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SECTION 1 - INTRODUCTION

1.1 Purpose

The purpose of this Breach Inundation Mapping Report (Report) is to present the results
of the dam breach analysis and inundation limits for a simulated failure of Long Lake
Dam (Project). This evaluation was prepared in accordance with the Colorado Office of
the State Engineer (SEO) Rules and Regulations for Dam Safety and Construction
(Rules) (SEO, 2007) and Guidelines for Dam Breach Analysis (Guidelines) (SEO, 2010).

The simulated breach analysis was performed to support inundation mapping for the
Long Lake Dam Emergency Action Plan (EAP) and these analytical methods are only
appropriate for these purposes. The actual flood inundation limits from a dam breach for
Long Lake Dam depend on actual dam failure flood conditions and may differ from areas
shown on the Report mapping. The models documented in this Report should not be
used for other purposes.

1.2 Objectives

The objectives of this simulated dam breach analysis are as follows:

e Develop dam breach parameters and a dam breach hydrograph for a “sunny-day”
failure event.

e Route the dam breach peak flow through the downstream drainage.
e Develop dam breach inundation limits.

e Evaluate dam breach inundation parameters (i.e., depth, velocity, etc.) at critical
locations throughout the downstream drainage.

1.3  Project Location and Background

Long Lake Dam is located approximately 8 miles east of Steamboat Springs in Routt
County, Colorado. The site is located in Section 22 and 23, Township 6 North, Range 83
West of the 6th Principal Meridian. The dam is located on Fish Creek and impounds a
reservoir with a storage capacity of approximately 357 acre-feet (ac-ft), and is supplied
by direct inflow from Fish Creek. The Project location is shown on Figure 1.1.

According to documents provided by the SEO, the earthen embankment dam was
originally constructed in 1942 and was rehabilitated in 2000. The rehabilitation consisted
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of removing and replacing a portion of the existing embankment with homogeneous
cohesive material, installing a granular cutoff collar, and installing a new 24-inch-
diameter outlet works.

Based on the location of the Project and review of available data, the flood routing model
and inundation mapping were developed using 2-foot topography provided by the City of
Steamboat Springs (Steamboat Springs) and supplemented with cross section data from
the Federal Emergency Management Agency (FEMA) Flood Insurance Study (FIS)
effective hydraulic models (FEMA, 2005). A further discussion of topographic mapping
and cross section data is provided in Section 4.4.

Inundation mapping for this Report was developed using National Agriculture Imagery
Program (NAIP) 1-meter resolution aerial photography as figure backgrounds.

1.4  Scope of Services

RJH Consultants, Inc. (RJH) performed the following tasks for this evaluation:

e Obtained digital topographic data, aerial photography, and other information that
describes the downstream drainage.

e Developed dam breach parameters for a simulated failure of Long Lake Dam.
e Developed a hydrologic model to evaluate the dam breach hydrograph.

e Developed a hydraulic model to evaluate dam breach water surface elevations,
velocities, and inundation limits in the downstream drainage.

e Developed inundation maps.

e Prepared this Report.
1.5 Authorization and Project Personnel

RJH performed the work described in this Report in accordance with the terms and
conditions of our contract with Steamboat Springs for Engineering Services for Dam
Inundation Mapping dated September 4, 2013. The following RJH personnel are
responsible for the work described in this Report:

Project Manager George Slovensky, P.E.
Project Engineer Eric Hahn, P.E.
Technical Review Korey Kadrmas, P.E.

2

13117_13-12-20_Breach_Inundation_Mapping_Report



P:\13117 - Steamboat\Engineering\GIS\Long Lake\13117 Site Location.mxd

Grand
Junction

’<—-_‘—_

__—_—

1 ~
JACKSON

PROJECT VICINITY MAP
(NOT TO SCALE)

’/ \\ JN____/W

N 7 EAGLE};
Nt COUNTY

\
PROJECT LOCATION MAP
(NOT TO SCALE) \

d3aAIA VAINVA

Steamboat
[N
Springs

LONG LAKE DAM

Pk

SITE LOCATION MAP
(NOT TO SCALE)

LONG LAKE DAM
BREACH INUNDATION
MAPPING REPORT

SITE LOCATION
AND VICINITY MAPS

PROJECT NO. 13117 DECEMBER 2013 Figure 1.1




Breach Inundation Mapping Report — Long Lake Dam
December 2013

SECTION 2 - PROJECT DESCRIPTION

2.1 Dam and Reservoir Characteristics

Long Lake Dam is a small, high hazard, earth embankment dam with a crest at about
elevation (El.) 9858.0. The upstream slope is about 2 horizontal to 1 vertical (H:V) and
the downstream slope is about 2H:1V. The crest is approximately 480 feet long. The
reservoir has a storage capacity of about 357 ac-ft at about maximum normal pool

El. 9852.7. The maximum normal pool of the reservoir is controlled by an earth-cut
spillway channel that discharges to Fish Creek, located to the north of the reservoir.

Key characteristics of the dam and reservoir are provided in Table 2.1.

TABLE 2.1
DAM AND RESERVOIR CHARACTERISTICS

Active Storage Volume 357 ac-ft
Surface Area at Normal Pool 57 acres
Dam Crest Elevation 9858.0 feet
Natural Ground Elevation Below Crest 9835.0 feet (approx.)
Spillway Crest Elevation 9852.7 feet
Maximum Normal Water Surface Elevation 9852.7 feet

2.2  Drainage Characteristics

Long Lake Dam is located on Fish Creek about 9 miles upstream of its confluence with
the Yampa River in the limits of Steamboat Springs. Additional information regarding
the drainage characteristics of the downstream channels is provided in Section 4.2.
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SECTION 3 - BREACH HYDROGRAPH ESTIMATION

3.1 General

A simulated dam breach was evaluated for a “sunny-day” scenario with the reservoir at
maximum normal pool elevation with no base flow. The :sunny-day” failure was
assumed to result from a piping failure. No base flow was selected because anticipated
base flows would be negligible compared to peak breach flows. RJH developed the
breach analysis using the “simple” level of breach analysis structure in accordance with
the SEO Guidelines. The simple approach was selected because it a) generally produces
conservative flood limits that are appropriate for an EAP, and b) the results of the breach
analysis are not anticipated to change the hazard classification. The simple breach
analysis approach as applied to this study consists of the following components:

e Breach Parameter Estimate: Empirical methods.

e Breach Hydrograph Estimation: Parametric hydrologic model (HEC-HMS).
e Breach Hydrograph Routing: None (conservative for EAP support).

e Hydraulics at Critical Sections: Steady state hydraulics (HEC-RAS).

3.2 Breach Parameter Estimation Methods

RJH evaluated breach parameters using the Froelich (2008) method in accordance with
recommendations in the SEO Guidelines for a small-size dam with a “high” storage
intensity. Input parameters were developed based on available data from the design
drawings and previous SEO inspections. Documentation of the breach parameter
analysis is provided in Appendix A and the results are summarized in Table 3.1.

TABLE 3.1
SUMMARY OF BREACH PARAMETER
ESTIMATES — SUNNY-DAY FAILURE

Average Breach Width, Bavg 61 feet
Bottom Breach Width, By 48 feet
Breach Formation Time, tf 0.66 hour
Breach Side Slopes, z (ZH:1V) 0.7
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3.3 Breach Hydrograph Development

The simulated dam breach hydrograph was developed using the U.S. Army Corps of
Engineers’ (USACE) HEC-HMS Version 3.5 computer software (USACE, 2009). The
dam breach parameters shown in Table 3.1 were used in the HEC-HMS program to
model the temporal development of the breach and resulting outflow. The HEC-HMS
breach hydrograph model resulted in a peak breach outflow of 5,052 cubic feet per
second (cfs) and a total breach outflow volume of 356.6 ac-ft. HEC-HMS model
input/output, including the breach hydrograph, is provided in Appendix B.
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SECTION 4 - DAM BREACH FLOOD ROUTING

4.1 General

RJH performed dam breach analyses to support the development of inundation maps that
identify potential inundation limits for a simulated failure of Long Lake Dam. The peak
breach flow was routed downstream on Fish Creek to the confluence point with the
Yampa River where breach flows became less than the FEMA FIS 100-year discharge.
During an actual dam failure, flooding will vary depending on actual conditions including
the location, size, depth, rate of breach development, downstream backwater effects, local
flood conditions, and seasonal variations within the channel. The erosion resistance of
downstream flow-control areas will also affect the flooding characteristics. Because of
these factors, the actual inundation limits may vary from those shown on the referenced
inundation figures.

4.2 Roughness Values

Manning’s “n” values are a measure of channel roughness and resistance to flow and will
impact the routing of the dam breach peak flow. Manning’s “n” values also vary
depending on the roughness of the channel and overbanks, and with the depth of flow and
type of flow event. Deeper flows will be less affected by a given obstruction than
shallower flows. RJH assigned roughness values to representative sections of the
floodplain downstream based on a) Manning’s n values used in the FEMA FIS, b) field
visit observations, ¢) aerial photographs, d) published references that provide a
description and pictures of stream channels with a recommended typical “n” value, and €)
through engineering experience and judgment.

RJH divided the downstream drainage into two segments with relatively homogenous
hydraulic roughness characteristics (XS = river cross section):

e XS-0.0TO XS-6.30 (Fi1sH CREEK): The main channel of this stream reach
generally consists of a steep mountain stream with large boulders and minimal
vegetation. A Manning’s “n” value of 0.08 was selected for the main channel,
based on the FEMA FIS effective model and confirmed with field visit
observations and published references for similar stream channels. The
overbanks consist of some areas with thick pine trees and brush with interspersed
areas of rock, gravel, and short native grasses. A Manning’s “n” value of 0.08
was selected for the overbanks based primarily on aerial photography, field visit

observations and published references for similar overbank areas.
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e XS-6.30 TO XS-9.23 (FisH CREEK): The main channel of this stream reach
generally consists of a steep mountain stream with gravel, cobbles, some
boulders, and minimal vegetation. A Manning’s “n” value of 0.06 was selected
for the main channel, based on the FEMA FIS effective model and confirmed
with field visit observations and published references for similar stream channels.
The overbanks vary from thick pine trees and brush, to commercial/residential
developed areas, to a golf course area. Manning’s “n” values between 0.08 to
0.10 were selected for the thick pine tree and brush areas based primarily on field
visit observations and published references for similar overbank areas. A
Manning’s “n” value of 0.06 was selected for the developed areas, based on the
FEMA FIS effective model and confirmed with field visit observations and
published references for similar stream channels. A Manning’s “n” value of 0.05
was selected for the golf course areas based on field visit observations and
published references for similar overbank areas.

Documentation of the Manning’s “n” analysis is provided in Appendix C.
4.3 Dam Breach Flood Routing

The dam breach hydrograph will attenuate as it travels downstream because of the effects
of storage and dispersion within the downstream channel. RJH did not evaluate the
attenuation of the dam breach hydrograph for Long Lake. In our opinion, attenuation
would be minimal along Fish Creek because the main channel is very steep and breach
flows would generally be contained within the narrow cross section geometry for a
majority of the reach. Disregarding the impacts of attenuation is conservative for the
purpose of developing inundation maps.

4.4  Dam Breach Flood Hydraulic Analysis and Mapping

Dam breach inundation limits were developed using the USACE HEC-RAS Version
4.1.0 computer software. A steady-flow HEC-RAS model was developed to hydraulic
analysis of the peak dam breach flow of 5,052 cfs. Water surface elevations, velocities,
and other hydraulic parameters were computed at each cross section using the model.

A total of 55 cross sections were used to model Fish Creek and the Yampa River. Cross
sections are labeled as the distance in river miles from Fish Creek Dam downstream to
the cross section location. For example, XS -1.046 is located 1.046 miles downstream
from the toe of the dam.
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The HEC-RAS model and inundation mapping were developed using 2-foot topography
provided by Steamboat Springs. In the city limits, the 2-foot topography was
supplemented with surveyed cross section data from the FEMA FIS hydraulic models to
better define the main river channel. The 2-foot topography and FIS data generally
corresponded well.

Six identified roads, railroads, and pedestrian trails cross Fish Creek. RJH included the
following crossings in the HEC-RAS model:

e STEAMBOAT BOULEVARD BRIDGE (XS -6.76): Bridge data obtained from field
measurements by RJH.

e PEDESTRIAN BRIDGE (XS -6.803): Bridge data obtained from field
measurements by RJH.

e ROLLINGSTONE DRIVE BRIDGE (XS -8.89): Bridge data obtained from field
measurements by RJH.

e HIGHWAY 40 BRIDGE (XS -9.1): Bridge data obtained from FEMA
effective model.

e RAILROAD BRIDGE (XS -9.22): Bridge data obtained from FEMA
effective model.

RJH assumed that the two most upstream bridges (Steamboat Boulevard bridge and
Pedestrian bridge) would be blocked with flood debris and overtop. RJH did not include
a small pedestrian bridge located near XS -7.3 because we concluded during the site visit
that this structure would likely be washed away by the large breach flows.

45 Results

Flood inundation limits for the sunny-day failure event are shown on Figures 4.1 through
4.6. Hydraulic modeling output is provided in Appendix D. Flooding was mapped to the
confluence of Fish Creek and the Yampa River where the peak breach flow of 5,052 cfs
is less than the estimated 100-year flow of 8,250 cfs in the Yampa River. At this location
breach flows would be contained within the regulatory 100-year floodplain.

Table 4.1 presents the following floodwave information for the simulated “sunny-day”
failure at specific cross section locations: peak floodwave discharge, peak floodwave
velocity, maximum water surface elevation (stage), and peak floodwave arrival time
(elapsed time for the peak breach flow to travel from the dam to the referenced cross
section).

13117_13-12-20_Breach_Inundation_Mapping_Report
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TABLE 4.1
SIMULATED SUNNY-DAY FAILURE

Maximum
Cross Section Peak Peak Flood Water Peak Flood
(Stream Miles | Flood Wave Wave Surface Wave Arrival
Below Dam) Discharge Velocity® | Elevation® Time Notes:
(cfs) (ft/s) (ft) (HR:MIN)
-0.136 5,052 10.2 9829.45 0:00 Downstream of dam
-0.594 5,052 12.0 9755.45 0:04
-1.046 5,052 9.6 9634.06 0:07
-1.442 5,052 9.3 9569.68 0:11
-1.645 5,052 12.6 9523.04 0:13
-1.983 5,052 3.8 9467.89 0:16
-2.407 5,052 11.2 9435.86 0:21
-2.708 5,052 4.1 9397.97 0:25
-3.039 5,052 7.0 9367.74 0:30
-3.249 5,052 26.1 9277.00 0:31
-3.478 5,052 13.0 9212.75 0:32
-3.741 5,052 23.5 9097.82 0:33
-4.081 5,052 21.6 8854.17 0:35
-4.356 5,052 28.8 8546.44 0:36
-4.673 5,052 11.1 8310.73 0:37
-4.774 5,052 23.8 8247.85 0:38
-4.978 5,052 14.9 8149.82 0:39
-5.177 5,052 27.0 8017.68 0:39
-5.361 5,052 27.7 7770.97 0:40
-5.521 5,052 14.5 7668.70 0:41 Fish Creek Falls
Confluence Fish
-5.611 5,052 13.5 7454.07 0:41 Creek/Middle Fork Fish
Creek

-5.859 5,052 21.3 7347.52 0:42
-6.105 5,052 11.4 7288.41 0:44
-6.300 5,052 13.4 7247.73 0:45
6.501 5,052 16.1 7188.45 0:46 gfesé:ﬁgg“ai'ggﬁnogs
-6.699 5,052 2.2 7161.17 0:48
-6.753 5,052 4.3 7159.95 0:50 Steamboat Blvd. bridge
-6.766 5,052 6.8 7151.51 0:50
-6.802 5,052 3.0 7145.00 0:51 Pedestrian bridge
-6.806 5,052 7.9 7140.87 0:51
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Maximum
Cross Section Peak Peak Flood Water Peak Flood
(Stream Miles | Flood Wave Wave Surface Wave Arrival
Below Dam) Discharge Velocity® | Elevation® Time Notes:
(cfs) (ft/s) (ft) (HR:MIN)
-6.854 5,052 11.0 7131.99 0:51
-7.007 5,052 10.3 7111.76 0:52
-7.238 5,052 14.8 7074.23 0:54
-7.625 5,052 13.3 6999.00 0:56
-7.946 5,052 15.2 6931.17 0:58
-8.120 5,052 11.5 6894.93 0:60
-8.352 5,052 10.1 6855.87 1:.01
-8.536 5,052 7.0 6829.06 1.03
-8.778 5,052 5.6 6800.88 1:07
-8.882 5,052 3.3 6791.18 1.09 Rollingstone Dr. bridge
-8.896 5,052 5.7 6788.78 1:09
-8.975 5,052 55 6780.42 1:10
-9.043 5,052 6.8 6775.93 1:11
-9.091 5,052 6.6 6771.80 1:12 Highway 40 bridge
-9.127 5,052 12.6 6764.25 1:13
-9.212 5,052 3.9 6756.60 1:14 Railroad bridge
-9.225 5,052 4.9 6755.00 1:14
-9.342 5,052 15.9 6742.84 1:15 gﬁ/‘;fr';‘ggﬁec‘:fegfmpa
-9.474 5,052 54 6740.90 1:16
-9.883 5,052 6.9 6729.40 1:23 End of Study
Notes:

1. Average velocity of cross section.

2. NAVD 1988

10
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Breach Inundation Mapping Report — Long Lake Dam
December 2013

SECTION 5 - CONCLUSIONS

Based on the results of this evaluation, RJH offers the following conclusions:

1. Dam breach parameters for a simulated failure of Long Lake Dam are as follows:

Average Breach Width, By 61 feet
Bottom Breach Width, Bp 48 feet
Breach Formation Time, tf 0.66 hour
Breach Side Slopes, z (zH:1V) 0.7

2. The dam breach hydrograph peak flow is 5,052 cfs and the total breach volume is
356.6 ac-ft.

3. Simulated floodwave velocities in the downstream channel ranged from about 2
to 28 feet per second (fps) and peak depths ranged from about 4 to 16 feet.

4. Peak floodwave arrival times at key locations are as follows:

Location Time
(Hr:Min)

Upstream limits of Steamboat Springs (XS -6.501) 0:46
Steamboat Blvd. bridge (XS -6.76) 0:50
Pedestrian bridge (XS -6.802) 0:51
Rollingstone Dr. bridge (XS -8.89) 1:09
Highway 40 bridge (XS -9.1) 1:12
Railroad bridge (XS -9.22) 1:14
Confluence of Yampa River/Fish Creek (XS -9.342) 1:15

5. The breach inundation mapping was terminated at the confluence of Fish Creek
and the Yampa River. The peak breach flow will be 5,052 cfs, which is less than
the estimated 100-year flow of 8,250 cfs in the Yampa River at this location.
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Breach Inundation Mapping Report — Long Lake Dam
December 2013

SECTION 6 - LIMITATIONS

The information presented in this Report is suitable for use in evaluating simulated
breach scenarios at Long Lake Dam and corresponding floodwave inundation mapping in
the drainage channel downstream of the dam. Future modifications to the Report
analyses and inundation mapping will be required in accordance with periodic updates of
EAP documents and will need to consider development and current conditions within the
downstream floodplain. The information presented in this Report is based on RJH’s
understanding of the dam Project features, drainage basin characteristics, available
information, and current computer model capabilities. The analyses and inundation
mapping presented in the Report are based, in part, upon the level of detail of the
available topographic information. Variations in the conditions of the drainage channel
and impacted structures are possible and future modifications may be necessary if more
detailed input data becomes available.

RJH has endeavored to conduct our professional services for this Project in a manner
consistent with a level of care and skill ordinarily exercised by members of the
engineering profession currently practicing in Colorado under similar conditions as this
Project. RJH makes no other warranty, expressed or implied.

This work has been prepared for the exclusive use of the City of Steamboat Springs and
the SEO for specific application to Long Lake Dam in Routt County, Colorado.
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Breach Inundation Mapping Report — Long Lake Dam
December 2013

SECTION 7 - REFERENCES
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APPENDIX A

DAM BREACH PARAMETERS
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February 10, 2010 Guidelines for Dam Breach Analvsis

Table 1 - Tiered Dam Breach Analysis Siructure

Breach Parameter
L Breach Breach .
Level of Estimation Hvdrosranh Hvdroeranh Hydraulics at
Analysis {Size/Shape and yerograp yarograp Critical Section(s)
. . Estimation Routing
Failure Time) :
Peak Breach Empirical Routing
Screening Empirical Equations Discharge from Equations or Normal Depth
SMPDBK Nomographs
| '-’”"WH‘“\'D'Z\ Paﬁgidztlmc Hydrologic Model Steady-State
Simple e 1 Empirical Equations } (HEC-1 or (HEC-1 or Hydraulics
7\\““%&,_,,,_,,_ - HEC-HMS ) HEC-HMS) (HEC-RAS)
Parametric Peak Water
Madel Unsteady Surface Profile
Intermediate Empirical Equations Hydranlic Model
HEC-1 or (HEC-RAS) {Unsteady
HEC-HMS - HEC-RAS)
Parametric ) Pzak Water
. . ‘Mode! Unst.eady Surface Profile
Advanced Empirical Equations ) Hydraulic Model
(HEC-RAS or (MEC-RAS) (Unsteady
DAMBRK) HEC-RAS)

The hydrautic conditions at critical iocations downstream of the dam can usually be determined with
normal depth calculations as long as steady, uniform flow is a valid assumption (l.e. no significant
backwater effects in the vieinity of the section).

Because the screening leve] of analysis is very conservative, it can be used to determine if further analysis
is required. M is expected that, if the hydraulics calculated at critical locations indicate a specific hazard
classification with a screening-level analysis, then more sophisticated analyses would ot likely resultina
higher hazard classification. Soif a screening analysis indicates a Low Hazard, no further analysis is
required. If the screening analysis indicates Iigh or Significant Hazard, a more accurate, less
conservative approach may show a lower hazard classification and additional analysis may be warranted
to demonstrate this depending on the situation.

Note that the screening level of analysis does not lead to inundation maps which are required for
Significant and High Hazard dams. The minimum level of analysis required to develop inundations maps
is the next level: Simple.

6.2 Simple

The Simple level of analysis is slightly more sophisticated than the screening analysis. Results of the
Stmple level of analysis may provide the necessary conclusion, or may indicate that the intermediate or
advanced approach is warranted. This analysis uses the recommended empirical methods to determine
the breach parameters and then uses a hydrologic parametric mode! (HEC-HMS or HEC-1) to compute a
breach hydrograph. The hydrologic tool can then be used to route the flood downstream to critical
locations. At that point, a steady-state hydraulic model can be used to calculate the hy draulic conditions
where required.
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APPENDIX B

HEC-HMS HYDROLOGIC MODEL RESULTS
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