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1 INTRODUCTION

Road improvements to Willows Road between NE 90th Street and NE 124th Street provide an opportunity to replace
two existing culvert crossings with fish-passable structures. One crossing to be replaced lies on Willows Creek and
is currently a 43-inch wide x 27-inch high corrugated metal pipe arch (CMPA). The second crossing lies directly to
the north on Gun Club Creek and is a 36-inch diameter corrugated metal pipe (CMP) at the inlet that changes to a
36-inch wide 22-inch high CMPA. Both streams are tributary to the Sammamish River, providing habitat for several
species of salmon and trout. Figure 1 shows the location of the Willows Creek and Gun Club Creek culvert
replacement projects.
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Figure 1. Project Vicinity Map
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1.1 PURPOSE AND SCOPE OF WORK

This report documents the culvert sizing analysis for the two culverts under Willows Road. The study includes an
update to a 2006 HSPF model to provide design flow data. A newly developed HEC-RAS model will be used to
assess culvert conveyance and fish-passage performance. The study includes an analysis of sediment transport
capacity to assist in developing scour depths and potential influence on the fish-passage design.

1.2 WILLOWS CREEK CULVERT

The Willows Creek CMPA culvert at Willows Road is 43-inch wide x 27-inch high and 85 feet long. It crosses Willows
Road approximately 350 feet north of NE 95th Street (see Figure 1). Willows Creek upstream of Willows Road flows
through a wooded dedicated Native Growth Protection Area. Downstream of Willows Road, the creek flows through
a 12-foot wide arch pipe culvert under the Redmond Central Connector trail and then into a constructed channel
and culvert system in the Willows Business Center. Figure 2 shows the existing Willows Creek culvert.

Figure 2. Outlet to Willows Creek Culvert at Willows Road

The Willows Creek culvert will be replaced with a 12-foot wide x 5-foot high, 83 foot long four-sided concrete box
culvert. The culvert will be placed on an 30-inch deep rock pad foundation. An 24-inch layer of streambed sediment,
gravel and cobble will be placed in the bottom of the channel with a triangular low—flow channel 0.5 feet deep with
3:1 side-slopes.
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1.3 GUN CLUB CREEK CULVERT

The Gun Club Creek culvert at Willows Road is a 106 foot long pipe that was constructed in two sections. The 20-
foot-long upstream section is a 36-inch diameter corrugated pipe (CMP) and the downstream section is a 36-inch
wide by 22-inch high CMPA. A catch basin is located where the pipe sections connect. A 12-inch diameter
polyethylene (PE) pipe outfall from the adjacent stormwater pond also connects to the culvert at the catch basin.
The culvert crosses Willows Road approximately 300 feet south of NE 100th Court (see Figure 1). Gun Club Creek
immediately upstream of Willows Road flows in a constructed channel in a narrow riparian corridor in Willows
Commerce Park. Downstream of Willows Road, the creek flows through a roadside ditch/wetland north to NE 100th
Court where it flows through a twin 18-inch diameter CMP culvert and then enters to a 24-inch diameter pipe system
that outfalls to a tributary channel to the Sammamish River. Figure 3 shows the existing Gun Club Creek culvert.

Figure 3. Inlet to Gun Club Creek Culvert under Willows Road

At Gun Club Creek, the existing culvert will be replaced with a 10-foot wide by 4-foot high four-sided concrete box
culvert backfilled with streambed gravel and cobble. The culvert will be placed on an 30-inch deep rock pad
foundation. An 18-inch layer of streambed sediment, gravel and cobble will be placed in the bottom of the channel
with a triangular low-flow channel 0.5 feet deep with 3:1 side-slopes.
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1.4 BACKGROUND AND PREVIOUS STUDIES

Historical documentation was reviewed to gain a better understanding of site characteristics. Documents reviewed
are listed in order starting from most recent:

¢ Ross Hill Subarea Plan (Osborn Consultants, 2017)

e Central Connector Stream Report (Otak, 2014)

e Stormwater Master Plan Modeling — Model Documentation and Application in Willows Creek and 95th
Street Pilot Watersheds Technical Memorandum (NHC, 2006)

e 2005 Willows Business Center-Stream Daylighting (Taylor)

e Record Drawings

2 FISH PASSAGE DESIGN

The existing culverts under Willows Road at Willows Creek and Gun Club Creek will be replaced with new structures
meeting fish passage per WAC 220-110-070 and sized to meet fish passage requirements outlined in Water
Crossing Design Guidelines (Bernard et al., 2013).

2.1 DESIGN METHODOLOGY AND CRITERIA

The Willows Creek and Gun Club Creek replacement culverts are sized to meet fish passage requirements using
the Stream Simulation method described in the Water Crossing Design Guidelines. This method is used to create
a stream channel through the culvert based on the natural channel slope and the bankfull width condition in the
upstream reach.

Local design criteria for stream crossings in the City of Redmond are defined in the Stormwater Technical Notebook
(Redmond, 2017). Relevant guidance in the technical notebook states that stream culverts shall be designed to
have natural bottom conditions, with 1/3 of the pipe diameter buried and bridges shall be the first choice for stream
crossings.

According to the Stormwater Technical Notebook, all new culverts shall be sized so that the 50-year fully developed
peak flow should not exceed the allowable headwater of 1.25 times the culvert diameter and should not exceed the
elevation of the base course of the roadway. If the culvert is on a stream that is determined to be fish bearing by
the City of Redmond or Washington Department of Fish and Wildlife (WDFW), then the culvert should be designed
to be fish passable.

One foot of freeboard is recommended for debris clearance during the 100-year event. The Water Crossing Design
Guidelines suggest 1 foot of clearance for a stream with bankfull width less than 8 feet and 2 feet of clearance
where bankfull width is between 8 and 15 feet. Additional hydraulic design criteria found in the Washington State
Department of Transportation (WSDOT) Hydraulics Manual (M23-03) state that 1 foot of debris clearance is required
for the 50-year peak flow.

2.2 BANKFULL WIDTH DETERMINATION

Bankfull width was determined at Willows Creek and the Gun Club Creek through field observation and validated
using the hydraulic modeling. Bankfull width observations are summarized below and documented in Appendix A.

2.2.1 Willows Creek

The study reach for the bankfull width determination for Willows Creek extended from Willows Road to the next
road crossing upstream, about 570 feet from Willows Road. The bankfull width study reach is characterized by a
confined / incised channel between the Willows Road crossing and the upstream culvert. Upstream of the bankfull
width study reach, Willows Creek runs through a poorly defined braided channel within reed canary grass. The
undefined upstream channel makes it impractical to estimate a bankfull width in that reach. Downstream of the
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bankfull width study reach, Willows Creek flows into the Willows Business Center through a highly altered channel
and culvert system. No bankfull width measurements were taken downstream of Willows Road because the altered
channel conditions preclude its use as a reference reach.

Field survey was performed by Tetra Tech in December 2017 following a moderate rainfall event. Eleven cross
sections were occupied and bankfull width and depth measurements were recorded. Two sediment samples were
taken for laboratory sieve analysis. The stream channel is moderately incised, with measured depths ranging from
1.5t0 2.5 feet deep. At the time of field work on 12/18/2017, Willows Creek was flowing a few inches below bankfull
depth, with flow estimated at about 15 to 20 cubic feet per second (cfs), based on existing hydraulic modeling.

Bankfull width was estimated based on a sampling of widths at the 11 representative sections. Measured bankfull
width ranged from 6 to 9 feet, with an average width of 7.9 feet, a standard deviation of 1.0 feet and a coefficient of
variation of ~13%. Figure 4 shows the bankfull width for a representative section in Willows Creek.

- ¥ 4 »,
& ” . A Sy -
4 »
= : -y
. f - e

Figure 4. Typical Section for Bankfull Width Measurement at Willows Creek

Bankfull width was validated using Equation C.1 found in Bernard, et al. (2013) that relates watershed area and
average annual rainfall to estimated bankfull width. This equation is shown in Appendix A. The Willows Creek
watershed area is 272 acres and the average annual rainfall at the project site is 42.6 inches, which results in an
estimated bankfull width of 6.4 feet. The standard error of this estimate is 16%, which results in a bankfull width
estimate ranging from 5.4 to 7.4 feet. The observed average value of 7.9 feet is slightly above this range of estimate
and will be used as the design bankfull width for culvert sizing.

The streambed was generally a mixture and sand and very fine gravel. Bulk sediment samples were taken at two
locations. Bulk sampling was chosen over pebble counts at this location due to the lack of larger particles and
variability in the size of the gradation. Larger material was present near the upstream and downstream extents of
the reach as well as near existing stabilization sites, but the material was determined to be placed, based on its
location and uniformity. Details on the sediment size and bankfull measurements are provided in Appendices A and
D.
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2.2.2 Gun Club Creek

Gun Club Creek is a small stream directly north of the Willows Creek drainage. The study reach for the bankfull
width determination for Gun Club Creek extended from Willows Road to the next road crossing upstream, about
570 feet from Willows Road. The Gun Club Creek channel was observed to be altered from its natural condition for
about 1,000 feet upstream of Willows Road. Downstream of the bankfull width study reach, Willows Creek flows
into a roadside ditch and culvert system north and then east to the Sammamish River. No bankfull width
measurements were taken downstream of Willows Road because the altered channel condition precludes its use
as a reference reach.

Bankfull measurements were performed at four locations where measurable. Bankfull width was measured to be 6
feet wide based on sampling at two representative sites, located 300 to 400 feet upstream of Willows Road. The
reach directly upstream of Willows Road was determined not to be representative because it is a constructed
channel with an indeterminate bankfull width and depth. At the cross-section in this reach, top width and depth were
measured instead. The stream channel could not be located at the most upstream site due to dense vegetation.

Figure 5 shows the bankfull width for a representative section in the Gun Club Creek.

“

Figure 5. Typical Engineered Section for Bankfull Width Measurement at Gun Club Creek

The bankfull width estimate for the Gun Club Creek was validated using Equation C.1 found in Bernard, et al. and
shown in Appendix A. The Gun Club Creek watershed area tributary to the culvert crossing is 163 acres, which
results in an estimated bankfull width of 5.1 feet. With the 16% standard error, the estimated range is 4.3 to 5.9
feet. The observed value of 6 feet is slightly higher than the upper range of the estimate and will be used as the
design bankfull width for culvert sizing.
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2.3 CULVERT SIZING

Using the Stream Simulation Method, the proposed culvert size is determined as 1.2 times the bankfull width plus
2 feet (Equation 3.2, Bernard, et al.) rounded up to the nearest foot. The minimum culvert width is computed to be
11.5 feet at Willows Creek and 9.2 feet at the Gun Club Creek. Adjusting culvert width to the next nominal size
results in a 12-foot wide culvert at Willows Creek and 10-foot wide culvert at Gun Club Creek. Figure 6 shows the
proposed culvert cross section for Willows Creek and Figure 7 shows the proposed culvert cross section for Gun
Club Creek.
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Figure 6. Cross Section for Willows Creek Culvert
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Figure 7. Cross Section for Gun Club Creek Crossing

2.4 CHANNEL BED PROFILE

The Willows Creek channel upstream of the Willows Road culvert has an average slope of about 1 percent, with a
short section immediately adjacent to the culvert with a slope of 5.4 percent. The slope of the culvert is 0.8 percent,
which is within 125 percent of the channel slope criterion presented in the Water Crossing Design Guidelines
(WDFW, 2013). Figure 8 shows the channel and culvert profile at Willows Creek. The profile is shown with HEC-RAS

results in Appendix C.

1 EXISTING, 468" - | - TOP OF PAVEMENT — - oo | oo oo oo oo oo o oo s o
50 " WX27THCMP -\ (WILLOWSROAD) -t oo 50
45 THAN 1% SLOPE |45
40| = |40
3 |35
T T T T e T
. — PROPOSED 83' X 10'W X 5 HL |~ 30
o BOXCULVERT - | oo oo o
9+20 9+50 10400 10450 11400 11450 12+00

Figure 8. Willows Road Longitudinal Stream Profile in the Vicinity of the Road Crossing

The Gun Club Creek channel upstream of the Willows Road culvert has a relatively steep slope at 6.5 percent. The
slope of the proposed culvert is 1.0 percent, which is much less than 125% of the slope of the upstream channel
slope, per the criterion presented in the Water Crossing Design Guidelines (WDFW, 2013). The channel substrate
upstream of the culvert is relatively large and would likely remain immobile with minimal scour potential during large

flow events. Figure 9 shows the channel and culvert profile at Gun Club Creek.
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Figure 9. Gun Club Creek Longitudinal Stream Profile in the Vicinity of the Road Crossing

3 HYDROLOGIC ANALYSIS UPDATE

The hydrologic analysis is based on the HSPF model (USEPA, 2005) developed by NHC in 2006 (NHC, 2006) for
the Willows Creek watershed. Tetra Tech updated this analysis to include Gun Club Creek and extended the climate
data through 2017. In this report, the original model developed by NHC is referred to as the 2006 model and the
updated model is referred to as the 2017 model. This section covers the modifications implemented by Tetra Tech
for the 2017 model. The 2006 HSPF model is documented in the draft memorandum Stormwater Master Plan
modeling — Model Documentation and Application in Willows Creek and 95th Street Pilot Watershed (NHC, 2006).

3.1 HSPF MODEL DEVELOPMENT

The 2017 HSPF model update was based on the 2006 Willows Creek watershed calibrated HSPF model. The 2006
model was calibrated by NHC to an observed 10-minute stream flow at the City of Redmond Willows Road gage.
The City of Redmond’s Overlake-Sears rain gage was used as the primary data source for rainfall. Five flow events
were used for calibration, spanning water year 1999 to water year 2004. Calibration was performed based on
30-minute peak flows and 2-day volumes for selected hydrographs (NHC 2006).

3.1.1 Climate

The rainfall and evapotranspiration record used in the 2006 modeling effort was extended through October 2017
using King County’s 51T Sammamish River precipitation gage. Fifteen-minute data obtained from King County were
disaggregated to a 10-minute time step and appended into the existing NHC-generated rainfall record. The model
was run using the extended rainfall record to evaluate flood frequency with the additional 10 years of data.

3.1.2 Subbasin Delineation

The 2017 HSPF model was expanded to include Gun Club Creek. Basin delineation was performed using 1-meter
bare earth LIDAR from the Puget Sound LiDAR Consortium that was collected in 2014. Basin boundaries generally
follow breaks in topography, but storm drain infrastructure and aerial photography were used as well to incorporate
roads and additional drainage features that alter flow pathways.

Twelve basins were delineated for a total of 244 acres of drainage within the Gun Club Creek watershed.
Approximately 207 acres lies west of Willows Road with about 151 acres tributary to the culvert crossing. Figure 10
shows the Gun Club Creek subbasins labeled with ID numbers.
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— Stream

[ Building

[ willows Creek Subbasins
] cun cub Trib Subbasins |-
Elevation (ft NAVD88) b
- High : 400.

Low : 20

Figure 10. Gun Club Creek Subbasins

3.1.3 Hydrologic Response Units

The 2017 HSPF model maintained the nine calibrated pervious and one impervious hydrologic response units
developed for the 2006 model. Pervious hydrologic response units are based on soils mapping shown in Figure 11.
Effective impervious area is allocated based on land-use shown in Figure 12 and effective impervious fractions
used in the 2006 modeling documentation. A summary of areas associated with each hydrologic response unit for
the Gun Club Creek model is provided in Table 1. For comparison, a summary of Willows Creek is provided as well.
Areas provided are only for subbasins tributary to the project culverts; they do not include area between Willows
Road and the Sammamish River.

3.1.4 Definition of FTABLES

HSPF uses a stage-storage-discharge relationship (FTABLE) to simulate routing surface water runoff through
hydraulic structures such as ponds, culverts, and open channels. Six FTABLEs were developed representing
hydraulic controls within the study area that were assumed to provide significant attenuation of peak flows. The
stage and discharge relationship for pipes and culverts was developed using Bentley CulvertMaster software. Storm
inventory data was used to determine pipe slope and material when available. Stage and volume (storage)
relationships were developed using a normal depth calculator for an approximate channel shape and multiplied by
the length to determine the volume.
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Table 1. Land use Comparison Tributary to Project Culverts

Willows Creek (acres) Gun Club Creek (acres)

Till, Forest, Moderate Slope 30.2 (11%) 0.0 (0%)
Till, Pasture, Moderate Slope 5.0 (2%) 0.0 (0%)
Till, Grass, Moderate Slope 65.6 (24%) 0.0 (0%)
Outwash, Forest, Moderate Slope 13.1 (5%) 30.6 (19%)
Outwash, Pasture, Moderate Slope 0.5 (<1%) 2.6 (2%)
Outwash, Grass, Moderate Slope 2.4 (<1%) 72.4 (48%)
Alluvial 3.5 (1%) 9.3 (6%)
Saturated 85.8 (32%) 13.8 (9%)
Effective Impervious Area 65.4 (23%) 22.1 (15%)
Total Area 271.9 150.7

3.1.5 HSPF Model Configuration

The HSPF model schematic for the Willows Creek model can be found in the NHC report. The Willows Creek model
connections were not modified for this project. Figure 13 shows the additional model connections for Gun Club
Creek developed with the 2017 model update.

SB 930 SB 925 SB 905 SB 945 SB 940
34.7 ac 114 ac 67.0 ac 18.8 ac 135 ac
*
< 930—Y — 005 ¥ ——» ——— 900~ — 805 —»—Y—800—»

SB 935 SB 920 SB 915 SB 900 SB 910 SB 805 SB 800
20.7 ac 6.6 ac 10.3 ac 11.9 ac 1.7 ac 34ac 344 ac
LEGEND

SB 900 .

119 ac SUBBASIN % Willows Road Culvert located in Reach 900

—930—» STREAM REACH (RCHRES)

Figure 13. HSPF Model Schematic for Gun Club Creek
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3.2 FLOOD FREQUENCY

Flood frequency curves were calculated from peak annual flow estimates derived by the HSPF model using the
HEC Statistical Software Package (HEC-SSP, USACE, 2016a). HEC-SSP performs statistical analysis of
hydrologic data based on the methodology of Bulletin 17B and other procedures. Sixty-nine years of annual peak
flows were extracted from the HSPF model and imported into HEC-SSP for reporting at Willows Road for Gun Club
Creek and Willows Creek.

Table 2 shows flood frequency at Willows Creek and Gun Club Creek for the culvert crossing at Willows Road
(RCHRES 150 and RCHRES 900). Table 2 also shows the flood-frequency computed using the 2006 NHC HSPF
model to show the change in flood-frequency with the longer record. This table shows that the flood frequency is
effectively unchanged between the original 2006 HSPF model and the 2017 update.

Table 2. Flood Frequency Flow (cfs) at Willows Rd.

Willows Creek Willows Creek Gun Club Creek

(RCHRES 150) (RCHRES 150) (RCHRES 900)
Location 2017 HSPF Update 2006 HSPF 2017 HSPF Update
Number of Peaks 69 58 69
Station Skew 0.754 0.802 0.822
2-year 20 20 55
10-year 40 40 9.2
25-year 54 54 11.7
50-year 68 68 13.8
100-year 83 84 16.2

Peak flows on a unit area basis are significantly higher for Willows Creek. This difference is attributed to different
land cover between the watersheds. Land cover in the Willows Creek watershed upstream of Willows Road consists
of till and saturated soils (69% of total area). The Gun Club Creek tributary area is dominated by outwash soils
(70% of total area) and a relatively smaller area of impervious surface (17%). Typically, till and saturated soils
generate significantly higher stormwater runoff rates than outwash soils and lower levels of impervious area.
Similarly, a higher percentage of impervious area would result in higher stormwater runoff rates. Flood frequency
plotting position is shown in Appendix B.

The discrepancy between outwash and till areas between the Willows Creek and Gun Club watersheds is attributed
to the hydrologic soil type designation used for Alderwood Soils. Earlier studies (NHC, 2006, Osborne Consultants,
2017) assumed Alderwood soils to be Type C (till) hydrologic soils. This assumption was based on guidance from
the Stormwater Management Manual for Western Washington (Ecology, 2014) and the King County Soil Survey
(USDA, 1973). These documents describe Alderwood soils as having a 3 foot outwash layer over a permeabile till
layer. The analysis described in this report assumed outwash soils based on the soil description provided by the
NRCS (USDA, 2018) which indicates more than 5 feet of highly permeable material. Culvert sizing for Gun Club
Creek is based on the bankfull width rather than peak flow conveyance so this discrepancy was not fully resolved.
However, use of this the flow data should be carefully considered for future applications.
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4 HYDRAULIC ANALYSIS

4.1 WILLOWS CREEK

HEC-RAS was used to simulate the performance of the existing and proposed culvert at Willows Creek and to
provide a higher level of detail for evaluating scour and sediment transport capacity.

4.1.1 HEC-RAS Modeling

A HEC-RAS model (USACE, 2016b) of Willows Creek study area near the proposed crossing was developed to
achieve the following objectives:

o Establish water surface elevations pre- and post-project for the Willows Creek culvert replacement.
e Evaluate scour and sediment transport capacity.

Existing and proposed geometries were developed extending approximately 600 feet upstream and 800 feet
downstream of the Willows Road culvert crossing. Three downstream culvert crossings are included in the model
to ensure adequate representation of tailwater conditions at the Willows Road culvert. Crossings include triple 24-
inch CMPs located 340 and 230 feet downstream of the Willows Road culvert and a 12-foot wide pipe arch culvert
under the Redmond Central Connector Trail immediately downstream of Willows Road. A 60-inch diameter CMP
culvert about 570 feet upstream of the Willows Road Crossing was also included in the model.

Twenty-eight cross sections were georeferenced into the HEC-RAS model using the HEC-GeoRAS 10.2 tool within
ArcGIS. The HEC-GeoRAS tool allows for the automated development of the RAS geometry schematic including
the extraction of topographic elevations from the developed terrain. Data sources for cross-section geometry came
from three separate sources: 2017 topographic survey, cross section survey from the 2016 study, and bare-earth
LiDAR collected in 2014 for the City of Redmond. Figure 14 shows the HEC-RAS cross sections upstream of
Willows Road.

Topographic survey performed in 2017 was used as the primary source of geometry in the immediate vicinity of the
Willows Road crossing. The survey extended 700 feet upstream of the Willows Road culvert crossing, and included
measurement of culvert inverts, lengths, and diameters as well as slope conditions. A Triangular-Irregular-Network
(TIN) terrain model was developed as part of topographic survey extending approximately 50 feet upstream and
100 feet downstream. Sections were cut from this terrain to represent the area immediate to the project culvert
crossing. An additional five cross sections were collected upstream of Willows Road.

Cross sections were maintained from the 2006 survey to provide greater detail within the upstream and downstream
reaches. Geometry surveyed in 2006 and georeferenced transect lines were maintained, allowing for the
incorporation of SWMM sections with the additional survey. Through field investigation, it appears that there were
no major geomorphic changes in Willows Creek between 2006 and present. Therefore, the 2006 cross sections
were assumed to be accurate for the purposes of this study. Elevation data from the 2016 study were adjusted to
account for the conversion of vertical datum from NGVD29 to NAVD88.

Bare-Earth LIDAR (Quantum Spatial 2014) was obtained from the Puget Sound LIDAR Consortium and included in
the model to supplement additional geometry where survey was not performed. In order to retain the accuracy of
the dataset, the ground classification points were extracted from the LAS dataset and developed into a TIN. This
provided greater resolution to capture elevation changes and grade breaks than the raster version of the LiDAR
dataset.

Manning’s roughness numbers were originally extracted from the SWMM model and used as a starting point for
RAS model development. After evaluating field conditions, it was concluded that increasing model roughness values
would be warranted. Chanel roughness was 0.045 and overbank roughness was 0.07, except near the proposed
structure, where the overbank roughness used ranged from 0.04-0.06. Downstream of the proposed culvert,
Manning’s roughness numbers were between 0.03-0.04 for both the channel and the overbank.
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The model reach boundary conditions assumed normal depth with a slope of 1% upstream and 0.5% in the
downstream perched channel system. Slope conditions were based on channel slopes from 2017 survey. Model
sensitivity to tailwater was tested, and it was determined that intermediate culverts control flow conditions at the
Willows Road culvert rather than tailwater conditions in the perched channel. Backwater effects of the Sammamish
River were assumed to be mitigated by overflow from the perched channel in the reach downstream of the model
reach. During a flood, stream flow in the channel overtops the banks and spills into the lower elevation parking area
of the business park.

The proposed concrete culvert at Willows Road was modeled as a bridge with a 12-foot opening and a triangular
low—flow channel 0.5 feet deep with 3:1 side-slopes. Substrate in the channel was assumed to be streambed
sediment/cobble with a roughness coefficient of 0.035, which is typical for this type of material.

4.1.2 Existing and Proposed Hydraulics

The HEC-RAS model was used to evaluate culvert hydraulics for the existing CMPA culvert and the proposed
concrete box structure. Hydraulics at the crossing are summarized in Table 3. The water surface profiles for the
existing and proposed culvert and detailed output are provided in Appendix C.

Table 3. Culvert Performance — Willows Creek

Existing Culvert Proposed 12’x 5’ Box Culvert

Return Headwater Headwater Average Flow
Period Discharge Elevation Elevation (feet Depth
(years) (cfs) (feet NAVD88) NAVD88) (feet) Freeboard (feet) | Velocity (fps)
2 20 42.53 41.70 1.2 1.8 2.9
10 40 45.05 42.10 1.6 14 3.7
25 54 45.92 42.26 1.8 1.2 4.2
50 68 46.03 42.38 1.9 11 4.5
100 83 46.0 42.51 2.0 1.0 4.8

4.1.2.1 Culvert Headwater

The model predicted overtopping of the existing roadway for the 25-year storm event. The 10-year event was
surcharged above the top of culvert. The 2-year event provided sufficient capacity, with over 1 foot of freeboard
within the pipe. The proposed concrete box culvert would reduce the headwater elevation by nearly 4 feet for the
25-year event. Freeboard for the 100-year design event is 1.0 foot and meets the design criteria.

4.1.3 Aggradation / Degradation Trends

Bed-material sediment mobility and corresponding aggradation/degradation trends in the vicinity of the proposed
culvert crossing were evaluated. Figure 15 shows the study reach and four subdivisions of it (LA — 1D). Provisional
results indicate that sufficient continuity in transport potential exists to route sands and gravels supplied from Reach
1A through Reach 1B and 1C to the detention pond in Reach 1D. The analysis of aggradation/degradation trends
is documented in Appendix D.
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Figure 15. Willows Creek Sediment Study Reach

4.1.3.1 Existing Conditions

The sediment mobility study area is upstream of the Willows Road crossing and falls within Reach 1 as shown in
Figure 15. In general, Reach 1 is characterized by gradually flattening slopes, with Reach 1A, being an alluvial fan
that stores sediment, Reach 1B a transition reach with channel-spanning log weirs that store sediment, Reach 1C
a response reach, and Reach 1D a depositional reach that ends in an inline detention pond.

The existing channel bed in the vicinity of the Willows Road crossing was observed during a field visit in December
2017 (see Appendix A.). Figure 16 shows an example of the placed sediment upstream of the road crossings.
Coarse material present on the surface of the channel bed in localized patches—coincident with the existing Willows
Road culvert crossing (between Reaches 1C/1D) and the next crossing upstream (between 1B/1C)—was partially
covered with finer material. This coarse material appears to have been placed in the channel as part of the culvert
installation and remained relatively immobile. The placed material generally appeared to be uniformly distributed
with coarse gravel, small cobbles, and a limited amount of large cobble material. Two pebble counts were performed
to characterize the surface layer of sediment immediately upstream of the crossing. The first pebble count was
performed in the vicinity of Site W1 between Station 10+60 (see Figure 16) at the culvert face and Station 10+30,
where a natural break in the sediment distribution was observed. The second pebble count was performed in the
vicinity of Site W2 and spanned from Station 10+30 to Station 10+10, where coarse sediment was no longer
observed. Results yielded D50 values of 51 mm and 42 mm, respectively.

Outside the culvert transition areas where the coarser placed material was observed, the channel bed was found
to consist of much finer sediment, predominantly unconsolidated patches of sand and gravel. Two bulk samples of
bed material were collected in Reach 1C for sieve analysis. Sample 1 was collected about 60 feet upstream of the
existing Willows Road culvert at Site W3 and Sample 2 was collected about 385 feet upstream of the culvert at Site
WO9. Both samples consisted of relatively fine material—approximately three-quarters sand and one-quarter gravel.
The median particle size was coarse sand in the downstream sample and very fine gravel in the upstream sample.
Figure 17 shows an example of the bulk sample material. Table 4 shows the gradation for the pebble counts and
bulk samples. Figure 15 shows sample locations.
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Table 4. Sediment Size for Bulk Samples and Placed Material

Bulk Sample at
Site W9

D16

D50
D84
D90

Placed Material 0 — Placed Material 30 - Bulk Sample at
30 feet Upstream of 50 feet Upstream of Site W3
Culvert at site W1 Culvert at site W2
5 mm 4 mm 0.16 mm
51 mm 42 mm 0.7 mm
108 mm 83 mm 5.0 mm
119 mm 96 mm 5.9 mm

0.30 mm
2.3 mm
6.1 mm

6.9 mm

18

TETRA TECH



Willows Creek and Gun Club Creek Culvert Replacement Culvert Analysis Report

4.1.3.2 Sediment Mobility

The HEC-RAS model was used to evaluate the magnitude and continuity of sediment mobility in Reach 1. Results
indicate a general trend of moderately decreasing shear stress from upstream to downstream in the upper 375 feet
of Reach 1C. The channel grade steepens about 160 feet upstream of the Willows Road culvert where the channel
curves to the northeast and approaches Willows Road. Despite the increased approach slope, the backwater
created by the existing Willows Road culvert effectively dampens the hydraulic energy in the upstream approach
section, resulting in deposition of sands and gravels. In addition, the reduced capacity of the existing culvert results
in increased outlet energy, sufficient to mobilize small cobble particles up to 32 mm.

The proposed Willows Road crossing would have increased hydraulic capacity, allowing the steeper slope of the
upstream approach section to influence the hydraulics. Provisional results indicate that the upstream approach
section would experience increased shear stress within the upstream 160-foot-long reach. The velocity and shear
stress through and at the culvert outlet would be dampened relative to existing conditions. Immediately upstream
of the proposed culvert, the local channel is armored with placed small cobble material (up to 90 mm), which would
be partially mobilized under flows exceeding 20 cfs. This mobilization could result in short-term channel adjustment
between 0 and 1.2 feet and subsequent smoothing of the energy grade in the 160-foot-long section of Willows
Creek upstream of the road culvert. However, vegetation and spanning logs in the channel may reduce the potential
for readjustment. Monitoring of the channel profile and adaptive management is recommended for this channel. If
readjustment occurs, additional stabilization measures, such as large wood and channel substrate fortified with a
cobble mix (median size 76mm) be installed as a maintenance action.

4.1.4 Scour Analysis
Three types of scour are possible at a box culvert:

e Contraction scour is caused by flow constriction in the structure compared to upstream. Contraction scour
can be either live-bed or clear-water, depending on whether the bed material is mobilized upstream of the
crossing. Contraction scour depends on the channel discharge, width, and depth upstream and at the
structure.

e Pressure scour adds to contraction scour by causing plunging flow at the structure opening. Pressure scour
is not a consideration for this structure because the culvert top is not in contact with the water surface.

e Local scour occurs at the upstream corners of the culvert.

Table 5 shows the structure and upstream hydraulic results for proposed conditions at Willows Creek for the
100-year discharge. Because the discharge is contained in the channel and the upstream width is approximately
the same as the structure opening width, no contraction scour is expected for the 100-year event. This
assumption is supported by the fact that the velocity in the structure is less than the upstream channel velocity.
The calculated scour for these conditions is less than zero, which indicates that no contraction scour will occur,
but some sedimentation is likely along the side of the opening.

Table 5. Hydraulic Condition at Willows Creek — 100-year Return Period

HEC RAS Discharge Top Width | Flow Velocity Hydraulic
Location (cfs) (feet) (feet/second) Depth (feet)
Channel upstream of Culvert 4000

In Proposed Culvert 3909.4 83 12.0 4.4 1.6

The HEC-18 manual (FHWA, 2012) includes an equation for box culvert scour that is only applicable for free surface
flow conditions in the culvert (no pressure flow) and clear-water bed conditions. The proposed culvert is not in
pressure flow, but has live-bed (mobile) conditions upstream. Because this culvert does not constrict the upstream
channel, application of this equation would indicate that no local scour is expected at the culvert. This finding is
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reasonable for live-bed conditions, because computed clear-water scour is more severe when live-bed conditions
actually exist.

During extreme events, the bed will mobilize and general scour can occur. General scour includes the passage of
bed forms and the mobile layer of the bed. General scour was calculated using two methods: Blench (1969) and Lu
et al. (2012). The general scour for the 100-year event calculated by these two methods is 1.9 and 1.5 feet,
respectively. Therefore, an average general scour value of 2 feet is recommended for this crossing.

There is uncertainty in the scour estimate due to the uncertainty in the estimate of peak flows derived with the HSPF
model. This uncertainty is mitigated somewhat by the use of a calibrated model, although future climate trends were
not considered in the scour analysis. Another source of uncertainty is the use of an uncalibrated HEC-RAS model
to determine the physical parameters (depth, velocity, shear stress) used as input to the formulas for scour. Some
of this uncertainty is addressed by the use of surveyed cross sections in the model and a conservative estimate of
input parameters (e.g. Manning’s roughness coefficients). A third source of uncertainty is that the formulas used to
develop scour estimates are based on empirical rather than theoretical relationships between scour and sediment
gradation. However, these formulas have been in use for a number of years and have been shown to provide
conservative estimates of scour.

4.1.5 Proposed Culvert Substrate Design

The streambed gradation for the proposed culvert was designed based off the shields approach as documented
within the WDFW Stream Habitat Restoration Guidelines (Cramer 2012). Results of the hydraulic model show a
critical shear up to 1.0 Ibs/ft? though the proposed culvert, supporting a maximum shear stress capable of moving
up to the 32 mm size class (See Appendix D). Bed material was sized for the D1oo to remain stable up to the 100-
year event due to the highly altered system downstream. Higher shear stresses exceeding 2.0 lbs/ft? are found
immediately upstream of the proposed culvert, capable of mobilizing up to the 64mm size class. However, larger
material with a Dsa4 ranging from 83 mm - 108 mm is located immediately upstream and the material is expected to
remain relatively stable despite increased shear stress due a reduced backwater condition. A mixture of 35%
streambed sediment (WSDOT 9-03.11(1)) per part of 6-inch minus Streambed Cobble (WSDOT 9-03.11(2)) will be
specific for the design. Streambed cobble has an average 35% void space and 2-inch minus streambed sediment
is used to fill void space and increase the stability of the mixture. The proposed streambed gradation is provided
below in Table 6.

Table 6. Proposed Culvert and Streambed Gradation — Willows Creek Culvert

Particle Frequency Particle Size (mm) Particle Size (inch)

D100 152 6.00
D84 113 4,5
D65 58 2.3
D50 42 1.7
D35 26 1.0
D16 9 0.3

4.2 GUN CLUB CREEK

4.2.1 HY-8 Model

The culvert hydraulics at Gun Club Creek were analyzed using the HY-8 model (FHWA, 2015). The HY-8 model is
specifically designed for culvert analysis and is able to evaluate a wide variety of culverts types and site conditions.

The hydraulic analysis for Gun Club Creek assumed a 10-foot wide, 4-foot high rectangular concrete box structure.
Culvert sizing was determined based on bankfull width documented in Section 2.2. A user-defined shape was
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assumed, in order to incorporate a low-flow channel in the bottom of the culvert. The culvert was analyzed using a
roughness coefficient of 0.013, which is typical of concrete. The low—flow channel was assumed to be a triangular
channel 0.5 feet deep with 3:1 side-slopes. Substrate in the channel was assumed to be streambed sediment/cobble
with a roughness coefficient of 0.035, which is typical for this type of material.

Tail-water conditions were established based on uniform flow in the downstream roadside channel. This is a grass-
lined channel with a 10-foot bottom width, 1:1 side-slopes and 0.5% longitudinal slope. A 0.035 roughness
coefficient, typical of grass conditions, was assumed for this channel.

4.2.2 Results

Table 7 summarizes the hydraulic performance of the existing and proposed culvert at Gun Club Creek. HY-8 output
is provided in Appendix E. Model results show that existing Gun Club Creek culvert has sufficient capacity to convey
peak flows up to and including the 100-year event without surcharging at the upstream end. However, the
downstream end is submerged due to high tailwater. Furthermore, for modeling purposes the Gun Club Creek
existing culvert was simplified to a single 36" CMP pipe with a length of 110 feet. This overestimates existing
capacity by not accounting for losses in the manhole and the smaller pipe downstream. The proposed concrete box
culvert would reduce the headwater elevation by approximately 0.2 to 0.4 feet for events at or above the 25-year
peak design flow. The proposed culvert would not significantly reduce headwater because of the relatively high
tailwater conditions at the culvert outlet. The high tailwater conditions are due to capacity restrictions in the
downstream roadside ditch and culvert system that drains to the north. Freeboard for the 100-year design event is
0.7 feet, which is less than the 1-foot design criterion. Adjustment to the channel independent of the culvert slope
during the design process could result in meeting the freeboard criterion, but franchise utility conflicts will need to
be resolved prior to making this adjustment. However, the potential for debris loading in this system is limited due
to the relatively small size of the upstream channel. Furthermore, the roadway prism is fairly shallow, and higher
freeboard would require raising the road profile.

Table 7. Culvert Performance - Gun Club Creek

Existing Culvert Proposed 10’°x4’ Box Culvert

Return Headwater Headwater
Period | Discharge | Elevation (feet Elevation (feet | Inlet Depth | Freeboard? Velocity
(years) (cfs) NAVD88) NAVD88) (feet) (feet) (fps)
2 55 35.82 35.94 0.6 1.9 0.6 2.5
10 9.2 36.26 36.30 1.0 1.5 2.1 0.5
25 11.7 37.17 37.02 1.7 0.8 2.5 0.6
50 13.8 37.38 37.08 1.8 0.7 2.5 0.7
100 16.2 37.52 37.14 1.8 0.7 2.5 0.8

a. Measured at culvert entrance.
b. Measured at culvert outlet.

4.2.3 Proposed Culvert Substrate Design

The streambed gradation for the Gun Club Creek culvert was designed based off the shields approach as
documented within the WDFW Stream Habitat Restoration Guidelines (Cramer, 2012). Results of the HY-8 model
show a maximum shear stress of approximately 0.5 Ibs/ft? capable of mobilizing material up to the 1-inch size class.
Maximum shear stress occurs at the 2-year event due to a high tailwater reducing shear stress at larger flows. Bed
material was sized for the Dioo to remain stable through all events due to the highly altered system downstream. A
mixture of 35% streambed sediment (WSDOT 9-03.11(1)) per part of 4-inch minus Streambed Cobble (WSDOT 9-
03.11(2)) will be specific for the design. Streambed cobble has an average 35% void space and 2-inch minus
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streambed sediment is used to fill void space and increase the stability of the mixture. The proposed streambed
gradation is provided below in Table 8.

Table 8. Proposed Culvert Substrate Gradation - Gun Club Creek

Particle Frequency Particle Size (mm) Particle Size (inch)

D100 102 4.0
D84 72 2.8
D65 54 2.1
D50 40 1.6
D35 25 1.0
D16 20 0.8
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APPENDIX A. BANKFULL WIDTH ASSESSMENT

A field investigation was performed by Tetra Tech staff in December 2017 to determine bankfull width of Willows
Creek and the Gun Club Creek. This assessment was performed to support the design of the replacement culverts
at Willows Road. A moderate rainfall event occurred prior to the assessment which elevated flows but did not
interfere with the bankfull width determination.

Bankfull width was also validated using equation C.1 from Bernard, et al. (2013), shown below.

W = 0.05* WAL AAPO.61 Equations C.1
Where
Wen = width of the bankfull channel in feet
WA = watershed area in square miles

AAP = average annual precipitation in inches per year.

WILLOWS CREEK

Willows Creek runs through poorly defined braided channel within reed canary grass until it reaches the Puget
Sound Energy business park. This reach is characterized by a moderately confined / incised channel between the
Willows Road crossing and the upstream culvert marking the upstream extent of the study reach.

Eleven cross sections were occupied and bankfull width / depth measurements were recorded. Two sediment
samples were taken for laboratory sieve analysis. The incised channel was measured to be approximately 1.5 to
2.5 feet deep and average approximately 8.0 feet wide. Bankfull width sample site locations are shown in Figure A-
1 and width measurements are listed in Table A-1. Photos showing the bankfull width measurement follow the table.
At the time of field work, the stream was flowing a few inches below bankfull depth and estimated to be about 15-
20 cfs based on existing hydraulic modeling.

Bankfull width was validated using the Equation C.1 from Bernard et.al. (shown above). The Willows Creek
watershed area is 272 acres and the average annual rainfall at the project site is 42.6 inches, which results in an
estimated bankfull width of 6.4 feet. The standard error of this estimate is 16%, which results in a bankfull width
estimate ranging from 5.4 to 7.4 feet. The observed average value of 7.9 feet is slightly above this range of estimate
and will be used as the design bankfull width for culvert sizing.

The streambed is generally a mixture and sand and very fine gravel. Bulk sediment samples were taken at Site W3
and Site W9. Pebble counts were not performed at those locations due to the lack of larger particles and variability
in the size of the gradation. Larger material was present near the upstream and downstream extents of the reach
as well as near existing stabilization sites, but the material was determined to be placed due its location and
uniformity. Details on the sediment gradation are provided in Figures D-3 and D-4.
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Figure A-1. Willows Creek Bankfull Width Measurement Locations
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Table A-1. Willows Creek Bankfull Width Summary

CAD Distance Upstream of

Cross- Willows Road Centerline | Bankfull Bankfull

Section (feet) Width (feet) |Depth (feet) Comments
w1 10+48 60 9.0 N/A Pebble count location
w2 10+29 75 6.0 15 Pebble count location
W3 9+90 115 8.0 24 Bulk sample location
w4 9+00 195 9.0 14
W5 8+43 250 9.0 13
W6 8+21 275 7.0 2.0
w7 7+61 320 7.0 1.7
w8 7+26 365 8.0 1.7
w9 6+60 430 9.0 1.8 Bulk sample location
W10 5+88 485 8.0 2.0
w1l 4+99 560 7.0 1.6 Immediately d/s of PSE road

Average 7.9 1.7

a. See Figure A-1.

WILLOWS CREEK SITE: W1

BANKFULL DEPTH: N/A
BANKFULL WIDTH: 9.0’
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Culvert Analysis Report

WILLOWS CREEK SITE: W1

SEDIMENT SAMPLE ASSUMED TO BE PLACED DURING
CULVERT INSTALLATION

WILLOWS CREEK SITE: W2

BANKFULL WIDTH: 6.0’
BANKFULL DEPTH: 1.5'

A4
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WILLOWS CREEK SITE: W3

BANKFULL WIDTH: 8.0’
BANKFULL DEPTH: 2.4’

WILLOWS CREEK SITE: W4

BANKFULL WIDTH: 9.0°
BANKFULL DEPTH: 1.4’
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Culvert Analysis Report

WILLOWS CREEK SITE: W5

SEDIMENT SAMPLE ASSUMED TO BE PLACED DURING STREAM
STABILIZATION DESIGN

WILLOWS CREEK SITE: W5

BANKFULL WIDTH: 9.0°
BANKFULL DEPTH: 1.3’

A.6
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WILLOWS CREEK SITE: W6

BANKFULL WIDTH: 7.0°
BANKFULL DEPTH: 2.0’

WILLOWS CREEK SITE: W6

SEDIMENT SAMPLE ASSUMED TO BE PLACED DURING STREAM
STABILIZATION DESIGN
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Willows Creek and Gun Club Creek Culvert Replacement

Culvert Analysis Report

WILLOWS CREEK SITE: W7

BANKFULL WIDTH: 7.0°
BANKFULL DEPTH: 1.7’

WILLOWS CREEK SITE: W8

BANKFULL WIDTH: 8.0°
BANKFULL DEPTH: 1.7’

A.8
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WILLOWS CREEK SITE: W9

BANKFULL WIDTH: 9.0°
BANKFULL DEPTH: 1.8’

WILLOWS CREEK SITE: W9
REPRESENTATIVE SEDIMENT SAMPLE
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Willows Creek and Gun Club Creek Culvert Replacement

Culvert Analysis Report

WILLOWS CREEK SITE: W10

BANKFULL WIDTH: 8.0°
BANKFULL DEPTH: 2.0’

WILLOWS CREEK SITE: W11

BANKFULL WIDTH: 7.0°
BANKFULL DEPTH: 1.6’

A.10
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WILLOWS CREEK SITE: W11

SEDIMENT SAMPLE ASSUMED TO BE PLACED DURING CULVERT
INSTALLATION

GUN CLUB CREEK

The Gun Club Creek is a small stream directly north of the Willows Creek drainage. The channel was observed to
be heavily engineered in the lower reaches and naturally braided and poorly defined through reed canary grass in
the upper reaches. Four cross-sections were occupied and bankfull measurements were performed where
measurable. No sediment samples were taken because sediment appeared to be placed in the lower reaches and
not within the active channel in the upper reach. Average bankfull width was measured to be 6 feet wide. Site GC1
is not a natural channel and has no bankfull width or depth associated, top width and depth were measured in its
place. Site GC4 provides a typical section upstream of the engineered portion of the stream where access could be
found due to dense vegetation. Bankfull width sample site locations are shown in Figure A-2 and width
measurements are listed in Table A-2. Photos showing the bankfull width measurement follow the table.

The bankfull width estimate for the Gun Club Creek was validated using the equation from Bernard et.al. (shown
above). The Gun Club Creek watershed area tributary to the culvert crossing is 163 acres, which results in an
estimated bankfull width of 5.1 feet. With the 16% standard error, the estimated range is 4.3 to 5.9 feet. The
observed value of 6 feet is slightly higher than the upper range of the estimate and will be used as the design
bankfull width for culvert sizing.
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Figure A-2. Gun Club Creek Bankfull Width Measurement Sites
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Willows Creek and Gun Club Creek Culvert Replacement

Culvert Analysis Report

Table A-2. Gun Club Creek Bankfull Width Summary
Distance Upstream of

Willows Road Centerline Bankfull Bankfull

Site@ (feet) Width (feet) Depth (feet) Comments

GC1 85 11b 150 Engineered channel

GC2 285 6.0 1.2 Representative of bankfull
conditions in stream

GC3 425 6.0 1.3 Representative of bankfull
conditions in stream

GC4 9.0 N/A Reach undefined

Representative Bankfull Width 6.0 1.2

a. See Figure A-2.

b. Top width and maximum depth reported.

GUN CLUB CREEK SITE: GC1
ENGINEERED CHANNEL DIRECTLY UPSTREAM OF WILLOWS ROAD
TOP WIDTH =171’
MAX DEPTH =1.5

TETRA TECH
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Willows Creek and Gun Club Creek Culvert Replacement

Culvert Analysis Report

GUN CLUB CREEK SITE: GC2
DOWNSTREAM OF 24” DIA. CULVERT
BANKFULL WIDTH: 6.0’
BANKFULL DEPTH: 1.2’

GUN CLUB CREEK SITE: GC3
UPSTREAM OF 24” DIA. CULVERT
BANKFULL WIDTH: 6.0’
BANKFULL DEPTH: 1.3’

A.l4
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GUN CLUB CREEK SITE: GC4
UPSTREAM IN UNDEFINED REACH
BANKFULL WIDTH: 9.0’
BANKFULL DEPTH: N/A
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APPENDIX B. FLOOD FREQUENCY

Bulletin 17 Plot for 2018 - RCHRES 150 - WILLOWS
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Figure B-1 Flood Frequency, Willows Creek at Willows Road Crossing 2017 HSPF Update
Bulletin 17 Plot for 2018 - RCHRES 900 REV - CG
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Figure B-2 Flood Frequency, Gun Club Creek at Willows Road Crossing 2017 HSPF Update
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Bulletin 17 Plot for 2018 - RCHRES 150 - WILLOWS
Return Period
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Figure B-3 Flood Frequency, Willows Creek at Willows Road Crossing 2006 HSPF
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APPENDIX C. HEC-RAS OUTPUT
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Figure C-1. Willows Creek 2-year Flood Profiles
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Figure C-2. Willows Creek 10-year Flood Profile
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Figure C-4. Willows Creek 50-year Flood Profile

c.2

TETRA TECH



Willows Creek and Gun Club Creek Culvert Replacement

Culvert Analysis Report
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Figure C-5. Willows Creek 100-year Flood Profile
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Figure C-6. Willows Creek River STA 4050.6 Cross Section
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Figure C-7. Willows Creek HEC-RAS Cross-section Locations
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HEC-RAS Plan: EX River: Willows_Creek Reach: Willows_Cree

Reach River Sta | Profile | Q Total [ Max Chl Dpth | Volume | Top W Act Chan | Flow Area Ch | Hydr Depth | Q Channel | Vel Chnl | Hydr Radius C [ Shear Chan | Top Width | Froude # Chl
(cfs) (ft) (acre-ft) (ft) (sq ft) (ft) (cfs) (ft/s) (ft) (Ib/sq ft) (ft)

Willows_Creek 4738|2-Yr 20.00 0.86 0.45 11.90 6.70 0.56 20.00 2.99 0.55 0.62 11.90 0.70
Willows_Creek 4738|10-Yr 40.00 1.24 0.98 13.54 11.56 0.85 40.00 3.46 0.82 0.73 13.54 0.66
Willows_Creek 4738|25-Yr 54.00 1.46 1.38 13.87 14.56 1.01 53.98 3.71 1.01 0.78 14.54 0.64
Willows_Creek 4738|50-Yr 68.00 1.66 1.58 13.87 17.30 1.13 67.81 3.92 1.20 0.83 15.58 0.62
Willows_Creek 4738|100-Yr 83.00 1.85 1.80 13.87 19.98 1.25 82.40 4.12 1.38 0.87 16.58 0.61
Willows_Creek 4711|2-Yr 20.00 1.42 0.44 13.33 14.75 1.10 20.00 1.36 1.04 0.10 13.43 0.23
Willows_Creek 4711{10-Yr 40.00 1.87 0.97 13.41 20.79 1.38 39.87 1.92 1.46 0.19 15.40 0.27
Willows_Creek 4711(25-Yr 54.00 2.12 1.37 13.41 24.12 1.51 53.52 2.22 1.69 0.24 16.72 0.29
Willows_Creek 4711(50-Yr 68.00 2.33 1.57 13.41 27.05 1.62 66.93 2.47 1.90 0.28 17.87 0.31
Willows_Creek 4711|100-Yr 83.00 2.54 1.78 13.41 29.85 1.44 81.18 2.72 2.10 0.33 23.13 0.32
Willows_Creek 4681|2-Yr 20.00 1.45 0.43 9.66 8.24 0.85 20.00 243 0.81 0.36 9.66 0.46
Willows_Creek 4681(10-Yr 40.00 1.71 0.96 10.47 10.89 1.00 39.99 3.67 0.99 0.78 10.94 0.64
Willows_Creek 4681(25-Yr 54.00 1.89 1.35 10.47 12.77 1.10 53.88 4.22 1.16 0.97 11.80 0.67
Willows_Creek 4681|50-Yr 68.00 2.09 1.55 10.47 14.85 1.21 67.53 4.55 1.34 1.07 12.75 0.67
Willows_Creek 4681|100-Yr 83.00 2.28 1.76 10.47 16.88 0.96 81.66 4.84 1.53 1.16 19.12 0.67
Willows_Creek 4644.9(2-Yr 20.00 2.09 0.42 12.79 15.35 1.08 19.95 1.30 1.15 0.09 14.48 0.21
Willows_Creek 4644.9(10-Yr 40.00 2.26 0.94 12.79 17.53 1.16 39.73 2.27 1.31 0.27 15.59 0.34
Willows_Creek 4644.9(25-Yr 54.00 2.44 1.34 12.79 19.75 1.25 53.28 2.70 1.47 0.37 16.72 0.38
Willows_Creek 4644.9(50-Yr 68.00 2.66 1.53 12.79 22.67 1.30 66.35 2.93 1.69 0.41 19.27 0.39
Willows_Creek 4644.9(100-Yr 83.00 2.89 1.74 12.79 25.50 1.10 79.77 3.13 1.90 0.45 27.24 0.39
Willows_Creek 4585.7[2-Yr 20.00 0.85 0.41 11.06 5.37 0.49 20.00 3.72 0.48 1.01 11.06 0.94
Willows_Creek 4585.7[10-Yr 40.00 1.20 0.92 13.86 9.66 0.70 40.00 4.14 0.69 1.11 13.86 0.87
Willows_Creek 4585.7|25-Yr 54.00 1.37 1.32 15.28 12.16 0.80 54.00 4.44 0.78 1.23 15.28 0.88
Willows_Creek 4585.7|50-Yr 68.00 1.48 1.51 16.12 13.90 0.86 68.00 4.89 0.85 1.45 16.21 0.93
Willows_Creek 4585.7(100-Yr 83.00 1.57 1.71 16.50 15.46 0.91 82.98 5.37 0.92 1.70 17.03 0.98
Willows_Creek 4579.8(2-Yr 20.00 1.68 0.39 16.71 19.36 1.16 20.00 1.03 1.11 0.06 16.71 0.17
Willows_Creek 4579.8(10-Yr 40.00 2.23 0.90 19.08 29.29 1.54 40.00 1.37 1.46 0.09 19.08 0.19
Willows_Creek 4579.825-Yr 54.00 2.45 1.29 19.14 33.36 1.61 53.97 1.62 1.66 0.13 20.76 0.22
Willows_Creek 4579.8(50-Yr 68.00 2.53 1.48 19.14 35.04 1.65 67.92 1.94 1.74 0.18 21.47 0.25
Willows_Creek 4579.8(100-Yr 83.00 2.59 1.68 19.14 36.09 1.67 82.86 2.30 1.80 0.25 21.92 0.29
Willows_Creek 4530.2(2-Yr 20.00 0.90 0.36 8.74 5.91 0.67 20.00 3.38 0.65 0.76 8.81 0.72
Willows_Creek 4530.2(10-Yr 40.00 1.22 0.85 8.74 8.75 0.89 39.80 4.55 0.96 1.20 10.12 0.80
Willows_Creek 4530.2|25-Yr 54.00 1.44 1.23 8.74 10.63 1.03 53.28 5.01 1.17 1.36 10.98 0.80
Willows_Creek 4530.2|50-Yr 68.00 1.69 1.41 8.74 12.86 1.18 66.23 5.15 1.42 1.35 12.01 0.75
Willows_Creek 4530.2(100-Yr 83.00 2.05 1.61 8.74 15.99 1.39 79.10 4.95 1.76 1.16 13.45 0.64
Willows_Creek 4506.7 [2-Yr 20.00 0.88 0.36 6.94 4.80 0.66 19.98 4.16 0.65 1.14 7.28 0.88
Willows_Creek 4506.7[10-Yr 40.00 1.36 0.85 7.01 8.16 0.97 39.29 4.82 1.10 1.29 8.97 0.79
Willows_Creek 4506.7[25-Yr 54.00 1.69 1.22 7.01 10.51 1.19 52.03 4.95 1.42 1.25 10.06 0.71
Willows_Creek 4506.7|50-Yr 68.00 2.05 1.41 7.01 13.01 1.39 64.02 4.92 1.76 1.15 11.31 0.64
Willows_Creek 4506.7[100-Yr 83.00 2.51 1.60 7.01 16.21 1.54 75.90 4.68 2.19 0.97 13.88 0.54
Willows_Creek 4466.7 [2-Yr 20.00 1.32 0.35 5.00 6.31 1.26 20.00 3.17 1.26 0.53 16.83 0.50
Willows_Creek 4466.7(10-Yr 40.00 2.04 0.82 5.00 9.94 1.99 40.00 4.03 1.99 0.74 21.60 0.50
Willows_Creek 4466.7|25-Yr 54.00 2.48 1.19 5.00 12.09 2.42 54.00 4.47 2.42 0.85 25.00 0.51
Willows_Creek 4466.7|50-Yr 68.00 2.88 1.37 5.00 14.13 2.83 68.00 4.81 2.82 0.94 28.22 0.50
Willows_Creek 4466.7(100-Yr 83.00 3.33 1.55 5.00 16.37 3.27 83.00 5.07 3.27 0.99 31.75 0.49
Willows_Creek 4434.8 Culvert
Willows_Creek 4402.8(2-Yr 20.00 1.51 0.33 5.70 7.38 1.10 19.88 2.69 1.00 0.41 7.72 0.42
Willows_Creek 4402.8(10-Yr 40.00 2.10 0.80 5.70 10.79 1.70 38.62 3.58 1.47 0.65 18.28 0.46
Willows_Creek 4402.825-Yr 54.00 2.42 1.17 5.70 12.56 2.01 51.51 4.10 1.71 0.81 19.94 0.49
Willows_Creek 4402.8(50-Yr 68.00 2.67 1.34 5.70 13.99 2.26 64.34 4.60 1.90 0.98 21.28 0.52
Willows_Creek 4402.8(100-Yr 83.00 2.89 1.51 5.70 15.29 2.49 78.02 5.10 2.08 1.17 22.49 0.55
Willows_Creek 4297.3(2-Yr 20.00 1.36 0.31 7.29 7.31 1.00 20.00 2.74 0.88 0.45 7.29 0.48
Willows_Creek 4297.3(10-Yr 40.00 1.89 0.77 8.58 11.51 1.34 40.00 3.47 1.15 0.66 8.58 0.53
Willows_Creek 4297.3|25-Yr 54.00 2.19 1.12 9.05 14.15 1.20 53.96 3.81 1.33 0.76 11.87 0.54
Willows_Creek 4297.3|50-Yr 68.00 2.38 1.29 9.05 15.86 0.99 67.32 4.25 1.49 0.90 17.29 0.57
Willows_Creek 4297.3(100-Yr 83.00 2.55 1.45 9.05 17.40 0.92 80.59 4.63 1.64 1.04 22.18 0.59
Willows_Creek 4198.5(2-Yr 20.00 1.44 0.29 11.65 9.76 0.84 20.00 2.05 0.74 0.27 11.65 0.39
Willows_Creek 4198.5(10-Yr 40.00 2.02 0.74 13.22 17.07 1.19 39.99 2.34 1.13 0.30 14.40 0.36
Willows_Creek 4198.5(25-Yr 54.00 2.40 1.08 13.55 22.15 0.95 53.19 2.40 1.43 0.29 25.47 0.33
Willows_Creek 4198.5(50-Yr 68.00 2.57 1.24 13.55 24.42 0.87 65.62 2.69 1.58 0.36 33.40 0.35
Willows_Creek 4198.5(100-Yr 83.00 2.73 1.39 13.55 26.60 0.85 77.79 2.92 1.72 0.41 41.21 0.37
Willows_Creek 4060|2-Yr 20.00 1.91 0.23 13.24 21.84 0.91 19.77 0.91 1.45 0.04 26.09 0.12
Willows_Creek 4060{10-Yr 40.00 2.63 0.60 13.24 31.38 0.97 33.83 1.08 2.09 0.05 55.18 0.12
Willows_Creek 4060(25-Yr 54.00 3.10 0.88 13.24 37.70 1.16 39.61 1.05 2.51 0.05 72.83 0.11
Willows_Creek 4060({50-Yr 68.00 3.25 1.00 13.24 39.63 1.22 47.73 1.20 2.64 0.06 78.21 0.12
Willows_Creek 4060|100-Yr 83.00 3.40 1.12 13.24 41.59 1.28 55.72 1.34 2.77 0.07 83.67 0.13
Willows_Creek 4050.6(2-Yr 20.00 1.68 0.22 8.08 7.18 0.89 20.00 2.79 0.76 0.49 8.08 0.52




Willows_Creek 4050.6(10-Yr 40.00 2.50 0.58 9.60 14.90 0.95 37.81 2.54 1.36 0.33 19.20 0.36
Willows_Creek 4050.6(25-Yr 54.00 3.01 0.85 9.60 19.84 1.13 46.67 2.35 1.81 0.26 26.50 0.29
Willows_Creek 4050.6(50-Yr 68.00 3.13 0.97 9.60 20.93 1.17 57.53 2.75 1.91 0.35 28.29 0.33
Willows_Creek 4050.6(100-Yr 83.00 3.24 1.09 9.60 22.01 1.16 69.13 3.14 2.00 0.45 31.37 0.37
Willows_Creek 4045|2-Yr 20.00 1.09 0.21 11.95 7.98 0.67 20.00 2.51 0.65 0.42 11.95 0.54
Willows_Creek 4045(10-Yr 40.00 2.54 0.52 14.22 28.22 0.95 28.23 1.00 1.94 0.05 66.99 0.13
Willows_Creek 4045(25-Yr 54.00 3.10 0.75 14.22 36.27 1.41 31.50 0.87 2.49 0.03 73.48 0.10
Willows_Creek 4045(50-Yr 68.00 3.21 0.86 14.22 37.79 1.50 38.52 1.02 2.59 0.04 74.34 0.11
Willows_Creek 4045|100-Yr 83.00 3.31 0.97 14.22 39.29 1.59 45.74 1.16 2.69 0.06 75.13 0.12
Willows_Creek 4038|2-Yr 20.00 1.63 0.20 11.40 9.42 0.48 18.71 1.99 0.79 0.24 25.00 0.39
Willows_Creek 4038(10-Yr 40.00 3.35 0.44 11.40 29.02 1.11 21.32 0.73 2.43 0.02 90.21 0.08
Willows_Creek 4038|25-Yr 54.00 3.92 0.62 11.40 35.51 1.55 23.54 0.66 2.97 0.02 99.45 0.07
Willows_Creek 4038(50-Yr 68.00 4.02 0.72 11.40 36.71 1.64 28.71 0.78 3.07 0.02 100.95 0.08
Willows_Creek 4038|100-Yr 83.00 4.13 0.82 11.40 37.90 1.60 35.09 0.93 3.17 0.03 109.83 0.09
Willows_Creek 4032|2-Yr 20.00 2.46 0.19 9.76 16.53 0.89 19.85 1.20 1.49 0.07 19.77 0.16
Willows_Creek 4032(10-Yr 40.00 4.20 0.40 9.76 33.60 1.38 26.17 0.78 3.02 0.02 65.44 0.07
Willows_Creek 4032|25-Yr 54.00 4.77 0.56 9.76 39.15 1.62 30.23 0.77 3.52 0.02 81.50 0.07
Willows_Creek 4032(50-Yr 68.00 4.88 0.66 9.76 40.17 1.67 37.04 0.92 3.61 0.03 84.43 0.08
Willows_Creek 4032|100-Yr 83.00 4.98 0.76 9.76 41.17 1.71 44.01 1.07 3.70 0.04 87.33 0.09
Willows_Creek 4030 2-Yr 20.00 1.86 0.19 8.55 10.61 0.68 19.94 1.88 1.11 0.20 16.09 0.30
Willows_Creek 4030(10-Yr 40.00 3.65 0.39 8.55 25.93 1.29 23.01 0.89 2.71 0.03 63.99 0.09
Willows_Creek 4030{25-Yr 54.00 4.22 0.55 8.55 30.81 1.54 26.23 0.85 3.22 0.03 80.59 0.08
Willows_Creek 4030(50-Yr 68.00 4.33 0.65 8.55 31.69 1.58 32.07 1.01 3.31 0.04 83.60 0.09
Willows_Creek 4030{100-Yr 83.00 4.43 0.74 8.55 32.57 1.63 38.05 1.17 3.40 0.05 86.58 0.11
Willows_Creek 4020|2-Yr 20.00 1.22 0.19 6.24 5.54 0.89 20.00 3.61 0.77 0.81 6.24 0.68
Willows_Creek 4020(10-Yr 40.00 3.30 0.37 10.23 25.28 1.03 28.10 1.11 2.20 0.05 58.81 0.12
Willows_Creek 4020{25-Yr 54.00 3.88 0.52 10.23 31.16 1.41 30.63 0.98 2.72 0.04 69.21 0.10
Willows_Creek 4020(50-Yr 68.00 3.98 0.62 10.23 32.20 1.49 37.29 1.16 2.81 0.05 70.47 0.12
Willows_Creek 4020{100-Yr 83.00 4.08 0.71 10.23 33.23 1.56 44.09 1.33 2.90 0.07 71.64 0.13
Willows_Creek 4010|2-Yr 20.00 1.20 0.19 5.59 4.61 0.83 20.00 4.34 0.72 1.20 5.59 0.84
Willows_Creek 4010(10-Yr 40.00 3.53 0.36 7.44 21.28 1.08 23.84 1.12 2.40 0.05 62.02 0.12
Willows_Creek 4010{25-Yr 54.00 4.11 0.51 7.44 25.56 1.48 25.00 0.98 2.89 0.04 71.59 0.09
Willows_Creek 4010(50-Yr 68.00 4.21 0.60 7.44 26.32 1.56 30.27 1.15 2.97 0.05 72.59 0.11
Willows_Creek 4010{100-Yr 83.00 4.31 0.70 7.44 27.07 1.64 35.62 1.32 3.06 0.07 73.57 0.12
Willows_Creek 4000|2-Yr 20.00 1.44 0.19 7.90 8.04 1.02 20.00 2.49 0.92 0.36 7.90 0.43
Willows_Creek 4000(10-Yr 40.00 3.81 0.35 10.35 31.28 1.02 29.02 0.93 2.61 0.04 69.55 0.09
Willows_Creek 4000 25-Yr 54.00 4.39 0.48 10.35 37.25 1.40 30.46 0.82 3.11 0.03 81.96 0.08
Willows_Creek 4000(50-Yr 68.00 4.49 0.57 10.35 38.30 1.47 36.86 0.96 3.20 0.04 83.61 0.09
Willows_Creek 4000{100-Yr 83.00 4.59 0.66 10.35 39.34 1.55 43.33 1.10 3.28 0.05 85.25 0.10
Willows_Creek 3918.7|2-Yr 20.00 3.23 0.18 8.48 17.10 2.02 20.00 1.17 1.71 0.07 14.30 0.15
Willows_Creek 3918.7|10-Yr 40.00 5.57 0.32 9.06 38.18 4.21 40.00 1.05 3.53 0.04 71.75 0.09
Willows_Creek 3918.7|25-Yr 54.00 6.13 0.45 9.06 43.30 4.78 54.00 1.25 4.01 0.06 78.46 0.10
Willows_Creek 3918.7|50-Yr 68.00 6.26 0.54 16.52 72.77 1.96 45.13 0.62 3.82 0.01 79.41 0.05
Willows_Creek 3918.7|100-Yr 83.00 6.36 0.63 16.52 74.43 2.04 53.65 0.72 3.90 0.02 80.17 0.06
Willows_Creek 3909.4|2-Yr 20.00 2.25 0.18 2.25 4.95 2.20 20.00 4.04 2.19 0.57 15.03 0.48
Willows_Creek 3909.4|10-Yr 40.00 4.63 0.31 2.25 10.30 4.58 40.00 3.88 4.56 0.41 41.27 0.32
Willows_Creek 3909.4|25-Yr 54.00 5.50 0.42 24.72 91.42 1.81 48.07 0.53 3.45 0.01 67.30 0.05
Willows_Creek 3909.4|50-Yr 68.00 5.61 0.51 24.72 94.13 1.85 59.44 0.63 3.55 0.01 69.87 0.06
Willows_Creek 3909.4|100-Yr 83.00 5.71 0.60 24.72 96.59 1.89 71.33 0.74 3.64 0.02 72.20 0.07
Willows_Creek 3862.9 Culvert

Willows_Creek 3816.3|2-Yr 20.00 1.26 0.17 8.41 7.00 0.81 19.97 2.85 0.78 0.40 21.69 0.55
Willows_Creek 3816.3|10-Yr 40.00 1.65 0.29 8.41 10.24 1.14 39.52 3.86 1.14 0.65 23.02 0.62
Willows_Creek 3816.3|25-Yr 54.00 1.83 0.38 8.41 11.72 1.28 52.99 4.52 1.30 0.85 23.63 0.68
Willows_Creek 3816.3|50-Yr 68.00 2.03 0.46 8.41 13.40 1.21 65.37 4.88 1.49 0.94 37.81 0.68
Willows_Creek 3816.3|100-Yr 83.00 2.22 0.53 8.41 15.07 1.41 77.36 5.13 1.67 1.00 39.26 0.68
Willows_Creek 3813.6|2-Yr 20.00 1.36 0.17 9.84 9.18 0.88 19.93 2.17 0.89 0.22 14.87 0.40
Willows_Creek 3813.6/10-Yr 40.00 1.75 0.29 9.84 13.04 1.15 39.18 3.01 1.26 0.38 17.75 0.46
Willows_Creek 3813.6|25-Yr 54.00 1.93 0.38 9.84 14.83 1.32 52.05 3.51 1.43 0.49 22.40 0.50
Willows_Creek 3813.6|50-Yr 68.00 2.14 0.45 9.84 16.84 1.52 64.32 3.82 1.62 0.56 35.13 0.51
Willows_Creek 3813.6|100-Yr 83.00 2.34 0.53 9.84 18.79 1.72 77.24 4.11 1.81 0.63 37.63 0.52
Willows_Creek 3790.4 Bridge

Willows_Creek 3770.4|2-Yr 20.00 1.27 0.16 12.01 10.99 0.92 20.00 1.82 0.79 0.12 12.01 0.34
Willows_Creek 3770.4|10-Yr 40.00 2.17 0.27 12.01 21.77 1.81 40.00 1.84 1.38 0.10 12.01 0.24
Willows_Creek 3770.4|25-Yr 54.00 2.55 0.36 12.01 26.40 2.20 54.00 2.05 1.60 0.12 12.01 0.24
Willows_Creek 3770.4)|50-Yr 68.00 2.82 0.43 12.02 29.62 2.47 68.00 2.30 1.74 0.15 12.02 0.26
Willows_Creek 3770.4|100-Yr 83.00 3.07 0.50 12.02 32.61 2.71 83.00 2.55 1.86 0.18 12.02 0.27
Willows_Creek 3756.4|2-Yr 20.00 1.76 0.15 6.18 7.44 1.20 20.00 2.69 1.00 0.33 6.18 0.43
Willows_Creek 3756.4|10-Yr 40.00 2.68 0.26 7.57 13.85 1.65 39.65 2.86 1.47 0.33 8.68 0.37
Willows_Creek 3756.4|25-Yr 54.00 3.05 0.35 7.66 16.70 1.90 52.56 3.15 1.75 0.37 9.92 0.38




Willows_Creek 3756.4|50-Yr 68.00 3.29 0.41 7.66 18.54 2.06 65.30 3.52 1.94 0.45 10.75 0.40
Willows_Creek 3756.4|100-Yr 83.00 3.51 0.48 7.66 20.21 2.19 78.64 3.89 211 0.53 11.50 0.42
Willows_Creek 3605.5|2-Yr 20.00 1.37 0.12 7.00 9.59 1.37 20.00 2.08 1.37 0.18 8.55 0.31
Willows_Creek 3605.5|10-Yr 40.00 2.49 0.20 7.00 17.42 2.49 40.00 2.30 2.49 0.18 17.97 0.26
Willows_Creek 3605.5|25-Yr 54.00 2.92 0.26 9.20 24.71 1.43 46.94 1.90 2.10 0.13 22.00 0.20
Willows_Creek 3605.5|50-Yr 68.00 3.16 0.32 9.20 26.88 1.67 55.40 2.06 2.28 0.15 22.00 0.21
Willows_Creek 3605.5|100-Yr 83.00 3.37 0.37 9.20 28.83 1.88 64.13 2.22 2.45 0.17 22.00 0.22
Willows_Creek 3570.75 Culvert

Willows_Creek 3536(2-Yr 20.00 1.66 0.11 8.39 13.02 1.55 20.00 1.54 1.28 0.08 8.92 0.22
Willows_Creek 3536|10-Yr 40.00 2.64 0.17 9.20 22.15 1.45 37.06 1.67 1.89 0.08 18.02 0.19
Willows_Creek 3536(25-Yr 54.00 2.95 0.22 9.20 25.02 1.53 47.19 1.89 2.14 0.10 21.03 0.20
Willows_Creek 3536|50-Yr 68.00 3.18 0.27 9.20 27.14 1.74 56.35 2.08 2.32 0.11 21.28 0.21
Willows_Creek 3536(100-Yr 83.00 3.40 0.31 9.20 29.17 1.94 65.62 2.25 2.49 0.13 21.52 0.22
Willows_Creek 35112-Yr 20.00 1.63 0.10 8.89 12.96 1.46 20.00 1.54 1.19 0.08 8.89 0.23
Willows_Creek 3511|10-Yr 40.00 2.62 0.16 9.20 22.00 1.44 37.18 1.69 1.88 0.08 17.94 0.19
Willows_Creek 351125-Yr 54.00 2.93 0.21 9.20 24.85 1.51 47.40 1.91 2.12 0.10 21.01 0.20
Willows_Creek 3511|50-Yr 68.00 3.16 0.25 9.20 26.95 1.72 56.60 2.10 2.30 0.12 21.26 0.22
Willows_Creek 3511(100-Yr 83.00 3.38 0.29 9.20 28.97 1.92 65.91 2.27 2.48 0.13 21.50 0.23
Willows_Creek 3480(2-Yr 20.00 1.57 0.09 6.49 10.05 1.55 20.00 1.99 1.49 0.12 8.81 0.28
Willows_Creek 3480|10-Yr 40.00 2.60 0.14 9.20 21.79 1.43 37.34 1.71 1.86 0.08 17.84 0.20
Willows_Creek 3480(25-Yr 54.00 2.90 0.18 9.20 24.61 1.49 47.69 1.94 2.10 0.10 20.98 0.21
Willows_Creek 3480|50-Yr 68.00 3.13 0.22 9.20 26.70 1.70 56.95 2.13 2.28 0.12 21.23 0.22
Willows_Creek 3480(100-Yr 83.00 3.35 0.26 9.20 28.70 1.90 66.31 231 2.45 0.14 21.46 0.23
Willows_Creek 3422.4 Culvert

Willows_Creek 3364.8|2-Yr 20.00 2.70 0.07 8.75 19.73 2.25 20.00 1.01 2.13 0.02 20.99 0.12
Willows_Creek 3364.8|10-Yr 40.00 3.29 0.11 8.75 24.87 2.84 40.00 1.61 2.69 0.05 25.81 0.17
Willows_Creek 3364.8|25-Yr 54.00 3.48 0.14 10.60 30.04 1.66 42.81 1.43 2.60 0.04 27.58 0.15
Willows_Creek 3364.8|50-Yr 68.00 3.67 0.16 10.60 32.08 1.41 54.57 1.70 2.78 0.05 36.50 0.17
Willows_Creek 3364.8|100-Yr 83.00 3.90 0.19 10.60 34.56 1.64 61.99 1.79 2.99 0.06 36.50 0.18
Willows_Creek 3279.5|2-Yr 20.00 1.22 0.04 5.40 4.55 0.76 19.98 4.39 0.75 0.54 6.04 0.84
Willows_Creek 3279.5|10-Yr 40.00 1.63 0.07 5.40 6.74 0.82 38.35 5.69 1.11 0.80 9.21 0.90
Willows_Creek 3279.5|25-Yr 54.00 1.92 0.08 5.40 8.28 0.88 48.16 5.82 1.36 0.78 12.18 0.83
Willows_Creek 3279.5|50-Yr 68.00 2.12 0.10 5.40 9.37 0.98 57.09 6.10 1.54 0.82 13.61 0.82
Willows_Creek 3279.5|100-Yr 83.00 2.26 0.12 5.40 10.13 1.05 66.75 6.59 1.66 0.93 14.64 0.85
Willows_Creek 3222.5|2-Yr 20.00 1.37 0.03 6.20 5.91 0.75 19.80 3.35 0.84 0.30 8.17 0.61
Willows_Creek 3222.5|10-Yr 40.00 1.82 0.05 6.30 8.74 0.90 36.54 4.18 1.23 0.42 11.74 0.63
Willows_Creek 3222.5|25-Yr 54.00 2.05 0.07 6.30 10.20 1.03 46.69 4.58 1.43 0.47 13.11 0.63
Willows_Creek 3222.5|50-Yr 68.00 2.25 0.08 6.30 11.43 1.15 55.98 4.90 1.60 0.52 14.01 0.64
Willows_Creek 3222.5|100-Yr 83.00 2.44 0.10 6.30 12.64 1.28 65.23 5.16 1.77 0.56 14.77 0.64
Willows_Creek 3001.5|2-Yr 20.00 1.38 5.50 5.91 0.84 19.74 3.34 0.93 0.29 7.32 0.57
Willows_Creek 3001.5|10-Yr 40.00 1.86 5.50 8.53 0.97 36.35 4.26 1.34 0.42 10.91 0.60
Willows_Creek 3001.5|25-Yr 54.00 2.10 5.50 9.86 1.09 46.27 4.69 1.55 0.48 12.22 0.62
Willows_Creek 3001.5|50-Yr 68.00 2.31 5.50 10.99 1.20 55.42 5.04 1.73 0.54 13.32 0.63
Willows_Creek 3001.5|100-Yr 83.00 2.50 5.50 12.05 1.30 64.61 5.36 1.89 0.59 14.36 0.64
Willows_Creek 3001.5|100-Yr 83.00 2.50 5.50 12.04 1.30 64.62 5.37 1.89 0.59 14.36 0.64




HEC-RAS Plan: PROP  River: Willows_Creek Reach: Willows_Ci

Reach River Sta | Profile | Q Total [ Max Chl Dpth | Volume | Top W Act Chan | Flow Area Ch | Hydr Depth | Q Channel | Vel Chnl | Hydr Radius C [ Shear Chan | Top Width | Froude # Chl
(cfs) (ft) (acre-ft) (ft) (sq ft) (ft) (cfs) (ft/s) (ft) (Ib/sq ft) (ft)

Willows_Creek 4738|2-Yr 20.00 0.86 0.45 11.90 6.69 0.56 20.00 2.99 0.55 0.62 11.90 0.70
Willows_Creek 4738|10-Yr 40.00 1.24 0.76 13.54 11.56 0.85 40.00 3.46 0.82 0.73 13.54 0.66
Willows_Creek 4738|25-Yr 54.00 1.46 0.96 13.87 14.56 1.01 53.98 3.71 1.01 0.78 14.54 0.64
Willows_Creek 4738|50-Yr 68.00 1.66 1.15 13.87 17.30 1.13 67.81 3.92 1.20 0.83 15.58 0.62
Willows_Creek 4738|100-Yr 83.00 1.85 1.35 13.87 19.98 1.25 82.40 4.12 1.38 0.87 16.58 0.61
Willows_Creek 4711|2-Yr 20.00 1.42 0.44 13.32 14.74 1.10 20.00 1.36 1.04 0.10 13.42 0.23
Willows_Creek 4711{10-Yr 40.00 1.87 0.74 13.41 20.79 1.38 39.87 1.92 1.46 0.19 15.40 0.27
Willows_Creek 4711(25-Yr 54.00 2.12 0.95 13.41 24.12 1.51 53.52 2.22 1.69 0.24 16.72 0.29
Willows_Creek 4711(50-Yr 68.00 2.33 1.14 13.41 27.05 1.62 66.93 2.47 1.90 0.28 17.87 0.31
Willows_Creek 4711|100-Yr 83.00 2.54 1.34 13.41 29.85 1.44 81.18 2.72 2.10 0.33 23.14 0.32
Willows_Creek 4681|2-Yr 20.00 1.45 0.43 9.65 8.22 0.85 20.00 243 0.81 0.36 9.65 0.46
Willows_Creek 4681(10-Yr 40.00 1.71 0.73 10.47 10.89 1.00 39.99 3.67 0.99 0.78 10.94 0.63
Willows_Creek 4681(25-Yr 54.00 1.89 0.94 10.47 12.79 1.10 53.88 4.21 1.16 0.97 11.80 0.67
Willows_Creek 4681|50-Yr 68.00 2.09 1.12 10.47 14.87 1.21 67.52 4.54 1.35 1.07 12.76 0.67
Willows_Creek 4681|100-Yr 83.00 2.28 1.32 10.47 16.89 0.96 81.65 4.83 1.53 1.16 19.22 0.67
Willows_Creek 4644.9(2-Yr 20.00 2.09 0.42 12.79 15.31 1.08 19.95 1.30 1.14 0.09 14.46 0.21
Willows_Creek 4644.9(10-Yr 40.00 2.26 0.72 12.79 17.54 1.16 39.72 2.26 1.31 0.27 15.59 0.34
Willows_Creek 4644.9(25-Yr 54.00 2.44 0.92 12.79 19.79 1.25 53.27 2.69 1.48 0.36 16.74 0.38
Willows_Creek 4644.9(50-Yr 68.00 2.67 111 12.79 22.71 1.29 66.34 2.92 1.70 0.41 19.34 0.39
Willows_Creek 4644.9(100-Yr 83.00 2.89 1.30 12.79 25.54 1.10 79.75 3.12 1.91 0.45 27.29 0.39
Willows_Creek 4585.7[2-Yr 20.00 0.85 0.41 11.06 5.38 0.49 20.00 3.72 0.48 1.01 11.06 0.94
Willows_Creek 4585.7[10-Yr 40.00 1.20 0.70 13.85 9.65 0.70 40.00 4.14 0.68 1.12 13.85 0.88
Willows_Creek 4585.7|25-Yr 54.00 1.37 0.90 15.27 12.14 0.80 54.00 4.45 0.78 1.23 15.27 0.88
Willows_Creek 4585.7|50-Yr 68.00 1.48 1.08 16.12 13.88 0.86 68.00 4.90 0.85 1.45 16.20 0.93
Willows_Creek 4585.7(100-Yr 83.00 1.57 1.27 16.50 15.45 0.91 82.98 5.37 0.92 1.70 17.02 0.98
Willows_Creek 4579.8(2-Yr 20.00 1.68 0.39 16.70 19.39 1.16 20.00 1.03 1.12 0.06 16.70 0.17
Willows_Creek 4579.8(10-Yr 40.00 2.24 0.68 19.07 29.31 1.54 40.00 1.36 1.46 0.09 19.07 0.19
Willows_Creek 4579.825-Yr 54.00 2.45 0.87 19.14 33.34 1.62 53.98 1.62 1.66 0.13 20.72 0.22
Willows_Creek 4579.8(50-Yr 68.00 2.53 1.05 19.14 35.00 1.65 67.93 1.94 1.74 0.18 21.43 0.25
Willows_Creek 4579.8(100-Yr 83.00 2.59 1.24 19.14 36.08 1.67 82.86 2.30 1.80 0.25 21.88 0.29
Willows_Creek 4530.2(2-Yr 20.00 0.90 0.36 8.74 5.91 0.67 20.00 3.38 0.65 0.76 8.81 0.72
Willows_Creek 4530.2(10-Yr 40.00 1.22 0.63 8.74 8.75 0.89 39.80 4.55 0.96 1.20 10.12 0.80
Willows_Creek 4530.2|25-Yr 54.00 1.44 0.82 8.74 10.64 1.03 53.28 5.01 1.17 1.36 10.99 0.80
Willows_Creek 4530.2|50-Yr 68.00 1.69 0.99 8.74 12.87 1.18 66.22 5.14 1.42 1.35 12.02 0.75
Willows_Creek 4530.2(100-Yr 83.00 2.05 1.16 8.74 16.01 1.40 79.08 4.94 1.76 1.16 13.47 0.64
Willows_Creek 4506.7 [2-Yr 20.00 0.88 0.36 6.94 4.80 0.66 19.98 4.16 0.65 1.14 7.28 0.88
Willows_Creek 4506.7[10-Yr 40.00 1.36 0.62 7.01 8.16 0.97 39.29 4.81 1.10 1.28 8.97 0.79
Willows_Creek 4506.7[25-Yr 54.00 1.70 0.81 7.01 10.53 1.19 52.02 4.94 1.42 1.24 10.07 0.71
Willows_Creek 4506.7|50-Yr 68.00 2.05 0.98 7.01 13.03 1.39 64.00 4.91 1.76 1.14 11.32 0.64
Willows_Creek 4506.7[100-Yr 83.00 2.51 1.15 7.01 16.24 1.54 75.88 4.67 2.19 0.96 13.90 0.54
Willows_Creek 4466.7 [2-Yr 20.00 1.31 0.35 5.00 6.29 1.26 20.00 3.18 1.26 0.54 16.82 0.50
Willows_Creek 4466.7(10-Yr 40.00 2.04 0.60 5.00 9.92 1.98 40.00 4.03 1.98 0.74 21.61 0.50
Willows_Creek 4466.7|25-Yr 54.00 2.48 0.78 5.00 12.10 2.42 54.00 4.46 2.42 0.85 25.05 0.51
Willows_Creek 4466.7|50-Yr 68.00 2.88 0.94 5.00 14.14 2.83 68.00 4.81 2.82 0.94 28.27 0.50
Willows_Creek 4466.7(100-Yr 83.00 3.33 1.10 5.00 16.37 3.27 83.00 5.07 3.27 0.99 31.80 0.49
Willows_Creek 4434.8 Culvert
Willows_Creek 4402.8(2-Yr 20.00 1.51 0.33 5.70 7.38 1.10 19.88 2.69 1.00 0.41 7.72 0.42
Willows_Creek 4402.8(10-Yr 40.00 2.11 0.58 5.70 10.80 1.70 38.62 3.58 1.47 0.64 18.29 0.46
Willows_Creek 4402.825-Yr 54.00 2.42 0.75 5.70 12.61 2.02 51.50 4.08 1.71 0.80 19.99 0.48
Willows_Creek 4402.8(50-Yr 68.00 2.67 0.91 5.70 14.03 2.27 64.32 4.58 1.91 0.97 21.32 0.52
Willows_Creek 4402.8(100-Yr 83.00 2.90 1.07 5.70 15.33 2.50 78.01 5.09 2.08 1.16 22.53 0.55
Willows_Creek 4297.3(2-Yr 20.00 1.36 0.31 7.29 7.30 1.00 20.00 2.74 0.88 0.45 7.29 0.48
Willows_Creek 4297.3(10-Yr 40.00 1.88 0.55 8.54 11.36 1.33 40.00 3.52 1.14 0.68 8.54 0.54
Willows_Creek 4297.3|25-Yr 54.00 2.14 0.71 9.05 13.69 1.32 53.99 3.94 1.29 0.82 10.43 0.57
Willows_Creek 4297.3|50-Yr 68.00 2.34 0.86 9.05 15.50 1.01 67.52 4.36 1.46 0.96 16.15 0.59
Willows_Creek 4297.3(100-Yr 83.00 2.52 1.01 9.05 17.10 0.93 80.96 4.73 1.61 1.09 21.24 0.61
Willows_Creek 4198.5(2-Yr 20.00 1.44 0.29 11.67 9.84 0.84 20.00 2.03 0.74 0.26 11.67 0.39
Willows_Creek 4198.5(10-Yr 40.00 1.92 0.52 13.02 15.67 1.20 40.00 2.55 1.05 0.37 13.02 0.41
Willows_Creek 4198.5(25-Yr 54.00 2.16 0.67 13.43 18.96 1.14 53.87 2.84 1.24 0.43 16.91 0.42
Willows_Creek 4198.5(50-Yr 68.00 2.37 0.81 13.55 21.76 0.97 67.14 3.09 1.40 0.49 24.10 0.43
Willows_Creek 4198.5(100-Yr 83.00 2.56 0.96 13.55 24.32 0.87 80.19 3.30 1.57 0.54 33.04 0.43
Willows_Creek 4060|2-Yr 20.00 1.91 0.23 13.24 21.86 0.91 19.77 0.90 1.45 0.04 26.14 0.12
Willows_Creek 4060{10-Yr 40.00 241 0.40 13.24 28.49 0.90 35.93 1.26 1.90 0.07 47.25 0.15
Willows_Creek 4060(25-Yr 54.00 2.66 0.53 13.24 31.86 0.98 45.20 1.42 2.12 0.09 56.52 0.16
Willows_Creek 4060({50-Yr 68.00 2.88 0.64 13.24 34.75 1.07 53.35 1.54 2.31 0.10 64.57 0.17
Willows_Creek 4060|100-Yr 83.00 3.09 0.75 13.24 37.48 1.15 61.19 1.63 2.49 0.11 72.14 0.17
Willows_Creek 4050.6(2-Yr 20.00 1.68 0.22 8.08 7.17 0.89 20.00 2.79 0.76 0.49 8.08 0.52




Willows_Creek 4050.6(10-Yr 40.00 2.04 0.39 9.60 10.53 0.85 39.74 3.77 0.96 0.83 12.94 0.64
Willows_Creek 4050.6(25-Yr 54.00 2.23 0.51 9.60 12.33 0.88 52.82 4.29 1.12 1.01 15.45 0.67
Willows_Creek 4050.6(50-Yr 68.00 2.39 0.62 9.60 13.91 0.92 65.22 4.69 1.27 1.16 17.74 0.69
Willows_Creek 4050.6(100-Yr 83.00 2.54 0.72 9.60 15.30 0.96 77.96 5.10 1.39 1.33 19.79 0.71
Willows_Creek 4045|2-Yr 20.00 1.10 0.21 12.00 8.01 0.67 20.00 2.50 0.65 0.41 12.00 0.54
Willows_Creek 4045(10-Yr 40.00 1.56 0.37 14.22 14.31 0.75 36.21 2.53 0.98 0.37 24.28 0.44
Willows_Creek 4045(25-Yr 54.00 1.80 0.48 14.22 17.76 0.85 46.90 2.64 1.22 0.37 29.15 0.42
Willows_Creek 4045(50-Yr 68.00 2.00 0.58 14.22 20.66 0.79 57.45 2.78 1.42 0.39 40.30 0.41
Willows_Creek 4045|100-Yr 83.00 2.18 0.68 14.22 23.13 0.88 67.02 2.90 1.59 0.41 44.83 0.40
Willows_Creek 4038|2-Yr 20.00 1.64 0.20 11.40 9.53 0.49 18.64 1.96 0.80 0.24 25.18 0.38
Willows_Creek 4038(10-Yr 40.00 2.24 0.34 11.40 16.39 0.73 31.03 1.89 1.37 0.18 42.64 0.28
Willows_Creek 4038|25-Yr 54.00 2.52 0.45 11.40 19.56 0.88 37.76 1.93 1.64 0.18 50.29 0.26
Willows_Creek 4038(50-Yr 68.00 2.74 0.54 11.40 22.06 0.97 44.17 2.00 1.85 0.19 57.92 0.25
Willows_Creek 4038|100-Yr 83.00 2.92 0.62 11.40 24.14 1.05 50.71 2.10 2.02 0.20 64.03 0.25
Willows_Creek 4032|2-Yr 20.00 2.47 0.19 9.76 16.64 0.89 19.83 1.19 1.49 0.07 20.02 0.16
Willows_Creek 4032(10-Yr 40.00 3.08 0.33 9.76 22.61 0.99 35.43 1.57 2.03 0.11 34.64 0.18
Willows_Creek 4032|25-Yr 54.00 3.35 0.43 9.76 25.30 1.08 44.59 1.76 2.27 0.14 41.64 0.19
Willows_Creek 4032(50-Yr 68.00 3.57 0.51 9.76 27.39 1.15 53.05 1.94 2.46 0.16 47.52 0.20
Willows_Creek 4032|100-Yr 83.00 3.75 0.60 9.76 29.11 1.21 61.73 2.12 2.62 0.19 52.49 0.22
Willows_Creek 4030 2-Yr 20.00 1.87 0.19 8.55 10.71 0.66 19.92 1.86 1.12 0.19 16.97 0.29
Willows_Creek 4030(10-Yr 40.00 2.49 0.33 8.55 16.02 0.82 33.68 2.10 1.67 0.21 33.20 0.27
Willows_Creek 4030{25-Yr 54.00 2.77 0.43 8.55 18.42 0.94 41.30 2.24 1.92 0.23 39.94 0.27
Willows_Creek 4030(50-Yr 68.00 2.99 0.51 8.55 20.28 1.03 48.32 2.38 2.12 0.25 45.49 0.27
Willows_Creek 4030{100-Yr 83.00 3.17 0.59 8.55 21.79 1.10 55.61 2.55 2.28 0.28 50.19 0.28
Willows_Creek 4020|2-Yr 20.00 1.28 0.19 6.44 5.87 0.91 20.00 3.40 0.79 0.72 6.44 0.63
Willows_Creek 4020(10-Yr 40.00 1.85 0.32 10.23 10.43 0.89 39.98 3.83 0.91 0.87 11.84 0.67
Willows_Creek 4020{25-Yr 54.00 2.17 0.42 10.23 13.74 0.75 52.59 3.83 1.20 0.79 21.03 0.58
Willows_Creek 4020(50-Yr 68.00 2.41 0.50 10.23 16.13 0.76 63.22 3.92 1.41 0.79 28.27 0.55
Willows_Creek 4020{100-Yr 83.00 2.57 0.58 10.23 17.82 0.79 73.95 4.15 1.55 0.85 33.78 0.55
Willows_Creek 4010|2-Yr 20.00 1.11 0.19 5.47 4.09 0.75 20.00 4.89 0.66 1.57 5.47 1.00
Willows_Creek 4010(10-Yr 40.00 1.58 0.32 6.62 6.91 1.04 40.00 5.79 0.89 1.99 6.62 1.00
Willows_Creek 4010{25-Yr 54.00 1.85 0.42 7.30 8.79 1.04 53.99 6.14 1.02 2.14 8.51 0.99
Willows_Creek 4010(50-Yr 68.00 2.14 0.50 7.44 10.94 0.77 66.65 6.09 1.24 1.98 15.88 0.89
Willows_Creek 4010{100-Yr 83.00 2.41 0.58 7.44 12.97 0.71 76.79 5.92 1.46 1.77 25.13 0.79
Willows_Creek 4000|2-Yr 20.00 0.93 0.19 6.53 4.34 0.67 20.00 4.61 0.62 1.43 6.53 1.00
Willows_Creek 4000(10-Yr 40.00 1.34 0.32 7.62 7.23 0.95 40.00 5.53 0.86 1.84 7.62 1.00
Willows_Creek 4000 25-Yr 54.00 1.57 0.42 8.23 9.04 1.10 54.00 5.97 0.99 2.05 8.23 1.00
Willows_Creek 4000(50-Yr 68.00 1.77 0.49 8.71 10.75 1.23 68.00 6.33 1.10 2.22 8.71 1.00
Willows_Creek 4000{100-Yr 83.00 1.97 0.57 9.18 12.54 1.37 83.00 6.62 1.20 2.36 9.18 1.00
Willows_Creek 3918.7|2-Yr 20.00 1.18 0.18 10.16 6.72 0.66 20.00 2.97 0.63 0.47 10.16 0.64
Willows_Creek 3918.7|10-Yr 40.00 1.57 0.32 11.49 10.91 0.95 40.00 3.66 0.90 0.63 11.49 0.66
Willows_Creek 3918.7|25-Yr 54.00 1.74 0.41 12.09 12.97 1.07 54.00 4.16 1.01 0.78 12.09 0.71
Willows_Creek 3918.7|50-Yr 68.00 1.89 0.49 12.58 14.76 1.17 68.00 4.61 1.10 0.93 12.58 0.75
Willows_Creek 3918.7|100-Yr 83.00 2.04 0.57 13.11 16.74 1.28 83.00 4.96 1.19 1.05 13.11 0.77
Willows_Creek 3909.4|2-Yr 20.00 1.23 0.18 12.00 8.54 0.71 20.00 2.34 0.65 0.29 12.00 0.49
Willows_Creek 3909.4|10-Yr 40.00 1.63 0.31 12.00 13.37 1.11 40.00 2.99 0.95 0.41 12.00 0.50
Willows_Creek 3909.4|25-Yr 54.00 1.80 0.41 12.00 15.40 1.28 54.00 3.51 1.07 0.54 12.00 0.55
Willows_Creek 3909.4|50-Yr 68.00 1.94 0.49 12.00 17.04 1.42 68.00 3.99 1.16 0.68 12.00 0.59
Willows_Creek 3909.4|100-Yr 83.00 2.08 0.56 12.00 18.76 1.56 83.00 4.42 1.26 0.82 12.00 0.62
Willows_Creek 3862.9 Bridge

Willows_Creek 3816.3|2-Yr 20.00 1.03 0.17 12.00 6.10 0.50 19.93 3.26 0.50 0.61 12.43 0.81
Willows_Creek 3816.3|10-Yr 40.00 1.28 0.29 12.00 9.08 0.73 39.66 4.37 0.75 0.95 12.75 0.89
Willows_Creek 3816.3|25-Yr 54.00 1.49 0.38 12.00 11.65 0.93 53.31 4.57 0.96 0.96 13.03 0.82
Willows_Creek 3816.3|50-Yr 68.00 1.74 0.46 12.00 14.57 1.14 66.78 4.58 1.20 0.89 13.34 0.73
Willows_Creek 3816.3|100-Yr 83.00 1.99 0.53 12.00 17.64 1.37 81.07 4.60 1.45 0.84 13.67 0.67
Willows_Creek 3813.6|2-Yr 20.00 1.06 0.17 11.96 8.48 0.63 19.15 2.26 0.69 0.26 14.53 0.47
Willows_Creek 3813.6/10-Yr 40.00 1.32 0.29 11.96 11.61 0.84 37.28 3.21 0.94 0.48 15.73 0.57
Willows_Creek 3813.6|25-Yr 54.00 1.56 0.38 11.96 14.39 1.01 49.14 3.42 1.16 0.50 16.80 0.55
Willows_Creek 3813.6|50-Yr 68.00 1.81 0.45 11.96 17.46 1.19 60.28 3.45 1.41 0.48 17.98 0.50
Willows_Creek 3813.6|100-Yr 83.00 2.08 0.53 11.96 20.63 1.37 71.66 3.47 1.67 0.46 19.19 0.47
Willows_Creek 3790.4 Bridge

Willows_Creek 3770.4|2-Yr 20.00 1.27 0.16 12.01 10.99 0.92 20.00 1.82 0.79 0.12 12.01 0.34
Willows_Creek 3770.4|10-Yr 40.00 2.17 0.27 12.01 21.77 1.81 40.00 1.84 1.38 0.10 12.01 0.24
Willows_Creek 3770.4|25-Yr 54.00 2.55 0.36 12.01 26.40 2.20 54.00 2.05 1.60 0.12 12.01 0.24
Willows_Creek 3770.4)|50-Yr 68.00 2.82 0.43 12.02 29.62 2.47 68.00 2.30 1.74 0.15 12.02 0.26
Willows_Creek 3770.4|100-Yr 83.00 3.07 0.50 12.02 32.61 2.71 83.00 2.55 1.86 0.18 12.02 0.27
Willows_Creek 3756.4|2-Yr 20.00 1.76 0.15 6.18 7.44 1.20 20.00 2.69 1.00 0.33 6.18 0.43
Willows_Creek 3756.4|10-Yr 40.00 2.68 0.26 7.57 13.85 1.65 39.65 2.86 1.47 0.33 8.68 0.37
Willows_Creek 3756.4|25-Yr 54.00 3.05 0.35 7.66 16.70 1.90 52.56 3.15 1.75 0.37 9.92 0.38




Willows_Creek 3756.4|50-Yr 68.00 3.29 0.41 7.66 18.54 2.06 65.30 3.52 1.94 0.45 10.75 0.40
Willows_Creek 3756.4|100-Yr 83.00 3.51 0.48 7.66 20.21 2.19 78.64 3.89 211 0.53 11.50 0.42
Willows_Creek 3605.5|2-Yr 20.00 1.37 0.12 7.00 9.59 1.37 20.00 2.08 1.37 0.18 8.55 0.31
Willows_Creek 3605.5|10-Yr 40.00 2.49 0.20 7.00 17.42 2.49 40.00 2.30 2.49 0.18 17.97 0.26
Willows_Creek 3605.5|25-Yr 54.00 2.92 0.26 9.20 24.71 1.43 46.94 1.90 2.10 0.13 22.00 0.20
Willows_Creek 3605.5|50-Yr 68.00 3.16 0.32 9.20 26.88 1.67 55.40 2.06 2.28 0.15 22.00 0.21
Willows_Creek 3605.5|100-Yr 83.00 3.37 0.37 9.20 28.83 1.88 64.13 2.22 2.45 0.17 22.00 0.22
Willows_Creek 3570.75 Culvert

Willows_Creek 3536(2-Yr 20.00 1.66 0.11 8.39 13.02 1.55 20.00 1.54 1.28 0.08 8.92 0.22
Willows_Creek 3536|10-Yr 40.00 2.64 0.17 9.20 22.15 1.45 37.06 1.67 1.89 0.08 18.02 0.19
Willows_Creek 3536(25-Yr 54.00 2.95 0.22 9.20 25.02 1.53 47.19 1.89 2.14 0.10 21.03 0.20
Willows_Creek 3536|50-Yr 68.00 3.18 0.27 9.20 27.14 1.74 56.35 2.08 2.32 0.11 21.28 0.21
Willows_Creek 3536(100-Yr 83.00 3.40 0.31 9.20 29.17 1.94 65.62 2.25 2.49 0.13 21.52 0.22
Willows_Creek 35112-Yr 20.00 1.63 0.10 8.89 12.96 1.46 20.00 1.54 1.19 0.08 8.89 0.23
Willows_Creek 3511|10-Yr 40.00 2.62 0.16 9.20 22.00 1.44 37.18 1.69 1.88 0.08 17.94 0.19
Willows_Creek 351125-Yr 54.00 2.93 0.21 9.20 24.85 1.51 47.40 1.91 2.12 0.10 21.01 0.20
Willows_Creek 3511|50-Yr 68.00 3.16 0.25 9.20 26.95 1.72 56.60 2.10 2.30 0.12 21.26 0.22
Willows_Creek 3511(100-Yr 83.00 3.38 0.29 9.20 28.97 1.92 65.91 2.27 2.48 0.13 21.50 0.23
Willows_Creek 3480(2-Yr 20.00 1.57 0.09 6.49 10.05 1.55 20.00 1.99 1.49 0.12 8.81 0.28
Willows_Creek 3480|10-Yr 40.00 2.60 0.14 9.20 21.79 1.43 37.34 1.71 1.86 0.08 17.84 0.20
Willows_Creek 3480(25-Yr 54.00 2.90 0.18 9.20 24.61 1.49 47.69 1.94 2.10 0.10 20.98 0.21
Willows_Creek 3480|50-Yr 68.00 3.13 0.22 9.20 26.70 1.70 56.95 2.13 2.28 0.12 21.23 0.22
Willows_Creek 3480(100-Yr 83.00 3.35 0.26 9.20 28.70 1.90 66.31 231 2.45 0.14 21.46 0.23
Willows_Creek 3422.4 Culvert

Willows_Creek 3364.8|2-Yr 20.00 2.70 0.07 8.75 19.73 2.25 20.00 1.01 2.13 0.02 20.99 0.12
Willows_Creek 3364.8|10-Yr 40.00 3.29 0.11 8.75 24.87 2.84 40.00 1.61 2.69 0.05 25.81 0.17
Willows_Creek 3364.8|25-Yr 54.00 3.48 0.14 10.60 30.04 1.66 42.81 1.43 2.60 0.04 27.58 0.15
Willows_Creek 3364.8|50-Yr 68.00 3.67 0.16 10.60 32.08 1.41 54.57 1.70 2.78 0.05 36.50 0.17
Willows_Creek 3364.8|100-Yr 83.00 3.90 0.19 10.60 34.56 1.64 61.99 1.79 2.99 0.06 36.50 0.18
Willows_Creek 3279.5|2-Yr 20.00 1.22 0.04 5.40 4.55 0.76 19.98 4.39 0.75 0.54 6.04 0.84
Willows_Creek 3279.5|10-Yr 40.00 1.63 0.07 5.40 6.74 0.82 38.35 5.69 1.11 0.80 9.21 0.90
Willows_Creek 3279.5|25-Yr 54.00 1.92 0.08 5.40 8.28 0.88 48.16 5.82 1.36 0.78 12.18 0.83
Willows_Creek 3279.5|50-Yr 68.00 2.12 0.10 5.40 9.37 0.98 57.09 6.10 1.54 0.82 13.61 0.82
Willows_Creek 3279.5|100-Yr 83.00 2.26 0.12 5.40 10.13 1.05 66.75 6.59 1.66 0.93 14.64 0.85
Willows_Creek 3222.5|2-Yr 20.00 1.37 0.03 6.20 5.91 0.75 19.80 3.35 0.84 0.30 8.17 0.61
Willows_Creek 3222.5|10-Yr 40.00 1.82 0.05 6.30 8.74 0.90 36.54 4.18 1.23 0.42 11.74 0.63
Willows_Creek 3222.5|25-Yr 54.00 2.05 0.07 6.30 10.20 1.03 46.69 4.58 1.43 0.47 13.11 0.63
Willows_Creek 3222.5|50-Yr 68.00 2.25 0.08 6.30 11.43 1.15 55.98 4.90 1.60 0.52 14.01 0.64
Willows_Creek 3222.5|100-Yr 83.00 2.44 0.10 6.30 12.64 1.28 65.23 5.16 1.77 0.56 14.77 0.64
Willows_Creek 3001.5|2-Yr 20.00 1.38 5.50 5.91 0.84 19.74 3.34 0.93 0.29 7.32 0.57
Willows_Creek 3001.5|10-Yr 40.00 1.86 5.50 8.53 0.97 36.35 4.26 1.34 0.42 10.91 0.60
Willows_Creek 3001.5|25-Yr 54.00 2.10 5.50 9.86 1.09 46.27 4.69 1.55 0.48 12.22 0.62
Willows_Creek 3001.5|50-Yr 68.00 2.31 5.50 10.99 1.20 55.42 5.04 1.73 0.54 13.32 0.63
Willows_Creek 3001.5|100-Yr 83.00 2.50 5.50 12.05 1.30 64.61 5.36 1.89 0.59 14.36 0.64
Willows_Creek 3001.5|100-Yr 83.00 2.50 5.50 12.04 1.30 64.62 5.37 1.89 0.59 14.36 0.64
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APPENDIX D. SEDIMENT MOBILITY SUMMARY

Bed-material sediment mobility and corresponding aggradation/degradation trends in the vicinity of the proposed
culvert crossing were evaluated. The study area was subdivided into four sub-reaches (1A-1D) as shown in Figure
D-1. Provisional results indicate sufficient continuity in transport potential exists to route sands and gravels supplied
from Reach 1A through Reach 1B and 1C to the detention pond in Reach 1D as detailed in the following section.

o

~

©  Measurement Sites
gb CAD Stations
»

K

0 50100 200
™ s

Wuvdssanisas =
1s3MaNOWATY
AT S

2N 0¥ SMO

YYANID ONOWOTY

o il i
i Site W2 Sita\\M ‘/
. Site W3 dReoe——% *12‘*00\
# 10+00 11+00

1

8+00

. CEAMIE . i R7+00
. * STV g/ Site o
Koil) 400 Sefon. oo

[
o
=
z
m
9
o
a
-
bk
2
-

Figure D-1. Reach 1 study area and sub-reaches relative to Willows Road crossing.
EXISTING CONDITIONS

The sediment mobility study area upstream of the Willows Road crossing falls within Reach 1 as shown in Figure
D-1. In general, Reach 1 is characterized by gradually flattening slopes, with Reach 1A, being an alluvial fan that
stores sediment, Reach 1B a transition reach with channel spanning log weirs that store sediment, Reach 1C a
response reach, and Reach 1D a depositional reach that ends in an inline detention pond.

The existing channel bed in the vicinity of the Willows Road crossing was observed during a field visit in December
2017. Coarse material was present on the surface of the channel bed in localized patches, coincident with the
existing Willows Road culvert crossing between Reaches 1C/1D as well as the next crossing upstream between
1B/1C and were patrtially covered with finer material as shown in Figure D-3. This coarse material appears to have
been placed in the channel as part of the culvert installation and remained relatively immobile. Two pebble counts
were performed to characterize the surface layer of sediment immediately upstream of the Willows Road culvert
crossing. The first pebble count was performed in the vicinity of Site W1 between Station 10+60 at the culvert face
and Station 10+30, where a natural break in the sediment distribution was observed. The second pebble count was
performed in the vicinity of Site W2 and spanned from Station 10+30 to Station 10+10, where coarse sediment was
no longer observed. Results yielded D50 values of 51 mm and 42 mm, respectively.

Outside of the culvert transition areas where the coarser placed material was observed, the channel bed was found
to be comprised of much finer sediment, predominately unconsolidated patches of sand and gravel. Two bulk
samples of bed material were collected in Reach 1C for sieve analysis, the first at Site W3 (Station 9+90) and the
second ~325 feet further upstream at Site W9 (Station 6+60). Both samples were comprised of relatively fine
material, approximately three-quarters sand and one-quarter gravel. The D50 of the downstream sample at W3 was
coarse sand (0.75mm) and the D50 of the upstream sample W9 was very fine gravel (2.25mm). A summary of the
particle size distribution for the two bulk samples is presented in Table D-2 and Figure D-4.
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Table D-1. Summary of Reach 1 Characteristics

Upstream Downstream Characteristics
1A ~1000° Headwaters 48" Culvert under PSE Parcel slated for future stream restoration. This 60-acre
reaches business park road alluvial fan begins where the stream exists the steeper canyon
>4% slope  that may be replaced above. Despite having slopes >2%, Reach 1A currently
with larger box culvert  stores/lags upslope sediment but could deliver additional
as part of PSE sediment into Reach 1B following restoration project
restoration project. implementation.
1B 380’ 60” Culvert  60” Culvert Reach 1B lies between two culvert crossings of business park

access roads. There are multiple constructed channel
spanning log weirs with armored banks in this reach creating
backwater pools that retain some sediment. Reach 1B appears
to be horizontally and vertically stable due to armoring.

1C 635’ 60" Culvert ~ Willows Road Crossing = Reach 1C upstream of Willows Road is characterized by
relatively narrow channel with bankfull widths between 6 and 9
feet, and a low overbank floodplain 40 to 60 feet wide on
average. This response reach has an average bankfull slope of
~1% with locally variable channel facet slopes between 0.1%
and 3%. The creek bottom is heavily vegetated and includes
some small deciduous large woody debris. This reach also
includes some placed large woody debris that is anchored with
rebar & cable, which appears to have resulted in some
localized bank erosion. Reach 1C appears to be moderately
stable due to vegetation density and access to a relatively wide
floodplain.

1D 200’ Detention Pond This short reach transitions between the Willows Creek culvert
outlet and a stormwater detention pond; it includes a 12’ arch
culvert at 3% slope under the Redmond Central Connector
Trail.

Figure D-2. Left, channel in lower Reach 1C near Station 9+50. Center, channel in upper Reach 1C near Station
6+00. Right, looking upstream into Reach 1B from road crossing at Station 4+50.
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Table D-2. Percentages of fractional components for two bed material sieve samples from Reach 1C.

Gravel Sand Fines
Site Coarse Fine Total Coarse Medium Fine Total Total
W3 0.6 15.7 16.3 24.4 17.8 35.3 77.5 6.2
w9 0.0 25.9 25.9 26.4 20.9 24.8 73.1 1.0
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Figure D-4. Sediment Gradation at Bulk Sample Locations
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EXISTING SEDIMENT MOBILITY

The HEC-RAS model (Section 4.1.1) was used to evaluate the magnitude and continuity of sediment mobility in
Reach 1. Results indicate a general trend of moderately decreasing shear stress from upstream to downstream in
the upper 375 feet of Reach 1C. Downstream of ~Station 9+00 as the channel begins to curve to the northeast and
approach the Willows Road crossing, the channel grade steepens. Despite the increased approach slope, the
backwater created by the existing Willows Road culvert effectively dampens the hydraulic energy in the upstream
approach section, resulting in deposition of sands and gravels. In addition, the reduced capacity of the existing
culvert results in increased outlet energy, sufficient to mobilize particles smaller than 32 mm as shown in Figure D-
5 and Figure D-6.
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Figure D-5. Longitudinal profile of modeled shear stress for Existing Conditions.
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Figure D-6. Longitudinal profile of estimated mobile particle size for Existing Conditions.

PROPOSED BED MOBILITY

The proposed Willows Road crossing has increased hydraulic capacity which allows the steeper slope of the
upstream approach section to influence the hydraulics. Results indicate that the upstream approach section would
be expected to experience increased shear stress downstream of station 8+50 as shown in Figure D-7 and Figure
D-8. Immediately upstream of the proposed culvert, the local channel is partially armored with placed material with
D50 between 42 and 51 which would be mobilized under flows exceeding 20 cfs; this is anticipated to result in short
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term channel adjustment and subsequent smoothing of the energy grade between station 9+00 and the new culvert
inlet near station 10+60.

Vegetation and spanning logs in the channel may reduce the potential for readjustment described above. Monitoring
of the channel profile and adaptive management is recommended for this channel. If readjustment occurs, additional
stabilization measures, such as large wood and channel substrate fortified with a cobble mix (median size 76mm)
be installed as a maintenance action.

The streambed gradation for the proposed culvert was designed based off the modified critical shields approach as
documented within the WDFW Stream Habitat Restoration Guidelines (Cramer 2012). Results of the hydraulic
model show a critical shear up to 1.0 Ibs/ft? though the proposed culvert, supporting a maximum shear stress up to
the 32 mm size class (See Appendix D). Bed material was sized for the Dss to remain stable up to the 100-year
event. Higher shear stresses exceeding 2.0 Ibs/ft? are found immediately upstream of the proposed culvert, capable
of mobilizing up to the 64mm size class. However, larger material with a Ds4 ranging from 83 mm - 108 mm is
located immediately upstream, material is expected to remain relatively stable despite increased shear stress due
a reduced backwater condition. A mixture of 35% streambed sediment (WSDOT 9-03.11(1)) per part of 6-inch minus
Streambed Cobble (WSDOT 9-03.11(2)) will be specific for the design. Streambed cobble has an average 35%
void space and 2-inch minus streambed sediment is used to fill void space and increase the stability of the mixture.
The proposed streambed gradation is provided below in Table D-3.
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Figure D-7. Longitudinal profile of modeled shear stress for Proposed Conditions.
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Table D-3. Proposed Streambed Gradation

Particle Frequency Particle Size (mm) Particle Size (in)

D100
D84
D65
D50
D35
D16

152
113
58
42
26
9

6.0
4.5
2.3
17
1.0
0.3

D.6
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APPENDIX E. HY-8 OUTPUT
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HY-8 Culvert Analysis Report

Culvert Data Summary - Existing

Barrel Shape: Circular

Barrel Diameter:

Barrel Material:

Embedment:
Barrel Manning's n:

Manning's n:

Inlet Configuration:
Inlet Depression:

Site Data - Existing

Site Data Option:
100.00 ft
34.60 ft

Inlet Station:

Inlet Elevation:
Outlet Station:

Outlet Elevation:

3.00

ft

Corrugated Steel
0.30in
0.0240 (top and sides)
0.0350 (bottom)

Culvert Type: Straight

Thin Edge Projecting

NONE

Culvert Invert Data

210.00 ft

33.50 ft
Number of Barrels: 1

Table 1 - Culvert Summary Table: Existing

Inlet Elevation (invert): 34.63 ft,

Culvert Length: 110.01 ft,

Outlet Elevation (invert): 33.52 ft
Culvert Slope: 0.0100

Dischar9e | oicharge | oischarge | Bevaion | convol | Convor [ Fow | Womal | creal | outet | rawater | oy, | Vogy

(cfs) (cfs) (ft) Depth (ft) | Depth (ft) (ft/s) (ft/s)
2-year 5.50 5.50 35.82 0.634 1.194 1-S1t 0.708 0.715 1.365 0.890 1.491 1.070
10-year 9.20 9.20 36.26 0.900 1.637 1-S1t 0.927 0.937 2.399 1.924 1.382 1.108
25-year 11.70 11.70 37.17 1.061 2.549 1-S1f 1.059 1.063 2.975 2.956 1.665 1.111
50-year 13.80 13.80 37.38 1.186 2.756 3-M1f 1.159 1.159 2.975 3.086 1.964 0.933
100-year | 16.20 16.20 37.52 1.320 2.898 3-M1f 1.274 1.267 2.975 3.120 2.306 0.870

Straight Culvert




Table 2 - Downstream Channel Rating Curve (Crossing: Gun Club Creek)

Flow (cfs) Water Surface Elev (ft) Depth (ft) Velocity (ft/s)
5.50 34.89 34.89 1.07
9.20 36.26 36.26 1.12
11.70 37.01 37.01 1.11
13.80 37.06 37.06 0.98
16.20 37.12 37.12 0.87
Tailwater Channel Data - Gun Club Creek
Tailwater Channel Option: Enter Rating Curve
Channel Invert Elevation: 34.00 ft
Roadway Data for Crossing: Gun Club Creek
Roadway Profile Shape: Constant Roadway Elevation
Crest Length: 100.00 ft
Crest Elevation: 39.00 ft
Roadway Surface: Paved
Roadway Top Width: 50.00 ft
Table 3 - Summary of Culvert Flows at Crossing: Gun Club Creek
Headwater Discharae Names Total Discharge Existing Roadway lterations
Elevation (ft) 9 (cfs) Discharge (cfs) Discharge (cfs)
35.82 2-year 5.50 5.50 0.00 1
36.26 10-year 9.20 9.20 0.00 1
37.17 25-year 11.70 11.70 0.00 1
37.38 50-year 13.80 13.80 0.00 1
37.52 100-year 16.20 16.20 0.00 1
39.00 Overtopping 35.04 35.04 0.00 Overtopping




HY-8 Culvert Analysis Report

Culvert Data Summary - Proposed

Barrel Shape: User Defined

Barrel Span: 10.00 ft

Barrel Rise: 2.50 ft

Barrel Material: Concrete

Embedment: 0.00 in

Barrel Manning's n: 0.0120 (top and sides)
Manning's n:  0.0350 (bottom)

Culvert Type: Straight

Inlet Configuration: Square Edge with Headwall
Inlet Depression: NONE

Site Data - Proposed

Site Data Option: Culvert Invert Data
Inlet Station: 100.00 ft

Inlet Elevation: 35.30 ft

Outlet Station: 205.00 ft

Outlet Elevation: 34.20 ft

Number of Barrels: 1

Table 1 - Culvert Summary Table: Proposed

. Total Culvert | Headwater Inlet Outlet - ) Outlet Tailwater

Dﬁ;::gge Discharge | Discharge | Elevation Control Control _llflovg D’\elzozﬂ]?flt) D%rltlr??flt) Dgliﬂe(tﬁ) gz”‘:ﬁ% Velocity Velocity
(cfs) (cfs) () Depth (ft) | Depth (fty | P P P P P (ft/s) (ft/s)
2 year 5.50 5.50 35.94 0.640 0.0* 1-S2n 0.405 0.608 0.554 0.890 2.452 1.150
10 year 9.20 9.20 36.30 0.721 0.999 1-S1t 0.521 0.696 2.060 2.260 0.480 1.090
25 year 11.70 11.70 37.02 0.779 1.724 1-S1f 0.568 0.749 2.500 3.010 0.557 1.100
50 year 13.80 13.80 37.08 0.824 1.778 1-S1f 0.586 0.790 2.500 3.060 0.657 0.980
100 year 16.20 16.08 37.14 0.870 1.844 1-S1f 0.605 0.831 2.500 3.117 0.766 0.876

* Full Flow Headwater elevation is below inlet invert.
Straight Culvert

Inlet Elevation (invert): 35.30 ft,

Culvert Length: 105.01 ft,

Outlet Elevation (invert): 34.20 ft

Culvert Slope: 0.0105




Table 2 - Downstream Channel Rating Curve (Crossing: Gun Club Creek)

Flow (cfs) Water Surface Elev (ft) Depth (ft) Velocity (ft/s)
5.50 34.89 34.89 1.15
9.20 36.26 36.26 1.09
11.70 37.01 37.01 1.10
13.80 37.06 37.06 0.98
16.20 37.12 37.12 0.87
Tailwater Channel Data - Gun Club Creek
Tailwater Channel Option: Enter Rating Curve
Channel Invert Elevation: 34.00 ft
Roadway Data for Crossing: Gun Club Creek
Roadway Profile Shape: Constant Roadway Elevation
Crest Length: 100.00 ft
Crest Elevation: 39.00 ft
Roadway Surface: Paved
Roadway Top Width: 50.00 ft
Table 3 - Summary of Culvert Flows at Crossing: Gun Club Creek
Headwater . Total Discharge Proposed Roadway .
Elevation (ft) Discharge Names (cfs) Discharge (cfs) Discharge (cfs) Iterations
35.94 2 year 5.50 5.50 0.00 1
36.30 10 year 9.20 9.20 0.00 1
37.02 25 year 11.70 11.70 0.00 1
37.08 50 year 13.80 13.80 0.00 1
37.14 100 year 16.20 16.08 0.00 6
39.00 Overtopping 15.04 15.04 0.00 Overtopping
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