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Abstract

Keystone Harbor, located approximately 40 miles NW of Seattle Washington, isunder consideration to extend the
existing jetty in order to reduce the speed of the currents at the inlet of the harbor. High currents along the inlet have
resulted in approximately 90 schedule cancellations annually. O.H. Hinsdale Wave Research Lab was contracted to
design and build a scale model of the harbor to study the effectiveness of the jetty extension and possible
environmental impact that thisjetty extension may have. A 1:40 scale model was designed and built including a
current generating system with a 15,000 gallons per minute capacity. Theimpacts of currents and waves on
sediments will be measured and the results compared to numeric model output. Optimal orientation and length of

the jetty will be determined through an iterative approach.

1. Introduction

Keystone Harbor, aferry terminal that was built in 1948, islocated on Puget Sound’ s Whidbey Island in Northwest
Washington (Figure laand 1b). Keystone Harbor was constructed by the U.S. government with the primary
purpose of transporting troops between the Olympic Peninsulaand Whidbey Island.  Washington State Ferries
began operation of the ferry in 1974 and eight yearslater built the Port Townsend terminal, the destination of the
Keystone ferry to this day (“Keystone-Port Townsend Ferry Terminal Improvement Project...”).

The mean tiderangeis 2.6 m (8.5 ft), and the average wave height and period are 1.22 m (4 ft) and 3 s
respectively. Ebb and flooding currents occur in this area, but the predominant current direction is the south-
westerly ebb direction as seen in Figure 2. Current magnitudes range from 1 m/sto 3 m/s in thearea of interest
(Lilly, 2002). The mean lower low water in the harbor is-7.62 m (-25 ft) and the navigation channel is 61 m (200 ft)
wide. A jetty of 95 m (312 ft) was built at the time of the harbor construction on the eastern side of the harbor to
redirect the currents for easier navigation through the channel (“Keystone-Port Townsend Ferry Terminal

Improvement Project...”).



Figure 1a: Location of Keystone Harbor Figure 1b: Detail of Keystone Harbor

Figure2: Current velocity and direction.



1.1. Sudy objectives

Because of low tides and high currentsin the area, the Keystone ferry terminal has had more cancellations
than any other ferry terminal in the Washington State Ferry system. During substantial storm events, the existing
jetty does not provide enough protection to the harbor entrance for safe navigation. While making the approach to
the harbor during such times, the ferry increases its speed to minimize longshore drift due to the high currents. The
increased approach speed requires alarger stopping distance that is not available within the harbor. There arethree
possible solutions considered: move the ferry terminal to another site, stop the ferry service in this area, or make an
extension to the existing jetty. There are many conflicts with the first two options because the communities near the
proposed new sites do not want a ferry terminal in their backyard. However, the ferry service cannot be cancelled
completely because it reduces a three hour commute to less than thirty minutes. Because of the resistance associated
with moving or canceling the ferry service at Keystone, the jetty extension option needed to be heavily considered.
The O. H. Hinsdale Wave Research Laboratory at Oregon State University was subcontracted by CH2M-Hill to
design and build physical model of Keystone Harbor which would determineif an extension to the existing jetty
would fix the navigation problems and if it would cause any environmental problems.

2. Background research

In order to have a clearer understanding of the project and the navigation problem, Dr. Danidl Cox,
Director of the O.H. Hinsdale Wave Research Laboratory, and the sudentsinvolved in the project (See Appendix
A:1 for peopleinvolved) visited Keystone Harbor. Pictures of the visit can be seen in Appendix A:2. Seeing the
harbor in redl life as opposed to only on paper gave the students a better understanding of the size, topography, and
environmental conditions of the harbor and thejetty. On the eastern side of the harbor there is a cobblestone beach
and a parking lat for ferry passengers. On the western side there are several camping grounds and Fort Casey
Military Reservation, which served to protect the entrance to Puget Sound.

2.1 Literature

A literature review was conducted to gain insight into similar physical model case studies that were
performed. An experimental study at Ventura Harbor, CA addressing breakwater scour dueto current was
performed by Hughes. A 1:25 scale was used, and a pump, supply line and discharge manifold were integrated to
create the needed currents. A vertical guide wall was aso installed to direct the currents over the area of interest.
The Ventura Harbor study was comparable to the Keystone Harbor study, and a pump and discharge manifold
system similar to theirswas proposed. Simons et al. created the currentsin their model by using four independent
reversible axial flow pumps that generated atota flow of 19,000 gallons per minute. The pumps circulated water
through amanifold with forty flow channels and back through a matching inlet. Because of this paper, it was
decided to have a multiple lower capacity pump system instead of a single higher capacity pump. Thiswas
primarily a cost consideration.



2.2. Tsunam wave basn

The tsunami wave basin at the O.H. Hinsdale Wave Research Laboratory was used for the Keystone
Harbor moddl. The basin is48.8 meterslong, 26.5 meters wide and 2.1 meters deep. The wave maker isa piston-
type powered by an electric motor. It has 29 boards each two meters high and makes regular, irregular, and
multidirectiona waves with aperiod range of 0.5t0 10 s.

3. Model Design

To determine the scaling of the Keystone Harbor model that would fit the best in the basin and be the most
accurate representation of the problem, an area of interest that included all of the area to be studied needed to be
established. An area of 450m by 450m was chosen because it included the existing jetty, the area of problematic
currents, and the surrounding beach. Thisarea of interest extends out to the 25 meter contour. At this depth the
incoming waves would not be significantly affected. Theflow rate was cal culated for 1:30, 1:40, and 1:50 scaling
which can be seen below in Table 1, and it was determined that a 1:40 scale was most reasonable. Currentsof 1.2
m/s were model ed to scal e because that is roughly the average speed of the currents over an extended timeinterval.
The 1:30 scalerequires a flow rate of 26,100 GPM to create the 1.2 m/s currents. This scaling factor was eliminated
due to budget constraints because of pump cost to generate this large flow rate. The area of interest for the 1:50
scale would be 9 m by 9 m which would be too small of an areato study to properly represent the sudy. The 1:40
scale required a flow of 12,700 GPM, which is achievable and a sufficient area of interest of 11.25m by 11.25m so
it was determined to be the best scaling factor for the model.

Table 1: Scaling Analysis.

Prototype 1:30 1:40 1:50

Depth, D
25 ft 0.83 ft 0.63 ft 050 ft

Height, H_min 3 ft 0.10 ft 0.08 ft 0.06 ft
Height, H_max 4 ft 0.13 ft 0.10 ft 0.08 ft
Period, T_min 5 s 091 s 079 s 071 s
Period, T_max 6 s 110 s 095 s 085 s
Jetty Length 312 ft 10.40 ft 7.8 ft 6.24 ft
Jetty Entrance Width 200 ft 6.67 ft 5 ft 4 ft
Cobble Diameter Min 2 cm 0.67 mm 050 mm 040 mm
Cobble Diameter Max 10 cm 333 mm 250 mm 200 mm
Peak current 12 m/s 0.219 m/s 0.190 nm/s 0.17 m/s
Cross sectiond area 6,768 m? 753 m? 423 m? 271 m?
Volumetric flow 1.3*10° GPM 26,100 GPM 12,700 GPM 7,290 GPM

Froude number (F=V/ gL) or Froude similitude was chosen for its smplicity and its common usein
hydraulic models.  With Froude similitude, length dimensions are scaled directly where time dimensions are scale

asthe squareroot of the scaling factor. For example, alength 400 m in the prototype would be 10 min a 1:40 model.



In the same model, avelocity of 10 m/swould scaleto 10/ 40 1.6 m/s. The Froude number isaratio of the
relative importance of theinertial forces acting on a body (represented by V) to the gravitationa forces acting the
body (represented by gL ).

An AutoCAD drawing of Keystone harbor was made, and pasitioned in the wave basin at a 1:40 scale as seen in
Figure 3. The beach orientation as shown in this figure was positioned so that regular waves produced by the wave
maker would hit the beach in the incident wave direction shown by the arrow in Figure . Theinfluentia

waves occur between 1508and 180& so the incident wave direction in the model was approximately 165é(Lilly,
2002). The current generation system including the pump, discharge manifold, an intake channd will be discussed
in more detail in the construction portion of thisreport. The current direction is modeled to be the south-westerly
direction because that isthe Prevailing direction at any point in time (Lilly, 2002).

Incident Wave
Direction

Figure 3: 1:40 scale plan view



4. Model Construction

4.1. Planning

Before construction began, a Gantt chart displaying the proposed timeline for the project was prepared.
Similarly, amaterials and equipment cost list was made for preliminary budgeting and ordering of materials
(Appendix B: 1 and B: 2). A 10% to 20% overrun was included in this estimate dependant on the uncertainty of the
item.

4.2. Channel and wall construction
Using construction blocks, a pump intake channel was built as well asawall to hold back existing
aggregate from previousresearch. The wallswere four blocks high and one block wide. These can be seen in

Figure 4 labeled as aggregate retaining wall and intake channel.

Figure 4: Intake channel and aggregate wall



4.3. Plywood forms

In order to have to greatest model accuracy a series of forms were constructed to place and shape the sand.
Transects of the model each spaced 2m apart were drawn on the AutoCAD drawing and the intersection points of
the transect lines and bathymetry changes were recorded and plotted for each transect (Figure 5aand 5b). By
designing the transects with 2 m spacing, congtruction equipment can be driven between each to place sand. Marine
grade plywood was cut to the shape of the transects to serve as the forms for sand and concrete. After recording the
positioning of the beginning and end of each transect with respect to areference point on the AutoCAD drawing, the
points were surveyed into the wave basin and the transects were set into place (Figure 6). For stability and to reduce
the effect of the buoyant force, 2m long 2 in by 4 in boards were attached between each transect. .1 mby.1m
angled iron brackets were al so attached several forms at random and bolted into uni-strutsin basin floor.

Figure 5a: AutoCAD with transects



Transect 7

Depth (m)
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Figure 5b: Excd of transect points

Figure 6: Forms for sand shaping and concrete finishing.

4.4. Pouring and shaping sand

The sand was emptied into the model using a Bobcat (model 763, skid steer). The sand was moved into
place by shoveling and raking, and compacted by wetting and using a jumping jack compactor. The sand was
screeded between each transect by dragging a2 in by 4 in board across the top of the formswith a2 m board
attached aong the bottom of the longer board in order to leave space on top of the sand for a0.038 m (1 %2in)
concrete layer . The areas of the harbor that were not contoured by the forms were shaped by eye using shovels,
ranks, and known contour data

4.5. Concrete layer

The reasoning for adding a concrete |ayer was to maintain the correct e evation and to protect the sand from
erosion by waves, currents, and foot traffic. By consulting with the concrete suppliers, Keith Brown Builders and
Morse Brothers Inc., it was determined that 0.038m of concrete would not break under the force of a person, tools,
or light machinery. Theinitia plan for placing concrete was mixing the concrete in 0.07 yd® (2 ft%) mixersand
spreading wheelbarrows full of concrete onto the model. After finishing a 3m by 3m section, in approximately 3



hours, it was decided that it would be less time consuming and would finish smoother if the concrete were pumped
by a concrete pumping truck. Pumping, screeding, and finishing the concrete took four hours with the truck and
with the help of two experienced finishers, and nine other less experienced people. A 1m bowl float with a5 mlong

handle was used for creating a smooth finish between each of the transects (see figure 7).

Figure 7: Bowl float used to create a smooth finish between transects.

After allowing the concrete to cure, the rough edges were ground out with a.18 m (7 in) diameter grinder,
and the model and basin were pressure washed to prepare for grout application. Grout was applied to all of the
cracks and crevices to avoid any adverse effects to the water flow. Grout was applied along the flow pathsand in
the harbor in order to provide a better finish .

4.6. Building the jetty

After the bathymetry was built, the jetty was constructed (Figure 8). The jetty was surveyed in using points
from the AutoCAD drawing and built with 25 to 40 cm diameter aggregate. The aggregateis a scaled down version
of the 1 to 1.5 meter rip-rap measured during the field visit of the true jetty. By using aggregate for the jetty with

properties similar to rip-rap used in the field, the buoyant force and angle of repose are comparable.

Figure 8: Jetty in model



5. Current Generation

There were two pump systems that were analyzed for effectiveness with thismodel. An open channel flow
was considered that would have an open channd at inlet and discharge and a pump to circulate the water much likea
river. The advantages of this system were the ease of ingallation, and having everything at atmaospheric pressure.
The major disadvantage of this system isthe lack of flow control, since there were no valves to adjust the flow and
to create uniformity. The second system was a pump, manifold, and piping system in which there was an open flow
inlet that fed to a pump, but a pipe attached to amanifold with valve controls for the outlet. The disadvantages of
this system were the expense of the piping and manifold system and head losses in the system. The advantages were
the greater control of the flow using knife valves at each nozzle and that the study at Ventura Harbor, CA had
success with usng asimilar system (Hughes, 1998). The pump, manifold, and piping system was chosen since flow

control was critical for this study.

In order to create the 12,700 GPM flow needed for the current simulation, a series of three 5,000 GPM
submersible pumpswere needed. A 0.6 m (24 in) diameter pipe ran from the intake manifold to the discharge
manifold. The discharge manifold is made from high density polyethylene (HDPE) and congists of sixteen 0.2 m (8
in) diameter knife valves (Figure 9). The orientation of the pump and manifold system relative to the basin can be

seen in Figure 6.

Figure 9: Discharge manifold.
Initialy, only one 5,000 gallon per minute pump was rented. It will be decided in futuretesting if the

pumping system works as expected, and the two addition pumps will be added to the system. Figure 10 shows the

pump and intake manifold connection submersed in the intake channd.
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Figure 10: Submersible, 5,000 gallon per minute pump and intake manifold.

6. Visual Scale Development

Several roads, aparking lot, and a campground were spray painted on to the model by referring to an aerial
photograph to add life to the model (Figure 12aand 12b). A scaled down ferry was also built using foam, and 1:40
scaled cars were placed on the ferry and on the roads Figure 12b. These recognizable objects help people viewing
the model to understand the scaling and how it relatesto red life.

Figure 12a: Camping ground and roads Figure 12b: Ferry model

7. Discussion

The following lessons were learned by the people involved with this project. First and foremogt, all of the
measurements and | ocations should be checked multipletimes. Although time consuming, it iseasier and less
expensive to check than to excavate or move material. The check of measurements and locations should be verified
by another group member not the one who made the initial measurement. Consider the project holistically, not piece
by piece. The construction of the model determines the water depth, the water depth influences the pump
performance, and pump performance determines the model effectiveness. All of these factor into cost and

completion time. Take the time to manage paperwork such and quantities tracking, materials cost, and documents
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management. Tracking these itemswill allow you to have a better estimate for the next project. Clients may request
thisinformation at any time, so it isimportant to have all documents readily available.

By designing the model in AutoCAD prototype dimensions, and the locations and orientations of all
components can easily be identified. By considering construction during the design phase, amuch simpler and less
costly model was built. The considerationsincluded appropriate spacing of transects for the equipment that was
used and placement of materialsin the proper sequence to avoid excessive movement of materials. Each person
involved with the project should be assigned specific tasksto manage. This gives the person a sense of
responsibility and lessens the burden of management for any one person. It isalso important to meet with clientsin
advance and learn about the specific criteria or interestsin the project that they would liketo address. This can
eliminate miscommunications and having to redo parts of the study.

It was felt that the following needed improvement. A sitevisit earlier in the project would have added to a
better understanding of the scale and critical components of the project. The use of subcontractors knowledge,
experience, and expertise could have improved. By consulting with contractors prior to setup of the model many
hang-ups can be avoided. This was the case for the concrete finishing contractor. By meeting with them and
explaining the Stuation, they could have made advisement on the preparation and forms placement in order to
achieve a better finish. Likewise, thiswas agreat dea of physical work and time for 3-4 peoplein 5 weeks. By
using contractors for more of the work, simple errors could have been avoided and the project could have been
finished faster and more efficiently.

With respect to the project schedule, progress followed the original Gantt chart with afew exceptions.
Creating the plywood forms only took two days as opposed to the two and half weeks that were alotted. A week
and ahalf was originally scheduled for the concrete. Since a pump was used to place the concrete, instead of
placing it by the wheelbarrow full, the concreting was complete within two days. The congtruction of the pump
manifold has taken longer than expected because of delays within the contracted company. Refer to Appendix B:1

for the complete Gantt chart.

8. Conclusion

This project has provided an opportunity for graduate students and REU (Research Experience for
Undergraduates) students to further their education and understanding of coastal engineering. Additionally, the
Keystone Harbor project has helped the O.H. Hinsdale Wave Research Lab, directed by Dr. Daniel Cox, to become
more experience with consulting projects. Most importantly, this project has exceeded the expectations of the client
and affiliated contractors, namely Washington State Ferry’'s, CH2MHill, and Coast & Harbor Engineering. Itis
expected that the Keystone Harbor project will continue to provide thislevel of satisfaction in the future aswell as

provide an environment for additional research. Thismay include tsunami run-up and jetty / breakwater research.
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9. Future Testing:

The basin will be surveyed and compared to the origina bathymetry for accuracy. Dietestswill be
performed to determine flow uniformity both in the vertical and horizontal plane. Acoustic Doppler Velocimeters
will be placed at various points within the area of interest to determine if the valves need to be adjusted to change
the velocity or uniformity of the currents. A cobblestone beach modeled with avariety of particle sizeswill be built,
and the gravel at different elevations will be painted to identify the transport of sediments along the beach. After
running currents with each jetty extension orientation, a qualitative analysis will be done on how the cobblestone
beach was affected. A wave study will also be run where regular waves from the wave maker will hit the model at
the incident wave direction, and the affects of different jetty orientations will again be analyzed.
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12. Appendix

A:1—People | nvolved

Washington State Ferries

CH2m Hill
Doug Playter

Coast and Harbor Engineering
Viadimir

Dave Simpson

Josh Carter — Coastal Engineer
Scott - Coastal Engineer

0. H. Hinsdale WRL
Dr. Daniel Cox
Brady Richmond
Shingo Ichikawa
James Galloway

Erin Lucas

A:2 —Fidd visit pictures

Jetty and Cobblestone Beach Navigation Channel
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Keystone Harbor Ferry Entering Harbor

B:1 —Gantt chart
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B:2 —Equipment and MaterialsList
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Equipment Quantity Unit Cost Total Cost | Supplier
Submersible Pump 1 $2,240/month $2,240 Ferguson
’ ’ Pumps
. Ferguson
Manifold 1 $500/month $500 Pumps
Basic Construction Wave Lab
Equipment
Drum Mixer Jim Lundy
. Sunbelt
Jumping Jack 1 $150/week $338 Rentals
Sunbelt
Plate Compactor 1 Rentals
Sure Flow
Concrete Pumping | 5hours-18yd® | $85/hour - $2/yd® $491 Concrete
Pupming
Sunbelt
Bobcat 1 $1,350/month $1,350 Rentals
Coastd
Industrial Fans 2 $129.99/EA $259.98 Farm and
Home
Drill 1 $269.9VEA $269.91 Fastena
Robnett®
Rake 1 $64.99/EA $64.99 Hardware,
Inc.
Corvallis
Shovel 1 $16.99/EA $16.99 Hardware
Coastd
Power Washer 1 $399.00/EA $399.00 Farm and
Home
" Corvallis
7" Grinder 1 $15/day $15.00 Rental Inc.
Corvallis
Wheelbarrow 2 $74.99 $149.98 Hardware
Materials* $8,308.56
TOTAL
PROJECT COST $14404
*
. . . Total .
Material Quantity | Unit Cost Cost Supplier
195.6
Sand tons $9.15/ton | $1,789.74 | Morse Brothers
700 Willamette
Blocks blocks $.75/block $525 Graystone, Inc.
Plywood
(Marine 40 sheets | $68.75/sheet | $2,750 Keith Brown
Grade)
2x4 Studs 150 $3.58/Stud $537 Keith Brown
. Ferguson
SQupply Line 15m $23/meter $345 Pumps
Screws 101bs $6.93/1b $69.30 Keith Brown
Visgueen 7Rolls | $31.54/rdl | $220.92 Keith Brown




Corvallis
Water Hose 1 $32.99/EA $32.99 Hardware
Incidental s** $1,058.61
Total $8,308.56
**
Incidentals Quantity Unit Cost Total Cost Supplier
Gloves 2 $5.29/EA $10.58 Keith Brown
Gloves 3 $7.99/EA $23.97 Coagtal Farm and Home
Gloves 1 $6.00/EA $6.00 Willamette Graystone, Inc.
Rubber Gloves (for .
concreting) 2 $5.24/EA $5.24 Keth Brown
Ultralite Knee Pads 2 $15.950/EA $31.90 Willamette Graystone, Inc.
32 Gal Garbage Can 3 $10.99/EA $32.97 Coagtal Farm and Home
Steel Toe Shoes 3 $204.97 Coagtal Farm and Home
Screw bit 2 $3.97 $7.94 Corvallis Hardware
Phillips heads 10 $0.39 $3.90 Corvallis Hardware
5.5 Gallon Cooler 1 $30.56 $30.56 Fastenal
Blades 1 Pack $14.94/pack $14.94 Keith Brown
Hose Connections $4.98 Corvallis Hardware
Front Trigger Nozzle 1 $6.89/EA $6.89 Corvallis Hardware
Tape Measure 1 $9.99/EA $9.99 Robnett®@Hardware, Inc.
Tape Measure 2 $7.49/EA $14.98 Corvallis Hardware
Teflon Tape (1/2X100) 1 $0.99/EA $0.99 Corvallis Hardware
Carpenter Pencil 6 $0.69/EA $4.14 Corvallis Hardware
Chalkline Red 1 $9.49/EA $9.49 Corvallis Hardware
212Gl Gas 2 $6.99/EA $13.98 Corvallis Hardware
Contai ner
5.8 Gal Gas Container 1 $14.89/EA $14.89 Corvallis Hardware
Propane Gas $40.95 Corvallis Rental, Inc.
Diesal Gas 1 $23.02 Safeway
Fulley (for concrete 1 $4.29/EA $4.29 Robnett@Hardware, Inc.
mixer)
Spring (for concrete 1 $3.30/EA $3.39 Robnett®Hardware, Inc.
mixer)
Sprinkler 1 $13.49/EA $13.49 Robnett®@Hardware, Inc.
Brush 1 $3.75/EA $3.75 Willamette Graystone, Inc.
Trowel (3x7) 1 $8.35/EA $8.35
Float 1 $6.49/EA $6.49 Robnett®@Hardware, Inc.
Wood Float 1 $6.93/EA $6.93 Keith Brown
Float (16"x3-1/8") 4 $18.25/EA $73.00 Willamette Graystone, Inc.
Pool trowel (16"x4.5") 2 $26.45/EA $52.90 Willamette Graystone, Inc.
Trowel (5x2) 1 $3.25/EA $3.25 Willamette Graystone, Inc.
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uare point shovel 2 $10.50/EA $21.00 Willamette Graystone, Inc.
po ay
Spaeth Lumber and Home
Nutsand Bolts 7 $0.86 $6.02 Center
Nutsand Bolts 6 $2.40/EA $14.40 Spaeth Lumber and Home
Center
Caulk 1 $2.99/EA $2.99 Robnett®Hardware, Inc.
Pink foamular R-10 1 $11.96/EA $11.96 Spaeth L“g”etr’:raa”d Home
Pink foamular R-7 2 $9.44/EA $18.88 Spaeth Lumber and Home
Center
} Spaeth Lumber and Home
Spray Paint 2 $2.68/EA $2.68 Center
Spaeth Lumber and Home
Glue 2 $2.24/EA $4.48 Center
Jigsaw Blade $3.26/EA $3.26 Keith Brown
Safety Glasses 2 $9.90/EA $19.80 Keith Brown
Ear muff 2 $30.30/EA $60.60 Industrial Welding Supply,
nc.
United Abrasives 2 $7.10/EA $14.20 Industrial Welding Supply,
Ear plugs 16 $.50/EA $8.00 Industrial Welding Supply,
' ) Inc.
Respirator 1 $16.62/EA $16.62 Industrial V\I"ne'f' ng Supply,
Qil $2.49/EA $4.98 Coagtal Farm and Home
Spray Paint $5.16/EA $20.65 Miller Paints
Cement Bag Return $55.00 The Home Depot
Extension Cords 2 $39.99/EA $79.98 Robnett®Hardware, Inc.
Total $1,058.61

18




