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1. The Earthquake. On 17 August 1959, at about 11:38 p.m., one of
the most severe earthquakes in the history of the United States struck
the Rocky Mountain region in the vicinity of Yellowstone National Park.
The shock was recorded at the University of Califormia Seismological
Station at Berkeley, California, with & magnitude of 7.5 to T.T75 on the
Richter scale. Several after-shocks, ranging in magnitude from 5.5 te
6.75 on the Richter scale, were recorded at Berkeley in the next 2k
hours. Meny more shocks and tremors of lesser and decreasing magnitude
were felt in the area for weeks afterward. The epicenter was estimated
to be in the scuthwestern part of Yellowstone National Park. Damage
was particularly heavy in the upper Madison River valley in Montana.
Nine lives are known to have been lost and nineteen other persons known
or thought to have been in the area have not been accounted for, and
are presumed to have perished under the slide &t the mouth of the
Madison Canyon.

2., This report covers the activities of the Corps of Engineers,
under the authority of Public Iaw 99, 8hth Congress, lst Session, in
appraising the situation and ln removing the hazard to life and the
threat of flood damage caused by the earthquake.

3. Madison River Valley. The Madison River heads in Yellowstone
‘‘‘‘‘‘ National Park e&nd flows northwest, then northward to the vicinity of
Three Forks, Montana, where it joins the Gallatin River on the east
and the Jefferscon River on the west to form the Missouri River. See
the general map Plate 1, Hebgen Dam, a water storage project of the
Montena Power Company, is located at the entrance to Madison Canyon
in the Madison Mountain Range. From the dam, the river flows west
about eight miles to the mouth of the canyon, where it begins curving
northward into a broad, open valley. Hebgen Lake formed by Hebgen Dam
in a wide valley above the canyon, has a capacity of 345,000 acre-feet.
The area from the west boundary of Yellowstone National Park to and in-
cluding the mouth of Madison Canyon is within the boundaries of the
Gallatin National Forest.

Lk, Hebgen lake and the Madison River valley have been very
popular with vacationers. The Madison River has been known for many
years as one of the best trout-fishing streams in the nation. Montana
Highway 287 extends from its junction with U. S. 191 about eight miles
north of West Yellowstone, Montana, along the north shore of Hebgen
Lake;, through Madison Canyon and generally down:the Madison River to
& Junction with U, S. 10 S, about ten miles west of Three Forks, Montana.
During the summer, the highway normally is heavy with tourist traffic
and meny resorts, cabin camps, and campgrounds are operated for the
traveling public. Many vacationers pitch their tents or park their
trailers at convenient spots along the river, particularly in the
reach through Madison Canyon.




5. The Madison River valley below the canyon is devoted largely to
stock-raising. Several large ranches and & number of motels and lodges
have extensive developments in the flood plain, The town of Ennis, with
a population of about 600, and the village of Jeffers, with a population
of about 40, are situated on the flood plein sbout 40 miles downstream
from Madison Canyon. Between Madison Canyon and Three Forks there are
11 highway or road bridges, two rallroad bridges, and many miles of high-
ways, secondary roads, and railroads.

6. Hebgen Dam and lake. The earthquake caused major faulting
along the right bank of Hebgen lake and along the mountain slope north
of the lake. The right side of the lake dropped several feet and the
left shore was left exposed. It is still uncertain whether the left
side of the lake bed was uplifted, or whether the recession of the lake
from the shore was & result of the subsidence of the right side. Several
slides along the right side of the lake severely damaged the highway.
Surveys made by the Coast and Geodetic Survey show that some areas along
the right side of Hebgen Lake dropped as much as 19 feet.

7. The disturbance in Hebgen lake sent a series of water waves,
reported to be at least three feet high, over the dam, causing erosion
of the downstream slope and toe and putting out of operation a small
generator used for station service. The dam i1s an earth and rock fill,
with a concrete core wall founded on bedrock, except the north end, where
the splillway has a cutoff wall extending about 15 feet below the bottom
of the structure. '

8. At the right abutment of the dam the crest of the embankment
on the downstream side dropped about four feet with respect to the core
wall, believed to be due largely to compaction of the terrace founda-
tion. The upstream crest of the embankment dropped a&s much as six feet
below the top of the core wall. The core wall itself was cracked in
several places, mostly near the spillway, the largest crack being about
five inches wide; at two breaks lateral displacement of one to three
inches occurred. The spillway and chute were seriously damaged, to the
extent that replacement is planned by the owner.

9. TImmediately after the quake, considerable seepage was reported
issuing from the natural terrace slope Just downstream from the dam.
Since the seepage decreased to a small amount after the spillway dis-
charge was stopped by placing of the stop logs, it was concluded that
most of the seepage came from the spillway channel and not through the
dam.

10. Madison River Slide. A massive slide, see frontispiece,
covered Highway 207 and completely blocked the Madison River just up-
stream from the mouth of Madison Canyon. The slide originated on the
south or left canyon wall end moved across and up the valley, forming
a natural dam from 200 feet to 400 feet in height and about three-fourths
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of a mile in width at the base. The leading edge of the slide mass
came to rest high up on the north. canyon wall. The lowest portion
" of the mass formed & saddle approximately over the 0ld river channel.

1ll. The slide destroyed an undeveloped campground located on the
B right side of the valley. Separate families or groups of campers also
were caught in or alopg the edges of the slide. Latest reports place
_the number of known lives lost in the Hebgen Lake - Madison Canyon area
at seven, with an additional 19 missing perscns possibly buried under
'the glide.

12, The presence of the slide in Madison Canyon and the unknown
but apparently weakened condltion of Bebgen Dem posed a serious threat
of disastrous flooding in the Madison River Valley. If Hebgen Dam
should fail, the release of stored water without doubt would cause a
devastating flood down the entire valley and probably along the Missouri
River as well. Even if Hebgen did not fail, the rising waters in the
new leke formed by the slide, if permitted to overtop the slide, could
cut a channel so rapidly that sericus flooding would result all the way
.down the Madison River wvalley. Rough estimates indicated that failure

- of Hebgen Dam could cause flood damage as high as $15,000,000. Failure
of the slide alone would cause damage possibly half as great. In either
evént, loss of life probably weould be high.

13. Prelimipary Information. First information on the disaster
wes received in the Garrison District Office on the morning of 18 August
by telephone from Mr. Hugh Potter, Montama Civil Defense Director. Two
observers were dispatched in a small plane to the disaster area, Only
fragmentary information could be obtained that day, because of the absence
of communications facilities and the destruction of roads, and because all
efforts were devoted to rescue work. More than 200 persons, with their
autos, trailers, and camping equipment, were trapped in the Madison River
Canyon between Hebgen Dam and the slide. The Corps of Engineers observers
were 8sble only to view the deamage from the air and to make a rough estimate
of the magnitude of the slide. By the end of that day, rescue teams or-
ganized by the Forest Service had bulldozed emergency trails along the
mountain side around the breaks in the highwey along Hebgen Lake and, had
evacuated 167 persons from the canyon.

14, Onm Thursday, 20 August, Major General Keith R. Barney, Missouri
River Division Engineer, and members of his staff flew to the disaster
area from Omaha. Following an inspection of the earthquake damage,
General Barney met on 21 August with Hugh Potter, Montana Civil Defense
Director, and representatives of other interested agencies to discuss
possible emergency measures. He advised the group that the Corps of
. Engineers would be willing and able to investigate the slide to estimate
its stability and to take whatever steps might be indicated. Iater '
that day, General Barney engaged Woodward, Clyde, Sherard, and Associates,
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Consulting Civil Engineers, to make an appraisal of the problem and to
advise on the stability of both Hebgen Dam and the slide in Madison
River Canyon and on the possibility of removing & significant portion
of the slide to provide a spillway that would not fail rapidly.

15. Request for Corps Assistance. The following day, Montana's
Governor J. Hugo Aronson requested the Secretary of Defense to direct
the Corps of Engineers to investigate and remove the serious threat to
life and property, which presented & problem beyond the capabilities,
both technically and financially, of the state and local government
agencies. Also on that day, a joint Congressional delegation, including
Utah's Senator Frank E. Moss, Montana's Representatives ILee Metcalf and
LeRoy M. Anderson, Idaho's Representative Gracie M. Pfost, California's
Representatives John F. Baldwin, Jr. and Harold T. Johnson, and New
Mexico's Representative Thomas G. Morris, visited the area and inspected
the earthquake damage. '

16. 1In response to Governor Aronson's request, on 22 August,
the Chief of Engineers, acting under the authority of Public Law 99,
8hth Congress, 1lst Session, directed the Division Engineer, Major
General Barney, to investigate the flood problem and to take the steps
necessary to remove the threat to life and property downstream from
the slide in Medison River Canyon. By letter, dated 22 August, the
Division Engineer directed Lt. Col. Walter W. Hogrefe, Garrison District
Engineer, to proceed with the investigation and the necessary emergency
measures.
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slide and at the streambed below slide. (For later view, see Photo 27).
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17. Prelimipary Investigations. The consulting engineer firm of
Woodward, Clyde, Sherard and Associates, represented by Dr. James L.
Sherard and Stanley F. Gizienskl, made a preliminary investigation and
reported verbally, with conclusions and recommendations, on the late
afternoon of 22 August. They were of the opinion that Hebgen Dam was
not safe at the current reservoir level and they recommended that the
reservolir level be lowered to avoid the possibility of failure.

18. The consultants reported that, because of the favorable dis-
tribution. of materials in the slide mass, the presence of & natural
spillway channel in the lowest portion of the mass, and the extremely
wide section parallel to the river, they believed the slide would act
as & stable natural dam. They recommended that bulldozers be utilized
to excavate & wide-crested spillway on the crest of the upstream por-
tion of the slide, lowering the elevation as much as possible within
the time aveilable.

19, The consultants recommended the immediate initiation of a
topographic survey of the slide mass and also & program of test borings,
beginning with several borings in the river bottom at the downstream toe,
to determine whether there was a possibility of piping beneath the slide
mass. They recommended that observation wells be installed and test bor-
ings be mede to measure subsurface water levels and to determine whether
fine-grained materials existed beneath the dwwnstream zome of the dam.

20, Initial Activities. A project office was established in West
Yellowstone, Montana, on 22 August 1959, with Lt. Col. Walter W. Hogrefe,

- Garrison District Engineer, in charge. Omn 23 August a survey party

started preliminary surveys for location of an access road to the top of
the slide and tentative alinement of a spillway across the slide. On
the following day, two bulldozers started work constructing & rough
access road from the highway at the downstream toe of the slide. This
preliminary work was dangerous and extremely difficult, because of the
mass of large rock on the downstream portion and the jungle of trees
covering a large portion of the top of the slide.

21, While the slide mass was considered stable against sliding or
rapid breaching, it was recognized that additional slides might occur,
considering the continuing tremors and the condition of some of the
slide material on the steep-sided ridge forming the south side of the

canyon.

22, At the time of the earthquake, Hebgen Lake was filled to eleva-
tion 6542.86, with approximately 330,000 acre-feet of water in storage.
After the quake, the gage indicated a reservoir elevation of 6542.00. It
is likely that part of the difference was due to disturbance of the gage
and part was due to adjustment of reservoir capacity, as well as the loss
of water when the dam was overtopped by waves,




23. Because of the damage to the dam and spillway, the full extent
of which was not known, there was a constant threat that the dam would
fail, releasing a flood that would overtop and probebly destroy the
slide dam. Thus, aside from the obvious hazard to life and property in
the Madison River valley below the canyon, the early work on the slide
was performed under & very real threat of danger. After a few days, a
more careful inspection of Hebgen Dem could be made and it became
apparent that the dam itself still was stable and was not likely to fail.
Because of the damage to the spillway, however, Montana Power Company
felt it was necessary to draw the reservoir down, &t least below the
elevation of the spillwey &s soon as possible. In addition, the company
felt that the reservoir should be emptied entirely to permit detailed
inspection of the dam: furthermore, it would be highly desirable to
complete the drawdown before winter, because of the unique problem, long
known on the Madison River, of flooding caused by the formation of frazil
and anchor ice during high discharges in cold weather.

24k, Technical Studies. A number of technical studies were made to
check the preliminary findings and recommendations of Dr. Sherard and
Mr. Gizienski and to obtain more detailed information than was possible
in the limited time allowed for the preliminary investigation. Partici-
pating in these technical studies were two engineers and one geoclogist
from the Omaha Engineer District and one consulting geologist and soils
engineer, Mr. P, T. Bennett, formerly of the Missouri River Division
office, as well as engineers of the Missouri River Division and the
Garrison District. The results of the technical studies are summarized
in the following paragraphs 25 through 30; complete reports on the
studies are contained in the appendixes, which are published in another
volume.

25, The earthquake resulted in the formation of the Hebgen fault,
which runs roughly parallel to the northeast side of Hebgen Lake and
extends upstream toward the reputed epicenter in Yellowstone National
Park. The fault scarp is about 15 to 20 feet high at a point about 850
feet from the dam and about 250 feet higher up the mountainside. The
spillway of Hebgen Dam is founded upon a terrace deposit, which is the
weakest part of the dam foundation. The quake moved the terrace and the
spillway structure horizontally against the concrete core wall of the
dam, which is founded on bedrock.,

26. Before the earthquake, the south wall of Madison Canyon was
very steep, apparently supported by & buttress of outcropping quartz-
ite and dolomite, which in turn was underlain by schist and gneiss.

The supporting buttress was buckled by the earthquake and slid out on
the we&thered, decomposed schist formation. A secondary slide moved
off the upstream end of the initial slide srea, creating a terrace of
disintegrated schist on the upstream face of the natural dam. Consider-
ing the predominance of quartzite and dolomite, particularly in the



downstream portion of the slide mass, the high degree of compaction,
and the constriction of the downstream toe of the slide by the canyon
walls, it was concluded that the natural dam would be stable and would
not experience any serious movements.

27. The slide mass was U-sheped in cross section, curving smoothly
from the left bank telus remaining after the slide to a thick mass of
rock which surged up the face of the right wall of the canyon. The
depth of material at the highest point of the saddle was about 220 feet
above the original streambed. In profile, the material in the saddle,
as exposed on the surface, was graded from massive quartzite blocks at
the downstream toe, through schist and gneiss in the central portion,
to weathered gneiss and schist, with the voids almost completely filled
with fine-grained uonplastic soil, at the upstream toe. Early surface
inspections indi-ated that the mass had roughly the characteristics of
a composite sarth and rock-fill dam, with the relatively lmpervious
nmaterial upstream. Iater explorations revealed considersble fines also
in the ceantral portion of the natural dam. The downstream toe was very
flat, with a slope estimated at about 1 on 12, The upstream slope was
estimated to be about 1 on 7., The base width was from five to eight
times as great as would have been used in bullding & non-overflow rock-
fill dam of the same height.

28, Considering the apparent gradation of the materials in the
mass, it seemed that seepage water might flow over the upstream imper-
vious mass as over a control weir, then drop sharply and saturate only
the lower levels of the downstream portion. Thus, it seemed possible
that low to normal flows might pass through the slide mass without
overtopping it. Redistribution of fines would be expected, resulting
in uneven settlement of the upsiream area, but the stability of the
downstream portion probably would not be affected. This concern dis-
appeared when later explorations revealed the more uniform distribution
of fines throughout the slide mass.

29, An inspection was made of the "lower slide" on the Gros Ventre
River near Jackson, Wyoming, for the purpose of comparing the materials
with those in the Madison Canyon slide. The Gros Ventre slide occurred
in June 1925; in a short time seepage appeared on the face of the dam
and soon the normal flow of the river was passing through at a point
about 30 feet below the top. About two years later during high spring
runoff in May, the top part of the dam suddenly failed, causing a des=-
tructive flood. In size and in volume of water stored behind them, the
Gros Ventre and Madison Canyon slides were quite similar; in materials,
however, the two slides were very dissimilar. The entire fill of the
Gros Ventre slide was made up of a mixture of very coarse rock fragments
almost floating in semipervious silts and sands. At Madison Canyon,
only the upstream porticn appeared to contain fines approaching the
percentage observed in the Gros Ventre slide. It was concluded, there-
fore, that the dam in Madison Canyon should not be expected to fail as
did the dsm in the Gros Ventre River.,
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30. It was concluded that the spillway alinement should be kept as
far to the right as practicable, to avoid undercutting the possibly un-
stable left abutment, causing uncontrolled scour of the spilliway chute.
In areas where the surface rock was fine, the floor and left side of the
spillway should be lined with heavy rock borrowed from the quartzite
ridge high on the north canyon wall. To avoid concentration of flow
which might cause scouring, the spillway should be designed to spread
the flow in a thin sheet of &s nearly uniform depth as practicable.

31. Maps and Surveys. The only available topographic meps of the
earthquake area were the AMS Series V794, with contour intervals of 40
to 80 feet, and V504, with contour intervals of 200 and 500 feet.
Aerial photographs were obtained from the U, S. Forest Service. The
Forest Service alsc furnished & contour map of the Madison Canyon slide,
constructed by XKelsh Plotter from the 1:8000 aerial photographs taken
by the Forest Service on 22 August 1959, and a similar preslide contour
map compiled from photographs taken in 1957. These maps proved invalu-
able during the construction. They are reproduced as plates 2 and 3 4
and were used to construct the cross sections on Plates 4, 5, and 6,
and as a base for plates 7 and 8 which show initial and final construc-
tion.

32. Preliminary surveys of the slide were started on 23 August,
when & preliminary alinement of the spillway was laid out. A level ,
run was completed on 24-25 August, to tie all benchmarks between
the mouth of the canyon and Hebgen Dam and place them on & common
datume.

33. Hydrology. The initial drawdown of Hebgen Iake to an eleva-
tion below the spillway was started on 23 August. With the reservoir
gbout elevation 6542, the discharge was increased from about 1,000 c.fes.
to about 2,200 c.f.s., followed by & further increase to about 2,850
cefss. on 26 August. The discharge then was slowly reduced to approxi-
mately 2,100 c.f.s. on 4 September then reduced to sbout 1,300 c.f.s.
On 6 September, with the reservoir about elevation 6539, the discharge
was reduced to between 700 and 1,000 c.f.s. which was approximately
equal to the inflow to the reservoir and maintained the reservoir
approximately at that elevation: With the exception of short periods
when discharges were changed for repairs or for slide spillway tests, ‘
releases were continued at that rate until 19 October. From this date '
to 23 October, releases were from 2,700 to 3,000 c.f.s. It was then
necessary to reduce the flow for a few days for the final stage of
spillway construction. Om 27 October discharges were increased and
regulated by Montana Power Company to draw down the reservoir.

34, A capacity curve for the pool sbove the slide dam was con-
structed from the available topographic maps. Assuming that discharge
from Hebgen Lake would be held approximately equal to the flow of 26
August, it was possible to estimate the rate at which the storage space
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above the slide would be filled and the depth to which it would be
possible to excavate the spillway. Thus, the crest of the proposed
spillway was set at elevation 6450 and it was estimated initially
that the pool would reach that elevation about 4 September. Hebgen
discharges were later reduced allowing additional time for prepara-
tion of the spillway channel. A continuous check was maintained on
the rise of the pool by means of staff gages and inflow measurements
at the existing gaging station just below Hebgen Dam. A gaging
station was established below the slide to keep a record of flow at
that point. Seepage through the slide was measured at that point
until 10 September, when flow over the spillway became continuous
end seepage was no longer distinguishable. Graphs showing inflow,
outflow, elevation, and storage for both Hebgen Reservoir and Esrth-
quake Lake are showa on Plates 9 through 1k,

35. Hydraulic Design. A preliminary estimate, based on the
record of flows at Hebgen Dam and on other streams in the area, indi-
cated that the spillway should have the capacity to pass a discharge
of 10,000 c.f.s. at safe velocities, Hydraulic computations indicated
that the channel should be about 250 feet wide, to spread the flow
and keep velocities as low as possible.

36. The initial spillway was planned to have an alinement follow-
ing approximately that of the old river channel. The channel was to
be level at elevation 6450 for a distance of about 900 feet upstream
from the crest. From the crest downstream the design channel had a
slope of five percent for 600 feet, followed by a slope of ten percent
for the remaining distance, approximately 1,900 feet, to the toe of
the slide., It was felt that this design would provide & spillway
that would be stable with the highest discharge that could be reason-
ably expected. Inspection indicated that the median rock size in the
channel with the steepest slope would be from two to three feet and
that the meaximum rock size would be from three to five feet, which
would approximate the depth of flow that would occur with the highest
discharges. It was believed that, even with high discharges, the
£1i11 would readjust its configuration by & flattening of the crest and
an extension of the downstream toe, with some reduction of crest eleva-
tion.

37. Equipment. A representative of the Montana Chapter of Associ-~
ahed General Contractors was consulted on 23 August, to determine what
construction equipment was available in the area. The A.G.C. was pre-
pared for the emergency; in cooperation with the State Civil Defense
Director, they had adopted a disaster plean called "Operation Bulldozer,"
initiated by the national organization, and the representative had the
desired information at hand. On 24 August, two dozers arrived at the
slide and started comstruction of an access road to the top of the
slide. The access road was completed by 25 August and equipment rental
contracts were being negotiated. By 27 August, 23 dozers were engaged
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in rock movement in the spillway, at an estimated rate of 25,000 to
30,000 cubic yards per day. On the same day, two shovels arrived and
were being assembled. By the following day, three shovels and eight
end-dump trucks also were in operation. At the peak of activity,
about mid-September, equipment working on the job included 27 dozers,
5 shovels, 29 end-dump trucks, 3 end-loaders, 1 patrol grader, 2
truck cranes, 5 light plants, 1 dragline, 1 water truck, 1 tractor-
mounted drill, and one compressor, drill, and blasting outfit. A
total force of 190 operators, oilers, foremen, and mechanics was re-
quired to keep the equipment in operation. Photos 3 and 4 show
various pleces of the comstruction equipment in operation. Draglines
brought in later show in photos 13, 21 and 22.
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Photo 3. 27 August 1959. Bulldozers grading slide crest.
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Photo 4. 28 August 1959.




Aerial view of initial spillway construction.

Photo 5. 3 September 1é59.



Photo 6. 3 September 1959. Over-all aerial view Llooking downstream shcrwing initial spillway consf.ru.ctlon and a
view of the slide scar.
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Photo 7. 4 September 1959. PJ.acng sillway armor material in channel.
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Photo 8. 10 September 1959. Upstream gerial view of spillway channel on first day water passed over slide.



Photo 9. 11 September 1959. Downstream aerial view of water passing over slide in spillway channel.
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Photo 10. 11 September 1959. Two bulldozers pushing large rock.
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Photo 11. 16 September 1959. Tractor pulling large rock on rock sled.
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38. Contracts for equipment used on the project were negotiated on
the basis of hourly rental rates, to include plant operators, supplies,
and the necessary service personnel and equipment. Arrangements for
hire of equipment, including rental rates were negotiated with Mr.

Je We Marlow, Secretary-Manager, and Mr. F. L. Oliver, member of the
Board of Directors, Montana Chapter A.G.C. Payment for mobilization
and, demobilization was determined on the basis of actual costs for

rail shipment, $1.50 per load mile plus actual &ssembly and disassembly
costs for truck transport, and 75 percent of the regular hourly rate
for travel of self-propelled equipment. The negotiated hourly plant
rental rates were as follows:

ITEM ‘ RATE PER HOUR

l. Tractor, crawler w/dozer
and power control attachment,
Model A-D-8, Z U series $ 19.50

2. Tractor, crawler w/dozer and
power control attachments,
B-D-8 Series 13A through 15A 23.00

3. Tractor, crawler w/dozer and
power control attachments

C Model D-9 25.50
4, sShovel, crawler, w/2-yd. bucket 32,00
5. Shovel, crawler, w/2-1/2-yd. bucket 35.00
6. Shovel, crawler, w/3-yd. bucket 38.00
Te Truck, Diesel End Dump
1345-16 cus yds (22 ton) 20.00
8. Truck, butane, end dump,
16-18-cu. yd. (26 ton) 23.00
9. Motor Patrol, Caterpillar Model 1k 14.00
10. Loader (shovel) Tractor, crawler type,
2"1/2 Cue ydo . 14,00
11. Water truck, 38,000-gal. capacity w/pump 12.00
12, Generator, light plant
Ae 5 kw 2.50
Bs 150 kw 14,00




ITEM (Cont'd)

13.

1k,

15|

:_J
[€
e

17.

Draglinés , crawler
A, l-cu. yd., 87-ft. boom
Bu 6'0“6 ydb, 120-ftc bom

Loaders, front end, rubber-tired,
Michigan

A. h-"'yd.v

Be. 6"}"&‘

Cranes, lifting, truck-mounted
w/2 choker setter each crane,
20-ft. boom

A, 25-ton

B. 30-ton

Drill "cat," consisting of D-8
"cat" tractor, 600 c.f.m. com-
pressor and 'cat" mounted drill

Drilling and blasting outfit
A. Compressor
B:. Pneumatic Drill

C. Air hose, couplings & drill steel

D. Plickup truck

E. Powder Man (salary)

F. Driller

G Insurance ‘

H. Mobilization & demobilization

33.00
37.00

36.00

o *

L)

> &

-

r—*mww&uwpw
Ld
[oNoNeNeo! O O

Total

&
M
\
o

-

(with overtime
(with overtime

Total hours worked by the various types of equipment are shown in the
following tebulation:

EQUIPMENT

Dozers

Dunp Trucks
Shovels
Draglines
Motor Patrol
Water Truck
End loaders
Cranes, Truck~-Mounted
Drillcat.
Blasting Unit
Light Plants

Total

HOURS

21,737
21,195
4,729
1,355
1,193
663
1,352
239

45

371
2,780

55,659

)



39. Construction. The construction work on the slide can be
divided into three phases. The initial phase covered the period from
22 August, when the Vlest Yelloustone project office was established,
to 10 Jeptember, when flow over the spillway first took place. 'The
second phase extended from 10 to 25 Ueptember and constituted a period
of holding and maintenance, when all efforts were directed to prevent-
ing gullying osnd uncontrolled erosion in the spillway channel. The
third and final phasc begen on 2% September, wvhen the work of lowering
the spillvay crest was started, 2nd lasted until 30 October, when
activities ceame to an end.

L4o. Initial Spillway. Tn the first phase of spillway construction,
the channel was excavated to a crest elevation of 6&50, with a bottom
. width of 250 feet, ind the left side and part of the downstream slope
was lined with tle best material that would be found in the slide.
The white rock shovwing in Photos 5, 6 and 7 is the more competent
Dolomite rock placed as chamnel lining. The excavation in the crest
area was almost entirely o bulldozer operation. The upstresm ridge,
which was the highest of a series of ridges across the saddle, was
cut off and the material pushed to the upstream slope. To minimize
the possibility of losing control of the crest by an upstream slide,
a8 large pocket just dovmstream from this ridge and sbout 50 feet
lover in elevation wvas filled to an elevation about 20 feet below
design crest elevation with the relatively fine material dozed from
the ridges. The top 20 feet was filled with heavy quartzite borrowed
from the layer on the right canyon wall.

41. To protect the spiliway from scour, the bottom was armored
with quartzite, to a depth of seven to ten feet, from station 26400
dowvnstream to station 12400. There was not sufficient time before
overflow occurred either to fill the reach downstream from station
12400 to a ten percent slope or to armor it. The material in that
reach seemed from observation to consist of very large rock and it
was considered the least likely to be unstable. Due to the limited
time available it was left at its original slope of approximately
14 percent. The sides of the channel also were lined with quartzite
and a dike of the same material was constructed along the left side
at the downstream end of the channel to deflect the current and pre-
vent undercutting of the left abutwent.

42, By the end of August, the level crest of the spillway was
essentially completed to finish grade and most of the dozers were
working on the downstream slope. Shovels and trucks were used to
move some of the material, particularly along the right side of the
channel at the crest. Typical views of these operations are shown
in Photographs 3 and k. ‘
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43, As soon as the excavation of the level crest portion was com-
pleted, shovels and trucks were put to work placing the lining, or armor.
Rock was obtained from selected locations in the dolomite and quartzite
ridge along the north side of the slide, where the best materials appeared
on the surface. One source was located high on the south slope of the
ridge about opposite the spillway crest, another at the toe of the ridge
near the downstream end of the slide. The material was taken as it came,
since there was no time for selection or grading. Filling above the
shaped subgrade started about Station 25450, holding the surface level
to about Station 24+00, then following the spillway slope with thickness
varying from 7 to 10 feet. The fill was continued to a depth of ten feet
above the excavated channel grade to form a working berm and the placing
of the rock armor wes continued downstream by dwmping from the berm and
spreading with bulldozers. In sequence, first priority was given to the
1lip or crest of tane spillway, second to the left side of the channel, and
third to the downstream slope of the channel below the crest.

ki, During this phase of comstruction, the flow of seepage water
through the slide increased slowly to a maximum estimated at about 170
c.f.s. Water rose in Earthquake Lake, upstream from the slide, and
began flowing over the spillway crest on the morning of 10 September.
However, the overflow continued to pass into the pervious slide mass
and it was not until 1 p.m. on that date that a continuous sheet of
water was flowing over the crest and down the spillway channel to the
riverbed below.

k5, It was planned that the spillway would be watched closely for
a few days, gradually increasing the flow by permitting higher dis-
charges from Hebgen ILake, until the stability of the spillway channel
could be determined. However, the flowing water soon began to remove
the finer slide materials, particularly in the reach downstream from
Station 12400, where & deep gully formed and moved upstream threaten-
ing the entire spillway.

AQ*H Maintenance of Initial Spillway. 1In the second phase, large
guantities of quartzite and dolomite were hauled from the ridge along
the north side of the slide and placed at critical locations in the
chennel in an attempt to stop the erosion and hold the channel in place.
The largest rocks available were used for this purpose. Many single
rocks made & truckload each. Many of the largest rocks were dug out
of the slide and pushed down the steep slopes by dozers, two dozers
frequently being required to move one rock. Some of the largest rocks
were broken by drilling and blasting with dynamite. Two steel rock
sleds were designed and constructed to move some of the largest rocks.
Single rocks with weights estimated as high as 100 tons were moved on
the sleds. Two or three tractors were required to move the sleds.
Details of construction of the sleds are shown on Plate 18. Finally,
& number of rock weirs or terraces were constructed all the way across
the spillway channel, see Photo 14. The maximum effort of the entire
operation was expended in this phase, when the amount of equipment and
the number of perscnnel on the job reached their peak.

1k




rial view of slide and spillway.

16 September 1959. Ae

Photo 12.
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Photo 13, 16 September 1959. Foundation excavation for first rock filled drop structure at about Station 6+00.
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Photo 14. 22 September 1959. Aerial view of slide showing water pouring over rock terraces.




¥7. For travel from West Yellowstone to the slide area, the only
road open was by U. S. Highways No. 20 and 191 over Targhee Pass on
the continental divide into Idaho, then northwest on an unimproved road
over Raynolds Pass back into Montana and the Madison River Valley, to
Montana Highway 287 below the slide. Since this unimproved road could
become practically impassable in bad weather, the project office was
moved on 20 and 21 September to Ennis, Montana, located on Highway 287,
a paved road leading directly to the project.

48, It was learned that the quantities of large quartzite and
dolomite rocks in the north ridge of the slide were not unlimited,
as had appeared on the surface. Rather, much of the material was
shattered and ground into very fine particles, including a great
amount of actual aust. Many of the large, apparently solid rocks
broke apart when attempts were made to move or load them. Some of
the large rocks were prepared for handling by being drilled and fitted
with rock pins and slings, but many fell apart when 1lifting was
attempted.

49. Serious consideration was given at this time to. obtaining
durable rock from sultable quarry sites in the mountains nearby, in
quantities sufficient to construct two or three permanent rock drop
structures, with rock stilling basins, to stop the continued erosion
of the spillway, which several times threatened to get out of control.
Obviously, such a plan would be both time-consuming and costly, and it
was discarded in favor of a plan to lover the spillway and reduce the
storage in Earthquske Leke. Foundation excavation for part of the
first drop structure is shown in FPhoto 13.

50« Board of Consultants. Because of the unusual character of the
project and the many unique problems involved, a board of consultants,
composed of engineers, and specialists eminent in their fields, was
appointed, to review the work accomplished and to advise on further
investigations or additional remedial work necessary. The board was
composed of a soils engineer, Dr. Arthur Casagrande, Harvard University;
a hydraulic engineer, Dr. L. G. Straub, University of Minnesota; a
geologist, Mr. E. B. Burwell, Upperville, Virginia; and an expert on
rock~-fill dams, Mr. I. C. Steele, Oakland, California. The decision
to appoint a board of consultants was made early in September, before
the initial phase of spillway construction had been completed and

“before flow over the spillway took place. Prior commitments made it

- impossible for any of the members to visit the project at that time

“and a formal meeting of the board could not be arranged until late in

October. The individual consultants were able to visit the project at
intervals and to advise on plans and procedures.
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5l.. Diw.CBuoprande andt Mr. Steele visited the project office on
18 September, inspected the slide and spillway, and made recommendations
for further work. They felt that it would be necessary to lower the
spillway crest in order to avoid continued maintenance expense. Dr.
Casagrande suggested that the crest be breached by excavation of a pilot
channel and permitted to erode. He thought the rate of erosion would
not be too high, and did not think it necessary to control erosion
gbove Station 11400, since he felt it would proceed too slowly to be
harmful. In fact, he felt that considerable work might be required to
asslist the water in cutting the channel deep enough. He estimated
that erosion would cease when the slope of the channel reached about
four percent, which would lower the crest about 50 feect.

52+ Mr. Steele sgreed with Dr. Casagrande in his belief that it
would be safe to permit the excavation of & channel by erosion, but
thought a small pilot chennel should be tried as an experiment, so
that complete control could be retained at all times. Dr. Casagrande
- suggested that attempts to lower the spillway by erosion be delayed
until Dr. Straub could visit the project and furnish his advice.

53. Dr. Straub and Mr. Burwell visited the project on 2L-25
September. They agreed with Dr. Casagrande and lMr. Steele that the
spillway crest should be lowered. Dr. Straub recommended that a
pilot chamnel about 50 feet wide be excavated in the center of the
spilliay, with enough slope to induce erosion. He recommended a
cofferdam at the upstream end and along the left side of the pilot
channel, to prevent flow over the sides from carrying meterial into
the channel as rapidly as it was excavated.

54, Lowering the Spillway. Computations showed that, if the
splllway crest could be lowered by about 50 feet, the volume of water
remaining in storage would not be sufficient to cause a really
disastrous flood downstream, even with rapid failure of the remaining
slide dam. The third and final phase of construction was sterted on
25 September, when tractors with dozers and rippers were put to work
loosening the material on the crest, to see if it would be carried
dovnstream by the flowing water. It was found that the velocity of
flow was not high enough to move any but the very fine material and
that other means would have to be found to move any substantial
quantities of rock.

55. Following this trial, draglines were used to excavate a
" channel about 50 feet wide, beginning with the terrace bhetween Sta-
tions 20+00 and 21+00, with an average slope of about 1.5 percent
upstream to the channel entrance &bout Station 34400. Material was
stockpiled at strategic points so that an emergency cofferdam or
plug could be constructed if erosion showed signs of progressing too
rapidly. This was a modification of the plan suggested by Dr. Straub.
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56. Two draglines started working in the pilot channel. The mate-
rial which had been placed as armor was stockpiled and the schist and
gneiss was cast aside or hauled to waste areas. It was found that much
of the material was too large to be handled by the 3~cubic yard and
2-1/2~cubic yard draglines already on the job and it was necessary to
obtain one of greater capacity. A dragline of 6-cubic yard capacity
was brought in and assembled and started working on It October.

57« Drs. Straub visited the project egain from 30 September to
2 October. At his suggestion, discharge from Hebgen Lake was increased
to 2,600 c.f.5. on 1 October, to assist in scouring the channel over
the spillway crest. With the additional flow and higher velocities
rapid erosion of slide materisl developed and the spillway structure
below Station 18400 was bypassed, the chennel moving about 200 feet
to the north and .ropping more than 40 feet. The finer slide material
in that area was eroded rapidly and on 3 Ocltober an access road high
on the slide was lost, see Thoto 17. A new road was constructed along
the mountain side to the top of the slide on the north side of the
valley. By concentrating on stopping head-cutting and diverting
flow back over the former spillway, control wes regained by 6 October
and possible disastrous discharge from the lake was prevented.

58. Iowering of the spillway crest proceeded according to plan.
Starting at the spillway entrance and working from a berm just above
the water surface along the right side of the channel, the 6~-cubic
yard dragline moved downstream, making a cut about 50 feet in width
and 10 feet or more in depth. Approximately the last 50 feet at the
downstream end of each cut, which constituted a broadcrested control
welr, was degraded cautiously to prevent & sudden release of the stored
water behind it. After this weir or plug was cut down to the elevation
of the channel above it, the dragline returned to the channel entrance -
and started another cycle. The excavated material was loaded into
trucks and hauled to waste areas. Meanwhile, the other draglines were
working along the chamnel dowmnstream from the crest, removing the
larger rocks and assisting the flowing water to erode the channel and
carry the material downstream. Shovels and trucks, working in teams
behind the draglines, cut down the working berms progressively, so
that the draglines were always working Jjust above the water.

59. As the spillwsy crest was lowered, the control terraces which
had been constructed in the channel were breached progressively, work-
ing downstream from the terrace at Station 23+00. Bulldozers were used
to breach the terraces, pushing the large rocks to either side and per-
mitting the resulting concentrated flow to remove the finer materials.
It was found that a slope of 1.5 percent was not steep enough and that
at least 3.0 percent was required for apprecisble hydraulic removal.
When that slope was obtained, degradation of the channel proceeded as
rapidly as the controlling crest could be lowered by mechanical means.
Some of the largest rocks in the terraces, which had been moved to the
channel by means of the sleds, could not be moved by the draglines.
These rocks were broken by drilling and blasting, as they could be
removed and the lowering process continued.
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60. Large portions of the slide which showed now in the channel
walls appeared to have moved in mass, with little bresking in the
- process., The rocks, mostly schistose, were still relatively in
their original positions,; although there was considersble cracking.
Such a mass of rock was encountered on the crest of the spillway,
in the vicinity of stations 28+00 to 29400, This formation was
almost completely resistant to erosion and was excavated only with
considerable difficulty by the large drsgline. During a large part
of the time, this resistant zone effectively controlled the rate
at which the spillway was lowered.

6l. It was impossible to determine elevations in the spillway
channel, because of the high velocity of the water and the constantly
changing channel botiom under the action of the flowing water.
Progress was measured by obtaining elevations of the water surface
along the channel and by observing the receding stages of Earthquake
leke. Work continued until the lake had dropped to elevation 6400.
Rough soundings indicated that the spillway crest had been excavated
approximately to elevation 6392. Profiles of the water surface
at intervals of about one week are shown on plate 8. After the
desired depth had been reached, the channel was widened where neces-
sary to about TO feet. The berm about 100 feet wide along the north
side of the channel would provide additionsl channel capacity for
high flows.

62, Aggradation. Throughout the period when water was flowing
over the spillway, .the erosion of slide material varied from day
~to day. Although some of the very fine materisl remained in sus-
pension, most of it was deposited in the river channel below the
slide. The formation of this delta or fan was a necessary part
of the process by which the spillway channel was eroded in the
slide. When the emergency work was ended, the channel across the
slide and the fan had reached an average slope of about three
percent, which appeared t¢ be a relatively stable slope for the
current combination of chennel bottom materials and a discharge of
about 3, 000 co.f.s.

63. Consultants meeting. Periodic reports were furnished the
members of the Board of Consultants, to keep them advised of con-
ditions and the progress being made in lowering the spillway crest.
The Board held their only formel meeting in the Ennis project
office on 29 October, with all members present except Dr. Casagrande.
After a final inspection of the slide and spillway and a review of
the work accomplished and the data collected, the consultants,
both singly and as a board, concluded that the serious flood
threat had been removed and the mission of the Corps of Englneers
had been accomplished.
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Photo 15. 29 September 1959. Starting to lower the spiilway chaxmei near the outlet of Earthquake Lake.
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Photo 16. 5 October 1959. General view of spillway lowering opéi‘e;.tion.
shovels are maintaining a work bemm.
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Photo 17. 5 October 1959. Rapid erosion of right bank between Stations 11+00 and 15+00.



Photo 18.

slide.

'L( “October

1959.

First in a semes o:f‘ three photographs showing rap:n.d development of the fan below the



Photo 19. 9 October 1959. View showing rapid development of fan and damage to access road.



Photo 20. 11 October 1959. View showing rapid development of fan.
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Photo 21. 11 Cctober 1959. Iarge dragline lowering spillway channel near the outlet of Earthquake Lake.



Photo 23. 17 ‘October 1959. Aerial view of slide locking ownstam.



Photo 22. 14 October 1959. Draglines 'lowerihg spillway channel near Station 31+00.



; Fiowg 4 A

%

s Py
Photo 24. L October 19Y59Y. Aerial view of slide locking downstream showing spillway channel and buildup of fan
below the slide.
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Photo 25. 29 October 1959. Completed spillway entrance looking upstream from ebout Station 30+00. Note high
water line on trees about 50 feet above Earthouake Iake.
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.'?ho-l:o . 28 October 1959. View of fan at lower end f slide at
see Photo 2).

end of construction period (for earlier view,



64, The concluding comments in the final report of the Board of
Consultants stated that the mission of the Corps of Engineers had
been accomplished and inecluded the following points listed here
in brief form:

8. An scceptable factor of safety against failure or
rapid erosion which could cause serious flooding has heen provided
by lowering the capacity of Earthquake Lake and by reducing the
gradient of the spillway channel.

be It iz recognized that lateral erosion and shifting of
the channel will occur and may induce slides of inconsequential

magnitude.

¢s In general, vertical erosion at the crest and in the
upper approaches of the channel is expected to be slow due to the
resistant cheracter of the chamnel bottom.

d. There iz severely cracked and disturbed material south
of the slide near the upper part of the slide scar. It appears
unlikely that a slide of sufficient magnitude to cause serious
blockage of the spillway chaannel will occur unless it is subjected
to further severe seismic action.

€. The high cliffs north of the slide appear stable and
ne danger of slides from this source is seen.

f. A yearly survey of the channel on the slide and
downstream from the slide in the aggradation reasch is recommended
in order to observe and record further developments.

The complete f£inel report of the Beard of Consultants iz included
as Appendix XII.

656 Working hourss For the first few days, work on the slide
splllway was carried on only during the daylight hours. Equipment
operators at first were reluctant to work at night, even with flood
lights. Due t¢ the emergency, however; round-the-clock operation
was essential and on 1 September contractors began working two
shifts of 10 hours each. By that time, four light plants were in
use, Three days later another plant wee put in operation and night
lighting was considered adequate. On 6 September the shifts were
increased to 1) hours easch, which was the meximum practicable;
the remaining time being required for servicing and lunch periods.

66. Materials and stability investigations. Time would not
permit more than the preliminary investigstions described earlier
in thie report, before actual spillway constructicn was started.
As soon as poselble, however, a drilling program was started, tc
install piezometers and to obtain information on materials in and
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under the slide, Drilling was started om 3 September, using & churn
drill with a drive barrel, so that samples of materials could be re-
covered. Rock bits were used occasionally, but only when necessary,
since their use permitted the recovery of samples only by bailing the
mud sludge at the bottom of the holes, 1In all, six plezometers were
installed along the right side of the spillway, though not a&ll were
observed concurrently. The locations and observation records of the
plezometers are shown on plate 15. Full details of drilling are
contained in Appendix X. In general, the observations showed that
early conclusions drawn from surface inspections were in error.

The earth and rock-floor fines were distributed throughout the major
portion of the slide mass. Note material shown in photographs numbers
11 and 17. : .

67. Test holes., After the splllway lowering operation was
started, three shallow test holes were drilled near the upstream part
of the spillway channel., The rock formation was found to be continuous
and apperently consisting of a mass of schist and gneiss which was
fractured but not disturbed otherwise. The information obtained
from these test holes indicated that a resistant rock formation ex-
tended at least to elevation 6380 at the location of the spillway
channel. Locations of the test drill holes and data on materials
encountered are shown on plate 16.

68. Materials in channel. As the lowering of the spillway
progressed the exposed banks and slopes were studied in detail.
Sketches and photographs were made, as well as record notes of the
types of materlels exposed. From this information, a generalized
geologic drawlng was made showing the rock formations encountered
in the spillway excavation. The generalized geologic drawing 1is
shown on plate 16; additional photographs of the chute walls are
Included 1n Appendix X.

69. Movement surveys. A system of check points was esteblished
on the slide, designed to detect any noticeable movement, either
vertically or horizontally. The points were established on a
reference line extending across the slide from downstream toe to up-
stream end, but crossing the spillway channel at an angle, so that
any major movement would show up as treansverse movement., Elevations
of the points were established and distances between them were
measured. The system was checked periodically for movement. The
arrangement of the check system and results of measurements are
shown on plate 17. Maximum transverse movement during the period
T September to 23 October was approximately one-half foot, which
was consldered not excessive.

70. Summery of explorations. Information obtained from sub~
surface explorations indicated thet the slide contained more fine
material than was apparent on the surface. Most of the rock near
the spillway was schist and gpeiss, which could be penetrated by a
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churn drill using a drive barrel for sampling. Much of the rock had
weathered along Jjoint planes to the polnt where it shattered upon
impact, The upstream one-fourth of the spillway was located in
massive schist and gneiss which was fractured but otherwise un-
disturbed and was fairly resistant tc erosion by water. The lower
portion contained much fine materiasl susceptible to erosion, but alsco
contained many large rocks which served to protect the channel after
the fines were removed. The slide material was generally pervious or
free~draining. No unusual settlement or transverse movement was
observed.

Tl. Possible addltional slides. Safety of the people working on
the slide being of paramount importance, exiensive studies were made
of conditions along the crest of the slide scar and on the sllide mass
itself, to estimate the probability of additional slides that would
endanger personnel or block the spillway chennel. Visible cracks
behind the crest of the sllide ridege showed that two areas held a
potentlal for movement. Sets of strain gages, consisting of pipes
driven into the surface and tled together with wires, were installed
across these cracked and displaced areas. Distances between the
pipes were measured at frequent intervals to detect possible movement.
Some of the wires were fitted with flag markers to permit airborne
observers to detect any significant movement., Readings of the strain
gages and aerial cbservations during the period from 29 end 30 August,
when they were installed, to 19 September indicated that no significent
novement had ccecurred.

T2. A prominent rock pinnacle on the north wall of the canyon also
was investigated for possible danger of sliding. It was found that
the bedding dipped into the mountain, rather then toward the valley,
vwhich meant that the pinnacle was stable,

T3. Details of the investigations, together with tebulations of
results of observations and gege readings, are contained in Appendix IX.

4. Communications. TImmediately after the project office was
established, a redio communications network was put in operation.
A mobile emergency unlt, which had been procured by the Garrison
District for use in flood emergencies, was installed in the project
office as & control station, This unit consisted of a 100-watt AM
trensmitter and receiver operating on 5,400 KO, used for communica-
ticn with the District Office at Riverdsle, North Dakota, and & 50-
watt FM transmitter-receiver operating on 38.9 mc. for local com-
mnication. A similar 50-watt FM unit was installed at Hebgen Dam.
A 12-watt transmitier-receiver unit was installed in the office
trailer on the slide and & similar unit in a trailer parked below
the sllde. Several cars and pickups were equipped with redio and
several porteble sets were in use. All this mobile equipment operated
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on & frequency of 38.9 me. Iater, an sutomatic relay station was
ingtalled on Missouri Flats about five miles west of the slide,
operating on frequencies of 38.9 mc. and 163.425 me. To complete
the relay, another 50-watt transmitier-receiver unit wes installed
in the project office, this one using the 163.425 me. frequency.
Thus, radic commmnication was possible between &1l units on the
project, either direct on the high band or through the relay on the
low band. Also stationed Just below the slide was & vehicle with
both 38.9 me. snd 163.425 me. transmitter-receivers, for use in
cagse the automstic relay station should become inoperative, If
necessary, this vehicle could be moved down the valley and operated
as a control station.

5. Emergency warning system. Soon after the establishment of
the project off.~s in West Yellowstone, an emergency werning system
was evolved i warn the residents of the Madison River valley below
the slide, &s well as the workers on the slide, in the event failure
of the zlide should seem lmminent. The warning system was bassad
upon the radio communications network.

T6. At least one qualified engineer was stationed on the slide
at all times. His primeary responsibility was the evaluation of
the stebility of the siide. Gages in the lake Bt the spillway en~
trance and at the toe of the glide were read each half-hour. Dis-
charge measurements were made at the gaging station below the
slide. All gage readings and discharge measurements were reported
immediately to the project office asnd to the traller on the slide,
50 that the engineer on duty could have at all times & current
evaluation of conditions that might affect slide stability. When
the gaging station below the slide became incperatlve because of
aggradation, a gage was installed at the ClLiff Lake bridge about
three miles downstream and a gage and cableway at the Kirby bridge
about nine miles below the glide. Readings were taken at these
points after 4 October and reported as before. Conitinual discharge
measurements were made at the Kirby Bridge station, with a maximum
of nine measurements per day.

Tfe An emergency warning stage was marked with reflectorized
tepe on the staff gage Jjust below the tos of the slide, so that it
could be read easily at all times. Two radio-equipped cars, supplied
with electric megephones, one with amplifiers, were stetioned
below the slide. Alsc, a telephone was installed at that station.

78. Montana Power Company kept & watchman on duty at all times
at Hebgen Dam, where telephone service was maintained, as well as
radic equipment for communication with a Civil Defense station on
Missouri Flats.

T9. An emergency warnipg was to be put in operstion on the
order of the engineer on duty at the slide, if and when in his jJudge-
ment failure of the slide was imminent and evacuvation of the slide and
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downstream areas was desirable. A smoke flare gun was kept at the slide
t0o signal workers to evacuate the slide area. The perscnnel stationed
below the slide would inform the Civil Defense unit on Missouri Flats
by radio. That station would notify the Sherlff's office in Virginia
City, who, in turn, would notify the city police in Emnis. The Sheriff
or a deputy was stationed most of the time at a roadblock about three
miles below the slide or at the Civil Defense station on Missouri Flats,
The Sheriff's office assumed responsibllity for warning residents in
the valley. Corps employees with the readic-equipped cars below the
slide would assist the Sheriff's forces in that effort.

80. Hydrologic reports. Throughout the entire period of spillway
construction, information on discharges and gage heights was collected
continuously and reported to the slide and to the project office; so
the current information was always available to all concerned., Twice
a day, or more frequently when changes were made, information on eleva-
‘tion and dilzcharge from Hebgen Leke was recelved from Montana Power
Company. The gage readings that were made and reported initislly as
part of the emergency warning system were continued and expsnded
when the spillway lowering was started., Initislly, stages at the
toe of the sllde were included in the reports. Aggredation forced
the sbandonment of that giage and another was installed one-half nmile
farther downstream. Cableways were Iinstallecd at both points for
making discharge measurements, When continued aggradation rendered
the second gaging station inoperative; a gage was installed on the
Cliff lake bridge and & gage and cableway were installed near the
Kirby Rench bridge. After 4 October all measurements of cutflow from
Earthquake Lake were made at the latter station. Prior to 26 September,
measurements were made &8s necessary to maintain a good rating curve;
beginning on that date, when the work of lowering the spiliway was
getting undexrway, the frequency of discharge measurements was increased
to from six to eight per day.

81. Hydraulic studies. Numerocus hydraullc studies and computa-
tions were made during the progress of the emergency work. Computa-
tions were made of probable velocities and depths in the initial
channel. For ready reference, charts were prepared showing the
computed velocitles and depths along the channel, as well as the re-
quired sizes and weights of rock, teken from chart WES 712=-1,
published by the Waterways Experiment Station. The chart is shown on
plate 20, To check the relationships, approximate measurements were
made of depth, velocity, and rock size in the channel. Because of
high velocities and turbulence and the lack of proper instruments,
exact measurements were nolt possible; however, the messurements
showed reasonable agreement with the Isbash curves shown on the chart.

82, When the lowering of the crest was started, computations were
made and charts were prepared showing the relationships between such
factors as discharge, channel width, depth of cut, and time. These charts
were used to guide the engineers on the Jjob in analyzing conditions and
achieving the highest possible rate of progress, at the ssme time keeping
the rate of erosion under control. One of the charts, used to estimate
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the desirable depth of cut acrossg the control weir at the spillway
crest, is shown on plate 21. A detailed description of these and
other hydraulic studies and computations, as well as the charts pre-
pared from them, are included as Appendix XIII.

83, Real Estate, The slide area and the activities of the
Corps of Engineers in connection with the construction of the spill-
way over the slide were on Government-owned land in the Hebgen lake
District of the Galletin Neticnal Forest. The Forest Supervisor
issued a Specisal Use Permilt for the activities of the Corps of
Engineers in the earthquake area.

8k, Right-of-entry on lands included in or occupied by the
Hebgen Dem snd Reservoir project was granfed by Montane Power Company,
to make surveys and test borings and carry out other exploratory
work that might be necessary to complete investigations in connection
with the earthquake project.

85. Office space in West Yellowstone and Ennis was occupied
under right-of~entry occcupancy and use permits granted by the respective
oWners.

86, When it appeared that additional rock might be required for
construction of control terraces or drop structures in the spillway
chamel a permit or right-of-entry was granted by the owners of
private land adjoining the Gallatin Nationa) Forest, for construction
of an access road to haul rock across their property. Since 1t was
declided that the spillway should be lowered, the additional rock was
not needed angd the right-of-entry on private lands was not exercised.

87. log boom. The £illing of Earthquake Lake created quite a
debris problem. 1In addition to the natural debris in the canyon and
that created by the earthquake, & number of cabins were floated from
their foundstions and were adrift in the lake. While remcvel of the
debris from the lake was not within the emergency authority conferred
by Public Law 99, it was possible for such drift to enter the spillway
channel and interfere seriously with the construction operations,

To prevent such an occurrence, a log boom was constructed across the
approach to the channel. The bocom was constructed of logs salvaged
from the timber covering much of the slide, made fast to a 3/h-inch
wire rope by means of eye-bolts and cable clemps near the ends of

the logs. The beoom, about 800 feet long, was anchored by wire rope
bridles to deadmen constructed of several logs buried in the schistose
slide meterial. The log boom was removed when the spillway lowering
Phase was started, since most debris was deposilted above lake eleva-
tion es it dropped.

88. Personnel, Activities of the Corps of Engineers were under
the direct supervision of Lt. Col. Walter W. Hogrefe, District
Engineer, with Mr. H. F. Michel as Chief Engineer and Mr. H. G,
Hotchins in charge of constriction. At the peak of activity, the
project office staff included a meximum of 72 persons, composed of
Sk career employees and 18 temporary employees hired locally for the
emergency. Construction forces consisted of nine men on each of the
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two 11-1/2-hour shifts and a survey party of thiree men on the day shift,
Engineering forces conaisted of 21 men, including engineers, surveyors,
stream gagers, and a drill crew, for the most part working in three eight-
hour shifts. The rest were engaged in administrative, supply, communica-
tions, transportation, and technical liaison activities. A total of

81 Corps of Engineers career emplcyees saw duty on the project, including
L9 from Garrison District, six from Omeha District, nine from Kanses City
District, 14 from Missouri River Division, and three from the Office,
Chief of Engineers.

89. Reports and public information. Two daily telegraphic reports
were dispatched from the project office throughout the period of the
emergency. A brief report on the current status of the emergency was
dispatched each morning sddressed to the Chief of Engineers, Division
Engineer; Headquerters Sixth Armmy, Northern Sector Sixth Army, Reglonal
Director OCDM, and Disaster Service, Red Cross. A more detailed opera-
tions report was dispatched each afterncon to the Chief of Engineers
and the Division Engineer. Additiomal special reports were made to
higher authority as requested, covering specific phases of the work.
Specisl progress reports were furnished as necessary to the members of
the Board of Consultants, the Forest Service, and the Stete Engineer of
Montana, to keep them advised of progress on the work. Copies of the
daily reports also were furnished the Forest Service.

90. Constant lieison was maintained with news services, including
newspaper and magazine publishers and radio and television statlons.
Periodic press releases were mede as necessary Lo keep the public ine-
formed of progress in removing the flood threat. Facilities were made
available to writers for both technical and news magazines, to assist
them in obteining the information they needed, including photographs
for proposed articles cn the preoject. Corps representatives granted
numerous Iinterviews for use on radio and television programs. Governor
Je Hugo Arcnson and other state officlals participated in a ceremony
on 10 September, when water from Earthqueke ILake first passed over the
slide spillway; the event was covered by radio and television teams,
as well &s news services and regional newspepers. On 29 October,
immediately preceding the meeting of the Board of Consultants,

General Barney, Lt. Col, Hogrefe, and the members of the board partici-
pated in a program recorded for television.

01, A photogrephic record was made of all phagses of the work, both
on the ground and from the air. This record included about 500 still
photographs in black and white, about 200 color slides in 35 mm. size,
and about 4;000 feet of 16 mm. movie film.

92, Cooperation of other sgencies. Since the slide occurred on
land included within the Gallatin National Forest, the United States
Forest Service had a deep interest in the emergency work. The rescue
work immediately following the earthquake was carried out by the
Forest Service, and the rehabilitation of the area for purposes of
public recreation slso would be the responsibility of that agency. The
facilities of the Service were made available to the Corps from the
beginning, including the prints of aerial photographs of the area taken
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on 22 Angust 1959, es well &s esrlier photographs to be used for purposes
of compariscn. Contour maps showing elevations before and after the
slide also were furnished by the Forest Serviece. Ccnstant liaison and
frequent discussions and correspondence served to keep the Corps of
Engineers and the Forest Service advised of each other's plans and

needs., Right-of-entry was isaued to the Corps for necessary activities
on lends under the administration of the Forest Service.

93. The U, S, Geological Survey assisted in the emergercy work by
furnishing advice, persomnel, and equipment for stream gaging. The
Survey established gages on the major streams tributary to Hebgen Lake
and Barthquake Lake and on the Madison River below the slide and made
frequent measurements of streamflow at those points sufficient to
egtablisk and maintain rating curves. The cableways for making measure-
ments were plenned asnd insballed by the Geological Survey and measure-
ments were made by that agency's personmel until the fregquency of
measurements was increased, when the lowering of the spillway was started,
beyond the capacity of the limited number of available employees.
Geological Survey personnel continued the work of stream gaging until
they could be replaced by Corps employees.

G4, The initial emergency warning system involved cooperation
with the Montara Highway Depeartment, the Sheriff of Madisen County,
the Forest Service, the local Civil Defense organizaticn, and the
Montana Power Company. Lisison was maintained with the Highway Depart-
ment regarding the use of rcoads and bridges. The Sheriff's forces
maintained a roadblock a few miles helow the slide, to prevent visitors
from entering dangerous areas and interfering with the work. The road-
block was abandoned after the spillway lowering process got underway
and the flood threat began to diminish.

95. Montana Power Company wae intensely interested in the
emergency work, because of the need to draw down the storage in Hebgen
lake so that any nceded repairs to the dem could be made. Company
forces were kept ready at all times t¢ increase or decrease the outflow
from Hebgen Lake as requested by the Corps. As soon &s work on the
slide was completed, Montana Power Company was informed that the Corps
would meke no further requests for regulation of outflow.

96, Quantities. The total volume of material in the slide was
estimated by use of several cross sechtlons, using elevations shown on
the topographic maps of the ar2a before and after the slide. The maps
and cross sections are shown on plates 2 through 6. The volume of the
slide mass after it came to rest was estimated to be about 43,000,000
cubic yards; the volume of the space on the mountainside previously
occupied by the slide material was esgtimated to be about 39, 000,000
cubic yards. Since some bulking would be expected, the values were
considered roughly equivalent.

97. It was not practical to do the work or keep the records
necessary for accurate estimates of the quantities of materiale moved
on the slide. However, spproximations were wade of some of the quanti~
ties moved in the several phasses of the work. The following are values
thus estimated:

26



a. Excavation for initial spillway 600,000 cu. yd.
b. Spillway lining {through 11 September) 160,000 cu. yd.

¢. Random 111 in spillway (dozed in

from left side) 100,000 cu. yd.
d. Hauled and placed in spillway

(12 september through 9 October) 640,000 cu. yd.
e, Excavated in lowering crest

(25 september through 27 October) 700,000 cu. yd.
f. Deposition in delta 1,750,000 cu. ya.
g. Removed hydraulically 1,750,000 cu. yd.
h. Access and haul romds 20 mi.

98. Costs. Total costs of the earthquake emergency operation
were approximately $1,715,000, of which $1,387,000 represented payments
to contractors for eguipment renteal and costs of Government-furnished
meterials, and $238,000 represented salaries and expenses of Corps
employees, consultents' fees, transportation, both air and ground,
communications, office and mlscellaneous expenses, and District office
overhead.

99. Conditions subsequent to close of comstruction activities.
There are no0 records of BEarthquake Lake data subsequent to close of
operations in late October. Releases from Hebgenr Reservoir were in-
creased to about 3,800 ¢.f.s. on 29 October and held &t that rate
until 13 November. AL that time extremely low temperstures caused
ice conditions which, combined with the high discharge, caused flooding
of Missouri River near Townsend. HRebgen discharge was reduced to
about 1,000 c.f.s5. on 1k November, then allowed to increase gradually
to 3,400 from 18 to 22 November. The discharge was 8gain reduced on
2L November because of & recurrence of flooding neer Townsend. On
6 December the discharge was increased to 3,000 c.f.s. and held near
that range through December. On 5 January 1960 the reservoir was at
elevation 650k feet, storage 24,700 acre-feet, and outflow was being
maintained about equal to inflow or 800 c¢.f.s. On 15 July 1960, the
water surface elevation in Earthquake Lake was about 6,399, with a
discharge from Hebgen Lake of 560 c.f.s. The spillway channel showed
evidence of degradation of from two Lo six feet, with the greatest
amount in the vicinity of station 14400. Through the upstream part
of the fan, the channel had been lowered as much as 10 to 12 feet,
Aggradation of one to three feet was apparent in the lower part of the
fant

100, Aerlal reconnaissance of the slide and Easrthguake lake in mid-
December revealed no evidence of significant change in the lake or
discharge channel over the slide. No ice trouble or flooding was reported
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along Madison River although there had been sowme apprehension that high
flows and extremely cold weather might result in flooding near Ennis,.
Bank erosion, probably aggraveied by the high discharge, caused some
damage to the levee on the right bank of the Madison River near Three
Forks. The levee was repaired and the bank protected with riprap.

Near Townsend the Missourl River was above bankfull from 1k to 16
November and agein from 22 to 27 November. Fleood demage was estimated
to be $65,000.

101l. Comments. In retrospect, several items seem worthy of note.
Some of them undoubtedly contributed to the success of the operation,
some may have increased the time required for its completion.

102. So much equipment idle and availeble in the area would not be
expected normally, DBecause of B strike at the mines in Butte, the
largest contractor, F & S Construction Company, had an unusuwal nurber
of men and machines idle.

103. The safety record was remarkable, with so much manpower and
equipment operating in such a confined area. No perscnasl injury lost-
time accidents were experienced, although a few accidents to the equip-
ment occurred, the most damaging of which occurred when an end-dump
truck was backed over the edge of a spoil £ill into the spillway chennel.

104, Had adequate information been available on the materials to be
encountered, shovels and draglines with sufficient trucks could have been
procured earlier, which might have reduced the over-all time required.

105. The amount of down time for equipment was smazingly small,
considering the terrific punishment the equipment received, working in
water and with very abrasive rock materisl.

106. Equipment contracts required operators and service but did not
require supervisors. While most contractors did furnish supervisors who
cooperated and tock instructions from Corps representatives, a faster
response to emergency situstions probably would have resulted had
each contractor been required to furnish a full-time supervisor.

107. Maintenance of access roeds proved to be a major item,
particularly near the end of the emergency. Access was provided from
the downstream direction only. Due to aggradation below the slide,
the river was continually changing its course and washing out the
access road. Possibly a road should have been constructed along the
mountainside from Hebgen Dem to the upstream end of the slide, thus
avoiding the problem of access and reducing travel time appreciably.
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APPENDIX I

Preliminary Studies of Madison Cenyon
Slide and Hebgen Dam
By Woodwsrd, Clyde, Sherard and Assccisateg
Consulting Civil Engineers

August 28, 1959

Job No. 3527

Lt. Col. Hogrefe, District Engineer
Garrison District

Corps of Engineers, U, S. Army
Riverdale, North Dakota

SUBJECT: Report on Preliminary Studies
of Madison Canyon Slide
and Hebgen Dam
Near West Yellowstone, Montana

Dear Sir:

In accordance with verbal instruction given to us on
August 21, 1959 we have made preliminary studies of the Madison
Canyon Slide and the Hebgen Dem which are located on the Madison
River in the Counties of Gallatin snd Madison in Montana. The
purpose of the studles was to determine the stablility of both the
slide which has blocked the lower end of the Medison Canyon and
of the Hebgen Dam which was damaged by the recent earthquake.
The request and authorization for the studies were given verbally
by Major General Keith Barney, Division Engineexr, Missouri River
Division, Omsha, Nebraska.

The scope of the studies is briefly outlined below in
accordance wilth notes prepared by Mr. Wendell E. Johnson, Chief,
Engineering Division, Migsourl River Division, Omaha, Nebraska:

"To: Woodweard, Clyde, Sherard & Assoclates

Preliminary report covering:

1. Your views and recommendations regarding

a, Safety of Hebgen Dam and need for
commencing drawdown.
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b. Safety of slide aree for impondment
and probabllity of sudden failure.

¢, Feasibility of removing a significant
part of slide to provide a spillway
which would not fail rapidly.

d. Further investigation recognizing
that there may not be time lor excvended
invegtigation.

JOHNSON"

Because of the need for quick action, an immediate reconnisssnce was
made of the Hebgen Dam and the Madison Canyon Slide on August 21 and
22. A verbal report with recommendations and conclusions was pre-
sented to the Division Engineer and Chief of the Engineering Division,
Missouri River Division, on the late afferncon of August 22, 1959.
Pregent at this meeting with the Division Englneer were varlious
personnel of the Garrison District and the Office of the Chief of
Engineers.

LOCATIONR

Hebgen Dam is located in Sections 22 and 23, Township 1185,
Range 3E, in Gallatin County, Montana. The Madison Canyon Slide is
located in Section 36, Township 125, Range 2E in Madison County,
Montena. The slide is across the Madison River at the mouth of the
Medison Cenyon in the Medison Mountain Range. Imrediately west of
the slide is a broad valley of unconsolidated sediments deposited
by the Madison River and its tributaries. Gallstin and Madison
Counties are In the southwestern pert of Montana immedlaetely west
of Yellowstone National Park. The Medison River flows northwest-
ward from Yellowstone Park. Hebgen Lake, which stores about 350,000
acre feet of water behind Hebgen Dem, is about 17 miles long; it
extends to the western boundary of Yellowstone Park.

CHRONOLOGY OF EVENIS

The exact time of the earthquske is a point of disagree-
ment among local people. 1t is agreed, however, that the earthquake
occurred between 11:35 and 11:40 MST on August 17, 1959. The
earthquake was recorded at the University of California Seismological
Station in Berkeley, at 11:39:56 P.M. on August 17, 1959 PDT. Acecord-
ing to personnel at the station it would take about 1-1/2 minutes
for the shock wave to travel from West Yellowstone, Montans to
Berkeley, Califormia. It appears, therefore, that the earthquake
occurred at sbout 11:38 P.M. MST. Sharp after-shocks were recorded
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by the Berkeley Station the next day from 12:59 A.M. to 9:06 P.M.;
these after-shocks varied in msgnitude from 5.5 to 6.75 on the
Richter Scale. A summary of the times and magnitudes of the major
shock and after-shocks is given below:

Time at Magnd tude
Date Berkeley, FDT (Richter Scale)
8/17 11:39:56 P.M. 7.5 to 7.75
8/18 12:59:05 A.M. 6.5
8/18 1:4h:37 ALM. 6.0
8/18 h:06:45 AM. 5.5 to 5.75
8/18 8:28:52 A.M. 6.75
8/18 9:06:42 P.M. 5.75 to 6.0

Many additional after-shocks of lesser magnitude were recorded
but they are not considered to be of mejor importance for purposes
of this report.

The caretaker at Hebgen Dam saw & wave of water sweep at
Jeast 3 feet over the dam soon after the first major shock. This
was followed at intervals of sbout 10 minutes with at least 3 more
waves which were clearly visible in the bright moonlight. The top
of the dam was vislble between waves., The waves of water converged
in the nerrow channel below the dam and passed quickly downstresm
causing destruction and loss of life. Major Pfaulting occurred along
the right benk of the reservolr and in the canyon downstream from
the dam. The right side of the reservoir area dropped 6 to 10 feet
while the left side well upstream of the dam uplifted approximately
6 feet, Numerocus slides along the edges of the reservoir severely
damaged the upstream access road to the dem making it impassable
for rescue vehicles. A huge slide at the mouth of Madlson Canyon
blocked the road from the downstream end. The large slide also
blocked the Madison River completely with a mass of earth and rock
debris slightly less than one mile long, one guarter to one third
of a mile wide, and 150 to 400 feet high. A reservolr commenced
to form immedietely behind the slide mass or natural dem.

HEBGEN DAM

Hebgen Dam was bullt about 1915. The dam is & rock and
goil f11] dem with & central concrete core. It is eapproximately
720 feet long including a concrete spillway, 81 feet in width,
located on the right bank. The embankment is about 90 ft high at
i1ts highest point. The centrel concrete core wall extends to
bedrock which i3 found at & depth of about 115 feet below the top
of the dam. The spillway has 8 openings, each 7 feet wide. The
crest elevation of the dam was 6550.61 and that of the spiliway
slab 6536.24. Stoplogs placed across spillway openings were used
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to raise the reservoir level to elevation 654L.61. The concrete
core wall beneath the dam was carried to bedrock; however, the
core wall beneath the spillway extends only to a depth of about
15 feet Telow the botvbow of the spillway. Storage behind the
reservolr is about 390,000 ascre feet at maximum poonl.

At the time of the earthquake the regervoir surface
was high. The earthauake caused considerable damage to the
spilivay and earth dam., Hear the right abutment, where the
erbanxment is the lowest in height, the downstream slope hag
dropped about 4 feet below the top of the conerete core wall.
The entire upstrzam siope has dropped L to 6 feet below the top
of the core wall. The grestest drop in the downstream zone is
clogse to the spillway. The greatest drop in the upstream-zone
1s near the nmiddle of the dam. The concrete core wall has
broken loose from the spillway wall. It appears that the core
wall kas moved slightly uwpstream from the spillway. There is
a ground fault slong the vight bank of the reserveolr which has
caused the parking and beoabt loading area just uvpstream of the
gpillway to slip into the water. 1T appears that this fault
may extend into the spillwey. There are fractures along the
ridge just downsirean of the right abutment of the dam which may
e 2 conbinuation of the fault. The spillway chute has been
badly dameged. The concrete lining, which iz about 4 inches
thick, has been broken and water has leaked through the lining.
Springs are observed just below the dovmsiream slope near the
right sbutment. 1In this psrticular area considerable rock fill
may be seen el the toe of the slope; it is possible that the
lower portion of the dovnatream zone in this area was constructed
of rock fill. The coucrete core wall has broken vertically in four
places nesr the right end of the dam. The first break is located
15 feet from the left spiilway wall, the second break 30 feet,
the third 63 feet and the fourth abous 83 feet from the left
spillway wall. The largest opening in these hreaks is about 3
inches wide; in two of the hreaks the concrete wall seems to be
displaced from 1 te 3 inches. The cregt of the downstream fill
slope hag dropped with resvect Lo the nore wall about U feet at
the right end, tepering gradusily towards the left end of the
dam where the drop helow the core wall i about 6 inches. A
close examination of the toe of the downsiream slope, in the
highest portion of the dam, failed to reveal any major displace-
mernt of the slope; however a deep zully has been eroded near the
outlet pipe where the water spilling over the right half of the
dam converged intec the cld »iver channel, A% the right end where
the embankmernt is only soout 15 to 20 feet high it is difficult
to determine whether there is any bulging at the toe; the slope
here is badly eroded and cracked asnd is covered with numerous
pieces of rock. Seepage iz observed in the rock fill neaxr the
right end of the dan. There are at least three major seeps which
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flow at a rate egtimated st 300 gowm. There are also gome peeps
along & road about 100 to 200 feet downstream of the toe of the
dem. This roasd parallels the spillway discharge chennel and is
located about 30 feet above the river level., The seeps seem to
be emanating from the ridge downstieam of the dam.

The upstream slepe Is badly cracked vhere exposed
above the reservoir surface, The cracks are approximately
parallel to the concretes core wall. Althoagh it was not possible
to determine conditions below the water gurface it appears to us
that most of the upstream zlope has slumped downward and towsrd
the reservoir. On both sides of the concrete core wall the earth
£i11 near the surface has sepersted as much as 6 inches from the
wall. Barth has teen tamped in thig opening to minimize infiltra-
tion of water.

Based on our observations of the damage to the spiliway
and the embankment we are of the opinion that the dam is not safe
at the reservoir level of 22 August 1959 (Cage reeding 42). Major
repairs will definitely be regquired for future operation of the
dam and reservolr. A declision should be made by the owner &s to
the pcheme of repsir and the work should commence a&s soon as possi-
ble. It 1s our recommendation that the present water level behind
the dam be lowered to aveoid the possibility of fallure.

MADISON CANYON SLIDE

The Medlison Canyon Slide iz located st the west end of
the Medison Canyon. Discusslons with geologists who mapped the
ares prior to the sllde reveal that the surface rock at the site
consigted of a massive ledge of dolomite rock extending from the
canyon bottom up the left side of the canyon to a ridge approxi-
mately 1300 feet above the river. There were numerous intermediate
ledges which were developed from erosion by the river in the past.
The dolomite layer had a dip of about 50 to 60 degrees toward the
river. It had the greatest helght near the mouth of the canyon and
decreased 1n height towards the upstream end of the canyon.
Immediately behind the dolomite layer were schist formations in
various degrees of weathering and decomposition. Upstream of the
dolomite ledge the zchist formetlons were exposed to westhering.
Over a period of years they have developed s slope sapproaching
the angle of reposs of this formetion., All bedding of the schiats
end of the dolomites was approximetely parallel and dipped toward
the stream et an amgle of about 50 to 50 degrees from the horizontal.
In effect, the dolomite acted as a retalning wall holding the schist
formations in place.

In order to help us in fulfilling cur mlssion we questioned
& mumber of geologists familliar with the site. Several of these
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geologists were in the process of mapping the area geologically;
the others came in to study the slide for their owm information.
The names of several of the geclogists are given below. We
believe that they would be able to provide additionsl informa-
tion on the geology of the slide.

Mr., Jervis Hadley, USGS, Regiangl Geologist,
Ennis Hotel, Fnnlg, Montana
Mapping slide area.-

Mr. William Iong, USGS, Field Assistant to Mr. Hadley,
Ennis, Montana
Mepping #lide area.

Mr. Wnitkind, USGS, Denver. In charge of field
party mapping axes upstream of
Hebgen Dam.

Mr. Dorsey Heger, Consulting Geologist,
908-909 Continental Bank Bldg.
Salt Lake City, Utah

Prof. McMamus, Geologist, Montena State College,
Bozeman, Montana
Prepered a ghort report on the
slide for & college publication.

Geologists are of the opinion that the earthqueke
buckled the dolomite ledge near the botbtom causing the upper
portion to slip downugtrd; the support was thug tgken awaey from
the schist formation. The echist formation, unable to stand on
the steep slope, slid rapidly down the left gide of the Canyon.
Reports indicete that the slide occurred in a matter of seconds.
The slide mass pushed the dolomite along the bottom of the
valley and up the right gide. A second slide apparently
occurred immediately after the first. The second slide coneisted
of the more weathered schist just upstiream of the main slide.

The schists of the second slide were depoaiteﬂ. along the upstream
portion of the natural dam,

In ardey to determine if the leke behind the natural
dam would cause ponding against the toe of Hebgen Dam, which is
about 6 mile# upstresm, Forestry Service pergennel made elevation
readings at various points on the slide mess 1n the river bottom
and at the base of Hebgen Dam. The elewation readingsg were taken
at various polnts in the area with altimeters in a helicopter.
The altimeter readings indlcated that fhe river botitom at the
downstream toe of the naturel dam had an elevation of epproximately
6300. At the upstream toe of the slide the yiver bottom or canyon
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had an elevation of about 6320. In the lowest portion of the slide,
where the reservoir will spill, the elevation was about 6450 or
approximately 140 feet above the upstream toe of the natural dam.
The elevation at the downstream toe of Hebgen Dam is 6470 according
to the design drewings. This elevation checked out falrly well
with altimeter readings made from helicopters. The top of the
Hebgen Dem had an elevation of about 6550. The highest portion

of the natural dam has an elevation of about 6700. Although these
elevation readings were approximate they did indicate that the
lowest portion of the crest on the natursl dam was about 10 feet
lower than the downstream toe of Hebgen Dam. Measurements by Bureau
of Public Roeds personnel, review of maps in this region, and other
information indicate that it is unlikely that the lake ponded behind
the slide will approach the toe of the Hebgen Dam.

It was estimated by Forestry Service persomnel that the

weter hed ponded to a depth of about 30 feet behing the natural
dam on the 20th of August. On that day the water level was rising
at the rate of ubout 6 inches per hour. Two days later it was
rising at a rate of about 2 inches per hour. Area-capacity curves

veloped by Garrison District persomnel from rough topographic

o8 with large contour interwvals indicated that the storage capaclty
wehind the slide before overtopping is about 50,000 acre-feet. On
the 21st of August weter was being released from Hebgen Dam at a
rate of 1,200 cubic feet per second according to the caretaker at
the dam. A rough estimate of inflows from tributaries downstream
of Hebgen Dam indicates that approximately 500 cublic feet per second
of other inflows enter the reservoir behind the natursal dem, giving
& total of approximately 2,000 cubic feet per second or roughly
4,000 acre-feet per day. Observations st the downstream toe of the
slide indicated that practically no water was passing through the
slide. The slide was ilmpervicus on the Z2lst and 22nd of August.
Assuming that inflowe will be at the rate of 3,000 or 4,000 acre-
feet per day, it is estimated that it will probably take 15 to 20
days from the 22nd of August to fill the reservoir behind the
natural dam.

A detailed reconnalisance was mede of the slide from a
helicopter end on foot to determine the composition and distribu-
tion of meterials in the slide mass blocking the canyon. Very
rough estimates indicate that the szlide mass or natural dam is
three quarters to & mile long in the direction of the river flow.
It is about a third to a half mile wide acrogs the valley. The
natural dam rises about 40O feet above the cenyon bottom at its
highest point and about 150 feet at the point, where water will
probably spill. The highest mags 1s plled near the right side of
the canyon. The lowest portion is located approximately over the
old river channel. The siide mass in the canyon has effectively
blocked the river flow. The slide is acting as a natural dam.
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A detalled examination of the ftop of the entire natural
dam indicates that the materials in the downstream one-third of the
dam consist of very coarse, hard rock fragments varying in size
from 1 to 10 feet in diameter. There are some materials smaller
than one foot in diameter and some boulders as large as 20 feet in
maximum dimension. The inclination of the material in the lower
1000 feet of the slope of the glide is approximately 1 vertical to
15 horizontal. There ere three distincet ridges formed by the slide
across the valley in the area where water may overflow. In addition
to the larger blocke of rock the upstream portion of the ridge con-
tains a considerable amount of finer materials developed from
crushing of the weathered schist rocks. There are considersble
amounts of hard rock varying in size from 6 inches to 3 feet in
diameter overlying the entire lower areas of the natural dam. The
upstream zone contains the surface mantle which covered the original
slopes. Also lying on the surface of the upgtream portion of the
slide area or natural dam are ‘the trees which originally stood on
the slopes. The trees generally point their stumps towards the
northwest or the upstream right abutment.

Because of the favorable distribution of materials in
the slide mass, the flst inclination of the downstream slope, the
presence of a natural spillway channel in the lowest portion of
the mass, and the extremely wide section parallel to the river
stream, we believe the slide will act as a stable natural dam, At
the time of our inspection there was no evidence of seepage out of
the downstream toe. It is very likely that as the water level rises
there will be a considerable amount of seepage through the coarser
waterials which cover the right side of the valley. We do not
believe that this wlll be harmful because of the wvery flat down-
stream slope.

The mass of dolomite blocks piled up along the right
abutment is standing at an inclination of about L0 to 45 degrees
in the steepest aresa. We believe that there will be some adjust-
ment of this mass under the influence of hesvy seepage and some
undercutting by erosion in the spillway area. Although a con-
siderable amcunt of water will seep through the dam, it is our
opinion that there will be flows over the crest. As a result
there will be some erosion of the surface of the lower portions
of the slide area. Because of the presence of large amounts of
coarse rock and the flat average slope of the downstream zone
(about I percent) we feel that the danger of repid undercutting
or rapid erosion is low.

There are certain studies which should be initiated
immediately in the slide area. First, a topographic survey
should be made of the slide mass at contour intervals of about
2 feel to determine the volumes of materials, the elevations of
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the high and low points, and to form a basis for velocity and
erosion studies in the spillway chennel. In addition to the
topographic surveys we recommend that a program of test borings
be started at once. In the first phase several borings should

be made in the river bhottom at the downstream toe of the natural
dam to determine the typegs and distribution of materials in the
valley veneath the slide. The purpose of the foundetlon Investi-
gation is to determine whether there is & possibility of plping
beneath the slide mass.

In addition to the above studies, which should commence
imnediately, we recommend that certain measures be taken to lower
and widen the crest of the upstream ridge. The slide scarp along
the top of the ridge about 1300 feet above the canyon bottom
should also be removed.

It ig recommended that bulldozers be utilized to
excavate 8 spillway on the crest of the upstream portion of the
natural dem where the reservoir will spill. The elevation of
this area should be lowered as much &s practicable within the
time avallable and a wide crested spillway should be excavated.
Bulldozers mey be opergted &along the remainder of the spillway to
form a rip-rapped spillway channel.

Hydraulic studies should be made to determine the rock
gize required to rip-rap the channel asgainst the velocitiles
anticipated in the splllway chute. We also recommend that
exploslve charges be used to remove the steep slide scarp high
above the slide area. Observations from a helicopter disclosed
that & number of wide cracks exist lmmediately sbove the scarp.
These cracks indicate that the scarp will slide in the near future.
Although the quantity of material involved is not great we believe
it should be removed to avold danger to personnel working below.

In addltion to the immediate studies recommended above,
such as topographic surveys and test borings in the river bottom,
we recommend that observation wells be installed at suitable
locations in the slide mass to measure subsurface water levels.
Test borlngs should also be made to determine whether fine grained
materials exist beneath the downstream zone of the dam. Although
surface examinations indicate that coarse rock materlals exist in
the downstream poyrtions of the dam and fine grained or ilmpervious
materials in the upstream portion, we belleve that the surface
examinations should be confirmed by test borings. The observatlion
wells should be located high enough so that they will not be
interrupted or dameged by flows over the spillway.
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Confirming our verbal recommendation of Auvgust 22nd, we
emphasize the desirablility of maintaining 2h-hour wateh of the
dovnstream portion of the dam for seepage and for possible movement.
Records should be maintained of the rates of rise in the reservoir
level and the estimates of storage behind the sliding mass confirmed
by further studies.

For consideration in the future we recommend that some
thought be given to the construction of a debris dam downstream of
the present slide. he debris dam would serve the purpose of
flattening out the crest of any flood that may develop due to
break-out of certain portions of the sliding mass; discharges down-
stream in the Madison River Valley could be controlled by such &
debris and detention dam. It is entirely conceivable that the
flows over the slide will be stabilized in the form of a rapids
s0 that no debris dam would be required downstream.

In summary, it is our opinion that the slide mass will
be stable against repid failure from the water accumulated behind
the slide. We believe that the sliding mass has formed & natural
dem. We recommend, however, that careful observeations be made of
subsurface flows to determine whether an asccumulation of water
presgures on the downstream slope develops.

Very truly yours,

WOODWARD-CLYDE-SEERARD & ASSOCTATES

BY /s/Dr. James L. Sherard
Dr. James L. Sherard
New York R.E. 30966

By /s/Stanley F. Gizienski
Stanley F. Gizienski
California R.E. 10352
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GEOLOGY OF THE HEBGEN DAMSITE

INTRODUCTION &

Pertinent geologic conclusions and recommendations relative to the
damage to Hebgen Dam and immediate vicinity are contained herein.

MECHANICS OF EARTHQUAKE DAMAGE:

Initial shock waves in the form of sudden energy relesases from the
earthquake resulted in the formation of the Hebgen fault (See Plate 1)
and concomitant damage to the spillway and the eaat end of the core wail.

Hebgen fault roughly parallels the northeast side of the reservoir
and dips 65 to 75 degrees toward the dam. The fault originated in struc-
turally weak surficial deposits of talus, terrace, and alluvial sediments
about B50 feet emst of the spillway near the competent east ridge composed
largely of durable Madison limestone and mssociated rocks. The fault
possibly is intercepted one or two miles downstream from the dam by the
pre-quake Madison fauli. Hebgen fault extends upstream from the dam toward
the reputed epicenter of the earthquake in Yellowstone Park.

Regionally, the downthrown fault block of the Hebgen fault exhibits
tilting and inundation of the shoreline, minor slides, tenmsion cracks,
and compaction of the loosely consolidated sediments along the northeast
gide of the lake.

In the immediste damsite ares, with the formation of Hebgen fault,
compreasive shock waves were transmitted through the terrace and alluvial
deposits, literally jolting the downthrown fault block some 850 feet
horizontally between the fault scarp and the spillway (See Plate 2).

The fault scarp is about 15 to 20 feet high directly opposite the spill-
way. This apparent vertical diaplacement decreases pPregressively toward
the rigid bedrock foundation of the dam about 250 feet lower than the
fault scarp.

The quake moved the overburden horizontally by compression energy
and vertically by tensional release and compaction. The jolt was
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trangmitted in a westerly direction through the nonrigid overburden
to the sector of the core-wall which is firmly attached to the struc-
turally durable bedrock at Station 8 + 84. Between Stations 3 + 75
and 8 + 84 (509 feet), the foundation is rigid bedrock which is a part
of the competent west or left valley wall.

The weakest structural foundation of the dam underlies the spill-
way which is superimposed on a terrace deposit, The jolt moved the
overburden and spillway structure horizontally and slightly vertically
against the rigid core wall. The core wall at station 8 + 84 imposed
rigid restraint against compression forces. The spillway and about 85
feet of the core wall broke; greatest damage was sustained by the spill-

wWaY e

The vertical component of displacement is believed much less than
the horizontal component in the immediate damsite area. It is believed
that if the fault vertically displaced the bedrock foundation, signifi-
cant open Jjoints and fractures in the bedrock would probably be reflected
by extensive damage to the core-wall part of the dam, with conspicuous
breakage and leakage.

Tension cracks developed between the spillway and the fault scarp.
Random cracks are perceptible in the spillway and broken core-wall area
and the broken area of the downstream curve of the spillway chute, across
the highway, and up the slope toward the scarp., Many oben cracks are
conspicuous between the highway east of the spillway and the fault scarp,
attesting to the fractured condition of the overburden materials. No
water seeps or saturated zones have been noted to date; however, addi-
tional reconnaissance in the dam area ias recommended.

CONDITION OF WEST (LEFT) VALLEY WALL:

Lithologically, metamorphic rocks, which comprise the west valley
wall (left abutment) in the immediate dam arem, are predominantly com-
petent quartzite and dolomite, with lesser amounts of incompentent thin
beds of sericite schist. These rocks are similar to those found in the
Madison Valley slide area.

The beds generally strike N35°E and dip an average of 40° north-
wegt or downgtream. It is believed that the west wall is structurally
stable. WNo slickensided surfaces, indicative of movement, were observed
along bedding planes as a result of the earthquake, Several minor slides
are evident along the shoreline. Based on the structural and lithologic
characteristics of the materials, no large-scale slides which might damage
Hebgen Dam are suggested.
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CONCLUSIONS AND RECOMMENDATIONS:

Conclusions and recommendations are as follows:

1.

2.

3-

4.

Tremors subsequent to the earthquake continue at erratic
intervals. Any additional movement mlong the Hebgen Fault
which might extend to the dam area could be ascertained by
instrumentation.

The main part of the dam between Stations 3 + 75 and 8 + 84
is attached to rigid bedrock. It is believed that additiomal
tremora will not be deletericus to this sector of the dam.

Based on the structural and lithologic characteristics of the
west or left valley wall, indications are that no large-scale
slides are anticipated. The valley wall appears stable,

Additional reconnaissance of the tension-crack ares on the
right bank of the spiliway is recommended. Water seepage and

saturated zones might develop if extensive cracks developed
through the surficial deposits to bedrock.

R. E. CURTISS
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APPRAISAL OF THE CCNDITION OF HEBGEN DAM

1. General. A descripticn of the earth movements at and in the
vicinity of Hebgen Dam; and a general statement of the effect on the dam,
is contained in & separate report by Mr. Curtiss. This memorandum pre-
gents in somewhat more detail the effects of the gquake on the dam, appraises
the condition of the valley, terrace, and spillway areas of the project,
and recommends a limited program of investigations considered necessary as
a guide to sound engineering for reconstruction of the spillway. A more
detgiled description of the physical condition of the dam is given in a
report by Mr. Carter Johnson. The necessary background data for this memo
will be found in the report by Mr. Curtiss.

2, The dam can be divided into three sections for purposes of dis-
cussing its reaction to the sarthquake movements.

ae Valley section--Extends from left abutment to about Station
6+50, where the original ground rises about 35 feet from the
valley floor to the edge of the gently sloping right bank
terrace. The core wall rests directly on bedrock, and the
fill is practically on bedrock. This section is relatively
impune to differential movements betwesn bedrock and right
terrace, as all elements are founded on rock and are in
relatively poor contact with the overburden of the terrace.

b. Terrace section»m(StatiOns 6+50 to 8+75) In thiz section, the
embankment varies from 20 feet to 40 feet in height, and is
founded om the terrace overburden which has a depth ranging
from 90 feet to 60 feet. The core wall is founded on bedrock,
and is approximately 110 feet high., With respect to longi-
tudinal and verticsl movements, the core wall can be considered
g3 attached to the bedrock. The embankment in this section, as
regards movement in any direction; is a part of the terrace.

c. Spillway section-=The spillway and 30 foot cutoff wall both rest
on terrace and will tend to move with it. Between the spillwsy
proper and the terrace section there is a transition section
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about 100 feet long in which the core wall does not go to
bedrock., This transition is considered to be part of the
spillway section in the following discussion.

3, The general pattern of movement of the terrace was horizontal
deformation toward the river, plus a vertical compaction. The valley
gection of the dam, being in excellent contact with bedrock and very
little contact with the terrace, was virtually unaffected by the differ-
ential movement of terrace with respect to bedrock.

4, In the terrace section, the vertical compaction of the terrsce
lowered the fill with respect %o the core wall., The vertical differen-
tial between fill and wall is roughly proportioned to the thickness of
foundation soils, varying from zeroc at the left abutment to three or four
feet at the spillway. (If the vertical deformation had resulted from sub-
sidence of fill material, the differential would have been a minimum at
the spillway, and a maximum in the valley.)

5. In the spillway section, the spillway crest structure and the
transition section of the core wall tended to move with the terrace, re-
strained only by the thin cutoff wall in longitudinal compression, and
as a very weak cantilever in the veriical direction. The transition sec
tion of the wall in this vulnerable area is cracked and offset in two
locations, and is deformed in grade and alignment with respect to the
portion of the wall founded on rock.

6. The riverward bay of the spillway was severely damaged by being
thrust against the end ¢f the transition section of the wall, The thin
bottom and sidewalls of the chute, which show evidence of displacement
prior to the quake, were almost completely desiroyed by minor differential
deformations within the terrace on which it rests.

7. On 26 August, minor amounts of seepage were emerging at the toe
of the fill or a few feet up the siope, in the terrace section. At the
junction of wvalley and terrace section, a very deep hole had been scoured
in the toe of the dam and the toe of the terrace by a surge of surface
water over the spillway stop logs and over the crest of the dam, The fill
material on the side of this hole was damp, and appeared to be dryer in
the interior. There was no seepage from the fill into this hole. The
greatest part of the seepage observed on 26 August was emerging from the
toe of the terrace and {from a roadway ramp angling down the face of the
terrace. It was limited to an extent of about 200 feet upstream and
downstream.

8. All surface indications point toward the area of the spiliway
structure and the partial-depth section of the core wall as the probable
origin of the seepage. A large part of 1t probably originated from the
chute downstream from the stop logs, as Montana Power personnel stated
that a very pronounced decrease of seepage was coincident with placing
of additional stop logs in the structure.
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9. Conclusions. It is concluded that the valley and terrace
geclions of the dam are structurally and functionally intact. The con-
crete core wall between Station 8+84% and the spillwey, which does not
penetrate to bedrock, is cracked and offset in line and grade. It cannot
be determined by surface inspection whether the damage to the wall consti-
tutea a hazard. The spillway crest gtructure and chute are severely dam-
aged and non-functional.

10, Hecommended investigations. To determine whether the damage to
the core wall is functionaslly serious, it is desirable to know the nature
of the backfill adjacent to the wall, and whether seepage is actually
passing through the cracks. Information on both points can be had by
drilling holes upstream and downstream from the wide open crack in the
wall at Station 9+00; and subsequent installation of piezometers in both
holes. As a control for comparison, mske a gimilar pair of piezometers
at Station 8400, Drill all four holes 80 feet deap.

11, To determine the effects of future spillway repair on seepage in
the terrace, install three piezometer tubes at the toe of the dam, located
at Station 9400, R 0+70D Station 8+00, R 1+00 D and Station 7+00, R 1+30 D.
Recommended depth--30 feet.

12, To determine whether general cracking of the terrace has opened
up any new paths of seepage, make a careful reconnaissance of the right bank
of the river from toe of dam to spillway chute, from river level tc creat of
terrace. Repeat in a week or ten days. If any seepage is found, try to
determine whether the condition existed prior to the quake.,

13, BSpillway repair. It is not considered necessary in the course of
spillway repairs to reskore the structural continuity of the cutoff wall be-
tween the apillway and the main cutoff to rock. As a matter of fact,
reatoration of this stiff but relatively fragile member would only invite
a repetition of structural damage in the event of fuiure earthquake deforma-
tions similar to those recently experienced. It would be desirable to re-
place a gsection of the wall, 25 to 50 feet in length, with imperviocua
rolled fill.

14, If it is found that seepage is occurring through the cracks in
the cutoff wall, or under the partial<penetration wall, it is recommended
that chemical grouting be used to restore impermeability.

15, Summary. From the left abutment tc Station 8484, the dam and core
wall show no aign of functional distreas. The downstream curvature of the
top of the wall, and the subsidence of the dem and its foundation relative
tc the wall are not consldered indicative of any condition reguiring reme-
dial action.

16. Seepage at the toe of the terrace section of the dam and along the

toe of the right bank terrace originates largely from the damaged spillway
structure and possibly from the ruptured action of the partial-penetration
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cutoff wall. The quantity of seepage does not indicate sericus trouble,
but it should be further invegstigated, and blocked off in commection with
gpillway repairs. Restoration of a rigid cutoff wall between the spillway
and the deep section of the cutoff wall is undesirable,

P. T. Bennett
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HEBGEN DAM INSPECTION

General: A general inspection was made of the Hebgen Dem of
the Montane Power Company to determine the damage sustained by
the earthquake of 17 August 1959. The earthguake ceuged exten-
sive damage to the spillway, general movement of earth at the
right abutment, and & subsidence of the earth fill embankment.
The surging of the reservoir cauged the dam and spillway to be
overtopped, which resulted in considerable washing of the down-
stream face of the dam and erosion of & large hole at the
downstream toe at the junction of the embankment and the right
bank terrace. The following paragraphs describe the condition
of the dem as found by the inspection.

Avutment earth movement: There was & general movement of the

right abutwent toward the center of the valley along most of
the regervoir ares and also downgtream of the dam. The dam
offered restraint to the movement and there was considerable
cracking of the right abutment area immediately adjacent to
the dam. A few cracks also developed at the left abutment of
the dam. The entire spillway structure was shifted toward the
center of the valley approximately two feet with respect to the
core wall of the dem which was assumed to be stationary. This
movement was evident where the spillway structure had sheared
past the core wall. The cracks in the abutment area indicate
that the abutment in general moved more than the two feet
indicated at the right end of the core wall and spillway.

Spillway demage: The entire gpillway structure was shifted

toward the center of the valley with respect to the core wall.
This movement was probebly greatest downstream from the dam
and this differential movement caused damage to the spiliway
paving snd walls. The surging of water after the quake over-
topped the dam and teaxed the splllway beyond its capacity.
Sections of the floor and left channel wall were washed out
end the water overtopped the left bank of the spillwey channel.
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This water along with the water which overtopped the dam washed
out a hole at the toe of the dam. After the initial surges of
water, the normal discharge of the spiliway eroded considerable
material from the area where the floor siab was removed. The
spillway was damaged eXtensively and it is considered that the
structure will have to be removed and rebuilt. The spillway
stop logs were put in place and discharge through the spillway
vas dlscontinued after the quake to avert further eroding and
damage. After the stop logs were in place 1t was found that a
considerable amount of water was boiling up on the downstream
side of the stop logs through cracks in the concrete. Yo sedl-
ment was carried by this flow. At the downstream end of the
splliway structure slab there was 8 milky color to the water,
indicating the underseepage under the sladb was carrying a slight
amount of sediment. The head carrying the water under the slab
was approximately 5.5 Teet at the start of observations; this
will decr=ase as the reszrvoir is lowered. The underseepage is
apparently not increasing st the present time,

Core wall movement and cracks: Data furnished by the Montana
Power Company in@icated that there was a differential vertical
movement of one foot between the right snd left ends of the
concrete core wall., All but 0.2 feet of this movement took
place in the 75 feet of core wall adjacent to the spillway.

The spiliway end of the core wall settled a total of one foob
with respect to the left abutment end. There was also consgidera-
ble horizontal movement of the core wall. A transit line run by
Montana Power Company Iindicated that the core wall at the spill-
way structure had moved upstream 2.5 feet. The right abutment
sight may have shifted so it is not certain as io the exact
amount of movement. A check at the junction of the spillway

and core wall indicated there was a differential movement of

1.8 feet between the spillway structure and the core wall.

The core wall had moved upstream with respect to the spillway.
The core wall was cracked at numerous locations, which are tabu-
lated as follovs:

STATION REMARKS

34 04 e crack may be old with recent movement
b 4 19 cemimmmee old crack

6 + 06 wmmmmme e diagonal crack (45° shear crack)

T4+ 08 e vertical crack

8 4+ 06 ccmemmeeea 0ld crack, vertical, no movement

8 # U3 memmm vertical crack

8 # 8Ll ccemsmmaeae 1" opening, 1 3/4" transverse displacement
G + 0] wrmmmenmm—mae 5" opening, 3" transverse displacement
G 4+ 35 cememmemeee 1 3/4" opening

Q + 50 wmmemmm s vertical crack.
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Embankment subsidence: There wags considerable subsidence of

the earth embankment due to the earthquake. This was quite
evident by casual observation, as the core walil which was
founded for the most part on bedrock was left protruding above
the fill. A check was made of the amount of subsidence
upstream and downhstream of the core wall. The downstream
subsidence varied quite uniformly from a maximum of 3.7 feet
at Station 9 + 50 to 0.1 feet at Station 3 + 75 at the left
abutment. On the upstream side of the core wall the maxinum
subsidence was approximately 5.6 feet at Station 7 + 50 and
decreased to about 2.5 feet at the right abutment and about
1.5 at the lefi abutment. The maximum subsidence on the down-
stream side of the core wall was opposite where the wall had
apparently moved the farthest upstream. The top of the embank-
ment in thils area was cracked a considersble amount. The amount
of subsidence did not correlate with £ill height, but it is
probable that there was considerable backfill adjacent to the
core wall in the area adjacent to the spiliway.

Seepage conditions downstream of dam: Immediately after the

quake it was reported that there was considerable seepage
issuing from the natural terrace slope downstream from the
dam. After the spillway discharge was closed off this seepage
decreased to a smell amount, so it was concluded that most of
this seepage came from the spillway chamnnel. A small amount
of seepage was issuing from the natural ground slope at the
point the fill had been eroded at the toe. Farther downstream
along a berm considerable seepage was issuing from the natural
ground. A probable source of this seepage 1s the water in

the damaged spillway channel downstream of the spiliwsey struc-
ture. At the downstreem end of the ocutlet tunnel & considerable
amount of seepage was flowing, but Montana Power Compeny
employees reported that there had been no change in this
seepage for years.

During the construction of the dam five plezometers were
installed just downstxream from the core wall. These pipes
were lest read in 1939 and the pipes were sealed off. The
tops of these pipes were burned off and water surface readings
taken. Imrediately after this observation all the plezometers
were water tested and two of the piezometers proved to be
active, so the resding could be trusted. The saturation line
downstream of the core wall was found to be about 52 feet below
reservoir level and approximately 24 feet above the tailwater.
This indicated that the core wall was functioning in the deep
part of the fill. Mo piezometer reading was available adjacent
to the spillway where the core wall was cracked.
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Qverflow damage to the embankment: At the ftime of the earth-
quake, waves were sel up in the reservoir which overtopped the
dam end spillwvay. This water tended to concentrate st the
Junction of the right abutment natural terrace and the embank-
ment. An area about 30 feet in extent was ercded at the toe
of the fill, leaving a vertical Tace 15 to 20 feet high. The
exposed material was a sandy clay which was dry and stable at
the time of the inspection. Mr. Jones, chief construction
engineer of lMontana Power Company, indicated it was their
plan to fili this eroded area immediately. The crest of the
embankment showed very little damage from the overflow water.
There wag some gullying but the main part of the embankment
had resisted the erosion quite well.

Summary: An overall evaluation of the condition of the dem
and recommended action has been made by Mr. P. T. Bennett in
e separate report, so will not be repeated. This report has
furnished a preliminary analysis of the effect of the earth-
quake on the dam. Further data is becoming available and a
more comprehensive report will be made later when additional
data becomes availshle.

C. V. Johnson
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GEQLOGY OF MADISON VALLEY SLIDE
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INTRODUCTION

The following geologic conclusions and recommendations pertinent
to the recent Madison River slide cover the various structural and
lithologic characteristics of the rock mass and their effect on the
current flood control planning.

MECHANICS OF SLIDE

Surficial and structural characteristics of the slide and
regulting rock mass are illustrated on the attached geologic map
and profiles. The slide is typical of movement within steepened
valleys and the rocks included in the fallure were structuraliy
conditioned for movement prior to the earth shocks. (Refer to pre-
slide serial photos 9-19-56-ECI-1-128, 129 and 130.)% Petrographically,
the rocks consist of quartzite and dolomite and lesser proportions
of chlorite schist and hornblende gheiss. The guartzite and dolomite
are hard and after failure disintegrated into angular fragments rang-
ing in size from spalls to chunks in excess of 10 cubie yards., The
schlsts and gneiss are quartz injected, but structurally weak, and
during the fallure disintegrated into thin platey pieces which are
not conducive to a high degree of compaction.

Prior to the slide the in-place rocks were striking N 85° E
and dipping epproximately 45 to 50 degrees, placing the individual
rock strata in a position dipping into the valley. The pre-slide
south valley was very steep and apparently supported by a buttress
of cutcropping quartzite and dolomite. The quartzite and dolomite
in turn was underlain by relatively incompetent schist and gneiss.
As a result of the many earth shocks, the mass was triggered and
slid out on a weathered, decomposed schist, moved across the valley
and came to rest high on the north velley wall. In final position
the rock mass hag blocked the Madison Valley in essentially the

* Not reproduced.




attitude as showm on the attached surface geoclogy map. A secondary
slide which followed the described initial fall by an unknown time
interval, possibly a few minutes, moved off the upstream end of the
initial slide area and came to rest in the swale created by the toe
of the initial slide. In its downward movement, the second slide
created a terrace of disintegrated schist on the greater portion
of the upsiream face of the natural dam. The end result of these
movements has been a complete blocking of the Madison Velley and
creation of a natural dam on the Madison River. The material
zoning which developed as & result of the slide is i1llustrated on
the surface geology map and profiles.

STABILITY OF THE RATURAL DAM

In considerstion of the afore mentioned slide mechanies, the
predominance of hard brittle gquartzite and dolomlite, and the high
degree of compaction, it is felt that the natural dam is stable
and will not experience any serious movements or displacements.

The alluvial material which was included within the wvalley prior
to the slide was relatively thin and was undoubtedly gouged from
the valley floor and incorporsted into the hase of the rock during
the slide. The abutment sections appear to be steble and are
included between competent rock. In addition, the rock £ill is
constricted at the downstream toe which would tend to impede any
downstream movement. The gradation of the rock is for the most
part very good, with the exception of the incompetent slide terrace
designated on the geology map as disintegrated schist. The down-
stream toe of the dam is alsc very competent, being comprised
chiefly of well interlocking angular pieces of hard brittle quartzite
and dolomite. Mo saturated areas or springs were noted along the
north or scuth valley walls in the immediate glide area. The
increment of slope stability is therefore increaged.

CONCILUSIONS AND RECOMMENDATIONS

The recommendations concerning the rock slide are as follows:

l. Indications are that no danger from additional rock slides
of the magnitude of 17 August 1959 appears imminent on either the
north or south valley slopes. Two additional minor slides are
currently anticipated along the south wall (See Plate 1). The
slide material cousists primarily of incompetent chlorite schist,
perhaps 10 to 20 feet thick. If these anticipated slides materialize
and encroach on the crest of the natural dam, some maintenasnce will
be required. However, pre-slide remedial measures are not recommended.



2. The berm or terrace, composed largely of chlorite schist
and illustrated on Plate No., 2 iz sn (ncoompatent logsely compacted
mass. It ig recomended thnt the discharge over the naturel dam
be diverted from the toe of this materiel to avold the possibility
of triggering slides, Materislsg necessary to fill in low areas
across the upstream face ana top of the rock-filled dam should be
derived from the gquartzite and dolomite ridge to the north.

3. Comprecsive forcee durlcg the rock slide compacted a well-
graded quartziie snd dolomite ridge ageinrt the north valley wall.
Gnelse and gchiist, which are between the paddle and the gouth slope,
are less compacted as a result of slump. ‘tHowever, this degree of
compaction appears Lo be guch thal any flov from the reservoir
will not erods the natural duw en masse.

L. A pinnacle of rock somposed largely of Jjointed gquartzite
and dolomite ig high on the north valley wall, The pinnicils has
drewn sttention concerning the possibiliiy of sliding into the
valley, Dust swirlds, which dencte small rock fealls, have been
evident. This competent rock mass do2g not appear Lo be presently
unstable, The bedding dips generally north into the north wall
rather than ipbo the Madison River Valley., [Therefore, the pinnacile
does not constitute an immediate =lewent of danger. It is believed,
however, that the rock mass, if svbsequent detallsd observetions
warrant, may be remcoved at a lsater date to obviate the possibility
of sliding.

5. Tt is suggesied ihat ¢lide-movement lnstrumentstion be
established across the south velley wall to ascertain any movement
along minor slides that might esneroacn on the crest area of the
natural dam. Indications are that sdditional slide moverenis along
the upstream south valley wall will he in succepsive stages rather
thar in wajor undss.

H. J. Bamuelson

B, B, Curtiss

Flate No. 1 Surfece Geology of Medison Valley Slide
Flate No, 2 Geologic Section A-4
Plate Mo, 3 Geocloglc Section B-B
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Stability of Slide Dam

and Recomendations on Development
of Overflow Spillway

By D. K. Knight and P. T. Bennett

26 August 1959

Stability of Slide Dam
and Recommendation on Development
of Overflow Spiliway

PURPOSE

1. The earthdquske of 17 August 1950 created a rock f1i1l dam
acrosg the Madison River near the mouth of Madison Cenyon. The
dam is about 200 feet high, and will impound perheps 80,000 scre
feet of water., If released suddenly, this volume of storage would
produce severe flooding along the Madison River below the dam. The
purpose of this report is to present an apprsisal of the structural
stability of the slide mees as & dam, its performsnce as an over-
flow spillway when the water reaches the crest, and to recommend
emergency measures to be taken to insure satisfactory performance
of {the spillway.

SCOPE

2. The geology of the region, and the stebility of the canyon
walls agsinst further sliding, are covered in a separate report.
This report will be restricted to consideration of the slide MAss
as an overflow dam, with particular reference to:

a. General dimensions.

b. Materials in the glide.

¢c. Stability es a dam.

d. Seepage through the dam.

e, General recomrendation for development of a spillway
over the dam.




DIMENSIONS

3. The rock fill extends spproximately 5000 feet from toe to
toe in the valley floor. In profile, it is a series of major
crests and depressions, the highest crest being upstream. In
section, the slide mass is U-ghaped, curving smoothly from the
left bank talus remaining after the slide to & thick mass of rock
which surged up the face of the right wall of the canyon, to an
elevation approximetely 20C feet above the low point of the cross
section. The depth of slide material at the highest crest of the
profile is approximately 220 feet above the original stream bed.

MATERIALS

k., For a detailed description of the types and probable
distribution of materials in the slide mass, see the separate
geological report. As exposed on the surface, the sequence of
materials along the "channel" thru the slide is:

Downstream Toe -- Massive quartzite, well graded, densely
packed. Many massive blocks ranging up to 15' x 12' x 8
in size. This material lies downstream from the quartzite
nose which split the slide into a small downstream mass and
8 mich larger upstream mass.

Central Portion -- Schist and gneiss, principally gheiss.
Angular blocks grading from spalls up to one cubie yard.

Upstream Crest Area -~- Predominantly schist, grading from
gravel Lo thin and slabby pileces of six to eight inch size,
This material would be relatively unstable under high
velocity flows, and would also break down from naetural
weathering action.

Upstream Toe -- A relatively thin layer of coarse quartzite
lies against the right wall of the valley. With this
exception, the rest of the upstream toe is made up of
weathered gneiss and schist, with the voids almost com-
pletely filled with fine grained nonplastic soil. The
upstrean face of the slide appears to be made up of relatively
impervious material up to an elevation in the vicinity of
6420, (The absence of seepage through the mass prior to

26 August indicates that the apparently continuous quartzite
layer along the right abutment is either discontimzous below
pool level, or is choked with fines.)

5. Along the entire length of the glide mags, its greatest
height is on the right abutment. This rock, originating more deeply
in the slide, is principally made up of quartzite, and is more
competent than the rock in the existing low channel through the slide.
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STABILITY AS A DAM

6. Considering the mass 8s a dam, its base width is five to
eight times ag great as would have been used in building & rock
f11l dam of the same height. The downstrean slope is extremely
flat, averaging about 1 on 12. The upstream part of the mass
consists of a crest section several hundred feet wide, and an
upstream slope very roughly estimated at 1 on 7 average. The
mass has roughly the characteristics of a composite esrth and
rock-fill dam section, with the relatively impervious earth fill
upstrean. The rock-fill was dynamically corpacted by the earth-
aquake shock, and is generally dense and well keyed together. The
canycn valls tend to converge downstream, which would add to the
longlitudinal stabllity if there were any tendency toward movement
downstream. Considering all these conditions, there is no question
of the stability of the mass sgeinst a slide downstream. The possi-
bility of transverse or upstream sliding is discussed in connection
with recommendations on develcpment of a safe gpillway over the dam.

SEFFPAGE THROUGH THE DAM

T. Prior to the morning of 26 August, when & small quantity
of seepage flow was obsgerved, the sand in the original river bed
was entirely dry at the toe of the slide. The pool level on the
morning of the 26th, when seepage first appeared, was 6380 +, or
about 145 feet above the downstream toe. Since the pool wes
still on the relatively impervious upstream face, it is considered
probable that the initial seepage was through the coarser and
cleaner material lying on the face of the right abutment; the
absence of seepage prior to 26 August indicates the probability
that the quartzite layer is discontinuous, or choked with fines
at levels below 6370 +.

8. It is very difficult to estimete future seepage quantities,
since the distribution of the relatively impervious material can
only be estimated roughly from surface indications. Assuming the
bulk of the impervious material to be located upstream and below
elevation 6380 +, it appears probable that the seepage may flow
over the impervious mass as over a control weir, then drop sharply,
and saturate only the lower levels of the rock mass. Considering
the sectional area between elevation 6380 and 6450, the proposed
spillway crest, and & possible range of gradients and effective
permeabilities, it asppesars thet seepage through the rock mass
might be in the range between 200 and 1000 cfg at full pool, eleva-
tion 6450. Thus, at this early stage, 1t appears possible that
normal river flows might pass through the rock £ill without any
surface flow over the sgpillway crest. It should be emphasized
that this very rough estimate should be revised continually as
actual seepage quantities are recorded in the future.
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§. Whatever the quantity of seepage may ultimately prove to
be, it cannot endanger the stability of the dam, sinece the very
coarse rock of the downstream toe will easglily pass almost
vnlimited flows.

10. There will undoubtedly be piping of fines out of the
upgtream dirt-choked rock into the cleaner central mass, Con-
sidering the extreme possibility of the fines being moved to the
downstream region and deposited there, the stability would not
be endangered, since the rock-to-rock structure of the dam would
not be changed.

11. Summing up the seepage aspects, the quantity is highly
uncertalin at thig time, but it appears posaible that low to normal
river flows may pass through the rock without overtopping it.
Re-distributicon of fines within the rock mass will undoubtedly
oceur, resulting in uneven settlements in the upstream, dirt
choked area., Fines reaching the coarse rock of the downstream
toe will probably be carried out of the rock mass, but will not
disturb the strength of the rock-to-rock contact even if partially
deposited within the mass.

POTENTIAI SPILLWAY PROBLEMS

12. There appear to be three separate problems to be con-
sidered in developing and maintaining a reliable spillway over
the slide dam.

a., Stability of crest against sliding -- Upstream from the
highest saddle, the slide mass is made up of soll and
weathered rock, the least stable material in the slide.
Above and downstream from the area, the largest mass of
potentially unstable material remains near the left abut-
ment, along the upstream boundary of the slide sear. It
is possible that saturation of the toe by the rising
pocl, and saturation of the remaining mass on the abut-
ment by surface run off could reactivate a slide, and
drop the spillway crest below pool level, releasing a
fairly large volume from storage in a short time. Such
an occurrence is not regarded as highly probable but it
should be considered as possible.

b. The second source of gpillway trouble is the possibility
of blocking the spillway channel by debris from the
existing slide slope. The additional material which
might cause damage is relatively fine, and it might
dam up several feet of surcharge, then wash out and
release a minor floond.



¢. The third and most obvious splllway problem is the
possibility of scouring the crest or channel by high
velocity flows, particularly in the ecrest area and upper
part of the chute where the rock is relatively fine.

13, To minimize the possibility of losing control of the
spillway crest by en upstream slide, it is recommended that an
artificial crest be developed in the pocket immediately downstresam
from the existing saddle, which ls now approximately 50 feet lower
than the present high point. This hole should be filled, to an
elevation about 20 feet below deslign crest level, with relatively
fine rock dozed downstream in the course of lowering the ssaddle
to design grade. The top 20 feet should be filled with heavy
quartzite, borrowed from the layer lying ageainst the right abut~
ment. (See plan sketch) The left side of the crest should be
constructed of heavy quartzite.

14, To evoid undercutting the possibly unstable left
abutment and to mlnimize the peesibility of blocking the spillway
by & new slide, the spillway chemnel should be located as far as
practicable toward the right side of the valley. A definlte
layout cannot be recommended until surveys are more nearly complete
permitting estimate of quantity and cost.

15. To avoid uncontrolled scour of the spillway chute, the
alignment should be kept as far to the right as is economically
practicable where the rock is generally heavier and of better
quality. In areas where the exigting surface rock is fine, line
the floor and left gide of the chute with heavy rock borrowed
from the high quartzite.

16. The spillway crest and chute should be shaped to avold
concentration of flow which might begin scouring deeply into the
rock. The section should be designed to spread the flow out onto
a thin sheet of as nearly uniform depth as is practicable with
the size of rock to be handled. It is considered desirable to
pass low and normal flows ag seepage through the rock mass,
reserving the splllway for high river discharges. If this con-
dition can be obtained, the pool would have some degree of storage
between normsl pool and spillwey crest. The probablility of
achieving this desirable condition increases with splllway crest
elevation, and the cost of crest excavation decreases. It 1s
therefore recommended that the splllway crest excavation be
established at 6450 which is ten feet below the toe of Hebgen Dam.

Signed:
1 incl. Sketch Plan D. K. Knight

P. T. Bennett
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Inspection of Lower Slide, Gros Ventre River
By P. T. Bennett and D. K., Knight

3 September 19559

INSPECTION OF LOWER SLIDE
GROS VENIRE RIVER

1. The "lower slide" on the Gros Ventre River near Jackson,
Wyoming, wes inspected on 28 August 1959 by C. A. Burgtorf,
D. K. Knight, and P. 7. Bennett, primarily for the purpcose of
comparing the materials in the Gros Ventre slide with those of
the slide into the Madison River vwhich cecurred as a result of an
earthquake on 17 August. The party was fortunate in that
Mr. Guilbert Huff, who was an eye-witness to the slide, acted
ag guide for the party.

2. The occurrence of the slide is described in Engineering
News-Record of July 16, 1925, July , 1925, and September 17, 1925.
Fallure of the slide material as & dam is described in Engineering
News-Record of May , 1927,

3. Data on the geology of the Groe Ventre slide area was
obtained by & subsequent discuasion with Dr. Frank A. Swenson of
the U, 8. Geological Survey. Dr. Swenson has written a paper on
the geology of a large area which Included the Gros Ventre valley.
The attached rough geologic section has been prepared on the basis
of thie dlscuselon. It should be noted that several ysars have
passed since he prepared his paper and the section is necessarily
based on memory. The Welle Sandstone formetion 1s the predomineting
rock found in the remaining slide mass. It is believed to have been
pervious enough to permit the passage of seepage waters down into
the shale stratum, thus weakening the shale to the point of sliding.
All of the beds overlying the shale were weakening by weathering
action over a period of many years prior to the slide. The eye-
witness account given in the Engineering News-Record states that
seepege was showing at the base of the hill prior to the slide on
23 June 1925,

k. The materials of the Gros Ventre slide are now well exposed

and easily inspected in the walls of the small canyon cut through
the mess by outflow of the impounded water. The slide consisted
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primerily of medium to very large blocks of massive, fine grained
sandstone, mixed fairly uniformly with very fine grained materials,
principally in the silt size range, but with appreciable deposits

of very fine sand, and some slightly plastic silty clay. All the
fines appear to be the product of weathering of sandstone, siltstone,
and shaley bedrock making up the south or left abutment at the site.

5. The party also explored the area from which the slide mass
moved to about one third or one fourth of its height. The s8lide
gcar differs from that at Medison Canyon in that a great amount of
material similar to that which blocked the river still remains in
the glide area. It is apparent that the north end of Sheep Mountain
prior to the slide was capped near the crest with one or more massive
ledges of hard durable sandstone, underlain by less competent sand-
stones, siltstones, and sandy shales. The lower bheds were deeply
weathered, producing large quantities of sand and silt, and lesser
amounrtts of silty clay. A permanent lake exists in a pocket about
haglf-way up the slide scar, indicating the generally impervious
nature of the products of rock weathering in this vicinity. One
concentration of extremely messive sandstones blocks, some of which
are obviously from a weathered ledge outcrop, indicstes that some
of the sandstone blocks came from the upper portion of the slide,
where similar ouvterops can still be observed in the walls of the
scar and on adjacent undisturbed slopes.

6. With the exception of a few isolated areas, the proportion
of Tines to rock in the slide mass is such that the rock fragments
are in very poor contact, or are floating entirely in the matrix of
fines. This condition was also cbserved in the slide mass which
did not reach the river.

f. The following is quoted from a description of the slide
by Frank B. Emergon, State Engineer of Cheyenne, Wyoming, published
in ENR of September 17, 1925,

8. "The result of the slide was to shut off entirely the
flow of the Gros Ventre River for about 12 days. Seepage then
began to appear upon the lower face of the dam and this continued
to increase as the water rose in the lake formed by the dam. On
July 14 (three weeks after the slide occurred) 2 large increase
in the flow wes chserved and practically the normal flow of the
river was soon passing through the dam at a point near the center
and about 30 feet helow the top."

9. FElsewhere in the report it is stated that the downstream
slope of the "dam” dropped off at = camparatively steep slope for
a vertical distance of 60 feet. It therefore appears that the
seepage found a relatively short path near the top of the "dam"
and it emerged on a steep face.
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10. The Gros Ventre slide appesrs to be made up of the same
type of material for ite full length, and this material is
relatively impervious hecausge of the large amount of fines. The
emergency of seepage high on the slope is entirely consistent
with the type of meterial inveoived. Furthermore, the silt and
fine sand matrix is eagily moved by piping, and the rock structure
1s not stable once the fines are removed. With all those condi-
tions favorable to failure of the dam, it is surprising that it
stood two years before failure occurred.

11. Comparing the Gros Ventre and Madison Canyon slldes, 1t
is found that their heights and base widths along the valley are
pearly the same, The gtream flow and storage caepacities behind
the dam are also very similar, In materials, the two slides are
very dis-similar., The entire fi1l at Gros Ventre is made up of
& mixture of very coarse rock fragments almost fleating Iin semi-
pervious silts and sands. There are no sandstone rocks in the
Madison slide. At Medison Canyon, only the upstreem section
containg fines approaching the percentage observed at Gros Ventre.
The central and downstream sections of the Madison slide are very
much cleaner than at Gros Ventre, and the seepage gradient is
expected to fall to a low level once the water emerges from the
relatively impervious upstream section.

12. Further comparing the two slides, piping may move fines
out of the upstream section at Madison, as spparently occurred
at Gros Ventre, but the result will be different because of the
relative quaentities of rock and fines. The upstream section at
Madison, although the rock is smaller in size than at Gros Ventre,
appeared to have rock-to-rock contact. In the central and down-
stream sections at Madison, there is no doubt of the compact
rock-to-rock structure. Movement of fines cut of the upstream
section at Madison may result in subsidence and possibly local
sliding into the upstream pocl, but any dovnestream movement of
this section is blocked by the main mess of clean rock in the
central end downstream sectiong. Partial filling of the voids in
the clean rock of Madison will not affect its stability.

13. Concluding the comparison, the slide dam at Gros Ventre
was susceptible to failure because of:

a. A steep downstream slope at the crest cresting a short
seepage path.

b. Fairly uniform distribution of a semi-impervious fill

from upstream to downstream, which raised the seepage line to the
short path near the crest.

VII~3




¢. A deficiency of rock in the mixture of rock and fines, such
that the mass lost stability when fines were piped out.

d. Much of the fine grained material was silt or very fine
sand, which is very susceptible to movement by piping.

14, HNone of these adverse conditions is found at the Madison
slide. The materials are graded from relatively impervious
upstream to highly pervious downstream, providing immnity to
all piping effects from seepage and providing great stability of
the dam. It is concluded that the failure of the Gros Ventre
slide dam, after a period of two years in which no effort was
made to correct the adverse conditions, does not predict the
future of the Madiscon Slide, where ideal if accidental initial
conditions are being further improved as the pool rises.

Inel 1 Rough Geology Section
P. T. Bennett

D. K. Knight
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Hydrology
By C. A. Burgtorf

EYDROLOGY

HEBGEN RESERVOIR

Madison River at Hebgen Dam has an aversge mean dally flow
between 900 and 1,000 ec.f.s., with a maxinmum of record of a little
less than 6,000 ¢.f.s. Prior to the earthquake on 17 August,
Hebgen Regervoir pool was falling slowly with a release rate of
about 1,000 c¢.f.s. &and a pool elevation of 6542.8., No records
are available of pool elevation or discharges for 18, 19, and
20 August.

On 21 August the pool elevaetion at the gage on the inteke
structure was 6541.9 or an spparent drop in pool level of 0.9
Toot. This was the regult of a change in storage-elevation relation-
ship. A small amcunt of water flowed over the top of the dam ag e
result of seiches during the quake but was far less than the
apparent change in storage in the lake.

Hebgen lake was drawn down as rapldly as practiceble follow-
ing the quake for inspection of the dam and outlet and to lower
the forces against the dam. The lake level was lowered to elevg-
tion 6539 on 4 September. Plates 1, 2, and 3 show the pool eleva-
tion, storage, inflow and outflow for Hebgen Reservoir from
16 August to 26 October. A storage capascity curve for Hebgen
Reservoir is shown on plate 4.

EARTHQUAKE LAKE

The queke and slide about 6.5 miles downstream from Hebgen'
Dam caused a wave of water immediately upstream and downstream
from the slide. Evidence at the site showed that the water went
over the banks with tremendous force but with very little volume
as the water was all back in the chennel in less than 1/4 mile.

The elevation of the channel hobttom upstream from the slide
is about 6260 feet. The pool which formed behind the slide rose
repidly and reached the crest of the spillway, elevation 6450 feet,
on 10 September. Plates 5, 6, and 7 show the inflow, outflow, pool
elevation and storage in the lake from 18 August to 27 October.
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There was no evidence of seepage through the slide until 26 August.
Foliowing that date the seepage increased slowly and reached a flow

of about 100 c.f.s. before flow started over the slide on 10 September.
The lake has a capacity of 36,000 acre feet at elevation 6LCO feet

and a capacity of 82,600 acre feet at elevation 6453.4 feet, the
maximim stage which occurred on 20 September. A storage capacibty

table of the lake is shown on plate 8.

STREAM F1OW

Gages were established by the U. 8. Geological Survey on Duck,
Cougar and Grayling Creeks snd South Fork of Madison River, iributaries
to Hebgen Reservoir, Cabin and Beaver Creeks, which empty into Earth-
quake Lake, and on Madison River at the toe of the slide, 1/2 mile
downstream from the slide, Cliff Lake Brldge, Kirby Bridge and Varney
Bridge near Cameron. Locations are shown on plate 9. Cableways were
installed by the Geological Survey across the Madison River on top
of the slide, at the toe, 1/2 mile downstream from the toe, and near
Kirby Bridge.

Discharge measurements were made by the Geclogical Survey to
determine rating curves for the streams upstream from the slide
and from gage readings by U. 5. Army Engineer personnel inflows to
Hebgen lake and Earthquake lsake were estimated.

Seepage through the slide prior to flows over the crest was
measured daily by the Geological Survey. After the lake wag filled
measurements were made daily or more often by the Geological Survey
on top of the slide and at the toe of the slide. Deposition of
material from the slide forced the abandonment of the cableways
near the slide and after 4 October all measurements of outflow
from the lake were made at Kirby Bridge. Beginning on 26 September
the measurements of outflow were increased to 6 to 8 per day and
Army Engineer personnel supplemented the Geologlcal Survey in
doing the work. On 18 October the Engineers took over the measur-
ing program except for cccasional readings. The progrem was dis-
continued on 26 October.

CHANNEL AND ERIDGE CAPACITIES

Madison River from the glide to near Ennis and from the canyon
dovnstream from the Madison Power Plant near Ennis to the mouth has
a very uniform chammel. It has a fall of 20 to 30 feet per mile
except for the lower 10 to 15 miles where the slope is sbout 106
feet per mile. The channel width is usually 200 to 300 feet.

Cross sections at &1l bridges and valley sections at elevan
locations between the slide and the mouth of Madison River were
surveyed. Rating curves were developed and used to determine safe
release rates from Earthquake lake and to estimate possible water
surface elevations which might result from failure of Hebgen Dam or
the slide.
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Three of the bridges, Cliff Lake, Shelton Ranch, and Wolf
Creek Bridges, located about 5, 16.5, and 19 miles respectively,
downstream from the sllde, are timber structures supported by
rock-filled cribs. Their open water capacities are about 6,000
¢.f.s., The remainder of the bridges are of & more permanent type
of construction and have capacities in excess of 10,000 c.f.s.

The spillway capaclty of Ennis Iske is about 7,000 c.f.s.
Flows of ebout thet value have occurred past the Madison Power
Plant without damsage %o the plant., Some pumping was required in
the plant, but the generators did not get wetb.

On the bagis of these data it appeared that releases of
5,000 ¢,f.5. could be made from Earthquake Lake without significant
damage to property downstream.

EVACUATION OF HEBGEN RESERVOIR

Hebgen Reservoir 1s ususlly filled during the spring runoff
pericd, held stesdy during the summer and drawn down to a relatively
low level beginning about 1 September. Extreme cold periods in
December often cause anchor ice which breaks loose, blocks the
channel and causes flocding. It was nolt possible to begin evacuna-
tion of Hebgen Reservolr in September because of the slide. Plans
ag of November 19590 were to evacuate Hebgen completely by 1 April
for replacement of old stoplogs. With the beginning of drawdown
of the reservoir being delay=d there was & possibility that the ice
problem durlng evacustion might be more serious than usual. However
the presence of gzediment in the water and high flows in the sgtream
could combine to prevent the formation of enchor ice downstream
and thus reduce the jce problem, The answer to this question could
be determined only by experience and observation.

C. A, Burgtorf
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Preliminary Slide-Staebility Studies
By R. E. Curtiss and D. X. Knight

REPORT ON
PRELIMINARY SLIDE-STABILITY STUDIES IN MADISON VALLEY SLIDE AREA
WITH MISCELLANEOUS COMVENTS

INTRODUCTION

1. Blide stability investigations in the Madison Valley rock
slide ares constitute an intensive, integrated program designed to
ascertain the present and future safety of the crest area of the rock
slide, a dolomite-quartzite-schist pinnacle on the north valley wall,
and the relatively undisturbed dolomite-quartzite pinnacle in the
south valley wall west of the glide area. Safety to personnel
during the construction of the spillway hasg heen of paramount
importance.

2. Methods include slide-movement instrumentation that has
been instelled across cracks and displaced gromd along the crest
area of the sglide. Additional investigations entail future slope
safety factors which are based on rock volumes, slope angles, fric-
tional resistances, and saturaticn Joads. It is assumed the reader
hag read prior reports on the rock slide. Geology of slide aree
1s shown on Figure 1.

3. Short~term and long-term safety factors are controlled by
the unpredictability of possible reoccurring severe earthquakes
and normal weathering processes, regpectively, in the glide crest
ares.

4, Preliminary results and recommendations are contained
herein., Miscellanecus cbservations, which include the Hebgen Dam
area, are also included, as are genersal comments considered
appropriate at the time of this report.

5. VOLUME OF MATERIAL INVOLVED. The length of the ridge
ebove the siide scarp is spproximately 1/2 mile in length. As
can be noted on the aeriasl photographs taken of this ares, the
cracking behind the crest of the ridge which is visible today
shows that two areas exhiblt the most potential for movement,
section T at the east end and section III at the west end of the
ridge area. (See figure 1.)
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6. Not knowing exactly what bedding or joint planes this
material might breek loose on, it is very difficult to estimate the
volume of this material. Uevertheless, quentities have been com-
puted using the dip of the beds as a general guide for possible
fracture boundaries.

T. At the west end of the ridge, the volume of material sus-
ceptible to sliding has been estimated at slightly over one million
cubic yards of material. At the east end (section I on figure 1
and photographs * No. 1, 2, and 3), the material which is already
broken loose and lies on the upper portion of the slide face has
been estimated at two-thiyds of a million cubic yards. The large
berm lying at a corresponding location below the east slide area,
which would tend to resist the movement of downsliding material,
has been estimated at two million yards (see figure 3).

8. For comparison, the following quantities have been com-
puted from cross sections of the slide area before and after the
occurrence of the slide in the Madison River. The total volume of
rock and earth materials which now forms the natural dam across the
canyon, has been computed at 43,400,000 cu. yds. Assuming a bulk-
ing factor of 20 percent from its nstural position in the ridge,
we can egtimate the volume of material which was displaced from the
ridge area by the quake at approximately 36,000,000 cu. yds. For
comparison also, on the basis of the assumption that one cubic
foot of natural dam is equal to 135 pounds, the weight of the slide
material is 78,000,000 tons.

INSTRUMENTATION

9. Three sets of slide-movement or strain gauges were installed
on 29-30 August 1959 across cracked and displaced ground at the top
or crest of the slide area (see figures 1 and 2 and photographs¥*).
Eight wire-movement indicators were installed between gauge sets
and in other arcas of potential movement. (See figures 1 and 2 and
" photogrephs*.) Tables 1 and 2 show the results of gauge measure-
ments and condition of wire indicators, respectively. Gauge sets
are indicated as "A," "B," and "C." The "A" set of gauges, (see
photo * 1) which consits of 4 gauges of 3/k-inch water pipe, is
installed at the extreme east end of slide in Section I &nd is com-
posed primarily of schist (see [igure 1.). The "B" set of gauges
(see photo * 3), which comprises 3 gauges of pipe, is located at
the west end of Section I and is also underlain chiefly by schist.
The "C" set of gauges (see photo * 1C), which consists of 5 gauges
of pipe, 1s installed at the west end of slide in Section III and
congists eggentially of schist. Thesge gauges are marked with lathe
and white flags, observable from bhoth &ir and ground.

* Not reproduced.
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10. Anchor gauges in the sgets are reference gauges that were
installed in pregently firm blocks of ground. Cracked and broken
ground (see photograpns *) are between the anchor gauges and other
gauges in the sets prefixed by "A," "B," and "C." Gauges are
measured {see table 1) with a metal tape and hook-type anchor.

11. Eight wire-movement indicators have been installed in
conjunction with the gauge sets to enable airborne observers to
detect any significant displacement or movement. Certain of the
gauges {see table 2) have wires attached. Yellow, red, and white
squares of flagging are affixed to the wires. It is conjectured
that any significant movement that would exert in the magnitude of
30 to 40 pounds of pressure would pull loose any wire indicator.

A break in the wire would destroy the allgnment of wire and show
disturbance of flags. A bresk could be easily recognlzed by aserial
ohservers. Detailed ground checks would follow to determine the
reason for & wire break. Impending breakage of wire indicators
would be reflected by szlide-gauge readings indlcating displacement.

RESULTS OF SLIDE-GAUGE INSTRUMENTATION BETWEEN SETS
TA™ AND "B" IN SECTION I

12. Results of slide gsauge readings between 30 August and
1]l September 1959 and ouservations of wire indicators indicate
that no significant movement has taken place along tle entire
crest area.

13. Gauge set A2-A4 has exhibited a total increase of 2
inches (see table 1), more than any other set on the top of the
slide. This small change ig considered negligible. Fluctuations
in daily readings may be attributed to differences in wind and
variable tensions applied to the tape. It should be noted, however,
that an apparent vertical change of 1.12 feet. has been noted along
a8 17-foot slide scerp at the extreme east end of the glide area,
One foot of this vertical movement occurrsd prior to the installa-
tion of the "A" set of gauges. Early settling or compaction of
loosely ceonsolidated slump material consisting largely of schigt
and gnelss is indicateqd.

1h. Horizontel check movement points J-7 and J-8 (see figure
1) were installed 9 September 1959 across the upstream toe of the
left sbutment of the slide at stations 48 + 71.2 and 52 + 96.8,
respectively., The movement points were checked for alignment
1L September 1959. Points J-7 moved 1/2 inch north--negligible
movement--while J-8 revealed no movement.

15. An increase of 1 1/2 inches--the maximum for the "B"
set--hss been recorded between gauges B-anchor and B2. It is
believed that this apparent increase 1s negligible and is not
indicative of significant movement.

* Not reproduced.
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16. GEOLOGY. A geologic map of the slide area is shown on
figure 1. The major lithologic units consist principally of chlorite
schist with lesser amounts o. hornblende gneiss. Bedding structure
is obscured by slvmped rock. Eowever, weachered schist gt the crest
and immediately west of the "B" set of gauges revealed a K 70° E
strike and a 62° NNW dip, approximating the bedding in the dolomite-
quartzite pinnacles in the north and south valley slopes. The top
20C feet of the slide is treeless, representing a part of the south
facing or back slope that slid., A sizable berm, which consists
largely of schist, constitutes much of the upstream, left bank
area of the natural dam. A 50-75 foot glide scarp is found about
one-half way down the east boundary of the slide. No toe restraint
is thue provided in this area for the presently stable timbered
slope to the south.

17. CCHNCLUSIONS AND RECOMMENDATIONS., It appears tenable that
slide 2 (Section I) offers no present endangerment to either con-
struction or engineering personnel or the spillway structure,
exclugive of a major reoccurring earthgualke.

a. Since this ridge area was probably fractured and cracked
as it is today immediately following the slide and has experlenced
the subsequent minor quakes and tremors, it is & strong indication
that the material of the ridge area will remain in place for a period
of a year or two at least. The two main factors which can influence
the length of this period are as follows:

First: The occurrence of additional severe earthqueke shocks.

Second: The weathering of the earth and rock mass along the
ridge by natural moisture from rain and snow melt.

The second of these factors would of course take considerable
time. It is estimated that two or more spring seascns would be
necessary to saturate and weaken the slide materials sufficient to
cause them to start moving from their natural position and slide
or creep slowly into the area of the natural dam below. It is
believed that the end of the scarp area {see aerial photos ¥ 1, 2,
and 3), 1s likely to absorb water at a much more rapid rate then
other areas of the ridge, since a greater surface is exposed. At
the time thait the east slide mass becomes saturated sufficiently
to lower the shear strength of the materials, it will slide or
creep toward the natural dam and spillway below., The gpeed of
this movement is difficult to predict but could possibly be very
rapid and develop sufficient speed to move through the rather large
and comprehensive berm which lies between the scarp and the spillway
channel}. Rapid sliding would he sufficient to block the spillway
channel which has been ceonstructed.

¥ Not reproduced.
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b. A simple stability analysis was run on the loose slide
material in Section I. The distorted section shown as figure 3
was used as the basis for the stabllity study. No water forces
were assumed and the weight of the sllide mess was teken as 120 lbs.
per cuble foot. For a factor of safety of 1.00 the required shear
strength along the slide plane was computed to be a frictional
resistance of tangent #=.55, The effect of infiltrating rain water
or snow melt was evaluated on the basis of 26 inches anmual pre-
cipitation. The added weight of the waler would be approximately
6%, or negligible. If this much moisture were added uniformly to
the slide mass, the increage in molsture content would also be of
no consequernce, The most effect from moisture would result if the
water seeped through the mass to accumulate at the slide plane or
the surface of firm bedrock. It seeme doubtful that this smount
of molsture would have a major weakening effect along the slide
plane. It is therefore concluded that the rate of sliding for the
Section I area will be a slow creep and will not block the spillwsy
channel..

¢. Unloading the top of the glide, which might entail the
removal of perhaps 2/3 million cubic yards of slimped material,
would incresase stability. Material could be removed to the back
slope. Accessibility would pressnt somevwhat of an obstacle.

d, Continued observation is recommended.

RESULTS OF SLIDE-GAUGE INSTRUMENTATION BETWEEN
SETS "B" AND "C" IN SECTION II

18. Results of observations taken on wire indicetor number 4
(see figurs 2, table 2, and photo ¥ No. 6) cite no movement thus far.
Tight cracks are noted some 200 feet (slope distance) along the south
facing or back slope (see photos * Nos. 3, 4, 5, and &). Arcute
cracks are congplcuous near the scarp.

19. GEOLOGY. Weathered schigt hedding strikes N 70° E and
dips 62° NEWW into the rockslide erea along a steep scarp (see
photo * L). The back slope dips about 32° south. The crest is
therefore precipitous for several hundred horizontal feet and
about 50 vertical feet.

20. CONCLUSIONS AND RECOMMENDATIONS. Section II appesrs scome-
what more stable than Section I on the east or Section IIT on the
west,

a, The central area, shown ag Section IT of the ridge on
figure 1, is more steeply sloped and cleaner than the other ridge
areag. For the top 50 feet the jagged scarp face follows alternately
along the steeply dipping Jjoint and bedding planes of the schist
bedrock. Below this the slide face is on & much flatter slope.

#* Not reproduced.
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Although small cracks appcar about 200 feet down the backslope,
this section is considered generally stable, with only very small
pieces on the face likely to fall off as weathering progresses.
This conclusion is based on the fact that any fracture or slippage
on elther a joint or bedding plane whould be so steep as to pass
under the present scarp face, thus developing tremendous resist-
ing forces. Only quake forces of the maximum intensity would be
sufficient to overcome this resistance.

b. Damage to the sgpillway is not anticipated.
¢. Extended surveillance of the crack system is urged.

RESULTS OF SLIDE-GAUGE INSTRUMENTSTION
IN SET "C" AND SECTION III AREA

21. Slide-gauge measurements have recorded no significant
movements to date. Arcute cracks are very consplcuous for approxi-
mately 450 feet along the extreme west edge of the slide scarp.
This cracking extends about 125 feet back of the steep crest. One
major crack, vhich is between Cq-C,, C and wire indicator 8,
is at least six feet wide and 10 féet geeg The crack continues
into the timbered north-facing slope about 75+ feet west of and
parallel to the edge of the slide scarp. No significant cracks
have been noted west of phoio ¥ 10. An increase of 5/8 inch was
measured from C anchor %o €, and C; to C3 (see table 1). This change is
considered negligible.

22, GEOLOGY. BSchist congtitutes the major rock type in the
crest area. The south-facing slope is grass-covered with a thin
goil mantle, Schist bedding, which is revealed in the aforementioned
conspicuous crack, strikes sbout N 85° E and dips 57° NNW toward
the Madison Valley rockslide (see figure 1). The crack appears to
be locally joint controlled. A joint surface, which is at least
10 feet high, strikes N 25° W and dips 79° SW. Cross jointing was
also noted.

23. Dolomite-guartzite pinnacles comprise a large proportion ¢
of the lower section of the timbered north-facing slope. A resistant
nose of dolomite-quartzite is & remnant in the slide area. The nose,
which is part of & pre-slide pinnacle, serves as a buttress, restrain-
ing the movement of slide material behind it in this seection of the
ridge. The esasternmost dolomite-quertzite buttress has sustained
periodic spalling of blocks. No extracordinarily large block has
fallen. Bedding strikes N 30° E and dips 60° NNW. Dip and strike
Joints have developed extensively. Joint-controlled blocks in the
magnitude of three or four feet in thickness have spalled subsequent
to the major earthquake. The falling rocks have been arresbed by
the talus slope and timber. No deleterious affects have resulted
to either persomnel, equipment, or spillway.

* Not reproduced.
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2k, CONCLUSIONS AND RECOMMENDATIONS. The western end of the
ridge in the area shown as Section IIT on figure 1 1s considered
stable over-all since it is well braced by a dolomite ridge remain-
ing along the west edge of the sllde. However, this area is also
too weak to withstand severe esrthquake shock.

8. Rather estensive deep cracking has taken place at the
top of the ridge as shown on aerial photograph * number 0. It is
expected that some large joint-controlled blocks will fall out of
this earea next year as nature's weathering forces act through the
many wide cracks. These fallouts will endanger snyone in the aresas
below but are not expected to adversely effect the function of the
splllway channel.

b. Preventlive meintenance, which would consist of the removal
of possibly 150,000 cubic ymrds of crest material, would substen-
tially obviate the possibility of dangerous large block falls.

c¢. Continued observation is recommended.

RESULTS OF INVESTIGATION CF AREAS
EAST OF SLIDE AREA

25. Airborne and footborne reconnaissance detected discon-
nected and discontinuous cracks along the narrow ridge east of the
rock slide crest., These cracks are not perceptidle on standard
slzed aerial photographs. Most of the cracks are fairly tight.
One crack, however, which is 1500+ feet east of the slide scarp,
apparently is strike (N 38° E) controlled (see figure 1). The
erack displays about one foot of vertical displacement and six
inches of horizontal displacement. It 1s open to a depth of at
least three feet. It continues eastward for perhaps s hundred
yards intc the timbered area below the ridge.

26. Indicstions are that many of the smell, relatively tight
cracks are tension cracks resulting from the major quake. Such
cracks are found on similar ridgee on the top of other Madison
Velley ridges and do not necessairly indicete slide movements.

27. A reconnaissance of the extreme end of the north-facing
timbered slope west of the slide revealed cracking and broken,
dlsplaced ground immediately in juxtaposition with the east slide
scarp. Extensive cracking deoes not appear to continue for any
eppreciable distance through the timbered slopes on either gide of
the glide scarp.

28. GEOLOGY. Bedrock exposures are restricted largely to the
narrov crest. The north and south valley slopes are timbered and
gsoil covered, respectively. Exposed rocks are relatively unweathered.

* Not reproduced.




The largest crack, which is described above, parallels the strike

of the rocks. Gneiss with quartz-injected veins and lesser amounts
of schist strike about N 38° E and dip 53° W some 1500+ feet east
of the glide scarp. Dip joints are well developed. The apparent
deviation in strike from the general strike N 80° E of the rocks in
the slide area may indicate a fault whose alignment conforms with

a faulit scarp striking southwest in the general direction of Henry's
Lake, Idaho. The same strike and dip of the rocks was observed
gbout 3,000+ feet east of the slide scarp.

29. CONCIIISION AND RECOMMENDATIONS. This area appears currently
stable,

8. A major slide in this area would seriously endanger the
upstream left abutment sector of the dam (see figure 1). The
5075+ foot slide scarp, which is midway along the east side of the
slide area, exerts little toe restraint to a part of the timbered
area adjacent to the slide area. On the other hand, the large mass
of the slide provides considerable toe support.

b. It is believed that the discontinuous, disconnected cracks
along the ridge do not imperil the stability of the ridge or the
timbered slopes east of the scarp.

¢. The narrov ridge and uniform slope indicate that the
greater percentage of moisture will be runoff, with little absorbed
in the bedrock.

4. Continued observations are strongly recomrended for this
area,

RESULTS OF INVESTIGATIONS OF THE PINNACLE
ON THE NORTH VALLEY WALL

30. Sloughed rocks and attendant dust swirls have focused
attention on the prominent rock pinnacle {see photo * 11) on the
north valley slope. Small rocks have sloughed from this pimnmacie
and corresponding ridges on the north slope in the wake of many
tremors.

31, GEQLOGY. Rocks near the base of the pinnacle (see photo ¥
12) are composed principally of dolomite, quartzite, gneiss, schist
and quartz-injected veins. Bedding strikes N 84° E and dips 54° NNW
or into the north valley slope. Strike and dip joints are well
developed. Rocks break along the jJjoints. Rock-gloughed areas on
the fairly masgive dolomite and quartzite pinnacle (see photo ¥ 11)
have resulted in light colored scars in contrast to the dark

¥ Not reproduced.
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colored weathered surfaces which have not sustained very recent
sloughing. The fracture or Jjoint in the pinnacle apparently was
developed prior to the earthquake as sttested by the dark colored,
weathered surfeces. Iesgs closely spaced jointing is evident on

the pinnacle than in the lower rock ridges adjacent to the pinnacle.
A well developed talus slope dips 30° 8§ below the pimnacle and
associated ridges. Most of the sloughed rocks come to rest on the
talus slope above the highway and downstream from the natural dam.

32, CONCLUSIONS AND RECOMMENDATIONS. Present indications are
that the pinnacle is relatively stable for an indefinite period.
It has thus far withstood the earthquake and innumerable tremors.
Surveillance should be maintained during the immediate future, In
the event that the main joint or fracture is opened and the rock
mass appears severed, the pinnacle should be removed by explosives
thus eliminating any safety hazard.

GENERAL CONCLUSIONS AND RECOMMENDATIONS

33. The inpending danger of potential rock glides dictates
that public access to the slide area and concomitent esgtablishment
of highways, buildings, cemp grounds, recreational asreas and the
like be denied until all safety hazards have been removed.

34, The following preventive measures are recommended:

a. Continued surveillance and observation of potential rock
glide areas should be continued once or twice & week until fall,
once a month through the winter, and once a week next spring,
particularly during the snow-melt period about the last of April
and during Mey and June.

b. The removal of perhaps 700,000 cubic yards from three
specific crest areas designed to minimize safety hazards to personnel,
edquipment, and the spillway structure is suggested.

¢. Observation of the rock pinnacle on the north valley wall
should be continued.

d. It is strongly recommended that rosd construction be
prohibited at the toe area of the rock slide. Any removal of the
toe area might trigger additionsl slides that could endanger
personnel, equipment, and the spillway.

e. A telemeter-type electronic warning device should be
designed and installed in conjunction with the wire indicators
near gauge sets "A" and "C" in the sglide-crest area. If this is
successfully done the frequency of observations recommended in
paragraph & above may be reduced.
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MISCELLANECUS OBSERVATIONS OR COMMENTS

35. SLIDE-STABILITY OBSERVATIONS AT HEBGEN DAM. The geology
and effects of the earthquake at Hebgen Dam are treated in a prior
report.

36. Surficial deposits of loosely consolidated overburden
crop out between the spillway and Hebgen fault scarp. As & result
of the earthqueke, this material was broken and cracked. The
overburden is highly receptive to moisture. This area receives
about 26 inches of precipitation anmually. An undertermined asmount
of sliding, perhaps of the slow, creeplng type, may be anticipated
in the distant future.

37. The quantity of anticipated moisture is expected to
exert a negligible weight in the overburden. However, sliding
may cccur if the Hebgen fault scarp, which is a slide plane, becomes
saturated-~-lubricated--or i1f the saturation line in the overburden
equals the Hebgen Lake level. The slope between the spillway and
Hebgen fault iz not excessively steep, about 1 on 3.5. This slope,
evaluated with the rather high shear strength of the gravelly over-
hurden materials, is considered stable, except for subsequent
earthquake shocks.

38. It is recommended that three sets of slide-movement
gauges be installed across the Hebgen fault scarp and a similar
number across open tension cracks east of the spillway. Subsequent
observations should be permanently scheduled. (Mr. Jones, Montana
Power Co. superintendent, has offered to read such gauges.) Any
significant increase in general cracking or movement might hbe
arrested by instituting a2 crack-gealing program to reduce saturation.

32. The left abutment arca appears relatively stable. 8Slides
of small megnitude resulted from the earthquake; slide scars are
perceptible. Additional small quantities of jointed rock (dolomite,
quartzite, and schist) are expected to slough periodically.

Lo, SLIDE OVERFIOW SPILIWAY STRUCTURE, For & permanent struc-
ture, two additional steps are envisiconed; first, the crest eleva-
tion should be lowered 35 Lo 5C feet; second, the chute rock should
be grouted with cement-gand grout for about 10 feet depth. If at
least one of thege can not be accomplished, it is doubtful that a
permanent structure can be attained.

Attachments:
Table 1 Gauge LReadings
Table 2 Wire-Slide Indicators R. E. CURTISS
Figure 1 Plan of Slide
Figure 2 Plan of Ridge Cracks D. XK. KNIGHT

Figure 3 Stability Section

IX-10



T-T sTa%L - XX

PIPE GAUGES

(A set has 5)

A Anchor - Al
A Anchor - A2

A Anchor - A3

Al - A2
A2 - A3
A2 - Ab

(B set has 3)
B Anchor - Bl

B Anchor -~ B2
Bl - B2

(C set has 5)

C Anchor - C2

clL - C2
1 - C3
ce - ch
c3 - Cch
Cl - Ch

(1) Distance

TABLE 1. SLIDE-MOVEMENT GAUGES ON CREST OF MADISON VALLEY SLIDE
DATE BRUNTON 8-30-59 TIME
INSTALIED DISTANCE BEARING READING READ
8-29-59 69' 2-3/8" N.55° W. 69° 2-3/8" 10:45 AM
(6-7 BM)
o 86' 10-3/4" H.T5° W. 86' 11-1/8" 11:00 AM
" gh' 8-1/8" S.74° W. gL' 8-1/8" 11:10 AM
i 29" 6-1/4" 29' 6-3/8" 11:20 AM
" 53t 1/2" S.7° W. 53' 1/2" 11:30 AM
" 96' 10" (1) 96' 10" 11:55 AM
8-30-59
12:15-1:30PM 9k’ 20-1/2" TN.31° E.
" o7' 11" N.k° W.
b 661 4" N.82° W.
8-30-59
12:15-3:20PM 65t L-1/2" N.k2° B,
" 83 6" N.-8.
" ehr 7" N.TT7° W.
" 50t 11-1/4" N.5° E.
" bl 7-3/4" N.2° E.
" 72' 9-1/4" N.69° W.

" 99' 11-1/2"(2)

determined 8/30/59

(2) Distance determined 9/1/59

CHANGE

+3/8"

+1/8"

REMARKS

No Change

Regligible
Change
No Change
Negligible
Change
No Change



c=T oTa®L - UI

PIFE GAUGES

A Anchor
A Anchor
A Anchor
Al - AP
AZ - A3
A2 - Al
B Anchor
B Anchor
Bl - B2
C Anchor
C Anchor
¢l - ¢2
Cl - C3
ca - ¢k
c3 - ch
€l - Ch

Al
A2

A3

Bl

B2

Ccl

cz2

TABLE 1. SLIDE-MOVEMENT GAUGES ON CREST OF MADISON VALLEY SLIDE (Contd)

9-1-59 TTMR TOTAL 9-2-59 TIME

READING READ CHANGE REMARKS READING READ

69! 2-3/8" 11:10 AM 0O No Change 69' 2-3/8" 5:15

86' 10-7/8" 11:15 AM  +3/8"  Negligible 86' 10-7/8" 5:18
Change

gkt 8-1/8" 11:20 AM O No Change oLt 8-1/8" 5:20

29" 6-1/4" 11:25 AM O No Change 291 6-1/4" 5:23

531 1/2" 11:30 &M © Ko Change 531 1/2" 5:25

96" 10-1/h" 11:%0 AM  +1/4"  Negligible 96' 11" 5:27
Change

oht 10-1/2" 12:36 PM O Ko Change olv 11" 5:35

g7t 11" 12:45 P4 0O No Change 97" 11-2/3" 5:37

g6t Lt 12:55 PM O No Change 661 L 5:41

65' h-3/h" 9:45 AM  +1/4"  Negligible 65' h-1/2" 6:10
Change

83 6" 9:55 AM O No Change 83" 6" 6:11

Eht 7" 10:05 AM 0O No Change 6l 7-1/k" 6:13

50' 11-3/4" 10:15 AM  +41/2" TNegligible 50' 11-3/4" 6:15
Change

by 7-3/8" 2:10 PM O No Change Yt 7-3/4" 6:18

Ter g-1/8" 2:15 PM  -1/8" Hegligidle 72' 9-1/4" 6:20
Change

99 11-1/2" 2:20 PM Dist. Determined ot Read

this date

PM
PM

M
PM
™
M
P
PM
M
PM

PM
PM

M

M
PM

TOTAL

CIANOE RENMARXS

0 No Change

+3/8"  Negligible
Change

0 No Change

8] No Change

0 No Change

$1" Negligible
Change

+1/2"  Negligible
Change

+2/3"  Negligible
Change

0 o Change

0 No Change

G No Change

+1/4* HNegligible
Change

+1/2"  Negligible
Change

G No Change

0 No Change
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PIPE GAUGES

A Anchor
A Anchor

A Anchor
Al - A2

A2 - A3

A2 - Ak

B Anchor
B Anchor
Bl - B2
C Anchor
C Anchor
cl - C2
ClL - C3
ce - ch

c3 - ch
Cl - Ch

Al
A2

A3

C1l

c2

TABIE 1. SIIDE-MOVEMENT GAUGES ON CREST OF MADISON VALIEY SLIDE (Contd)

9-3-59 TIME TOTAL 9-4-59 TIME

READING READ CHAKGE REMARKS READING READ

691 2-3/8" 5:51 PM O No Change 691 2-1/2" 3:43 PM

86' 10-3/4" 5:55 PM O No Change 86" 11" 3:43 PM

gkt 8-1/8" 6:00 PM © No Change o4t 8-1/8" 3:45 PM

29' 6-5/8" 6:02 PM +3/8"  Negligible 29' 6-1/h" 3:37 PM
Change

531 1/2" 6:10 PM O No Change 53¢ 3/} 3:40 PM

g6' 11" 6:0L PM +1" Negligible 96' 11" 3:35 PM
Change

okt 10-1/2" 6:22 PM O No Change okt 11-1/4"  3:h47 PM

97' 11-1/2" 6:24 PM +1/2"  Negligible 97' 11-7/8" 3:48 PM
Change

66" 4 6:26 PM 0 No Change

65t L-1/2" 7:00 PM O No Change 651 4-3/L" 3:14 PM

831 5-1/4" 7:04 PM -3/4"  TNegligible 83* 6" 3:16 PM
Change

6Lt 6-3/4" 7:05 PM  +1/4" TNegligible 64' 7-1/2" 3:58 PM
Change

50t 11-1/2% 7:07 PM +1/2%  Negligible 50' 11-7/8" 3:53 PM
Change

L 8-1/4" 7:09 PM +1/2"  Negligible
Change

72' 9-1/4" T:11PM O No Change

99' 10-1/4"  7:1k PM  -1-1/4" Negligible

Change

TOTAL
CHANGE REMARKS
High Wind
+1/8" HNegligible
Change
+1/4"  Negligible
Change
0 No Change
0 No Change
+1/4"  Negligible
Change
+1" Regligible
Change
+3/4"  HNegligible
Change
+7/8" Negligible
Change
+1/4"  Negligible
Change
0 No Change
+1/2"  Negligible
Change
+5/8"  Negligible
© Change
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PIPE GAUGES

A Anchor

Al

A Anchor - A2

A Anchor - A3

Al - A2
A2 - A3
A2 - Ab
B Anchor -
B Anchor -
Bl - B2
C Anchor -
€ Anchor -
Cl1 - Cc2
€1 - C3
c2 - Ch
c3 - ch
Cl - ch

Bl

B2

Cl

ce

TABIE 1. SLIDE-MOVEMENT GAUGES ON CREST OF MADISON VAIIEY SILIDE (Contd)
9-5-59 TIME TOTAL 9-7-59 TIME
READING READ CHANGE REMARKS READING READ
b9 2-3/8" 6:40 PM 0O Ko Change 691 p-1/2" 9:30 AM
86+ 11" 6:h2 PM +1/4"  Negligible 86! 11" 9:32 AM
Change
gkt 8-1/8" 6:44 PM O o Change oht 7-3/4" 0:33 AM
29t 6-1/2" 6:45 PM +1/4"  Negligible 29 6.1/2" 9:35 AM
Change
53t 1/2" 6:46 PM 0 No Change 53 1" 9:37 AM
96" 11-3/8" 6:49 PM +1-3/8" Negligible 96! 11-1/2" 9:40 AM
.Change
gkt 11-.1/4" 6:52 PM +3/4"  Negligible 9h4' 11" 9:45 AM
Change
981 6:54 PM +1" Negligible 98 1/4" g: 47 AM
Change
&6t 4" 6:56 PM 0 No Change 66 3-3/4" 9:50 AM
651 b1 /om 7:10 PM ¢! No Change 65! 5" 10:05 AM
83 6" 7:12PM O No Change 83" 5-3/4"
Gyt v T:14 PM  © No Change 6t 6-3/40
50t 11-3/k"  7:16 PM 41/2" TNegligible 50! 11-3/4"
Change
Ly 8-3/hm T:20 PM +1/2"  Negligible Lh' 8"
Change
72t 9-1 /2" 7:17 PM +1/4"  Negligible T2' 9-1/2"
Change
99t 11" 7:15 PM -1/2"  Negligible 99°' 11" 10:20 AM
Change

TOTAL
CHANGE REMARKS
+1/8"  TNegligible
Change
+1/4"  Negligible
Change
-3/8"  Negligible
Change
+1/2" Tegligible
Change
+1/2"  Negligible
Change
4+1-1/2" Negligible
Change
+1/2"  Negligible
Change
+1-1/4" Negligible
Change
-1/4"  Negligible
Change
+1/2"  Regligible
Change
-1/4"  Negligible
Change
-1/4"  Negligible
Change
+1/2"  Negligible
Change
+1/b"  Negligible
Change
+1/4"  Negligible
Change
-1/2"  HNegligible

Change
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PIPE GAUGES

A Anchor
A Anchor
A Anchor
Al - A2
A2 - A3

A2 - Ah

B Anchor
B Anchor
Bl - B2
¢ Anchor
C Anchor
c1 - C2
Cl - C3
g2 - Ch

C3 - CL
cL - ¢ck

Al
A2

A3

Bl

B2

C1

ce

TABIE 1. SLIDE-MOVEMENT GAUGES ON CREST OF MADISON VALLEY SLIDE (Contd)
9-8-59 TIME TOTAL 9-11-59 TIME
READING READ CHANGE REMARKS READING READ
Not read 69' 2-5/8"  9:33 AM
" 86' 10-7/8" 9:34 AM
" okt 7-5/8"  9:35 AM
" 291 6-1/2" 9:36 AM
" 53' 5/8" 9:37 AM
96" 11-1/2" 12:%0 PM  +1-1/2" Regligible 9T 9:38 AM
Not Read ohr 11" g9:47 AM
g8 12:50 PM  +1" Negligible 98' 1/2" 9:49 AM
Change
Not Read 66 L 9:54 AM
" 65' 5-1/8"  10:45 AM
" 83 6" 10:46 AM
" 6 7" 10:48 AM
50' 11-7/8" 1:10 PM  +5/8" TNegligible 50' 11-7/8" 10:4k4 AM
Change
Not Read Lhr 8-3/4"  10:41 AM
" 72" 9-1/4"  10:49 AM
" Not Read

TOTAL
CHANGE REMARKS
+1/4"  Negligible
Change
+1/8" Negligible
Change
-1/2"  HNegligible
Change
+1/4"  HNegligible
Change
+1/8" Hegligible
Change
+2" Negligible
Change
+1/2" HNegligible
Change
+1-1/2" Negligible
Change
0 No Change
+5/8"  Negligible
Change
0 No Change
0 No Change
+5/8"  Negligible
Change
+1/2"  Negligible
Change
0 No Change

R
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A Anchor
A Anchor
A Anchor
Al - A2
A2 - A3
A2 - Al
B Anchor
B Anchor
Bl - B2
C Anchor
¢ Anchor

cl - Cc2
Cl - C3

ge - ¢k
3 - ¢h

g1 - Ch

PIPE GAUGES

Al
A2

A3

Bl
B2

Cl

c2

TABIE 1. SIIDE-MOVEMENT GAUGES ON CREST OF MADISON VALIEY SLIDE (Contd)
(Data Added Subseguent to Report)
9-17-59 TOPAT, 10-21-59 TOTATL
READING CHANGE REMARKS READING CHANGE REMARKS
ot 3" +5/8" Negligible 69' 4-3/4"  42-3/8"
Change
86" 11-1/2" +3/4" Negligible 37' 5/8" +1-7/8"
Change
ol 7-7/8"  -1/h" Negligible 9k g™ +7/8" Negligible
Change Change
29t (-5/8"  4+3/8" Negligible 29' 3-1/8" +1-7/8"
Change
53' 5/8" +1/8" Negligible 53' 1-1/2" 41" Negligible
Change Change
97| l_l/l‘_n 97' 61! +8H
Tegligible
gk 11-1/K" +3/4" Change g5' 3" +h-1/2"
981 1_1/)_‘_!1 +2—l/l€" 981 601 +7n
661 3-1/e"  -1/2" Fegligible 66' 3-5/8" .3/8" Negligible
Cnange Change
65' 5¢ +1/2" Negligible 65' 7-1/k*  42-3/hk"
Change
83" 5-3/4"  -1/4" Tegligible 83" 7-1/4"  +1-1/4"
Change
o4t Tm 0 No Change 64t 8-3/8" 41-3/8"
511 +3/4" Negligible 51' 2" +2-3/4"
Change
Yl g +1/4" Negligible Lkt 8~ +1/47 Negligible
Change Change
721 9-7/8"  +5/8" Negligible 73! 1/2" +3-1/h4*
Change
g9t 10" -1-1/2" Not Read
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TABLE 2. WIRE-SLIDE INDICATORS ON CREST OF MADISON VAIIEY SLIDE

DATE 9-2-59 CONDITION QF
WIRE NUMBER INSTALILED LOCATION REMARKS OBSERVATION WIRE & POINTS
1 9-1-59 Between A Anchor 3 Yellow Flags 5:15-6:20 PM
& Tree on Quartz N.17° W. Dist. Intact No Change
mass at edge of 130 + feet.
slide.
2 " A2 - A3 Yellow Flag Intact No Change
3 » B Anchor - B2 Yellow Flag Intact No Change
4 v Across crack Wire & Wwhite Intact No Change
between B & C Flags
gauge sets
5 " C Anchor - C1 Yellow Flag Intact No Change
6 " c1 - C3 Yellow Flag Intact No Change
T " g2 - ch Yellow Flag Intact No Change
8(1) 9-8-59 West of Yellow Flag
flcll Set of

gauges. Pipe
and tree wire
indicator

(1} Across a major joint-controlled crack 42 ft, N. 70° W. from Ch to pipe; 58 ft. N 15° E. from Ch to tree.
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WIRE
NUMBER

TABLE 2.

WIRE-SIIDE INDICATORS ON CREST OF MADISON VALLEY SLIDE (Contd)

9-3-59
CBSERVATION

CONDITION OF
WIRE & POINTS

Intact

i1t

9-h-59
OBSERVATION

No Change

"

Intact

"

CONDITION CF 9-5-59 CORDITION OF
WIRE & POINTS OESERVATION WIRE & POINTS
lio Chenge Intact No Change

"

"

m

1

1

"

r
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WIRE

oW

@ N O oW

TABIE 2. WIRE-SLIDE INDICATORS ON CREST OF MADISON VALIEY SLIDE (Contd)

9-6-59 CONDITION 9-7-59 CONDITION OF 9-8-59 CONDITION
OBSERVATION WIRE & POINTS OBSERVATION WIRE & POINTS OBSERVATION WIRE & POINTS
Intact No Change Intact No Change Intact No Change
(Aerial
Observation) b " " " "
1 n it 1 " b}
" " " " n 113
it " il " 1" T
n 17 H it : ] 1
1] " n 13 " "
Installed Installed
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TABLE 2., WIRE-SLIDE INDICATCRS ON CREST OF MADISCN VALLEY SLIDE {Contd)

o =X Onown

1]

L1

"

1]

"

9-9-59 9-10-59
WIRE AERTAT, CONDITION OF AERTAL CONDITION COF 9-11-59 CONDITION OF
MUMBER OBSERVATTON WIRE & POINTS OBSERVATION WIRE & POINTS OBSERVATION WIRE & POINTS
1 Intact ¥o Change Intect No Change Intact No Change
2 " n o i3 " 1t
3 " n " 1 H "
ll' it £ 11 " " T
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TABLE 2. WIRE-SLIDE INDICATORS ON CREST OF MADISON VALIEY SLIDE (Contd)

o =3 [ ] £ W

i

Tt

"

n

9-12-59 9-13-59
WIRE AERTAT, CONDITION OF AFRTAL CONDITION CF
RUMBER OBSERVATTON WIRES & POINTS OBSERVATION WIRES & POINTS
i Intact No Change Intact No Change
2 " i tH o

n

”
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TABIE 2. WIRE-SLIDE INDICATORS ON CREST (OF MADISON VAIIEY SIIDE (Contd)
’ (Data Added Subsequent to Report)
WIRE 9-17-59 CORDITION orF 10-21-59 CONDITICHN OF
NUMBER OBSERVATION WIRE & POINTS OBSERVATION WIRE & POINTS

1 Intact No Change Intact Tight

2 " " " Loose

3 " " " Tight

b Hot Checked Not Checked
" No Change B Loose

6 " " " Loose

7 " " " Loose

8 " " Tight Offset to West
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APPENDIX X
Madison Slide Subsurface Exploration
And Cbservations

By C. V. Johnson

MADISON SIJDE SUBSURFACE EXPIORATION AND OBSERVATIONS

l. Genersal. The esrthquake of 17 August 1959 in southwestern
Montena and the Yellowstone Park caused a rock and earth slide which
completely blocked the narrow Madison River Canyon and formed &
natural dam. The lmmediate problem at hand was to lower the crest
of the glide and provide e splllway to safely conduct the overflow
scross the slide to the river velow. OSubsurface investigations
usually precede construction, but in this emergency, constructlion
work preceded investigaticns. The work of cutting down the crest
of the slide was started immediately and the spillway alignment and
grade was adjusted to meet field conditions ag construction progressed.
The slide, from surface ohservations, appeared to be predominantly
rock but as work progressed the need for subsurfece date became
evident even though this data would not be aveilable until emergency
wvork was well along or complete., A program of subsurface explora-
tion of the slide was decided upon on 31 August 1559. The purpose
of the program was to determine if possible the type of subsurface
material in the slide adjacent to the rock lined spillway emnd to
determine the hydrostatic pressure gradient through the slide. It
was considered that the drilling would be very difficult and the
program, as originally set up, provided for drilling through the
silde if possible, or at least 10 feet below the water surface level.
One hole was located at the downstream toe of the slide; the purpose
of this hole was to determine the depth to bedrock and the composi-
tion of the alluvial valley fill.

The meteriale encountered in the gubsgurface exploration of the
slide were different then anticipated from surface cobservation. A
considerable amount of soft disinhtegrated rock and earthy material
was encountered which drilled very easily and the rock formations
found were usually schist or gneiss which would break easily under
impect. This rock appeared sound but must have been overstressed
by the slide as it would breek down under impact such se drilling
or being moved by a dozer. Most of the rock was drilled end
recovered by drive sample methods which furnished & complete record
of all materials encountered. The samples were altered due to the
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impact of driving but by the oroper interpretation of 21l drill data,
guch ag difficulty in driving for smnple or driving casing, the type
and condition of the rock covld be determined. Material containing
considerable earth or disintegrated rock drilled easily while rock
which had slid en masse and was Tairly sound drilled very hard. Rock
bits were used when the material was too hard to penetrate with a
drive barrel or for drilling a considerable distance beyond the end
of the drill casing. When drilling beyvond the end of the casing

md was used to hold the hole open. The use of rock bits was held

to a minimmm because with this method of drilling, samples of the
material, were obtainzd only by beiling the mud sludge from the bottom
of the hole.

2. Review of Drilling. The attached drawing plate 1 contains
the drilil logs of all the slide subsurface explorations. The
following subparagrsphs briefly review the actual drilling opera-
tion for each location and should be helpful in interpreting the
drill logs.

a, Piezometer No. 1. Drilling was started on 3 September
1959 on piezometers No. 1, located at station 26436 and 175 feet to
the right of the spillway centerline. The initial drilling was in
fractured and disintegrated schist and gneiss which drilled much
more easily than anticipated. Water was encountered at 46.4 feet
or approximabely 15 feet below the lake level at the time. One
of the purposes of drilling was to check the hydraulic gradient
through the slide; therefore, after reaching a depth of 63 feet,
drilling was discontinued so the drlill rig could be moved to the
next proposed lccation dovmstream.

b, Piezometer No. 3. Drilling started L September 1959
on plezometer No. 3 at station 19+0C. The material at this loca-
tion drilled harder than at the location of piezometer No. 1
upstream and appeared Lo be gneiss which had more strength but
shattered under the impact of the drive barrel. More large pleces
were encountered in this hole near the surface and the casing
drove quite hard. At about 50 feet it wag learned that the eight-
inch casing had broken about 20 feet below and ground surface.
This made progress difficult but drilling continued as far as
possible in the hope of encountering the saturation line. At
about T2 feet it wvas impossible to continue drilling, as the cas-
ing was becoming offset at the break. A two-inch piezometer plpe
wag installed and driven about three feet ahead of the eight-inch
cagsing. The upper section of eight-inch casing was recovered and
the drill rig moved to the next location at station 9440. At the
time the plezometer was installed at 11 a.m. on 6 September the
hole was dry at elevation £355.0. Six hours later, when the pipe
vas sounded, there wag 0.8 foot of water in the pipe and by the
next morning the walter surface had risen another four feet.
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c. Piezometer No. 2. The surface material at station 9+4C
wag composed of large angular pieces of rock. At a depth of about
20 feet a large boulder was encountered which necessitated the use
of a rock bit. After this boulder was broken and passed, the material
appeared to change to schist and gneiss which drilled about the same
as in the previous hole. The color, however, was more yellow than
&t the other locations. The drive barrel broke up most of the
material into rock flour and rock fragments, with rock flour pre-
dominating. The material drilled fairly hard until what appeared
to be alluvial materiel was encountered at a depth of 70,5 feet or
elevation 6372.3, which was slightly higher than anticipated (about
8 feet). The naterial encountered below the 70.5-foot depth appeared
to be & nixture of slide and alluvium and was so confusing that the
Inspector saved samples of almost every drive for later analysis.
It hag szince proved to be very difficult to analyze the materials
in these samples. For example, the samples taken at 97.5 feet and
59.0 feet appeared to be definite slide material and were powder dry
when recovered, while samples at 94.5 feet and 102 feet were com-
pletely saturated. The materiel at a depth of 102.0 feet appeared
to be a sandy silt, very dark in color, resembling surface soil,
Drilling continued to & depth of 105 feet which was 27 feet below
original ground as interpreted from & topogrephic map of the area
before the slide and several feet below the river bed at thils location.
A two-inch piezometer was installed with the screen in the coarse
pervious material above the elevation where the apparently alluvial
material was encountered.

d. Piezometer No. 4. Due to the large discharge of toe
seepage it was advisahle to move the proposed location of plezometer
No. 4 downstream and locate i1t on the river bank along side of the
road. The initiael drilling was through road fill and talus material
to the 17-foot depth, where alluvial material was encountered. The
alluvial meterial consisted of gravels and sands which were in
general angular with some rounded particles. Some cobbles up to
five and one-half inches in size were encountered. The material
appeared to be a mixture of quartz, zchist, snd gneiss particles.
Occasionally & chunk of material would be found in which the gravel
and sand were imbedded in a matrix of tough clay. At 89 feet a
material was encountered which wes probably disintegrated bed rock.
The drive barrel would not penetrate, and it was very resistant to
the rock bit. The material recovered in the vbailer appeared to be
a8 Tine sandy materiel which furnished & cusion to the rock bit. At
93.5 feet solid bed rock was encountered which drilled faster and
sharp angular cuttings were obtained when the hole was bailed.
Drilling continued into bedrock to & depth of 105 feet to make sure
it was not a large boulder. A piezomeier with 10-foot screen was
installed at this location to a depth of 63 feet, which coincided
with some of the more pervious material encountered.
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e, Piezoweter No. 14, At the completion of plezometer
No. 4 the drill rig was moved to a location approximately 12 feet
upstream from piszometer number 1 and a new hole was started using
10-inck casing initially, and reducing successively to 8-inch and
finally 6-inch casing. 'The three sets of casing were necessary in
order to drlll to a depth at least equal to the original river
valley. The first 60 feet was the sam~ as the previous hole. The
nmaterial to about 46 feet appeared tc be & crushed rock. Below
thisg depth thers werc traces of goil ana from the 65-foot depth
(elevation CL0G3.0) the material was mixed with considerable clay
and soll. Tiom a study of the talus slopes near the top of the
siide it is believed This material was a talus slluvium. DPieces
of rock were recovercd that indicated water action and the gravel
imbedded in the c¢lay were somewhat rounded. Thig same generzl type
of material continued to 181 feet (2levatlon 6237.0). At this
depth a schist rock was encountered which acted as solid rock.
Samples were obtained with a four-inch sample barrel but a rock
hit was used for most of the drilling in this formation and it was
drilled ¢pen hole. There was evidence of cracks and shatiering
but in general it driiled as soidid rock except for five feet
between 21k and 219 where a very compact dry reddish clay was
encountered. After drilling through the clay with a drive barrel,
drilling continued with rock bit to 237 feet which was the limit
of the cable on the drill rig. This depth was approximately 15
feet below the river bed at this locatior and 25 feet below the
original ground elevation as determined from a topography map of
the area before the slide. It was evident that the slide had
gouged out the original river valley alluvium, as the hole ended
in wvhat was pragumed to be schist rock from the glide.

While dolomite rock wasg being haunled from the high ridge
on the north side of the slide, great quantities of sand and
gravel were noted which seemed Lo be alluvial in character. It
was pregsumed that the slide had gouged out at least a portion of
the valley alluvials and carried them up to the high ridge on the
north side of the valley. Thisg presumpbion tends to be confirmed
by the fact that zlide material was found below the elevation
where natural ground should have been found, (if undisturbed). A
pievzometer pipe was installed at P-1A zite with bottom of screen
at elevation 6341 (127-foot depth). This piezcmeter gave water
surface readings which were about 10 feet higher than piezometer
No. 1 which was installed at elevation GU05 (63-foot depth), at
this same location.

f. Piezometer Ho., 3A., Piezometer No. 3A was started
at station 20+40 and 21k feet right of centerline to replace pilezome-
ter No. 3 which hed besen destroyed, and Lo obtain subsurface informa-
tion through the entire slide. The initial material encountered was
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essentially the same as in piezometer No. 3 and contimued to sabout
elevation 6339.2 (109-foot depth). From 109 to 153 feet the
material was clay, sand, and gravel which had alluvial characteris-
tice and was probably from talus slopes. Below this depth to 209
feet the material consisted mainly of clay conglomerates of green
end red decomposed schisgts. From 209 to 215 feet clayey gravels
and sands were encountered which seemed to be alluvial in character,
and were presumed to be from the original river flood plain., The
lagt 30 feet of the hole had been drilled open hole and as this
material would not stand open the hole was considered complete atb
215 feet {elevation 6233.2 or 32 feet below the estimated original
ground surface). A piezometer pipe was installed to elevation 6300.6
which was above the clays and in perviocus gravelly material.

g. Intake Channel Test Holesg. During the initiel exceva-
tion for the intaeke chanvel for the <pillway considerable rock
material was encountered. As the spillway lowering operation was
started this material was again encountered and a&s a2 result it was
decided to drill three shallow test holes to determine the depth
and extent of this formation. The tentative locations decided
upon were at stations 20450, 31450, and 32+450. A berm for drilling
was excavated as close to the channel as possgible and the holes at
20450 and 32450 were drilled from this berm, This drilling was
more difficult than at any of the other leocations drilled. The
rock formation for the most part seemed to be gquite continuous
and was judged to be & mass of schist and gneiss rock which was
ghattered but had not been disturbed enough to produce a bulking
effect, It was difficult to drive sghesd of the casing as the drive
barrel tended to deflect and follow the fractures of the rock. The
hole at 32450 drilled herder then any hole drilled. At & depth of
50 feet the eight-inch casing drove so hard that it was necessary
to change to six-inch casing to complete the hole. The drdilling
seemed to ease up below 60 feet {elevation 640OL.8) but the rock
formation was continuous to the depth drilled, elevation 6382.8.
The hole at 29450 was drilled to e depth of 80.5 feet, (elevation
6379.5) using eight-inch casing and six-inch drive barrel. The
material drilled through was all judged to be shattered schist
and gneiss with some fairly large pleces encountered at times.

After completing the holes at 29450 and 32450, construc-
tion activities made it necessary to offset the hole at 31450 &
total of 00 feet to the right of the channel centerline. Prior
to moving to this location it had been noted that the surface rock
at 31+50 was large and blocky and it was anticipated that the
initial drilling would be very difficult. At the new location the
material was entirely different and it was estimated that 80 percent
of the material above a depth of L0 feet was earthy material and
below this depih the materisl was mainly schist and gneiss which
drilled easily. This drilling furnished evidence that the rock
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formation extended to the right at the lower elevations but it was
not the resistant rock encouantered in the viecinity of the spillway.
The above drilling indicated that at the location of the spillway
channel & fairly resistant rock formation would be encountered +o
the depth of the contemplated channel lowering.

3. Chamnel Face Studies. As the lowering of the spillway
progressed observations made of the material excavated and the side
slopes of the channel furnished a record of the rock formation
encountered. The chamnel was excavated by dreglines working on a
werm on the right side of the channel. The left channel wall was
wvashed clean as excavation progressed and prior to bank sloughing
the rock formations were clesrly visible., Ag discharges increased
and the side slopes became higher bank scour on the left became
excegsive and this bank receded as much as 50 to 100 feet in places.
After the sloughing started much of the formation was covered by a
thin covering of earthy materisl., The right bank was excavated in
the dry with shovels, and 1n general most of the slope was covered
with an overlay of shattered rock and soil which made it diffiecult
to determine the type and characteristics of the rock formation
encountered. During the lowvering operation maps were made every
few days of the left channel formations, and notes were mede of
the type of rock excavasted from the channel and the right bank.

As the spillway lowering operation nesred completion a study was
made of all the data collected and a generslized geologlc map was
made showing the rock formations encountered in the spillway channel
(attached drawing plate 2). The water surface profile for 25 October
indicates the lower limit for which data was available for plotting
the actual rock and soll conditions encountered. Record pictures

of Tthe channel walles vere taken on 23 Cectober when the channel was
within 15 feet of ultimate lowering. Bank sloughing was gquite
severe abt this time and the rock formation was partlially obscured
by a covering of dirt. At this time it was evident that the rock
formsivion was probably being flanked to the left at one location.
Thiz was noted at 31+50 where earthy material was exposed where

rock had been noted prior to excesslive sloughing. There are
Iincluded with this report record plztures taken on 23 October 1959,
which show the material exposed in the channel walls as the spill-
way lowering operation was nearing completion. These pictures and
the inclosed profile irndicate that in general rocky material pre-
vails in the upstream one-fourth of the spillwey which should resgist
erosion and act ag & contrel and prevent future rapid scour of the
upstrean spillvay area, while the downstresn ares consists of
earthy material with mumerous boulders intermixed.

. Mechanical Analysis of Slide Material. There is inclosed
& mechanical analysis of typical earthy material obtained along the
spiliway channel. (Attached drawing plate 3.) This sample was
intended to represent only the material under the 12-inch size.
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A Michigan loader was used to obtain the semple and & representa-
tive portion weighing 1,370 pounds was analyzed for size. This
sample indicated that over 5C percent of the material considered
earthy would pass & 1-1/2-inch screen. This sample was probably
fairly representative of the material in the downstream portion of
the slide, which eroded very easlly when subjected to water action.

5. Qbsarvation of Plezometers. Piezometer pipes were installed
in all the initial drill holes to determine the hydraulic gradient
through the slide. There is inclosed a drawing (plate 4) which
summerizes plezometer ohservations through 22 October 1959, The
individual record of each pipe is indicated on individual graphs
and the hydraulic gradient for two different dates is Indicated
ori the profile. The profile for 7 September 1959 was the earliest
date that data was available to determine the gradient through the
entire slide. This hydraulic gradient is of more value Tor study-
ing and analyzing the composition of the slide than later profiles
after the water started flowing over the spillway. After the flow
started over the spillway water entered the slide along the entire
length of the channel and tended to raise the gradient.

A study of the initial hydraulic gradient through the slide
indicateg that the upstream portion was more pervious than the
lower portioh of the slida. The hydraulic gradient had very little
slope from the lake to the plezometer at station 26436 and beyond
this point the slope was steeper. Iater during channel lowering
operations it wag verified that the upstream portlon of the spill-
way was rock which had slid en masse and was crushed and fractured
to make it very pervious. The downstream portion of the slide was
composed of meterial descrlbad as earthy which was less pervious
than the rocky material upstream. The hydrsulic gradient through
the lower portion of the slide indicated that there were no radical
changes in the slide material, such as areas of clay which would
act as a core,

Measurements were made of the seepage through the slide prior
to and after discharge through the gpillway. The seepage discharge
increased very rapidly the last two days before discharge over the
spillway indicating that it had taken approximately 20 days to
scak up the materisal and establish seepage equilibrium through the
glide., Measurements afier this date indicated the seepage discharge
probably averaged about 150 c.f.s. The seepage flows were clear
and no movement of fines was observed. The observation of piezome-
ters during the spillway lowering operation showed that the satura-
tion line lowering colncided with the reduction in lake elevation,
indicating that the slide material was free draining.
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6. Movement Chbservations. A niovement observation program was
decided upecn on 25 August 1050 at the same time that the drilling
program was formulated. There was a difference of 300 feet in
vertical elevation between the proposed spillway channel and the
high point of the siide. It wag conceivable that some movement
could still be taking place in the slide and algo it was desired
to check Tor movement when water was first discharged over the
spillway and the mass became saturated. There is attached a
sumprary drawing, plate 5, which shows the movement points as in-
gtalled. This drawing also contains the tabulated results of all
obgservations made to the end of spillway lowering operations.

The reference points for the movement survey were located on
stable ground upstream and downstream from the slide. The movement
point J-4% ("key point") was the only point on the slide where both
reference targeits were visible. The movement program was designed
to vse the wonument at this location as the "key point," and it
was necessary to "wiggle In" with a transit to establish this point
on line. After establishing the "key point"” on line the movement
points in each direction were set by sighting on the target at
that end of the line. For all subsequent checks for transverse
movement it was nacessary to "wiggle in" on line at the location
of the "key point" end then check the points in the same manner
they were established. The program was designed so that any major
movenment would show up as transverse movement. However, elevations
were run to all momments and the distances between them were
chained. The purpose of this was to furnish a check on the actual
movement if the transverse movement check should show that signifi-
cant movement was oecurring.

The total transverss movement of the "key point" from the time
obhservations gstarted on 7 September 1959 to 23 October 15659 was
0.55 feet downslope (south) toward the spillway. This movement was
not considered excessive, as it was only natural that consolidation
of the slides mass and settlement of the foundation alluvium should
take place after the disturbance and change of loading that took
place with the zlide. Definite plans wore made to have a level
ciieck of all monunents before the end of construcition, but engineer-
ing activitice were phased out before this was possible. Cn
28 October 1950, which was the last day of operations, a check
level run was made Frowm BY UBA-1 to a temporary EM on the slide
that represented the datum in use on the slide at the end of copera-
tions. The check elevation was 0.09 fuot lover than the datum
elevation in usge. This could be interpreted as the average
settlement of the slide from the time the original slide datum
vas establiched to the time of the check. The level run was not
closed back to the starting point 82 can be used only as in
indication of the probable seltlement that occurred.

%-8



7. BSBtability Obgervations. No anslytical caleulations or
tests of materials were made to determine the stability of the
slide. Obzervations made are mera=ly a rzcord of the actual
physical conditions of the slide during the many phases of con-
struction, which serve as an indication of the probably stability
of the glide. During the spillway lowering operation the left
side of the channel wag eroded dowm as sveeply as the banks would
stand., Iateral erosion caused the banks to recede as much as 100
feet in some locations. During this operation the material tended
to slough off in thin slivers and no major failure of a sectlion of
bank was observed. The final cross sectlons show that most of the
gide slopes on the left side were steeper than 1 on 1 and in some
cases (station 29) the slope was 1/2 foot horizontal to 1 foot
vertical and the height of the bank exceeded 80 feet. Most of
the slopes were belween these two limits,

During the carly part ol Qctober considerable erosion tock
place on the right side of the channel when the water bypassed
the rock terraces in the channel and slopes over 100 feet in
verticel height were exposed, which were judged to be steeper
than 1 on 1. This ercsion tock place so fast that seepage water
was observed issuing from the slope 10 to 20 feet above the base.
This seepage would tend to reduce the stability of the glope but
no major sioughs were observed. The materiasl caved rapidly but
came down in thin slivers. After the erosicn was arrested these
bluffs stood for several weeks with no further major sloughing.

The go-called earthy material composing a large share of
the slide appears to act as a granular materiasl and can be com-
pared to the talus slopes on the nearby mountains which stand on
steep angles of repose. Seepage discharge observations indicate
that this material nust stabilize into a natural filter very
guickly as no fines are carried by established seepage sources,
As a result of these observations it 1s believed that the slide
ig relatively stable and the danger of slides which eould block
the splllway chanpel are quite remoie,

8. SUIIEI!&I";Z .

a. The materials encountered in the subsurface explora-
tions of the slide indicated “hat the slide was composed of more
earthy material and soft week rock than had been anticipated from
surface observations,.

b. Most of the rock encountered in drill holes adjacent
to the spillway was schist and gneiss. Most of the rock could be
drilled with a churn drill using a drive barrel for sampling.

The rock appeared to have been stressed to the point where addi-
tional impact caused it %o shatter.
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¢. The upstream one-fourth of the splllway (intake portion)
was composad of massive schist and gneiss rock which had moved en
magsse. The roclk was badly cracked and fractured but had not been
disturbed enough to produce bulking and wag resistant to water
erosion. A great share of this material had to be removed by
nmechanical means during the spillway lowering operatlion.

d. The material in the dovmstream portion of the spilliway
congisted of a congiderable portion of earthy or disintegrated rock
which was very suscephbible to water erosion. Numercus boulders
were intermixed with this material, and tended to pave the channel
as ercsion progressed.

e, DPlezometer observations indicated that the slide
maberial was free draining with no impervious cores or blocks.
The saturation line was well below the surface of the slide. The
hydravlic gradient indicated that the upstream portion of the
slide was more pervious than the lower section and this was verified
in the spilliwvay lowering operation,

f. Movement observations made on the slide indicated some
downslope transverse movement and a level check indicated some
vertical settlement. In comparison to the movetent experienced
after completion of construction on large dams such as Garrison
and Fort Peck, this movement was provably the normal movement to
be expected after the change in foundation loading end the dis-
turbance of material caused by the slide.

g. During the spillway lowering operation high vertical
banks standing on slopes steeper than 1 on 1 were observed, These
banks tended to slough off in thin glivers of material as lateral
erosion progressed and no major slouvghing was observed. It is
believed that the spillway channel will be gquite stable and chances
of a major slough are very remote,

C. V. Johnson



FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

View of slide from station 12 upstream to earthqueke lake taken 21 October 1959. Number and arrows indicate the area covered by photos
on the following pages. (Photo #1)



FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

Oblique view of slide spillway taken from waters edge at station 35 looking upstream to lake entrance. View shows the rock and soil con-
ditions of the left bank at this location before the start of bank sloughing from lsteral erosion. Water surface of lake approximately. 6412.
Photo taken 23 October 1959. (Photo #2) :



Water sur-

(Fhoto #3)

FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA
Photo taken 23 October 1959,
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face approximately elevation 6404, (top of bank 6450).




FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

Oblique view of slide spillway taken from station 32 right bank looking upstream to station 34 left bank, showing the rock and soil con-

ditions. Top earthy material tended to cover the rock formatiom as lateral erosion progressed. Water surface at station 34 approximately 64Ok.
Photo taken 23 October 1959. (Photo #4) .
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FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

View looking at station 30 on left bank of slide spillway showing typical rock formations encountered in the upstream area during early
stages of spillway lowering operations, Fhoto taken 13 October 1959, See photo #6 taken 23 October 1959 at same location, which shows
magsive rock formation becoming less apparent as lateral erosion progressed. (Photo #5) -




FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

Cblique view of slide spillway taken from station 30 right bank at waters edge looking upstream showing rock and soil conditions of left
bank, %ateral ez)‘osion was extensive at this location and rock formation Lecame less apparent as erosion progressed, Thoto taken 23 October
19590 Photo #6



FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

Oblique view of eli.de spillway taken from station 28 right bank at waters edge looking upstream with station 32 marker showing in picture.
Picture shows rock and soil conditions of left bank, Rock formation shows through the light covering of dirt in the foreground., Water surface
at station 30 approximately 6397 at time of picture, Photo taken 23 October 1959, (FPhoto #7)



FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

View showing the large gneiss rock which were dragged out of channel at station 26 to 26450, Channel constricted at this location.
Photo taken 23 October 1959. (Fhoto #8)



CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

GARRISON,

"

FLOOD EMERGENCY — MADISON RIVER SLIDE

U.S. ARMY ENGINEER DISTRICT

(Photo #9)

Photo taken 23 October 1959,

View of right bank at station 26 showing the blocky rock encountered at this location,



FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

Oblique view of slide spillway taken from station 31 right bank at waters edge looking downstream at station 30 marker showing rock and
soil conditions of right bank., Right bank was shovel excavated and most of rock formation covered with layer of loose rock and dirt., lNote
rock formation visible in several locations, FPhoto taken 23 October 1959, (Photo #10)




FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA

Panoramic view of right bank of slide spillway channel walls from approximately station 16 and downstream, Excessive lateral erosion
occurred on right bank when water bypassed rock terraces in channel, Typical of material encountered in downstream reach of s, illway,
Photo taken 13 October 1959, (Photo #11)
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FLOOD EMERGENCY — MADISON RIVER SLIDE
U.S. ARMY ENGINEER DISTRICT, GARRISON, CORPS OF ENGINEERS, RIVERDALE, NORTH DAKOTA
Obolique view of slide spillway taken from station 19 right bank looking upstream showing rock and soll conditions of left bank, Material
"Earthy® with occasional boulders and very susceptible to erosion., Typical of downstream reach of spillway, Light bank at top the original
10 foot rock lining of spillway, Photo taken 23 October 1959, (Photo #12)
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APPENDIX XI

Equipment Rental Contracts
By K. C. Fischer

MRGVS 28 August 1959
MEMORANDUM FOR RECCORD

SUBJECT: Equlpment Rental Contraects for Hebgen Lske Earthgueake
Digaster Area

1. On 17 August 1959 an earthquake in western Montans csused
a landslide across the Madison River below the Hebgen Dem. Waters
from the Madigon River snd other tributary streams ceused a lake to
form rapidly behind the landslide which imposed an imminent threat
of flood, endangering the lives and property c¢f ranchers and towns-
people in the Madison Valley. By teletype dated 22 August 1959,
under Public Law 99 dated 22 June 1959, the Office, Chief of
Engineers avthorized and directed the Division Engineer, Migsouri
River Division &nd the District Engineer, Garrison District to
proceed with immediate survey and to take steps necessary to prevent
future demage to life and property from ineciplent flooding below the
landslide blocking the Madlson River.

2. The landslide and potential flood problems were surveyed by
experts, conpultants and Corps personnel and 1t wes determine neces-
sary to construct a rock plated spillway through the slide to provide
a means of releasing the water impounding behind the slide. DBecausge
of the need to take remedisl action as expeditiocusly as possible in
order to aveid any further damage or danger to life end property and
pecause of the many intangibles surrounding the content of the material
in the slide, the lack of contour information to determine quantities
for removal, handling and disposal, 1t was considered virtuelly
impossible to prepars specifications or other data and information
to permit contracting the work on & unit price or a fixed-fee basis.
For this reason, it was determined necessary to accomplish the work
by hiring equipment on equipment rental contracts, Lt., Colonel
Hogrefe briefly discussed the method of contracting with General
Barney who agreed that equipment rental was the only practicable
method of performing the necessary remedial work under the existing
emergency conditions. Therefore, all remedial work will be accomplished
by equipment rentel contracts, using the appropriate contract forms
set forth in Appendix A, ER 1180-1-1. All contracts to include equip-
ment with operator and operating supplies.
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3. In cooperation with the Civil Defense, the Montana Chapter
of the Associated General Contractors of America has organized a
disaster plan called operation "Bulldozer” which is administered
by the A.G.C., Thus, arrangements for the hire of the equipment
nesded were made under this plan and the rental rates were nego-
tiated by the undersigned, representing the Government and Mr. J. W.
Marlow, Secretary, Montana Chapler, A.G.C., Administrator of the
operation "Bulldogzer" plan and Mr. F. L. Oliver, Mewber of the
Board of Directors, A.G.C. In computing the rates the undersigned
used as a guideline, the rental rates set forth in the Garrison
District Disaster Manual which were adjusted upward to allow for
the Tact that the equipmeni rental rates in the State of Montana
were increased by 10% in June 1959, pius allowance for overtime on
labor, said overtime being directed by the Government. (7 each,
1¢ hour days = 70 hours per week). Generally, the A.G.C. representa-
tives based their negotiations on the rental rates established by
the Montana State Highway Department, said rates adjusted upward to
include the aforementioned 10% rate increase; labor at rates set
forth in the Department of Labor Wage Determination, plus 12% on
labor to cover employee additives and benefits as provided in the
1958-1961 International Union of Operating Engineers Labor Contract
and overtlme allowance bhased on a 7O hour work week, computed as
follows: O5 straight time hours (40 regular + 30 @ time and % = 85)
x the hourly rate :+ by 7¢ = the average hourly rate. (Example:
Straight hourly rate = $3.20 x 85 = $272.00 3 70 = $3.88 per hour).
For comparison purposes Lhere 