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Executive Summary
Herrera performed three interrelated analyses to assess the flood and erosion hazards to the
SR 542 roadway infrastructure in the vicinity of the Glacier and Gallop Creek crossings. These
analyses were (1) a hydrologic analysis, (2) a geomorphic analysis, and (3) a hydraulic analysis.
Three distinct stand-alone reports were prepared for each analysis. This is the third report in this
series. Details of the hydrologic analysis can be found in “Hydrologic Modeling Report (Report
1 of 3) Mt. Baker General Engineering Services SR 542 Chronic Environmental Deficiencies
Project for Gallop-Glacier Crossing” (Herrera 2008a). Details of the geomorphic analysis can
be found in “Geomorphic Analysis Report (Report 2 of 3) Mt. Baker General Engineering
Services SR 542 Chronic Environmental Deficiencies Project for Gallop-Glacier Crossing”
(Herrera 2008b).
The hydraulic analysis used the results of the hydrologic and geomorphic analyses to estimate
flood inundation areas, flood hazards, flood depths, and flood velocities upstream and
downstream of the SR 542 bridge crossings at Gallop and Glacier Creeks. Results of the
hydraulic analysis were also used to assess flood, erosion, and avulsion hazards and risks under
existing conditions to identify an extensive list of potential new bridge configurations and to
provide WSDOT with a tool to compare new bridge configuration alternatives with respect to
their hydraulic and potential geomorphic responses. An alternative analysis was conducted as
described in the “Draft Feasibility Study - SR-542 Crossings at Gallup and Glacier Creeks”
(Lochner 2008) and three alternatives were selected for further assessment that required more
detailed hydraulic analysis. The intent of this report is to provide WSDOT with an internal draft
report providing details of the hydraulic analysis to provide guidance as to the next steps in
developing a solution to the problems associated with the SR 542 crossings of Glacier and
Gallop Creeks.
Two hydraulic software programs were used. A two-dimensional hydraulic model, FLO-2D,
was used to assess the overall hydraulic characteristics of the creeks and floodplain, but also the
potential interaction of the two creeks under different flood flow scenarios. A simpler onedimensional hydraulic model developed by the US Army Corp of Engineers and frequently used
in bridge design, Hydrologic Engineering Center-River Analysis System (HEC-RAS), was used
to assess pressurized flow under the two SR 542 bridges. Stage-discharge rating curves for each
bridge crossing were developed using HEC-RAS and input into the FLO-2D model.
Boundary conditions of the hydraulic models included the geometric topographical constraints
based on LIDAR data, flow resistance along the topography using Manning’s roughness
coefficients, downstream discharge conditions, and upstream inflow conditions. Streamflow
gauge data was not available for calibration of the hydraulic models. Professional judgment was
used to estimate varying Manning’s roughness coefficients in the channels and floodplains based
on overall characteristics of the stream channels as described in the geomorphic analysis
(Report 2 of 3) and several site visits over the past two years including visits after the large flood
events in November 2006 and December 2007. The upstream boundary conditions assumed for
the hydraulic analysis included the precipitation-generated hydrographs described in the
v

hydrologic analysis report (Herrera 2008a), precipitation-generated hydrographs with sediment
bulking factors to assess high sediment loads, and dam-break-generated debris floods from the
upper watershed as described in detail in this report.
Existing hydraulic characteristics of the SR 542 Gallop Creek Bridge were distinctly different
than that of Glacier Creek SR 542 Bridge. Even for small flood events (as small as a 5-year
event), SR 542 is overtopped along the left bank of Gallop Creek due to the confined nature of
the channel (lack of floodplain conveyance) upstream of the existing bridge, and the limited
conveyance underneath the existing bridge. Overtopping of the roadway occurs over the existing
bridge and the right bank of Gallop Creek for larger (greater than 25-year) flood events. Many
factors contribute to the sediment accumulation at the bridge crossing as described in the
geomorphic analysis report (Herrera 2008b), but from a hydraulic perspective, the elevation of
the bridge is simply too low to effective convey flood water and sediment. Given the existing
creek profile and potential future sediment delivery, the bridge would need to be raised
approximately eight feet to effectively convey flood water and sediment over the next 75 years
(estimated design life assumed for this project).
Unlike the SR 542 Gallop Creek Bridge, conveyance is sufficient underneath the Glacier Creek
SR 542 Bridge to completely pass a 100-year precipitation-generated event and 25-year dambreak-generated debris flood event. The conveyance under the Glacier Creek SR 542 Bridge is
not sufficient to pass the 100-year dam-break-generated debris flood event. Given the high
potential for debris blockage under such an event, the existing Glacier Creek SR 542 Bridge is
likely at risk with such an event. Other factors may play a role in reducing this hazard to the
Glacier Creek Bridge such as upstream levee failure and avulsion which effectively bypasses
flood flows around the Glacier Bridge. However this will result in added hazards and risks to
Gallop Bridge and neighboring properties. Significant erosion of the upstream Glacier Creek
left-bank levee has occurred in the past and is currently occurring approximately 1,300 feet
upstream of the bridge. Continued erosion may result in an avulsion for flows exceeding
3,500 cfs (approximately a 25-year precipitation-generated flood event). The levee is overtopped
at flood flows greater than approximately 5,500 cfs. A levee-break (erosion) scenario and
overtopping scenario is simulated as part of the hydraulic analysis showing detrimental
downstream effects to the Gallop Bridge and neighboring properties.
Other factors increase the risk of levee failure and overtopping over time as described in the
geomorphic analysis report (Herrera2008b). The Glacier Creek SR 542 Bridge span is
approximately 75 feet and the effective upstream floodplain width is approximately 700 feet.
This has facilitated two distinct hydraulic characteristics of this reach of Glacier Creek. First,
significant velocities are present next to the left bank levee on Glacier Creek upstream of the
bridge crossing. Secondly, inundation of the right bank is significant, but combined with
incision and constraining of the channel near the bridge crossing, has resulted in significant
deposition on that bank during relatively small (less than 10-year) events (see Existing
Geomorphic Conditions Report for details). In essence, the right bank floodplain is elevated
over 10 feet above the thalweg that is pinned against the left bank levee. The lower stream
power in the floodplain and resulting sediment accumulation is gradually reducing the hydraulic
capacity of the system upstream of the bridge, which over time, will result in higher water
vi

surfaces than those modeled for this hydraulic analysis. As such, lower flows with high return
frequencies increase the risk of levee overtopping and potential failure.
Therefore, the primary hazards and risks associated with Glacier Creek under existing conditions
are: (1) loss of Glacier Creek bridge for 100-year dam-break-generated debris flood event,
(2) avulsion due to levee erosion and failure for flood events greater than a 25-year precipitationgenerated flood event, (3) avulsion due to levee overtopping for a flows exceeding 5,500 cfs
which corresponds to a 100-year bulked flow flood event or a 100-year dam-break-generated
debris flood event, and (4) an incremental increased risk of avulsion over time due to sediment
accumulation and rising water surfaces.
Three proposed alternatives were modeled to assess hazards in comparison to the existing
condition hazards. These alternatives are: Alternative #3: spanning both creeks with a 780-foot
elevated highway, Alternative #6: increasing the height of the existing SR 542 Gallop Creek
Bridge to 910 feet NAVD88 and increasing the width of the Glacier Creek to 300 feet, and
Alternative #10: relocating the highway 500-700 feet upstream of the current crossings. All
three selected alternatives are capable of conveying the entire 100-year precipitation-generated
flood event. All three alternatives address the aggradation issues over the lifespan of the project
(assumed to be 75 years). However, they do not all completely address the risk of avulsion.
Alternative #6 requires the streams to remain separate and does not specifically address the
avulsion risk. Alternative #6 still relies on the function of maintained levees. Alternative #10
eliminates the avulsion threat to SR 542, but leaves the downstream development at risk to the
threat of avulsion of Glacier Creek and flooding from Gallop Creek and relies on a significant
length of maintained levees. For Alternative #10, additional levees (and levee reinforcement)
will likely be required, or specific infrastructure such as homes and businesses would need to be
relocated. Therefore, Alternative #3, which eliminates the risk of avulsion by removing the
obstacles to intermingling of the streams and uses former levee materials to better protect
remaining development west of Gallop Creek is the preferred alternative from a hydraulics
perspective. However, this would require the relocation of at least one property owner.
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Introduction
This Hydraulic Modeling Report is one of three companion reports prepared for the State Route
(SR) 542 bridge crossings at Glacier and Gallop Creeks as part of the Chronic Environmental
Deficiency (CED) program for the Washington State Department of Transportation (WSDOT).
The other two reports include the Hydrologic Modeling Report and the Existing Geomorphic
Conditions Report, which were both used to construct the hydrographs and boundary conditions
for the hydraulic modeling described in this report. The intent of this report is described in the
scope of work (approved November 14, 2007) as an internal draft for WSDOT to provide
background hydraulic characteristics of both Glacier and Gallop Creeks in the vicinity of SR 542
so that draft assessment of alternatives can be conducted. This report is not intended to provide
design parameters for bridge replacement, but simply to provide a tool to directly compare
alternatives with respect to their hydraulic and potential geomorphic responses. More detailed
modeling would be required for design purposes.
The study area covers approximately 34.8 miles2 (90.1 km2) from the headwaters of Glacier
Creek near the peak of Mount Baker to the confluences of both Glacier and Gallop Creeks at the
North Fork Nooksack River near the town of Glacier, Washington. The study area covers the
combined watersheds for Gallop Creek and Glacier Creek (Figure 1).
This analysis summarizes hydraulic modeling that was performed to assess the existing
conditions the crossing of Gallop and Glacier Creeks at SR 542 near Glacier, Washington. The
analysis consisted of four parts: 1) the determination of the rating curve associated with the
SR 542 Bridges; 2) an analysis and determination of the hydrographs of debris flood events,
floods associated with debris dam failures in the water in the Gallop-Glacier Basin, near the
SR 542 Bridges, 3) two-dimensional modeling of flow for the precipitation-generated
hydrographs determined in the Hydrologic Modeling Report and debris flood hydrographs routed
to the SR 542 Bridges in the preceding analysis; and 4) an assessment of three selected
alternatives with respect to the 100-year precipitation-generated flood event.
The scope of this existing conditions analysis is confined to those flood events that might
reasonably occur within the lifetime of proposed roadway infrastructure, assumed to be
approximately 75 years. As such it does not consider large flow rates associated with volcanic
events on Mt. Baker (which occur on time scales of millennia) and it does not consider the
formation and destruction of large debris dams formed by rare mega-earthquakes or large,
infrequent rockslides (e.g., Church Mountain Slide and Glacier Creek Debris Avalanche, see
Existing Geomorphic Conditions section for details).
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Objectives
This analysis focuses on the determination of flooding under existing conditions, along with a
brief discussion of how these conditions would be affected by the proposed alternatives below.
The specific objectives are as follows:
1.

Estimate extent of inundation from both runoff events and debris flood
events under existing conditions.

2.

Estimate flow velocity and potential erosion near roadway infrastructure
(bridge openings, road fill) and associated infrastructure (i.e., levees) that
protects the roadway under existing conditions.

3.

Evaluate the three selected alternatives with respect to their minimization
of the deleterious effects found in the existing conditions runs.

Modeled Scenarios and Alternatives
Several scenarios assuming existing conditions were modeled along with three proposed
alternatives involving bridge replacement. Hydraulic results for the existing conditions scenarios
were reviewed to assess flood, erosion, and avulsions hazards associated with the current bridges
in place, but also to provide a tool to assess a long list of potential new bridge configurations at
both or one of the two stream crossings along SR 542. An alternative analysis workshop was
conducted as described in the “Draft Feasibility Study – SR-542 Crossings at Gallup and Glacier
Creeks” (Lochner 2008) using the results of the existing conditions modeling. From the
workshop, three alternatives were selected for further assessment that required more detailed
hydraulic analysis. Results for these three alternatives are included in this report.
The existing conditions scenarios included:



Four precipitation-generated events as developed from the hydrologic
analysis:
2-year, 5-year, 10-year and 100-year



100-year bulked flow. The precipitation-generated 100-year flow is
bulked assuming 20 percent sediment entrainment to provide an upper
bound worst case scenario for a precipitation-generated event



Debris floods:
25-year debris flood (probability of 0.04 or a 1-in-25 chance of
occurrence in any given year) for both Gallop and Glacier Creeks
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100-year debris flood (probability of 0.01 or a 1-in-100 chance of
occurrence in any given year) for both Gallop and Glacier Creeks



Levee Breech - assumes levee erodes and fails in a large event that
otherwise would not have overtopped the levee (i.e., levee is high enough,
but not strong enough)

The three new bridge configuration alternatives examined in the course of this hydraulic study
included:



Alternative #3 is an elevated highway 780 feet in length on piers. The left
abutment of the elevated highway is coincident with the left abutment of
the existing Gallop Creek SR 542 Bridge and the right abutment is near
the right bank edge of the unvegetated Glacier Creek floodplain.



Alternative #6 increases the height of the bottom deck elevation of the
Gallop Creek SR 542 Bridge to 910 feet NAVD88, increases the height of
the bottom deck elevation of the Glacier Creek SR 542 Bridge to 912 feet
NAVD88, and lengthens the Glacier Creek SR 542 Bridge to 300 feet.
The new Glacier Creek SR 542 Bridge in this alternative has the same left
bank abutment as the existing bridge, but extends to the edge of the
vegetated floodplain.



Alternative #10 relocates the highway approximately 500 feet upstream of
its current location on Gallop Creek and 700 feet upstream of Glacier
Creek. This alternative requires a 50-foot bridge over Gallop Creek in an
area where the creek is naturally confined and a 660-foot elevated
highway on piers over Glacier Creek. The left bank abutment on Glacier
Creek is located at the current levee and the lowest chord of the bridge is
coincident with its existing elevation, while the right bank abutment would
extend well into the right bank vegetated floodplain.

The alternatives were assessed using two different metrics: 1) by comparing their ability to
convey the 100-year precipitation-generated flood with a FLO-2D simulation of anticipated
hydraulic conditions, and 2) the anticipated geomorphic and hydraulic response of the two creeks
based upon the collective knowledge gained during the geomorphic analysis (summarized in the
Existing Geomorphic Conditions Report) and the hydraulic behavior observed from the existing
conditions simulations and the alternative simulations.

Modeling Overview
Hydraulic modeling was performed to estimate flood inundation area, flow depths, velocities,
deflection, and backwater effects under a wide range of flood conditions. Two types of
jr /06-03302-004 hydraulic modeling report.doc
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numerical models were used to provide the required information need to meet the objectives
described above: a one-dimensional (1-D) model (HEC-RAS) and a two-dimensional (2-D)
model, FLO-2D. Each model has its strengths and limitations; therefore, both numerical models
were used in parallel to optimize the output required to identify existing conditions and assess
the alternatives. The use and limitations of the models are discussed in subsequent sections. The
hydraulic modeling was performed for a range of flow events both driven by precipitation only
and from debris floods, the result of debris-dam breaks in the upper portions of the watersheds
(see Existing Geomorphic Conditions for details). The debris floods also required routing of the
flows to FLO-2D domain. The details of how this was done are described in the following
Methods of Analysis section.
Numerical models of river systems estimate hydraulic conditions under different flows and
boundary conditions. The accuracy of model predictions is limited to the resolution of the model
input data and field confirmation. More sophisticated models generally produce more accurate
predictions, but require more detailed input data and computational time. Table 1 shows the
basic input and output parameters for one-, two-, and three-dimensional models. Onedimensional models provide velocity estimates at each cross-section that are averaged over both
depth and width. Two-dimensional models provide velocity estimates throughout the domain of
the computational mesh (the bathymetric surface over which flood flows are routed in the model)
that are averaged only over depth, providing both the downstream and lateral component of
velocity varied across the width of the channel. Three-dimensional models provide velocity
estimates and components across the width of the channel and throughout the depth of flow.
Table 1.

Input and output parameters of one-, two-, and three-dimensional models.
Model Input

1-D

2-D










3-D







Cross-sections of study reach
Boundary conditions (tailwater
and inflow)
Channel/floodplain roughness
Detailed topographic mesh
Boundary conditions (tailwater
and inflow)
Initial conditions
Channel/floodplain roughness
Reasonable estimates of eddy
viscosity turbulence coefficient
Detailed topographic mesh
Boundary conditions (tailwater
and inflow including 3-D
velocity distribution)
Initial conditions
Channel/floodplain roughness
Reasonable estimates of eddy
viscosity turbulence coefficient
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Model Output




Water surface elevation at each cross-section
Downstream mean velocity at each cross-section, averaged over
depth and width




Water surface elevation at each node of the mesh
Downstream and cross-stream velocity at each node, averaged
over depth (i.e. depth averaged velocity magnitude and
direction at each node)




Water surface elevation at each node
Downstream, cross-stream, and vertical velocity at each node,
throughout depth of flow (i.e. includes vertical component and
vertical variation of velocity)

5

Herrera Environmental Consultants

Hydraulic Modeling Report-State Route 542 CED Project for Glacier Gallop Crossing

One-dimensional Model: HEC-RAS
The Hydrologic Engineering Center - River Analysis System (HEC-RAS) software program
developed by the U.S. Army Corps of Engineers (USACE) Hydrologic Engineering Center
(HEC) in 1995 (version 1.0) is the successor to the HEC-2 (river hydraulics) program originally
developed in 1969. The HEC-RAS program is a flood hazard mapping tool and is used by the
Federal Emergency Management Agency (FEMA) for the development of Flood Insurance Rate
Maps (FIRMs). The latest version of the HEC-RAS software (4.0 Beta) is used for the hydraulic
analysis described in this report. The following paragraphs describe the computational basis, the
advantages, and the disadvantages of the one-dimensional HEC-RAS model.
HEC-RAS is a one-dimensional water surface profile program that models steady and unsteady,
gradually varied flow. The computational procedure of a steady-state HEC-RAS model is based
on solving of the energy equation and energy losses between channel/floodplain cross-sections.
Energy losses are evaluated based on friction (Manning’s equation) and contraction/expansion
(coefficient multiplied by the change in velocity head).
The HEC-RAS one-dimensional model has advantages and disadvantages compared to twodimensional models. The main advantage is the relatively moderate quantity of data required for
relatively accurate flood elevation outputs. HEC-RAS requires cross-sectional data spaced on
average every five to ten channel widths apart, and the model can be used to interpolate crosssections where general topographical changes are known. This allows long segments of a river
reach to be analyzed with only moderate amounts of data. Also, with only moderate amounts of
data, HEC-RAS provides an approximation of flow velocity distributions across the width of the
channel and the left and right bank floodplain. The most significant advantage is the simplicity
of the model, assuming a steady flow. A one-dimensional model has minimal requirements for
definition of boundary conditions, and several model runs over a wide range of flow events and
channel/floodplain geometric scenarios can be run in a matter of minutes. The one-dimensional
steady-state model, therefore, provides a good analysis tool to run a wide variety of scenarios in
a short timeframe. The program also has various tools to address pressurized flow, as is
commonly encountered at the SR 542 bridges. However, due to the simplicity of the
calculations, one-dimensional models are best used where the flow is gradually varying between
cross-sections, and where the direction of flow is perpendicular to the channel/floodplain crosssection (e.g., at bridges). The model results can be misleading near obstructions or meanders,
across wide floodplains with lateral flow patterns that are superelevated above the main channel,
or when the channel topography includes braids or bars, which are common on both Glacier and
Gallop Creeks.
Despite the advantages, there are some significant drawbacks to one-dimensional models like
HEC-RAS. The model head loss is calculated between cross-sections to estimate a water surface
elevation profile, and it assumes that the water surface elevation is: 1) constant across the entire
width of each cross-section, and 2) has a constant slope between adjacent cross-sections. The
flow distributions and velocity approximations by the HEC-RAS model are, at best, averages.
HEC-RAS may under- or over-estimate the velocity if the actual velocity vector is not
perpendicular to the cross-section (which is common in braided and superelevated river systems
jr /06-03302-004 hydraulic modeling report.doc
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such as Glacier Creek). Also, the model configuration is typically set up for one geometric
layout where the cross-sections are perpendicular to assumed flow paths over the overbank areas.
This may actually vary depending upon the flow scenario. For example, it does not apply in
situations such as a sinuous low flow channel within a straighter overall floodplain alignment, or
where the high flood flows short-cut a point bar on the inside of a meander.
Even if the flow generally follows a path perpendicular to the input cross-section data, the
method of calculating a water surface profile (from the head loss between cross-sections) is
further complicated at meanders and bends with the HEC-RAS calculation method of a
“distance-weighted-reach-length.” The distance-weighted-reach-length provides a modified
channel length for a river bend based on the left and right overbank lengths and corresponding
flow conveyances. For situations along a significant meander where the inside overbank length
is much shorter than the outside overbank length, the water surface elevation calculated using
HEC-RAS along the inside bank of the meander may be erroneous and can suggest significant
gradients between cross-sections (that are merging closer together towards the inside of the
meander) that simply may not occur.
Flows through the upstream 75 percent of the modeled reach of Glacier Creek are confined along
the left bank of the main channel by a levee with overbank flows across the right bank
floodplain. This floodplain is highly braided with several log jams present and is perched as high
as 10 feet above the main channel bed. The right bank floodplain is inundated during annual
peak flood flows with a significant superelevation above the main channel bed indicating
significant lateral floodplain flow back into the main channel. Since the main channel along the
levee is mostly confined and conveys the majority of flow, HEC-RAS is an adequate tool to
estimate water surface elevations and velocities in the main channel where the majority of flow
demonstrates simplified hydraulics along the levee (i.e. near the bridge). However, HEC-RAS is
not appropriate to assess the extent of the floodplain inundation depths and frequencies due to
the significant superelevation of the right bank floodplain. The right bank floodplain has also
changed significantly in the past few years due to several large floods reshaping the floodplain
and increasing the risk to the SR 542 road prism east of the bridge. HEC-RAS is not capable of
proportioning flow correctly between the main channel and the floodplain channel system within
the modeled reach and does not capture this risk.
In general, due to the limitation of HEC-RAS correctly modeling the complex flow dynamics
within Glacier Creek, the two-dimensional hydraulic model, FLO-2D is used to improve the
accuracy of predicted water surface elevations, flow velocities and sediment transport within this
dynamic domain. However, using FLO-2D does require developing a rating curve (flow stage
verse flow magnitude relationship) using HEC-RAS for each of the SR 542 bridges. The rating
curve serves as an internal boundary condition for FLO-2D, which is discussed below. Although
flows in Gallop Creek are adequately approximated using HEC-RAS due to the general
confinement of the channel along the modeled reach, FLO-2D can more accurately account for
flow dynamics during flood events that may jeopardize highway and public infrastructure or
breach its protective levees.
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Two-dimensional Model: FLO-2D
The focus of the two-dimensional models was specifically the Glacier and Gallop Creeks
crossing of SR 542. As such, the domain (spatial extents) of the FLO-2D model does not extend
as far up the watersheds as the other analyses (i.e., the Existing Geomorphic Conditions Report
and the Hydrologic Modeling Report) performed. Downstream water surface boundary
conditions were set by flow in the North Fork Nooksack River. Although somewhat
conservative, the peaks in flow in the North Fork Nooksack River were assumed to occur
simultaneously with the peak in discharge from the Glacier Creek or Gallop Creek. Upstream
boundary conditions in FLO-2D were imposed by assuming normal flow with the flow rate set
by the hydrographs described in the Hydrologic Modeling Report, in the case of precipitationgenerated flood events, or the hydrograph determined from the debris flood analysis detailed
below, in the case of the debris flood events. The upstream extent of the FLO-2D model was
specifically selected because it is naturally constricted (see Existing Geomorphic Conditions
Report for details) with simplified hydraulics and minimal lateral floodplain flow. In addition,
an internal boundary condition was imposed by two SR 542 bridges using HEC-RAS to produce
a rating curve for the upstream side of the bridges.
FLO-2D is a two-dimensional, finite-difference, dynamic-flood routing hydraulic model that can
simulate channel flow and unconfined overland flow over complex topography with varying
roughness. FLO-2D routes a flood hydrograph while predicting flood wave attenuation due to
flood storage. Flooding can occur on dry, unconfined surfaces and no hot starts or complicated
boundary conditions are necessary. The model uses the full dynamic wave momentum equation
and a central finite difference routing scheme with eight potential flow directions to predict the
progression of a flood hydrograph and flood wave attenuation due to flood storage over a system
of square grid elements. The model’s highly accurate volume conservation numerical method is
critical to accurate flood distribution. The model computes flow exchange between the main
channels and the floodplain throughout the unsteady hydrograph. Flow fields can include
supercritical and subcritical regimes. FLO-2D can model sediment transport one- and twodimensionally using either one of the seven-most used sediment transport equations, providing
bed erosion–deposition capabilities for rivers carrying from fine to coarse sediments. FLO-2D is
a FEMA-approved hydraulics model for both riverine studies and unconfined alluvial fans.
Independent evaluation performed for FEMA by Michael Baker, Jr., concluded that for
simulations involving water surface variations across floodplains, FLO-2D exceeds the
capabilities of other models, having demonstrated its ability to replicate measured hydraulic
conditions in a number of projects.
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Methods of Analysis
Numerical models require a set of boundary conditions for each simulation that consist of
discharge at an upstream cross-section (1-D) or at the upstream end of the computational mesh
(2-D), and water surface elevation or slope at a downstream cross-section (1-D) or at the
downstream end of the computational mesh (2-D). The boundary conditions and other input data
developed for the models are described in this section. Field measurements from the project site
were also needed to calibrate the models. Figure 1 shows the FLO-2D model domain, along with
many other key locations discussed in the following sections.

Topographic Data
Topographic data used in the modeling analysis was derived from a LiDAR survey conducted in
2007 by Watershed Sciences, Inc. (Appendix A). Bridge characteristics were not captured in this
survey, but were obtained on site visits associated with the Existing Geomorphic Conditions
Report.

HEC-RAS Model Setup
The one-dimensional hydraulic model HEC-RAS model was setup to capture specific hydraulic
characteristics of the two bridges and develop individual rating curves for existing conditions.
These rating curves establish the internal boundary conditions for the two-dimensional model,
FLO-2D. Each rating curve represents the flow stage verses flow magnitude relationship at the
upstream end of the SR 542 Bridge spanning the creek. In order to develop a rating curve, the
HEC-RAS hydraulic model requires geometric data of various cross-sections (transects) of the
channel-floodplain domain and any instream crossings, obstructions or structures, flow data, and
definition of boundary conditions to initiate the step-backwater surface profile calculations.
Geometric data files are combined with flow data files to produce “flow plans”. The following
discussion briefly summarizes the various geometric data layouts, flow data files, flow plans,
boundary conditions, and the HEC-RAS model calibration.
Geometric Data
The geometric data files for the HEC-RAS hydraulic model use topographic data from the 2007
LiDAR survey for the Glacier-Gallop Creek alluvial fan. Topographic data for eight transects
along Glacier Creek and Gallop Creek, respectively, are obtained using HEC-GeoRAS.
HEC-GeoRAS is an extension of HEC-RAS and uses the geographic information system (GIS)
platform for processing geospatial data. The interface allows the preparation of geometric data
for import into HEC-RAS and processing of simulation results exported from HEC-RAS.
Transect data for Glacier and Gallop Creek includes main channel, side channel and floodplain
topography. All existing levees adjacent to both creeks along the modeled reaches are also
captured within the transect data. Transects are assigned a river station (RS) identifier, which
jr /06-03302-004 hydraulic modeling report.doc
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corresponds with its respective location along the low flow channel upstream from the creek’s
confluence with the North Fork Nooksack River. This numbering scheme is intuitive to track in
the model results because it is based on actual river distances (in feet) upstream from the
confluence. The upstream and downstream extents of the modeled reaches of both creeks are
bounded by transects, with additional transects spaced along each creek at locations of
geomorphic and hydraulic significance. In Glacier Creek, the downstream extent is at roughly
RS 3 feet, the SR 542 bridge is at RS 460 feet, and the upstream extent is at approximately
RS 1,413 feet. For Gallop Creek, the downstream extent is at roughly RS 86 feet, the SR 542
Bridge is at about RS 450, and the upstream extent is at approximately RS 915 feet. Two
transects are also located on the upstream and downstream side, respectively, and within close
proximity, of the SR 542 bridge to capture geometric changes in each channel due to the bridge
abutments. The SR 542 bridge decking and abutments geometry are also included in the
geometric data files for both models.
Only one geometric data file representing existing channel and floodplain conditions is created
for each creek. Each geometric data file also considers the channel and floodplain domain
hydraulic roughness characteristics. Manning’s roughness coefficients (n-values) for modeled
reaches are determined by correlating channel and floodplain surface characteristics with
analogous roughness coefficients, and by adjusting these values to produce flow stages, which
coincide with estimated flow magnitudes that produced previous levee-breach and bridge
pressure flow events on Glacier and Gallop Creek (Table 2). This was done because flow stage
and magnitude in Glacier and Gallop Creek within the alluvial fan has never been monitored.
Thus, recorded flow data does not exist to precisely calibrate the HEC-RAS hydraulic model.
Table 2.

Manning’s roughness coefficient (n-values) used in the HEC-RAS hydraulic
models.
Creek
Glacier Creek
Gallop Creek

Left Overbank

Channel

Right Overbank

0.1
0.12

0.06
0.07

0.1
0.12

Flow Data
Flow data used to develop the rating curve for Glacier Creek includes 41 flow values ranging
between 100 cfs and 10,000 cfs. Flow data used to develop the rating curve for Gallop Creek
includes 22 flow values ranging between 50 cfs and 4,000 cfs. These values represent a
combination of the probable range of flows based on the following: 1) the calculated flows
ranging from the mean annual peak to the 100-year event as determined by hydrologic modeling
of the Glacier and Gallop Creek basins; 2) the estimated flows resulting from actual and probable
debris flow dam break events occurring within the middle to upper watershed of each creek. See
the Hydrologic Modeling Report (Report 1 of 3) and the Existing Geomorphic Conditions Report
(Report 2 of 3) for additional information regarding flow estimates.
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Flow Plans
The geometric data file is combined with the flow data file to create a “flow plan” for each creek
flow simulation. Each flow plan created in the HEC-RAS hydraulic model is simulated using a
mixed subcritical-supercritical flow regime to capture, and correctly model, any critical or
supercritical flow occurrences within the predominately subcritical-flowing channels. Model
simulation results for each creek produced a rating curve for existing conditions, for the
upstream side of the SR 542 Bridge spanning the creek. This rating curve is then used as an
internal boundary conditions for the two dimensional hydraulic model (FLO-2D) for Glacier and
Gallop Creek.
Boundary Conditions
Two boundary conditions are used to simulate one dimensional flow in Glacier and Gallop
Creek, respectively. “Normal depth”, which assumes uniform flow (channel bed slope equals the
water surface slope) at a given location along the creek, establishes the boundary conditions at
the upstream and downstream extent of the modeled reaches (Table 3). This is done because
actual flow or stage data for the modeled reaches does not exist. Assuming normal depth at the
upstream and downstream extents is a commonly accepted hydraulic modeling procedure to
approximate both subcritical and supercritical flow. A mixed flow regime was selected so that
supercritical flow could be approximated for the HEC-RAS simulations.
Table 3.

Boundary conditions used in the HEC-RAS hydraulic models.

Creek
Glacier Creek
Gallop Creek

Upstream Normal Depth Slope

Downstream Normal Depth Slope

0.019
0.0365

0.021275
0.034941

Calibration
As stated previously, flow magnitude and stage on Glacier and Gallop Creek have never been
monitored within the Glacier-Gallop alluvial fan; thus comparison of modeled flows to actual
flows in each creek is not possible. Consequently, calibrating the HEC-RAS hydraulic model
required correlating surface cover with analogous roughness coefficients, and then manipulating
these coefficients to produce flow stages that coincide with geomorphic observations of past
levee-overtopping events. Even if data was available, the dynamic nature of sediment
accumulation at the Gallop Bridge crossing and historic hydromodifications (dredging) would
make calibration nearly impossible without highly detailed maintenance records and
corresponding stage data.
Anecdotal information provided by WSDOT was used as a crude method to calibrate the HECRAS hydraulic model at the bridge crossings. The Gallop Bridge has overtopped several times
in the past decade which required WSDOT to dredge sediment during the event to increase
conveyance under the bridge. Also, anecdotal information from WSDOT suggested that flow
during the recent large events in the past decade did not hit the Glacier bridge girders, but came
close on several occasions.
jr /06-03302-004 hydraulic modeling report.doc
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FLO-2D Model Setup
The focus of the two-dimensional modeling was specifically in the vicinity of the Glacier Creek
and Gallop Creek near MP 33.5 on SR 542. As such, the domain of the FLO-2D model does not
extend as far upstream as the area discussed in the Hydrologic Modeling Report and the Existing
Geomorphic Conditions Report. Two-dimensional numerical models like FLO-2D require
boundary conditions such as a geometric computational mesh (i.e., ground surface grid),
roughness values, and a discharge hydrograph. Boundary conditions and other input data
developed for the models are described in this section.
Geometric Data
LiDAR data (Appendix A) were used to create the initial computational mesh used in the twodimensional model of existing conditions. The only other geometrical input necessary for the
FLO-2D model is Manning’s roughness (“n”) values. FLO-2D allows for depth-varied n-values,
however, a constant n-value was used for all depths. Given the extremely dynamic nature of the
floodplain and channel network and the size of material transported by the thalweg, it was
determined that a high fixed value of roughness ( n = 0.07 ) for most of channel-way was most
appropriate. In some portions of the floodplain the n-value was varied from 0.09 to 0.12 based
on vegetation and the accumulation of large woody debris as determined during field visits. A
plot of the n-values used for the FLO-2D model is provided in Figure 2.
The grid size used to represent the surface topography for the FLO-2Dmodel was based on the
detail needs of the alternatives analysis versus model execution times and numerical stability
requirements that can significantly affect computation times and time required by the user to
adjust the model parameters accordingly. It is recommended that the grid size be adjusted such
that the Q/A ratio is less than 1 per the FLO-2D User’s Manual (with Q = discharge into an
element, and A = grid element surface area) (O’Brien 2006). Typically, Q/A ratios can be
approximately 2 to 3 without significant stability issues, but a ratio exceeding 5 should be
avoided to minimize model execution run times and time spent adjusting the model to correct for
instabilities such as surging. The grid element size was selected as 30 feet to provide a good
level of detail, but coarse enough to allow the evaluation of several screening scenarios while
minimizing numeric instabilities and reasonable execution times. Assuming an average main
channel flow width of approximately 150 feet, a 30-foot grid would provide 5 grid elements
within the main channel. Assuming that the entire 100-year event flow of approximately
5,000cfs is confined within the main channel, a 30-foot grid would result in approximately
1,000cfs per each 900 square-foot grid element. This would result in a Q/A ratio of
approximately 1.1 which is ideal. Grid sizes of 15 feet, 20 feet, and 40 feet were attempted for
the 100-year simulation, however this resulted in a Q/A of approximately two for the 15-foot and
20-foot grid size models and model execution times of over 3 days. The 40-foot grid model
resulted in a loss of significant topographic detail within Gallop Creek, the floodplain between
the two creeks, and around the left bank Glacier levee. The 30-foot grid still provided good
topographic detail and representation, but also had desirable execution runs times under 18
hours.
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The levee function in FLO-2D was used along the left bank of Glacier Creek for 200 feet of
levee approximately 1,300 feet upstream of the SR 542 bridge over Glacier Creek. This area was
selected because the levee had partially failed and overtopped in the past (see geomorphic report
2 of 3), is currently failing (see Figure 3), has the least freeboard to the mainstem, and has the
lowest corresponding floodplain elevation on the backside (west) of the levee. The levee
function was chosen for two reasons. First, it allows the levee to fail (i.e. erode and expand)
during the simulation if it is overtopped. This option was selected for every simulation, although
overtopping and failure only occurred for the 100-year bulked flow and 100-year debris flood
scenarios. Secondly, it allows the user to select failure at any given time. This was used for a
separate levee failure simulation to assess levee failure during a precipitation-generated (clearflow) 100-year hydrologic event (standard 100-year event). This scenario was modeled because
the levee does not overtop in the 100-year event, but it is likely that such an event could result in
significant erosion and levee failure given the current conditions noted during the site visits.

Figure 3. Degraded portion of the left bank levee of Glacier Creek approximately
1,300 feet upstream of the SR 542 crossing.
The geometric configuration of the bridges is simulated by using flow rating curves which is a
relationship that estimates stage based on incoming flow. The Gallop bridge has three 30-foot
spans (90-foot total span) and the Glacier Bridge has a single 75-foot span. With a 30-foot grid
computational mesh, both bridges were assumed to occupy three grid elements with the rating
curve subdivided up into three equal curves for each element. This is important particularly for
the Gallop bridge where incoming flow will be primarily into one span based on the average
upstream channel width so it is possible to overwhelm one of the spans causing a backup of flow
since the flow will likely not be evenly distributed in each span. This is not the case for the
Glacier Bridge since the bridge opening is less than the upstream width (i.e., bridge is a
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confinement) so flow will be more evenly distributed (this is exactly what was observed during
all the simulations).
The computational mesh of each of the alternatives was adjusted as follows:
Alternative #3 – The road prism of SR 542 was removed and matched to landscape north and
south of the roadway in between Gallop Creek and Glacier Creek for 780 feet beginning at the
left bank abutment of the existing Gallop Creek Bridge and extending to the edge of the active
(unvegetated) floodplain on the right bank of Glacier Creek. The left bank abutment of the new
roadway was extended approximately 200 feet beyond (east) of the right bank abutment of
Glacier Creek. The left bank levee of Gallop Creek was raised to 910 feet and connected to the
abutment of the Railroad Avenue Bridge and a topographic high downstream of SR 542. The
internal boundary conditions (rating curves) related to the bridges were removed. The left bank
levee on Glacier Creek upstream of SR 542 was removed entirely.
Alternative #6 – The road prism was removed for 50 feet extending east from the existing left
bank abutment of the Gallop Creek Bridge. The road prism in between the 50-foot Gallop Creek
opening was raised to 910 feet on both sides of Gallop Creek, sloping upward to 912 feet by the
left bank of Glacier Creek on the east (right bank) side. The road prism was removed for the
300 feet east of the existing right bank levee on Glacier Creek. The road prism east of this was
raised to 912 feet and matched to the existing road grade. All three of the levees were raised to
match the new road prism on both sides of the roadway. The internal boundary conditions
(rating curves) related to the existing bridges were also be removed because the lower chord of
the bridge was not reached in the simulation.
Alternative #10 – This alternative was the same as the existing conditions simulations, including
the internal boundary conditions from the existing bridges. The lone exception being that the
existing Glacier Creek SR 542 Bridge was removed, along with 225 feet of the road prism west
(on the right bank) of the existing bridge opening. A new road prism, equivalent in width to the
existing road prism, was added between Gallop Creek along the alignment described in the
Alternatives Analysis. The prism had the elevation of the right bank of Gallop Creek
(approximately 945 feet NAVD88), which linearly varied between there and the left bank levee
of Glacier Creek (approximately 930 feet NAVD88). Culverts through the road prism were not
added because the added complexity of doing that and the insignificance of the conveyed flow.
No additional road prism was required on the right bank of the proposed Glacier Creek SR 542
Bridge because the existing elevation on that bank was close to the elevation of the left bank
levee (and the lowest chord of the bridge). However, a small prism that was equivalent to the
left bank height at the point of the proposed Gallop Creek SR 542 Bridge was added to the left
bank of Gallop Creek.
Downstream Boundary Conditions
Downstream boundary conditions for FLO-2D included the simple designation of outflow grid
elements, which assumed a localized slope between adjacent elements and a uniform flow
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approximation to calculate output flow rates from the output grid element. One disadvantage of
this simple type of downstream boundary condition is that when the Q/A ratio is high, the local
slope may not be representative of the general bed slope (i.e., localized elevation change between
grid elements). The resultant exit velocities can be too high and represent an artificially steep
hydraulic gradient. In such instances, the n-values can be increased, or the bed elevation can be
slightly increased at the downstream boundary grid elements to result in a more constant water
surface gradient at the downstream boundary. However, this was addressed in the final
simulations by moving the downstream boundary conditions down into the North Fork Nooksack
River with an assumed flow in the North Fork Nooksack equal to only a 5-year event.
Therefore, the exit velocities were insignificant and modifications to the downstream boundary
conditions were not required.
Upstream Boundary Conditions
The upstream boundary condition includes the input of a flow hydrograph into an upstream flow
grid element. Hydrographs were developed as a part of the Hydrologic Modeling Report. A
summary of the recurrence interval peak flood flows is provided in Table 4. More detailed
information on the development of the recurrence interval peak flood flows and hydrographs is
presented in the Hydrologic Modeling Report. Upstream boundary conditions also include the
debris flood hydrographs developed as part of this hydraulic modeling report.
To follow the previously described recommendations for the grid size in comparison to the flow
(i.e. Q/A ratio close to one is desired), the inflow hydrographs were divided up into individual
hydrographs such that the cumulative hydrograph represented the overall total inflow hydrograph
at the upstream boundary condition. Several initial model runs were conducted to assess the
extent and distribution of main channel and floodplain flow just downstream of the upstream
boundary so that the appropriate number of inflow nodes could be assessed to maximize the
number of inflow nodes and minimize the Q/A ratio for each inflow boundary grid. With a
30-foot grid element (A=900 square feet) and a 100-year flow of approximately 4,892 cfs for
Glacier Creek (see Table 4), the number of inflow grid elements required to maintain a Q/A ratio
<1 would be 5.43. Since the main channel width of Glacier Creek is approximately 150 feet, five
inflow grid elements were chosen for Glacier Creek. The Q/A ratio is slightly over 1, but very
little instabilities occurred and minor adjustments to the n-values of those nodes were done to
eliminate potential surging. For Gallop Creek, the 100-year flow of approximately 610 cfs is
less than the grid are of 900 square feet so only one inflow grid element was required (Q/A =
0.68) and subdividing the hydrograph was not required.
There is limited information on the timing of flood events in the three different watersheds
(Glacier, Little and Gallop) that contribute flow to the area surrounding the two SR 542 bridges.
Combined with the close proximity of these watersheds and their relatively similar hydrologic
character, it was determined that to be conservative the precipitation-generated events were
assumed to occur simultaneously in Little, Gallop and Glacier Creeks. Therefore there is only
one simulation of the 2-year, 5-year, 10-year and 100-year precipitation-generated events.
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Table 4.

Summary of recurrence intervals of peak flood flows in Gallop, Little and
Glacier Creeks.

Return Period (years)

Glacier Creek Flow Rate
(cfs)

Gallop Creek Flow Rate
(cfs)

Little Creek Flow Rate
(cfs)

100
10
5
2

4,892
3,042
2,527
1,812

610
366
301
213

119
65
52
36

Because of the nature of the debris flood hydrographs (i.e., unpredictable, extreme geophysical
events), these events were assumed to occur independently in each creek. However, as these
events do occur in conjunction with large storms, flood base-flows (i.e., the constant flow rate
that the dam break flood wave is added to) were assumed. For details see the Debris Flood
Hydrographs Subsection. In addition, to the debris flood events, one simulation was performed
where the flow rate was increased to account for the volumetric sediment flux. Since all of the
precipitation-generated flood flow rates were based upon models of precipitation, the additional
volumetric flux due to sediment in transport could have profound changes on flood stage. In this
case, the volumetric concentration of sediment was assumed to be 20 percent, which yields a
sediment bulking coefficient C b = 1.25 . This value is somewhat smaller than the value used in
the debris floods because the debris floods must transport the large volume sediment contained
within debris dam with the flood wave.
Debris Flood Hydrographs
The Glacier-Gallop basin is riddled with landslides of varying size and recurrence. However,
there are distinct zones where shallow landslides have been documented to dam creek channels.
These dams can fail slowly and incompletely, or they can fail catastrophically. If the debris
dams fail catastrophically, they can cause a large pulse of water and debris formerly stored
behind the debris dam, to flow downstream. This pulse of water is known as a debris flood.
It is a two-step process to estimate the hydrographs that can be input into the upstream boundary
condition of the two-dimensional hydraulic model (FLO-2D) to assess the threat to SR 542
infrastructure from debris floods. The first step is to determine the hydrograph at the dam break
site. Because the debris dams in each creek channel occur in two distinct areas, with different
geometries, the estimation of debris-dam size is creek dependent and each creek will be
discussed separately below. Once the hydrograph at the dam-break site is found, the next step is
to route that hydrograph down the creek valley to the limits of the FLO-2D model. WSDoE
(2007) recommends lumped flow routing for planning purposes, like the case here. In this case,
the peak flow rate is reduced with distance downstream based on the recommendations made by
the Dam Safety Office of the Washington State Department of Ecology (WSDoE 2007).
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The debris-dam failure process necessarily produces a large sediment load, and sediment load
has been shown to significantly affect the stage of the flood produced (Bello, Lopez et al. 2003).
This is particularly true in steep watersheds where the volume of dam material is comparable to
the volume impounded behind it. Therefore when flow rates are predicted that account for water
only (as in the case of Gallop Creek, but not Glacier Creek, where estimates were based on
stage), these values will be increased to reflect the volumetric discharge of sediment as well.
This is typically done through the use of a sediment bulking factor Cb. KCM (1996)
incorporated sediment bulking into their hazard analysis of Gallop Creek and they used
1.6 < C b < 1.8 . It is important to mention that this approach is highly simplified and the final
design of the bridges should better route both sediment and water (see Conclusions section for
details).
Validation of the hydrographs also draws on disparate evidence from the two creeks. On Glacier
Creek, the known 1989 debris flood and existing gage data (i.e., stage information) from this
event provide tight constraints on the attenuation of that debris flood throughout the basin. On
Gallop Creek there is a relative lack of existing hydraulic data. However, anecdotal evidence of
flood waves from local residents and the well-constrained size distribution of debris-damgenerating landslides in this watershed are useful to constrain the frequency of dam-generating
landslides. Since only the volume of impounded water is found from the calculation of debris
dams, floods in Gallop Creek will be enlarged through the sediment bulking factor used in the
KCM (1996) report.
Lumped Flow Routing Model
Once the hydrographs at the dam break points are determined, it is necessary to route those
through the watershed to the upstream end of the FLO-2D near the SR 542 crossing. WSDoE
(2007) recommend that for hydrologic routing (i.e., routing hydrographs only), lumped flow
routing should be used. A lumped flow routing conserves the volume of the dam break and uses
an empirical coefficient to diffuse (i.e., spread out) the hydrograph as the flow makes its way
downstream. In this case, the attenuation was modeled with an empirical expression displayed
graphically in Figure 5 of WSDoE (2007). WSDoE (2007) use a single linear factor to reduce
the peak dischange Qp with distance downstream. The reduction factor is nonlinearly related to
the size (both the volume of water impounded Vw and the dam height Hw) of the debris dam and
the distance downstream of the dam break (WSDoE 2007).
To conserve volume, the duration of the debris flood must increase, but more information is
needed to fully express all of the hydrograph variables. However, if the shape of the hydrograph
is assumed to not change, both the time to peak tp and the total duration ttot can be calculated.
Although assuming the shape of the hydrograph to be the same at all distances downstream may
seem arbitrary, dam break events have been shown to be self-similar (Ancey, Cochard et al.
2007). That is, the wave the debris-dam breaks generate remains the same shape once they are
sufficiently far from the source. In light of the other assumptions made (e.g., the triangular
hydrograph), assuming self-similarity of the hydrograph is satisfactory for this analysis. Also the
peak discharge Qp is appropriately scaled.
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Base flow is another factor that has to be estimated. Because debris flows often occur
concomitantly with floods, flood levels in the creeks were assumed to be occurring with the
debris floods. For instance, the 1989 event occurred during a 27-year precipitation-generated
flood. The peak of this flood was assumed to coincide with the peak debris flood. However, it
would be inappropriate to use the 100-year precipitation-generated base flow along with a
100-year debris flood, as the multiplicative probability of these two events occurring
simultaneously would imply a greater than 100-year return period event. Therefore, the same
27-year flood was used in conjunction with the larger debris flood. In Gallop Creek, the mode of
debris dam creation is less likely to occur with a flood than in the Glacier Creek gorge.
Rockfalls are less likely to occur during times of flood, as they can also be caused by other
processes such as freeze-thaw cycling and micro-seismicity. However, later dam breaks of
earlier debris accumulations may coincide with floods. Therefore, somewhat smaller
precipitation-generation flood events were selected in conjunction with Gallop Creek debris
flood events. In this case, a 2-year event was assumed to coincide with the 25-year debris flood
and 5-year hydrologic flood was assumed to coincide with the 100-year debris flood event. In
the Gallop Creek events, an additional factor was applied to flows calculated to account for the
volumetric flow rate of sediment. Here a sediment bulking factor C b = 1.7 was used (KCM
1996). Glacier Creek was not adjusted in the same way because its values were constrained by
known high-water elevations (which include the presence of sediment) near the SR 542 bridge
(see next point). Also, Glacier Creek is less likely to have the quantities of sediment requiring
sediment bulking as compared to Gallop Creek because of its smaller slope and extensive, broad
floodplain above the study area.
Finally, the reduction factor was reduced somewhat in the case of Glacier Creek. The reduction
factor reported by WSDoE (2007) in their Figure 5 produced an unrealistically short debris flood
(approximately 5 minutes) and large peak flow (over 13,000 cfs near the SR 542 bridge). High
water marks from the 1989 flood are well known and constrain that flow to be between
5,000 and 6,000 cfs (based upon the hydraulic model results, see Hydraulic Modeling section for
details). Because the upper Glacier floodplain is abnormally broad immediately downstream
from the gorge (discussed at length in the Existing Geomorphic Conditions Report), it is
expected that some storage and attenuation will likely occur there. This will effectively reduce
the peak and broaden the hydrograph more than the simple empirical model endorsed by WSDoE
would suggest. Therefore a reduction factor was chosen (0.45) that is consistent with 1989
flood. The same reduced reduction factor was also used for the 100-year event.
Calibration
There was no gauge data available for calibration of the FLO-2D model. However, high water
marks were compared against approximate flow rates from both the November 2006 and the
December 2007 flood event. Further, the extent of inundation from the flood of record on
November 10, 1989 as predicted by the model of that event (see Figure 9a in upcoming results
section) is consistent with evidence found during the geomorphic investigation (see Existing
Geomorphic Conditions Report).
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Results of Hydraulic Model Analyses
This section presents the results of hydraulic modeling of the following:





Generation of debris flood hydrographs
HEC-RAS results for generation of rating curves at the bridges
FLO-2D results for the following:
Flow depths and water velocities under existing conditions in the
vicinity of the SR 542 Bridges.
Flow depths and water velocities near critical infrastructure that
protects SR 542 from erosion.
A failure of the left bank levee on Glacier Creek for 200 feet,
approximately 1,300 feet upstream of the Glacier Creek SR 542
Bridge.
Sediment bulking of the 100-year precipitation-generated flood
event.
Three simulations for the 100-year precipitation-generated flood
event for each of the three selected alternatives.

The following sections present the model results with regard to inundation of the Glacier-Gallop
floodplain. The discussion of HEC-RAS (one-dimensional) model results, debris flood
hydrograph routing and FLO-2D (two-dimensional) model results is subdivided for clarity.
HEC-RAS model output can be found in Appendix B.

Debris Flood Hydrographs
Debris flood hydrographs were generated based on the likelihood of landslide generated debris
dams that can fail causing a large pulse of water to flow down the stream. Debris dams in both
watersheds are most common in the upper portions of those watersheds. As such an estimation
of the threat of debris floods must first calculate the characteristics of the debris dam (dam
height, stored water volume, etc.), then route these floods using a lumped flow routing procedure
from the dam area to the SR 542 bridges. The last step in the modeling process will be to take
the hydrograph calculated from the lumped flow routing and use it as the upstream boundary
condition on a FLO-2D simulation. The following sections follow each of these steps in that
order.
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Glacier Creek Debris Dam Size Estimation
As described in depth in the Geomorphic and Hydrologic sections, the 1989 flood event on
Glacier Creek was not consistent with a runoff-only flood (see Hydrologic Modeling Report) and
has been interpreted to be a result of a debris-dam break event in the upper basin (KCM 1996).
Based upon stage information collected at a temporary gauge near the uppermost bridge on
Glacier Creek, KCM (1996) estimated that a dam break occurred, probably at the upstream end
of the gorge (Figure 1 in the Existing Geomorphic Conditions Report). The gorge reach is an
extremely confined reach that is likely to have been caused by another, older large (20 million
cubic yards) mass wasting event, possibly a result of deglaciation. In the gorge itself, many
smaller, shallow landslides are capable of plugging the main channel and causing a debris flood;
however, the extremely steep side slopes of the confined channel preclude direct survey and
hinder any aerial photographic analysis of past landslides.
Because debris floods have been known to occur on Glacier Creek multiple times in the last
century (1989 and 1963), a conservative estimate of the size of a relatively common (a 25-year
event) debris flood is the 1989 event itself. To estimate the hydrograph from this event (the gage
was destroyed and the limited raw data prior to the event could not be found), WSDoE (2007)
was used to invert for the size of the dam using the following relationship:
Q DBp = 40.1V w

0.295

Hw

1.24

(1)

Where QDBp is the peak flow rate associated with release of stored water behind the failing dam,
Vw is the volume of water stored behind the dam and Hw is the height of water at the dam. In
order to calculate the height of the debris dam Hw, a geometric relationship must be developed to
solve for the height of the dam in Equation (1). Figure 4 illustrates the geometric relationship
used in this analysis. The geometry is simple with one slope (0.5) assumed for the both the side
slopes of the channel Ss and the slopes of the dam Sd. The along-channel slope Sac is smaller
(0.2). All slopes were estimated from the LiDAR data in the area KCM (1996) hypothesized the
debris dam occurred (one mile upstream of the temporary gage at the upper end of the gorge
reach). Using these slopes, it is possible to solve for the height of the dam (see Appendix C for
detailed calculations). The result is that for the 1989 flood, the debris dam had to be 62 feet tall.
The rest of the variables describing the geometry of the debris dam and the volume of water
impounded behind it can be calculated from this single variable (Appendix D).
Once the dam characteristics have been determined, it is possible to use the algorithm set forth
by Walder and O’Connor (1997) to estimate the hydrograph characteristics at the dam breach
point. Walder and O’Connor (1997) suggest that for simple calculations of peak flow or
inundation due to a debris flood, a triangular hydrograph can be assumed. The hydrograph has
the characteristics shown in Figure 5. For details regarding how these characteristics were
calculated, see Appendix D.
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Figure 4. Debris dam geometry used in debris flood estimation.

Figure 5. Debris flood hydrograph as suggested by Walder and O’Connor (1997).
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In order to calculate the size of the 100-year debris flood, the distribution of landslide volumes
found in the analysis of Gallop Creek was used to extrapolate the size of an exceptional debris
dam. In the Gallop Creek watershed, the 100-year debris dam had roughly twice the volume of
the 25-year debris dam (see Gallop Creek subsection below for details). Although the lithology
of the rocks in the two areas are different, this simple factor yields a reasonable estimate of the
100-year debris dam (Table 5). Although the 100-year debris dam is extremely large (72 feet
high), it is certainly possible given the deep incision of Glacier Creek through the gorge reach.
Table 5.

Summary of debris dam characteristics.
Glacier

Gallop
Event
Magnitude

Dam
Height Hw
(ft)

Impounded
Volume Vw
(ac-ft)

Dam
Height
Hw (ft)

Impounded
Volume Vw
(ac-ft)

35
43

7.6
14.5

62
76

5.4
10.8

25-year
100-year

Gallop Creek Debris Dam Size Estimation
Unlike Glacier Creek, Gallop Creek has never been gauged and therefore it is extremely difficult
to know whether a debris-dam-break event has ever occurred in that watershed. However, the
watershed has had many recent landslides, including one that shows evidence of clogging the
main channel (see Existing Geomorphic Conditions Report). These landslides are concentrated
in what has been called the rockfall reach (see Existing Geomorphic Conditions Report). As
discussed in the Existing Geomorphic Conditions Report, most of these landslides are rockfalls.
It is important to mention that the mode of initiation of these rockfalls is somewhat similar to
rockfalls known to dam small, steep creeks elsewhere in the north Cascades (Brummer 2006).
To estimate the size of dam-break debris flood, the landslide inventory described in the Existing
Geomorphic Conditions Report was used to describe both the 25-year and 100-year debris-dambreak event. Because it is likely all of the landslides cataloged in the inventory have been active
within the last 50 years (due to their appearance in the 1994 aerial photograph), all are assumed
to recur in time periods less than 50 years. However, many of the smaller landslides do not reach
the Gallop Creek channel. Of those that do, it is likely that debris dams formed by these events
do not fail catastrophically, but rather breach and form a large step in the channel profile
(Brummer 2006). Therefore, only a few, most likely larger ones will reach the main channel and
cause a debris-dam-break event. As a result, to estimate the size of a 25-year event, a landslide
that was larger than average, but smaller than the largest landslide observed, was selected.
Mathematically this is expressed by the mean slide volume plus one standard deviation. The
shape of the debris dam itself was identical to that of Figure 4, although in the rockfall reach of
Gallop Creek, the along-channel slope ( S ac = 0.1 ) was roughly half that of Glacier Creek gorge.
This means for the same dam height, there can be more stored water volume behind a debris dam
in Gallop Creek as compared to Glacier Creek. It also means that the total time of debris flood is
larger, while the peak flow is smaller.
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The 100-year event was assumed to be larger than any observed event because all of the slides in
question occurred in recent history (i.e., within the last 100 years). As a result, the 100-year
debris dam was estimated to be one standard deviation larger than the largest slide observed.
Again, the geometry shown in Figure 4 was used. Table 5 provides the dimensions for all of the
debris dams.
Lumped Flow Routing Model
Once the hydrographs at the dam break points are determined, it is necessary to route those
through the watershed to the upstream end of the FLO-2D near the SR 542 crossing. WSDoE
(2007) recommend that for hydrologic routing (i.e., routing hydrographs only), lumped flow
routing should be used. A lumped flow routing conserves the volume of the dam break and uses
an empirical coefficient to diffuse (i.e., spread out) the hydrograph as the flow makes its way
downstream. In this case, the attenuation was modeled with an empirical expression displayed
graphically in Figure 5 of WSDoE (2007). WSDoE (2007) use a single linear factor to reduce the
peak dischange Qp with distance downstream. The reduction factor is nonlinearly related to the
size (both the volume of water impounded Vw and the dam height Hw) of the debris dam and the
distance downstream of the dam break (WSDoE 2007). A summary of the inputs to this model
can be found in Table 6.
To conserve volume, the duration of the debris flood must increase, but more information is
needed to fully express all of the hydrograph variables. However, if the shape of the hydrograph
is assumed to not change, both the time to peak tp and the total duration ttot can be calculated.
Although assuming the shape of the hydrograph to be the same at all distances downstream may
seem arbitrary, dam break events have been shown to be self-similar (Ancey, Cochard et al.
2007). That is, the wave the debris-dam breaks generate remains the same shape once they are
sufficiently far from the source. In light of the other assumptions made (e.g., the triangular
hydrograph), assuming self-similarity of the hydrograph is likely not to be poor. Also the peak
discharge Qp is appropriately scaled.
Base flow is another factor that has to be determined. Because debris flows often occur
concomitantly with floods, flood levels in the creeks were assumed to be occurring with the
debris floods. For instance, the 1989 event occurred during a 27-year precipitation-generated
flood. The peak of this flood was assumed to coincide with the peak debris flood. However, it
would be inappropriate to use 100-year precipitation-generated base flow along with a 100-year
debris flood, as the multiplicative probability of these two events occurring simultaneously
would imply a greater than 100-year return period event. Therefore, the same 27-year flood was
used in conjunction with the larger debris flood. In Gallop Creek, the mode of debris dam
creation is less likely to occur with a flood than in the Glacier Creek gorge. Rockfalls are less
likely to occur during times of flood (they can be caused by other processes such as freeze-thaw
cycling and micro-seismicity). However, later dam breaks of earlier debris accumulations may
coincide with floods. Therefore, somewhat smaller precipitation-generated flood events were
selected in conjunction with Gallop Creek debris flood events. In this case, a 2-year event was
assumed to coincide with the 25-year debris flood and 5-year precipitation-generated flood was
assumed to coincide with the 100-year debris flood event. In Gallop an additional factor was
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applied to flows calculated to account for the volumetric flow rate of sediment. Here a sediment
bulking factor C b = 1.7 was used (KCM 1996). Glacier was not adjusted in the same way
because its values were constrained by known high-water elevations (which include the presence
of sediment) near the bridge (see next point). Also, Glacier is less likely to have the quantities of
sediment requiring sediment bulking as compared to Gallop Creek because of its smaller slope
and extensive, broad floodplain above the study area.
Table 6.

Summary of inputs to lumped flow routing model.
Variables

Units Glacier Gallop

Feet upstream in creek at dam break

ft

27,251

12,133

Feet upstream at FLO-2D upstream boundary condition

ft

239

336

Distance between upstream and downstream boundaries in HEC-RAS

ft

27,013

11,798

cfs

1,700

n/a

Qb, base peak at FLO-2D upstream boundary condition

cfs

3,206

301

QDBp, Peak Dam Break Flow at Dam Break

cfs

12,129

2,320

Qp, Total Peak Flow (base peak flow plus dam break flow) at Dam Break

cfs

13,819

2,605

tP, Time to peak at dam break

hrs

0.019

0.069

ttot, Total time duration of entire dam break hydrograph at dam break

hrs

0.061

0.257

Qb, base peak at dam break

cfs

n/a

n/a

Qb, base peak at FLO-2D upstream boundary condition

cfs

3,206

213

QDBp, Peak Dam Break Flow at Dam Break

cfs

7,212

1,356

Qp, Total Peak Flow (base peak flow plus dam break flow) at Dam Break

cfs

8,912

1,539

tP, Time to peak at dam break

hrs

0.016

0.058

ttot, Total time duration of entire dam break hydrograph at dam break

hrs

0.055

0.231

100-year events Qb, base peak at dam break

25-year events

Finally, the reduction factor was reduced somewhat in the case of Glacier Creek. The reduction
factor reported by WSDoE (2007) in their Figure 5 produced an unrealistically short debris flood
(approximately 5 minutes) and large peak flow (over 6,000 cfs near the SR 542 bridge). High
water marks from the 1989 flood are well known and constrain the flow to be between 5,000 and
6,000 cfs (based upon the hydraulic model results, see Hydraulic Modeling section for details).
Because the upper Glacier floodplain is abnormally broad immediately downstream from the
gorge (discussed at length in the Existing Geomorphic Conditions Report), it is expected that
some storage and attenuation will likely occur there. This will effectively reduce the peak and
broaden the hydrograph more than the simple empirical model endorsed by WSDoE would
suggest. Therefore a reduction factor was chosen (0.45) that is consistent with the 1989 flood.
The same reduced reduction factor was also used for the 100-year event (Table 7).

jr /06-03302-004 hydraulic modeling report.doc

Herrera Environmental Consultants

26

March 26, 2009

Hydraulic Modeling Report-State Route 542 CED Project for Glacier Gallop Crossing

Table 7.

Summary of hydraulic outputs from lumped flow routing model.
Variables

100-year events

Units

Glacier

Gallop

HEC-RAS Cross Section at FLO-2D upstream boundary condition

ft

239

336

Distance downstream from dam break to FLO-2D upstream
boundary condition

mi

5.12

2.23

0.45

0.64

Reduction factor from Figure 5a of Department of Ecology dam
break guidance document

25-year events

QDBp, Peak dam break flow at FLO-2D upstream boundary
condition location

cfs

5,458

1,485

Qp, Total Peak Flow at FLO-2D upstream boundary condition
location

cfs

8,664

1,786

tP, Time to peak at FLO-2D upstream boundary condition

hrs

0.042

0.108

ttot, Total time duration of entire dam break hydrograph at FLO-2D
upstream boundary condition

hrs

0.136

0.402

Distance downstream from dam break to FLO-2D upstream
boundary condition

mi

5.12

2.23

0.45

0.59

Reduction factor from Figure 5a of Department of Ecology dam
break guidance document
QDBp, Peak dam break flow at FLO-2D upstream boundary
condition location

cfs

3,245

800

QP, Total Peak Flow at FLO-2D upstream boundary condition
location

cfs

6,451

1,013

tp, Time to peak at FLO-2D upstream boundary condition

hrs

0.036

0.098

ttot, Total time duration of entire dam break hydrograph at FLO-2D
upstream boundary condition

hrs

0.122

0.392

Green cells are empirical coefficients determined from known high-water elevations during past debris floods.
Yellow cells are the quantities used to construct the upstream boundary conditions for the FLO-2D model.
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HEC-RAS Results for Existing Conditions
Results of the Glacier Creek HEC-RAS simulation for existing conditions show a precipitous
jump in flow stage at 5,500 cfs (Figure 6). This steep increase in water surface elevation is
referred to as a hydraulic “choke”. A choke occurs when the specific energy of the flow is no
longer sufficient to pass it through an opening without increasing the upstream water depth.
Thus, the choke shown on the rating curve is most likely caused by a reduction in conveyance
area beneath the bridge due to increasing flow magnitudes. The choke condition continues as
flow rates increase to 6,500 cfs. Above 6,500 cfs, flows breach the SR 542 bridge decking. This
suggests that the bridge crossing can convey the estimated 100-year flow of 4,892cfs which is
consistent with anecdotal information provided by WSDOT of previous large flood events with
the 1989 event coming within 1 to 2 feet of the bottom bridge girder.

Figure 6. HEC-RAS results – Glacier Creek rating curve upstream of the SR 542 Bridge
under existing conditions.
Results of the Gallop Creek HEC-RAS simulation for existing conditions show a rapid increase
in flow stage at 500 cfs (Figure 7). This swift rise in water surface elevation is attributed to the
hydraulic choke occurring due to the reduction in conveyance area under the bridge as flow
magnitudes increase. The choke condition persists as flow rates increase to 1,000 cfs. Above
1,000 cfs, flows breach the SR 542 bridge decking. This would suggest overtopping of the
bridge for flows exceeding a 25-year recurrence interval. However, this assumes uniform and
equal flow through each of the three grid elements of the bridge which is an appropriate
assumption for the Glacier Bridge, but likely not Gallop Bridge since only one of the three spans
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typically contains the thalweg with the other two spans acting as floodplain flow as the channel
expands just upstream of the bridge (see Geomorphic report for details of channel geometry
upstream of the bridge). Therefore, overtopping of the bridge is likely more frequent depending
on how the flow approaches the bridge and which of the three spans is overwhelmed first (i.e.,
more of a two-dimensional process).

Figure 7. HEC-RAS results – Gallop Creek rating curve upstream of the SR 542 Bridge
under existing conditions.

Two-Dimensional Model Results (FLO-2D) for Existing Conditions
As mentioned in the preceding Methods of Analysis section, two different types of floods were
simulated in this study. First, precipitation-generated events describe floods arising from purely
from precipitation and snowmelt. Second, debris floods, arising from debris dam breaks in the
upper watersheds of Glacier and Gallop Creeks were simulated with an mixed routing algorithm
based upon WSDoE (2007).
In addition to these two classes of simulations, two different simulations were run to identify the
importance of possible complications the 100-year precipitation-generated event. The first of
these was related to levee breach of the left bank levee of Glacier Creek. Portions of this levee
are in poor condition and it has been suggested that failure could send large amounts of flow
from Glacier Creek to the low and compromised Gallop Creek SR 542 Bridge. Therefore a
small portion of the levee that was identified to be poor condition was removed using a leveebreach subroutine in FLO-2D. The other additional simulation that was performed was related to
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sediment bulking. Because both Gallop and Glacier Creeks are sediment rich, and the SR 542
crossings both possess regimes where stage changes rapidly for small changes in flow, it is
possible that the increase in stage associated with the sediment being transported could have a
significant effect on inundation of SR 542 and nearby infrastructure.
Precipitation-generated Floods
The precipitation-generated events described in depth in the Hydrologic Modeling Report were
used to model the 2-year, 5-year, 10-year and 100-year precipitation-generated flood events.
Because of the proximity of the Gallop and Glacier watersheds, the hydrographs were assumed
to occur simultaneously.
Even the 2-year event was not able to be conveyed under the Gallop Creek SR 542 Bridge with
overtopping primarily on the left bank of Gallop Creek (Figure 8a). This is the lowest portion of
the roadway in the area and the geometric location of the main channel based on the current
LIDAR data. If the channel was located such that it was pointed into the center span, it is likely
that the flooding frequency could potentially decrease given that there is ample conveyance
under the bridge to convey up to at least a 25-year event (see HEC-RAS results) if flow into all
three bridge span sections were equally distributed. As the size of the flood increases (see
Figure 8b and Figure 8c for 5-year and 10-year events, respectively), more of the roadway is
inundated until the bridge itself becomes inundated at flows approximately between the 50-year
and 100-year events (Figure 9a) which is consistent with the HEC-RAS results.
The Glacier Creek SR 542 Bridge is able to convey all of these smaller flood events, but the right
bank is inundated even in the smallest events. It serves to provide spare conveyance capacity
during large events. However, as was reported in the Existing Geomorphic Conditions Report,
this inundation will continue to cause sediment deposition on the right bank, further
compromising this spare conveyance, and heightening the stage of comparable floods until the
left bank levee is eventually overtopped.
Figure 9a presents the results of the 100-year precipitation-generated event. For this largest
precipitation-generated event, overtopping Gallop Creek SR 542 Bridge is significant.
Velocities in excess of 2 feet per second inundate the roadway on both sides of crossing
(Figure 9b). The Glacier Creek SR 542 Bridge passes the flood completely, but significant
velocities (in excess of 12 feet per second) in Glacier Creek are present along most of the length
of the levee upstream of the bridge. Recent reconnaissance is consistent with the estimation of
large velocities along this levee, as large (in excess of 3 feet in diameter) riprap was removed
from these revetments in the November 2006 and December 2007 flood events (see Figure 9a).
The left bank levee downstream of the Gallop bridge is also overtopped for high frequency
events under existing conditions which indicates that the levee elevation is too low and further
improvements to the conveyance under the Gallop bridge may have detrimental consequences to
downstream properties.
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Figure 8a. FLO-2D results - 2-year precipitation-generated event flow depth under existing conditions.
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Figure 8b. FLO-2D results - 5-year precipitation-generated event flow depth under existing conditions.
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Figure 8c. FLO-2D results - 10-year precipitation-generated event flow depth under existing conditions.
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Figure 9a. FLO-2D results - 100-year precipitation-generated event flow depth under existing conditions
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Figure 9b. FLO-2D results - 100-year precipitation-generated event flow velocity under existing conditions
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Debris Floods
Because of the documented history of debris floods in Glacier Creek and nearby creeks in similar
lithology (e.g., Canyon Creek: (KWL 2003)), simulations were performed that model a flood
generated by a debris-dam failure. Using the hydrograph characteristics shown in Table 7,
FLO-2D simulations were performed on the 100-year debris flood events. Separate simulations
were not performed for the 25-year debris flood events because they closely approximated the
flow rates associated with the 100-year precipitation-generated event. Therefore, for an estimate
of the inundation and velocity associated 25-year debris flood event, see Figure 9a and
Figure 9b. As mentioned in the Methods and Analysis section, debris floods were run separately
for each creek because of the short duration of the debris floods and the highly unlikely
possibility that both streams would exhibit debris floods at the same time. For both Gallop
Creek and Glacier Creek debris floods, the 100-year debris flood events had maximum flow
depths and velocities that exceeded the more traditional 100-year precipitation-generated flood
events. They also produced maximum flow velocities much greater than 100-year precipitationgenerated events.
The Gallop Creek 100-year debris flood simulation results are shown in Figure 10a (flow depths)
and 10b (velocities). As can be seen in the figures, significant overtopping of the roadway
occurs at the Gallop Creek SR 542 Bridge, with velocities exceeding xx on top of the roadway.
Given that sediment concentrations by volume would likely exceed 10 percent and could be as
much as 30 percent during such an event, it is most likely that the roadway and anything near it
would be obliterated during the course of this event. As such, existing conditions on the Gallop
Creek SR 542 Bridge present a threat to human life.
In Glacier Creek, the 100-year debris flood does not overtop both the Glacier Creek SR 542
Bridge, but it does become pressurized. This causes a large increase in stage at the flood peak,
which causes flood water to overtop left bank levee of Glacier Creek immediately upstream of
SR 542 (Figure 11a). Again, this is consistent with the observations made during the 1989 debris
flood event, where this smaller event (assumed to be the 25-year event) overtopped the left bank
levee. However, in the 100-year event the velocities overtopping the levee are higher than the
1989 event, making the levee more likely to become compromised, particularly near the SR 542
roadway (Figure 11b). Although the debris floods are short-lived, the geomorphic effects (i.e.,
the erosion of the levee) could cause more pronounced and permanent changes in the river
system.
Levee Breach
The upstream end of the left bank levee on Glacier Creek is poorly constructed and subject to
potential erosion. In fact, on the most recent visit, there were clear signs that the coarse riprap
facing of the levee has begun to unravel at its southern end (Figure 4). As a result, a model run
was performed to assess the risks associated with a levee failure. For this simulation, it was
assumed that the levee failed by erosion when the flood water reached approximately 1 to
1.5 feet from the top of the levee. The levee was assumed to fail at a vertical rate of 5 feet per
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hour and a horizontal rate of 15 feet per hour once the riprap armoring was assumed to fail.
Figure 12 shows the results of this model run. As can be seen in the velocity plots, significant
velocities are persistent near the levee breach. This would indicate that channel formation and
expansion of the breach would likely occur after the levee is breached. The breached flow is
directed toward the Gallop Creek SR 542 Bridge. Because this bridge is already undersized for
the flow in Gallop Creek, the additional flow from Glacier Creek contributes to even more
overtopping there, flooding most of the area downstream of SR 542 near Gallop Creek.
Sediment Bulking
Based upon reconnaissance of the site after the two flood events (November 2006 and December
2007), it was determined that sediment bulking, as described in detail with respect to the debris
flood routing, may to occur for the larger precipitation-only events. Figure 13 illustrates the
results of a sediment bulked simulation for the 100-year event, which assumed a sediment
bulking coefficient C b = 1.20 . Although both the bulked (Figure 13a) and non-bulked (i.e.,
existing conditions: Figure 9a) simulations indicate that the Glacier Creek SR 542 Bridge can
convey the 100-year event, the bulked case does overtop the left bank levee of Glacier Creek,
while the unbulked simulation does not. This indicates that sediment transport could have a
significant effect on the conveyance needed to completely pass large flood flows. Figure 13 also
illustrates that the fate of the overtopped Glacier Creek flow exacerbates the conveyance
problems at the Gallop Creek crossing. These results suggest that it is likely that the left bank
levee of Glacier Creek does not provide enough freeboard (i.e. not high enough) to contain the
100-year event precipitation event if sediment bulking is considered. Given the aggradation
characteristics upstream of the bridge (see Geomorphic Analysis Report 2 of 3), this freeboard
will decrease making the probability of levee overtopping more frequent.

Two-Dimensional Model Results (FLO-2D) for Various Project
Design Options
Three alternatives to address the hydraulic and geomorphic deficiencies in the current GallopGlacier crossing of SR 542 were selected based on review of the existing conditions hydraulic
analysis and geomorphic analysis in an alternative analysis workshop conducted by the
consultant team and WSDOT,. To be consistent with other documents produced during the
course of this project, the numbering of these alternatives will be retained from the original long
list of potential alternatives. The selected alternatives that were modeled in FLO-2D are:
Alternative #3: spanning both creeks with a 780-foot elevated highway, Alternative #6:
increasing the height of the existing Gallop Creek SR 542 Bridge to 910 feet NAVD88 and
increasing the width of the Glacier Creek to 300 feet, and Alternative #10: relocating the
highway 500-700 feet upstream of the current crossings. Details of the exact way in which the
geometric data was altered to simulate these alternatives can be found in the Methods of
Analysis section. It is important to emphasize that these modifications are likely to be only
accurate in the earliest stages of the first flood that occurs after construction. Most of the
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Figure 10a. FLO-2D results - Gallop Creek 100-year debris flood event flow depth under existing conditions.
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Figure 10b.

FLO-2D results - Gallop Creek 100-year debris flood event flow velocity under existing conditions.
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Figure 11a. FLO-2D results - Glacier Creek 100-year debris flood event flow depth under existing conditions.

1374900

1375200

Figure 11b.

FLO-2D results - Glacier Creek 100-year debris flood event flow velocity under existing conditions.
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Figure 12a. FLO-2D results - 100-year precipitation-generated event flow depth with Glacier Creek left bank levee breached
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Figure 12b. FLO-2D results - 100-year precipitation-generated event flow velocity with Glacier Creek left bank levee breached
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Figure 13a. FLO-2D results - 100-year precipitation-generated event flow depth with sediment bulking
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Figure 13b.

FLO-2D results - 100-year precipitation-generated event flow velocity with sediment bulking.

Hydraulic Modeling Report-State Route 542 CED Project for Glacier Gallop Crossing

alternatives will have profound geomorphic ramifications, changing dramatically the geometric
input to any numerical model. As FLO-2D cannot predict changes in bed elevation due to
sediment erosion and deposition, it is possible only to speculate on the nature of these
geomorphic changes without further simulations that account for sediment transport. The results
of the FLO-2D simulations, as well as their hydraulic and geomorphic ramifications, for each of
these alternatives are presented individually below.
Alternative #3
Figure 14a illustrates the peak water depths and Figure 14b illustrates the peak velocities found
to occur in the 100-year precipitation-generated flood event when the conditions of
Alternative #3 were imposed. As can be seen in the figure, the entire area between Gallop and
Glacier Creek in the vicinity of SR 542 is inundated and conveys flood water, blurring the
distinction between Gallop and Glacier Creek. Flow depths are greater in Gallop near the
SR 542 crossing, which creates a slight increase in water surface elevations upstream of the
crossing, indicating that the levees on the left bank of Gallop Creek need to be high and secure
between SR 542 and the Railroad Avenue Bridge. As mentioned in the Existing Geomorphic
Conditions Report, the flooding of the entire floodway between the creeks is likely to be very
similar to the hydraulic and geomorphic conditions prior to European settlement. It is also
interesting to note; however, that the main channel of Glacier Creek continues to be the primary
conduit for flow. This is because the flow characteristics modeled are constrained by the channel
and floodplain topography (i.e. existing topography minus levees). This topography will change
over time based on the gradient forcing flow and channel deformation towards the northwest.
Eventually, a larger portion of flow will be more towards the former Gallop Bridge location,
re-emphasizing the importance of levee reinforcement along the left bank of the existing Gallop
Creek alignment.
Despite the continued dominance of the main channel of Glacier Creek in the simulation, the
velocities in the reach of the creek near the road are significantly reduced as compared to similar
events under existing conditions (Figure 9b). This would indicate that this area would be an area
of significant sediment deposition, which would likely more evenly distribute the flow across the
floodway between the existing Gallop and Glacier Creek channels. This deposition would likely
dramatically affect the height of the bridge required to span the floodway and could produce
heightened flood impacts further upstream. Therefore significant sediment transport modeling
would be required for design purposes, if this alternative were to be pursued.
Alternative #6
Figure 15 presents the results of the model when hypothesized Alternative #6 design conditions
are imposed. For these flows, the entire flood can be conveyed by both proposed bridges. The
velocities are significant in Gallop Creek and should eliminate threat of significant aggradation
at that crossing. However, because the Glacier Creek SR 542 Bridge is widened to 300 feet,
there is modest slowing of flow through the SR 542 crossing. This would initiate deposition in
this area and could compromise conveyance through the bridge and produce flood increases
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upstream. In contrast, this depositional characteristic will be beneficial with respect to scour
risks. As in the existing conditions simulations, there are large velocities next to the left bank
levee of Glacier Creek upstream of SR 542. Therefore, this simulation suggests that not much
has changed compared to the existing conditions upstream of the bridge with respect to
aggradation risks, levee failure, and avulsion and/or diversion of Glacier Creek into the Gallop
Creek channel due to the loss of the levee. However, expansion of the bridge width may
increase the conveyance of sediment, allowing the channel to be wider and reducing aggradation
on the right bank floodplain. This would temporarily alleviate pressure on the left bank levee,
but this may be short-lived. The expansion of the bridge opening could also trigger deposition in
the thalweg, further decreasing available freeboard along the left bank levee. These dynamics
are impossible to predict with certainty since they often depend on position and transport of
woody debris dams and large boulders. As such, one significant conclusion is that the system
would become more dynamic and localized aggradation adjacent to the levee may increase the
likelihood of levee overtopping. If this option is selected, a more detailed analysis of sediment
transport and deposition is recommended.
Alternative #10
The simulation of the final alternative, Alternative #10, is shown in Figure 16a (flow depths) and
Figure 16b (velocities). The most significant feature in this simulation is the large ponding
formed upstream of the proposed road prism. Although this is primarily a function of the lack
conveyance (culverts) across the road prism, it points to the need of at least one, if not more
culverts to convey floodwaters across this area, especially considering that overbank flow from
Little Creek flows along this floodplain on the back side (west) of the existing Glacier Creek left
bank levee. In this simulation, the impounded water behind the proposed road prism is relieved
only flowing back over the left bank levee and into Glacier Creek, once the elevation of the levee
is reached. However, it is important to mention that like the other alternative simulations, this
alternative slows flow near the existing SR 542 crossing on Glacier Creek. This would result in
deposition in the area and may produce increased flooding impacts further upstream. This
alternative does not address the aggradation issue or left bank flooding issue at the existing
Gallop Creek Bridge although this roadway would no longer be SR 542 (left in place for local
resident access).
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Figure 14a. FLO-2D results - 100-year precipitation-generated event flow depth for Alternative #3
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Figure 14b. FLO-2D results - 100-year precipitation-generated event flow velocity for Alternative #3
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Figure 15a.

FLO-2D results - 100-year precipitation-generated event flow depth for Alternative #6.

Figure 15b.

FLO-2D results - 100-year precipitation-generated event flow velocity for Alternative #6.

1373400

1373700

1374000

1374300

1374600

1374900

1375200

692400
692100
691800
691500
691200
690900

690900

691200

691500

691800

692100

692400

692700

1373100

692700

1372800

690600
690300
690000

690000

690300

690600

542

Legend
Water depth (feet)
0.01 to 0.5

689700

689700

0.5 to 1.0
1.0 to 1.5
1.5 to 2.0
2.0 to 3.0
689400

689400

3.0 to 4.0
4.0 to 5.0
5.0 to 6.0
6.0 to 7.0
689100

689100

7.0 to 8.0
8.0 to 9.0
9.0 to 10.0

688800

688800

> 10
Highway

Aerial photography: USDA, 2006
150

300

600
Feet

1372500

1372800

1373100

1373400

1373700

688500

0
688500

K:\Projects\06-03302-004\Projects\Existing Conditions Workshop II.mxd (04/18/08) RDR

1372500

1374000

1374300

Figure 16a. FLO-2D results - 100-year precipitation-generated event flow depth for Alternative #10
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Conclusions and Recommendations
Modeling existing hydraulic conditions on Glacier and Gallop Creeks indicate that the Gallop
Creek SR 542 Bridge is undersized and too low. Given the sediment content and ferocity of the
flows overtopping the bridge in any number of scenarios (i.e., increased flow due to sediment
bulking, debris floods or avulsion/diversion of some or all of Glacier Creek to Gallop Creek),
there is a serious threat to human life, SR 542 infrastructure and surrounding development under
existing conditions. Given the sediment delivery and aggradation potential, this risk increases
over time. Unlike the acute threat to Gallop Creek Bridge, the Glacier Creek SR 542 Bridge
presents a chronic problem associated with ongoing deposition on the right bank and the
diminishing channel conveyance associated with that. Although the Glacier Creek SR 542
Bridge can currently pass the 100-year precipitation-generated flood event, Gallop Creek serves
as a release valve for Glacier Creek floods of larger magnitudes, exacerbating the conveyance
problems at the Gallop Creek SR 542 Bridge.
All three selected alternatives to correct the problems under existing conditions are capable of
conveying the entire 100-year precipitation-generated flood event. However, they do not all
completely address the risk of avulsion of Glacier Creek into Gallop Creek. Alternative #6
requires the streams to remain separate and does not significantly reduce the avulsion risk over
existing conditions along the left bank Glacier Creek levee. Alternative #10 eliminates the
avulsion threat to SR 542, but leaves the downstream development at risk to the threat of
avulsion. Therefore, Alternative #3, which eliminates the risk of avulsion by removing the
obstacles to intermingling of the streams and uses former levee materials to better protect
remaining development west of Gallop Creek, is the preferred alternative from a hydraulics
perspective.
Existing data and anecdotal evidence provide additional constraints and help validate the model
results. For instance, in Gallop Creek it was apparent from high water marks that the levees have
not been overtopped, but most of their height has been frequently activated (Piotrowski 2006).
This is consistent with flows exceeding 500 cfs (larger than most runoff-only events), but not
much larger. The total time is also roughly consistent with observations of Gallop Creek floods
made by local residents (see Existing Geomorphic Conditions Report). And although the Glacier
Creek reduction factor for the debris flood had to be adjusted slightly (reduced by 20 to
30 percent), the predicted flow rate for the debris flood event near the bridge was similar to the
size of flow known from high water marks. The surprisingly short duration of the peak flow is
also consistent with geomorphic evidence. Even though there was substantial flow that
overtopped the left bank levee in the 1989 event, the duration of the overtopping must have been
extremely short-lived because well developed channels were not able to be carved through the
floodplain. This would suggest that flow overtopped the levee for minutes, not days.
The estimation of the debris dams made in this analysis also provide insight into past controversy
involving the 1989 debris flood in Glacier Creek. In inverting these characteristics for the 1989
event, it was discovered that the erosion rate of the dam breach for this event needed to be
extremely large (450 meters per hour: Appendix D). Although erosion rates of this magnitude
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are extremely rare, they are possible in catastrophic dam breaks (i.e., failures that completely
obliterate the original dam). As discussed in the Existing Geomorphic Conditions Report,
(Van Siclen 1994) did not find evidence for dam breach. As a result, she doubted that the 1989
flood was anything other than a runoff-only flood. However, if the debris dam were completely
removed by the subsequent debris flood, as would be consistent with catastrophic dam break, her
observations would be consistent with evidence collected by others (KCM 1996).
Despite the strengths of the existing analysis, the accuracy of predictions made herein is limited
by the simplicity of the assumptions regarding sediment transport. For instance, with respect to
the debris flood events, WSDoE (2007) recommend the use of a two-dimensional hydraulic
model to route floodwaters and sediment when critical infrastructure and human life are at risk.
However, the precipitation-generated flood events also need better sediment routing, as seen in
the differences between the clear-water existing conditions run and the sediment-bulked
simulation (Figures 6 and 13). Therefore it is recommended that for design details related to
bridge infrastructure, a two-dimensional model be used to route bulked precipitation-generated
events and debris floods with sediment be routed from their sources in the upper watershed. This
model should be constrained by field observations of deposits from past flood events.
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