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4. EXISTING CONDITIONS
4.1. GEOMORPHIC REACH DESCRIPTIONS
For this assessment, the river channel from RM 11 to RM 32 project area was divided into four
geomorphic reaches. The reaches are labeled 1 through 4 with Reach 1 located at the downstream end
of the project area; the descriptions are presented from downstream Reach 1 to upstream Reach 4. The
location and extent of the 4 reaches is displayed on the ‘Project Location, Reach boundaries and River
Mile Stationing Map, (Figure 1).
For each reach, Google Earth aerial photographs dated from 1990 to 2013 were reviewed to identify
changes in channel location and to observe recorded damage sites along levees and revetments.
Changes in channel condition and location were observed in Reach 4; no changes in channel location or
character were observed in Reaches 1, 2 or 3. The review was successful in identifying repaired
confining structures, however, the source of the damage was typically not apparent from review of
aerial photographs preceding the repair. Subsequently, no information regarding observed levee
conditions or damages leading to a repair are included in the following reach description.

4.1.1. REACH 1 -- RM 11 TO RM 16.99
The geomorphologic reach encompasses the Tukwila 205 Levee System, which extends along the left
river bank from (RM 12.44 to RM 16.7), and the Desimone - Briscoe School Levee, which is part of Levee
System 2, extending along the right river bank from (RM 14.5 to RM 16.99). The primary factors
considered in delineating the geomorphologic reach are the sinuosity of the channel pattern and valley
gradient; the sinuosity is 1.6 and the valley gradient varies from 0.0002 to 0.0003 (Collins and Sheikh,
2005).
The land adjacent to this reach is heavily developed for commercial and industrial use. Major highways
crossing the river include Interurban Ave S, Interstate 405 (I- 405), S. 178th Street, and S. 200th Street.
The eastern ends of river bends are in direct contact with the Burlington Northern – Santa Fe railroad,
the West Valley Highway and the Green River Trail. The west side of the channel is bounded by
Interurban Ave, the Green River Train and short sections of surface streets. Based on our review of
aerial photographs the major roads, the railroad grade and the Green Trail appear to be leveed and/or
revetted. These structures have successfully held the channel in place and prevented migration from
occurring for the last 24 years. The absence of migration likely extends back to mid-1960s, when both
the levees and HHD were completed and operational.
Based on a review of the Levee Systems map provided by King County, one or both banks throughout
the entire reach are contained by levees, except for one section. The unconfined section is roughly a
quarter mile long and is located downstream of the I-405 river crossing (in the vicinity of RM 12.4)
where neither bank is leveed. The confining structures yield a relatively consistent bank full width that
varies from roughly 150 to 200 feet, with minimum and maximum measurements of 130 and 240 feet,
respectively.
Review of surveyed channel cross sections and thalweg elevations show that the elevation of the river
bed has decreased over the past 25 years. Comparison of channel thalweg elevations from the 1986
and 2011 channel cross sections indicate the channel locations where incision greater than 0.5 feet has
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occurred (Figure 4). The longitudinal thalweg profile is provided in Figure 5 for context and reference
purposes. Two groupings of cross sections have been subject to substantial bed degradation. From RM
12.5 to RM 13.22 incision is greater than 3 feet, and from RM 15.24 to $M 16.18, incision is greater than
4 feet. The greatest incision (6.9 feet) occurs around a tight hair pin channel bend at RM 15.85. A scour
depth of this nature is common in tight bends such as this, and wouldn’t typically warrant much
attention. However, the current depth of scour could undermine the toe of the levee and eventually
cause a failure. This site is shown on Figure 3, the ‘Significant Incision Point Location Map’.
Evaluation of levee and revetment damage sites, where repairs were made from 1990 to 2013, indicates
that many of the damage sites are typically located in the immediate vicinities of channel bends (Figure
6), and that their occurrence is related to storms. However, no significant damage sites were recorded in
the downstream thalweg incision area extending from RM 11 to RM 13.5. In contrast, the majority of
recorded damage repair sites are located within the thalweg incision area just downstream of the hair
pin bend RM 15.85. From RM 15.10 and RM 15.50, seven damage sites have a record of repairs from
1990 and 1996 flood events, including at least one toe repair resulting from bank instability and slope
over-steepening; this particular area lies adjacent to incision slightly greater than 2 feet.
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Figure 4 - Incision Depth Bar Chart - Reach 1

Figure 5 - Longitudinal Thalweg Profile - Reach 1
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Figure 6 - Reach 1 Damage Repair Sites
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4.1.2. REACH 2 -- RM 16.99 TO RM 20.35
This geomorphologic reach encompasses the full extent of two right bank levees currently eligible for
federal assistance in the PL 84-99 Rehabilitation Inspection Program, located in Levee System 2; Boeing
(RM 16.99 to RM 17.83), Lower Russell – Holiday Kennel (RM 18.28 to RM 19.28), and the Upper Russell
– Soames Dolan Levee System along the right bank (RM19.27 – RM 20.35). The channel is situated near
the left valley wall, and is generally characterized by a relatively low sinuosity of 1.2, and valley gradient
of roughly 0.00035.
Development within this geomorphic river reach is a mixture of agriculture/horse pasture, park lands,
residential subdivisions and commercial. Major roads crossing the river are S. 212th Street and Veterans
Drive. The east side of the river is bounded by Green River Trail and Russell Road. Frager Road South
bounds the west side of the river. Based on a review of aerial photographs the major roads, and the
Green Trail appear to be leveed and/or revetted.
Throughout this reach, levee and road/trail revetments appear present on one or both sides of the river,
and are present along the banks of all outside bends. These structures have successfully held the
channel in place and prevented migration from occurring for the last 24 years. The absence of migration
likely extends back to mid-1960s. Bank full widths vary from 150 feet to 180 feet, with local minimum
and maximum measurements of 120 and 210, respectively.
Review of surveyed channel cross sections and thalweg elevations show that throughout Reach 2, the
elevation of the river bed has decreased from 1 to 2 feet. As in the case of Reach 1, comparison of
channel thalweg elevations from 1986 and 2011 channel cross sections indicates that thalweg incision is
typically greater in the immediate vicinities of channel bends. As shown on Figure 7 the deepest recent
incision recorded within the reach is located at RM 17.00 (9.2 feet) and at RM 19.07 (5 feet); both of
these sites are situated roughly two-thirds of the way around the bends (Figure 6), where the flow
velocity against the outside bank is typically highest. The longitudinal thalweg profile is provided in
Figure 8 for context and reference purposes.
Review of plotted levee and revetment damage sites indicates that virtually all the damage repair sites
related to storms are situated within the apex areas of bends, or where the fastest flow velocities
entering a bend impinge upon the levee or revetment (Figure 9). The recorded damage repair sites
appear to be distributed evenly throughout the reach; damage repair sites are located in the general
vicinity of RM 17.00, where the greatest incision is recorded, but not in the vicinity of RM 19.07 where
incision of 5 feet is documented.
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Figure 7 - Incision Depth Bar Chart - Reach 2

Figure 8 - Longitudinal Thalweg Profile - Reach 2
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Figure 9 - Reach 2 Damage Repair Sites
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4.1.3. REACH 3 – RIVER MILE 20.35 TO 26.8
Reach 3 encompasses the upper portion of right bank Levee System 2 the full extent of Levee Systems 3
and 4. Levees included in System 2 are the Kent Shops - Narita (RM 20.35 – 21.26), Meyers Golf Levees
(RM 21.3 – RM 22.04). Levee System 3 Signature Point, extends from RM 22.77 to RM 23.18, and Levee
System 4, Horseshoe Bend, extends from RM 24.25 to RM 26.09. The river is characterized by a
relatively high sinuosity of 2.8, which reflects the presence of large radius bends and a valley gradient of
0.0003.
Land use throughout this reach is a mixture of agricultural/rural, urban development (Signature Point),
commercial and recreational (Riverbend Golf Complex). Major roads crossing the river are W. Meeker
Street, SR 516, S. Valley Highway N. SR 167, Interurban Trail, two Burlington Northern – Santa Fe rail
lines, and 83rd Avenue S. The north and east side of the river is bounded by the Green River trail and
relatively short section of residential surface streets. The west and south side of the river is bounded by
Frager Road S., 78th Avenue S., S. 269th Street, S. 269th Place, and short frontage roads. Based on our
review of aerial photographs roads and the Green Trail appear to be leveed and/or well revetted. These
structures have successfully held the channel in place and prevented migration from occurring for the
last 24 years.
As described above, levees are present on the right bank; the left bank appears to be confined in part by
revetments, which are largely associated with road embankments. Only two bank sections, RM 23.8 and
RM 26.2 to RM 26.7 appear unprotected by levees. Except for channel bends at Horseshoe Bend (RM
24.5 – RM 26), the outside banks of bends appear to be well confined by levees and/or revetments.
Bank full widths throughout this reach vary only slightly from 130 feet to 180 feet, with minimum and
maximum widths of approximately 110 and 200, respectively.
Comparison of surveyed channel cross sections and thalweg elevations indicate that the channel
thalweg elevation has decreased from at least 1 to 2 feet in every surveyed location over the entire
reach between 1986 and 2011. The cross sections show the deepest incision has occurred around the
apex area of the bends. With the exception of the most upstream bend in the reach at RM 26.10, which
has incised about 1 foot, all bends in the reach record thalweg incision of 2 feet or greater (Figure 10);
the longitudinal thalweg profile is provided in Figure 11 for context and reference purposes. The
deepest incision is recorded around bends at RM 21.14 (nearly 7 feet), RM 22.50 (5.2 feet), and from RM
23.47 through RM 24.50 (3.4 to 3.7 feet), this last grouping encompasses Horseshoe Bend. Incision
greater than 5 feet deep is shown (Figure 3).
Review of plotted levee and revetment damage sites (Figure 12) indicates that most damage repair sites
related to storms are again situated along the apex areas of bends, and where the stream flow impinges
upon the levee or revetment as it enters the bend or is deflected by the channel alignment. The
recorded damage repair sites tend to be located along channel sections where incision has occurred.
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Figure 10 - Incision Depth Bar Chart - Reaches 3

Figure 11 - Longitudinal Thalweg Profile - Reach 3
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Figure 12 - Reach 3 Damage Repair Sites
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4.1.4. REACH 4 -- RM 26.8 TO RM 32.
Geomorphologic Reach 4 encompasses PL 84-99 Levee System 5 and includes three levee segments, all
of which are located along the left river bank. The three levees provide almost continuous left bank
confinement; the Brannon Park – Reddington Levee extends from RM 28.6 – RM 29.5, the Galli’s Levee
from RM 29.5 – RM 29.71 and the Dykstra Levee from RM 29.71 to RM 30.79. The channel corridor is
situated along the east side of the valley adjacent to the east valley wall. The river is characterized by a
sinuosity of 1.4 and a valley gradient of about 0.0004.
Development in this area is largely agricultural in the northern (downstream) portion of the reach, and
residential in the southern (upstream) part of the reach. The Auburn Golf Course and several small
parks are also located adjacent to the river channel. Two roads cross the river, S. 277th Street and SE
320th Street. The east side of the river is directly bounded by Green River Road, 104th Avenue SE. John
Reddington Road bounds a portion of the west side of the river from RM 28.6 to RM 29.18. Based on a
review of aerial photographs, all roads appear to be leveed and/or well revetted.
Aside from the PL 84-99 Levee System noted above, levees and revetments, are present only
sporadically throughout this reach. The longest continuous levee section extends along the left bank
from RM 28.6 to RM 30.79. River sections downstream of this levee system contain only short
discontinuous levees, and the upstream river section (RM 30.79 to RM 32.0) is largely unconfined.
Within the confined section of the reach, the bank full width varies from 140 to 170 feet; through the
unconfined sections the bank full with is generally much greater, ranging from 200 feet to over 400 feet
where vegetated mid-channel bars have formed.
Only 1986 and 2006 FEMA Study cross sections are available for this reach. Review of the cross section
data indicates that most of the reach has been subject to thalweg incision. The deepest incision is
recorded at RM 27.56, where scour approaching 10.5 feet is recorded (Figure 13); the longitudinal
thalweg profile is provided in Figure 14 for context and reference purposes. This site, shown on Figure
3, is located roughly 1,900 feet downstream from S 277th Street at the apex of a sharp, angular bend
bounded by the Green River Road revetment, which may account for such deep incision. Only two other
sites record incision greater than 3 feet, RM 28.99 and RM 30.59, both of which are located near the
apexes of bends that are confined by revetted road embankments.
The map of levee/revetment damage repair sites (Figure 15) shows that all sites but one are located at
or near the apexes of bends, the exception being a site at RM 29.5, which is located between two bends.
This site is located just upstream of an area recording 2 feet of thalweg incision, although there is no
clear indication the damage and incision are related.
The unconfined sections of Reach 4 are subject to channel migration (Perkins, 1993; NHC 2013). Perkins
measured averaged migration rates of 3.8 feet per year over a 32 year period (1960 to 1992). NHC
(2013) conducted a similar evaluation and measured a considerably larger average rate of 11 feet per
year. NHC attributes the discrepancy to interpretation of “actively eroding”. However, the difference
may also be due to the availability of improved tools and differences in methodology. Regardless,
migration rates of nearly 4 to 11 feet per year may pose a risk to existing levees and revetments that
protect infrastructure, and to infrastructure not currently protected by levees or revetments.
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Figure 13 - Incision Depth Bar Chart Reach 4

Figure 14 - Longitudinal Thalweg Profile - Reach 4
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Figure 15 - Reach 4 Damage Repair Sites
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5. FINDINGS
The lower Green River focus area between RM 32 and 11 is an anthropo-morphically altered river
channel. The major alteration is clearing of riparian tree cover and tight confinement of the river
channel by actively managed levees and revetments throughout Reach 1, 2 and 3, and portions of Reach
4. No changes in channel location or migration were observed in these reaches 1, 2, 3 and the confined
portions of Reach 4, since 1986. The lack of migration is due to the presence of levees and revetments,
which prevent bank erosion and confine the width of the active channel, which prevents development
of point bars. This overall condition of Reaches 1, 2, 3, and the confined portions of Reach 4 have
generated a simplified trapezoidal channel shape with sloping to near vertical side walls and channel
bottoms prone to stream bed erosion and potential substantial incision.
Over the last several decades, stream bed erosion caused widespread lowering of the channel floor from
1 to 2 feet throughout the focus area. Based on close evaluation of changes in channel thalweg
elevations, the average is exceeded at many bends in every reach, typically at the apex or on the
downstream limbs of channel bends. Several of the bends record incision greater than 5 feet deep; the
sites recording the deepest incision are at RM 15.85 (Reach 1), RM 17.00, 17.62 and RM 19.07 (Reach 2),
RM 21.14 and RM 22.50 (Reach 3) and at RM 27.56 (Reach 4). As presented in the Reach descriptions,
deep incision at or just downstream of a bend apex is typical since the bend apex is the portion of a
sinuous channel margin subject to the highest high stage flow velocities and boundary shear stresses.
Channel floor incision is typically exacerbated by the presence of levees and revetments, which harden
the banks, thereby preventing lateral slope erosion, and thus increasing vertical bed shear stress along
the toe of the levee.
Review of the damage repair sites indicates that most damaged levees and revetments are located
around channel bends. An evaluation of stream bed incision sites and incision point suggests there is a
strong link between incision, damage sites and channel bends. However, the link between substantial
incision and recorded damage repair sites is not quite as strong; for example, some incision sites fall in
the immediate vicinity of recorded damage repair sites while others, such as the deep incision at RM
15.85 (nearly 7 feet deep) do not. This inconsistency is more than likely a circumstance where the levee
damage has not yet occurred, or been observed. In spite of this inconsistency, stream bed incision
appears to be a good indicator of the likely damage locations.
These findings indicate that channel cross section sites recording greater than 5 feet of incision
represent a substantial risk of future damage to adjacent levees and revetments. These findings also
suggest that all tight channel bends be monitored for erosional damage to levee and revetment faces
and toe structures.
While the cross –section evaluation and review of the damage sites was informative, geotechnical
considerations combined with site visits by County staff offer more pivotal considerations in identifying
potential breach locations for hydraulic modeling. Correlation between damage sites and incision points
should be evaluated further as the SWIF planning process moves forward. Chapter 3 provides a reach
level assessment to help inform planning considerations associated with alternative development.
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1. PURPOSE AND SCOPE
This memorandum summarizes the geotechnical assessment of the five Lower Green River PL84-99
levee systems between RM 12.44 and RM 30.79 as part of the Green River SWIF project. The location of
the five levee systems are shown in Figure 1.1 and the levee names associated with each system are also
shown in Table 1-1.
Table 1-1. Green River PL84-99 Levee Systems
Levee
System
1

River Bank
Left

2

Right

3
4

Right
Right

5

Left

Levee Name
Tukwila 205
Desimone - Briscoe School
Boeing
Lower Russell - Holiday Kennel
Upper Russell - Soames Dolan
Kent Shops – Narita
Meyers Golf
Signature Point
Horseshoe Bend
Reddington
Galli’s
Dykstra

River Mile
12.44 – 16.70
14.50 – 16.99
16.99 – 17.83
18.28 – 19.28
19.28 – 20.35
20.35 – 21.26
21.30 – 22.04
22.77 – 23.18
24.25 – 26.09
28.60 – 29.18
29.50 – 29.71
29.71 – 30.79

The purpose of the geotechnical assessment is to:




Summarize the existing stability condition of the levees based on review and findings from
existing reports, studies and analyses.
Identify the most significant geotechnical instability locations along the five levee systems based
on review of previous reports and analyses. This effort was conducted to help the project team
identify potential breach locations in the existing condition hydraulic and economic analysis.
Characterize levee vulnerability to failure by reviewing and summarizing existing levee fragility
curves and developing additional fragility curves to support the existing condition levee system
analysis at six potential breach locations.

The existing levee stability conditions evaluation was completed by reviewing the following existing data
reports that were provided:






Levee setback feasibility reports for the 180th to 200th Street project (Tetra Tech, November
2012) and for the Reddington Levee Setback (Tetra Tech, November 2011)
Technical memoranda from the Green River Levee Assessment project (Shannon & Wilson,
2007-2009)
The King County Deficiency Action Plan spreadsheet and report (2013)
Periodic inspection reports and continuing eligibility inspection reports
Levee certification reports

Levee flood risk reduction facilities and improvements that were constructed prior to 2014 or will be
constructed following completion of the above data reports, were also considered during the existing
King County, Washington
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condition evaluation when selecting potential levee breach locations. The current configuration,
location and condition of flood risk reduction facilities, including the recently constructed and soon-tobe constructed secondary flood containment structures, as identified by King County, are presented in
Table 1-2 below:
Table 1-2. New and Proposed Flood Risk Reduction Facilities
Levee Reach
Reddington
Reddington Extension
Horseshoe Bend
Foster Park
Hawley Road
Upper Russell Road
Boeing
Briscoe/Desimone
Segale/Tukwila

River Mile
28.6 – 29.5
28.2 – 28.6
26.0 – 26.2
24.25 – 24.5
23.8 – 24.05
23.2 – 23.3
20.1 – 20.4
19.5 – 19.8
17.0 – 17.2
16.9 – 17.0
16.0 – 16.4
15.45 – 15.6
14.5 – 14.6
16.7 – 17.3

Description
Levee setback
Levee setback

Status
Construction complete
90% design

Secondary levee and floodwall

Construction complete

Secondary levee
Raised levee
Secondary levee
Secondary levee
Secondary levee and floodwall
Raised levee and floodwall
Floodwall and bench
Floodwall and bench
Floodwall and bench
Floodplain fill behind levee

Construction complete
Construction substantially complete
100% design, partially funded
Construction complete
Construction Complete
30% design, funded
100% design, funded
100% design, funded
30% design, funded
Under construction

Following the report and data review, the existing levee conditions were summarized with respect to
geotechnical considerations as a basis for recommending potential breach locations for the levee failure
scenario analysis. This data was used along with hydraulic considerations by the project team to select
potential levee breach locations.
Levee vulnerability to potential breach failure was then characterized by reviewing and summarizing
existing levee fragility curves and developing new curves at the six potential breach locations.
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Figure 1-1. Levee System Extent
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2. DATA REVIEW
2.1. EXISTING REPORTS
Existing levee conditions were evaluated by reviewing existing geotechnical studies including setback
levee reports, technical memorandums regarding the Green River Levee Flood Damage Assessment
completed in 2007 through 2009, the 2010 periodic inspection reports completed for the PL84-99
levees, the 2013 King County Deficiency Action Plan spreadsheet and report, and reports submitted for
FEMA certification within the City of Kent. A complete listing of the reports provided is shown below in
Table 2-1.
Table 2-1 Green River Levee Geotechnical Reports
Title
th

th

180 to 200 Street Levee Setback Study
Reddington Levee Setback and Extension Feasibility Report,
King County, Washington
Technical Memorandum TM 1000.105-1, Damage Reaches,
Green River Levee Flood Damage Assessment, King County,
Washington
Technical Memorandum TM 1000.305, Stage Probability of
Failure Functions, Green River Levee Assessment,
King County, Washington
Technical Memorandum TM 1000.405-1, Flood Damage
Analysis, Green River Levee Flood Damage Assessment, King
County, Washington
Technical Memorandum TM 900.10-1, Field Reconnaissance,
Green River Levee Assessment, King County, Washington
Technical Memorandum TM 900.13-1, Summary of Existing
Information, Green River Levee Assessment, King County,
Washington
Technical Memorandum TM 900.13-2, Review and Analysis of
Existing Information, Green River Levee Assessment, King
County, Washington
Technical Memorandum TM 900.20-1, Geotechnical
Exploration Methods and Results, Green River Levee
Assessment, King County, Washington
Technical Memorandum TM 900.20-2, As-Built Records of
Piezometer Installations, Green River Levee Assessment, King
County, Washington
Technical Memorandum TM 900.20-3, Laboratory Test
Methods and Results, Green River Levee Assessment,
King County, Washington
Technical Memorandum TM 900.30-1, Preliminary River
Segmentation for Risk Analysis, Green River Levee
Assessment, King County, Washington
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Author
Shannon & Wilson, Inc./
Tetra Tech
Shannon & Wilson Inc./
Tetra Tech

Date
November 2012
November 2011

Shannon & Wilson, Inc.

July 23, 2009

Shannon & Wilson, Inc.

July 23, 2009

Shannon & Wilson, Inc.

July 23, 2009

Shannon & Wilson, Inc.

March 9, 2007

Shannon & Wilson, Inc.

February 8, 2007

Shannon & Wilson, Inc.

April 2, 2007

Shannon & Wilson, Inc.

March 29, 2007

Shannon & Wilson, Inc.

February 2, 2007

Shannon & Wilson, Inc.

March 27, 2007

Shannon & Wilson, Inc.
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Table 2-1 (continued)
Title
Technical Memorandum TM 900.40-1, Results of Piezometer
Studies, Green River Levee Assessment, King County,
Washington
Technical Memorandum TM 900.50-1, Deterministic Slope
Stability Analyses, Green River Levee Assessment,
King County, Washington
Periodic Inspection Reports for PL84-99 Levees (Lower
Green, Briscoe, Boeing, Upper Russell, Lower Russell, Kent
Shops, Meyers Golf, Galli’s, Dykstra, and Reddington)
King County Green River Levee Deficiency Correction Action
Plan
FEMA Accreditation Report, Green River Right Bank Levee,
st
SR 516 to S 231 Way, Kent, Washington
Stability and Certification Report, Briscoe/Desimone Levees,
Kent, Washington
Geotechnical Evaluation Report, Boeing Levee Certification
Project, Kent, Washington
Levee Stability Analysis and Certification, Hawley Road
Levee, Kent, Washington
Russell Road Lower-Lowest Levee, Levee Certification
Report, Kent, Washington
Revised Levee Stability Analysis and Certification, Horseshoe
Bend Levee, Kent, Washington

Author

Date

Shannon & Wilson, Inc.

April 12, 2007

Shannon & Wilson, Inc.

June 20, 2007

GeoEngineers/HDR

2010

King County

December 2013

GEI Consultants, Inc.

October 2011

GeoEngineers, Inc.

October 24, 2011

Kleinfelder

October 14, 2011

GeoEngineers, Inc.

December 15, 2010

AMEC

August 26, 2011

GeoEngineers, Inc.

October 28, 2010

2.2. EXISTING LEVEE CONDITIONS
2.2.1. ORIGINAL CONSTRUCTION
The Green River levees were constructed in the 1960s and 1970s using dragline methods that resulted in
slope inclinations that typically vary from 1.4H:1V (horizontal to vertical) to 1.9H:1V. The levee fill was
constructed with a combination of native alluvial soils and imported soil (typically silty sand with
variable gravel content). Finished slopes were protected with a 2- to 3-foot thickness of 8-inch to 2-foot
spalls and riprap.
Native soils encountered throughout the Green River Valley consist of interbedded layers of sand, silty
sand and sandy silt (overbank deposits and upper alluvium). Occasional layers of organic silt and peat
are also encountered in the upper alluvium. At depth, (typically about 30 to 40 feet below the existing
ground surface) the alluvium becomes medium dense with less silt (sand and sand with silt). As noted
above, the existing levee fill consists of a mixture of the alluvium and imported sand and gravel. The
consistency of the levee fill typically varies from loose to medium dense.
Additional fill placement and levee raising has occurred in many areas, and secondary levees and
floodwalls have also been constructed in recent years. Descriptions of the levee geometry, subsurface
soils, and additional flood containment structures at each of the PL84-99 levees are discussed in the
following section, PL84-99 Levee Configurations.
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2.3. PL84-99 LEVEE CONFIGURATIONS
2.3.1. TUKWILA 205
The Tukwila 205 levee is located along the left bank near the downstream end of the project, specifically
between river mile (RM) 12.44 and RM 16.7. Levee heights measured from the landward toe are
generally 5 feet or less in the downstream mile of the levee, and about 5 to 10 feet in height in the
upstream portion. Crest widths are typically 10 to 20 feet in width with some being greater than 20
feet. One exception is in the vicinity of RM 14.5 to 15 where a crest width of less than 10 feet is
reported. Steep riverside slopes are also noted in both the upstream and downstream portions of the
levee (steeper than 1.5H:1V).
Floodplain fill and grading on the landward side of the levee has occurred in many areas of the Tukwila
205 reach within the last few years. Subsurface soil conditions within this reach typically consist of
recent silty sand fill overlying interbedded very soft to medium stiff silt and very loose to medium dense
sand with variable silt (overbank and alluvial deposits). Medium dense to dense older alluvial sands are
typically encountered below the overbank and upper alluvial deposits at depths of about 30 to 40 feet
below existing grade.
Groundwater levels fluctuate from a few feet below existing ground surface to as deep as 20 feet below
ground surface in accordance with river stage and local rainfall.

2.3.2. DESIMONE BRISCOE SCHOOL
The Desimone Briscoe School levee extends between RM 14.5 and RM 16.99 on the right bank. Levee
heights are typically 5 to 10 feet, and the crest width is typically 10 to 20 feet. Riverside slopes are
steeply to moderately inclined, typically between 1.4H:1V to 2.25H:1V.
Existing subsurface soils within this reach include interbedded alluvial sands and silts. Alluvial soils in
the area can be divided generally into a lower, older alluvial layer, and an upper, younger alluvial layer.
The lower, older alluvium layer consists generally of dense clean sand with occasional layers of silty sand
and isolated layers of silt. The upper alluvium layer consists of loose to medium dense sand with
variable silt, and occasional layers of organic silt. Groundwater levels were encountered at a depth of
about 4 to 8 feet below the existing ground surface during drilling within this reach. Groundwater is
reported to flow from the river to the surrounding groundwater table during high river flows and toward
the river during low river flows.
Modifications to the levees within this reach include sheet pile I-Walls being constructed in 2014 on the
outside of the three major bends and at the tie-in at the South 200th Street Bridge. As presented in
Chapter 3, slope instability and toe erosion are noted within the Desimone Briscoe School levee in the
previous levee assessment studies and inspections, and in the 2013 Levee Deficiency Correction Action
Plan.

2.3.3. BOEING
South of the Desimone Briscoe School levee, the Boeing levee continues along the right bank between
RM 16.99 and RM 17.83. The Boeing levee is typically 5 to 10 feet in height, and 10 to 20 feet wide at
the crest, but is setback about 125 feet from the Green River. Riverside slopes are moderately inclined
at about 2H:1V.
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The levee embankment soils are similar in composition to the underlying alluvium, consisting of loose to
medium dense silty sand with gravel and sandy silt with gravel. The alluvial soils typically consist of
medium dense sand with variable silt content with occasional layers of soft to medium stiff silt and
organic silt. Groundwater levels were measured within the Boeing reach at about 18 to 19 feet below
the ground surface in February 2011.
Recent levee improvements within the Boeing levee include construction of a secondary levee and
floodwall at its downstream end.

2.3.4. LOWER RUSSELL – HOLIDAY KENNEL
Upstream of the Boeing levee, the Lower Russell - Holiday Kennel levee extends along the right bank
from RM 18.28 to RM 19.28. Levee heights are less than 5 feet, and the crest width is greater than
20 feet. Riverside slopes are moderately steep between 1.5H:1V and 2H:1V, with some areas flatter
than 2H:1V.
Reconnaissance reports of the existing levee and riverbank indicate there are areas of over-steepened
slopes and surficial sloughing. Portions of the riverside slope are overgrown with blackberry vegetation
and a few large trees were noted in some locations. Native vegetation is locally present at previous
bioengineered revetment repair locations. Subsurface soils are reported to consist of a variable
thickness of loose to medium dense silty sand and medium stiff sandy silt (fill) overlying overbank
deposits and alluvium. The overbank deposits and alluvium are consistent with descriptions in other
areas, consisting of interbedded silt, sand, and organic silt/peat, with cleaner fine to medium sand at
depth. Groundwater levels were encountered at depths ranging from 10 to 33 feet below the existing
ground surface during February and March of 2011.
A future setback levee is proposed along the right bank to attain the required freeboard and flood
protection in this area.

2.3.5. UPPER RUSSELL – SOAMES DOLAN, KENT SHOPS, AND MEYERS GOLF
These levees extend from RM 19.28 to RM 22.04 along the right bank. Levee heights are typically in the
range of 4 to 7 feet, with two locally higher reaches. The highest section has a height of about 15 feet
and is located directly south of the South 231st Way bridge abutment. A second area is about 10 feet
high and is located adjacent to a detention basin near RM 21.9. The levee crest width is typically greater
than 20 feet at the downstream and upstream portions of the reach, and between 10 to 20 feet in the
central area. Riverside slopes are typically inclined between 1.5H:1V and 3H:1V.
Subsurface soil conditions typically consist of interlayered soft silt and loose silty sand in the upper 30 to
35 feet, and medium dense to dense sand with variable silt content below this depth. Limited
groundwater data within this reach indicates the groundwater level to be roughly 14 to 20 feet below
the existing ground surface.
Secondary levees are under construction or soon-to-be constructed in this area to provide levee
certification and accreditation.

2.3.6. SIGNATURE POINT
Upstream of the Meyers Golf levee the Signature Point levee extends between RM 22.77 and RM 23.18
(this includes the County Road No. 8 levee). This levee is also less than 5 feet in height, and the crest
width is greater than 20 feet. Riverside slopes are flatter than 2H:1V. Subsurface soil and groundwater
conditions within the Hawley Road portion of the facility consist of roadway fill overlying interbedded
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alluvial silty sand, sandy silt and medium dense sand. The roadway fill consists of an approximate 2- to
4-foot thickness of dense sand with variable silt and gravel. Underlying the fill, the silty sand and sandy
silt alluvial layers alternate within the upper 25 to 40 feet and are typically loose to medium dense or
medium stiff. Medium dense sand is present at depth. Groundwater was observed at a depth of about
25 feet during the explorations, corresponding to the approximately river level.

2.3.7. HORSESHOE BEND
The Horseshoe Bend levee extends along the right bank between RM 24.25 and RM 26.09. The levee
height within this reach is typically 5 to 10 feet and the crest width varies from about 10 to 25 feet.
Riverside slopes are moderately steep to extremely steep, with some areas steeper than 1.5H:1V.
In general, the alluvial sands and silts within this reach are described to consist of an upper 20- to 30foot layer of primarily loose to medium dense silty sand, overlying an approximately 15-foot thickness of
medium dense to dense sand. Layers of sandy silt and silt separate the upper silty sand and the lower
medium dense to dense sand in some areas. Groundwater was measured in September and December
of 2009 within this reach at depths of about 15 to 23½ feet below the existing ground surface.
Secondary levees and floodwalls were constructed at both the extreme upstream and downstream
portions of the Horseshoe Bend levee.

2.3.8. REDDINGTON
The Reddington levee extends between RM 28.6 and RM 29.5 along the left bank. The levee was
reconstructed and set back from the Green River in 2013. Levee heights in this area are typically less
than 5 feet, with some areas between 5 and 10 feet in height. The levee crest width has recently been
reconstructed to a width of 20 feet, and the reconstructed riverside slopes typically vary from 2.5H:1V
to 3H:1V.
Subsurface soils within this area are described to consist of sandy gravel and silty sand (levee fill)
overlying channel deposits of silt, sand and fine gravel. The channel deposits are described as very loose
to dense and range from 2 to more than 25 feet in thickness. Overbank deposits consisting of very loose
to medium dense silty fine sand to fine sandy silt, are encountered within the adjacent alluvial plain,
ranging from 2 to 30 feet in thickness. Lake deposits of very soft to stiff clay/silt and peat deposits have
been encountered west of the river within adjacent oxbow lakes in the downstream portion of this
reach. Groundwater levels were measured at depths ranging from about 7 to 15 feet below the ground
surface during June 2010.

2.3.9. GALLI’S
The Galli’s levee is located upstream of the Reddington levee along the left bank between RM 29.5 and
RM 29.71. Levee geometry is typically less than 5 feet in height with crest widths between about 10 and
20 feet. Riverside slopes are also steep to moderately inclined between 1.5H:1V to 2H:1V. Subsurface
soil and groundwater information was not provided within this reach.

2.3.10. DYKSTRA
The farthest upstream levee in the study area is the Dykstra levee along the left bank between RM 29.71
and RM 30.79. This levee is also less than 5 feet in height with crest widths up to 20 feet. Recent
borings were completed by King County to a depth of about 23 to 24 feet near RM 30.5 within this
reach. In general, subsurface soils consist of medium dense grading to very loose sand and silty sand fill
King County, Washington
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to a depth of about 7½ feet below the ground surface. Explorations were completed in the backyard of
the residence located at 1610 Riverview Drive NE. Interlayered medium dense to dense gravel and sand
underlies the upper very loose fill. Groundwater was observed at a depth of about 10 feet during
drilling.

2.4. STABILITY ANALYSES
Shannon & Wilson completed six triaxial compression tests during the 2007 Green River Levee
Assessment Study (TM 900.50-1) and concluded that, regardless of material classification, the strength
of the subsurface materials could be adequately characterized by a friction angle of about 36 degrees.
However, conclusions in the same study state that, based on reconnaissance observations, the slopes in
these soils are able to stand at greater angles. This conclusion was likely based on the presence of
riprap, root structure, and cohesive soil layers that add strength to the subsurface profile. Accordingly, a
homogeneous cross section with a cohesion of 30 pounds per square foot (psf) and a reduced friction
angle of 35 degrees was selected for their studies.
Soil strength parameters used in stability analyses of the Green River Levees in other studies has varied
from 28 degrees for the sandy silt and silt layers, and 31 to 34 degrees for the loose to medium dense
sandy alluvium, to as high as 38 degrees for the dense sand layers encountered at depth (below a depth
of about 30 to 40 feet). The results of stability analyses assuming a homogeneous layer (Shannon &
Wilson) and a varied subsurface profile (other studies) are similar and indicate that shallow failure
surfaces on the riverside slopes do not meet the minimum factors of safety (FOS) criteria as specified by
USACE, Design and Construction of Levees, April 30, 2000 (EM 1110-2-1913). A description of the USACE
analyses cases are described below.
Slope stability analyses were completed in the certification reports for four cases as recommended by
USACE as described below. Stability analyses completed in the Shannon & Wilson 2007 study
(TM 900.50-1) included all cases except End of Construction. The recommended USACE analyses cases
include:






End of Construction. This case is based on the current condition of the levee or the
post-construction condition of improved levees. The water level in the river is assumed to be at
mean annual flow for this analysis.
Steady State Seepage. The levee stability is evaluated under flood conditions assuming a river
level at the Base Flood Elevation and assuming that seepage through the levee has achieved a
steady state. Stability of both the riverside and landside slopes are considered.
Rapid Drawdown. The levee stability under rapid drawdown conditions was typically analyzed
using a transient seepage analyses assuming a drawdown rate ranging from 1 foot per hour to
2 feet per day. Piezometer data suggests that at high river stages, the groundwater level in the
levees was less than the river level and that wasn’t until the river stage had dropped significantly
that the groundwater level in the levees was higher than the river level. Therefore “rapid”
drawdown may be limited to a relatively short-term differential head of a few feet within the
lower portion of the riverside slope.
Seismic. Seismic stability of the levee was considered under both liquefied conditions and using
pseudostatic analysis. Liquefied conditions assumed a reduced soil strength profile.
Pseudostatic conditions assumed varied horizontal accelerations including the peak ground
acceleration for the 100-year return period earthquake, the 10 percent in 50-year earthquake
(475 return period), and site specific site-response analyses. Where inadequate FOS were
achieved, estimated slope displacements were calculated using the USGS method developed by

King County, Washington

2-9

May 2014

FCD2019-02

Green River SWIF

Jibson and Jibson in 2003. The results indicated that deformation under the design seismic
acceleration is on the order of a few inches. Settlement and lateral spreading may also occur as
the result of liquefaction of the sandy soils below the groundwater level. Liquefaction
settlement was typically evaluated to be on the order of 6 to 8 inches, while finite difference
dynamic numerical modeling indicated lateral spreading up to about 2 feet of displacement and
2 feet of settlement at the riverside crest.
In general, each analysis case resulted in shallow failure surfaces that do not meet the USACE
recommended factors of safety. However, the failure surfaces that do not meet the criteria were
reported to be shallow such that they would not result in significant reduction of the levee prism.
Conclusions in the studies considered the shallow failures as maintenance issues that would not result in
a levee breach.

2.5. CHARACTERISTICS OF EXISTING FRAGILITY CURVES
Conditional probability-of-failure versus floodwater elevation (fragility curves) were previously
developed at ten locations along the Green River levees. Eight of the fragility curves were developed as
part of the Lower Green River Risk Assessment (TM 1000.305, Shannon & Wilson, July 23, 2009), and the
remaining two were developed as part of the 180th to 200th Street Levee Setback Study (Tetra Tech,
November 2012). Because the analytical methods varied between the studies, only the fragility curves
presented in the Lower Green River Risk Assessment were utilized to develop fragility curves for the
current selected breach locations (refer to Chapter 5 for the methodology used to develop new fragility
curves).
Multiple failure modes were evaluated to develop the composite probability of failure during
development of the existing fragility curves presented in the Lower Green River Risk Assessment.
Individual failure modes included:






Under Seepage. The evaluation of the probability of levee failure due to under seepage was
based on methods described by USACE (EM 1110-2-1913). Using the levee dimensions and
material properties, the probability of the exit hydraulic gradient exceeding the critical gradient
of the blanket material (located near the landside toe) was determined. The critical gradient
was calculated as the buoyant unit weight of the blanket material divided by the unit weight of
water.
Through Seepage. Through-seepage analysis was computed as the probability of the exit
hydraulic gradient on the landside slope of the levee exceeding the critical gradient of the levee
material. The exit gradient was estimated assuming that the line of seepage would exit parallel
to the levee face. Using this simplified model, the only random variable was the critical gradient
of the levee material, which was computed as the buoyant unit weight of the levee material
divided by the unit weight of water.
Slope Stability (Steady State, Rapid Drawdown, and Seismic). Slope stability analyses were
completed in general accordance with USACE (EM 1110-2-1913). Two seepage cases (steady
state and rapid drawdown) and a seismic loading case were included as potential failure modes.
Failure surfaces were analyzed for entry points located at the riverside, middle, and landside of
the levee crest for both the riverside and landside faces of the levee. The probability of levee
failure that could lead to flooding was considered in the analyses by assigning a progressively
higher probability as the failure surface resulted in greater loss of the levee prism. Higher
probabilities were also assigned to slip surfaces on the riverside slope on the basis that a
riverside slope would expose erodible internal levee material potentially leading to scour,
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additional instability, loss of freeboard, and a greater potential for breaching. The assigned
probabilities of levee failure for a given slope failure surface that was included in the analyses
are shown in Table 2-2.
Table 2-2. Assigned Probability of Levee Failure for Given Slope Failure Surface
Bank of Slope Failure
Riverside
Landside



Probability of Flooding Due to Failure Surface with Specified Entry Point
Near Riverside Edge of
Near Landside Edge of
Near Center of Crest
Crest
Crest
0.05
0.30
0.95
0.90
0.15
0.01

Judgment. Judgmental evaluation is often factored into the composite failure curve based on
observations during the visual inspection (such as animal burrows, cracks, roots, and poor
maintenance). Engineering judgment conditions considered during development of the existing
Green River levee fragility curves included consideration of potential levee failure due to scour,
animal burrowing or cracking, failure due to vandalism, the presence of seams of weak material,
and poor maintenance. However, due to cost and complexity, a quantitative inventory or
detailed analysis of these conditions and the effects to levee instability have not been analyzed
or incorporated into the Green River levee fragility curves.

For each of the above failure modes, a stage-probability of failure function was developed using the
Taylor’s Series Mean Value Method (USACE, 1992, 1995, 2003). Following development of the
probability of failure function for each failure mode, a composite probability of failure was determined.
This was achieved by calculating the composite reliability (probability of no failure) as the product of the
reliability values for each failure mode. The composite probability of failure was then determined by
subtracting the composite reliability from one.
The composite fragility curves previously developed for the Green River levees were most influenced by
the rapid drawdown, seismic, and underseepage failure modes. Based on review of levee conditions at
the existing fragility curve sites, the levee height, riverside slope, and gradient landward of the landside
levee toe strongly influence these failure modes.
The previously developed fragility curves indicate a composite probability of failure ranging from about
0.1 to 2 percent when the river stage is within one foot of the landside levee toe, to 0.2 to 6 percent
when the river stage is one foot below the levee crest. The composite probability of failure is based on
the existing condition geometry of the levee. Scour-impacted cross sections or changes in the existing
levee cross section due to other factors were not considered during fragility curve development, which
may result in greater probability of failure. Consideration of scour was incorporated in the judgment
evaluation on a qualitative basis.

3. LEVEE VULNERABILITY AND RECONNAISSANCE
RATINGS
Geotechnical information summarized in the levee certification reports, periodic inspection reports, the
2013 Levee Deficiency Correction Action Plan, and the Green River Levee Flood Damage Assessment
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memoranda including segmented levee reconnaissance data, were reviewed as a basis for providing
geotechnical vulnerabilities for selecting preliminary breach locations.
As presented in Technical Memorandum TM 900.10-1 by Shannon & Wilson (TM 900.10-1), a field
reconnaissance of the Green River levees was completed along both banks between RM 6.3 and 32 to
assess levee characteristics and to rate physical features. Reconnaissance scores were developed for
similar segments of each levee section (segment lengths are typically 0.1 to 0.5 mile). Physical attributes
of the levees were rated in the following categories:







Levee Geometry (height, top width, riverside slope, and landside slope)
Revetments and Erosion (revetments, slope face, animal signs)
Land Use and Infrastructure
Maintenance and Inspection
River Hydraulics (channel direction and channel depth)
Geology and Soils

Individual attributes were assigned a score of 1, 2, or 3 for each segment of a facility, with a higher score
generally indicating a greater likelihood of failure or damage. Three attributes did not follow this
convention (top width, riverside slope, and landside slope) in the original reconnaissance data
summarized in TM 900.10-1. The numerical scores of these attributes were reversed to follow the
convention of increasing score for greater degree of likelihood of failure prior to use in evaluation of
potential breach locations. The levee reconnaissance rating system is shown below in Table 3-1.
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Table 3-1. Levee Reconnaissance Rating System, Green River Levee Assessment, TM 900.10-1, March 2007
*

Attribute

Score
Description
1
<5 feet
2
5 to 10 feet
3
>10 feet
Levee Top Width
1
>20 feet
2
10 to 20 feet
3
<10 feet
Levee
Geometry
Riverside Slope
1
>2H:1V
2
1.5 – 2H:1V
3
<1.5H:1V
Landside Slope
1
>2H:1V
2
1.5 – 2H:1V
3
<1.5H:1V
Revetments
1
Protected Toe, No Sign of Erosion
2
Marginal Toe, Some Signs of Erosion
3
No Slope Vegetation or Rock, Erosion/Sloughing Evident
Slope Face
1
Slope Vegetated or Rock Protected, No Sign of Erosion
Revetments
2
Slope Vegetation or Rock Sparse, Some Erosion
and Erosion
3
No Slope Vegetation or Rock, Erosion/Sloughing Evident
Animal Signs
1
No Sign of Burrows
2
Few Signs of Burrows
3
Significant Sign of Burrows
Protected by Levee
1
Undeveloped or Agriculture
2
Sparse Residential/Commercial/Industrial
3
Heavy Residential/Commercial/Industrial
Land Use and
Infrastructure
Value
1
Land and/or Crops
2
Few Structures and/or Infrastructure
3
Many Structures and/or Infrastructure
Repair History
1
No Known Repairs
2
Suspected or Known Minor Repairs
3
Suspected or Known Major Repairs
Current Condition
1
Appears Well Maintained and in Good Condition
Maintenance
2
Appears Marginally Maintained and in Marginal Condition
and Inspection
3
Appears Poorly Maintained and in Poor Condition
Access
1
Good Access and Visibility
2
Adequate Access and Poor Visibility
3
Poor Access and No Visibility
Channel Direction
1
No Impingements
2
Impingement but No Effect on Levee or Slope
3
Impingement Effecting Levee or Slope
River
Hydraulics
Channel Depth
1
Inside Bend
2
Straight
3
Outside Bend or Impingement (Thalweg along Toe)
* Geology and Soils were also identified as an attribute but were not scored during the reconnaissance. This
was based on no predictable differences being discernable during review of the subsurface data, and results of
laboratory testing were similar despite the variability of material samples.
Height
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Levee reconnaissance ratings noted in Table 3-1 between River Miles 6.3 and 32 were utilized to
evaluate vulnerability to failure for this study and to develop potential breach locations for preliminary
evaluation. This was achieved by calculating a weighted reconnaissance score considering the attributes
of levee geometry, revetments and erosion (excluding animal signs because of limited exposures), and
channel direction and depth. Categories for land use and infrastructure, and maintenance and
inspection were not included because they did not pertain to levee stability. The scoring system is
included in the table for consideration of these attributes in the future. Geology and soils were also not
utilized because consistent geology, subsurface conditions, and material properties were reported.
Table 3-2 below summarizes geotechnical vulnerabilities throughout the study area used to develop 15
preliminary breach locations for consideration. The locations are also shown in Figure 3.1.
With the exception of two locations, weighted scores greater than 53 were selected as preliminary
breach locations and prioritized by the weighted score calculation (column 5 of Table 3-2). Recent flood
risk reduction facilities noted in Table 1-2 were considered when selecting preliminary breach locations.
For example, if a recent floodwall or secondary levee was constructed within a RM segment of a high
reconnaissance score, this segment was not selected as a preliminary breach location. The selection of
the RM within the segment was based on the following criteria:




If an existing fragility curve was located within the segment, the RM of the fragility curve was
selected as the breach location.
Where fragility curves were not available, the RM was selected where an instability or deficiency
was noted (as listed in the 2007 Reconnaissance column and the 2010/2013 Inspection and
Deficiencies column).
If a fragility curve was not available and an instability was not noted within the segment, the RM
was selected based on the location of an outside bend.

Two locations with a score of less than 53 were selected based on the available fragility curve
(location 14), and seepage noted during flood conditions (location 15).
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Table 3-2. Preliminary Breach Locations
Calculated
Weighted
Score

Outside
Bend

Tukwila 205

62

Yes

Existing
Fragility
Curve
Yes

Left

Tukwila 205

60

Slight

Yes

26.05

Right

Horseshoe Bend

59

Yes

4

25.69

Left

59

Yes

5

16.85

Right

58

No

Yes

6

30.65

Left

Other levee/
revetment
DesimoneBriscoe School
Dykstra

Yes, at
25.995
No

Yes

No

7

20.03

Right

Upper Russell –
Soames Dolan

Detailed
data not
available
58

No

No

8

16.59

Right

DesimoneBriscoe School

58

No

No

9

11.05

Left

55

Yes

No

10

16.83

Left

Other levee/
revetment
Other levee/
revetment

55

No

No

Location
No.

River
Mile

Bank

1

14.83

Left

2

16.56

3

King County, Washington

Levee Reach

3-15

Selection Comments
2007 Reconnaissance
2010/2013
Inspection and
Deficiencies
Inspection data within
segment 14.47 to 15.04
Inspection data within
segment 15.90 to 16.83
Inspection data within
segment 25.90 to 26.21;
Inspection data within
segment 24.56 to 25.90
Inspection data within
segment 16.38 to 17.12
High Score on May 2007
Weighted Reconnaissance
Figure
Slough noted in Table 2 of
March 2007 TM,
inspection data within
segment 20.00 to 20.20
Cracks, slump noted in
Table 2 of March 2007
technical memorandum,
and inspection data
within segment 16.38 to
17.12
Inspection data within
segment 11.05 to 11.71
Cracks/instability noted in
Table 2 of March 2007
technical memorandum,
and inspection data
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Location
No.

Calculated
Weighted
Score

Outside
Bend

Existing
Fragility
Curve

Tukwila 205

54

Yes

Yes

Other levee/
revetment
DesimoneBriscoe School

54

Yes

No

53

No

Yes

Left

Tukwila 205

48

Yes

Yes

Right

Upper RussellSoames Dolan

39

No

No

River
Mile

Bank

11

13.57

Left

12

19.89

Left

13

15.10

Right

14

15.75

15

19.29
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Slope instabilities
segment 14.62 to 15.20
noted upstream and
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sloughing in
deposited sediments
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Inspection data within
segment 15.04 to 15.90
Inspection data within
Seepage noted
segment 19.15 to 19.34
during flood
conditions in 2013
deficiency report

Other Notes or
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2007 Reconnaissance
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Nearby floodwall and
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Figure 3-1. 2014 Levee Vulnerability Reconnaissance Locations
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4. POTENTIAL BREACH LOCATIONS FOR FRAGILITY CURVE
DEVELOPMENT
Using the preliminary breach location data and previous experience with the Green River levees, the
project team of King County, Tetra Tech, and NHC selected six potential breach locations where fragility
curves would be developed to support the levee system analysis and characterization of flood risk. The
potential breach locations are shown in Table 4-1. Fragility curves were developed at each of these
locations as described in Chapter 5 below.
Table 4-1. Selected Potential Breach Locations (see Figure 5-1)
Potential Breach
No.
1
2
3
4
5
6

Levee Reach

River Bank

Dykstra
Tukwila 205
Horseshoe Bend
Meyers Golf
Lower Russell Road
Briscoe-Desimone

Left
Left
Right
Right
Right
Right

River Mile
30.69
14.83
25.50
21.80
18.60
16.62

Four of the six selected potential breach locations have a weighted reconnaissance score of 53 or greater.
The remaining two locations, Meyers Golf and Lower Russell Road were selected by the design team. The
breach locations are shown in Figure 5.1.

5. FRAGILITY CURVE DEVELOPMENT
Of the six potential breach locations, only one has a previously developed fragility curve, Tukwila 205. In
order to develop the remaining five fragility curves, we adopted an empirical method based on comparing
levee geometry to the existing fragility curves and considering the most influential failure modes.
Accordingly, fragility curves were developed at the remaining five locations by comparing the levee
geometry including the levee height, slope inclinations, base width, crest width, and the slope gradient
beyond the landside toe to the levee geometry of the existing fragility curves. Each of these geometric
conditions strongly influence the failure modes. Topographic information at each breach location was
provided by NHC. Levee geometry at each of the breach locations is shown in the attachment, Figures 1
through 6.
Geometric comparisons were made when considering the most influential failure mode (i.e., the slope
gradient landward of the landside toe and levee height when considering underseepage influence, the
riverside slope inclination when considering the seismic influence, and the riverside slope inclination and
levee height when considering rapid drawdown).
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The locations of the fragility curves for the potential breach locations are shown in Figure 5.1, and the
curves are included in the attachment in Figures 7 through 12. The composite probability of failure (y-axis)
at the river stage of 1 foot above the landside levee toe, and 1 foot below the levee crest for the most
similar levee section was utilized to develop the new fragility curve. In addition to developing the
composite probability of failure by comparing geometry and probability of failure modes (the lower green
line in attached Figures 7 through 12), the maximum probability of failure previously generated for all
breach locations is shown (the upper blue line in attached Figure 7 through Figure 12).
Stage-discharge curves developed and summarized in the hydraulics technical memorandum are included
below for comparing river stages at various locations to the flow at the Auburn gage.
Table 5-1. Stage Discharge Data from Hydraulics Technical Memorandum

Flood Event
91% AEP Median
50% AEP High C.L.
10% AEP Low C.L.
0.5% AEP Median
1% AEP High C.L.
0.2% AEP Median
0.2% AEP High C.L.

Breach

Dykstra

River Mile

30.80

Flow at
Auburn (cfs)
3,500
9,900
12,000
12,600
15,100
18,800
26,800

Horseshoe
Bend
25.55

Meyers
Golf
21.83

Tukwila

Duwamish

14.93

10.68

Stage (ft)
58.67
64.15
65.51
65.9
67.3
69.01
71.07

37.45
47.13
50.04
51.07
52.42
53.6
54.56

29.26
39.03
41.56
43.22
44.49
45.85
46.67

19.78
28.7
30.57
31.68
32.98
33.95
34.43

12.88
20.62
21.75
22.5
23.43
24.98
26.27

To validate the empirical fragility method, we generated a new fragility curve for one of the existing curves
using only the levee geometry and comparing the conditions to the existing probability of failure curve
data. The results were consistent with the existing curve data that was generated by the Taylor’s Series
Mean Value Method.
We understand the flood damage reduction analysis software requires the probability of levee failure be
1.0 at the crest of the levee. We are in agreement with the previous method of holding the probability of
failure constant for a river stage of one foot below the levee crest until 0.1 feet below the crest to avoid
unrealistically high probabilities of failure near the crest. The river stage increase within one foot of the
levee crest does not have an exponential increase in probability of failure.
Following fragility curve development, Breach Nos. 1 through 4 were selected by the design team for
inclusion in the system-wide levee failure scenarios as part of the hydraulic and flood risk analysis tasks.
The four selected breach locations are shown in Figure 5.2.
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Figure 5-1. Fragility Curve Locations
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Figure 5-2. Selected Breach Locations
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6. FINDINGS
Subsurface soil and groundwater conditions and results of stability analyses summarized in the available
geotechnical reports are relatively consistent for the PL84-99 levee systems. Previous stability analyses
for the levees indicate that shallow failure surfaces do not meet the USACE recommended factors of
safety. However, the failure surfaces that do not meet the criteria were reported to be shallow such that
they would not result in significant reduction of the levee prism. Conclusions in the studies considered the
shallow failures as maintenance issues with a low probability of causing a levee breach. However, repairs
of the shallow failures are considered more than routine maintenance issues because the levees were not
constructed to modern standards to include adequate toe and slope protection with a compacted
engineered fill.
The composite fragility curves developed for the Green River Levee Assessment and for this study appear
to support the conclusion that there is low probability of a failure causing a levee breach. Relatively low
probability of failure was calculated for each potential breach site. The composite probability of failure at
lower river stages (within 1 foot of the landside levee toe) varies from 0.1 to 2 percent. At higher stages
near the levee crest, the composite probability of failure varies from 0.2 to 6 percent. Failure modes of
rapid drawdown, seismic, and under seepage were the most influential in the analyses. Based on review
of levee conditions at the existing fragility curve sites, the levee height, riverside slope, and gradient
landward of the landside levee toe strongly influence these failure modes.
Additional conclusions and geotechnical considerations regarding the condition of the levees and scope of
this study are provided below.









The original levees were constructed in the 1960s using dragline methods without compaction
control. Subsurface soils within the levee prism typically consist of loose to medium dense silty
sand that is vulnerable to piping.
Based on review of the data provided, no breaches have been reported since original
construction.
Levee underseepage was one of the most influential failure modes in the fragility analyses. Areas
of animal burrows, culvert penetrations, depressions and seepage were noted in periodic
inspections and the King County Green River Levee Deficiency Action Plan. These deficiencies can
result in shortened or preferential seepage paths leading to piping concerns. Anecdotal
observations of seepage and piping were also noted within the Tukwila 205 study.
As discussed above, relatively low probability of failure was calculated for each potential breach
site. However, the results are based on quantitative stability and seepage analyses of the existing
cross section geometry. Conditions such as piping due to animal burrowing, vandalism, vegetation
weakening or strengthening, presence of seams of weak material, poor maintenance impeding
detection of defects, and toe erosion or a scour-impacted cross section are not part of the
analyses. Stability analyses of a revised levee section based on the effects of these conditions may
result in greater probabilities of failure.
Federal vegetation deficiencies were noted in several areas throughout the levee system including
numerous large trees greater than 12-inch DBH (diameter at breast height). Vegetation
considerations were not included in our geotechnical review.
As discussed in Chapter 1 our scope of services focused on PL84-99 levees and review of
geotechnical data provided in existing reports. No additional field explorations or site
reconnaissance were included in the study.
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As noted previously, existing geotechnical data and the results of laboratory testing and stability
analyses suggest relatively consistent conditions for the PL84-99 levee system. However,
geotechnical data was not available for the Signature Point, Galli’s, and Dykstra levees.
Additional geotechnical assessment requirements to support the SWIF will be dependent on the
level of protection goals and specific capital projects identified as part of the overall project
recommendations.
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1. INTRODUCTION
1.1. PURPOSE AND SCOPE
This technical memorandum summarizes the objectives, methods, and results of the existing condition
hydraulic modeling for the Green River System Wide Improvement Framework (SWIF). Hydraulic
modeling is one element of the multi-discipline SWIF study focused on evaluating existing condition
flood risks and vulnerabilities.
The Green River SWIF project area includes Howard Hanson Dam (HHD), located at river mile (RM) 64.5,
and extends downstream to the upper Duwamish River, at approximately RM 5.5. The focus area of the
SWIF is the upper Duwamish and Lower Green River floodplain, from approximately RM 5.5 to RM 32.
Within the focus area there are approximately 18 miles of levees and 13 miles of revetments. Five PL 8499 eligible levee systems between RM 11 and 32 are a priority for evaluation. The hydraulic analysis and
focus of this technical memorandum is from RM 33 to RM 5.5 and also reflects operation of Howard
Hanson for flood risk management.
The purpose of the existing condition hydraulic modeling and analysis task for the Green River SWIF
project is to:




Provide insight into flooding patterns, floodplain inundation depths and floodplain extents
under various flood magnitudes and levee breach scenarios
Estimate the channel conveyance capacity provided by the current levee system
Provide floodplain inundation limits, depths, and durations for use in the flood risk assessment
and economic modeling of flood damages

The hydraulic analysis maximized the use of existing models and data, which was facilitated by the
extensive work conducted over the last eight years on the Lower Green River. This memorandum
documents changes and updates to the pre-existing models used in this study. References for
development of the pre-existing models may be found in Section 4.

1.2. SETTING
The Lower Green River valley begins at State Route 18 (SR18), at river mile (RM) 33.25, and extends
downstream to the river’s mouth in Elliott Bay. Place names and features described in the following
narrative are shown in Figure 1-1. The river occupies a mostly undeveloped floodplain for about a mile
downstream of SR18. Soos Creek, the largest tributary on the Lower Green River, enters from the north
at RM 33.32. Nearing Auburn, the river enters the Auburn Narrows, where it is confined between the
White River alluvial fan and the eastern valley wall. The USGS Green River near Auburn stream gage
(12113000) is located in the narrows at RM 31.28. This gage serves as the flow regulation point for the
HHD and is the standard location where Lower Green River flows are referenced.
The floodplain was divided into four economic modeling areas to assess flood impacts and damages.
These damage areas follow logical divisions in levee systems and flood patterns and are shown as
shaded areas in Figure 1-1. Damage areas boundaries do not follow the municipal borders of the city (or
cities) used to name them.
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The Auburn damage area is located on the left bank of the river beginning at RM 33.25. Below the
Auburn Narrows a system of levees protect the left overbank from inundation by the Green River.
These left bank levees end at RM 28.6, where the left bank becomes more natural except for sporadic
levee segments, revetments, farm berms, and roads. These features provide limited protection until
around RM 19, where a continuous levee system resumes. The floodplain falls away from the river to
the west, where Mill Creek (Auburn) and Mullen Slough drain to the Green. Mullen Slough has an open
connection to the Green River, which allows floods to utilize the Mill Creek/Mullen Slough floodplain.
Available flood storage in this floodplain area provides significant attenuation during smaller floods.
The Kent/Renton damage area is located on the right bank of the river between RM 33.8 and RM 10.5.
From RM 33.8 to RM 26.25 the right bank is a narrow floodplain corridor with a mix of natural high
ground, valley wall, and short levee segments. RM 26.25 marks the beginning of the continuous right
bank PL 84-99 levee system that extends to Interstate 405 (I-405) at RM 12.5. In this report references
to the Kent/Renton damage area refer to the floodplain below RM 26.25 protected by the PL 84-99
levees. Mill Creek (Kent) and Springbrook Creek drain the eastern uplands and most of the damage
area, eventually flowing north to the Black River pump station. The pump station, with a capacity of
nearly 3,000 cfs, discharges into the Green River at RM 11.
The Tukwila damage area is protected by the Tukwila 205 levee, the only levee that has been accredited
by FEMA in the past. The damage area is bounded by South 200th Street at the upstream end and I-405
at the downstream end. At RM 16.75, approximately 1,300 feet downstream of South 200th St., the
Section 205 levee leaves the river and becomes a cross levee that runs westward to the valley wall.
Between RM 16.75 and 17.25 the Segale South Tukwila development is rebuilding the river levee. The
northern end of this levee ties into the Tukwila 205 levee and a new cross levee protects the area’s
southern boundary. The development is also filling most of the undeveloped floodplain within the levee
protected area. In the past the Tukwila 205 cross levee forced all left bank floodplain flow back into the
main channel; the new Segale cross levee will provide the same function when complete. A series of
small pump stations drain this area.
The Duwamish damage area encompasses both sides of the floodplain below I-405 and extends
downstream to RM 5. This portion of the river valley is narrower (generally 1/3 – 2/3 mile wide) than
upstream areas and the valley wall occasionally encroaches on either bank. The risk of overbank
flooding in this reach decreases steadily downstream, and by RM 5 the risk is minimal as the river
becomes larger and increasingly tidally influenced. Below RM 5 all flows evaluated are entirely confined
in the channel.
Table 1-1: Left and Right Bank Conditions
Bank
Right Bank

Extents

Description

RM 5.5-12.4
RM 12.5-26.25
RM 26.25-33.8

Mix of natural high ground and revetments
Continuous levee system, mostly in PL 84-99 program
Mix of natural high ground, valley wall, and short levee segments

RM 5.5-12.4
RM 12.4-16.7
RM 16.7-21.25
21.25-28.6
RM 28.6-30.9
RM 30.9-33.8

Mix of natural high ground and revetments
Tukwila 205 Levee
Mix of levees, fill and natural high ground
Mix of levees, farm berms, revetments and natural bank
Continuous levee system, mostly in PL 84-99 program
Mix of natural high ground, natural bank and revetments

Left Bank
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Figure 1-1: Project Study Area
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2. HYDROLOGY
2.1. DESIGN FLOOD HYDROGRAPHS
Inflows for the hydraulic models were taken directly from the 2012 Seattle District Army Corps of
Engineers (Seattle District) evaluation of design flood hydrographs for the Green River basin (Corps of
Engineers 2012). The Seattle District study was undertaken specifically to support levee system analyses
in the Lower Green River. A brief synopsis of the methods used in the study is given here.
Flood hydrographs for inflow to the HHD reservoir and local inflow between the dam and the Auburn
gage were developed for the 50, 10, 4, 2, 1, 0.5 and 0.2 percent annual exceedance probability floods
(commonly known by recurrence intervals as the 2, 10, 25, 50, 100, 200 and 500-year floods). The
annual exceedance probability terminology will be used throughout this memo as it more clearly reflects
uncertainty and risk and avoids the false perception that a 100-year return period event only happens
once every 100 years.
For each flood event, uncertainty was captured by developing the high (5%) and low (95%) confidence
limit (C.L.) hydrographs in addition to the median event, resulting in a total of 21 hydrographs. The
confidence limit expresses the probability that a given flow will be exceeded for a particular flood event;
for instance, the Low C.L. flow means there is a 95% likelihood that the true flow will exceed this value.
The median is the 50% C.L. hydrograph, or the most likely flow to occur for a given flood probability.
The 50% C.L. is implied when no C.L. is stated, for instance a ‘1% annual chance flood’. For clarity in this
report flood events will be primarily referenced by their peak flow, with the annual exceedance
probability (AEP) listed as a percentage. Confidence limits will be referred to as high, median, or low for
the 5%, 50%, and 95% limits respectively. Table 2-1 is adapted from the Corps of Engineers (2012) report
and lists all the flows and associated parameters developed.
HHD inflows were routed through the HHD reservoir using an operations model that followed
procedures specified in the current Water Control Manual (Corps of Engineers 2011). HHD is operated
to maximize available flood control storage during the flood season by keeping a low pool level. During
floods, reservoir outflow is adjusted such that the total outflow plus local inflow between the dam and
Auburn do not exceed the 12,000 cfs target flow at the Auburn gage. The 12,000 cfs target flow is kept
as long as possible to minimize the time needed for evacuation of the reservoir. Regulated HHD outflow
and local inflows between the dam and the Auburn gage were routed to the Lower Duwamish River
using a calibrated HEC-RAS hydraulic model. The resultant routed flood hydrographs at the Auburn gage
represented regulated flow conditions and comprised the basis of flows used for the current hydraulic
analysis. The level of flood control provided by HHD can be seen in Figure 2-1, which plots both
regulated and unregulated flows at various flood frequencies. During the median 1% AEP event, the
unregulated peak flow at Auburn (unregulated inflow to HHD plus the local inflow between the dam and
Auburn) is 45,900 cfs, while the median regulated peak flow at Auburn is 12,000 cfs. The dam can be
operated to meet its 12,000 cfs regulation target flow up to around an annual exceedance probability of
0.71% (median 140-year flood). However, loss of regulation (flow exceeding 12,000 cfs) becomes a
possibility by the 1% annual chance flood event, as seen in the high confidence interval curve.
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Figure 2-1 Discharge vs Annual Exceedance Probability & Flood Frequency at Auburn (Corps of Engineers 2012)
Table 2-1: Simulated Regulated Flow at Auburn (USGS Gage 1211300) from Corps of Engineers (2012)
Flood Event

0.2% AEP Flood
(500-yr)
0.5% AEP Flood
(200-yr)
1% AEP Flood
(100-yr)
2% AEP Flood
(50-yr)
4% AEP Flood
(25-yr)
10% AEP Flood
(10-yr)
50% AEP Flood
(2-yr)

King County, Washington

Confidence Level

Peak
Flow (cfs)

Median
High Confidence Limit (5%)
Low Confidence Limit (95%)
Median
High Confidence Limit (5%)
Low Confidence Limit (95%)
Median
High Confidence Limit (5%)
Low Confidence Limit (95%)
Median
High Confidence Limit (5%)
Low Confidence Limit (95%)
Median
High Confidence Limit (5%)
Low Confidence Limit (95%)
Median
High Confidence Limit (5%)
Low Confidence Limit (95%)
Median
High Confidence Limit (5%)
Low Confidence Limit (95%)

18,800
26,800
12,000
12,600
20,000
12,000
12,000
15,100
12,000
12,000
12,000
12,000
12,000
12,000
12,000
12,000
12,000
11,900
9,200
9,900
9,200

2-5

Approximate
Duration Above
12,000 cfs (days)
3.8
4.3
0
3.2
4.3
0
0
2.6
0
0
0
0
0
0
0
0
0
0
0
0
0

Approximate
Duration Above
10,000 cfs (days)
> 13
>13
11
>13
>13
9.4
11
>13
7.5
9
11.7
6.3
5.7
8.9
4.5
3.5
5.7
2.8
0
0
0
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2.2. SELECTION OF HYDROGRAPHS FOR HYDRAULIC MODELING
The high degree of flow regulation provided by the HHD results in the majority of the regulated
hydrographs having peaks at or very close to the 12,000 cfs target flow, although the total flood volumes
vary widely (as shown by the duration data in Table 2-1). Hydrograph volume has an important effect
on the extents and depths of flooding in the floodplain. Thus, although many of the regulated
hydrographs have peak flow rates of approximately 12,000 cfs, the range in hydrograph volume needs
to be considered so as to capture the full range of flood damages that can occur. Six hydrographs that
represent the full range of flows and volumes evaluated by the Seattle District were selected for
hydraulic modeling and economic analysis. The hydrographs are shown in Figure 2-2. In addition to
these six, the median 91% AEP (1.1 year) event was modeled in HEC-RAS to provide a zero damage point
for the economic analysis. Table 2-2 lists the selected hydrographs.
Table 2-2: Selected Design Flood Hydrographs
Flood Event

Median, 91% AEP
High C.L., 50% AEP
Low C.L., 10% AEP
Median, 0.5% AEP
High C.L., 1% AEP
Median, 0.2% AEP
High C.L., 0.2% AEP

Peak
Flow at
Auburn
Gage
(cfs)
3,500
9,900
11,900
12,600
15,100
18,800
26,800

Source
Comment
NHC
Corps of Engineers
Corps of Engineers
Corps of Engineers
Corps of Engineers
Corps of Engineers
Corps of Engineers

Steady inflow hydrograph
Other 50% AEP events are similar; well below levee
system crest
Lowest volume 12,000 cfs range peak event
Highest volume 12,000 cfs range peak event
-Also used for the very similar High C.L., 0.5% AEP flood
--

Inflow hydrographs for the FLO-2D hydraulic model (described below) were determined by extracting
the routed Green River design flood hydrograph from the Seattle District HEC-RAS model at RM 33.25
and adding the corresponding Soos Creek hydrograph. Flows simulated by the FLO-2D model at the
Auburn gage differ slightly (about 1% for the largest flood) from those routed through the Seattle
District HEC-RAS model. For consistency with the Corps of Engineers’ Design Hydrograph report (2012),
the published flows at the Auburn gage are referenced in this report.
No local inflows below the Auburn gage were calculated as part of the Seattle District’ Design
Hydrograph report. For the SWIF study, local inflows from the 180th to 200th St Levee Setback study
(Tetra Tech 2011) and the Lower Green River Floodplain Mapping Study for (NHC 2008) were used. Local
inflows below Auburn include Mill Creek (Auburn) and various small stormwater pump stations. These
local inputs are minor compared to the Green River flows. Local inflows were added riverward of the
levee system. There is no simulation of interior drainage landward of the levees in the FLO-2D model.
Local inflow from Mill Creek (Kent) and Springbrook Creek, in the Kent/Renton damage area, was
accounted for by reducing the capacity of the Black River pump station from 2950 cfs to 2650 cfs. This
300 cfs reduction equates to the 9-day 1% AEP flow from local drainage as estimated in the Lower Green
River Floodplain Mapping Study (NHC 2008). This approach allocates 300 cfs to local inflow that the
pump station must discharge, and allows the remaining pump station capacity to be used for evacuation
of Green River floodwaters that have entered the damage area through levee overtopping or breaching.
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Figure 2-2 Selected Design Flow Hydrographs

3. HYDRAULICS
3.1. MODEL BACKGROUND AND HISTORY
The Green River has had extensive hydraulic modeling conducted in the last eight years, allowing the use
of existing models to form the basis of the current analyses of existing conditions. In 2006, NHC began
development of HEC-RAS models of the middle Green River (NHC 2007), as well as both HEC-RAS and
FLO-2D models of the Lower Green River (NHC 2008). This modeling was used to develop floodplain
maps to support an appeal of preliminary maps issued by FEMA. The FLO-2D model was also used to
investigate levee breach risk and economic damages in a manner similar to that in the current SWIF
study (Shannon & Wilson 2009). In 2009, both models were extended upstream to evaluate numerous
scenarios related to concerns regarding the HHD dam. These concerns were revealed during the 2009
flood when the reservoir reached a record peak stage and increased levels of turbidity were observed in
discharge from the vertical drainage wells. The HEC-RAS model was extended from RM 44 to the dam at
RM 64.3, and the upstream end of the FLO-2D model was extended to the SR18 Bridge at RM 33.25.
The models have seen continued use since that time, including analysis of numerous City of Kent levee
accreditation projects, and levee alternatives analyses and design for King County (Tetra Tech 2011).
King County, Washington
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Both the HEC-RAS and FLO-2D models were used for the current study, with modifications described
below. For the current study, the FLO-2D model extends between RM 33.25 and RM 10, while the HECRAS model extends between RM 64.3 and RM 3.8.

3.2. MODEL LIMITATIONS
At the time of initial model development around 2006, the best available information indicated that the
HHD could fully control floods as large as the 0.2% AEP event. Allowing for operational uncertainty in
dam operations resulted in the estimated 1% AEP and 0.2% AEP peak flows at the Auburn gage to be
12,800 and 13,500 cfs, respectively. Since regulation began at HHD in 1961, the largest observed flow at
Auburn is 12,400 cfs, during the 1996 flood. No levees overtopped or were breached during this event.
As a result, the models were constructed with the understanding that the largest flows to be modeled
were less than 14,000 cfs. Calibration data was only available for floods of 12,400 cfs and lower.
Additionally, model calibration was limited to the Green River channel portion of the models. While the
models have proven robust for simulating discharges ranging between summer low flow to an
unregulated 60,000 cfs scenario, there have been no floods that inundated areas protected by levees to
provide any calibration or validation of the accuracy of the overbank simulations. In addition, the
analysis does not account for either increased peak flows or sea level rise that is expected due to climate
change in the future.

3.3. HEC-RAS MODEL
HEC-RAS models used in this study are created from modeling developed for the Design Hydrograph
report (Corps of Engineers 2012). The Corps model was based on the earlier NHC models developed for
King County. The Seattle District converted NHC’s model to run in unsteady mode and with some
modifications to simulate higher flows and improve stability. Upstream of the Auburn gage, the model
includes the entire floodplain; however, downstream the model only includes the main channel. This is
equivalent to assuming there are levees high enough to prevent overtopping at any simulated flow. One
consequence of this assumption is that the Mullen Slough/Mill Creek (Auburn) floodplain, which
provides significant storage and flow attenuation for the lower range of floods, is not represented in the
HEC-RAS model.

3.3.1. MODIFICATIONS
NHC clipped the full model at RM 12.7 to create a separate model of the river encompassing only the
reach downstream of I-405. This clipped model was used to develop floodplain inundation mapping for
the area downstream of the FLO-2D model limits. Additional detail was added to the clipped model by
extending cross-sections and adding storage areas to span the full width of the floodplain. No floodplain
extension was completed below RM 5 where preliminary testing showed that all flows were fully
confined within the main channel. The lower boundary condition for the clipped HEC-RAS model
remained a fixed water surface elevation of 8-ft (NAVD), representative of a high tide in Elliott Bay. The
upper boundary condition was outflow from the FLO-2D model. Subsequent references to the “clipped”
HEC-RAS model refer to the model described above. The Seattle District complete HEC-RAS model is
referred to as the “full” model.
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3.4. FLO-2D MODEL
The FLO-2D model was used to analyze flooding from RM 33.25 to RM 10. FLO-2D Version 2007 (FLO-2D
2007) was used to avoid potentially extensive changes in model configuration files.

3.4.1. MODIFICATIONS
3.4.1.1. LEVEE IMPROVEMENTS
Model updates were necessary to reflect recently completed flood control projects along the Lower
Green River. Several future levee improvement projects were also included in the existing conditions
model. Plans for each project were obtained and incorporated into the FLO-2D model geometry.
Table 3-1: Flood Control Project Updates to FLO-2D Model
Project Name
Reddington Setback Levee (LB)
Reddington Extension (LB)
Horseshoe Bend Levee (RB)
Foster Park Levee (RB)
Hawley Road Levee (RB)
Upper Russell Road Levee (RB)
Boeing Levee (RB)
Briscoe-Desimone Levee (RB)

Segale/Tukwila Development (LB)

River Mile
Extents
28.6-29.5
28.2-28.6
26.0-26.2
24.25-24.50
23.8-24.05
23.2-23.3
20.1-20.4
19.5-19.8
17.0-17.2
16.9-17.0
16.0-16.4
15.45-15.6
14.5-14.6
16.7-17.3

Project Status and
Construction Date
Constructed 2013
90% Plans (2015 or 2016)
Constructed 2012-13
Constructed 2012-13
Constructed
In construction (2012-2014)
100% Design (2014-2015)
Constructed 2013
Constructed 2013
30% Design (2015)
100% Design (2014)
100% Design (2014)
30% Design (2015)
In construction (2012-14)

Model Updates
Levee alignment, elevation,
channel cross-sections
Levee alignment, elevation
Levee alignment, elevation
Levee alignment, elevation
Levee alignment, elevation
Levee elevation
Levee elevation
Levee elevation, channel
cross-sections
Levee alignment, elevation,
channel cross-sections,
floodplain fill

3.4.1.2. DOWNSTREAM BOUNDARY CONDITION
The FLO-2D model’s downstream boundary was modified to allow both channel and floodplain outflow,
making it consistent with the clipped HEC-RAS model’s floodplain spanning cross-sections. A rating
curve generated from the clipped HEC-RAS model was used to define the downstream FLO-2D
boundary.

3.4.2. PRELIMINARY INVESTIGATIONS
Quality assurance checks on modeling of levee crest elevations and bridges were conducted. Multiple
FLO-2D runs were then used for testing purposes to help guide the team’s decision making process.
These test simulations were not used in the economic damage assessment but are described below for
completeness.
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3.4.2.1. LEVEE CREST ELEVATIONS
Accurate levee crest elevations are an important aspect of determining flood patterns on the Lower
Green River. To validate these elevations, recently provided 2013 LiDAR was compared against the 2006
model geometry. All structures coded as levees in the FLO-2D model, including river levees and railroad
and highway embankments, were evaluated. The median difference between model and LiDAR
elevations for these structures was 0.15 feet. Of the 6091 points compared, 61% were within 0.5 feet
and 80% were within 1 foot. A further check was provided by visually comparing left and right bank
LiDAR and model levee profiles. This check indicated that large differences were generally the result of
deliberate model updates. Examples include intersections on embankments, under and overpasses, and
areas with floodwalls not detected by the LiDAR. This comparison confirmed the accuracy of levee
elevations represented in the FLO-2D model.

3.4.2.2. BRIDGE EFFECTS
At flows around 12,000 cfs, which is the flow magnitude that the original HEC-RAS and FLO-2D models
were developed to simulate, the 28 Green River bridges within the FLO-2D model domain have only
negligible backwater effects. All the bridges are clear or near-clear span structures and the bridge
approaches do not constrict the channel. The original HEC-RAS model includes all 28 of the bridges,
whereas the original FLO-2D model does not. The necessity of adding bridges to the FLO-2D model was
investigated for the current study. This was based on concerns that the higher flows simulated for the
current study could result in significant bridge backwater effects that the FLO-2D model would fail to
capture. Therefore, a comparison of HEC-RAS and FLO-2D water surface profiles was undertaken to
evaluate the issue. Prior studies had shown the two models gave similar results at flows around 12,000
cfs. This was expected given that the primary calibration events for both models were two floods of this
magnitude and that the bridges have negligible backwater effects at this flow. Comparison between the
two models therefore focused on flows of 15,100 cfs and greater.
For the comparison, the FLO-2D model was modified to only include the mainstem channel in order to
mimic the channel-only full HEC-RAS model. Both models were run with a steady-state flow rate until
water surface elevations stabilized so as to eliminate hysteresis effects from the comparison. Water
surface elevations simulated by the FLO-2D model were consistently higher than those simulated by the
HEC-RAS model for both the 15,100 and 18,800 cfs runs; however, agreement was closer for the latter.
For the 26,800 cfs run, water surface elevations simulated by FLO-2D were lower than HEC-RAS below
RM 29 and higher above (Figure 3-1). The likely explanation is evident in the bridge outputs from the
HEC-RAS model, which showed that only one of the bridges was in pressure flow below 18,800 cfs, but
all were in pressure flow at 26,800 cfs. It is only at this higher discharge that bridge backwater effects
are readily apparent in the water surface profile as seen at RM 24.
There were also concerns with adding bridges to the FLO-2D model due to known issues with the
simplistic (compared to HEC-RAS) bridge calculation routines. Bridges are represented as single-function
rating curves in FLO-2D. That is, for a given upstream stage the model will allow a certain amount of flow
through the bridge, without regard to the stage downstream of the bridge or any other factor. This
approach, by definition, will eliminate the known flow hysteresis in the Lower Green River system. In
addition, in areas of dense bridge spacing, the flow in the channel becomes governed by a series of
rating curves rather than the equations of motion (i.e., the model becomes over-constrained). Finally,
close bridge spacing can cause model instability if there are small incompatibilities in the rating curves
from one bridge to the next.
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Figure 3-1 HEC- RAS and FLO-2D Water Surface Profiles Under Confined Channel and Steady Flow Conditions

Based on the modeling results it was determined that bridges should not be added to the FLO-2D model.
FLO-2D results are equal to or conservatively high as compared to HEC-RAS results for all but the 26,800
cfs (High C.L., 0.2% AEP) flood. In the 12,000 cfs range where the majority of design hydrograph flows
occur, the model has been successfully calibrated to observed high water marks without bridges.

3.4.2.3. EFFECTS OF FLOOD VOLUME ON DEPTH AND INUNDATION
As shown in Table 2-1, 14 of the 21 design hydrographs have peak flows at or near 12,000 cfs, but it is
noted that the total flood volumes vary widely, as indicated by the duration metrics in Table 2-1.
Hydrograph volume has an effect on the extents and depths of flooding in the floodplain. Thus, although
these 14 hydrographs all have approximately equivalent peak flow rates, the range in hydrograph
volume needs to be considered so as to capture the full range of flood damages that can occur.
Preliminary modeling of low and high volume near-12,000 cfs peak flow hydrographs was conducted to
determine if only one or two events in this range could be used to characterize flood depths and
inundation extents. Simulation results for the low volume 11,900 cfs flood (Low C.L., 10% AEP) and high
volume 12,600 cfs flood (Median, 0.5% AEP) with preliminary levee breaches into the Kent/Renton
damage area showed that the larger volume event inundated an additional 1.1 square miles of
floodplain, and the average depth of inundation was 0.5 feet greater. Given these significant
differences, both events were selected to bracket the range of damages resulting from the cluster of
flood events characterized with peak flows of approximately 12,000 cfs.

3.4.2.4. LEVEE BREACH LOCATION SELECTION
A key component of the existing condition evaluation included a levee failure analysis which required
consideration of potential breach locations, levee overtopping, and overbank flooding throughout the
system. Potential levee breach locations were informed by geotechnical, geomorphic, hydraulic and
economic factors. Geotechnical assessment focused on the PL 84-99 levee systems and synthesis of
previous work to identify 15 potential breach locations. These site specific locations were screened by
the integrated Consultant-King County project team with 6 locations being identified for further
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consideration. Geomorphic considerations in support of the levee failure analysis included an
assessment of incision points throughout the focus area to pinpoint areas of concern. Economic
considerations included land use and development patterns. Hydraulic considerations were also
included and are outlined below. Based on compilation and integration of the above parameters, four
levee failure scenarios were identified by the project team and are shown in Table 3-2. In addition, an
overtopping only scenario without levee failure, which is referred to as the overtopping-no-breach
scenario was simulated. The scenarios are intended to represent the range of possible failure situations
that might occur under existing conditions. The results will be combined in the economic assessment to
arrive at a system wide expected annual damage/impact figure.
Selection of levee breach locations was a multi-disciplinary effort described in full in the accompanying
SWIF Economics Technical Memorandum. FLO-2D model results were used as one component in the
selection process, primarily to ensure that the selected breach locations would be representative of
overall flooding patterns.
Prior model results involving breach simulations throughout the Kent/Renton damage area were used to
gain an understanding of what areas would inundate as a result of a breach in a given segment (NHC
2010). In general, the floodplain in this damage area slopes away from the river and to the north. As a
result, areas closer to the river and farther upstream tended to be inundated only by breaches located
nearby. In contrast, areas away from the river, especially in the northeast portion of the damage area,
incurred inundation from any breach simulated. GIS was used to map the number of different breaches
that inundated a given floodplain area. Areas of extensive inundation with a single breach source were
identified and used as one parameter in the breach selection process.
Another breach location decision was whether the Briscoe-Desimone or Meyers Golf Course levee area
should be selected for the second breach location into the Kent/Renton damage area (the Horseshoe
Bend Levee being the site of the first selected breach into this area). Both locations were simulated with
a breach and results compared. The simulations showed the Meyers Golf Course breach inundated a
large upstream area as well as most of the area the Briscoe-Desimone breach flooded. The Meyers Golf
Course breach was selected in large part based on this result.
Table 3-2: Model Breach Locations
Breach Name
Tukwila
Meyers Golf Course
Horseshoe Bend
Dykstra

Breach River
Mile
14.9
21.7
25.4
30.6

River Bank
(looking downstream)
Left
Right
Right
Left

Breach Damage
Area/Community
Tukwila
Kent/Renton
Kent/Renton
Auburn

3.4.2.5. LEVEE BREACH INDEPENDENCE RUNS
Once the four breach locations were selected one additional set of runs was conducted to verify the
hypothesis that breaches at the Dykstra and Tukwila 205 locations were hydraulically independent –
that results in one damage area did not depend on whether or not a breach occurred in the other
damage area. Simulations with a single breach at either location and with both breaches were run and
results compared. Differences between the two simulations of the two levee breaches were negligible,
confirming hydraulic independence. This enabled the two breaches to be run in a single simulation,
reducing the number of scenarios required from five to four.
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3.5. LEVEE BREACH MODELING
The Simplified Breach Analysis (SIMBA) levee breach model (Temple et al 2006) was used to investigate
rates of breach growth and size. This model was used in previous studies on the Green River for similar
purposes (Shannon & Wilson 2009; Tetra Tech 2011). Key input data included existing levee crosssections, simplified hydraulic data extracted from the FLO-2D model and the soil parameters for the
levee prism, including erodibility. The erodibility value used was taken from the 180th to 200th Street
Levee Setback study (Tetra Tech 2011) and is in the upper end of the range reported in the literature,
reflecting the uncertain construction methods of some of the existing levees.
Initial SIMBA breach growth rates were similar to those calculated in prior studies, but total breach
widths were higher. Examination of results showed that SIMBA predicted continued breach growth,
albeit at a lower growth rate, during the latter part of most design flood hydrographs when flows were
being regulated to 12,000 cfs for long periods of time, as shown in Figure 3-2. In contrast, previous work
used hydrographs with flows quickly dropping below 10,000 cfs, ending flow through the breach and
consequent breach growth. As such, the significantly higher breach widths predicted by the current
analysis were attributed to differences with the previously used hydrographs.
An upper limit was placed on breach widths rather than allow the continued slow growth SIMBA
predicted. A number of factors led to this decision. First, professional experience indicates that levee
breaches rarely exceed the river channel width, which is around 200 feet at flood flow in the Green
River. Second, it was considered unrealistic to assume that continued levee breach growth would not be
addressed by local jurisdictions with emergency measures once flows dropped to 12,000cfs. At this
point, there would be good equipment access to any point along the levee system, and if needed, the
Corp of Engineers could possibly reduce the flow further to assist repair efforts. Finally, breach velocities
for various design hydrographs (an example is shown in Figure 3-2) consistently dropped below 2
feet/second once the flood peak had passed and flows reduced to 12,000 cfs. Permissible velocities for
the typical levee soils found in the Green River are estimated to be in the 2-3 feet/second range (USDA
2007), so continued breach erosion would be unlikely at this point.
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Horseshoe Bend Levee Breach - 18,800 cfs (Median, 0.2% AEP) Flood)
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Figure 3-2 Example SIMBA Breach Growth and Selected Hydraulic Parameters

Inspection of the simulated breach widths and growth rates showed the variations between sites and
design hydrographs were relatively small and unlikely to affect flood inundation results. Therefore, a set
of fixed breach parameters was selected based on typical SIMBA results and applied to all levee breach
simulations in FLO-2D. The selected breach parameters used a 3 feet/hour vertical erosion rate and 9
feet/hour of horizontal breach growth along the length of the levee, the same magnitudes as were used
in the 180th to 200th St study (Tetra Tech 2011). Maximum breach width was capped at 225 feet.
Breaches were implemented in the model by initiating levee failure when the water surface elevation in
the river reached the trigger elevation. Breach trigger elevations were set to 1-foot above the landward
levee toe elevation. This elevation was determined from examination of the levee fragility curves in the
accompanying geotechnical memorandum.
Actual breach events may allow more flow on the floodplain than modeled with the simulated breaches
for several reasons. Both the SIMBA and FLO-2D models assume that levee breaches do not extend
below the floodplain surface. Variations in floodplain and levee elevations at each location therefore
resulted in breaches that are of identical final width, but vary in depth and net area. As a result, total
flow through the various breaches, which is a function of both available flow area and head through the
breach, should not be assumed to be equal. Members of the project team have observed that actual
levee breaches often erode well below the floodplain surface, so the simulated breaches may allow less
flow through than what would happen in an actual event. It should also be noted that breach growth
rates in SIMBA depend in large part on the erodibility parameter, for which there is high uncertainty.
Regardless, considering the uncertainty of breach dynamics and levee construction, FLO-2D model
results are believed to adequately estimate the overall magnitude of breach flow.
Finally, no sensitivity testing of FLO-2D inundation results compared to breach trigger elevations was
performed. It was judged that a rapidly rising hydrograph combined with the large overall flood volumes
would result in very little difference in total breach flow – the difference in time of breach at different
trigger elevations would vary by only a few hours, whereas total flow durations range from 3 to 15 days.
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3.6. EXISTING CONDITIONS MODEL SIMULATIONS
3.6.1. HEC-RAS RUNS
The full HEC-RAS model was run at 3,500 cfs (Median, 91% AEP) to provide a bounding value for the
index location tables of all scenarios, but was not used otherwise.
The clipped HEC-RAS model was used to calculate inundation grids for the Duwamish damage area.
Inflows to this model were taken as the outflows from the downstream boundary of the FLO-2D model.
Inspection of the outflow hydrographs for the FLO-2D runs (Figure 3-3) revealed that for five of the six
flood events, the magnitude of the FLO-2D outflow hydrograph was essentially the same regardless of
breach scenario, though the timing varied somewhat. This is attributed to the smaller floods remaining
primarily in-channel, and largest floods (the 18,800 and 26,800 cfs events) being of such high volume
that flow through the breaches is relatively small compared to the total flow overtopping onto the
floodplain. For these five flood events, the overtopping-no-breach simulation outflow hydrograph was
used to represent all scenarios.
The 15,100 cfs (High C.L., 1% AEP) flood event was the one event where peak flows differed enough to
warrant separate scenario runs. For this event the Dykstra/Tukwila breach scenario and the
overtopping-no-breach scenario were similar and therefore combined, while the Horseshoe Bend and
Meyers Golf Course Levee breach scenarios were simulated separately. Table 3-3 shows the clipped
HEC-RAS simulations completed based on the grouping of FLO-2D outflow hydrographs.
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Figure 3-3 FLO-2D Outflow Hydrographs
Table 3-3: Clipped HEC-RAS Model Scenario Runs and Application
Flood Event
Median, 91% AEP
High C.L., 50% AEP
Low C.L., 10% AEP
Median, 0.5% AEP

Peak Flow at
Auburn Gage
(cfs)
3,500
9,900
11,900
12,600

High C.L., 1% AEP

15,100

Median, 0.2% AEP
High C.L., 0.2% AEP

18,800
26,800

King County, Washington

Selected FLO-2D
Outflow used in
HEC-RAS Run
N/A
Overtopping
Overtopping
Overtopping
Overtopping
Horseshoe Bend
Meyers Golf Course
Overtopping
Overtopping
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Scenario Validity for Duwamish
Damage Area
N/A
All Scenarios
All Scenarios
All Scenarios
Dykstra/Tukwila 205 and Overtopping
Horseshoe Bend
Meyers Golf Course
All Scenarios
All Scenarios
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3.6.2. FLO-2D RUNS
The suite of existing condition model runs consisted of three scenarios in which a breach is triggered at a
pre-determined location and allowed to grow according to the parameters discussed in Section 3.5.
Another set of runs, termed the overtopping-no-breach runs, simulated floods with no breaches;
although overtopping was allowed when water levels exceeded levee crest elevations. It is important to
note that the overtopping-no-breach simulations were not directly used in the economic analysis for
floodplain depth mapping. Composite datasets were developed by post-processing simulation results, as
explained in Section 3.7.2.2, and form the fourth scenario, called the levee-overtopping-then-breach
scenario.
Each breach scenario consisted of one or two levee breach(es) at the selected location(s). These
scenarios were triggered when river levels reached a point one foot above the landward levee toe. The
full suite of selected design flood hydrographs (Table 2-2) was run for each scenario. In smaller floods a
breach often failed to occur because the channel water surface elevation did not reach the trigger point.
In these cases, the results are identical to the overtopping-no-breach simulations, but the runs still form
part of the breach scenario.

3.7. DEVELOPMENT OF HYDRAULIC-ECONOMIC INPUTS
Development of flood depth inundation grids and stage-discharge curves with uncertainty were required
for input into the economic damage model. Most information was developed directly from hydraulic
model outputs; some was developed using post-processed model results.

3.7.1. STAGE-DISCHARGE CURVE AT INDEX LOCATIONS
Stage-discharge curves were developed at index locations for each breach location and damage area
evaluated. Index locations were sited a short distance upstream of the selected breach location for each
scenario. The discharge for each curve was taken from the Auburn gage and stage at the index location.
Table 3-4: Index Location Data

Flood Event
Median, 91% AEP
High C.L., 50% AEP
Low C.L., 10% AEP
Median, 0.5% AEP
High C.L., 1% AEP
Median, 0.2% AEP
High C.L., 0.2% AEP

Breach

Dykstra

River Mile

30.80

Flow at
Auburn (cfs)
3,500
9,900
11,900
12,600
15,100
18,800
26,800

Horseshoe
Bend
25.55

Meyers
Golf
21.83

Tukwila

Duwamish

14.93

10.68

Stage (ft)
58.67
64.15
65.51
65.9
67.3
69.01
71.07

37.45
47.13
50.04
51.07
52.42
53.6
54.56

29.26
39.03
41.56
43.22
44.49
45.85
46.67

19.78
28.7
30.57
31.68
32.98
33.95
34.43

12.88
20.62
21.75
22.5
23.43
24.98
26.27

3.7.1.1. STAGE-DISCHARGE UNCERTAINTY
Stage uncertainty for each stage-discharge curve was calculated using the methods for gaged streams
described in EM 1110-2-1619 (Corps of Engineers 1996). The standard deviation of error at the Auburn
gage from water year 1962 to 2007 was calculated to be 0.32 feet by the Corps of Engineers (2007). A
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standard deviation of error in computed water surface of 0.7 feet (“Fair”) was selected from Table 5.2 of
EM 1110-2-1619 (Corps of Engineers 1996). The total standard deviation used was then calculated as
the square root of the sum of the squared standard deviations, or 0.77 feet.

3.7.2. DEPTH GRID DEVELOPMENT
The FLO-2D model produces maximum flood depth grids throughout the floodplain for each simulation
in a GIS compatible format. Most scenarios used these outputs directly for inundation mapping and as
inputs to the economic model, but certain events required additional processing prior to being used.
These are described in the following sections.

3.7.2.1. RENTON GRID EXTENSION
Preliminary runs showed that under the highest flow scenario of 26,800 cfs (High C.L., 0.2% AEP) the
model domain was not large enough to capture the entire area inundated in the City of Renton.
Inclusion of this 220 acre area within FLO-2D would not change results significantly because the area is
in a backwater and has relatively minor storage available. The extensive effort involved in model
modification was not warranted to produce results for only one flood. Instead, an extension grid that
matched the FLO-2D grid was created to cover this area (Figure 1-1), and water surface elevations
manually set within it based on adjoining simulated water surface elevations.

3.7.2.2. COMPOSITE LEVEE-OVERTOPPING-THEN-BREACH SCENARIO GRIDS
The overtopping-no-breach scenario was required for development of index location data and
estimation of the existing level of protection. However, it was the consensus of the project team that
under real-world conditions the levees were much more likely to breach than to remain intact once
overtopped. The overtopping-no-breach simulations did not reflect this condition, and could therefore
under-estimate flood depths in the damage areas. The various breach scenario simulations could not be
used directly because breaching due to overtopping will tend to occur at low points in the system which
does not necessarily correlate with locations identified as having the highest risk of geotechnical failure.
In addition, flood depths in a damage area would tend to be lower should an overtopping breach occur
elsewhere in the system.
Therefore, a series of composite flood depth inundation grids were used to develop the leveeovertopping-then-breach scenario, reflecting the project team’s view that breaches will likely occur
when the levee is overtopped. These composite grids replaced the overtopping-no-breach depth grids
for those flood events where overtopping occurs into a damage area. The scenario was named the
levee-overtopping-then-breach scenario to clarify this approach.
The approach was undertaken using the completed FLO-2D runs. Each composite grid was created by
averaging depths from different breach scenarios, equally weighting the probability of each breach in
the composite grid. Breach scenario grids were not included where areas did not overtop. The number
of composite grids created was limited, as overtopping only occurs in the three largest events. Due to
overtopping occurring into some damage areas and not others, each flood event was treated uniquely.
In the 15,100 cfs (High C.L., 1% AEP) event, there is no overtopping into the Auburn or Tukwila damage
areas, only the Kent/Renton area. Therefore, only the Meyers Golf Course and Horseshoe Bend breach
depth grids were averaged, and the results only applied to the Kent/Renton Damage Area (Figure 3-25).
For the 18,800 cfs (Median, 0.2% AEP) event, overtopping occurred into the Auburn and Kent/Renton
Damage Areas, but not the Tukwila area. All three breach scenarios (Dykstra/Tukwila, Horseshoe Bend
and Meyers Golf Course) were averaged. Only the Auburn and Kent/Renton damage areas had the
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composite grids applied: the Tukwila damage area did not overtop and hence kept its original dry grid
(Figure 3-26).
The 26,800 cfs (High C.L., 0.2% AEP) event overtops into all damage areas. Here all three breach
scenario grids were averaged and the results applied to the three damage areas (Figure 3-27).
Flood depth results from the composite grid process were generally within a few tenths of a foot of the
overtopping-no-breach runs in most locations. Differences were greatest in the Tukwila damage area
for the 26,800 cfs (High C.L., 0.2% AEP) run. In this area, the overtopping-no-breach inundation was
shallow and limited in area (Figure 3-30), so replacement with breach composite data created much
larger flood inundation areas and deeper depths, shown in Figure 3-27. No compositing of grids was
performed for the Duwamish damage area as no with-breach hydraulic simulations were performed.

3.7.2.3. SUMMARY OF SCENARIO DEPTH GRID PACKAGES
Inundation depth grids directly from model output, the Renton area grid extension, and the composite
overtopping breach grid process, were assembled and delivered to the economics team for analysis.
Each of the four scenarios had depth grids for the six design flood events. The FLO-2D and clipped HECRAS model results were delivered separately. In addition, the three largest overtopping-no-breach FLO2D scenarios, which are not directly used in the economic analysis, were produced. A summary of data
sources for each scenario is given in Table 3-5.
Table 3-5: Depth Grid Sources
Breach Scenario
Flood

Dykstra/
Tukwila

Horseshoe Bend

Meyers Golf
Course

Overtopping
Scenario
LeveeOvertopping-ThenBreach
A
M
M
M
C
C
C, R

3,500 cfs (Median, 91% AEP)
A
A
A
9,900 cfs (High C.L., 50% AEP)
M
M
M
11,900 cfs (Low C.L., 10% AEP)
M
M
M
12,600 cfs (Median, 0.5% AEP)
M
M
M
15,100 cfs (High C.L., 1% AEP)
M
M
M
18,800 cfs (Median, 0.2% AEP)
M
M
M
26,800 cfs (High C.L., 0.2% AEP) M, R
M, R
M, R
Codes: A - Corps of Engineers Full River HEC-RAS model
M – Direct model output (Lower River HEC-RAS model for Duwamish damage area, FLO-2D for others)
C – Composite Depth Grid
R – Renton Grid extension data added

3.8. FINDINGS
3.8.1. INUNDATION MAPS
Depth inundation maps for all 24 scenario-design flood event combinations used for the economic
analysis are included as figures following this section. In addition, inundation maps for the three largest
overtopping-no-breach runs are included; these runs were not used in the economic analysis, where the
composite grids described in 3.7.2.2 replaced them. The separate Existing Conditions Economics
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Technical Memorandum describes how these results were used in the economic assessment. Key results
for the various damage areas and breach scenarios are as follows:










Inundation of the Auburn damage area due to the Dykstra Levee breach is shown in Figure 3-4
through Figure 3-9. Minor overtopping of the un-leveed left bank between RM 26 and 28 first
occurs in the 9,900 cfs (High C.L., 50% AEP) flood. Also apparent in this event (Figure 3-4) is the
backwater flooding of the Mullen Slough area. The first overtopping of the upper Auburn levee
system occurs in the 15,100 cfs (High C.L., 1% AEP) flood between RM 29.5 and 30 (Figure 3-7).
The Dykstra levee breach is not triggered until the 18,800 cfs (Median, 0.2% AEP) flood (Figure
3-9). Significant overbank flow into urbanized areas is limited above RM 31 under even the
largest flow (Figure 3-9).
The Tukwila Levee breach scenario is also shown on Figure 3-4 through Figure 3-9: The landward
levee toe elevation at the breach location is low, so a breach is triggered even in the 9,900 cfs
(High C.L., 50% AEP) flood. Floodwaters entering the damage area are confined by the levee
system and must exceed the downstream levee crest elevation in order to spill back out into the
Green River. The levee elevations provide a control on interior water levels; as a result extents
and depths of inundation in the damage area are fairly similar over a wide range of floods. The
level of protection the existing levee provides is demonstrated in Figure 3-30, which shows that
at the highest flow simulated (26,800 cfs) levee overtopping is limited to the lower end. The
shallow depths within the damage area indicate the depth and volume of overtopping are small.
For the economic analysis, the composite grid assuming a levee breach would occur with
overtopping (Section 3.7.2.2) is used: this results in much deeper and more extensive flooding of
the area (Figure 3-27).
The Horseshoe Bend Levee breach is first triggered at the 11,900 cfs (Low C.L., 10% AEP) flood
(Figure 3-11), although inundation extents are small. In larger floods breach flows are initially
confined by railroad embankments before spreading out over a wider floodplain extent to the
north. In the 18,800 cfs (Median, 0.2% AEP) flood of the Black River Pump Station still has
enough capacity to allow collection of flows into lower Springbrook Creek, preventing flooding
of the area near to and north of I-405 (Figure 3-14). At 26,800 cfs the pump station is
overwhelmed, floodwaters back up towards the Cedar River and spill out back into the Green
River over much of the lower levee system (Figure 3-15).
The Meyers Golf Course Levee breach is also initially triggered at the 11,900 cfs (Low C.L., 10%
AEP) flood (Figure 3-17). Overbank flows are northward before passing under the railroad
embankments at various openings. At 15,100 cfs (High C.L., 1% AEP), overtopping upstream of
the breach into the damage area is beginning to occur (Figure 3-19). The Black River Pump
Station is able to keep up with flows through the 18,800 cfs (Median, 0.2% AEP) flood (Figure
3-20).
The Duwamish damage area did not have levee breach scenarios applied, in part because most
of the facilities in the Duwamish area are revetments, not levees. Overbank flooding is limited
to areas above RM 8, indicating levees and natural banks downstream do not overtop in any size
event simulated.

3.8.2. CHANNEL CONVEYANCE CAPACITY
The limited number of simulations completed and the role of flood volume as well as peak flow in
determining maximum flood levels means that conveyance capacity of the levee system can only be
approximately estimated. As mentioned previously, there is over a one foot difference in maximum
channel water surface elevations between the 11,900 and 12,600 cfs floods: this is attributed to flood
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volume differences, not the relatively small change in peak flow. The existing conveyance capacity,
especially for downstream reaches, relies on overtopping in many locations throughout the system.
Because raising a levee in one area can increase water levels elsewhere, hydraulic modeling will be
required to evaluate overall changes to the system conveyance capacity.








The Auburn damage area benefits in the upper end from the channel being naturally confined
within the Auburn narrows. Upstream levees on the left bank (RM 28 to RM 31.75) convey
flows between the 15,100 cfs (High C.L. 1% AEP) and the 18,800 cfs (Median, 0.2% AEP) floods.
The lowest capacity in this reach is around RM 29.8, with overtopping occurring around the
15,100 cfs (High C.L. 1% AEP) flood. The newly constructed Reddington setback levee (RM 28.25
to RM 29.5) contains the 18,800 cfs (Median, 0.2% AEP) flood with some freeboard, and is
estimated to have a 70%-90% probability of containing the 26,800 cfs (High C.L., 0.2% AEP) flood
(NHC 2013).
The Kent/Renton damage areas, protected by PL 84-99 right bank levees, generally has lower
capacity in the upper areas, with low areas in the Horseshoe Bend levee (RM 24-26) and the
levees around SR516 (RM 22). The minimum capacity at Horseshoe Bend is approximately at
the 12,600 cfs (Median, 0.5% AEP) flood. As this is very close to the 12,000 cfs regulation target,
overtopping risk is high during a large volume flood that may not necessarily exceed regulation
ability at HHD. This occurs over a fairly short reach of the levee. The minimum capacity
averaged over the levee system is between the 15,100 cfs (High C.L., 1% AEP) and the 18,800 cfs
(Median, 0.2% AEP) floods.
The Tukwila damage area is protected by the Tukwila 205 levee that provides a high level of
overtopping protection. Overtopping only occurs in the lower end of this levee (RM 12.5) and
only in the 26,800 cfs (High C.L., 0.2% AEP) flood. The Segale South Tukwila project is rebuilding
the levee upstream to the same high level of protection, and no overtopping under any design
hydrograph occurs.
The Duwamish damage area begins to see overbank inundation in the 12,600 cfs flood (Median,
0.5% AEP), and above RM 8 is fully inundated in the 18,800 cfs flood (Median, 0.2% AEP). Below
RM8 the channel conveyance expands due to tidal influence and dredging and there no
overbank flooding in any event simulated.
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