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HYDROLOGY, GEOMORPHOLOGY, AND DAM-BREAK MODELING OF THE
JULY 15, 1982, LAWN LAKE DAM AND CASCADE LAKE DAM
FAILURES, LARIMER COUNTY, COLORADO

By ROBERT D. JARRETT and JOHN E. COSTA

ABSTRACT

At approximately 0530 Mountain Daylight Time on the morning
of July 15, 1982, Lawn Lake dam, a 26-foot-high earthen dam located
in Rocky Mountain National Park, Colorado, failed. The dam released
674 acre-feet of water and an estimated peak discharge of 18,000 cubic
feet per second down the Roaring River valley. Three people were killed
and damages totaled $31 million. The Colorado State Engineer deter-
mined that the probable cause of failure was deterioration of lead caulk-
ing used for the connection between the outlet pipe and the gate valve.
The resulting leak eroded the earthfill, and progressive piping led to
failure of the embankment.

Floodwaters from Lawn Lake dam overtopped a second dam,
Cascade Lake dam, located 6.7 miles downstream, which also failed.
Cascade Lake dam, a 17-foot high concrete gravity dam, 12.1 acre-
foot capacity dam, failed by toppling with 4.2 feet of water flowing
over its crest. The flood continued down the Fall River into the town
of Estes Park, which received extensive damage from the overbank
flow.

This report presents the setting, a summary of the causes of the
dam failures, the hydrologic data, and geomorphic effects of the flood.
Data on dam-breach floods on high-gradient streams are limited. A
dam-break computer model was used to evalute the model’s capabil-
ities on high-gradient streams, to enhance and provide supplemental
hydrologic information, and to evaluate various hypothetical scenarios
of dam-breach development and probable impact of the failure of
Cascade Lake dam.

Flood data were obtained at two gaging stations (06732500 Fall
River at Estes Park and 06733000 Big Thompson River at Estes Park)
and five miscellaneous sites downstream from the Lawn Lake dam.
Peak discharges were determined using a variety of indirect methods.
Because of extensive scour and erosion along the Roaring River, peak
discharges were estimated from the dam-break model. Calculated peak
discharges for the flood were 18,000 cubic feet per second from Lawn
Lake dam, 12,000 cubic feet per second at Horseshoe Falls where Roar-
ing River joins the Fall River, 7,210 cubic feet per second into Cascade
Lake dam at the east end of Horseshoe Park, 16,000 cubic feet per
second from the failure of Cascade Lake dam, 13,100 cubic feet per
second about 1 mile downstream from Cascade Lake dam, 8,520 cubic
feet per second just upstream from Estes Park, 6,550 cubic feet per
second for gaging station 06732500 Fall River at Estes Park, and 5,500
cubic feet per second for gaging station 06733000 Big Thompson River
at Estes Park. Maximum depths ranged from 6.4 to 23.8 feet; max-
imum widths ranged from 97 to 1,112 feet; and mean velocities ranged
from 3.3 to 12.6 feet per second. Traveltimes of the flood were deter-
mined from eyewitness accounts. The leading flood wave took 3.28
hours to travel 12.5 miles (average 3.8 miles per hour). Flood peaks
were 2.1 to 30 times the 500-year flood for selected locations along
‘the flood path. Geomorphic and sedimentologic evidence suggest that

it probably was the largest flood in these basins, at least since the
retreat of the glaciers several thousands of years ago.

Geomorphic effects of the flood resulting from the dam failures were
profound. Channels were widened tens of feet and scoured from 5 to
50 feet locally. In the Roaring River valley, alternate river reaches
were either scoured or filled, depending on valley slope. Generally,
reaches steeper than 7 percent were scoured, and reaches less than
7 percent were filled. In the Roaring River, 56 percent of the channel
was scoured, some by as much as 50 feet, and 44 percent was filled
with coarse sediments, 2 to 8 feet thick.

An alluvial fan of 42.3 acres, containing 364,600 cubic yards of
material, was deposited at the mouth of the Roaring River. The fan
has a maximum thickness of 44 feet and an average thickness of 5.3
feet. The largest boulder thought to have moved in the flood,
14X17.5X21 feet and weighing an estimated 452 tons, was located
on the alluvial fan. Down the flow axis, average particle size changes
from 7.5-foot boulders to fine sand and silt in a distance of 1,900 feet.
The alluvial fan dammed the Fall River, forming a lake of 17 acres
upstream from the fan.

Satisfactory results were obtained from the dam-break model, but
not without significant difficulties in proper operation of the model.
To calibrate the model, Manning n-values between 0.1 and 0.2, or an
average of 78 percent greater than field-selected values, were required;
subcritical flow was verified. The occurrence of numerous debris dams
caused localized backwater, resulting in predominantly subcritical
flow. However, when these debris dams broke, flow probably was
supercritical for a short distance until another debris dam formed.
Without the extensive calibration of the model and the assumption
of subcritical flow, results would have been significantly different.

Peak discharges from dam-break modeling reflect water-only
discharges; total discharge may have been considerably higher on the
Roaring River and on the Fall River immediately downstream from
Cascade Lake dam from sediment and debris. At Horseshoe Falls and
for a short reach downstream from Cascade Lake dam, geomorphic
and sedimentologic evidence indicates the flow temporarily became
a turbulent, high-concentration, cohesionless sediment-gravity flow.
The sediment and debris may have bulked the peak water flow by 50
to 60 percent. The range of difference of observed and modeled peak
discharges varied from -3,200 cubic feet per second to 600 cubic feet
per second. The range of difference of observed and modeled maximum
flood depth was -1.3 to 2.6 feet and averaged 1.0 foot. The range of
difference of observed and modeled leading edge of traveltime was
-0.4 and 0.15 hour.

Comparisons were made for hypothetical breach widths of (1) 25
feet and (2) 200 feet. They were compared with model results of the
actual breach width of 55 feet:

1. For a breach width of 25 feet, the peak discharge would have been
7,000 cubic feet per second less downstream from Lawn Lake dam
to 1,300 cubic feet per second less at Estes Park. Maximum flood

1



2 LAWN LAKE DAM AND CASCADE LAKE DAM FAILURES, COLORADO

depths would have averaged 0.6 foot lower; the flood wave would have
reached Estes Park at the same time. For this hypothetical case,
Cascade Lake dam still would have failed.

2. For a breach width of 200 feet, peak discharge would have been
22,600 cubic feet per second greater downstream from Lawn Lake dam
to 5,400 cubic feet per second greater at Estes Park. Maximum flood
depth would have averaged 2.7 feet higher; the flood wave would have
reached Estes Park 0.4 hour earlier. The model also indicated that
the outflow peak discharge from the worst-case failure of Lawn Lake
dam could have been at least 56,000 cubic feet per second.

If Cascade Lake dam had not failed (or had not been present), peak
discharges would have been reduced by 11,300 cubic feet per second
immediately downstream from the dam to 500 cubic feet per second
less at Estes Park. Maximum flood depths would have averaged
0.6 foot lower, and the flood wave would have reached Lake Estes
0.3 hour later.

INTRODUCTION

Just before sunrise, at about 0530 MDT (Mountain
Daylight Time), on the calm, clear morning of Thurs-
day, July 15, 1982, the privately-owned Lawn Lake
dam, a 26-ft-high earthen structure, located at an eleva-
tion of about 11,000 ft in Rocky Mountain National
Park, breached due to a piping failure (Office of the
State Engineer, 1983), releasing 674 acre-ft and an
estimated peak discharge of 18,000 ft3/s of water down
the Roaring River (fig. 1).

I started to hear a sound like an airplane. Also, there were loud booms.
It got louder and louder. I thought it was breaking the sound bar-
rier. I kept looking for a plane, but couldn’t see one. I got suspicious
and started to look upstream. I saw trees crashing over and a wall
of water coming down. I started to run as fast as I could for high
ground. There was a deafening roar. I fell and got up and kept runn-
ing. I stood on high ground and watched it wipe out our campsite.
It knocked everything in its path over; Steve didn’t stand a chance.

With these words Steven Cashman described his har-
rowing experience with the flood that swept his camp-
ing companion to his death in the Roaring River. Other
campers along the Roaring River estimated the wall of
water to be 25 to 30 ft high, carrying with it large trees
and boulders, so that the water looked like a ‘‘wet,
brown cloud” and sounded like extremely loud con-
tinuous ‘‘thunder” or a “freight train.”

The flood, attenuated by the relatively flat Horseshoe
Park (an old glacial lakebed), continued along the Fall
River, where it caused Cascade Lake dam (an approx-
imately 17-ft-high, 12-acre-ft capacity concrete gravity
dam) to fail because of tipping over from overtopping.
Peak discharge upstream from Cascade Lake dam was
7,210 ft3/s; however, discharge increased to 16,100 ft3/s
or more as aresult of the Cascade Lake dam failure. The
flood continued to attenuate in its passage down the
Fall River and through the town of Estes Park.

After Cascade Lake dam failed, two campers were
swept to their deaths a short distance downstream from

the dam. The flood continued down the Fall River, caus-
ing extensive damage to homes, motels, businesses, and
bridges, particularly in the town of Estes Park. In Estes
Park, the flood entered the Big Thompson River for a
short distance before entering Lake Estes, which is
formed by the U.S. Bureau of Reclamation’s Olympus
dam. This reservoir contained all the floodwaters. The
peak discharge was 5,500 ft%/s entering Lake Estes,
which is about 12.5 mi downstream from Lawn Lake.
Peak discharge into Lake Estes occurred approximately
3 hours and 40 minutes after the failure of Lawn Lake
dam. In that brief time, three people were killed and ap-
proximately $31 million in private and public damages,
cleanup, and economic loss was reported. The flood
resulted in a Presidential Disaster Declaration for
Larimer County on July 22, 1982.

The purpose of this report is to present the setting,
a summary of causes of the dam failures, the hydrologic
data on the flood, and to document geomorphic effects
of the flood. A secondary purpose is to present data ob-
tained from using a dam-break computer model to
evaluate that model’s capabilities on high-gradient
streams, to enhance and provide supplemental
hydrologic information, and to evaluate various
hypothetical scenarios of dam-breach development and
probable impact of the failure of Cascade Lake dam.
Documentation and analysis of the flood should provide
valuable information on dam-breach floods of small
dams on high-gradient streams for future hazard mitiga-
tion related to dam failures.
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FIGURE 1.—Area between Lawn Lake dam and Lake Estes.

Conservation Board provided historical flood data,
flooded area maps, and additional damage data.

The U.S. Bureau of Reclamation, through the West-
ern Area Power Administration, provided helicopter
transportation for the collection of data at remote Lawn
Lake. Wayne Graham and Curtis Brown of the Bureau
of Reclamation provided data on the flood traveltime
and warning and response to the flood. Charles Huntley
and Zenas Blevins, also of the Bureau of Reclamation,
provided computation of the inflow to Lake Estes and
hydrologic information.

The U.S. Army Corps of Engineers, Omaha District,
provided aerial photographs that were taken 4 hours
after the flood and were used to prepare topographic
maps of the two lakes. Other valuable photographs in
this report were obtained from the town of Estes Park,

Federal and State agencies, and from private in-

dividuals. These photograph sources are credited in in-
dividual figures.

THE SETTING

Lawn Lake is a manmade enlarged natural lake, oc-
cupying a moraine-dammed depression on the southeast
side of the Mummy Range in Rocky Mountain National
Park (Colorado) at an elevation of about 11,000 ft
(fig. 1). Local bedrock consists of Precambrian gneisses
and schists that are more than 1.7 billion years old
(Peterman and others, 1967). Lawn Lake is fed by the
Roaring River, which originates upstream from Crystal
Lake, a higher cirque lake about 1 mi upstream, at an
elevation of about 11,500 ft. Downstream from Crystal
Lake, the valley is steep and rugged. The Roaring River
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descends over a steep cliff into Lawn Lake. Downstream
from Lawn Lake, a broad, till-covered valley extends
southeast for about 0.5 mi; then the valley turns south.
Slopes range from 5 to 26 percent, and average 10 per-
cent along the Roaring River (fig. 2). Mean annual
precipitation in the area varies with elevation, ranging
from 20 in. at Estes Park to 40 in. or more on the Con-
tinental Divide above Lawn Lake.

Downstream from Lawn Lake, the Roaring River de-
scends over a series of steep bedrock falls and through
gentle mountain meadows. The Roaring River valley
and the Fall River valley were repeatedly glaciated dur-
ing the Pleistocene Epoch. Landforms and sediments
along the course of the flood bear strong imprints of
this glacial activity (Jones and Quam, 1944; Richmond,
1960). Lawn Lake is at tree line; along the Roaring
River, vegetation consists of spruce, fir, and aspen for-
ests. Where the Roaring River joins the Fall River at
an elevation of 8,550 ft in the west end of Horseshoe
Park, the Roaring River descends 500 ft in 0.3 mi in a
series of rapids known collectively as Horseshoe Falls
(fig. 1).

Horseshoe Park is a flat, moraine-rimmed basin that
was occupied by a large glacial lake when terminal
moraines dammed the Fall River at the east end of the
park. The hills surrounding Horseshoe Park are covered
with ponderosa and lodgepole pines and aspen forests.
The floor of Horseshoe Park is 0.5 mi wide and 3 mi
long, and is underlain by ground moraine, outwash, and
lacustrine sediments. Valley slope is relatively flat,
averaging 0.7 percent. The park is covered by meadow
grass; dense willows mark the meandering course of the
Fall River through the park. Sinuosity of the Fall River
in Horseshoe Park downstream from the Roaring River
is 2.2, compared to 1.0 to 1.05 for other steeper moun-
tain streams in Rocky Mountain National Park.

The Fall River flows into Cascade Lake at the east
end of Horseshoe Park. Cascade Lake, located about
5.3 mi west of Estes Park, was an artificial lake private-
ly built in 1908 and obtained by Estes Park for power
generation in 1945. Downstream from Cascade Lake,
the Fall River gradient steepens again to 9 percent
as it flows through a series of Pleistocene terminal
moraines and into Aspenglen Campground (fig. 2).
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TABLE 2.—Flood stages and discharges in Larimer County for the flood of July 15, 1982, and during previous maximum floods

Distance Drainage Maximum floods previously known Flood of July 15, 1982
downstream area, Prior to Gage  Discharge, Hour, Gage Discharge
from in July 1982 height, in cubic mountain  height, in cubic
Stream and Lawn Lake square _ ___ _ in feet per daylight in feet per
Site Station place of dam, in miles Period Year feet second time feet second
number number determination miles
1 - Fall River above Cascade
Lake 6.50  -——-- 20740 -——- 17,210
dam above Estes Park.
2 Fall River at Cascade Lake
dam (i X S e %0745  --——- 4,500
above Estes Park.
3 Fall River below Cascade
Lake 768 W ————— e e e e 20800 --—- 13,100
dam above Estes Park.
4 e Fall River above Estes Park. 10.28 20835 ---- 8,520
5 06732500 Fall River at Estes Park.© 11.45 39.56 1947-53 1980 8.56 565 20850 11.10 d6,550
1978-81
6 06733000 Big Thompson River at 12.50 137.0 1949-82 1949 ©3.16 °©1,660 20905 ---- 5,500
Estes Park.
A Lake Estes at Estes Park. 12.75 0910 to --— 5,364
0915
2Approximate time based on peak time in figure 15.
Discharge at time of dam failure; not the peak discharge.
“Destroyed by flood of July 15, 1982.
Estimated from sites 4 and 6.
®Site and datum then in use.
fCompul:ed by Bureau of Reclamation; discharge is average for 5-minute peak period.
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FIGURE 11.—Peak-discharge profile based on indirect peak-discharge measurements and model results. Indirect measurements

are believed to be more accurate than dam-break model results.



18 LAWN LAKE DAM AND CASCADE LAKE DAM FAILURES, COLORADO

pocket at the back of the report. Storage-capacity data
and other pertinent information for the two lakes are
shown in table 3.

The vertical datum for the Lawn Lake topographic
maps was approximated from an existing U.S. Geolog-
ical Survey 7%-min quadrangle map, as the site was so
remote from any available accurate vertical control.
These surveys indicated that the failure of Lawn Lake
dam released 674 acre-ft of water on July 15, 1982. As
indicated in figure 12, a substantial amount of water re-
mained as dead capacity, and almost corresponding to
the original moraine-dammed mountain lake. Although
the lake level at the time of failure was 1 ft deep in the
overflow spillway, the water released was considerably
less than previously believed to have been stored behind
the dam (Office of the State Engineer, 1983). The main
reason for this difference appeared to be that the lake
bed immediately upstream from the dam embankment
was 6.4 ft higher than the inlet elevation of the outlet
pipe which was located on bedrock. This outflow con-
trol probably had been present since construction of the
dam, and was not reflected in earlier lake surveys.

Determination of the capacity of Cascade Lake dam
was more difficult, as severe bed erosion (fig. 9E) oc-
curred after the dam failure. Postflood surveys indicated
that approximately 1.53 acre-ft (table 3) of sediment

was removed from the lakebed during the flood.
Therefore, field inspections and surveys were made to
reconstruct the preflood lakebed. All the evidence in-
dicated that the preflood lakebed was at an elevation
of 8,560 ft, plus or minus 1 ft. Contours in plate 2 reflect
postflood contours; extensive scour occurred with a
maximum of approximately 12 ft. Storage-capacity data
and other pertinent data for Cascade Lake, assuming
a lakebed elevation of 8,560 ft, are shown in table 3.
Cascade Lake contained approximately 12.1 acre-ft of
water prior to the flood, and 25.1 acre-ft of water at the
time of the Cascade Lake dam failure. The total volume
of water released from the failures of the Lawn Lake dam
and the Cascade Lake dam was approximately 686
acre-ft.

For the period 0845 MDT on July 15, to 1200 MDT
on July 16, C. W. Huntley (U.S. Bureau of Reclamation,
written commun., 1982) estimated the inflow to Lake
Estes, resulting from the failures of Lawn Lake and
Cascade Lake dams, was 663 acre-ft. The difference be-
tween the volume released from the two lakes and the
volume entering Lake Estes probably was the result of
water remaining in valley storage, which had not reached
Lake Estes by July 16 at 1200 MDT, and of
evapotranspiration and infiltration (particularly in
Horseshoe Park). Errors in the methods of determining

TABLE 3.—Storage capacity and other pertinent information for Lawn Lake and Cascade Lake

Lawn Lake
Storageb Storageb
Contour® Surface® capacity, Contour® Surface® capacity,
elevation, area, in in elevation, area, in in

in feet acres acre-feet in feet acres acre-feet
10,975.69 = -———- 0.0 10,990 42.29 362.19
10,978 893 0 - 10,992 45.09 449.55
10,980 23.14 30.96 10,994 47.29 541.92
10,982 27.82 81.85 10,996 49.33 638.53
10,984 31.01 140.66 10,998 50.73 738.59
10,986 35.24 206.86 11,000 52.50 841.81
10,988 38.93 281.00 11,002 54.59 948.89
11,004 56.57 1,006.40

Cascade Lake
Storage Storage
Contour® Surface capacity, Contour® Surface capacity,
elevation, area, in in elevation, area, in in

in feet acres acre-feet in feet acres acre-feet
8,448 0.0 0.0 8,464 0.70 ©2.10
8,450 02 401 8,466 .89 °3.69
8,452 .07 4.09 8,468 1.24 ©5.81
8,454 11 d.27 8,470 1.86 £8.89
8,456 .18 456 8,472 2.25 ©12.99
8,458 .23 dg7 8,474 2.80 €19.56
8,460 .33 d1.53/0° 8,476 3.41 €95.76
8,462 .54 .86 8,478 3.84 €33.01

® Approximate mean sea level; water-surface elevation at failure was 10,996.42 feet.

bAbove dead storage.

“Mean sea level; water-surface elevation at failure was 8,475.80 feet.
9Estimated amount below preflood lakebed elevation of 8,460 feet.
®Storage capacity above estimated preflood lakebed elevation of 8,460 feet.
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F1GURE 13.—Flood-frequency curves station 06733000 Big
Thompson River at Estes Park 1951-77. Annual flood peaks
have been separated into rainfall and snowmelt floods, then
recombined with conditional probability into a composite flood-
frequency curve based on Log-Pearson Type 111 flood-frequency
analysis (Interagency Advisory Committee on Water Data,
1981).

previous flood of record, from a rapidly melted snow-
pack, was 1,660 ft3/s in June 1965 (table 2); this flood
was estimated from the composite flood-frequency curve
in figure 13 to be about a 15-year flood.

Upstream on the Fall River at its confluence with the
Roaring River (elevation 8,550 ft), the flood peak (water
only) was estimated to have been 12,000 ft3/s (see
“Dam-Break Modeling” results). This represented a unit
discharge of 1,000 ft?/s/mi2, an unprecedented value in
historic times for the Colorado Front Range above an
elevation of 7,500 ft. A regionalized flood-frequency
curve for the mouth of the Roaring River is shown in
figure 14, constructed from regional regression equa-
tions for mountain areas in Colorado (McCain and Jar-
rett, 1976). Based on historic flow data under the present
climate regime, the estimated 500-year flood for this
location on the Roaring River is 400 ft3/s. The 1982
dam-break flood was 30 times the 500-year flood for this
stream; a flow of 12,000 ft’/s would be very rare.

Along the Roaring River, deposits of Pleistocene
ground moraine and outwash were extensively scoured
and eroded. A late Pleistocene end moraine at an eleva-
tion of 10,900 ft (Richmond, 1960) was overtopped and
deeply eroded. In July 1983, extensive field work was con-
ducted in Rocky Mountain National Park to investigate
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FIGURE 14.—Regional flood-frequency curve for
Roaring River at Horseshoe Falls, based on
regional regression equation of McCain and Jar-
rett (1976).

whether or not any stratigraphic or geomorphic evidence
existed of comparable large postglacial floods in any of
the streams draining into Lake Estes. The sediments and
landforms produced by the Lawn Lake dam failure are
so distinctive that the evidence of any comparable
floodflow in the Holocene should be easy to recognize.
No unequivocal evidence of a similar large flood was
found in any stream valley that drains into Lake Estes.
The dam-break flood of 1982 was very likely the largest
flood that has occurred in the Roaring River, Fall River,
and Big Thompson River since at least the last glacial
retreat, about 10,000 years ago.

Along the Fall River between the Roaring River con-
fluence and Cascade Lake dam, slopes are very gentle,
and no extensive modifications occurred. The flood surge
of 16,000 ft%/s from the Cascade Lake dam failure caus-
ed a large amount of scour and erosion along the Fall
River between the dam and just below Aspenglen Cam-
pground. Extensive Pleistocene moraine deposits were
scoured and reworked. The flood surge from the Cascade
Lake dam failure may have been the largest flow in this
stretch of the Fall River since the draining of the glacial
lake in Horseshoe Park. This unquestionably was an ex-
tremely rare discharge. These estimations of the flood fre-
quencies from the two dam failures in Rocky Mountain
National Park are not unprecedented; similar conclusions
were reached following the failure of Hell Hole dam on
the Rubicon River, Calif., in 1964 (Scott and Gravlee,
1968). Floods of such magnitude from dam failures would
be expected to accomplish an enormous amount of
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geomorphic work, and to cause great modifications to
the channels and valleys below the dams (as described
in “Geomorphic Effects of the Flood”).

TRAVELTIME

Immediately after the flood, personnel of the U.S.
Bureau of Reclamation interviewed residents along the
flood path and compiled written statements to evaluate
the dissemination of and response to the flood warnings.
This information, in conjunction with streamflow-gaging
station, Lake Estes inflow, and stream mileage data, pro-
vided data to compute the traveltime of the flood wave.

Apparently no one observed the failure of Lawn Lake
dam, and the time of failure is uncertain. Campers at
Lawn Lake reported hearing a roar between 0200 MDT
and 0400 MDT, which probably corresponded to in-
creased flows through a partial failure. The amount of
water probably was quite small (perhaps less than
100 ft3/s), because campers along the Roaring River
were not affected. Other information supported a small
partial failure this early. L. V. Davis, the owner of Cascade
Cottages at Cascade Lake dam, reported flow was slight-
ly higher than usual at 0700 MDT, before the main flood
wave arrived at the dam at about 0715 MDT. Based on
available information, it appears that Lawn Lake dam
failure occurred about 0530 MDT, just before sunrise.
Because campers along the Roaring River understand-
ably were more concerned with fleeing the wall of water,
their estimates of time may be only approximate.
Observers along the remainder of the flood path were
easily able to distinguish the leading edge of muddy
floodwaters from the normally clear streamflow. Accord-
ing to Stephen Gillette, a truck driver for A-1 Trash Serv-
ices, who was the first to report the flood at 0623 MDT,
floodwaters reached Horseshoe Falls at about 0615 MDT
and U.S. Highway 34 in Horseshoe Park at 0634 MDT
(fig. 1). According to Mr. Davis, floodwaters reached
Cascade Lake dam at 0715 MDT, causing its failure at
0742 MDT. Estes Park police reported that floodwaters
reached Estes Park a little after 0830 MDT. Floodwaters
reached 06733000 Big Thompson River at Estes Park
streamflow-gaging station (Site 6) at 0835 MDT, and per-
sonnel of the U.S. Bureau of Reclamation reported that
water levels started rising in Lake Estes at 0847 MDT.

It was more difficult to determine when the peak was
occurring, as no distinctive hydraulic feature existed.
Both Rann Schultz and Dan Davis of the National Park
Service, as well as Stephen Gillette, provided information
to estimate that the peak followed the leading edge by
less than 40 min, or about 0700 MDT, at U.S. Highway
34 in Horseshoe Park (fig. 1). As the flood traveled only
0.6 mi through the flatter Horseshoe Park, this estimate
appeared quite long, considering that the flood was a

“wall of water” in the Roaring River. Based on informa-
tion provided by Rann Schultz, the peak followed the
leading edge by about 25 min, or about 0748 MDT, at
the Aspenglen Campground access road, located 0.4 mi
downstream from Cascade Lake dam. Dave Thomas,
broadcasting the flood’s progress from a KSIR radio
mobile-transmitter station 1.2 mi upstream from Estes
Park, indicated the peak followed the leading edge by
18 min, or at 0830 MDT. Based on a stage hydrograph
reconstruction at 06733000 Big Thompson River at
Estes Park streamflow-gaging station, just upstream
from Lake Estes, the peak followed the leading edge by
30 min or at 0905 MDT. Inflow to Lake Estes peaked
between 0910 MDT and 0915 MDT (use 0912 MDT for
the peak time), or 25 min after the lake began rising.
Unfortunately, because of limited and approximate
peak-time data, it is not possible to determine whether
the peak was moving faster than the leading edge of the
flood wave, as would be expected.

A summary of data related to time of flooding
prepared by Graham and Brown (1983) is shown in
table 6 and graphically summarized in figure 15. The
lower line in figure 15 corresponds to the arrival time
of the flood; the upper line in figure 15 corresponds to
the peak time of the flood. Traveltimes for the arrival
time of the flood were summarized for three channel
segments, based on fairly uniform reach traveltimes
(fig. 15). The speed of the leading edge of the flood (and
probably the peak) averaged 9.1 mi/h (miles per hour)
in the Roaring River, 2.1 mi/h in the Fall River through
Horseshoe Park, and 4.0 mi/h from Cascade Lake dam
on the Fall River to Lake Estes. Overall the speed of the
leading edge of the flood averaged 3.8 mi/h. Consider-
ing the high-gradient channels, these traveltimes were
slow. Apparently, this slowness was because the chan-
nels were extremely rough, and tremendous amounts of
debris in the water, particularly in the Roaring River,
produced the slow speed of the flood wave.

DESCRIPTION OF
FLOOD-WAVE CHARACTERISTICS

Specific details of the flood wave are of interest in
understanding flow hydraulics. Understanding of flood-
wave characteristics is important as they are the major
cause of property damages, geomorphic changes, and
are a factor in implementing flood warnings. Flood-wave
characteristics varied along the flood path; therefore,
they are discussed by various segments where
characteristics are fairly uniform for that segment.
Channel slope is the dominant factor in establishing
these segments (fig. 2.)
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TABLE 6.—Time of flooding from the failures of Lawn Lake dam and Cascade Lake dam, July 15,

1982

[Modified from Graham and Brown, 1983]

Location and

distance Time
downstream (mountain Description Source
from Lawn Lake, daylight of occurrence
in miles time)

Lawn Lake 0200 Campers report hearing roar. National Park Service
Camping 0400 witness statements.
area (0)

Approximately = Campers report normal roar Rocky Mountain News,
500 from river. July 16, 1982, page 8.

Cut Bank (2.41)
and Ypsilon
Creek Camp-
sites (2.92)

Endovalley
Road (4.54)

Lawn Lake
Trailhead
emergency
telephone
(5.23)

Highway 34
in Horse-
shoe Park
(5.31)

V. miles west
of Cascade
Lake dam
6.17)

Cascade Lake
dam (6.67)

Aspenglen
Campground
(7.03)

Shortly before
0530
Approximately
0550
0609
0600
0620

Approximately
0615
Approximately
0620

0627:40

0622:47

0634

0636
0657

0700

0715

0723
0725
0742

0731:39

0745

0747:37

Dam failure begins.

Campers heard roar from dam
break.

Camper reports roar getting
louder.

Campers heard thunderous
roar and trees breaking;
saw wall of water 25 to
30 feet high

Water reaches road.

Water and debris (logs and
limbs) on road.
Road completely flooded.

Call by Stephen Gillette
to park dispatcher.

Flood reaches highway.

Water over bridge.

Water at this location.

Water 4 to 5 inches over
Cascade Lake dam (usually
5 inches below top of dam
at this time of day and
season),

Rapid rise in water.

Increased water.

Water going over dam.

Cascade Lake dam fails.

Water over entrance road.

Trees breaking and
increase in flood,
doubled in size in

30 seconds.
Surge passed.

Rocky Mountain News
July 16, 1982, page 8.
National Park Service
witness statements.
Rocky Mountain News
July 16, 1982, page 8.
National Park Service
witness statements.

National Park Service
witness statements.
National Park Service
witness statements.
National Park Service
dispatch-radio log.
National Park Service
dispatch-radio log
and tape recording.

National Park Service
dispatch-radio log.

National Park Service
dispatch-radio log.
National Park Service
dispatch-radio log.

Interview with Cascade
Cottages owner
(manager).

Interview with Cascade
Cottages owner
(manager).

National Park Service
dispatch-radio log.
National Park Service
dispatch-radio log.
National Park Service
dispatch-radio log.
National Park Service
dispatch-radio log
and tape recording.
National Park Service
dispatch-radio log.

National Park Service
dispatch-radio log.
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TABLE 6.—Continued

Location and
distance Time
downstream {mountain Description Source
from Lawn Lake, daylight of occurrence
in miles time)

Immediately 0730 Flooding began. Colorado Water Con-
downstream servation Board
from park interview with
boundary trailer owner.

(7.48)

Fish Hatchery 0735 to Saw rise in river. Interview with wife
(7.84) 0755 of hatchery manager.

Workshire 0745 to Debris arrived. Interview with owner
Lodge (8.54) 0800 (manager).

Fish Hatchery 0738 % of road under water. Estes Park Police
Road (8.58) Department log.

0746 Road flooded, bridge in Larimer County
danger of washing out. Sheriff’s dispatch tape.

Fall River 0755 to Water started rising. Interview with owner

Trading Post 0800 (manager).
(9.68)

Homestead 0750 Clock stopped. Owner of condominium

(9.79) unit.
0807:45 Water at Homestead. Larimer County
Sheriff’s dispatch tape.
0808 Head of water now east Tape of KSIR radio
of Homestead. broadcast.
0818 Water over road. Estes Park Police
Department log.

Ponderosa 0745 Water started to rise; Interview with owner
Lodge (9.94) could hear flood. {manager).

0800 Water really started to Interview with owner
hit. {manager).

0806 Large volume of water Tape of KSIR radio
has approached. broadcast.

Trails West 0745 Flooding began and was Interview with owner
Cottages over quickly. {manager).

(10.11)

Clever Crafters 0800 Water hit. Interview with owner
(10.26) (manager).

Nicky’s Motor 0753 Flooding began. Interview with owner
Lodge (10.49) (manager).

Colonial Motel 0817:57 “Water one-half way up Larimer County
(10.72) Colonial Motel; the main  Sheriff’s dispatch tape.

thrust has come
through.”
0822 Bridge out. Estes Park Police
Department log.

4 Seasons 0812 Remote broadcast from Tape of KSIR radio

Motel (10.78) hill opposite motel. broadcast.
A lot of debris first seen
coming down the river.

Downtown 0836 “The main crest has just Larimer County
Estes Park come through town, it Sheriff’s dispatch tape.
(11.97) should be on the east side

right now. The water is
still rising a little bit. The
debris is starting to hit
the bridges.”
0843 Water going right through Larimer County
center of town. Sheriff’s dispatch
tape.

Big Thompson 0846 Rapidly rising water at Tape of KSIR radio
River near powerplant. broadcast.

powerplant
(12.75)

Lake Estes 0847 Lake begins to rise. South Platte River
(14.19) Project Office (US.

Bureau of
Reclamation).
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breach hydrograph. The dam breach develops when the
water level at the dam reaches a preselected elevation.
The outflow hydrograph is computed with a hydrologic
(storage-continuity) method, or with a hydraulic method
used for streamflow routing. Instantaneous flow through
the breach is approximated by broad-crested weir equa-
tions for triangular, rectangular, or trapezoid shapes. The
breach develops during a specified time period and pro-
gressively takes one of these shapes to a specified max-
imum breach bottom width and elevation. The
broad-crested weir equation is used to compute spillway
and gate outflow. A discharge through outlet pipes also
can be specified. The second part is routing the outflow
hydrograph through the stream. The routing is
mathematically accomplished with the Saint Venant flow
equations and a nonlinear implicit finite-difference
method. If the stream has segments where the state of
flow is different, then the flood wave is completely routed
through one segment before being routed through the
next. Tob accurately represent the conveyance and storage
areas of a cross section, the cross-section subareas can
be specified as being active or inactive flow areas.

DATA REQUIREMENTS AND ASSUMPTIONS

The model requires initial and boundary conditions, as
well as a physical description of the lakes, dams, and
stream-channel reach. The model layout shown in figure
45 indicates the location of the segment numbers, cross
sections, and computational nodes. Computational nodes,
or nodes, refer to the location where discharge and water-
surface elevations are computed inside the model. These
data can be either measured or estimated. For this study,
most of the data were available, particularly for calibrat-
ing the model with observed data to evaluate its capa-
bilities on high-gradient streams.

Hydraulic routing of the dam-break hydrograph
through the stream channel requires a physical descrip-
tion of the channel and other flow characteristics. The
geometry of the channel was defined by 12 cross sections
(Supplemental Cross-Section Data). The channel was sub-
divided into segments to allow for an evaluation of sub-
critical or supercritical flow in each segment, primarily
based on channel slope (fig. 2). Generally, if the average
slope of the segment was less than about 5 percent,

Lawn Lake

2 Cascade Lake
and dam

EXPLANATION

Cross section
1 Segment number

O Segment node

Miles downstreem
from Lawn Lake Dam

FIGURE 45.—Dam-break model layout for the lakes-stream system.
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subcritical flow was assumed. Computational cross sec-
tions were spaced at intervals that ranged from 0.02 mi
to 0.6 mi, depending on the segment of channel. Im-
mediately downstream from each dam, computational
cross sections were closely spaced to produce better
results where the flood hydrograph was changing rapidly.

The time step of the computations was computed
automatically; therefore, it was not directly controlled.
Generally, the time step varied by the position of the
flood wave. That is, during gradual changes in stage, the
time step was longest (a maximum of 15 min), and dur-
ing the maximum development of the breach and near
the peak flow when stages are changing rapidly the time
step was shortest (3 seconds). Base flow used to start the
model ranged from 250 ft¥/s for reaches downstream
from Lawn Lake dam to 400 ft%s for reaches down-
stream from Cascade Lake dam. These base flows were
higher than actual conditions, but were required by the
model for computational purposes. Estimated tributary
inflows were 150 ft¥/s for the Fall River and 385 ft3/s for
the Big Thompson River. These inflows reflected esti-
mated base flows of these rivers and other minor tribu-
tary base flows. The initial water-surface elevation at each
cross section (surveyed and computational) was com-
puted by the normal depth method by the model. The
model’s computational cross-section smoothing option
was not used.

The hydrologic routing method was used for each dam
to compute the dam-breach hydrographs. Storage-
capacity data and elevation of water surface at the time
of breach are shown in table 3 for each dam. Since Lawn
Lake dam probably failed from piping, the initial water
surface was set at 0.01 ft below the water surface at time
of failure. The initial water-surface elevation for Lawn
Lake dam was 10,996.41 ft. It was assumed that the
trapezoidal breach function in the model (an overtopp-
ing failure) would adequately model a piping failure, since
the piping breach developed so rapidly. An inflow
discharge of 350 ft3/s was used to raise the water sur-
face sufficiently to cause the Lawn Lake dam to fail by
overtopping (although the actual inflow probably was
about 25 ft¥/s). An average side slope of the breach
{Lawn Lake dam=0.84; Cascade Lake dam=2.77), eleva-
tion of breach crest (Lawn Lake dam=10,975 ft; Cascade
Lake dam=28,460 ft) and bottom breach width at end of
failure (Lawn Lake dam=55 ft; Cascade Lake dam=80
ft) were obtained from the cross-section data in the Sup-
plemental Cross-Section Data section at the end of the
report; these characteristics are shown in those sup-
plemental data for each dam.

To operate the model in the Roaring River {discussed
later), an outlet discharge of 250 ft3/s was used. Prob-
ably less than 5 ft3/s flowed out the overflow. An outlet
discharge of 400 ft%/s was used for Cascade Lake dam.

Artificially high base flow in a reach of river is often re-
quired to operate the hydraulic routing component due
to computational difficulties when flow depths are
shallow (Cunge and others, 1980, p. 176). These high base
flows are small in relation to the observed peaks and do
not affect the flood-wave hydraulics. Elevations of the
crests of the dams used in the model were 10,996.42 ft
(actual water level at time of failure) for Lawn Lake dam
and 8,471.55 ft for Cascade Lake dam. The duration of
breach development, based on available data and judg-
ment, was 10 min for Lawn Lake dam and 1 min for
Cascade Lake dam. Although Lawn Lake dam may have
allowed a small rate of water to escape for several hours
prior to 0530 MDT, it was felt that the erosion of the em-
bankment to full breach width took about 10 min. Cas-
cade Lake dam toppled instantaneously due to overtop-
ping, but it was estimated it took about 1 min for the
water to move the remains of the dam and allow the water
to escape freely. The duration of model simulation was 5
hours, which covered the passage of most of the flood wave.

Over one-half the length of the Roaring River channel
was extensively scoured, and the flood wave contained
large amounts of debris and boulders. Rapid channel
changes occurred during the flood passage, and the cross
sections probably do not reflect these conditions. Similar-
ly, high-water marks probably were set before the majori-
ty of scour; therefore, flood depths computed from these
data were not accurate. The postflood surveyed cross sec-
tions shown in Supplemental Cross-Section Data were us-
ed in the hydraulic routing. Debris and boulders had an
unknown effect on the flow characteristics (particularly
in the Roaring River), but certainly did not meet the
model assumption of clear waterflow. These problems
were recognized, but accurate solutions, if possible, are
very complex. Therefore, the objective of modeling flow
in the Roaring River was to develop a breach hydrograph
and route it downstream to give reasonable results based
on the observed traveltime and documented peak dis-
charges farther downstream. Small bridges and culverts
in the flood path were assumed to have negligible effects
on flow conditions.

MODEL CALIBRATION

Model calibration was made to obtain the best fit,
based on observed peak discharges {table 2), flow depths
(table 4), and traveltime (table 6). Parameters available
for calibration in the model were Manning’s roughness
coefficient (n-values), expansion and contraction coeffi-
cients, and designation of cross-section active and inac-
tive flow areas. As described in the section “Peak Stage
and Discharge,” the selection of n-values was extremely
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difficult. Field selected n-values (see Supplemental Cross-
Section Data section at the end of the report) ranged from
an estimated 0.15 on the Roaring River to 0.035 along
the lower reach of the Fall River and the Big Thompson
River. Composite n-values used in the model are listed
by reach in table 8. Initially, expansion coefficients were
-0.5, and the contraction coefficients were 0.5. Cross sec-
tions were assumed to contain only active-flow area based
on flood and postflood field observations.

The first model runs would not compute, as the flow
regime alternated between subcritical and supercritical
flow, depending on the flow rate. Therefore, runs were
made by increasing or decreasing n-values to maintain
subcritical flow or superecritical flow in various segments,
based on slopes (as previously discussed). When flow was
assumed to be supercritical, that is lower n-values, the
model peak discharges were too large; water depths were
too shallow; and traveltimes were too fast. Therefore, n-
values were increased to 0.2 along the Roaring River and
to 0.1 on the lower reaches of the Fall River and the Big
Thompson River to maintain subcritical flow in all seg-
ments, which provided the best results. This substanti-
ates that subcritical flow predominated in the river
reaches studied. These modified or calibrated model r-
values averaged 78 percent larger than field-selected n-
values; they are listed by segment in table 8. These n-
values were reasonable since Leutheusser and Chisholm
(1973) measured an n-value of 0.225 in a heavily vegetated
channel; flow also was subcritical. The use of the inac-
tive flow area did not improve model results. Results of
the model calibration of observed and computed peak dis-
charges, flow depths, traveltimes of the leading edge of
the flood wave, and percent differences for selected loca-
tions are shown in table 9. Peak discharges also are shown
as a peak-discharge profile in figure 11. The peak-
discharge profile was based on indirect peak-discharge
measurements and model results. Selected modeled flood
hydrographs and the observed hydrograph at Lake Estes
are shown in figure 46. Flood profiles are not shown
because of the extremely high-gradient slopes and
shallow depths of flow.

Results of the calibration phase indicated that the
model has the potential to simulate dam-break floods in
high-gradient stream channels. The range in difference
of observed and modeled peak discharges varied from
-3,200 ft%s to 600 ft¥s. At worst, the model under-
predicted peak discharge by 27 percent 3.6 mi
downstream from Cascade Lake dam (Site 3). Results
were quite reasonable, considering the dynamics of the
breach development. The range of difference of observed
and modeled maximum flood depth was -1.3 to 2.6 ft;
the range averaged 1.0 ft. The range of difference of
observed and modeled leading edge of traveltime was
-0.4 to 0.05 hour. Considering the complex problems

TABLE 8.—Field selected- and calibrated model-composite Manning’s
n-values

Distance downstream

from Lawn Lake dam, mvalues

Model

segment® in miles Field selected Calibrated model
1 0.00- 4.74 0.125 0.20
2 4.74- 6.50 075 11
3 6.67- 17.78 .055 .10
4 7.78-11.46 .055 .10
5 11.46-12.52 .035 .10

8See figure 45 for segment location.

previously discussed, the model reasonably simulated
this dam-break flood and demonstrated that the model
could be used to provide supplementary hydrologic in-
formation that could not be obtained otherwise. How-
ever, it must be emphasized that model results would
have been significantly different without the extensive
calibration and the assumptions made to allow the
model to operate.

MODEL SIMULATIONS

Selected hypothetical scenarios of dam-breach
development and the probable impact of the failure of
Cascade Lake dam were made. Analyses of the
scenarios were made to indicate the range in possible
flood conditions resulting from the failure of Lawn Lake
dam. Factors that could result in the greatest range of
peak discharge from the failure of a dam appeared to
be the time and width of breach development. Shorter
time and greater widths of breach development resulted
in larger peak discharges for a given volume of stored
water. This particularly applied to Lawn Lake dam
where the embankment was narrow and long. Converse-
ly, the embankment of Cascade Lake dam was narrow
and short and probably would have failed in the same
manner, regardless of the magnitude of the inflow-flood
hydrograph from the failure of Lawn Lake dam. How-
ever, it is important to understand what the flood
hydrology would have been if Cascade Lake dam had
not been present, or if Cascade Lake dam had not failed.
These two general scenarios are discussed separately
to provide information on the range of flood conditions
that could have occurred.

VARIATIONS OF LAWN LAKE DAM BREACH
WIDTH AND TIMING

Accuracy of the modeled peak discharges was lowest
immediately downstream from Lawn Lake and Cascade
Lake dams, primarily because of the uncertain aspects
of length of time of full breach development, as well as
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TABLE 9.—Summary of dam-break model simulation
[First line is observed; second line is model value]

Difference Percent dif-
Difference Difference from ob- ference from
Distance from ob- Percent dif- from ob- Percent dif- served observed
downstream Peak served peak  ference from Minimum served max- ference from Leading leading leading
from Lawn  discharge, in discharge, in  observed Average ground Maximum  imum flood observed flood-wave flood-wave flood-wave
Lake dam, in  cubic feet cubic feet peak flood eleva- elevation, flood depth, depth, maximum time, in time, in time, in
miles per second per second discharge tion, in feet in feet in feet in feet flood depth hours hours hours
0.0 - - - - - 2 _ N
18,000 a9
-55 -- -- -- (b) (b) (b} (b) (b) -- - --
16,600 (b) (b)
1.50 - - -- (b) (b) (b) (b) (b) -- -- --
15,200 (b) (b)
3.83 -- -- -- (b) (b) (b) (b) (b) - - -
12,600 (b) (b)
€ 473 - - - - - - - - 0.75 0.05 -6.7
11,800 8,556.1 .80
5.36 - - -~ 8,513.0 8,504.9 8.1 2.6 32.1 - - --
10,600 8,515.6 10.7
5.78 - - - 8,509.9 8,501.0 8.9 1.3 14.6 - - -
7,500 8,511.2 10.2
d 6.50 7,210 510 -6.9 8,492.6 8,482.6 10.0 6 6.0 - - -
6,700 8,493.2 10.6
€ 6.67 - - - -— - - - - 1.75 -0.15 ~-8.6
16,000 1.60
f 7.68 13,100 -3,200 -24.4 8,056.2 8,045.0 11.2 -1.3 -11.6 - - -
9,900 8,054.9 9.9
7.74 - - - 8,041.9 8,032.0 9.9 1.1 11.1 - - -
9,700 8,043.0 11.0
8.78 - - - 7,862.1 7,852.0 10.1 7 6.9 - - -
6,700 7,862.8 10.8
£10.28 8,500 -2,300 -27.0 7,696.9 7,689.0 7.9 1.7 21.5 - - -
6,200 7,698.6 9.6
hy 1.45 6,550 -450 -6.9 7,679.1 7,573.0 6.1 1.2 19.3 - - -
. 6,100 7,580.3 7.3
112,50 5,500 600 10.9 7,502.9 7,492.5 10.4 q 6.7 3.25 -.42 -12.9
6,100 7,503.6 11.1 2.83

Average difference from observed maximum flood depth, in feet=1.0.

8Clock time is 0530 Mountain Daylight Time.
Severe channel erosion; computations and comparisons are not applicable.
CSynthetic cross section based on cross section at river mile 5.36.
Site 1.
®Cascade Lake dam and Site 2.
Site 3.
Esite 4.
hsite 5.
Isite 6; possible backwater from flume.

dimensions of the breach at the time of the peak. For
the actual breach dimensions, the model was able to
evaluate the variation of time of full breach develop-
ment on the magnitude of outflow discharges from the
dams. Qutflow discharge for various times to full breach
development for both dams is shown in figure 47. This
analysis indicates less change of discharge with time
occurred for the failure of Lawn Lake dam, and available
information indicated a full breach-development time
of 10 min, with a probable range of 5 to 20 min. Hence,
discharge from Lawn Lake dam probably ranged from

20,000 ft3/s to 16,000 ft3/s in that time frame. How-
ever, for Cascade Lake dam, the rate of change in peak
discharge was much greater in the probable time of full
breach development of 30 s to 5 min (1 min was as-
sumed). The range of peak discharge from Cascade Lake
dam could have been 23,000 ft?/s to 9,000 ft¥/s in that
time frame. As the modeling demonstrated, because of
the smaller capacity of Cascade Lake, greater attenua-
tion occurred downstream.

After the hydraulic-routing part of the model had
been calibrated, different simulation runs of conditions
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FIGURE 46.—Selected modeled and observed hydrographs.

of breach width were made for Lawn Lake dam. Hypo-
thetical breach (bottom) widths of 25 ft and 200 ft were
compared with model results of the actual breach width
of 55 ft. For consistency, these scenarios were compared
to the calibrated model results. This range in breach
widths was suggested by McMahon (1981). Outflow
discharges for hypothetical breach widths for a time of
failure of 10 min for Lawn Lake dam are shown in figure
48. This figure demonstrates how much greater
discharge could have been. Results of these model
simulations are summarized in table 10 for a breach
width of 25 ft, and in table 11 for a breach width of
200 ft.

Data in table 10 indicate that, for a breach width of
25 ft, peak discharges would have been 7,000 ft3/s less
downstream from Lawn Lake dam, to 1,300 {t%/s less
at the downstream end of the study reach at mile 12.5.
Maximum flood depths averaged 0.6 ft lower. Flood

wave traveltime was the same. Model results also in-
dicated that, even with this hypothetical breach width
of 25 ft, the resulting flood would have overtopped
Cascade Lake dam by 4.2 ft and would have resulted
in the failure of the dam.

For a breach width of 200 ft, peak discharges would
have been 22,600 ft3/s greater downstream from Lawn
Lake dam, to 5,400 ft3/s greater at the downstream
end of the study at mile 12.5 (table 11). Maximum flood
depths averaged 2.7 ft higher. The flood wave would
have reached Estes Park 0.4 hour earlier. Model results
{tables 10 and 11) indicate that hydraulic differences as
a result of breach-width size decrease in the downstream
direction, and with sufficient distance, would converge
to similar flood hydrographs.

The model also was used to evaluate a worst-case
scenario for the failure of Lawn Lake dam that would
reflect a very abrupt and almost complete breach of the
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TABLE 10.—Comparison of model results of a hypothetical breach width of 25 feet to the actual
breach width of 55 feet

Difference in peak

Distance down- discharge from Difference from
stream from Lawn Peak discharge, in model with failure, maximum flood
Lake dam, in cubic feet per in cubic feet per  Flood elevation, in ~ Maximum flood depth of 55-foot
miles second second feet depth, in feet width, in feet
0.0 11,000 7,000 —— -— —_—
.55 10,000 -6,600 (a) (a) {a)
1.50 9,400 -5,800 (a) (a) (a)
3.83 8,500 -4,100 (a) (a) (a)
b 473 8,400 -3,400 (a) (a) (a)
5.36 7,500 -3,400 8,514.7 9.8 -9
5.78 5,600 -1,900 8,510.3 9.3 -9
€ 6.50 5,200 -1,500 8,492.3 9.7 -9
d g.67 15,500 -500 —_— — —
€ 768 9,500 -400 8,054.8 9.8 -1
7.74 9,300 -400 8,042.8 10.8 -2
8.78 6,700 0 7,862.7 10.7 -1
f10.28 6,200 -1,400 7,697.9 8.9 -1
811.45 4,800 -1,300 7,579.8 6.8 -5
hy9 50 4,800 -1,300 7,502.3 9.8 -1.3

Average difference from maximum flood depth of 55-foot width, in feet=-.6

BSevere channel erosion; computations and comparisons are not applicable.
Synthetic cross section based on cross section at river mile 5.36.
CSite 1.
ascade Lake dam and Site 2.
®Site 3.
Site 4.
8site 5.
bsite 6.
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TABLE 11.—Comparisor of model results of a hypothetical breach width of 200 feet to the actual
breach width of 55 feet

Difference from
peak discharge of
200-foot width, in

cubic feet per

Distance down-
stream from Lawn Peak discharge, in
Lake dam, in cubic feet per

Flood elevation, in

Difference from
maximum flood

Maximum flood depth of 200-foot

miles second second feet depth, in feet width, in feet
0.0 40,600 22,600
.55 38,300 21,700 (a) (a) (a)
1.50 35,600 20,400 (a) (a) (a)
3.83 30,400 17,800 (a) (a) (a)
b 473 29,100 17,300 (a) (@) (a)
5.36 24,100 13,500 8,518.5 13.6 2.9
5.78 17,000 9,500 8,513.4 12.4 2.2
€ 6.50 18,700 7,000 8,496.0 12.4 1.8
d 6.67 25,600 9,600 — — —
€ 768 18,400 8,500 8,057.7 12.7 2.8
774 18,200 8,500 8,045.4 13.4 2.4
8.78 14,700 8,000 7,866.1 14.1 3.3
f10.28 12,700 6,500 7,701.5 12.5 2.9
g811.45 12,100 6,000 7,582.9 9.9 2.6
hy9 50 11,500 5,400 7,507.4 14.9 3.8

Average difference from maximum flood depth of 200-foot width, in feet=2.7

8Severe channel erosion; computations and comparisons are not applicable.
Synthetic cross section based on cross section at river mile 5.36.

€Cascade Lake dam.
ascade Lake dam and Site 2.
®Site 3.
fsite 4.
8site 5.
ite 6.

dam embankment in a short span of time. Outflow peak
discharges could have been as high as 56,000 ft3/s for
a time of full breach development of 10 min (or a greater
peak discharge for a shorter breach time), and a breach
width of 550 ft, for these extreme conditions.

EFFECTS OF CASCADE LAKE DAM FAILURE

The dam-break model also was used to assess the
flood wave downstream from Cascade Lake dam if the
dam had not failed or was not present. This scenario
was important for assessing the magnitude of damages.
Observed and modeled data indicate that the failure of
Cascade Lake dam probably doubled the peak discharge
immediately downstream from the dam and increased
the flood stage by an average of 0.6 ft (table 12).

The model also was run with the calibrated river
hydraulics, except Cascade Lake dam was not allowed
to fail. Hence, the inflow flood hydrograph to Cascade
Lake dam was simply routed over the top of the dam.
Similarly, since the dam was small, these results re-
flected the hypothetical condition of Cascade Lake dam
not being in the river system. A comparison of model
results with and without the failure of Cascade Lake

dam is shown in table 12. Peak discharges would have
been 11,300 ft3/s less immediately downstream from
the dam, to 500 ft3/s less at mile 12.5, without the
failure of Cascade Lake dam. Maximum flood depths
would have averaged 0.6 ft lower. The flood wave without
failure would have reached mile 12.5, 0.3 hour later.

DISCUSSION OF RESULTS

Computer modeling provided a means to enhance and
supplement the observed data, to evaluate the use of the
model on high-gradient streams, to evaluate the relative
accuracy of the results, and to evaluate various alter-
native dam-breach scenarios. The model, properly
calibrated, worked well in high-gradient streams com-
pared to the observed data . It is important to note that
there also were errors associated with the indirect peak-
discharge measurements and flood-wave traveltimes
(particularly in the Roaring River). Problems of oper-
ating the model in such complex high-gradient channels
were overcome by minor changes to the preflood base
flows, and with major increases of n-values.

The state of flow was very important in hydraulic
routing. Subcritical flows from the extremely large flow
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TABLE 12.—Comparison of model results with and without the failure of Cascade Lake dam

Difference in peak
Distance Peak discharge, discharge from Flood elevation Difference in max-
downstream from  without failure, in model with failure,  without Cascade imum depth from
Lawn Lake dam, cubic feet per in cubic feet per Lake dam failure, Maximum flood  model with failure,
in miles second second in feet depth, in feet in feet
2 6.67 6,700 11,300 -—- e -—-
b 768 6,300 3,600 8,054.1 9.4 -0.8
7.74 6,200 3,500 8,042.3 10.3 -7
8.78 5,800 900 7,863.0 11.0 -8
€10.28 5,700 500 7,699.1 10.1 -5
di1.45 5,600 500 7,580.7 7.7 -4
€12.50 5,600 500 7,504.3 11.8 -7

Average difference in maximum flood depth from model with failure, in feet=0.6

8Cagcade Lake dam,
Site 3.
Csite 4.
ite 5.
©Site 6.

resistance appeared reasonable and provided the best
comparison with the observed data.

As table 8 indicates, field-selected n-values had to be
increased by an average of 78 percent for high-flow
resistance and energy losses. Calibration with n-values
meant a tradeoff in minimizing the differences of peak
discharge, traveltime, and water-surface elevations. As
n-values were reduced, peak discharges were increased,
but traveltime was faster and water-surface elevations
were lower. Conversely, as n-values were increased, peak
discharges were decreased, but traveltime was slower
and water-surface elevations were increased.

Flow conditions were unknown in the Roaring River,
and the effects of debris and channel changes were
unknown; the model assumed clear water. However, in
the Roaring River and on the Fall River immediately
downstream from Cascade Lake dam, total water and
debris discharge probably was much greater than the
model indicated. Geomorphic and sedimentologic evi-
dence at Horseshoe Falls and downstream from Cascade
Lake dam indicates that at these two locations the
water flood bulked up with enough sediment and debris
to temporarily create a noncohesive, coarse-grained, tur-
bulent, sediment gravity flow. For these boulder berms
to have formed, sediment loads must have been at least
50 to 60 percent of the flood flow, by volume (Costa,
1984). Model results indicated moderate flood-wave at-
tenuations in the Roaring River; however, probably lit-
tle attenuation occurred in this steep reach. The model
appeared to have difficulty reproducing results im-
mediately downstream from Cascade Lake dam, a very
small-capacity dam. Although the model reasonably
reproduced the Cascade Lake dam peak outflow, the
hydraulic routing component attenuated peak flows too

much (table 9). All modeling results indicated that the
effects of different breach scenarios decreased with
distance downstream.

THE FLOOD AFTERMATH

Since 1890, 130 known dam failures have occurred
in Colorado (Colorado Water Conservation Board,
1983). Floods from these failures have resulted in
small loss of life, but large property losses. Because
of the relatively small volume of water released from
Lawn Lake and Cascade Lake dams, and because Lake
Estes impounded the flood, flooding lasted only a
few hours. However, impacts were severe. Surprising-
ly few fatalities occurred as a result of the flood, be-
cause of several positive factors related to the flood
warning. The number of people at risk upstream from
Cascade Lake dam at the time of failure was limited to
about 25 to 30 camped along the Roaring River, and
probably fewer than 20 people in Horseshoe Park.
Therefore, in the first 6.75 mi downstream from Lawn
Lake, probably fewer than 50 people were at risk.
Because it is National Park property, few structures
existed in the flood plain. However, the National Park
Service indicated about 275 people were camped in
Aspenglen Campground downstream from Cascade
Lake dam. The Estes Park Chief of Police estimated
that 4,000 to 5,000 residents and tourists were in the
flood plain; they could have been potential flood victims
in the reach from Cascade Lake dam to Lake Estes
(fig. 1).

This section of the report summarizes the human
element and the damages resulting from the flood.
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have reached Estes Park at the same time. For this
hypothetical case, Cascade Lake dam still would have
failed. For a breach width of 200 ft, peak discharge
would have been 22,600 ft3/s greater downstream from
Lawn Lake dam to 5,400 ft3/s greater at river mile
12.5. Maximum flood depth averaged 2.7 ft higher, and
the flood wave would have reached Estes Park 0.4 h
earlier. The model indicated that outflow peak discharge
from a worst-case failure of Lawn Lake dam could have
been at least 56,000 ft¥/s.

I1f Cascade Lake dam had not failed (or had not been
present), peak discharges would have been 11,300 ft3¥/s
less immediately downstream from the dam, to
500 ft%/s less just upstream from Lake Estes. Max-
imum flood depths would have averaged 0.6 ft lower,
and the flood wave would have reached Lake Estes 0.3
hour later.

GAGING-STATION AND
MISCELLANEOUS-SITE DATA
PLATTE RIVER BASIN

Site 1: Fall River above Cascade Lake dam above Estes,
Park, Colo. (Miscellaneous site)

Location.—Lat 40°24'05", long 105°36'18", in SW¥%
NWY% sec. 17, T. 5 N., R. 73 W., Rocky Mountain Na-
tional Park, Larimer County. Site located at down-
stream end of Horseshoe Park, 6.50 mi downstream
from Lawn Lake dam, 900 ft upstream from Cascade
Lake dam, and 5.47 mi upstream from State Highway
66 bridge in Estes Park.

Discharge record.—Peak discharge determined by slope-
area method.

Maximum.—July 15, 1982: Discharge, 7,210 ft¥/s.

Site 2: Fall River at Cascade dam above Estes Park,
Colo. (Miscellaneous site)

Location.—Lat 40°24'03", long 105°36'08", in NE!4
SWlssec. 17, T. 5 N., R. 73 W., Rocky Mountain Na-
tional Park, Larimer County. Site located 6.67 mi
downstream from Lawn Lake dam and 5.30 mi
upstream from State Highway 66 bridge in Estes
Park.

Discharge record.—Discharge, at time of dam failure,
determined by critical-depth method.

Value.—July 15, 1982: Discharge, 4,500 ft3/s.

Site 3: Fall River below Cascade Lake dam above Estes
Park, Colo. (Miscellaneous site)

Location.—Lat 40°23'59", long 105°3505", in NW4
SWY sec. 16, T. 5 N., R. 73 W., Estes Park, Larimer
County. Site located at 12-ft concrete drop structure,

7.68 mi downstream from Lawn Lake dam, 1.01 mi
downstream from Cascade Lake dam, 500 ft down-
stream from Estes Park powerplant, and 4.29 mi
upstream from State Highway 66 bridge in Estes
Park.

Discharge record.—Peak discharge determined by
critical-depth method.

Maximum.—July 15, 1982: Discharge, 13,100 ft%/s.

Site 4: Fall River above Estes Park, Colo. (Miscellane-
ous site)

Location.—Lat 40°23'01", long 105°32'58", in SW¥
SWY sec. 23, T. 5 N., R. 78 W., Larimer County. Site
is located 1.17 mi upstream from gage (site 5) and 1.70
mi upstream from State Highway 66 bridge in Estes
Park.

Discharge record.—Peak discharge determined by slope-
area method.

Maximum.—July 15, 1982: Discharge, 8,520 ft3/s.

Site 5: 06732500 Fall River at Estes Park, Colo.

Location.—Lat 40°22°40", long 105°31'56", in NW
NWY sec. 25, T. 5 N., R. 73 W., Larimer County on
left bank 100 ft upstream from U.S. Highway 34
bridge and 0.7 mi upstream from mouth.

Drainage area.—39.5 mi?.

Gage-height record.—1947 to 1953: Water-stage
recorder approximately 2,000 ft downstream from
present site. Datum of gage was 7,547.06 ft above
mean sea level (levels by U.S. Bureau of Reclamation).
1978 to present: Crest-stage gage. Arbitrary datum.

Discharge record.—Stage discharge relationship defined
by current meter measurement to 350 ft¥s. Peak
discharge for July 15, 1982, determined by linear in-
terpolation by stream distance of peak discharge at
sites 4 and 6.

Maxima.—July 15, 1982: Discharge 6,550 ft%/s (gage
height, 11.10 ft). 1947 to 1953: Discharge, 476 ft3/s,
June 14, 1953 (gage height, 2.69 ft, site and datum
then in use). 1978 to 1981: Discharge, 565 ft%/s 1980
(gage height, 8.56 ft).

Site 6: 06733000 Big Thompson River at Estes Park,
Colo.

Location.—Lat 40°22'42", long 105°30'48", in NW4
NWY; sec. 30, T. 5 N., R. 72 W., Larimer County, on
right bank in Estes Park, 600 ft downstream from
bridge on State Highways 7 and 66, 900 ft down-
stream from Black Canyon Creek, and 0.3 mi north-
east of Estes Park powerplant. Station is upstream
from Lake Estes.

Drainage area.—137 mi?.

Gage-height record.—Water-stage recorder graph fur-
nished by Colorado Division of Water Resources.
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Datum of gage is 7,492.5 ft above mean sea level
(levels by U.S. Bureau of Reclamation). Stage records
unusable from 0835 MDT to 1200 MDT, July 15,
1982, because gage intakes were plugged by sediment.

Discharge record.—Stage-discharge relation defined by
current-meter measurement below 1,500 ft3/s. Peak
discharge for July 15, 1982, determined by flow
through Parshall flume and flow over weir.

Maxima.—July 15, 1982: Discharge, 5,500 ft3/s (gage
height not determined). 1949 to 1982: Discharge,
1,660 ft’/s June 18, 1949 (gage height 3.16 ft, site
and datum then in use).

Site 7: Lake Estes at Estes Park, Colo. (Miscellaneous
site)

LAWN LAKE DAM AND CASCADE LAKE DAM FAILURES, COLORADO

Location.—Lat 40°22'32", long 105°29'13", in NEV4
sec. 29, T. 5 N., R. 72 W., Larimer County. Gage
located at Olympus dam on the Big Thompson River,
2.22 mi downstream from State Highway 66 bridge
in Estes Park.

Gage-height record.—W ater-surface elevations obtained
at selected time intervals by Bureau of Reclamation
personnel as well as telemetered reservoir levels at the
dam. The lake level began rising at 0847 MDT.

Discharge record.—Discharge based on change in
storage and accounting of inflow and outflow. Values
given are reconstructed Big Thompson River inflows.

Maximum.—July 15, 1982: 5-minute average peak
discharge, 5,364 ft%/s, which occurred from 0910 to
0915 MDT.

DISCHARGE AT INDICATED TIME, 1982

[£tYs, cubic feet per second]

Time Discharge Time Discharge Time Discharge
(t3s) (it%/s) (%)
July 15
0845 2387 1000 2,046 2200 431
0850 1,279 1015 1,699 2300 431
0855 2,876 1030 1,792 2400 427
0900 4,039 1045 1,545
0905 4,768 1100 1,458 July 16
0910 5,066 1200 1,106 0100 389
0915 5,364 1300 766 0200 383
0920 3,628 1400 718 0300 387
0925 4,356 1500 671 0400 421
0930 3,632 1600 533 0500 431
0935 3,782 1700 479 0600 429
0940 3,495 1800 439 0700 427
0945 2,625 1900 418 0800 416
0950 3,351 2000 401 0900 412
0955 2,192 2100 418 1000 385
1100 385
1200 363

Total Big Thompson River inflow volume 1,500 acre-ft
Big Thompson River inflow volume - 837 acre-ft

Lawn Lake flood volume 663 acre-ft

®Big Thompson River average inflow was approximately 371 £t°/s during time period.
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FIGURE 55.—Lawn Lake dam embankment cross section on the Roaring River at river mile 0.0.
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FIGURE 56.—Lawn Lake dam cross section of breach (right side) on the Roaring River at river mile 0.0
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FIGURE 57.—Lawn Lake dam cross section of breach (left side) on the Roaring River at river mile 0.0.
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FIGURE 58.—Roaring River cross section at river mile 0.55.
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FI1GURE 59.—Roaring River cross section at river mile 1.50.
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FIGURE 60.—Roaring River cross section at river mile 3.83.
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F1GURE 61.—Fall River cross section at river mile 5.36.
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FIGURE 62.—Fall River cross section at river mile 5.78.
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FIGURE 63.—Fall River cross section at river mile 6.50 (site 1).
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FIGURE 64.—Cascade Lake dam cross sections on the Fall River at river mile 6.67 (site 2).
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FIGURE 65.—Fall River cross section at river mile 7.68 (site 3).

75



76

ELEVATION, IN FEET (APPROXIMATE MEAN SEA LEVEL)

LAWN LAKE DAM AND CASCADE LAKE DAM FAILURES, COLORADO

8048 T | T | | | | l | A B | | | | T |
Left bank
8047 I 8047.0 EXPLANATION |
2 . GROUND POINT
8032.55 ELEVATION
8046 160 STATION .
n MANNING'S ROUGHNESS
COEFFICIENT
8045 — HWM  HIGH WATER MARK ]
8044 _
8043 Right bank T
8042.2
8042 | — 804628~0°‘HWM) Water level  July 15, 1982 %041 7531(?1WM) ]
295
8041.2
8041 — 70 -
n=0.055
8040 [— 8039.6 -
8039 |— _
8038 |— —
8037 — —
157 Trees and debris piles
8035 [— _
8034 — Dense brush 8033.55 ]
160 195
8033 — 8?3:;.2 |
8032.8
190
8032 — 8032.5 |
| Cobble, bouiders
8031 (1 to 2 feet in dia- —
meter) and rough
bank
8030 I | ! ! [ [ il N | | | 1 | 1 | |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

STATIONING, IN FEET

FIGURE 66.—Fall River cross section at river mile 7.74.
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FIGURE 67.—Fall River cross section at river mile 8.78.
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FicURE 68.—Fall River cross section at river mile 10.28 (site 4).
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FIGURE 69.—Fall River cross section at river mile 11.45 (site 5).
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FI1GURE 70.—Big Thompson River cross section at river mile 12.5 (site 6).
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