly along the north jetty for waves arriving from the west, due to a
combination of wave reflection and focusing. The entrance channel width increases to
the north beyond the U.S. Coast Guard station, providing a mechanism for reduction in
wave amplitudes as the waves diffract into the greater opening beyond that location. The
breakwater in front of the Coast Guard station as well as the stone covered area across the
entrance channel will also dissipate some wave energy. Further back into the harbor,
there are other armor stone emplacements including:

e Armor stone in front of the sheet pile wall forming the boundary between the
Waterfront Marina and the main channel;

e Armor stone along the edge of the railroad north of the main channel;

e Short breakwater sections on either side of the entrance to the West Basin
Marina.

Each of these sections will serve to provide some level of wave energy dissipation. A
general reduction in wave amplitude along the entrance channel is thus expected and will
depend on the direction of the incident waves.

The following documents were obtained for defining the existing conditions in the

harbor:

e 2002 USACE bathymetric drawings for the St. Joseph River entrance
e USACE design drawings for the USCG Station breakwater

e USACE design drawings for the harbor steel sheet pile sections

e Design drawings for the West Basin marina breakwaters

e Aecrial images of the project area

The following were obtained by The Abonmarche Group for the modeling

construction and calibration of the model:
e Bathymetric survey of the channel

e Numerous site inspections

¢ Land survey of proposed marina basin area
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The entrance channel is maintained at navigational depths by periodic dredging by the
U.S. Army Corps of Engineers. Channel depths on the order of 22 to 25 feet relative to
low water datum (577.5 ft, 1985 International Great Lakes Datum) currently exist
throughout the navigational channel. Water depths are significantly decreased away from
the navigational channel and are on the order of 6-8 feet in the vicinity of the entrances to
the Waterfront and the West Basin Marinas. A bathymetric survey was performed by ACI
in August 2003, and providing updated information on the existing water depths in the
project area.

The St. Joseph River flows through the harbor and out the entrance channel into Lake
Michigan. Data on river discharge statistics is available through the U.S. Geological
Survey primarily through the gauging station at Niles, Michigan (Station 04101500) with
more limited information available at the river mouth (Station 04102533). Discharge
data from the second station is only available for a nineteen month period in 1994 and
1995 with a more extensive record available for the first station. The long term average
discharge for the Niles gauging station is 3447 cubic feet per second (cfs) as reported in
USGS (2002). The ratio between the flows at St. Joseph and Niles for the nineteen
month period of common record is 1.30 yielding an estimate for a long term average flow
rate through the channel entrance of 4500 cfs. With a channel width of approximately
250 feet and a water depth of 25 ft, this discharge will produce a mean current on the
order of 0.7 ft/s, generally much less than wave induced horizontal velocities.

Two different projects in the harbor have been proposed. One involves completing a
condominium/small craft marina project on the south side of the entrance channel
immediately to the east of the current Corps of Engineers sheet pile wall. This project
basically calls for placing a marina in the area where the current dilapidated structure and
armor stone is located in Figs. 1-3. This would involve an extension of the sheet piling
from the current wall eastwards to the entrance to the Waterfront Marina. The second
proposed project involves some modification to the U.S. Coast Guard breakwater in an
attempt to reduce wave activity in the area of their berthing slips. In general, an extension
of the existing breakwater is the alternative being considered.

WIND AND WAVE CLIMATOLOGY

In order to accurately characterize the nearshore climatology, long-term statistics were
reviewed for defining representative wind and wave data at the project location.
Summarized wind and wave data for Lake Michigan from NOAA buoy 45007, known or
recorded observations within the harbor, and the Benton Harbor airport weather station
have provided the basis for characterizing the site climatology.

The USACE Coastal Engineering Research Center Wave Information Study for the Great
Lakes (Hubertz et al., 1991) provides the most reliable and up-to-date summary of wave
statistics for Lake Michigan. This data is based on a 32-year hind-cast of conditions
analyzed from meteorological observations at various sites around Lake Michigan. The
annual statistics provide the mean wave height and period, maximum wave height, and
percent frequency of occurrence. The information is presented in two formats, one with
wave statistics through forty-five degree angle sectors and a second with the same data
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resolved into 22.5 degree sectors. Table 1 summarizes the 32-year hind-cast conditions
for 22.5 degree sectors for the St. Joseph area (corresponding to Station 59 in the study).
Figure 6 presents the wave direction percentage of occurrence and the mean significant
wave height direction for 45 degree sectors. The percent of occurrence of events for each
direction is represented on the outside of the circle in the small “pie” pieces. The
concentric circles indicate the percentile of wave occurrence. Based on Figure 6, the
majority of the waves come from the southwest at 225 degrees, the occurrence frequency
of waves coming from that direction is 22% (through the 45 degree sector centered on
225 degrees) , distributed as shown in Table 2. The larger events represent only ten
percent of waves, with heights equal to or larger than 5 ft. In addition, from all directions,
the mean wave height will be 2.6 ft. and the mean peak period will be 3.9 s. The highest
waves will occur during the months of November through February with a mean height
of 3.28 ft, with possible monthly highest waves of 12 ft and periods associated as large as
10s. The harbor will not normally be in use by small craft during those time periods.

Table 1. Wave Statistics for St. Joseph Area

Wave Mean Largest Mean Frequency
. . Wave [Mean Wave| Peak of
Direction | .. .. s
(degrees) Slgplflcanf Slg_nlflcant Wave Occurrence
Height (m)| Height (m) | Period (s) (%)
0 0.8 4.6 4.4 6.01
22.5 0.6 2.7 4 3.34
45 0.6 2.1 3.8 3.98
67.5 0.5 2 3.4 3.53
20 0.4 1.6 3.1 4.58
112.5 0.5 1.8 3 3.93
135 0.5 1.5 3.1 3.65
157.5 0.5 1.5 3.1 3.07
180 0.4 1.9 3 3.71
202.5 0.6 2.8 3.3 7.80
225 0.8 4.2 4 14.16
247.5 0.9 4.1 4.2 8.98
270 0.9 4.9 4.3 8.42
292.5 i 4.9 4.4 9.27
315 1.2 6.3 4.8 2.51
337.5 i 6.1 4.7 6.03
All All
Largest Most Directions Largest Directions
Wave Frg qugnt Mean Wavge| .. Wgy © | Mean Peak
. Direction | ..~ .. Significant .
Period (s) (Deg.) Significant Height (m) Wave Period
) Height (m) (s)
10 225 0.8 6.3 3.9
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Table 2. Wave height frequency distributions for waves propagating from 45 degree
sector centered on 225 degrees. Station M59 Lake Michigan.

Percent of occurrence | Wave Height (ft)
35 0-1.3
35 1.6-3.0
20 3.26 - 4.60
8 4.92 -6.23
2 6.56 - greater

STATION S8
42.08N, B86.58 W
93504 CAsES

OVER 2.0 1
2.5-2.9 1

2.0"2.4 1

1.5~1.9 1

1.0-1.4 1

0.5-0.8 1

0.0-C.4 1

Figure 6. Wave Rose Diagram for Station M59, Saint Joseph Harbor vicinity (from
WIS, 1991).

As can be seen from the table data and Figure 6, the most frequent direction of the waves
is from the south and west quadrants, between 180 and 270 degrees (approximately 35 %
of the total). The largest frequency of occurrence is recorded for the 225 degree direction
(accounting for approximately 13% of the total if resolved into 22.5 degree sectors). The
larger wave heights are produced by the waves from the north and northwest quadrants,

between 270 and 360 degrees (approximately 30% of the total), as the fetch is the largest
from these quadrants.
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The current orientation of the harbor protects the boats inside the harbor against some of
the destructive wave action for waves arriving from the northwest. However, it 1s
expected that waves arriving from the southwest to west directions may result in a
significant amount of wave energy entering the harbor.

The NOAA buoy station 45007 located in Lake Michigan provided both wind and wave
data for the study. This buoy has long-term recorded data tor the wind direction and
speed, wave characteristics, and other parameters including air and water temperature. It
was determined that the wind speed 1s greatest during the months of November and
December, see Figure 7. The average annual wind speed 1s 10.3 knots, while the
recorded annual speed for the Benton Harbor airport weather station 1s 10.15 knots. The
maximum recorded wind speed 1s 41.2 knots, with a maximum peak gust of 53.8 knots.
The monthly wind averages have a predominant direction from the south and west
quadrants. The water waves propagate to the shoreline from these directions
approximately 43% of the time, so the correspondence between frequency of wave and
wind directions 1s fairly good.
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Figure 7. Long-Term Monthly Wind Speed (Buoy 45007)
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Three significant storm events were observed in the harbor area by Dan Veriotti of
Abonmarche: September 19, October 15, and November 13, 2003. The wave heights at
various locations of the harbor were estimated based on visual observations, photographs
taken and videotaping performed during the storm events. The NOAA buoy data
provided the deep-water significant wave heights and dominant periods, wind direction
and speed. The Benton Harbor airport weather station data recording wind direction and
speed were also checked for accuracy of the buoy data.

Table 3 presents a summary of the recorded storm events data. Observations are
summarized at 7 locations: entrance channel (1), mid-section between entrance channel
and USCG Station (2), in the vicinity of the USCG Station (3), at the proposed marina
location (4), at the West Basin marina entrance (5), at the Waterfront marina entrance (6),
and at the railroad crossing portion of the channel (7). The wave heights reported are
representative of the majority of the wave heights propagating in the channel at the
specified locations. Where possible, scaled markings (lines) were painted on vertical
surfaces such as steel sheet piling prior to the storms for a better scaling of the wave
heights. The general trend is for wave heights to decrease from heights on the order of 6-
8 feet near the offshore entrance to the harbor entrance channel to heights of only 1-2 feet
farther back in the harbor.
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Table 3. Recorded Storm Data

Location Date Wind Speed Wind Wind Gust Wave Wave
(Knts) Direction (Knts) Period (s) | Height (F1)
Lake 9/19/2003 21 W (280) 25 6 5.6
Michigan 10/15/2003 27 NW 33 o) 8.2
Buoy 11/13/2003 31 WNW (300) 37 8 13.8
9/19/2003 16 WNW (290) 22 - -
Benton
. 9/19/2003 2] - 29 - -
Harbor Ao /1 3/2003 2] i 35 i i
Area Wave [Wave Height
storm Event | N0 | period ) | (FB) ¢
] 6 (5-6)
2 6 (6-7)
3 6 3-4)
(©/19/03) 4 - (2-3)
5 (1-2)
6 - (1-2)
7 - (O-1)
] 6 (6-7)
2 6 (7-8)
3 6 4-5)
(10/15/03) 4 - 2-3)
5 - (1-2)
o) - (1-2)
7 - (1-2)
| 7 (8-9)
2 7 (8-9)
3 7 6-6)
(11/13/03) 4 - 2-3)
5 - (2-3)
o) - (1-2)
7 - (1-2)
MODEL DESCRIPTION
Modeling Criteria

Physical models to examine flow behavior in free surface flow are performed using
Froude number similarity, which fixes the relations between model and prototype

conditions once the physical model scale has been selected. Dynamic similarity requires
keeping all Froude numbers defined by V/(gL)!/2 equal in the model and prototype,
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where V refers to any representative fluid velocity, g the acceleration due to gravity, and
L is any system length. The relations between prototype and model parameters are
related to the scale ratio L, which is the geometric ratio between any length in the model

and the corresponding one in the prototype (L, = Lengthyqe1 / Lengthyototype). For a

Froude scaled model, assuming the same fluid in model and prototype, the following
relations must hold in which the ratio Q, , for example, represents the ratio of the model

flow rate to the corresponding prototype flow rate:

PARAMETER RATIO
Length L, L,
Velocity A\ L, 172
Discharge Q, |
Time T, L,

The critical factors with respect to model testing facilities are the model size and
discharge. If the scale ratio is too small, both viscous effects and surface tension may
become too great in the model. This consideration generally fixes the minimum model
size required to avoid distortion of the model flow. An additional consideration with
small scale wave phenomena is the ability to accurately measure wave heights. With
these considerations in mind, a decision was made to construct the model at a 1:60 scale
of the prototype harbor. In order to construct this model scale within the space
constraints of the existing wave basin, it was possible to model approximately 1800 feet
of the entrance channel extending from the location where the railroad crosses the
channel to offshore of the location where the jetties change their alignment. Figure 8
indicates the model project outline. In this configuration, the entrance to the Waterfront
marina, the areas where the proposed construction alternatives are to be implemented and
the wave effects associated with the change in channel width and alignment were
reproduced in the model. The entire Waterfront Marina was reproduced in the model
while only a portion of the West Basin Marina was reproduced. Since only small waves
were to be expected near the entrance to the West Basin Marina, and those entering into
the marina would be scattered in the larger area within, it was not felt to be necessary to
reproduce all detail within this marina. In addition, the model is truncated at the railroad
crossing whereas the actual channel continues further upstream from there. Although the
model was truncated, wave dissipating material (in the form of several rows of
swimming pool lane divider floats) were placed at this location of the model simulating
the effect of the actual waves continuing up the channel by eliminating a reflection off
the back wall of the wave basin.
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Figure 8. Model Project Outline.



The current associated with the St. Joseph River discharge was created by means of a
recirculating pump that withdrew water from a location in the wave basin outside of the
harbor and discharged into the area behind the wave dissipating material at the back of
the harbor. The flow through the wave dissipating material straightened the flow and
made it relatively uniform across the back of the model. This flow then proceeded out
the channel entrance and recirculated back to the pump intake. Some preliminary
experiments were performed without the river flow being simulated, but since it was not
inconvenient to operate the model in this mode, all subsequent experiments were
performed with the river flow even though the experimental results indicate that the
effect of the current on wave heights is negligible. A comparison between a set of wave
height measurements with the river flow and without the river flow is presented in Table
4. The averaged wave height ratios over the different measurement sections show no
significant difference between the two sets of data in terms of the measured wave height.
It should also be noted that these measurements were made early in the testing phase
while experimental procedures were still being developed and individual comparisons
may not be as accurate as subsequent measurements.

Table 4. Effect of River Flow on wave height measurements

EFFECT OF RIVER FLOW ON MEASUREMENTS
RATIO = WITH RIVER FLOW/ WITH OUT RIVER FLOW

PROBES LOCATION
LEFT CENTER |RIGHT MEAN
1 0.98 1.01 1.21 1.05
2 1.23 0.99 0.79 0.99
3 1.14 1.06 0.92 1.04
4 1.00 1.00
Instrumentation

Waves are generated in the model with a plunger type of wave generator. The height of
the plunger is adjustable which allows for flexibility in regulating the wave height. The
wave generator produces monochromatic waves with a period that can be continuously
adjusted. It is useful to continuously vary the incident wave periods over ranges that are
of practical interest (assumed to be on the order of 4-7 seconds for this application) to
identify particular periods that create undesirable wave conditions in the area of interest.
These periods are then subjected to more detailed testing.

A wave probe system was used to measure wave heights in selected locations. These
measurement locations were established in consultation with the U.S. Army Corps of
Engineers, Detroit District and are indicated in Figure 9. Four wave probes were used in
the study, necessitating moving the wave probes between measurements to cover all
these locations. These capacitance type wave probes are used to measure the water
surface displacement at a sampling frequency of 30 samples per second per probe. The
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probes are interfaced via an analog-to-digital conversion board to data analysis software
that computes the mean water level as well as standard deviations of the water surface for
a specified sampling period.

The probes were calibrated prior to the testing and the gain on the individual pre-
amplifiers was adjusted to maximize the sensitivity of the probe response for the range of
wave heights expected to occur at the various sampling locations. Calibration is
performed by recording probe outputs at various water levels within the tank and fitting a
linear relationship to the output voltage versus water depth data. Calibration curves for
each of the probes are presented in Appendix A.

For simple harmonic waves, the standard deviation of the water surface variation is
directly proportional to local wave heights (the wave height as traditionally defined
would be 2.83 times the standard deviation for a pure sinusoidal wave) but for more
complex wave forms that may be created due to interactions with reflected waves, the
standard deviation provides a more accurate and simple way to estimate wave energy.
Carpenter (2001) compared the standard deviation of the water surface to the total energy
content in measured wave spectra for Lake Michigan waves and found a good correlation
between the two. A typical measurement is performed by starting the wave generator
and letting it run until the waves have propagated completely down the entrance channel
and any possible reflections off the energy dissipation material at the back of the model
have propagated back through the model. Under these conditions, a fairly constant wave
height is observed at a given location over time in the model as indicated in a typical
water surface displacement profile displayed in Figure 10. These are presentations of the
same wave record, Figure 10a displaying the complete record while 10b provides more
detail on an intermediate portion of the record. Although these particular wave records
are fairly clean with the waves arriving straight down the channel, others that are
collected at locations where wave reflections create an interaction between two wave
trains present more complex water surface profiles. Also, in some experiments
(particularly at the larger water depths), a beat pattern was sometimes observed at some
locations due to the creation of a partial standing wave system. The beat period of these
waves was on the order of about 10-15 seconds. After some initial experimentation, it
was decided to sample for a 45 second interval (20-25 individual waves) with sampling
starting approximately 30 seconds after switching on the wave generator. The data
acquisition software reports the mean water level as well as the amplitude for the run.
There is often a problem with airborne particulates accumulating on the water surface
and this dirt impacts the wave measurement, appearing as an increase in reported mean
water level and a decrease in wave amplitude. Wave results that exhibited this behavior
were discarded and the probes were cleaned prior to continuing the measurements. The
averages of 4 or 5 individual runs were used to provide average wave amplitudes at each
measurement location. These in turn were scaled up to wave heights by multiplying the
average wave amplitude by the product of the scale ratio (60) and the sinusoidal wave
amplitude-to-wave height conversion factor (2.83) to obtain the final reported wave
heights given in the subsequent presentation of experimental results.
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MODEL CONSTRUCTION

As previously indicated, the physical model of the Saint Joseph Harbor was constructed
at a 1:60 scale of the prototype. The back of the model was consistent with the location
of the railway bridge across the river channel (refer to the project outline in Figure 8),
while the offshore end extended beyond the width and alignment transition in the
channel. The actual section modeled varied depending on the alignment of the wave
generator. For the waves aligned with the offshore section of the channel (these are
referred to below as 280 degree waves) the south jetty wall extended approximately 550
feet offshore beyond the change in alignment while the north jetty wall length was
approximately 315 feet beyond the alignment change of that wall. Altering the wave
generator direction to represent waves arriving from the southwest created a change in
jetty wall lengths so that modeled length of the south wall became 470 feet while the
north wall represented was 390 feet. These walls were constructed of masonry blocks
over the portion of the entrance channel that was constructed from steel sheet piling. No
attempt was made to reproduce the actual height of the steel sheet pile walls and they
were constructed at a sufficient height to prevent wave overtopping in the model. Wave
overtopping is to be expected in the prototype under certain combinations of water
surface elevation and i