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Welcome Pardners. The planning committee for the 37th Annual Highway
Geology Symposium would like to extend to you a very warm greeting from
Montana. We want you to enjoy our state and particularly your stay in the
Helena area. We have planned this years technical program and field trip to
provide you with valuable information concerning engineering geology/
geotechnical engineering associated with road construction in mountainous
conditions, It is our intent that the symposium will offer you new information
to use on future projects and also support your present practices.

As always the sessions have been planned to rekindle old friendships with many
the opportunity to make new friends and to share our experiences.

We hope your plans will enable you to take advantage of our state, its scenic
beauty and historical sites which are one of a kind. Thanks for joining us and
once more welcome to Montana and Helena.

JOSEPH E. ARMSTRONG
MARK ZITZKA
SYMPOSIUM CO-CHAIRMEN



HIGHWAY GEOLOGY SYMPOSIUM

History, Organization, and Function

Established to foster a better understanding and closer cooperation
between geologists and civil engineers in the highway industry, the Highway
Geology Symposium was organized and held its first meeting on February 16,
1950, in Richmond, Virginia. Since then, 37 consecutive annual meetings have
been held in 24 different states. Between 1950 and 1962, the meetings were
held east of the Mississippi River, with Virginia, Ohio, West Virginia,
Maryland, North Carolina, Pennsylvania, Georgia, Florida, and Tennessee
serving as the host states.

In 1962, the Symposium moved west for the first time to Phoenix, Arizona.
Since then, it has rotated, for the most part, back and forth from east to
west. Following meetings in Texas and Missouri in 1963 and 1964, the Sympo-
sium moved to Lexington, Kentucky in 1965, Ames, Iowa in 1966, Lafayette,
Indiana in 1967, back to West Virginia at Morgantown in 1968, and then to
Urbana, I1linois in 1969. Lawrence, Kansas was the site of the 1970 meeting,
Norman, Oklahoma in 1971, and 01d Point Comfort, Virginia the site in 1972.

The Wyoming Highway Department hosted the 1973 meeting in Sheridan. From
there it moved to Raleigh, North Carolina in 1974, back west to Coeur d'Alene,
Idaho in 1975, Orlando, Florida in 1976, Rapid City, South Dakota in 1977, and
then back to Maryland in 1978; this time in Annapolis. Portland, Oregon was
the site of the 1979 meeting, Austin, Texas in 1980, and Gatlinburg, Tennessee
in 1981. The 1982 meeting was held in Vail, Colorado, and in Stone Mountain,
Georgia in 1983. The 35th meeting in 1984 was held in San Jose, California
and the 36th HGS was in Clarksville, Indiana. This year's meeting, the 37th,
was held in Helena, Montana, the capital of the Big Sky Country.

“Unlike most groups and organizations that meet on a regular basis, the
Highway Geology Symposium has no central headquarters, no annual dues, and no
formal membership requirements. The governing body of the Symposium is a
steering committee composed of approximately 20 engineering geologists and
geotechnical engineers from state and federal agencies, colleges and univer-
sities, as well as private service companies and consulting firms throughout
the country. Steering committee members are elected for three-year terms,
with their elections and re-elections being determined principaliy by their
interests and participation in and contributions to the symposium. The
officers include a chairman, vice chairman, secretary, and treasurer, all of
whom are elected for a two-year term. Officers except for the treasurer may
only succeed themselves for one additional term.

A number of three-member standing committees conduct the affairs of the
organization. Some of these committees are: By-Laws, Public Relations,
Awards Selection, and Publications. The lack of rigid requirements, routing,
and the relatively relaxed overall functioning of the organization is what
-attracts many of the participants.

Meeting sites are chosen two or four years in advance and are selected by
the Steering Committee following presentations made by representatives of
potential host states. These presentations are usually made at the steering
committee meeting which is held during the Annual Symposium. Upon selection,



the state representative becomes the state chairman and a member protem of the
Steering Committee. Depending on interest and degree of participation, the
temporary member may gain full membership to the Steering Committee.

The symposia are generally for two and one-half days, with a day-and-a
half for technical papers and a full-day for the field trip. The Symposium
usually begins on Wednesday morning. The field trip is usually Thursday,
followed by the annual banquet that evening. The final technical session
generally ends by noon on Friday.

The field trip is the focus of the meeting. In most cases, the trips
cover approximately from 150 to 200 miles, provide for six to eight scheduled
stops, and require about eight hours. Occasionally cultural stops are
scheduled around geological and geotechnical points of interest. In Wyoming,
the group viewed landsTlides in the Big Horn Mountains; Florida's trip included
a tour of Cape Canaveral and the NASA space installation; the Idaho and South
Dakota trips dealt principally with mining activities; North Carolina provided
stops at a quarry site, a dam construction site, and a nuclear generating
site; in Maryland the group visited the Chesapeake Bay hydraulic model and the
Goddard Space Center; the Oregon trip include visits to the Columbia River
Gorge and Mount Hood; the Central Mineral Region was visited in Texas; and the
Tennessee trip provided Stops at several repaired landslides in Appalachia.
The Colorado field trip consisted of stops at geological and geotechnical
problem areas along Interstate 70 in Vail Pass and Glenwood Canyon, while the
Georgia trip in 1983 concentrated on highway design and construction problems
in the Atlanta urban environment. The 1984 field trip had stops in the San
Francisco Bay area which illustrated the interaction of fault activity, urban
landslides, and coastal erosion with the planning, construction and mainte-
nance of transportation systems. In 1985 the one day trip illustrated new
highway construction procedures in the greater Louisville area. The 1986
field trip was through the Rockies of recent interstate construction in the
Boulder Batholith. The trip highlight was a stop at the Berkley Pit in Butte,
Montana, an open pit copper mine.

At the technical sessions, case histories and state-of-the-art papers are
most common with highly theoretical papers the exception. The papers present-
ed at the technical sessions are published in the annual proceedings. Some of
these proceedings are out of print, but copies of most of the last sixteen
proceedings may be obtained from the Treasurer of the Symposium, David
Bingham, of the North Carolina Department of Transportation in Raleigh 27611.
Costs generally range from #5.00 to $15.00, plus postage.
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Highway Geology Symposium
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WELCOME AND OPENING REMARKS

by GARY J. WICKS
Director, Montana Department of Highways
Helena, Montana

Mr. Wicks welcomed the symposium on behalf of the Montana
Department of Highways. He commented on the challenge we all
share in the transfer of technical information and innovation to
highway design. He further added to this challenge by mentioning
the current economic climate. Meetings such as this can help to

accomplish these goals.






GEOLOGY OF MONTANA

Richard B. Berg
Montana Bureau of Mines and Geology
Montana College of Mineral Science and Technology
Butte, Montana 59701

ABSTRACT

Igneous and sedimentary rocks metamorphosed 2,700 million years ago
to gneisses, marbles and schists are now exposed in the mountain ranges
of southwestern and central Montana. These metamorphic rocks are
overlain by less intensely metamorphosed sedimentary rocks of the Belt
Supergroup, also of Precambrian age. Sediments of the Belt Supergroup
were originally deposited in a large, shallow sea that covered most of
western and central Montana and northern Idaho. Some high-angle faults
that were active at this time are thought to have been reactivated
intermittently through most of geologic time, in some instances with
movement continuing to the present. Most of the overlying Paleozoic and
Mesozoic sedimentary rocks were deposited in marine environments. These
rocks, widely exposed in central and western Montana, are important
hydrocarbon reservoirs in the subsurface of the Montana plains. 1In the
latter part of the Mesozoic Era, large slabs of rock in western Montana
were thrust eastward for distances up to 100 miles (160 km). This
activity was accompanied by folding of sedimentary rocks into anticlines
and synclines. Cretaceous—-age sedimentary rocks, consisting largely of
shales deposited in extensive seas, are exposed in much of central and
eastern Montana. While these seas covered what is now the Great Plains,
granitic magma intruded the crustal rocks of western Montana to form
igneous bodies, and surface eruptions formed a variety of volcanic
rocks. One of the intrusive bodies, the Boulder batholith, is the host
rock for the very large metal deposit at Butte. Later, igneous activity
moved to the east, resulting in the emplacement of near-surface igneous
rocks now exposed by erosion in the mountains of central Montana. The
Fort Union Formation of Tertiary age, known for thick coal beds,
overlies Cretaceous sedimentary rocks in much of eastern Montana.
Sediment was also deposited during the Tertiary in intermontane basins
of southwestern Montana. Igneous activity continued into the
Quaternary, with igneous rocks only 115,000 years 0ld exposed in
Yellowstone National Park. The last advance of the continental ice
sheet covered the northern quarter of the state, leaving a thin veneer
of glacial deposits. Alpine glaciers sculpted the higher mountains of
western Montana.

Many mineral commodities have been produced from deposits in
Montana. Major metals that have been mined include copper, gold,
silver, lead, zinc, manganese, antimony, and chromium, with the promise
of platinum and palladium mining in the near future. Nonmetallic
mineral commodities include vermiculite, barite, bentonite, gypsum,
tale, and sapphires. Montana also produces substantial amounts of coal,
oil and gas. ' '



INTRODUCTION

Evidence of a long and diverse sequence of geologic events can be
recognized in Montana. These events range from the metamorphism of
igneous and sedimentary rocks 3,350 million years (m.y.) ago to recent
faulting that caused the Hebgen earthquake and the resulting
catastrophic landslide in 1959. The greatest diversity of geologic
features can be seen In the mountainous southwestern part of the state
(Figure 1). This variety of geologic features has led a number of
universities to conduct their summer geological and geophysical field
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Figure 1— Generalized geologic map of Montana.

programs in this area. The divisions of geologic time referred to in
the following sections are shown in Figure 2.

ARCHEAN EON
(older than 2,500 m.y.)

Uplifted blocks of Archean metamorphic rocks form the cores of
mountaln ranges in southwestern Montana. Radiometric dates obtained
from metamorphic rocks exposed in the Beartooth Mountains north of
Yellowstone National Park indicate that some of these rocks were
metamorphosed 3,350 m.y. ago (Mueller and others, 1985, p. 11). The
precursor igneous and sedimentary rocks were obviously older, but how
much older is not known. On the basis of the chemical compositions of
these metamorphic rocks, Mueller and others (1985) inferred that the
precursor igneous and sedimentary rocks were formed on an ancient
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continent. Farther to the west in the Madison, Ruby and Gravelly Ranges
and the Tobacco Root and Highland Mountains of southwestern Montana,
igneous and sedimentary rocks were also metamorphosed to form rocks such
as gneiss, amphibolite, marble, quartzite and schist. Although these
rocks may have been metamorphosed 3,350 m.y. ago as were those in the
Beartooth Mountains, a younger period of metamorphism 2,750 m.y. ago
affected them (James and Hedge, 1980, p. 11). Metamorphism, caused by
the confining pressure and high temperature of deep burial beneath
overlying rocks since removed by erosion, was accompanied by stress
within the crust of the earth which caused complex folding. About 2,700
m.y. ago magma intruded into metamorphic rocks in what is now the
Beartooth Mountains and slowly cooled to form the Stillwater Complex
(Lambert and others, 1985, p. 51). Tilting and subsequent erosion of
this ultramafic complex situated along the northeast flank of the
Beartooth Mountains has exposed layers of igneous rocks of differing
composition. Layers of chromite-bearing rock near the base of this
complex account for about 80 percent of the chromite reserves in the
United States. During World War II and again during the Korean War
chromite was mined from this deposit. More recently the copper and
nickel resources of this complex have been investigated, and in 1973 a
major platinum-palladium discovery was made. After extensive testing
and development work, mining of part of this platinum-palladium deposit
by the Stillwater Mining Company is planned for 1988.

Other important mineral deposits have been found in Archean
metamorphic rocks. These include gold deposits in the Jardine district
(north of Yellowstone National Park), Virginia City district south of
Butte, Silver Star district also south of Butte and in the Tobacco Root
Mountains southeast of Butte. Large bodies of unusually pure talc in
marble layers are mined in the Ennis and Dillon areas. In addition,
iron deposits occur in the Archean metamorphic rocks of southwestern
Montana.

PROTEROZOIC EON
(2,500 m.y. to about 570 m.y. ago)

Archean metamorphic rocks were intruded by basic dikes between
1,455 m.y. and 1,120 m.y. ago (James and Hedge, 1980, p. 14).
Concurrent with the intrusion of the earliest of these mafic dikes, a
large northwest-trending basin developed in what is now northern Idaho,
western Montana and southern Alberta. Sediment deposited in this basin,
although subsequently metamorphosed to greenschist facies, retains
features such as mud cracks, salt casts, ripple marks, and cut-and-fill
structures indicative of shallow-water deposition. Principal
lithologies of these metasediments of the Proterozoic Belt Supergroup
are quartzite, siltite, argillite and lesser limestone and dolomite.
The rocks of the Belt Supergroup form a very thick sequence of mostly
shallow-water sediments at least 40,000 ft (12,200 m) thick near the
center of the basin. Reconstruction of the stratigraphy and facies
relationships of this sequence 1s difficult because most of the rocks of
the Belt Supergroup now exposed in western Montana were thrust eastward,
some for many tens of miles, near the end of the Mesozoic Era during the
Laramide orogeny. Radiometric dates from the Belt Supergroup indicate
that sediment was deposited from at least 1,500 m.y. ago to 900 m.y.
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ago. During this interval of deposition, faulting in the basin probably
contributed to variations in thickness and lithology. Gabbroic sills
and basaltic flows within the Belt Supergroup are the result of two
intervals of igneous activity at about 1,433 m.y. and 1,075-1,200 m.y.
(Reynolds, 1984, p. 44-46) that are probably related to dikes intruded
into Archean rocks at about the same times.

In the 1960s a large stratiform silver-copper deposit was
discovered in metasedimentary rocks of the Belt Supergroup, in
northwestern Montana. This deposit 1s now mined at Asarco's Troy mine.
Since the development of this deposit another even larger silver—copper
deposit, also in metasedimentary rocks of the Belt Supergroup was
discovered in northwestern Montana and will be mined in the near future.
Barite veins and a few gold deposits also occur in rocks of the Belt
Supergroup.

PALEOZOIC ERA
(about 570 m.y. to 240 m.y. ago)

After uplift and accompanying erosion of Precambrian rocks,
including both the Belt Supergroup and older Archean metamorphic rocks,
Montana and surrounding areas were subjected to numerous invasions by
marine waters. Because of gentle upwarping of land areas some seas were
shallower than others, and fluctuating enviromments of deposition
resulted in a variety of sediment types. The lowest formation of
Paleozoic age is the Flathead Formation, a widespread sandstone or
quartzite overlying Precambrian rocks and exposed in much of western and
central Montana. Erosion of metamorphic rocks of the Canadian Shield to
the northeast and rocks exposed on the Transcontinental arch to the east
provided sand which was deposited on an extensive erosion surface that
truncated both Archean metamorphic rocks and rocks of the Belt
Supergroup (Peterson, 1981, p. 12). The Flathead Formation has been
quarried for building stone at some localities where it has been
metamorphosed to a quartzite. This distinctive Middle Cambrian
formation is overlain by Cambrian shale, limestone and dolomite, which
were deposited in a stable shelf environment with only minor
fluctuations in sea level.

Ordovician sedimentary rocks in Montana are limited to one
formation, the Bighorn Dolomite, exposed mainly in south-central Montana
and encountered in oil wells in eastern Montana. Silurian sedimentary
rocks have been encountered in drilling in eastern Montana, but are
lacking in western Montana. Possibly they were never deposited in this
area.

Most of Montana was covered by seas during the Devonian Period when
conditions favored the deposition of fine-grained clastic sediments
overlain by limestone and dolomite in turn overlain by shale. Some
evaporite beds in this Devonian sequence contain halite (NaCl) and
sylvite (KCl). In northeastern Montana these evaporite beds are found
in drill holes at depths of more tham 10,000 ft (3,000 m).

The Madison Group of Mississippilan age is composed of limestone and
dolomite and is one of the most widespread and easily recognizable
stratigraphic units in Montana. Gray to buff cliffs of this limestone
and dolomite are prominent on the flanks of most of the mountain ranges
of southwestern and central Montana. Because carbonates of the Madison
Group accumulated slowly in a sea far removed from land, these rocks are
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relatively free of land-derived detritus. Because of 1ts cavernous
nature and widespread distribution, the Madison Group is an important
aquifer and, like some of the other Paleozoic formations, an important
hydrocarbon reservoir. These beds are also a major source of limestone
for the manufacture of portland cement and for other industrial uses.

Beds of upper Mississippian age overlying the Madison Group differ
markedly from it because uplift and erosion of the Canadian Shield to
the northeast and the Transcontinental arch to the east provided a
supply of detritus. Although there are carbonate units in this younger
sedimentary sequence, sandstone and finer-grained rocks predominate. In
central Montana the Heath Formation (Big Snowy Group of Upper
Mississippian age) contains black, organic-rich oil shale. The Kibbey
Formation (the lowest formation of the Big Snowy Group) contains gypsum
beds which are mined in central Montana.

Permian beds of phosphate, carbonate and chert were deposited in a
sea that covered a large area of the northern Rockies, including
southwestern Montana. The source area of clastic sediments deposited in
this sea was to the north and east in Montana. The Permian Phosphoria
Formation contains phosphorite beds mined for phosphate in Montana and
Idaho.

MESOZOIC ERA
(about 240 m.y. to 63 m.y. ago)

During the Triassic Period sediment was deposited in a sea that
covered much of the same area as that occupied by the Permian sea.
Triassic beds in this area are composed of fine-grained clastic
sediment. Jurassic marine rocks, also composed of fine-grained detrital
sediments and carbonates, overlie the Triassic sedimentary rocks. A
gypsum bed in the Jurassic Piper Formation is mined by U.S. Gypsum at
their underground mine east of Lewistown. During the Jurassic period
the sea withdrew leaving a broad coastal plain on which mud, silt and
fine-grained sand were deposited. Abundant vegetation accumulated in
poorly drained swampy areas to form the coal beds of the upper Morrison
Formation which have been mined in parts of central Montana. The
overlylng Kootenai Formation of Cretaceous age was deposited in an
extensive alluvial plain. Periodic uplift of the mountains to the west
provided a source of much coarser sediments than in the underlying
Morrison Formation. Both the Morrison and Kootenail formations contain
ceramic—-quality clay beds, some of which were mined in underground mines
in central Montana.

Cretaceous rocks exposed over large areas in the plains of central
and eastern Montana record shallow seas covering this area and receding
to the north from the mountains. At least five cycles of the sea
advancing to the south and then retreating to the north are recorded in
Cretaceous sedimentary rocks. Cretaceous formations are characterized
by a western nonmarine facies which 1s composed of detritus derived by
erosion of the Rocky Mountains that were being uplifted at this time.
Farther east, finer grained sediments were deposited in the sea to
become the shale characteristic of many of the marine Cretaceous
formations. Bentonite beds are prevalent in marine Cretaceous units and
are an Important source of this mineral commodity. Volcanic ash that
fell into or was washed into the sea altered to the clay of these
bentonite beds.



While Cretaceous seas covered eastern Montana, thrust faulting was
occurring in western Montana. In southwestern and central Montana large
slabs of rocks were thrust eastward as much as 100 miles (160 km) during
the interval inferred to be between 100 and 75 m.y. ago (Ruppel,
Wallace, Schmidt and Lopez, 1981, p. 149). Much of this thrust faulting
1nvolved rocks of the Belt Supergroup and most of the rocks of this
supergroup now exposed in western Montana have been thrust to the east.
At about this same time, magma cooled slowly to form the Idaho
batholith, a large complex of granitoid plutons exposed in western
Montana and extending into central Idaho. Emplacement of the Idaho
batholith spanned a substantial time interval from about 110 to 55 m.y.
ago (Armstrong, 1975, p. 4). Within the shorter time interval from 78
to 68 m.y ago igneous activity farther east in Montana produced the
Boulder batholith (Robinson, Klepper and Obradovich, 1968, p. 566).

This batholith, which extends from Butte on the south to Helena on the
north, consists of at least 15 granitoid plutons, one of which is the
host rock for the very large metal deposit at Butte. This deposit was
mined extensively for copper, silver and many other metals for over 100
years until 1983 when mining was temporarily discontinued until 1986
when Montana Resources Inc. started mining. Volcanic activity related
to the emplacement of the Boulder batholith may have produced volcanic
ash that was deposited in a Cretaceous sea and subsequently altered to
form bentonite beds in eastern Montana. In addition to the Boulder
batholith, other granitoid plutons were emplaced in western Montana at
about the same time.

CENOZOIC ERA
(63 m.y. ago to present)

The Cenozoic Era is divided into two periods, the Tertiary Period
from 63 to 2 m.y. ago and the Quaternary Period from 2 m.y. ago to the
present (Figure 2). During the Paleocene Epoch, the oldest epoch of the
Tertiary Period, sediment of the Fort Union Formation was deposited in
what was mainly a non-marine environment that covered much of eastern
Montana and the western part of the Dakotas and northern Wyoming. Rocks
of this group were deposited mainly in rivers, lakes and swamps.
Accumulation of plant remains in these swamps resulted in the formation
of thick beds of lignite and subbituminous coal now mined in the Powder
River Basin of Wyoming and Montana.

Igneous activity that had begun in southwestern Montana during the
Late Cretacous Period continued into the Eocene Epoch with the formation
of both plutonic and volcanic rocks that range in composition from
dacite to andesite. Igneous activity after the Eocene produced rhyolite
and basalt and was accompanied by block faulting that formed the
intermontane valleys of western Montana (Chadwick, 1981). From the late
Eocene to the Pliocene these valleys were partially filled with detritus
derived from the surrounding mountain ranges and with volcanic ash from
more distant sources. During the interval from late Eocene to Pliocene
the climate varied from wet to dry, with deposition of fanglomerates,
debris flows and the development of braided streams during the drier
times. During wetter times some of the sediment was removed from these
basins by meandering streams. Fossil vertebrates are locally abundant
in some of these beds and insect fossils are found at a number of
localities. 1In central Montana numerous isolated mountain ranges such
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as the Sweetgrass Hills and the Highwood, Bearpaw, Little Rocky, Judith,
Moccasin and Crazy Mountains were the sites of igneous activity, mainly
between 65 and 48 m.y. ago (Marvin and others, 1980). In some of these
mountains magma forced up the surrounding sedimentary rocks forming
domes which were later eroded to sufficient depth to expose the igneous
rocks; the Little Rocky Mountains are an example of such a structure.
In other instances, intrusion of magma was accompanied by the
emplacement of many dikes such as in the Crazy and Highwood Mountains.
Because surrounding sedimentary rocks were more susceptible to erosion
than the igneous rocks, they were eroded more rapidly, leaving the
igneous rocks standing above the surrounding plains. Most of these
igneous rocks are alkalic and, in the Judith, Little Rockies and
Moccasin Mountains and in the Sweet Grass Hills, host gold deposits.

Igneous activity continued into the Quaternary in Yellowstone
National Park and vicinity. Basalt flows exposed on the east side of
the Yellowstone River north of Yellowstone National Park are 0.6 m.y.
old (Chadwick, 1978, p. 26) and a rhyolite flow in the vicinity of West
Yellowstone is only 114,500+7,300 years old (Plerce, Obradovich and
Friedman, 1976).

Although there is evidence of continental glaciation of the plains
of Montana before the Wisconsinian age of glaciation, most glacial
features are attributed to Wisconsinian glaciation, the youngest of the
Pleistocene stages. At that time the continental ice sheet covered the
area roughly north of the present course of the Missouri River and
extended west to the eastern front of the Rocky Mountains. Deposits of
glacial till now cover the bedrock in most of this area. At the same
time that this part of Montana was covered by the continental ice sheet,
alpine glaciers occupled most of the mountain ranges of western Montana.
Glaciers are now found only in a few localitles in western Montana, with
the greatest concentration in Glacier National Park.

Tectonic activity continues in western Montana. The most recent
major earthquake in Montana was the 1959 Hebgen earthquake west of
Yellowstone National Park. This earthquake of magnitude 7.5 caused a
large landslide that dammed the Madison River to form a new lake
appropriately named Earthquake Lake.
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GEOTECHNICAL DESIGN CONSIDERATIONS FOR ROAD CONSTRUCTION
ON AN ACTIVE TALUS SLOPE

by Walter V. Jones, P.E., and Alan Stilley, P.E.
Northern Engineering & Testing, Inc.

Abstract

Precious metal mining and timber harvesting in the early 1980s
prompted construction of access roads into steep and mountainous
terrain in the northern Rocky Mountains. South of Big Timber,
Montana, one of the mining projects required a new road that would
cross talus slopes with boulders to 30 feet in diameter and evidence
of recent talus movement. Methods for design and construction of
roads across active talus slopes are not well developed. The
following article presents a case history for one such project.

Aerial photographs, helicopter reconnaissance and walking of
the route were used to prepare geologic maps outlining dormant and
active talus areas. Angles of talus slopes were measured at 25 to 38
degrees to the horizontal. Observations where stream erosion
undercut talus slopes showed, if the talus is clean, cuts would stand
at 36 to 38 degrees: where the talus contained significant fines,
slopes at 45 degrees were stable. Descriptive terms were selected
for talus size, activity of the talus slope, and steepness of terrain
for communicating the information and as a support to design
recommendations.

, Although cuts in the talus slopes wide enough to create a
benched road could be safely made and would be generally stable at
one and one quarter horizontal to one vertical, rolling talus fed
from above cliffs would endanger road users. Warning systems and
protected vehicle turnouts would reduce the risk to road users, but
the safest method of protection through the most active talus areas
would be to place the road in a buried enclosure below ground
surface. This would allow rolling talus to move over the road
without affecting the roadway or causing danger to the road user.

INTRODUCTION

Precious metal prices in the early 1980s prompted the
improvement or development of many mines in the Northern Rocky
Mountains. One of these developments, about 35 miles south of Big
Timber, Montana, in the Absorkee Mountain Range, required an access
road to be constructed in steep mountainous terrain through active
talus slopes. The original road would only be a 14-foot wide access
road leading to a test adit, and after the determination of how
profitable the mine would be, the road would possibly be enlarged to
24 feet wide. Both platinum and palladium were to be mined.

11



GENERAL GEOLOGIC CONDITIONS

The Absorkee range 1is part of the Northern Rocky Mountains and
consists of high plateaus and peaks up to more than 12,000 feet in
elevation. The proposed road would extend up a valley that is
relatively U-shaped and broad in the Tower reaches, becoming steeper
and V-shaped in the upper reaches. A major geologic unit is the
Stillwater Complex which is a unit of a Tlarge igneous intrusive
formation wuplifted to form the Absorkee Range. In the immediate
project area, the exposed bedrock consists primarily of Pre-Cambrian
granite rock or closely related types. Local mountain glaciation
covered the Absorkee Range during the last ice age and extended down
the valley. Considerable faulting of these units has occurred in the
area. '~ Of primary importance for the proposed roadway was the
necessity to cross 1long talus slopes, some of which appeared to be
active. The talus consisted of colluvial materials with boulders up
to 30 feet in diameter which would topple from the steep cliffs at
the head of the talus slopes. At some locations there were no
remaining cliff faces while at other locations there were cliffs up
to several hundred feet high feeding the top of the talus slopes.
Large blocks appeared to break off as thick slabs from the cliff
faces. Natural tension cracks, freeze-thaw, wet-dry, and temperature
expansion and contraction contributed to the deterioration at the
cliff face and the manufacture of broken rock for development of
talus slopes below.

In the Tlower portion of the canyon, the creek meandered and ran
rather gently at a slight gradient, but in the upper portions, the
creek ~ ran very rapidly, at steep gradients, and carried a
considerable amount of bed 1load during the h1ghest water periods.
This caused downcutting and continual erosion away from the toe of
some of -the talus slopes and also triggered at 1least one major
landsTide which is not included in the discussion for this paper. At
the undercut Tlocations Tlarge steep slopes were exposed for
observation. Where these contained considerable fines they ranged
from approximately 45 degrees to near vertical.

METHODS OF INVESTIGATION AND FINDINGS

Because of the remoteness of the area, with no access other
than foot - travel, a helicopter was used in the early phases of the
investigation, and was used for transportation from the end of an
existing road to the project area during the later phases of the
investigation. Aerial photographs similar to Photos 1, 2, and 3 had
been - taken and were used extensively, especially in evaluating where
active talus slopes existed. After the surveyors had established a
preliminary centerline alignment 1in the field, the entire alignment
was walked and geologic conditions mapped. Ex1st1ng slope angles
were measured at many locations. Photographs were taken to
illustrate important features. ’
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TALUS SLOPES

Talus was generally present at intermediate elevations on most
of the valley slopes. Several areas in the valley have active talus
stopes: that is, rock is currently being deposited down the slopes.
Aerial photographs were used to show the distribution of active talus
slope areas.

PHOTO 1 - An overview of the steep valley where the upper road

alignment was proposed. Note the variation 1in color of the talus
slope.
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PHOTO 2 - The proposed road alignment crosses this steep talus
slope. Light colored areas indicate active talus. Note distribution
and distance individual rocks have rolled.
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PHOTO 3 - This is one of the widest, most active talus areas the
roadway would cross. Note that active movement of Tlarge blocks
extends to the stream.
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Generally the gravity deposition of the talus has resulted in
the Tlarger blocks of rock being deposited at lower elevations near
the base of the slopes, while the finer material is deposited farther
up the slopes (See Photo 4). Inactive areas of talus tend to have a
brown color, characteristic of rock having been exposed to the
elements for many years; while the active areas tend to have a
light-gray color characteristic of freshly exposed rock. This is
evident in several of the photos. The talus ranges from plate-like
pieces to near cube shaped pieces. The flatter, platey pieces were
generally distributed higher in the slope than the cube-1ike pieces
which rolled farther down slope before stopping. A natural sorting
of both sizes and shapes thus occurs.

Where movement by occasional toppling and mostly sliding has
occurred, slope angles are steep. Where movement is by rolling and
the slope is long enough for Targe momentum to develop, the blocks
tend to roll to form flatter slopes as shown on Photo 6.

Measured slope angles ranged from about 25 to 38 degrees to the
horizontal in the talus areas. An exception is near the toe of some
talus slopes where massive blocks have "runout" and created very flat
areas. Photo 7 taken along a talus slope shows the steepness,
distribution of sizes, active and dormant areas, and the cliffs
feeding the talus movement.

In many areas the "feed c1iffs" provide enough new material to
prevent vegetation establishment below them. Also fresh blocks of
talus are scattered down the slope several hundreds of feet. An
important factor in distribution of block size along the slope is the
Jointing and fracture patterns in the cl1iff rock. 1In several areas
the patterns were closely spaced so all pieces were smaller than a
few feet in diameter. At other Jlocations widely spaced patterns
produced rock sizes in excess of 30 feet in diameter. Photo 8 shows
an area where joint and fracture patterns produced much smaller
blocks than did the cl1iffs above Photo 6.

Another important item to the downhill movement and degree of
activity of talus slopes shown in Photo 9 is the "slabbiness" of the
rock in the "feed cliffs".

Most of the talus, where the proposed road crosses it, is
relatively clean, i.e., free of fines in the upper several feet.
Observation where stream erosion undercut the slopes indicates that
where the talus is clean, slopes are relatively stable at about 36 to
38 degrees; where there 1is significant fine material in the talus,
stable slopes were observed at angles of 45 degrees and steeper.
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PHOTO 4 - Distribution of talus on near dormant to active slope.
Finer material is deposited on upper slope while larger blocks roll
to lower slope. Trees are partially buried and some active blocks
are scattered amongst the trees. Lighter areas indicate recent
rolling talus. N

' PHOTO 5 - A narrow active talus area. Note the block shape of most
rocks in the near foreground. Very few fines have made it this far
from the "feed" cliffs.
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PHOTO 6 - Angle of talus slope is less than 20 degrees. Very large
cube-like blocks had considerable momentum to "runout" at these flat
slopes. Blocks to 30 feet in diameter were common in this area.
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PHOTO 7 - Cliff areas interspersed in the talus slope. A very active
area in upper right of photograph. Notice 1large pines growing in
area protected from active talus by cliffs.
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PHOTO 8 - Although not far from the feed cliffs this material 1is much
smaller than that in Photo 6. This is a result of joint and fracture
patterns in the cliff rock.
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PHOTO 9 - C1iff rock at this location is "slabby" so active talus is
confined close to the cliff face.

In order to communicate the actual conditions to engineers for
design purposes, descriptive terms of the talus material were
developed. The descriptive terms were with respect to size,
activity, and steepness of the talus slope. These are listed as
follows:

Talus Size

A. Small talus was described as that talus larger than one-half
cubic yard in volume, and less than 10 feet in diameter. This
material cannot be moved with scraper type equipment, but can
generally be moved with bulldozers.

B. Medium talus is that material which can be moved with a
bulldozer, but occasional ten foot diameter or Tlarger material

will need to be blasted.

C. Large talus 1is that material larger than ten feet in diameter
which would normally require drilling and blasting to break it
into smaller sizes prior to moving.
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Activity of Talus Slopes

A. Dormant: No evidence of any recent talus -movement.
' Characteristic color 1is dark. Possible areas of large old
trees in talus. No special design needed. v

B. Moderately Active: Some evidence of recent talus movement
within the last few years. Possible areas of small young trees-
in talus. Will probably not require special design procedures.

C. Active: Evidence of recent talus movement, probably within the
last” year. Will require special design. Color is light,
characteristic of freshly exposed rock. If trees were in
talus, they showed signs of recent damage or of being partly to
mostly covered.

Steepness of Terrain

A. Gentle: Majority of slopes less than 30 degrees to the
horizontal.

B. Moderate: Ground slopes between 30 and 36 degrees to
horizontal.

C. Steep: Most slopes are steeper than 36 degrees to horizontal.

These descriptive terms were used in a tabular form to list the
conditions, station to station, in the talus portion of the roadway
alignment. '

An example of this listing is shown in Tables 1 and 2 below:

TABLE 1
NARRATIVE DESCRIPTION OF TALUS SLOPE CONDITION
BY STATIONS

72+40 to 73490 - This part of the route crosses an active talus slope
composed of large sized talus blocks. There is evidence of recent
movement of talus blocks up to five feet in diameter, over the
proposed alignment. The exposed rock cliff east of the alignment is
feeding the slope and appears to contain several areas of imminent
rockfall. Special design procedures will be necessary to deal with
the active talus hazard in this section. East of centerline the
terrain is steep, while to the west it is moderate. Access will be
difficult and 1large talus excavation methods will be required.
Photograph 6 shows conditions east of centerline in this section.
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73490 to 84+50 - The line begins to traverse the toe of the 1large
slide feature in this section. Medium sized talus, with considerable
fines, apparently carried down by the slide, is present in this
area. The road route also comes quite close to the river in this
section with the alignment on steep slopes at the toe of the slide
feature. There may also be some alluvial gravel deposits immediately
adjacent to the river. In several areas, bin walls will probably be
required to construct the road next to the river and on steep
slopes. Tentatively, bin walls are planned between stations 75+50
and 77490 and between 80+00 and 82+70. The talus material, or
alluvium, should provide good support for bin wall structures. The
deepest cut, approximately 30 feet, also occurs in this section at
approximate station 79+00. It is difficult to Jjudge, but surface
observations of slopes eroded by the river in this area indicates
this cut should be mostly in the talus material. Equipment access
will be difficult and medium talus excavation methods are anticipated.

TABLE 2
AN EXAMPLE SUMMARY LISTING OF IMPORTANT FEATURES FOR TALUS SLOPE

DESIGN

Road Anticipated
Subgrade Excavation Talus

Station Material Conditions Activity Remarks

63+50 to Talus Talus - Dormant to 1. Scattered trees.

65450 Medium Moderately :
Active 2. Groundslope is moderate.

65+50 to Talus Talus - Dormant to 1. Very difficult access and

68+50 Large Moderately excavation due to large
Active talus.

2. Terrain is moderate.

68450 to Talus Talus - Dormant 1. Terrain is moderate.

70+00 Medium

70400 to Talus Talus - Dormant to 1. Rock cliff located immedi-

72+40 Large Moderately ately east of centerline.
Active

2. Terrain is steep east of
centerline and moderate to
west.

3. Very difficult access and

excavation conditions due
to large talus.
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TABLE 2 (CONT.)

Road Anticipated
Subgrade Excavation Talus

Station Material Conditions Activity ’ Remarks
72440 to Talus Talus - Active 1. Evidence of recent talus
73+90 ‘ Large movement. Blocks up to 5’.

2. Very difficult access and
construction conditions.

3. Terrain is steep east of
centerline and moderate

west.
73+90 to Talus Talus - Dormant 1. Route traverses toe of
84450 Medium slide feature.

2. Terrain is moderate to the
east and steep immediately
adjacent to river.

3. Possible bin walls at
75+50 to 77+90 and 80+00
to 82+70.

4. Route is heavily timbered.

DESIGN APPROACHES

Three main considerations, were thought to be critical for the
section of roadway through the talus slopes: 1) construction
methods, 2) safety to roadway user, and 3) 1long term maintenance
costs.

With respect to the construction considerations, the Tlarge
talus not only would require special heavy equipment and blasting,
but access would be difficult and some sort of a pad of finer
material would need to be placed across it for getting equipment to
the work area as well as providing a subgrade for the roadway
system. During construction, workers would need to be careful and on
the alert for natural or work related rolling talus rocks.
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With respect to safety of the user the activity level of the
talus was extremely important. Not only were shallow type creep
movements to be considered, but of greater concern was the rolling
large talus rocks that could strike vehicles traveling the roadway.
Principally, there were two approaches to improving safety through
the active talus slope areas. One was to devise a safety alarm
network and safety turnout 1locations which would still have a
considerable degree of risk associated for the road user. The other
was to protect the roadway by burying it in an underground conduit
through the active talus slope areas. In this way, as large talus
rocks would topple down the slope, they would merely roll over the
top of the roadway not threatening traffic or causing risk to anyone.

With respect to 1long-term maintenance costs, both the shallow
creep and rolling talus movement were important. Roadway damage from
either source would require expensive repairs to maintain a paved
road on the steep hillside. Shallow creep type movements would crack
and deform the pavement requiring crack maintenance and periodic
overlays to smooth the road. Toppling boulders would puncture or
crack the asphalt surface and damage guard rails or other restraining
systems. Cut slope and fill slope slides would sever the roadway and
render it unusable until vrepairs could be made. In general these
slopes for the expected 1life of the roadway (less than 30 years)
should be made as steeply as they will remain stable against slide
type failures. This reduces the amount of new exposed surface to the
elements. Recommended slope angles in the angular talus materials

were:
Slope Inclination

Material Type Horizontal to Vertical
Cut Slopes

Clean talus 11/4:1

Dirty talus 1:1

(considerable fines)
Fill Slopes
A1l talus 11/4:1
PHASED CONSTRUCTION |

Construction of the roadway in two phases was appealing because
this approach provided additional observation prior to making a
decision to use expensive buried roadway sections. That is the
original 12-foot wide road, which would carry Tittle traffic during
exploration of the adit, could be constructed in a conventional way
through the active talus. This would allow evaluation of
construction equipment, procedures, benching into the talus, activity
gf]the talus (creep and rolling) and stability of cutslopes into the

alus.
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Then if the decision to develop the mine into a large scale
operation was reached, better design and construction information
would be available. A decision to use safety warning devices or a
buried roadway would be more obvious and the Tlocations where they
would be most beneficial could be better pinpointed.

It 1is unfortunate that the project road was not constructed so
that this case study could have included a complete evaluation. of the
methods of analysis, designing and constructing engineering projects
across talus slopes.

CONCLUSIONS

Road design and construction across active talus slopes with
boulders as Jlarge as 30 feet in diameter requires careful
investigation, planning, and applied judgment. Methods of
communicating field information to designers are extremely
important. For this project several methods were used:

Geologic maps
Aerial photographs
On-the-ground photographs

Descriptive terms with respect to size, activity and
steepness were tabulated for the entire alignment.

Written descriptions

A phased approach to the development of the final roadway
section is preferable when possible. This allows a field testing of
2asic assumptions and judgments. before applying them to the final

esign.
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STATISTICAL ANALYSES OF FACTORS RELATED TO ROCK SLOPE STABILITY
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Abstract

Rockslope failure in the Southern Appalachians of Eastern Tennessee/Western
North ‘Carolina has been a pervasive problem and increasing future development
enhances the likelihood of greater damage. A systematic analysis was conducted of two
stable and six unstable rock slopes occurring within the Blue Ridge Physiographic
Province in folded and faulted metasediments of Cambrian and Precambrian Age. The
slopes examined were comprised of slate, phyllite, quartzite and shale. The complex
structural style of the region is the result of intense thrust faulting.

The field investigation employed standard geological techniques using a Brunton
Pocket Transit. Geologic and geometric observations were taken on all major
discontinuities including: faults, bedding, cleavage and joints. In addition, the slope
~ height, slope orientation, and the presence and location of tension cracks and failure
planes were recorded. Joint density and Schmidt hardness values along failure planes
‘were obtained in an attempt to estimate the discontinuity shear strength.

A parametric study was conducted to determine the sensitivity of the calculated
factor of safety with respect to the cohesion (®) and friction angle(®) of the failure

surface. For the range of slope geometries encountered in this study, this parametric
study indicated that FS and cohesion were sensitive to the tension crack location. FS was
found not to be significantly affected by friction angle over the expected range of values

(25°-40°). With the assumption that (®) has a minimal affect on the calculated FS, a

representative value of @ was chosen and the value of cohesion was back-calculated for

each of the unstable slopes. Regression analyses was performed on the data set.
Variables examined were joint cohesion, slope face angle, joint density, slope azimuth,
slope height, tension crack size and position, Schmidt hammer values and safety factors
as derived from limiting equilibrium analysis. Several strong correlations were
suggested within the slope parameter data set and are summarized in the correlation
coefficient matrix.

This study verifies the applicability of limiting equilibrium analyses in the
Southern Appalachians. Simple field tests utilizing the Schmidt hammer are shown to be
useful in estimating cohesion. In addition, the use of multivariant statistical techniques
can be a valuable aid in determining causal components, as well as probabilistic aspects
of rock slope stability.
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Introduction

Rockslope failure is a pervasive problem in mountainous regions and its
likelihood of occurrence is often vastly increased due to human induced perturbations.
Though not a new phenomenon in the Great Smoky Mountains, increased development in
the area has renewed the interest and importance of understanding the mechanics of
rockslope instability within the region. Several rock slides have occurred in the last
few years, exemplifying danger to the public and to the transportation within the Great
Smoky Mountains National park and along Interstate Route 40 between North Carolina
and Tennessee.

Interstate Route 40 has experienced numerous slope stability problems a.long the
Pigeon River Gorge since its opening in 1964, particularly along the west bound lane
(Tice, 1981). The most recent failure occurred in February 1986 closing the 1-40
westbound tunnel between North Carolina and Tennessee for several weeks. The
rerouting of traffic along marginal routes uitimately led to several traffic fatalities.
Though not leading to loss of life, failures along U.S. route 441 through the Great Smoky
Mountains National Park have led to the formal assessrﬁent of slope stability (Federal
Highway Administration, 1982). Since that time several slides have taken place that
caused the highway to be closed for clean up and remedial correction.

A field study of slopes in eastern Tennessee and western North Carolina was
conducted along selected segments of U.S. Highway 441 in the Great Smoky Mountains

National Park and along Interstate 40 in the Pigeon River Gorge (Figure 1).

Geology
Geologically, the area lies within the Blue Ridge Physiographic Province and
consists of a heterogeneous mass of intensely folded and faulted metasediments of
Cambrian and Precambrian Age. The slopes examined were comprised of rocks from the

Pigeon Siltstone and Rich Butt Sandstone of the Snowbird Group and the Thunderhead
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- EIGURE 2

TIGR c Co AL GREAT SMOKY MOUNTAI
SYSTEM SERIES GROUP FORMATION THICKNESS *
HELENMODE FORMATION 200
HESSE SANDSTONE 100-200
LOWER CHILHOWEE
CAMBRLAN MURRAY SHALE 500
CAMBRIAN GROUP NEBO SANDSTONE 250
1 NICHOLS SHALE 700
: , COCHRAN FORMATION 1,000+
i l SANDEUCK FORMATION 2,000
| i WALDEN WILHITE FORMATION 3.500
CREEK
| | cmowr SHIELDS FORMATION 1,500
! LICKLOG FORMATION | 1,500
1 | UNCLASSIFIED |  RICH BUTT SANDSTONE 1,500
LATE | OCOEE
PRECAMBRIAY '  SERIES | UNNANED SANDSTONE 4,500
: | GREAT ANAKEESTA FORMATION | 3,000-4,500
! | SMOKY p
; SROTE THUMDERHEAD SANDSTONE | 5,500-6,300
; | ELKMONT SANDSTONE 1,000-8,000 -
| PIGEON SILTSTONE 10,000
] SNOWEIRD
I GROUP ROARING FORK SANDSTONE 7,000
! METCALFE PHYLLITE UNENOWH

* APPROXIMATE THICKNESS IN FEET

ADAPTED FROIM KING {1964}
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Sandstone and Anakeesta Formation of the Great Smoky Supergroup (Figure 2). These
groups comprise a major portion of the Ocoee Series of Upper Precambrian Age (King, et
al,, 1968). The Pigeon Siltstone is a uniform body of laminated siltstone containing
coarse silt-sized grains of quartz and feldspar in a matrix altered to sericite and
chlorite. The Thunderhead Sandstone is a heterogeneous body of orthoquartzite with
numerous slate interbeds and is one of the principle ridge supporting units of the
uplands in the area. The stratigraphically lower Anakeesta Formation is a dark, silty,
pyritiferous argillite that has been largely metamorphosed to slate and phyllite. The
Rich Butt Sandstone is an "unclassified” unit of questionable stratigraphic affinities
occurring in association with the Snowbird Group. This unit is comprised of massively
bedded, gray, fine-grained sandstone with several cbarser grained interbeds. The
investigated slope along the Pigeon River Gorge on 1-40 occurs in the Lower Cambrian
Hesse Sandstone of the Chilhowee Group (sée Figure 2). The Hesse consists of massive
bedded orthoquartzite with thin interbeds of a poorly indurated siltstone (King, et al.,
1964) . Structural relationships in this portion of the Blue Ridge are rather complex
and poorly exposed. The bedrock has been intensely folded and faulted resulting in a
variable degree of metamorphism. Characteristic of this area is the extreme dissection
of the bedrock strata by the three major northeast trending faults of the region: the
Greenbrier, Great Smoky and the Gatlinburg thrust faults. These three thrust faults and
their related splays have displaced strata by as much as 60 miles and have created the
resulting complex imbricate relatiénship of the strata (King,el_al,, 1968).
Methods of Analysis

Eight rockslopes in roadcuts in eastern Tennessee and western North Carolina
{(Figure 1) were identified and rﬁapped as summarized in Table 1. Six of the eight slopes
have undergone varying degrees of planar failure while two are stable.” Field
investigation employed standard geological techniques using a Brunton Pocket Transit.

Geologic and geometric observations and measurements were taken along all major
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JABLE 1

COMPILED DRATA SHEET

FOOT

SLOPE A B c D E F G H NOTES
LITHOLOGY P 3 q mns ms ms |G/sish| Si/P 1

AZIMUTH 065° 065° 035° 074° a75° 060° 158° 138°

PSI-P 5¢4° 50° n/a n/a 35° 34 36° 3T 2
PSI-F 85" 85 5° 8s5° 8o° 79° 70" 76° 3
FAILURE P P w Ww/P P P P P 1
z 10’ 10° ns/a /A 25" 2g'* 15 17" 5
H 71 71 106' 40' 86’ 86" 327 50° 6

FS (min) | .395 430 n/a 1.37 .696 19 665 41
. 7
(mAax)| .44 484 NI/R 32 .788 832 102 984

(min) { 11759 | 13176 | N/A 102 5436 | 4400 | 11825 | 2090

C 8
(max)| 11936 | 13350 | n/a | 471 | sooo | soss | 12058 | 2515
j0mT ’ 244 | 244 | 365 | 335 | 45 | .183 | o081 | 445
DENSITY 9
<@ 335 | 335 | 244 | 503 | 244 | 427 | 183 | 782
TENSION
st | ss {nalnm )| sk | s | sp | sF 1B
CRACK
SCHMIDT
463 | 463 | 490 | 445 | 456 | 468 | 565 | 343 | 11
HAMMER
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TABLE 1: NOTES

SLOPE #4- GEOMETRY OF SLOPE DOES NOT ALLOW FOR PLANAR NOR WEDGE GRAPHIC ANALYSIS:
AZIMUTH OF POSSIBLE FRILURE PLANES >20° FROM THE AZIMUTH OF SLOPE FACE: PSIP=90" & 50°
FOR PLANAR FRILURE; WEDGE ANALYSIS EXCLUDED BY THE UPPER SLOPE ANGLE (54°) » P5IS(25°)

1. LITHOLOGY: P-PHYLLITE, Q-QUARTZITE, MS-METASANDSTONE, Si-SILTSTONE, Sh-SHALE
2. PSI-P=RNGLE OF THE FRILURE PLANE
3. PSI-F= THE ANGLE OF THE SLOPE FRCE
4. FRILURE (.mODE):'P-PLBnBH. W-WEDGE
S.Z= DEPTH OF TENSION CRACK
6. H= HEIGHT OF THE SLOPE
7.FS (FACTOR OF SAFETY): COMPUTED OVER A RANGE OF C (CoHESION) @ 1000,1500,6 2000
POUNDS/SQUARE FOOT; FS (ININ) @ ZW/Z=1 § C=1000, FS (INAX) @ ZW/Z=0 & C=2000;
SLOPE #5 - FS(MIN) IS FOR PLANAR FRILURE @ 1000 6 ZW/Z=1 AND
FS(MAX) IS FOR WEDGE FRILURE @ 2000 PSF
8. C (COHESIOR): EXPRESSED IN POUNDS/SQUARE FOOT; COMPUTED @ FS=1 ;c(mm) @ zw/z=0,
‘ C(MAX) @ ZW/Z=1 : SLOPE *5-(IMIN) IS FOR PLARNE “B" IN WEDGE ANALYSIS
AND (MAX) IS FOR PLANAR ANALYSIS @ ZW/Z=1

8. JOINT DENSITY: JOINTS/FO0T
DOwWI SLOPE ‘ CROSS SLOPE A

10. TENSIGN CRACK :(LDCHTIUD on SLOPE): SF-SLOPE FACE, US-UPPER SLOPE, N/R-N0 CRACK PRESENT
11. SCHINIDT HAMMER (HARDNESS): AVERAGE REBOUND NUMBER 0N TYPE “N" EAMMER.

REBOUND NUMBERS AVERAGED ACCORDING TO ISRM SUGGESTIONS (BRMFORD AND OTHERS ,1981)
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discontinuities including; faults, bedding, cleavage and joints. Additionally, the slope
height, slope orientation, tension crack location, joint density -and Schmidt hardness
along the failure planes were noted. The above data was then used in graphic analysis
using a Schmidt equal area stereonet with the original slope geometries estimated from
adjacent slopes. The results of the graphic analysis were applied to a limiting
equilibrium analysis as outlined by Hoek and Bray (1981).

The resulting data was then used to compute Factor of Safety (FS) values and back
calculat_e cohesion (C) for FS=1. Correlation coefficients were computed and placed in a
correlation matrix (see Table 2). It has been shown for the slopes investigated, varying

@ from 25°-40° exerts little influence on FS in limiting equilibrium analysis(Kane and

Drumm,1986).

Besults and Discussion

Analysis of the data set reveals two interesting relationships based on the tension
crack location. This study found a 29.3% decrease in the calculated FS when the tension
crack was located in the slope face as opposed to the upper surface. A four fold increase
of C was required to maintain FS=1 when the tension crack was located in the slope tace
compared to tension crack in the upper surface. This implies that increased caution is
warranted when tension cracks are located in the slope face as compared to the upper
surface. Hoek and Bray (1981) state, ".....the presence of a tension crack in the slope
face should be taken as an indication of potential instability...," (p.165). The authors of
this paper would like to add an additional caveat: The location of a tension crack in‘ the
slope face is an important destabilizing parameter which requires serious concern
regarding slope stability . Though not stated specifically, this is implied by Hoek and
Bray (1981), figure 66, p.162.

The Beta correlation coefficient matrix (Table 2) réveals strong

positive/negative relationships among several of the factors. These relationships can be
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0 E ATRI
A2 PSIF | PSIP Z | H [ FS FS C C IT. | JT. |SCHDT
(mimn) {(max)|(mm) |(max)| nown | crass
HARD.
Az 1
psiF | -878 1
Q\\\\K‘
PSIP -.12;: 74 ‘Q 1
SNy,
NJTETREN
Z | -5z | -271 3-821 N |
BLOTRRN
H 559 |\-.7sz -293 | .103 1
— Q \\\\\\\\;\\\\§
(mm) | 465 N-723 |-975 | 784 N a7 1
N N
N\, N
R ::
(mRXx) .ﬁs§-.aus -.871 691 § 046 | .956 1
- NASN ; NARNSSON
N N
(mm) | -038 | 256N 691 | ~737% 412\ -g08 | 91 O
N NIREEN N
N :: N §
\ \
(mfax) -111 .zsas.saz -7213.115.'\\-.305 -91§ 1 1
N
= \\\\\\\\\\-—-\\\\\\\\\\\
pown | 103 2 48 | -231 | -643 | 031 | 32 | -454 | -473 1
‘:f\\\\“\“Q
IT. ,
cross | 172 | o009 | 118 | os8 | -s66 | 321 | 576 ::-.571 -.EBQ§ 936 1
— E Novaan, \\\\Q_
yarp | 086 | -281 | -01 | -071 | 805 | -.186 -.155§ 665 | 678 | -.925 -.asa§ 1
BRI SRR LR .

* SEE "COMPILED DATA SHEET NOTES' FOR EXPLANATION OF ABBREVIATIONS USED ABOVE

35



categorized generally as those correlable to the factor safety (FS) and those to back
calculated cohesion (C). Depth of the tension crack (Z) correlates positively to FS and
negatively to the angle of the failure plane (PSIP): This is due to a simple geometric
relationship; deeper tension cracks are associated with shallower angles of the failure
plane angle (figure 3). The FS decreases as the slope face angle (PSIF) increases:
Increasing the slope face angle allows the greater likelihood of a possible failure plane to
daylight in the slope face, a necessary criterion for any slope failure (Hoek and Bray,
1981, p. 150). Back calculated cohesion (C) and FS exhibit a strohg negative
relationship which is not surprising, C is the value calculated to maintain FS=1. Thus,
as C increases more force is required on a particular slope to maintain a stable geometry
and the subsequent FS value decreases proportionally.

Five major factors were found to correlate significantly with cohesion: tension
crack depth (Z), factor of safety (FS), joint density across the slope face (JT.CROSS),
Schmidt hardness, and failure plane angle (PSIP), (see Table 2). Cohesion relates
negatively to tension crack depth (Z), increasing Z decreases the angle of the failure
plane. FS is negatively correlated to C: lower FS values for a given slope require larger
back calculated C values to attain a FS>1. Cross slope joint density negatively correlates
with back calculated cohesion (C); the greater the joint density the lower the cohesive
force required along the failure plane to resist failure. This relationship plays an
important role in the later discussion of the Schmidt hammer-cohesion model. As one
would expect, a positive correlation exists between failure plane angle (PSIP) and
cohesion (C); as PSIP increases, the gravimetric potential is increased and a greater
amount of cohesive force is required to maintain slope integrity. Schmidt hammer
hardness is positively correlated to C, as discussed later.

Linear regression analysis was used to develop a probabilistic model using
Schmidt hammer rebound number (hardness) as a means of estimating C at FS=1. It was

found that C and Schmidt hardness could be related to one another by a simple polynomial
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A Scattergram of PSI-P vs. Z
301
+*
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10+ + +
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PSI-P

R-squared: .674
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o

Tension crack depth z, - m
~

6‘ [ 1 1 1 1 J
s 56 58 60 62 64 66

Failure plane angle wpo

COMPARISON OF TENSION CRACK DEPTH TO FAILURE PLANE ANGLE: THIS DATA SET
(a) AND FROM HOEK AND BRAY (1981), FIGURE 80, P. 193 (B)
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expression for both the conservative estimate where the tension crack is in the slope
face and full of water, C(max); and the less conéervative estimate where the tension
crack is in the upper slope and dry, C(min). The relationship between Schmidt

hardness and cohesion can be expressed by:

C(max)=435.78X+(-11542.207) (equation 1)
and
C(min)=443.984X+(-12294.153) (equation 2)
where

X = Schmidt hammer rebound number
C = pounds/foot2

(see figure 4)
These equations overestimate C by approximately 17% at FS=1. Due to the similarity of
equations one and two, we propose a combined equation to be used in preliminary FS
determination.

C=(A(X)+B)D (equation 3)

where
A = 440
B = -11918

C = Cohesion in pounds/foot2

D = 0.83, correction for overestimation

X = Schmidt hammer rebound number
The support of this relationship is grounded in the fact that the Schmidt hammer
measures the hardness of rock materials. The higher the Schmidt hardness the lower the
joint density in the rock surface (Table 2). Jointing acts to increase surface roughness
and to reduce the amount of C required to maintain slope Stablity. A corollary to this is
that higher joint densities may act to reduce the hydrostatic pore pressure beneath.the
rock slab by increasing drainage. These two relationships act in a complementary

fashion influencing the value of C. Back calculated C, the value computed by equations 1,

2, 3 is the amount of cohésion~(p0unds/foot2) required to maintain the slope at FS=1.
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y = 443.984x + -12294,153 R-squared: .445
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Thus, this approach may prove a valid first approximation of relative slope stability in

the field.

CONCLUSIONS AND FURTHER RESEARCH

Within this study it was verified that limiting equilibrium analysis is applicable
to the Southern Appalachian region. Factor of Safety and Cohesion was found to be
sensitive to tension crack location: A 29.3% decrease in FS is noted when the tension
crack is located in the slope face as compared to upper slope position. A four fold
increase of C was required to maintain a FS = 1 when the tension crack is located in the
slope face as compared to upper slope location. Regression analyses on the data set
revealed strong relationships among several of the factors. The strength of the
relationship between C and Schmidt hardness enabled cohesion to be predicted; C was
overestimated by 17.4%. This approach utilizes a simple field test device, the Schmidt
hammer, to determine a difficult to measure parameter, cohesion.

The attempt of this study was to identify specific slope geometries and
parameters that are problematic for rock slope engineering within the Southern
Appalachian, Blue Ridge region. Continuance of this research aims toward developing
first approximation of FS and C relationships in order to determine whether a slope in
question warrants further, more rigorous consideration. Direct shear testing of
representative rock types will lead to a better understanding of cohesion and the
internal angle of friction. Ultimately, a probabilistic model could be developed for a
région of similar structural style and stratigraphy. This model could be utilized to
predict problematic slope orientations prior to construction, thus allowing the cost
and/or efficacy of the site to be considered in overall planning. The development of -
stronger correlations and therefore a more reliable model is contingent on collecting a

considerably larger data set and applying nonlinear regression to the data.
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STABILITY PROBLEMS OF ROCK CUTS
U.S. 23 IN EASTERN KENTUCKY

Earl M. Wright, Kentucky Department of Highways
Frankfort, Kentucky
Michal Bukovansky, Golder Associates
Denver, Colorado

INTRODUCTION

U.S. 23 in eastern Kentucky was constructed in approx-—
imately 1963 along the Big Sandy River. The river valley is
steep-sided, with the sides formed by steeply inclined to
vertical sandstone cliffs. A number of long and high rock
cuts have been excavated along the highway; the cut heights
vary between 70 and 130 feet. The highway section between
Prestonsburg and Paintsville contains seven important and
separate rock cuts with a combined length of approximately 3
miles.

All seven rock cuts are in Pennsylvanian sedimentary
rocks. The formation is horizontally bedded and it contains
a sequence of sandstones, shales, siltstones, and coal. In
addition to horizontal bedding, vertical or subvertical
Jointing is pronounced in the sandstone units and to a
lesser extent in other types of rock. In addition to
vertical jointing, a system of stress relief joints can be
documented in the area. Because this stress-relief system
is of importance to cut stability, it will be discussed. in
detail later.

Ground water appears to occur in more permeable mem-
bers of the formation. Wet spots can be documented at
numerous cut faces. During very wet periods, ground-water
inflows into the cuts increase.

Rock cuts along the highway were excavated mostly at
vertical or subvertical slopes, most of them in uniform cut
slopes over the entire cut height. Only a few cuts have
been excavated in a benched configuration. Natural grades
above cut faces are usually very steep; any flatter slopes
or benched configurations increase the heights of the cuts
significantly.

Numerous failures of cut faces have occurred during
the lifetime of the highway. The yardages of some of these
failures were significant. Widths of the catching berms at
the toe of some cuts were frequently not sufficient to re-
tain a failure, resulting in spillage onto the highway.
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With regard to the importance of the highway and continuing
hazard to traffic, the Kentucky Department of Highways
(KDOH) decided to perform certain geotechnical studies and
apply certain mitigating measures to reduce these hazards.

STABILITY PROBLEMS

Generally, little attention has been paid to stability
problems in rock masses with horizontal bedding and vertical
joints. If geologic formations of this type are homogeneous
and of a sufficient strength, very high and steep cuts
(frequently vertical) can be excavated without encountering
any serious stability problems, with the possible exception
of the rock fall (Bukovansky and Piercy, 1975).

Stability conditions may become very different when
the rock mass is heterogeneous and/or anisotropic. Hori-
zontally bedded rock masses where softer layers alternate
with hard layers may feature important stability problems
when steep or vertical cuts are designed in such conditions.
Pennsylvanian formations in the U.S. and numerous other
formations (such as the Cretaceous Mesaverde in Colorado,
Utah, New Mexico, and Wyoming) are typical formations of
this type. Extensive experience with rock masses of this
type is available in Europe in the Alps and the vicinity.
Such rocks are called a flysch there.

Alternating layers of soft and hard rocks in eastern
Kentucky comprise precisely this rock type. In individual
rock cuts, softer shales alternate with hard sandstones or
siltstones. Coal also comprises a soft layer compared to
sandstone. Softer shales tend to slake and slough from cut
surfaces; more resistant sandstones above them are being
progressively undercut and form overhangs, frequently of
important dimensions. Large blocks of sandstone lose their
support and, at a certain time, they topple. Slaking and
sloughing of shale continue deeper into the slope and the
failures continue. The rate of shale slaking and sloughing
is frequently high so that failures may occur only a few
years after the excavation of the cuts. A typical toppling-
type failure is shown on Figure 1A. '

Stability conditions of a rock cut with a vertical
face become more critical with the presence of joints
dipping steeply into the valley. Most slope stability
problems along U.S. 23 have been caused by the presence of
such steeply inclined joints.

Detailed geotechnical documentation of the cut faces

confirmed the frequent presence of subvertical dividing
planes. These subvertical dividing planes do not coincide
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with the vertical joints that are common in horizontally
bedded rocks. Subvertical joints documented along U.S. 23
have been classified as stress relief joints. They are
generally parallel with the surfaces of natural cliffs.
They could be followed for large distances in cuts that have
been excavated along the highway curves; the strike of these
joints keeps changing as the direction of the valley
changes. It is evident that these joints do not belong to
any of the predominant joint sets. Slope stability problems
caused by such joints may become serious, as shown on Figure
1B.

Development of stress relief joints is significantly
different in formations that already contain systems of
joints before stress relief. 1In such cases, stress relief
resulted mostly in loosening and opening of the existing
joints, as shown on Figure 2A. Cases of such relief are
frequent in steep-sided canyons in the western United
States. Pre-existing vertical joints have frequently been
opened by stress relief so that opening reaches up to
several feet (Bukovansky and Piercy, 1975).

Stress relief causes fracturing of the rock mass which
contains either no or infrequent joints. Such may be the
case in massive sandstones of the Pennsylvanian formation
where vertical joints are either non-existent or extremely
rare. It is probable that as a result of stress relief
during erosion of the canyon, continuous stress relief
joints were created (Figure 1B). The extent of these joints
is very large; along U.S. 23, they can be followed for
distances of 0.5 mile or more. The stress relief joints
caused by tensile stresses are generally open and enable
circulation of water along them. Almost without exception,
all stress relief joints documented along U.S. 23 carried
traces of water circulation.

The inclination of joints is on the order of 60 de-
grees. We suspect that this inclination (dip) coincides
closely with the inclination of the original cliff surfaces
prior to excavation.

The presence of these joints in cuts that were mostly
excavated at vertical slopes is of an utmost importance for
cut stability. Blocks or slabs separated from the rock mass
by such joints will fail during the excavation or during the
lifetime of the rock cut. The presence of a shale layer
below a cut portion containing such stress relief joints
will further contribute to local instability and failures.

It is very difficult to estimate spacing between
individual stress relief joints that appear to be generally
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parallel each to the other. At several locations, spacing
could be measured; it was on the order of 3 to 4 feet. At
numerous locations, spacing of the stress relief joints
dictated the thickness of the failed rock blocks.

It can be assumed that the spacing between successive
stress relief joints increases with distance behind the
slope face. It is evident that the frequency of the stress
relief joints increases in the direction toward the previous
cliff face. Stability conditions of individual cuts were
always worse at locations where the thickness of the exca-
vation (measured perpendicular to the cut slope) was small.
In other words, thin, sliver-type excavations are more
likely to cause stability problems in such geologic condi-
tions than excavations that reach much farther behind the
original cliff face.

Although the influence of ground water on the sta-
bility of individual cuts has not been studied in detail, we
believe that it is important. In sedimentary rocks where
sandstone layers alternate with shales and coal, fractured
sandstone and coal usually comprise strata with higher per-
meabilities that may carry water. Ground water typically
occurs in the lower part of sandstone strata, perched on
underlying shale. If ground water occurs permanently,
physical properties of the underlying shale may be modified
and deteriorated. Such reductions in shale strength may
unfavorably influence the stability of the cut.

The occurrence of ground water in horizontally bedded
strata frequently depends on local dips of beds. If the
strata dip into the valley even at very low angles of a few
degrees, ground water may seep into the cut. If the strata
dip into the slope, the probability is higher that no ground
water would be seeping into the cut. In such conditions,
the existence of a soft layer at the top of the shale is
less likely, and the stability of the cut will probably be
more favorable.

Accurate estimations of the orientation of the beds
and local changes in dips and strikes are very difficult to
obtain by direct measurement of the outcrops. Direct docu-
mentation of water seeps at individual locations probably
comprises the most reliable method of evaluating ground-
water occurrence.

ANALYTICAL METHODS AVAILABLE

Stability analyses of rock cuts excavated in hori-
zontally bedded rock masses are infrequent, as stability
problems in such conditions are rare. Finite element
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analyses have been used in the past to define zones of
maximum shear and tensile stresses in such rock masses.
It may be difficult to directly use results of such analyses
for practical purposes.

In the presence of steeply inclined joints that are
undercut by the cut face, a sliding block analysis can
readily be performed. It is evident that the rock cuts
along U.S. 23 are unstable wherever the cut face undercuts
the stress relief joints that dip on the order of 60 de-
grees. The friction angle along these joints is lower than
the dip of the joint, and any block limited by stress relief
joints is unstable. A failure of such a block usually
occurs in a very short period of time, even if no ground
water is present.

Analyses of toppling-type failures caused by under-
cutting of hard sandstone ledges by slaking and sloughing
shale are very difficult and, to our knowledge, have not
been performed. Advanced analytical solutions using methods
such as the finite difference method (Cundall et al, 1980)
could probably be successfully applied, but data on time-
dependent properties of the slaking shales would have to be
empirically obtained.

Seegmiller (1984) provides a careful review of an
identical stability problem as it may be encountered in
open-pit mining. He emphasizes the importance of different
Poisson's ratios of hard sandstone and soft shale. As a
result of the difference, both rock types expand laterally
quite differently; shale will expand much more than the hard
sandstone. Underlying shale does not behave elastically
because it is usually more densely broken than sandstone.
Numerous fractures are evident in shale, and their extent
increases considerably with time. The actual Poisson's
ratio of such rock types is in fact considerably higher
because of the presence of vertical fractures or joints. As
a result, lateral deformations are much higher than those
expected in an elastic medium. As a result, the shale
disintegrates and slakes progressively. Air and water that
can enter into the vertical fractures in the shale will
further contribute to the loss of strength of the shale.

MITIGATING MEASURES AVAILABLE

For new rock cuts, the KDOH has been applying a con-
cept of benched cuts (Wright, 1981, Figure 3). With this
concept, the cut is divided into several benches, the ele-
vation of which is determined by the rock mass lithology.
Typical bench widths are 18 feet, but they will be modified
according to weathering and other factors. Cut slopes are
different in different rock types; the slopes range from 1:1
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in soft and less resistant rock such as shale, to 1:20
(vertical) in hard and resistant rock such as sandstone,
siltstone, or limestone. Benches are located so that the
top of the bench is in the least resistant rock such as
shale. With this arrangement, future slaking and weathering
of shale will not cause undercutting of the harder layer
overlying the shale. Sloughing and slaking will only cause
loss of the crest of the bench. Other authors (Seegmiller,
1984) recommend locating the soft layer below a harder layer
so that shale is protected by a hard cap. To prevent under-
cutting of the overlying sandstone, protecting the shale
layer against slaking and sloughing is necessary in such a
case.

This benching concept is entirely acceptable for the
existing rock cuts along U.S. 23. Cut configurations can be
designed according to the lithology of rocks exposed in cut
faces. Benching of existing cuts would require, however,
extensive excavations. Natural grades above the crests of
existing cuts are very steep, and any additional excavation
will significantly increase the height of the cut. For this
reason, the KDOH has been investigating alternate methods of
mitigating cut stability problems.

Artificial support, such as the use of bolting and
anchoring, apparently comprises an alternative to large
excavations. Although excavation is generally the prefered
method of mitigating stability problems, bolting and anchor-
ing can become attractive from a cost point of view. Arti-
ficial support can also be installed without significant
traffic interruptions.

In geologic and geotechnical conditions such as those
along U.S. 23, bolting and anchoring can effectively be
applied to prevent toppling-type failures of sandstone
ledges undercut partly by slaking and sloughing shale
layers. Bolting and anchoring become expensive in cases
where they are designed to support slabs resting on stress
relief joints inclined on the order of 60 degrees into the
valley. Bolting forces required to stabilize such blocks
are very high as they approach the magnitude of the weight
of the unstable blocks. Economically, excavating these
blocks is nearly always less expensive than bolt or anchor
support.

The most important problem in cut stabilization is the
presence of slaking and sloughing shale. It is evident that
to maintain long-term stability of the cuts, slaking and
sloughing have to be prevented. Excavation of overhanging
parts of sandstones would only temporarily eliminate the
stability problem, frequently for a period of just several
years.
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Methods of protecting against slaking and sloughing
are few and not well documented. It is evident that surface
protection of vertical or subvertical cut surfaces excavated
in shale would be required. Pneumatically-applied mortars
or concrete (gunite or shotcrete) apparently comprise a
logical choice for such protection (Figure 4). The
Tennessee Department of Transportation (Trolinger, 1978) has
successfully experimented with shotcrete reinforced by wire
mesh and equipped with appropriate drainage systems con-
sisting of drainage strips and drain holes in the shotcrete.
Grouted dowels were used to install the wire mesh tightly
against the cut face.

Similar systems have been used by the Alabama Depart-
ment of Transportation. The same or modified methods of
such protection have been used in coal mines in the western
United States where coal seams outcrop in steep canyon walls

or in mine benches. Coal seams are much softer than the
overlying, hard sandstones; and by continuous slaking and
sloughing, they undercut sandstone ledges. Wire mesh,

anchored by means of non-tensioned dowels or by tensioned
rock bolts, has usually been applied to prevent such
sloughing. Shotcrete has been used less frequently.

Seegmiller (1984) proposes several systems for
protection of such soft layers for open-pit mines. He
proposes using various combinations of chain-link fabric,
shorter bolts, and longer anchors combined with roof bolt
mats. He also recommends horizontal drains in the overlying
sandstone to decrease or eliminate flow of water along the
shale surface.

It is apparent that not enough experience is available
on the protection of the shale surface. It is also evident
that protection of this rock is absolutely necessary if a
shale layer is overlain by an important sandstone layer.

At the present time, the Kentucky Department of
Transportation is considering various alternatives to
mitigate the rock cuts at U.S. 23. With regard to con-
siderable costs involved in mitigating stability problems,
the KDOH is also considering the possibility of relocating
the roadway away from rock cut toes so that an effective
protective berm is created at the toe of the slopes. The
final decision on an acceptable method will be made based
mostly on the economic feasibility of each individual
solution.
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ANALYSIS AND REHABILITATION OF AGING ROCK SLOPES
by
Lee W. Abramson
and
William F. Daly

Parsons Brinckerhoff Quade & Douglas, Inc.
New York

ABSTRACT

Our great primary highway and interstate highway system was first
conceived and constructed in the 1940's and 1950's, nearly a half
century ago. Since then, rapidly increasing demands on the system have
necessitated expansions and additions to the existing transportation
network. These improvements during the 1960's and 1970's presented
engineers with difficult challenges to add lanes where there was barely
room on a hillside for the roadway in the first place. To accomplish
this, fills were constructed using innovative solutions such as
reinforced embankments or alternatively, larger cuts into the hillside
were made. It is the performance of these original and expanded highway
cuts in rock that is the subject of this paper.

Highway cuts are preferably made in hard, continuous, unweathered rock
by blasting. However, alignment considerations often preclude
construction within this ideal engineering material. 1In those cases a
variety of design concepts are required to stabilize, reinforce or
support the fractured and sometimes severely weathered rock adjacent to
the roadway. The best of intentions during construction, unfortunately,
have not always insured a permanently stable, inert rock slope after it
is exposed to the forces of nature. Falling rock and occasionally
catastrophic failures have occurred and seem to be occuring with
increasing frequency as highway rock cuts grow older and older in age.

This paper provides an overview of the historical development and
performance of highway rock cuts including recent examples of
catastrophic slope failures, describes current slope condition survey
techniques, methods of stabilization and improvement and long-term
performance monitoring. Examples of recent rehabilitation programs
incorporating these elements of analysis, design and construction are
cited.

INTRODUCTION

To the maximum extent possible, initial development of the
transportation network in the United States tended to follow natural
drainage features to minimize the necessity for extensive cut-and-fill
operations. When moving from one drainage basin to another, roads
circumvented terrain obstacles rather than crossing them in deep cuts.
When natural crossings of terrain obstacles, such as Cumberland Gap,
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were available, they were utilized even if their use required a
significant detour. This transportation network was adequate for the
nation's needs in the early 19th century when bulk goods moved primarily
by water and the road net was used primarily for local transportation.

Development of railroads, starting in the 1830's, resulted in the
first extensive use of rock excavations for transportation in the United
States. Earlier rock excavations for canal construction in the first
quarter of the century, had not required cuts of the same magnitude.
Railroads crossing the Appalachians in the East and the Sierras and the
Rockies in the West required extensive rock cuts. However, major rock
excavation for roadway construction was minimal throughout the 19th
century.

Development of the automobile and the truck in the early 20th
century initiated the extensive highway construction which has continued
to date, with the exception of the hiatus caused by the Depression and
World War II. With the decline of the railroads, the nation relies on
bulk transportation by truck for interurban movement of goods and
services. The public has come to rely on the personal automobile as the
principal means of travel, both for business and vacation. New
construction and reconstruction of existing routes for vehicle traffic
has resulted in extensive rock cuts of significant depth and length.

However, as the transportation network has aged, time and weather
have adversely affected the stability of the deep rock cuts whichk are an
integral and, in some <cases, critical part of our national
transportation network. For at least the next 25 years stabilization
and rehabilitation of aging rock slopes in these cuts will be a major
concern of Federal and state transportation agencies.

Some recent examples of rock slope failures affecting highway
routes in North America are listed in Table 1. It can be seen that rock
slope instability occurs across the continent and few states are immune
from sudden catastrophic failures. Schuster and Fleming (1986) estimate
that in the United States, the number of landslide related fatalities
per year exceeds 25 and losses to public and private property exceed
$1.5 billion per year.

Effective methods are currently available to evaluate the condition
of rock slopes along transportation routes. Rock slope failure is often
a progressive phenomenon. Timely implementation of control or
mitigation procedures is essential to arrest this phenomenon. Slope
condition assessment techniques, potential modes and causes of failure,
slope rehabilitation, planning and monitoring methods are discussed
below. A case history is also presented to demonstrate the usefulness
of these concepts.

SLOPE_CONDITION ASSESSMENT TECHNIQUES

The techniques used to investigate the condition of an existing
natural or man-made slope are not unlike that for common geotechnical
investigations. However, because an existing facility is involved there
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is usually more extensive background information available as well as
unique project specific requirements governing modifications to the
facility. The investigation should be divided into tasks as shown in
Table 2 and as follows:

Review of existing data

Site reconnaissance

Geologic exploration

Analysis of potential failure modes

Analysis of potential causes of failure

Assessment of slope condition and rehabilitation planning

OOOC}OO

Review of Existing Data

Data review should include all accessible documents generated for
the facility including: feasibility records; geologic explorations;
design drawings, specifications and supporting calculations;
construction records; maintenance records; and any relevant published
literature. Among other things, feasibility records will show the
envisioned purpose of the facility, reasons for site selection, traffic
patterns, type of vehicle usage (e.g. campers versus semi-trailers), and
economic considerations such as dependence of neighboring cities.
Previous geologic explorations are often quite useful for assessing
general geology, nature of overburden materials, rock type(s), rock
quality and groundwater levels. Design documents will reflect how the
original designer of the facility planned the geometrical lay-out, as
well as excavations and slope support based on geological
considerations. Construction records will show how easily these design
concepts were implemented, how geologic conditions varied from the
original assessments and any unusual occurrences during construction.
Most highways have maintenance patrols, some which work around the
clock. Maintenance records should be analyzed to determine geologic
similarities between areas of frequent instability and the project site
vicinity. Finally, relevant published literature should be researched
including geologic papers, geotechnical papers, and local newspaper
accounts of events pertinent to highway construction, maintenance or
usage.

Site Reconnaissance

After or while background information is being collected and
digested, members of the project team should go into the field to
perform a detailed site reconnaissance. Spatial relationships of nearby
cities and connecting highways should be determined. Current traffic
patterns and highway usage should be observed. The accuracy of maps and
as-built drawings should be verified. The topography, geology,
climatology and general site conditions should be noted. If reliabile
topographic maps do not exist, photogrammetric mapping may be required.
Signs of imminent or previous rock slope instabilities should be
investigated. Future geologic exploration methods and potential sites
should be identified. Finally, preliminary rehabilitation concepts
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TABLE 2

STEPS LEADING TO ASSESSMENT OF SLOPE CONDITION

DATA REVIEW SITE RECONNAISSANCE GEOLOGIC EXPLORATION
Feasibility Studies o Geography o Aerial Photograph
o Geologic Explorations o Pétronage Interpretation
o Design Documents o Topography o Borings
o Construction Records o Site Conditions o Geologic Mapping
0 Maintenance Records o Geology o Laboratory and Field
o0 Published Literature o0 Climate Testing
o Potential o0 Geophysical Methods
Exploration Sites o Data Interpretation
POTENTYAL FAILURE MODES POTENTIAL CAUSES OF FAILURE
o Planar o Weathering
o Wedge o Hydrostatic Pressure
o Toppling o0 Freeze/Thaw
o Circular O Seismic
o Complex o Creep
o Calibration With Real o Progressive Failure

Field Conditions

ASSESSMENT OF SLOPE CONDITION
O0 Classification of Problem Areas
O Prioritization of Rehabilitation Program

o Planning and Logistics
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should be generated and checked to see whether sgite conditions are
conducive to potential measures considered both from a constructibility
standpoint as well as a user standpoint.

Geologic Exploration

After existing data have been reviewed, summarized, and then
corroborated with field observations, the need to gather additional
geologic information should be assessed. Usually, further exploration
is required. The methods chosen will vary depending on the size of the
site, accessibility, type of geologic formations, intended use of data,
time constraints and economic considerations.

The most common method of exploration for slope stability is
geologic mapping. Usually, it is not the intact rock itself that fails
but the discontinuties in the rock mass. These discontinuities
generally consist of partings along bedding or foliation, joints, shear
zones and faults. The character of these features are mapped within
each lithological =zone requiring differentiation. Along with
information regarding rock type, color, strength and hardness, the
strike, dip, spacing, persistence, roughness, waviness, weathering,
aperture, filling and staining of discontinuities is noted. The
International Society for Rock Mechanics (1978) gives detailed
descriptions of these parameters in "Suggested Methods for the
Quantitative Description of Discontinuities in Rock Masses." An example
of a form for this data acquisition is given in Figure 1. 1In addition
to geologic mapping, aerial photography can be studied for past
landslides, fault traces, drainage features and rock outcrops in the
vicinity to be mapped.

Depending on accessibility, borings can be drilled to obtain:
groundwater information; traditional RQD values; oriented core data;
thickness and character of faults, shear zones, and joint fillings;
samples of laboratory testing, and depth of weathering and blast
disturbance. Laboratory testing can be conducted on samples to obtain
values for unconfined compressive strength, tensile strength, elastic
modulus, Poisson's ratio, strength along discontinuities, creep and
swell potential, and strength of joint f£illings. Large scale field
tests are seldom conducted for slope stability problems but can include
direct shear tests, water dye tests, overcoring, and rock fall
simulations (Wu, 1985). Geophysical surveys are sometimes conducted to
establish depth of overburden soils, seismic velocities of the rock,
rippability, depth of disturbance due to previous blasting, depth of
weathering and correlations with other strength parameters.

Interpretation of data should proceed during and after data
acquisition and geologic exploration. Plans, profiles, block diagrams,
and cross sections should be generated at this stage. Time and money
can be saved by considering potential future use of these documents and
formatting them appropriately. Will they become part of construction
contract documents, will they be used in a geotechnical report, or both?
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Geologic mapping data should be summarized and plotted on a polar
stereographic projection. This graphic technique is used to find trends
in field mapping measurements. The basis of the technique is briefly
discussed below. More detailed discussions on the methods and basis of
stereographic projection are available in Methods of Geological
Engineering by R.E. Goodman (1976) and Hoek and Bray's (1981) Rock Slope

Engineering.

In adapting stereographic projection to structural geology, the
traces of planes on the surface of a reference sphere are used to define
the dips and dip directions of the planes. The great circle which is
traced out by the intersection of the plane and reference sphere will
define uniquely the inclination and orientation of the plane in space.
Since the same information is given on both upper and lower parts of the
sphere, only one of these need be used and, in engineering applications,
the lower reference hemisphere is used for the presentation of data. 1In
addition to the great circle, the inclination and orientation of the
plane can also be defined by the pole of the plane. The pole is the
point at which the surface of the sphere is pierced by the radial line
which is normal to the plane. 1In order to communicate the information
given by the great circle and the position of the pole on the surface of
the lower reference hemisphere, a two dimensional representation is
obtained by projecting this information onto the horizontal or
equatorial reference plane.

An aid in the analysis of pole plots is the construction of contour
pole plots. This can be done manually or by a computer. From the
contoured plots, trends in the field data are depicted. The central
value of highest concentration of poles can be taken as representing the
mean orientation of the given set of discontinuities. Figure 2
illustrates the use of equatorial equal area nets for plotting both
poles and great circles to represent typical rock mechanics problens,
such as slope stability. Specific characteristics of each joint set can
be used to further define the behavior of the rock mass using the
Discontinuity Significance Index described by Watts and West (1986) or
the like.

Potential Modes of Failure and Analysis

From the above data acquisition and interpretation, potential
failure modes can be ascertained using the orientation, height and slope
of an existing rock cut with the known geologic character of the rock
mass. The predominant modes of failure along highway routes are planar
and wedge although toppling, circular and complex failures occur
frequently as well. Methods of analysis have been published by many
authors including Hoek and Bray (198l), Goodman (1976 and 1980), and
others. Now with the advent of personal computers, computation of
apparent safety factors for a variety of assumed conditions and
probabilities have never been easier (Abramson, 1985; Hendron et al,
1971; Kovari and Fritz, 1975; and Watts and West, 1985).

Unfortunately, our advancements made in computing factors of safety
have not necessarily improved our ability to accurately model rock
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(From Hoek and Bray, 1981)
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masses which are heterogeneous, inelastic and discontinuous. The
discontinuities in the rock mass are usually what control stability.
The characteristics, strength, stress state, and stress history of
discontinuities are still not clearly understood because of our
inability to completely sample and test the rock mass. To further
complicate the picture, the hydrologic characteristics of the rock mass,
particularly the amount, pressure and seepage of groundwater between
discontinuities, is seldom clearly known and is often responsible for
the onset of failure.

Most states that have strong seasonal climate variations report a
high incidence of failures during the spring months (Figure 3), when
joint water that has become frozen and expanded over the winter begins
to melt. The water tends to jack loosened rock blocks and wedges during
the winter causing a transition from peak strength along discontinuities
toward residual strength. During the spring, the ice melts subjecting
the rock to hydrostatic loading and increased lubrication along joints.
As the strength along discontinuities decreases, the stress increases.
Sooner or later the stress will exceed the strength and failure occurs.
While this concept is easy to verbalize, our ability to analyze real
field conditions and to predict failures is quite handicapped by the
lack of accurate engineering parameters.

Therefore, while typical modes of failure are well known and tools
for analysis are plentiful, assumptions made and the accuracy of input
data makes the results of analyses somewhat questionable and tenuous for
use in determining engineering solutions to real stability problenms.
One way to enhance the results of our studies is to return to the field
and confirm that what our computers are telling us truly is observable
in the field. 1Isolated blocks are frequently observed in the field that
would have calculated factors of safety less than 1.0 but are stable in
reality due to factors such as joint irregularities or wedging effects.
If failures are predicted by analysis, can any examples be found near
the site? If so, are they large or small? For instance, if observed
instabilities are large, reinforcement or removal is the only answer.
However, if they are small, catchment may be a much more cost effective
solution.

Potential Causes of Failure

Slopes do not fail because of the "modes of failure". Something
causes this mode of failure to engage itself. Calculated factors of
safety are essentially point measurements in time. Factors of safety
change constantly during every season, every rainfall, every earthquake
and over the years as the rock slope ages due to exposure to the
elements. The rate of change from stability to instability can be
instantaneous as in the case of an earthquake or can take tens of
hundreds of years as in the case of slow degradation of a shale stratum
underlying massive sandstone. In most cases, there are a variety of
weakening forces acting on the slope with different rates of degradation
and relative importance. Sometimes, these phenomena are products of
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geologic transformation which have begun 1long before highways were
invented. Stress relief jointing along river valleys is one common
example.

Nevertheless, the principal causes of failure are often related to
only a handful of natural processes: weathering; hydrostatic pressure;
freeze/thaw cycles; seismic events; creep; and progressive failure which
is a product of the other processes and their inter-relationships.
Additionally, actions by man such as undercutting the toe of a slope,
diverting surface run-off onto an unstable slope or increasing the
driving force on a slope by surcharge loading can also contribute to a
failure. However, the theme of this paper centers around aging slopes
that are not being affected directly by man's activities.

Generally, the rock mass starts off with one or more sets of
throughgoing discontinuities. Construction of a highway frequently
causes these discontinuities to open due to stress relief and/or
blasting gas pressure and vibration. These effects are most pronounced
at the slope face and become less pronounced within the rock mass. A
rule-of-thumb is that the depth of loosening is equal to the height of
cut or valley. Typically instabilities occur within 50 feet of the
slope face.

Weathering: Opening of joints allows water and air to get at the joint
walls and fillings causing expansion and weakening of the materials.

Hydrostatic Pressures and Freeze/Thaw Cycles: The water within the rock
mass, in addition to facilitating weathering processes, tends to freeze
during the winter and melt during the spring. As described before,
freezing of the groundwater tends to push loosened rock blocks out
causing further loosening. Spring melt waters tend to impose
hydrostatic forces on the bases and sides of discrete rock blocks;
thereby increasing the magnitude of driving forces and decreasing the
magnitude of resisting forces. This can occur within tension cracks and
other open joints due to rainfall and snow melt whether a freeze cycle
occurs or not.

Seismic Events: Seismic events tend to cause dynamic displacements of a
loosened rock mass. The effects can be further loosening, displacement,
rotation of discrete blocks or wedges, or complete failure.

Creep: When clay minerals are prevalent in the rock mass, either as a
constituent of intact rock or along discontinuities, then creep
(displacement at constant load) can occur along open joints particularly
if the other processes described above are occurring also. We know from
direct shear tests that re-adjustment of stress along joints occurs as
irregularities are over-ridden, crushed, and/or sheared through.
Therefore, it is easy to envision a block of rock creeping downslope,
ever so slowly, redistributing its weight onto the most resistant
surfaces until, finally, stress concentrations exceed the strength of
potential support points and displacements accelerate until failure
occurs.
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Progressive Failure: The process by which most slope failures occur is
called progressive failure. It essentially refers to the compounding of
events which, over time, combine to cause ultimate instability of the
slope. The processes described above can be divided into short-term and

long~-term events. Single rainfall or run-off induced hydrostatic
pressures, freeze/thaw and earthquakes can be categorized as short-term
events. Weathering, creep and cyclic hydrostatic pressures or

freeze/thaw cycles can be categorized as long-term events. An aging
rock slope is exposed to the long-term events usually as soon as the
highway cut is made. A myriad of factors then will determine which
processess are most deleterious to the slope and the time rate of
degradation. This is as true for highway cuts as it is for ancient
river valleys. The short-term events interplay with the long-term
processes, usually resulting in local accelerations or changes in the
nature of ongoing degradation. Tension cracks are often a common sign
of large-scale progressive failure but as Hoek and Bray (1981) state:

"It is impossible to quantify the seriousness of a tension crack
since it is only the start of a very complex progressive failure
process about which very little is known. It is quite probable
that, in some cases, the improved drainage resulting from the
opening up of the rock structure and the interlocking of individual
blocks within the rock mass could give rise to an increase in
stability. In other cases, the initiation of failure could be
followed by a very rapid decrease in stability with a consequent
failure of the slope."

Assessment of Slope Condition and Rehabilitation Planning

In summary, by processing site conditions and geologic data,
potential slope failure modes can be analyzed. With this information,
potential causes of failure can be investigated to see which are present
and their relative importance. With this knowledge, a rehabilitation
program can be planned. If merely one localized section of roadway is
being studied, rehabilitation methods can be prescribed and implemented.
If several locations or long stretches of roadway are being studied, the
problem areas must be classified and prioritized. Limited funds are
available for protection, rehabilitation or reconstruction of aging rock
slopes. Effective utilization of these funds requires establishment of
priorities for their expenditure.

The highest priorities should be given to choke points. Choke
points are locations where rock slides could cause significant
structural damage or economic dislocation due to long-term disruption of
traffic. Examples would be:

o High rock slopes adjacent to tunnel portals or bridge
approaches in which substantial masses of rock with high
potential energy, sufficient to destroy or severely damage
structures, could be included.
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o Long, deep cuts where post-slide removal of large masses of
rock and stabilization of remaining unstable masses could
disrupt traffic and the economny for months.

Next highest priority should be given to roadway hazards. Many
highways, including older portions of the interstate system, have near-
vertical rock cuts immediately adjacent to the highway shoulder. As
these cuts deteriorate, rock falls onto the roadway are increasingly
common. Relatively minor rock falls on curved alignments can be deadly.

Third priority should be given to slopes where minimal potential
for structural damage, economic disruption or personal injury exists.
Within this category, slopes with significant annual maintenance costs
should be considered for rehabilitation or reconstruction. Continued
unrestrained deterioration may lead to major slides involving large rock
masses, which could cause substantial economic disruption.

Once the problem areas are classified and prioritized, planning of
design and construction are the next items of business. Like any
infrastructure rehabilitation project, construction work usually must be
done on or adjoining to an existing in-service facility. That presents
many difficulties aside from the technical ones. Traffic flow patterns
must be analyzed and maintained. Proper phasing of the work is
necessary to re-route traffic at the appropriate times. During scaling
operations and other types of debris removal, traffic may have to be
stopped temporarily or intermittently. Weather may play a key role as
in the I-40 Sterling Mountain slide rehabilitation described later in
this paper. In that case, traffic had to be restored to the westbound
lanes prior to mid-November when the roadway is prone to icing and
hazardous driving conditions. Incidentally, repaving was being done
east of the tunnel and slope rehabilitation in Tennessee was beginning
west of the tunnel. Planning and logistics must consider work at the
project site as well as work planned or ongoing on connecting roadways.

SLOPE REHABILITATION METHODS

The methods available for slope rehabilitation continue to be
similar to those described by Piteau and Peckover (1978). There are
typically six methods of rehabilitating a slope which can be used singly
or in combination:

Road relocation

Warning/surveillance

Removal of potentially unstable rock
Reinforcement or supporting potential failures
Relief of hydrostatic pressure by drainage
Catchment of falling rock

O00O0OO0OO

These methods are listed in Table 3 and described in detail below.
A relative cost comparison is given in Table 4. Generally

speaking, warning or surveillance methods are the cheapest
rehabilitation measures which can be taken and removal of rock to
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TABLE 3

REHABILITATION METHODS

WARNING/SURVEILLANCE
o Signs
o Patrols

o

Electronic Devices

ROAD RELOCATION

REMOVAL OF MATERIAL

o Surface Scaling

o Flattening of Slope
REINFORCEMENT/SUPPORT

o Bolts/Dowels/Tendons

o Mesh

o Shotcrete

o Buttresses
DRAINAGE

o Surface

o Subsur face
CATCHMENT

o Shoulder

o Benches

o Fence

o Berm

o Barriers
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TABLE 4

APPROXIMATE COST RANKING OF ROCK SLOPE REHABILITATION METHODS

(per 100 £t of roadway with 100 ft high vertical slope)

Description

Signs, Patrols or Warning Devices
Earthen Berm

Rock Fence

Short Drain Holes

Mesh

Road Relocation (No cut or fill)
Slope Surface Scaling

Shotcrete

Long Drain Pipes

Dowels, Bolts, Tendons

Flatten Slope to 1H:4V

Flatten Slope to 1H:3V

Road Relocation*

Widen Shoulder by 50 ft.

Rehabilitation

Type

Warning/Surveillance

Catchment
Catchment
Drainage
Reinforcement
Relocation
Removal
Reinforcement
Drainage
Reinforcement
Removal
Removal
Relocation
Catchment

* With reinforced embankment within new rock cut
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Approximate
Cost
($x103)

less than 1

2

3
10
10
30
40
100
120
150
190
250
400
740



relocate the road, flatten the slope or widen the shoulder are the most
expensive. But rehabilitation method selection is usually not based
solely on cost. Each site has different needs and constraints which
must also be evaluated. Furthermore, rehabilitation methods are ranked
by individual cost in the table without consideration of possible
combinations which are commonly used. For example, road relocation
normally requires cutting of the existing slope or construction of
additional embankment. Considering combinations causes the cost to jump
up by roughly an order of magnitude as shown in the table.

Warning/Surveillance

Many state transportation departments have found it necessary to
patrol roads that have particularly frequent rock falls. While this
method is fairly simple it does not mitigate the problem and can be very
hazardous to the workers. Rock fall signs are intended to be temporary
until hazardous conditions are eliminated. Yet if rehabilitation is a
low priority, the signs sometimes remain in place indefinitely, serving
no realistically practical purpose. Electronic devices are sometimes,
but not commonly used as warning systems. These devices can include
geotechnical instrumentation, electrical wire or fence, vibration
monitors and television cameras. A symposium on landslide and slope
stability monitoring was held at the 66th Annual Meeting of the
Transportation Research Board where several current and new warning
systems were introduced. The use of geotechnical instrumentation for
rock slopes will be discussed in more detail later in this paper. It is
important to note however, that eliminating potential rock fall hazards
is preferable to monitoring and maintaining them for 1long periods of
time.

Road Relocation

An alternative to patrolling the roadway is to relocate it away
from the unstable area. Potential choices for re-alignment will depend
on site conditions but may include moving the road away from the rock
slope onto an embankment, tunneling through a mountain rather than going
around it, or finding an alignment that misses the mountain altogether.
In many cases it is most economically feasible to rehabilitate the
existing slopes rather than move the road.

Removal of Potentially Unstable Rock

Removal of potentially unstable rock is typically necessary for
slope rehabilitation whether it is to insure long-term performance or
simply for worker safety. This may include removal of accumulated rock
on benches, surface scaling by hand, explosive removal of overhangs,
flattening of the slope and/or construction of additional benches.
Breakage and removal of the rock is normally done using conventional
rock excavation equipment. Access to the slope is sometimes limited and
may require hand-carried equipment and rappeling ~ expertise.
Alternatively, scaling can be done using a crane with a specially
designed "rake" or demolition ball.
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Rock removal can be hazardous to the workers doing the work, as
well as workers performing other tasks on-site. Additionally, vehicles
passing nearby may be endangered. Therefore, traffic must be stopped or
diverted and on-site personnel must be informed about the nature and
timing of overhead activities. Protection of existing structures
adjacent to the work may also be necessary.

Reinforcement or Support of Potential Failures

Unstable rock masses can either be reinforced to be self-supporting
or can be supported externally. Common reinforcement methods include
rock bolts, dowels or tendons, mesh and shotcrete.

Rock reinforcement dowels or bolts resist movement along joints and
restrict block £fallout and 1loosening. Tensioned reinforcement will
change the stress state around the slope face by inducing compressive
stresses, which provide confinement, thereby improving the strength of
the rock mass. Steel fabric, straps or channels control rock £alls
between reinforcement elements.

Shotcrete is forced into open joints, fissures, seams, and
irregularities in the rock surface and serves the same binding function
as mortar in a stone wall. The adhesion of shotcrete to the rock
surface, together with the shear strength of the shotcrete layer,
provides resistance to the fallout of loose rock blocks as well as
confinement of the rock mass. It will also seal rock which is prone to
weathering due to exposure to the elements of nature.

Support of the rock can be accomplished with buttresses, bulkheads
or retaining walls. These structures are typically constructed with
cast~-in-place, reinforced concrete, although stone or masonry can be
used also. Recently, a new technique using the unstable rock as a
"shot-in-place buttress" has been used successfully in Tennessee {(Moore,
1986). Rock reinforcement is often used in combination with support
methods.

Site specific conditions normally dictate whether to reinforce the
rock or support it. Support methods are most commonly used to stabilize
overhangs. Reinforcement is most commonly used to prevent ultimate
sliding or rotational failure of potentially unstable rock massess along
discontinuities. Also, surface protection using mesh and/or shotcrete
can be used to prevent progressive ravelling and attack by sunlight, air
and water.

Relief of Hydrostatic Pressure by Drainage

To 1limit the amount of water that accumulates along rock mass
discontinuities, pressure relief drainage systems are used. This tends
to prevent hydrostatic pressures from building up along discontinuities
and also 1limits the volume of water that can freeze in the winter
causing rock block displacement due to expansion. The two general forms
of drainage are surface and subsurface. Surface drainage refers to
diversion of surface run-off away from tension cracks or open rock mass
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discontinuities near the slope face. This can be accomplished with
dikes, ditches or culverts. When discontinuity openings are
particularly prone to water inflow the gaps may be sealed and filled
with grout until no significant void space remains.

Shallow or deep subsurface drainage is usually accomplished with
perforated PVC pipes which are grouted or dry-packed into place near the
slope face. The holes are normally 2 to 3 inches in diameter and can be
drilled to between 100 and 200 feet in length. Most times, every drain
pipe will not intercept water bearing strata or discontinuities. A
sufficient number must be installed to compensate for the "dry" ones.
Also, they must be maintained in operating condition to be effective.

Catchment of Falling Rock

Regardless of which of the rehabilitation methods above are chosen,
there is usually the need for catchment of falling rock. Most slopes
contain small pieces of rock that could loosen in the future but do not
require extensive removal or reinforcement. Furthermore, just as the
original road design and construction does not eliminate future rock
fall hazards, rehabilitation methods will not always be 100 percent
effective due to the continual forces of nature. Catchment can consist
of engineered benches, ditches, wide shoulders, berms, steel barriers,
nets, fences, and/or concrete walls. Occasionaly, rock sheds or tunnels
are used for protection from falling rock in extreme cases but are not
common and will not be given further attention in this paper.

The type of catchment used depends largely on site conditions.
Specifically, the height and angle of the slope and clearance between
slope and roadway are important. This not only dictates how much space
there is for catchment but it also relates to anticipated paths of
falling rocks. Obviously the catchment area must be somewhere, along
the path of the rocks, to be effective.

Generally, the flatter the slope is, the more likely falling rocks
will bounce and/or roll. Simple rock falls (i.e. no bounce or roll)
tend to occur on steep slopes and can be kept off of the roadway with
benches, ditches, and shoulders of appropriate widths and 1locations.
Bonazzi and Colombet (1984) aptly point out that design of such
catchment areas "should also include provisions in the original design
for permanent re-access, despite the cost involved, because ..... (if)
there is a danger, it would be better to be able to do something about
it before it can become critical®™. That is to say that sometimes the
catchment areas become filled with talus forming a slope which can
eventually direct subsequent rock falls onto the roadway. The catchment
area then must be accessed periodically to remove such debris which
potentially defeats the purpose of the catchment area.

For the flatter slopes where rock falls tend to bounce and/or roll,

a barrier is needed to deflect rocks away from the roadway. Key
considerations in the design of such barriers are height, location and
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strength. Berms, steel barriers, fences and/or concrete walls can be
used for this purpose. These are normally used in conjunction with
benches, ditches and shoulders.

If space does not permit the construction of adequate catchment
areas and barriers near road level, potential rock debris must be held
in place directly against the slope face. This can be accomplished
using a net that is fastened to or over the slope. The netting commonly
consists of chain link fence or gabion wire fabric held in place by rock
bolts or cable tendons. These methods are currently being used on
rehabilitation projects in Montana, Tennessee and North Carolina to name
a few.

LONG—-TERM PERFORMANCE MONITORING

Long-term monitoring of slope performance after rehabilitation can
be accomplished using geotechnical instrumentation. In addition to
performance monitoring, the instruments can be used to ensure safety,
cost economy or design and construction method adequacy. The two main
parameters measured are deformation and water levels. Deformation can
be measured with optical survey points, inclinometers or extensometers.
Water levels can be measured with observation wells or piezometers.
These can be read manually or remotely.

The reliability of geotechnical instrumentation was the subject of
a recent symposium of the Transportation Research Board. At the
symposium, Dunnicliff (1985) listed the basic ingredients of a reliable
instrumentation program: simplicity; self-verification; durability in
the installed environment; thorough planning; installation care; regular
maintenance and calibration; and care during data collection, processing
and interpretation. Making these ingredients part of a slope monitoring
program is essential for success.

Furthermore, a specific course of action in response to instrument
readings is necessary. If the instruments are simply installed and read
by £field personnel without them understanding to whom results should be
transmitted and how serious readings may be, then the instrumentation
program is serving no purpose. The instruments must be read on a
scheduled basis and data must be examined by a competent engineer or
geologist in a timely manner. Limits for acton and type of action
should be pre-determined and understood by all. For example, a schedule
for action like the one below could be used:

Displacement Code Action

Greater than 2" Red Call'cﬁief geologist/engineer
immediately

1 to 2" Yellow Read instruments weekly

Less than 1" Green Read instruments monthly
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CASE HISTORY: I-40 STERLING MOUNTAIN PORTAL RECONSTRUCTION

Most of the concepts presented above were used for rehabilitation
of a slope in North Carolina after one of the more dramatic failures of
recent time. On March 5, 1985, a massive rock slide involving roughly
14,000 cubic yards of rock debris occurred at the eastern portal area of
the twin tunnels which carry Interstate 40 through Sterling Mountain
(Photograph 1). The 150-foot canopy or tunnel extension which had been
built at the eastern end of the westbound tunnel to protect the
interstate from falling rock was destroyed and the eastbound lane was
also completely blocked (Photograph 2).

Good to excellent quality Longarm Quartzite can be seen above the
tunnel under which is poor to fair quality Longarm Quartzite interbedded
with siltstone, slate and phyllite. The Longarm Formation is one of
four formations of the Snowbird Group which is one of three regional
lithologic units of the Ocoee Series. The original Blue Ridge Mountains
were eroded, producing large quantities of material which became the
metasediments forming most of the Great Smoky Mountains. This mass of
sediments is known as the Ocoee Series.

The knob of rock that failed was bounded by a fault trending nearly
east-west, a major Joint set trending northeast and bedding which
strikes northwest. Because of the pre-existing discontinuities in the
rock mass, the abundant water available to accelerate weathering along
these discontinuities, and probably freeze-thaw pressures, the block of
rock finally failed destroying the westbound portal section of the
tunnel. A contractor on a nearby project was mobilized to clear the
debris and to pave the construction road that passes around the outside
of the mountain. Traffic was reinstated 18 days after the failure with
westbound traffic going through the eastbound tunnel and eastbound
traffic going along the construction road (Photograph 3).

After one month of geologic mapping, core drilling and frantic head
scratching, a design concept was presented to North Carolina Department
of Transportation and the Federal Highway Administration for
reconstruction of the portal. The overall objectives were to
reconstruct the westbound portal to the same general dimensions as it
formerly had, repair any damage to the remaining structures, stabilize
or remove any potential rock falls and re-open the highway to full use
before winter. This involved demolition of badly damaged portions of
the existing portal, construction of a new, cast-in-place concrete
. portal and retaining wall, the repair of dJdamaged portions of the
westbound tunnel, construction of a Reinforced Earth wall along the
shoulder as a catchment area and stabilization of the adjacent rock
slopes with a combination of scaling, reinforcement and drainage
(Figure 4). Also advance procurement of the Reinforced Earth strips and
panels was recommended since time was of the essence. These
recommendations were promptly accepted. The design documents wee
prepared and issued to five contractors within the next month. Three
contractors bid the job within three working days at which time the
lowest bidder, Oman Construction, was selected. The notice to proceed
was issued the following day and construction began. The contract
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Photograph 3, Re-instatement of Traffic During Construction

Photograph 4. Rock Overhang Removal by Blasting
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amount was for almost 6 million dollars, 5% within the engineer's
estimate. '

Scaling and removal of overhangs was the first order of business
(Photograph 4). The contractor piled hay around the existing structure
for protection. Explosives were used to remove the rock overhangs. The
blaster pre-split a back line and then immediately fractured the freed
blocks almost in mid-air. Scalers then rappelled down the side of the
slope with pry bars, knocking loose any blocks or wedges that could
conceivably be removed. Traffic was generally interrupted while scaling
was being done.

After scaling was complete, demolition of damaged structures and
construction of new ones proceeded. Repair of the concrete tunnel arch
began (Photograph 5) and excavation for new structures was completed.
Shoring of the remaining tunnel was also required. The contractor
erected reinforcing steel and poured concrete for new footings,
retaining walls and the portal structure while rock bolts were being
installed concurrently (Photograph 6). The slope was divided into five
reinforcement areas (Figure 5).

Areas 1, 3 and 5 required selective bolting using 49 bars of
varying lengths on an as-needed basis. The location of these bolts was
determined in the field by the designer and DOT's geotechnical and
construction staff. Potential wedges in Area 2 were stabilized by
pattern bolting and chain link fabric. Areas 4A and 4B were the most
worrisome since large blocks remained which could fail in the same
manner as the original failure. Here 40-foot 1long, high strength
anchors were specified on a 10x15 foot pattern with 20-foot bolts to
stabilize the surficial slabs in between. The resulting pattern was 5
foot x 5 foot. Rock bolting and mesh erection was generally done from
cranes.

Additionally, a reinforced earth wall catchment area and rock fence
were erected near the new portal to collect small-scale rock falls that
may occur in the future (Photograph 7). Secondly, drain pipes were
installed along the base of the slope to relieve future build-up of
water along throughgoing rock mass discontinuities within the slope.

CONCLUSIONS

Several papers presented at this 37th Annual Highway Geology
Symposium recognize the time-dependent nature of rock slope stability.
Rock slope failure is often a progressive phenomenon. The accumulated
result of small movements occurring over decades can severely reduce the
shear strength of critical discontinuities.

This progressive failure is similar to the phenomena described by
Skempton and Hutchinson (1969) and Bjerrum and Jorstad (1968) in their
classic papers concerning the behavior of slopes in overconsolidated
clays and clay shales. As in any progressive failure phenomenon, timely
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Photograph 5, Repair of Portal Structure
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Photograph 6, Rock Bolting Above Other Construction Activities

Photograph 7. Rehabilitated Structure
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implementation of control or mitigation procedures is essential.
Failure can be prevented or the severity of effects can be minimized if
not prevented.

Effective methods are currently available to evaluate the present
condition of rock slopes along transportation routes and potential for
short-term or long-term failure. A wide range of proven techniques are
available for preventing failure or minimizing its effects on the
roadway and adjacent structures.

However, in many instances, these techniques are only used in post-
failure movement rather than to prevent the onset of instability. It
would be more cost-effective to utilize these techniques at a smaller
scale and lower level of expenditure to prevent further deterioration of
potentially critical slopes.
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A TIME-BASED MODEL TO HELP
EVALUATE FUTURE STABILITY OF CUT SLOPES

Stanley M. Miller

Department of Geology and
Geological Engineering
University of Idaho
Moscow, Idaho 83843

ABSTRACT

Of the recognized time-related factors that influence stability of
cut slopes within time periods shorter than 50 years or even 100 years,
the most critical factor in many field situations is the character of
precipitation activity. An extreme-value statistical model based on
historical precipitation data can be 1linked with geotechnical slope
stability models to provide a method for estimating the probability of
slope failure within a given time period. Temporal slope stability
predictions obtained from the analysis provide useful information for
the design of cut slopes and for the development of slope maintenance
programs. Two hypothetical examples are presented to illustrate the
analytical techniques and to point out that additional research work is
needed in the area of analysing groundwater response to precipitation
activity.

INTRODUCTION

~ Time-related factors that influence the stability of cut slopes
include conditions such as the degree of geologic weathering, the rate
and amount of surface erosion, the creep-induced reduction in shear
strength, and the character of precipitation activity. For the typical
time span associated with the construction and maintenance of highway
slope cuts (usually less than 50 years or perhaps even 100 years), the
most critical of these factors is the precipitation activity. Highway
maintenance crews are all too familiar with the cleanup and repair
associated with slope failures initiated by heavy rainfall or rapid
snownelt events that cause a significant rise in the piezometric
surface.

The common method for estimating the stability of a slope cut
consists of applying proven two-dimensional, 1limiting equilibrium
stability models to predicted failure geometries in the slope.
Identification of these geometries, or failure modes, relies upon
knowledge of the geologic materials present and the configurations of
the natural ground surface and the proposed slope cut. Input data for
the stability analysis include material properties (such as unit weight
and shear strength) and site conditions (such as boundaries of geologic
materials and height of piezometric surface). Although natural
variabilities may be recognized in the input terms, mean values or
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conservative estimates are used in the stability analysis to calculate a
mean or conservative factor of safety, which could better be termed-a
"stability ratio". This ratio often becomes the primary basis for slope
design, even though it has not been evaluated by sensitivity studies and
it does not incorporate measured variabilities in input properties or
the influence of time. The assumption of "worst possible conditions"
over the time period of interest leads to an overly conservative and
overly expensive slope design.

Variabilities in input properties can be accounted for in a
probabilistic slope stability analysis (Marek and Savely, 1978; Miller,
1984; Kirsten and Moss, 1985). The properties are random variables
described by probability density functions (pdf) or by cumulative
distribution functions (cdf). These functions are "input" to the
limiting equilibrium equation to produce a pdf of the stability ratio
(factor of safety). Several different analytical methods are available
for this input operation, with the most simple being Monte Carlo
simulation. Repeated calculation of stability ratios, each based on a
unique set of input values (which are sampled, or drawn from their
respective pdf's), produces a distribution of simulated stability
ratios. The percentage of simulated stability ratios that are less than
one is an estimate of the probability of failure. Although such
procedures 1incorporate the variabilities and even perhaps the
interdependencies in input properties, they cannot include directly the
effects of varying piezometric levels over time.

EXTREME-VALUE STATISTICAL ANALYSIS

The statistical theory of extreme values (Gumbel, 1958) provides a
convenient method for incorporating temporal piezometric conditions into
the stability analysis. This technique uses historical records focused
on the extreme (maximum) values taken on by the random variable of
interest, X. The emphasis on extreme values is especially relevant to
slope stability studies, because a slope design depends less on the
accurate knowledge of random fluctuations in X (piezometric height) than
on the largest value that X can assume within a given time period.

The time period spanned by the available historical record is
divided into N equally spaced intervals. Only the extreme (maximum)
value Y taken on by the random variable X within each interval is
considered in the analysis. Most geographic regions have an annual wet
season when abundant water infiltration causes a significant rise in the
piezometric surface. In mountainous areas of the Western U.S. this wet
season often occurs during the spring. Groundwater monitoring by U.S.
Forest Service engineers has indicated that piezometric surfaces in
typical mountainous areas tend to be quite stable except during the
spring months, when significant increases are observed (Prellwitz and
Babbitt, 1984). Consequently, a reasonable interval for this analysis
is one year. The list of N maximum values is then used to .obtain the

mean and standard deviation of Y (denoted m, and Sy respectively).
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The maxima assume Gumbel's Type I distribution and can be used to
predict the probability of exceeding a threshold value of X within a
given number of intervals, or years:

P(XZx') =1 - exp[-T-exp(-B[x'-A])] (1)

threshold Tevel of piezometric surface

where: x'

T = time period in years
B = parameter of the extreme-value distribution
= Sy/sy (2)
A = parameter of the extreme-value distribution
=m, - (MN/B). (3)
y
The terms M, and S, are the mean and standard deviation of

Gumbel's "reduced" extremes. They depend on N and are tabulated
accordingly by Gumbel (1958, p. 228). :

Thus, the probability of exceeding a specified level of the
piezometric surface within a given number of years can be estimated from
historical information about the piezometric surface. However, this
type of information hardly ever is directly available because long-term
piezometric monitoring is rarely conducted. The information can be
obtained indirectly from infiltration modeling based on historical
precipitation records. Finite element computer models, such as UNSAT2
(Neuman and others, 1974), provide estimation tools for approximating
the maximum rise in the piezometric surface due to precipitation and
infiltration activity at a specific site. Minimal hydrogeologic
information necessary to use such models consists of saturated hydraulic
conductivity (obtained from 1laboratory tests or from auger-hole
injection tests) and porosity (obtained from laboratory tests). Other
required hydraulic inputs to the models then can be indirectly inferred
from textbook generic data. If possible, results from the computer
analyses should be verified by field data such as those presented by
Prellwitz and Babbitt (1984). These procedures for estimating maximum
annual Tlevels in the piezometric surface obviously are unrefined and
require further research and investigation.

TIME-BASED ANALYSIS OF SLOPE STABILITY

Monte Carlo simulation can be used in a time-based analysis of
stope stability to estimate the probability of slope failure over a
given time period. The temporal input to the analysis consists of
cumulative distribution functions (cdf§ of the level of the piezometric
surface. This level is defined either as the height above a certain
datum plane or as the depth below ground surface.

The cdf of piezometric level X for a given time period (in years)
is derived from an extreme-value statistical analysis. A series of
threshold values is defined for a given time period, and the exceedance
probability P' for each of the thresholds is calculated according to
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equation (1). The probability that X takes on a value less than a given
threshold x' is given by :

P(X< x')=1-P(X2x')=1-P". (4)

The probability values given by equation (4) for the series of
threshold values provide an estimated cdf of X. The entire
computational process is repeated for each time period desired. Example
cdf's of piezometric level X are presented in Figure 1.

During the Monte Carlo simulation that generates a distribution of
‘stability ratios, a piezometric cdf is randomly sampled in a manner
similar to that used in sampling from the other required input
distributions (such as those for unit weight, shear strength, and other
material properties). The probability of slope failure is thereby
" estimated for that particular piezometric cdf, which is representative
of a given time period. The Monte Carlo simulation is then repeated for
a different piezometric cdf, which is representative of another time
period of interest. Intuitively, results from the simulations should
show that the probability of failure increases as the time periods
become longer.

EXAMPLES

Two hypothetical slope stability studies are presented to illustrate the
computational procedures of the time-based analysis. The first study
consists of a stability analysis based on the infinite slope stability
model (after Ward and others, 1979), which considers a translational
failure of soil material along a defined planar base. The second study
relies on the step path model (after Jaeger, 1971) for analysing
stability in a discontinuous rock mass. v

Infinite Slope Model

A simplified version of the limiting equilibrium equation for the
infinite slope stability model (Figure 2a.) is given by

s
S = r (5)
sin{B)cos(B)[D(H - Hw) + Dus]

where: S = stability ratio (safety factor)
B = slope angle = angle of sliding
D = unit weight of soil material
D_ = saturated unit weight of soil material
s> = shear strength of soil material for a given

s

¥ effective normal stress

H = vertical height of soil element

W vertical height of piezometric surface above
datum plane.
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had

Infinite slope model

cross joint

master joint

angle of slope cut

A=
B = step path angle
C = natural slope angle

t .t = length of tensile rock bridges

Fraction of Tensile Intact Rock ® (t ¢ t;)/h,
b. Step path model.

Figure 2. Slope stability models for the example problems.
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For this example the slope angle B is set to 38 degrees and the
vertical depth of soil H is set to 5 m. The unit weight, saturated unit
weight, shear strength, and height of the piezometric surface are
treated as random variables. The shear strength is considered a power
function of effective normal stress, and the mean and standard deviation
that define its normal distribution are estimated by laboratory direct
shear tests and analytical procedures outlined by Miller and Borgman
(1984). The shear strength curve used in this study is given in Figure
3. The cdf of the piezometric level, which is used in the calculation
of effective normal stress, is defined in Figure la. The unit weight
and saturated unit weight are assumed to be normally distributed with
means and standard deviations as follows: )

Mean S.D.
soil unit weight (tcm) 1.80 0.10
sat. unit weight (tcm) 1.86 0.12

During a given simulation "pass" the same random number is used to
sample from the unit weight and the saturated unit weight distributions,
thus ensuring that the two are directly correlated.

The simulations are conducted for time periods of 1, 10, 20, 50,
and 80 years. An example distribution of simulated stability ratios
indicates that the output values appear to be normally distributed
(Figure 4a). The results given in Table 1 are from simulations
consisting of 1,000 passes. The estimated probability of slope failure
is observed to nearly double from a 10-year period to a 80-year period.
It should be noted that results for time periods beyond 50 years have
limited reliability because the time history used in this extreme-value
analysis of piezometric level is limited to 50 years (N = 50).

Table 1. Results of time-based stability analyses for the infinite
slope example.

Time Period Est. Probability . Sim. Stability Ratio
(years) of Slope Failure Mean S.D.
1 0.13 1.51 0.52
10 0.26 1.26 0.43
20 0.34 1.17 0.40
50 0.43 1.09° 0.40

80 0.49 1.05 0.39

Step Path Model

A version of the limiting equilibrium equation for the step path
slope stability model (Figure 2b.) is given by

s L + Wcos{A )tan(R) + T L _
s= ' " S (6)
WS1n(Am)'+ Vcos(Am)

93



SHEAR STRENGTH, t/sq.m

500
21 v = 1.836x0-8%8 4 g.01
400 -
350 A
300 A
250 A1
200 A
150.-
100 4

50 -

0 L L] T L) L] L L] T T
0 50 100 150 200 250 300 350 400 450 SO0
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Figure 3. Shear strength as a power function of effective
normal stress; the central curve represents the mean
shear strength, while the two outer curves represent
the mean plus or minus one standard deviation.
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NO. DATA
MINIMUM
MAXIMUM

250
.20498E+00
.22593E+01

DATA CLASSES

.10227E+00
.24350E+00
.38473E+00
.52596E+00

.66720E+00 -

.80843E+00
.94966E+00
.10908E+01
.12321E+01
.13734E+01
.15146E+01
.16558E+01
.17970E+01
.19383E+01
.20795E+01
.22207E+01

a. Infinite

NO. DATA
MINIMUM
MAXIMUM

.11910E+00
.27789E+00
.43667E+00
.59546E+00
.75424E+00
.91303E+00
.10718E+01
.12306E+01
.13894E+01
.15482E+01
.17070E+01
.18657E+01
.20245E+401
.21833E+01
.23421E+01

25009E+01

- .24350E+00
- .38473E+400
-~ .52596E+00
- .66720E+00
.80843E+00
- .94966E+00
- .10908E+01
- .12321E+01
- .13734E+01
~ .15146E+01
- .16558E+01
- .17870E+01
- .19383E+01
-~ .20795E+01
- .22207E+01
- .23620E+01

250
. 23458E+00
.25442E+01

CLASSES

- .27789E+00
- .43667E+00
- .59546E+00
~ .75424E+00
- .91303E+00
- .10718E+01
- .12306E+01
~ .13894E+01
- .15482E+01
- .17070E+01
- .18657E+01
- .20245E+01
- .21833E+01
- .23421E+01
- .25009E+01
- .26587E+01

MEAN = .11156E+01
S.D. = .39311E+00
VAR. = .15454E+0C

OBSERVED FREQUENCY

)
$ XXXX
1 XX
1 XXXXX
+ KXXXXXX XXX XX XXX

19 0.0.6.00.00.0.00060008000005000606¢
19060.0600000606006000000060666¢600¢
[P0.0.00000060008600000600006600000006606606665
[90.6.60.00.600000006000000600606666¢ ¢
$00000.0086006860086666006606606¢
196.0000006666600666600¢

§ XXX XXX X XXXXX

| XXX XXXXXXXXX

slope model; estimated probability of failure is 0.45.

MEAN = ,11705E+01
S.D. = .41469E+00
VAR. = .17197E+00

OBSERVED FREQUENCY

R L R Gl EnEY SRR EEEEL SRy
[)

XXX XX

1§ XXX XXXXX XX XXX

+ XIOOCOX XXX XXXX XX

[90.0000000600006060000000004

e B S S S S '
------------------------ R el e L S By e D '

b. Step path model; estimated probability of failure is 0.38.

Figure 4. Histograms of 250 simulated values of stability ratio for
the example problems with time equal to 50 years.
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where: L = effective sliding Tength
= h-sin(A_ - B) / sin(B?sin(A - A)
c c m
W = weight of potential failure mass
= (two-dimen. Area) x (unit weight)
Sy = shear strength along the master joints

R = waviness or roughness of master joints

T. = tensile strength component of rock bridges

= (percent intact rock) x (rock tensile strength)
x [sin(B - Am)sin(Ac - Am) / sin(Ac - B)]

Am = average dip of master joints
Ac = average dip of cross joints
B = overall dip of step path
h = vertical height of step path
V = horz. component of water forces acting in cross

Joints

Thé input properties that are treated as random variables are considered
to be normally distributed with means and standard deviations as
follows:

Mean S.D.
unit weight (tcm) 2.71 0.08
dip of step path (degrees) 52 2.8
percent intact rock (percent) 1.00 0.30
rock tensile strength (tsm) 450 40

The above estimates for step-path dip and for percent intact rock are
obtained using step-path simulation procedures discussed by Call and
Nicholas (1978). Unit weight and tensile strength are estimated by
laboratory testing. Slope geometry and properties of the rock joints
used in the example problem are defined as follows:

angle of slope cut, A 60 degrees
natural slope angle, C 38 degrees
height of slope cut 15 m

dip of master joints v 46 degrees
dip of cross joints _ 85 degrees
waviness of master joints 1.5 degrees

The mean and standard deviation of shear strength are similar to
those shown in Figure 3. The cdf of piezometric level, which is used in
the calculation of effective normal stress, is defined in Figure 1b.
For each simulation pass, a step path is assumed to initiate at a
randomly assigned position on the lower half of the slope cut. This
arbitrary assumption allows for only the "major" potential slope
failures to be analysed (this condition can be modified to fit any
particular needs of the project under study).

The step path stability simulations are conducted for time periods
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of 1, 10, 20, 50, and 80 years. An example distribution of simulated
stability ratios indicates that the output values appear to be normally
distributed (Figure 4b). The results given in Table 2 are from
simulations consisting of 1,000 passes. The probability of failure
significantly increases with longer time periods. _

Table 2. Results of time-based stability analyses for the step
path example.

Time Period Est. Probability Sim. Stability Ratio

(years) of Slope Failure Mean S.D.

1 0.07 1.91 0.63

10 0.20 1.45 0.58

20 0.26 1.34 0.53

50 0.35 1.20 0.46

80 0.43 1.14 0.42

CONCLUSIONS

A time-based model that incorporates historical precipitation
records into probabilistic slope stability analyses can provide useful
information for the design of cut slopes and for the development of
slope maintenance programs. Model output includes a schedule of
probabilities of slope failure referenced to time periods of various
lengths. Graphs then can be constructed to provide a risk assessment
for the slope under study (Figure 5).

For some slope failure mechanisms, such as that modeled by the
infinite slope method, the time period for the risk assessment can not
be referenced to any specific starting point, because the potential
failure depends only on natural slope conditions and not on the man-made
slope cut. For failure mechanisms that depend on the slope cut, such as
a circular rotation through soil material or a fracture-controlled
translation in a rock mass, the risk assessment period begins when the
slope cut is made. Artificial stabjlization efforts (rock bolts or
tendons, horizontal drains, buttresses) can be analysed in the stability
models to determine their influence on reducing the risk of slope
failure in future years. Thus, a time-based stability model can assist
in the evaluation of future stability of cut slopes.

Probabilistic output from the stability analysis provides richer
information than that obtained by the deterministic calculation of a
factor of safety. For example, let us assume that we analyse two slope
cuts along a highway route. Geologic materials and failure mechanisms
are different at the two sites, yet the calculated mean stability ratio
(safety factor) is 1.2 for each slope. However, due to different
variabilities in the two sets of input properties, the stability ratios
for the two slopes have standard deviations of 0.2 and 0.5,
respectively. Assuming the stability ratios are normally distributed,
the probabilities of slope failure are estimated to be 0.16 and 0.34,
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respectively. In addition, probabilistic information associated with a
risk analysis (such as shown in Figure 5) could be input into economic
studies to help determine the most cost-effective alternatives for slope
design, slope reinforcement, and slope maintenance in future years.
Such an application would seem attractive in light of shrinking funds
and tighter budgets for highway rehabilitation and maintenance.

The least reliable aspect of this type of time-based slope
stability model is the estimation of groundwater response (piezometric
surface) to precipitation and infiltration activity. As seen in the
example problems, the calculated risk of future slope failures is
directly related to the time history of annual maximum elevations of the
peizometric surface. Thus, future research efforts in this geotechnical
area should be directed toward cost-effective evaluation of near-surface
hydrogeologic properties and toward numerical and empirical methods for
modeling near-surface groundwater behavior.

TIME—-BASED PROB. OF SLOPE FAILURE

0.9 A

0.8 A

0.7 1

0.6 -

0.5 A

0.4 -

EST. PROB. OF FAILURE

0.3 o
step path example

0.2"

0.1 4

0.0

T L} T T L T T T T
0 10 20 30 40 50 60 70 80 90 100
TIME PERIOD IN YEARS

Figure 5. Probability of slope failure as‘a function of time for the
two example problems.
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WIRE NETTING FOR ROCKFALL PROTECTION

MASSIMO CIARLA*

ABSTRACT

ROCKFALL generates significant roadway safety and
maintenance problems. It is caused by slopes cut
too steep due to economic or other necessity. To
alleviate the problems generated by rockfall road
engineers have come up with alternate solutions
consisting of methods of road protection, slope
stabilization and/or simply warning and
instrumentation methods.

The purpose of this paper is to illustrate the use
of wire netting above the roadway as a method of
protection against rockfall. Functional,
practical and economical aspects of this method
are discussed.

Projects carried out in the Western United States
are presented to illustrate both existing
applications of double twisted wire netting for
rockfall protection and the effectiveness of such
protective solution.

INTRODUCTION

As defined in referencel, rockfall is "the relatively
precipitous movement of a segment of rock of any size from a
cliff or other slope that is so steep that the segment
continues to move downslope." Road engineers from time
inmemorial have had to «contend with the problems of
extremely high and steep slopes and the associated risks of
rockfall. The engineers' task 1is to select among the
possible horizontal and vertical route configurations the
one that 1is most economical, in the initial outlay and
subsequent periodical maintenance c¢osts and, above all,
assures the traveller safety in all circumstances against
rockfall on the road bed.

*Assistant to the President, Terra Aqua Inc., Reno, Nevada






Among the principal causes for slope deterioration and
the associated rockfall on the road bed the following are
recalled: rainfall, freezing and thawing, wind, snow melt,
springs and seepage.

The remedial measures for the rockfall in cut slopes
can be grouped in three categories:

1. Slope stabilization
2. Protection methods
3. Warning methods.

The methods of cut stabilization aim to eliminate the
movement of rock, that is, they aim to increase the forces
resisting motion and to decrease the forces destabilizing
the slope. Among these methods it 1is possible to single
out: slope flattening, controlled blasting, cable lashing,
anchored wire mesh, surface and subsurface drainage, scale
or trim, rockbolts, shotcrete and gunite, concrete
buttresses and retaining walls.

The protection methods aim to prevent the moving rocks
from reaching the road bed. Among these methods the main
ones can be summarized as follows: relocating the roadway,
widening at grade, benches, draped mesh blankets, fences,
catchment ditches, metal guard rail.

The warning methods are to be considered as emergency
rather than long-term solutions. Among the wvarious
possibilities the following are noted: signs, monitoring,
patrols, electric wire and fences.

The project engineer will select one or more of these
solutions depending on the complex of characteristics proper
to each situation.

In this paper the use o0of metallic mesh will be
discussed both as a method of slope stabilization and as a
protection of the road bed. The material, its functional
characteristics and methods of installation will |Dbe
discussed.

WIRE NETTING

This mesh can be utilized both as a simple protection
device for the road bed, in this case it functions as draped
mesh blanket, Fig. 1, as well as double acting device which
protects the road bed and stabilizes the slope; in this case
it functions as anchored wire mesh.






Figure 1. Draped wire
mesh blanket completely
covering a degraded
slope along the Highway
80, west of Reno, in
the State of Nevada

In both instances the mesh panels are tied continuously
to each other, Fig. 2, and are anchored at the top of the
cut slope by means of anchor bolts and wire ropes, Fig. 3.
The wire ropes form a grid of 25' x 25' or 50' x 50' for the
mesh to rest on and they cover the entire cut slope, Fig. 4.
The mesh in turn is tied continuously to these wire ropes.
In the case of the anchored wire mesh, the anchor bolts
extend over the entire cut area, generally at 25' or 50' on
center, and they keep the mesh pressing constantly on the
slope. The larger rocks, therefore, tend to remain stable.

In the case of the draped mesh blanket method, the
function of the mesh is to retain the falling stones behind
the mesh while they fall to the toe of the cut, Fig. 5. The
same effect of guiding the smaller stones to the toe of the
cut is provided also by the anchored wire mesh method.






Figure 2.

The wire panels are laced together to the grid of

wire ropes to form a continuous shield for the falling

rocks.

Figure 3.
connected.

Detail of anchor bolt to which wire ropes are






Figure 4. Detail of installed wire ropes forming a 50' x 50°'
grid. The wire mesh panels will be tied continuously to
these cables.

Figure 5. Highway 80 - Nevada. A draped wire mesh blanket
retains this large rock which eventually will be guided to
the toe of the cut and there removed.






MATERIALS

Originally public agencies used chain-1link fence to
contain falling rock. During recent decades the galvanized
double twisted hexagonal gabion mesh has become the netting
of choice, Fig. 6. This mesh has several advantageszover
the alternate. Among these as indicated in reference“ the
"gabion mesh has the advantage that it has double twist
hexagonal weave which does not unravel, 1like chain-link
mesh, when it is broken."

Also gabion mesh, because of its double twisted
pattern, retains its general panel width while it is being
spread or lifted on slopes, Fig. 7. This is a significant
advantage over the condition with chain-link mesh which
assumes its proper shape and width only when stretched.

In addition to the wunravelling characteristic and
installation advantages, the high flexibility in conforming
to the large irregularity of the slope, the high mechanical
strength and corrosion resistance and the ability of using
galvanized mesh also coated with PVC in the worst corros%ve
environments, are significant functional characteristics.

INSTALLATION PHASES
The mesh installation process, while affected by the
special conditions of each site, can be summarized into four

main phases:

1. Preparation of the slope to be protected
(scaling and clearing).

2. Installation of anchor bolts and wire rope
grid.

3. Spreading the mesh on the slope.

4, Alignment and lacing of the mesh panels to

each other and to the wire rope grid.

Concerning the third phase, two main methods of
spreading the rolls of mesh over the slope are considered.

The first method consists of carrying the entire rolls
to the top of the cut and then, once they are anchored in
their proper place, they are unrolled down the slope. This
method is normally used when:

- the top of the slope is accessible to vehicles.






Figure 6. Detail of the heavily galvanized double twisted
hexagonal mesh.

Figure 7. Lacing operation of the mesh panels spread on
slope. The constant panel width retained in this operation
results 1in significant saving in time and effort for the
mesh installation.






- impediments such as telephone or electric cables
or a railroad line exist at the top of the slope.

The means of transportation for the mesh can be a tractor, a
crane, a winch, or a helicopter. This last is used almost
exclusively on slopes exceeding 150 to 200 feet.

The second method consists in starting with the entire
roll at the toe of the slope, hooking one end of it and
unwinding the roll up to the top of the slope, where it is
anchored. For the 1lifting it 1is ©possible to use a
helicopter, a winch, a crane or any equipment such as a
jeep, a truck, a tractor, which, remaining at the toe of the
slope, can pull a cable through a pulley mounted at the top
of the slope. The helicopter is more and more frequently
used: Fig. 8. 1Its higher hourly cost is compensated for by
a decidedly greater production. Nonetheless, in order for
this procedure to be truly efficient it requires following
some Important precautions: radio contact between all the
members of the crew and in particular between the pilot and
the people on the ground; maximum accord among the men and a
careful preparation for promptly securing the mesh at the
top of the slope to avoid useless waste of time.

Figure 8. The helicopter
is used here for the
lifting of unrolled
panels to the top of the
- slope.







SIGNIFICANT PROJECTS

In the following pages, the use of double twisted
hexagonal heavily galvanized mesh in projects completed in
Montana and Nevada, will be presented to illustrate the
validity of these protective solutions and of the materials.

HIGHWAY 15 - MONTANA

During recent years the Montana Department of
Transportation has undertaken to enlarge from two lanes to
four lanes it major highway network. Highway 15, connecting
Helena to Butte, 1is part of this highway improvement
program. In the stretch between Bernice and Basin, at
approximately mile post 155, in order to avoid traffic
interruption during the construction phase, a detour road to
serve later as a frontage road for 1local traffic became
necessary.

To provide this detour road and to satisfy the
geometrical requirements of the new Highway 15, a 200 foot
high slope was cut in fractured rock formation. At that
point the project designers had to provide rockfall
protection for both roadways and stabilization of the slope.
The option to flatten the slope was unworkable and similarly
were also the other options of local stabilization, namely
the use of rockbolts, cable lashing, etc., which could not
be used due to the length of the slope and the highly
fractured condition of the rock.

The possibility of using metallic mesh anchored to the
slope with rock bolts and cables was studied, its economic
consequences checked and, finally, in 1984, it was approved
by the Department of Transportation. The Jjob started in
mid-December, 1984, and by mid-February, 1985, the
Contractor had finished installing approximately 10,000
square yards of metallic mesh. To 1lift the mesh panels a
270 foot boom crane was used, Fig. 9. The 13 foot wide, 300
foot long mesh rolls were positioned at the toe of the slope
and hooked on one edge to the crane which lifted it up to
the summit. At the top the mesh was secured to a #6 rebar
which in turn was tied to a 1 inch diameter rebar dowel
anchor by means of a 3/4 inch diameter wire rope. Once all
the mesh rolls were unrolled over the slope, they were tied
to each other and to the cable grid which in turn was
anchored to the slope with rebar anchors. The anchors were
set 25 feet on center on the upper portion of the slope and
at 50 feet on center on the lower portion. All the lacing
operations were performed by workmen from a work cage
supported from the boom crane, Fig. 10.






The adaptability and flexibility of this type of
hexagonal double twisted mesh turned out to be fundamental
requirements in providing an easy installation without gaps
and excessive overlaps, Fig. 11. The total cost of the
installation was $177,000 wunguestionably an economic
solution in comparison with the other alternatives
considered. After two winter seasons and spring break-up,
this metallic mesh protection shows no noticeable
deterioration and a significant amount of small debris has
been collected at the toe of the slope.

Figure 9. Highway 15-
Montana. The rolls of
mesh positioned at the
toe of the slope were
hooked on one end and
lifted up to the top of
the cut using this 270’
boom crane.







Figure 10. The mesh blanket i1s laced to the cable grid; the
workman works from a work cage supported from the crane.

Figure 11. The installation of the double twisted mesh
panel protection is completed.






STATE ROUTE 207 - KINGSBURY GRADE - NEVADA

In recent years the area of Gardnerville and Minden in
Nevada has witnessed a very substantial population growth.
This population's daily commute to the tourist and
commercial areas of Lake Tahoe, uses State Route 207, the
Kingsbury Grade. This road, built originally in the 30s
using standards appropriate for the traffic of that period,
soon became inadequate to carry this heavy commute. Thus,
through various phases starting in 1966 through 1985, Route
207 was completely upgraded. The designers' objective being
primarily to lower the grades, realign the route, and widen
the pavement section. These improvements have involved
sizable cuts, as high as 125 feet, in decomposed granite and
construction of large fill embankments and their subsequent
protection from erosion, due primarily to the freezing and
thawing, the snow melt and the meteoritic rain which is
abundant in this region.

As a solution to this problem, the Department of
Transportation of the State of Nevada studied a scheme of
double twisted hexagonal metallic mesh draped over the cut
slopes and on the fill embankments of the road, a scheme
which turned out to be very efficient.

To protect the road bed the mesh panels joined to each
other were anchored with double anchors at the top of the
cut, Fig. 12. Along the slope they were tied to a 50' x 50'
cable grid. The rocks, instead of falling onto the road
bed, rolled or slid behind the metallic mesh and were
subsequently removed from the toe of the slope, Fig. 13.

For the stabilization of the fill embankments, the mesh
panels tied to each other were simply kept adherent to the
slope by means of light anchors made of two feet long steel
staples of 3/8 inch diameter and spaced 25 feet on center,
Figs. 14 and 15. The snow collecting on the f£fill
embankments and that blown by the snow removal equipment did
not cause significant erosive problems on these protected
slopes. Overall, 20,000 square yards of rockfall protection
were installed on the cut slopes at a total cost of
$156,000. An equal amount of 20,000 square yards of
metallic mesh were spread over the fill embankments of the
road at a total cost of $101,000.






Figure 12. Detail of the anchor bolts, spaced 15', and
connected by a wire rope.

Figure 13. Wire mesh blanket laid on the decomposed granite
slope, protects the State Route 207 from rockfall.
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HIGHWAY 80 - EAST OF SPARKS, NEVADA

The degradation of the cut slopes along the major
Highway 80 have always been sources of problems for the
safety of vehicular traffic and always involved major upkeep
and maintenance expenditures for the Highway Department,
Fig. 16. To resolve these problems the Transportation
Department of the State of Nevada, starting in 1980, has
made recourse with ever greater frequency to the rockfall
retaining metallic mesh which safely directs the rocks to
the toe of the slopes, thus preventing their falling over
the road bed. The Figures 17 and 18 show views of a project
carried out in 1980, in which 37,000 square yards of mesh
were installed at a cost of $175,000. The Figures 19 and 20
show instead a very recent project along the Truckee Canyon
in which 79,000 square yards of rockfall safety mesh have
been installed at a cost of $458,000.

Figure 16. Highway 80 east of Sparks - Mid-slope bench and
wire mesh fence are used in this stretch of the Highway 80
as rockfall mitigation measure.






Figure 17. Highway 80 - Nevada, 1980. The rolls of wire
mesh were lifted to the top of the slope, anchored in their
proper place and unrolled downward.

Figure 18. The same wire mesh protection showed in Figure
17 after six years of service. A significant amount of
debris are collected at the toe of the slope.






Figures 19-20. Highway 80 east of Sparks in the Truckee
Canyon. Draped wire mesh blankets protect the road bed of
the Highway 80 from rockfall.






CONCLUSIONS

The use of heavily galvanized double twisted hexagonal
mesh stretched and anchored on slopes is widely recognized
as an effective and economical solution to the problem of
slope stabilization and as a road bed protection against
rockfall. ‘

The environmental impact constitutes an important
decisional factor. The use of this mesh on the slopes
assuredly supports vegetation growth which in time
contributes to the slope stabilization.

The use of PVC coated mesh in areas of high corrosive
potential is an important factor for the overall efficiency
of the protective blanket.

Projects completed in the States of Montana and Nevada
in recent vyears provide corroborating evidence for the
functional validity of this rockfall restraining mesh.
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ABSTRACT

Techniques are presently available to provide effective mitiga- _
tions for rockfall. The mitigations can produce safe highways if the
problem is realized and an effort is made to solve the problem. A
cost benefit analysis combined with probabilistic approaches to

establish an effective mitigation which the practicing designer or
maintenance personnel can use is presented.

The selection of the best mitigation for a site specific locality
is not as simple as it at first appears. Factors such as geometries
of the slope(s) and highway involved, availability of maintenance
equipment and personnel, traffic flow, history or frequency and conse-
quence of rock fall and available funds, together with geotechnical
conditions, are all points which must be considered to obtain the

optimum solution. Due to the number of factors which should be con-
sidered, the ideal solution may not be easy to discern.

A sample analysis is presented of mitigations applied to rock

slopes in the Tahoe - Reno area with emphasis on Interstate I-80
along the California - Nevada border.

INTRODUCTION

In the last 25 years, due to more stringent construction and
highway safety requirements, more thought and design has been given to
the problem of rock fall. The effects of rock fall are greatest on
highways due to vehicular traffic often moving at high speeds,
colliding with fallen rock. Hence, rock fall mitigation has been
researched mainly from the standpoint of highway design (Ritchie,
1963). The seriousness of the problem as it impacts highways can be
gauged by study of California Highway Patrol records for a five year

period ending December 1975, indicating that over 500 accidents were
due to rock on the highway.

Direct costs incurred by rock falls include the maintenance
required for work such as scaling and clearing ditches, cost of

patrols in bad weather at particularly dangerous locations, delays and
rerouting of traffic, and damage claims due to accidents. In 1980

California used $1,725,000 just for rock and sand patrols.,
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Indirect costs incurred by rock fall involve the loss of life,
losses due to injuries, and property damage resulting from rock fall-
induced accidents. California Highway Patrol records indicate that
for a five year period ending in December of 1975, 876 accidents on
California State Highways resulted from natural material on the road-
way. A sample of these accidents indicates that rock was involved in
approximately 515 instances. For the period between March 1, 1974
and November 30, 1976, Board of Control records indicate that 34
claims arising from 32 accidents caused by rock on roadways were filed
against the State of California. One death and 21 injuries were
involved in these claims. Claims filed against the State of _
California as a result of rockfall caused accidents averaging over omne

million dollars per year. Statistics from other state highway depart-
ments show similar problems due to rock fall.

At engineering construction sites where excavations are required

for building, etc., rock fall manifests itself either during the
excavation phase and subsequent construction of the facilities, or

during the operation and maintenance phase (Fookes and Sweeney, 1976;
Watters and Kinney, 1979). Techniques in controlling rock fall are

similar whether used at construction sites or for highways.

NATURE OF ROCK FALL

Rock fall(s) occur when a rock or group of rocks dislodge from a
face or slope. Unstable rock masses are usually fractured, and
failures involve individual rocks or relatively small rock masses.
This instability can be external or internally caused. Some typical
external influences would be chemical weathering, temperature varia-
tions, frost wedging, water running on the surface or stream erosion
at the toe of the slope, and prying by the roots of vegetation.
Internal factors include residual stresses from geological influences

such as orientation and spacing of rock defects, water pressure
vibrations.

Two particularly important factors are pressure from groundwater
in joints and fissures, and frost wedging. The importance of these
factors have been shown by Peckover and Kerr (1977) in studies
relating total rock fall per month and direct correlation between rock
fall and climatic conditioms.

It is important to emphasize the difference between rock fall and
slope failure. In slope failure a major part of the slope undergoes
significant movement which markedly changes the slope and excavation
geometries, the failure involves large volumes of material. Rock fall
does not significantly change geometries, and generally only involves
a maximum of one or two cubic yards of material. The type of project
and size of the excavation are key components as to what constitutes
rock fall. In open pit mining excavations, with overall slopes in
excess of 1000 feet in vertical depth, a volume of rock of say 100
cubic yards can be generally regarded as minor, whereas on a highway

slope 50 feet high, it would probably be regarded as a major rock
slide. In a highway situation, a rock nine inches in diameter from

120



a rock fall can seriously impact a car and cause fatalities, A
similar sized rock at a construction site may just be one of many and
go unnoticed.

COLLECTION OF ROCK FALL MITIGATION INFORMATION

Sixteen state highway departments were contacted and information

requested on their rock fall mitigation techniques. It rapldly became
apparent that states handle the administrative problem differently.

Some states, like California and Idaho, are broken into districts;
each district handles their own day to day rock fall problems, unless

major designs are required. Arizona Department of Transportation, for
example, established a Geotechnical unit within its materials section

to handle rock stability problems. The majority of states contacted
have a centralized administrative approach.

Once all the data was collected and synthesized, the techniques
used could be divided into two main types -- stabilization or

protection methods. These two methods could them be further sub-
divided. The actual costs of the different mitigation techniques were

obtained where these were itemized, but where they were incorporated
into say general highway maintenance, they were difficult to break out

with any degree of accuracy. Tables 1 and 2 detail the main rock fall
techniques utilized by individual states. Further information on each

state's techniques are given in a recent paper by Nichol and Watters
(1983). :

ROCK FALL AND STABILIZATION COSTS

The cost of stabilization and protection against rock fall is
highly dependent of the site specific details, e.g., site access or if
the "fix" is applied during or after slope excavation, Table 3 lists
the costs associated with different measures. Some techniques like

slope modification or bench construction are site specific, but
measures consisting of shotcrete application can be approximately

cos ted.

The decision to utilize a particular rock fall mitigation is based

not only on cost but on the effectiveness and the probability of the
rock fall occurring.

DECISION THEORY FUNDAMENTALS

Applying decision analysis to rock fall yields the expected costs
on which to base an informed decision. The technique requires the
identification of all the consequences that can arise from the situa-
tion. To each consequence, a probability and cost must be assigned.

In the area of slope stabilization, one set of consequences.is whether
or not the rock falls, and if the rock falls, the various consequences
which result. Decision-making is essentially a process of making the
most prudent choice among several alternative activities in a world

of unknowns.
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Stabilization Methods and Related Costs
Control Method

Stabilization methods:

Scaling

Trimming

Slope Modification

Drainage
Shotcrete

Weep Holes

Support & Restraint

Buttresses
‘Retaining Walls
Rock Bolts

Rock Dowel

Protection Methods

Benches

Bench Fence

Anchored Wire Mesh

Shaped Ditches

Wire Mesh Catch Nets &

Fences

Hanging Rock Fence

Gabions

Rock Sheds & Tunnels

Table 3

Cost

Site Specific
Up to $150/cy
Site Specific
$8-15/1f

$280-$500/cy

$30-550 each

Site Specific

Site Specific

$240/bolt & assembly

$18-$38/1f

Site Specific
$20/1f |
$5-$30/sy

Site Specific

$15-$30/1f£

$38/1£2
$30/cy

$400-$1,500/1f
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1976

1976

1976

1976

1983

1976

1982

1982

1982

1982

1968

1976



The next step is to establish probabilities for the different
events. The assignment of probabilities can be either subjective or -
objective. A subjective probability is basically the probability an
engineer assigns on the basis of experience. First, the assessment.
depends on the engineer's outlook, optimism, pessimism, even the mood
at the time. Second, is that experimental evidence has proven that
people tend to overestimate the probability of a rate event. Due to
these difficulties, it is wiser to use objective probabilities if they

are available. An objective probability is based on actual or
historical data.

Assigning costs to each consequence is almost as difficult as
assigning probabilities. For example, if two accidents occur as a
result of the same cause, there are still a myriad of other events
which affect the outcome, such as if the accident occurred on dry or
wet pavement, different costs will result. If there is enough
historical or sample data to work with, a weighted average would best
represent the cost.

Once these items have been established, or the best estimate
determined, the decision analysis begins. The most common techniques
used are the payoff matrix or the decision tree. A decision tree
facilitates decision making when uncertainty prevails, especially when
the problem involves a sequence of events. 1In a sequential decision
problem in which the consequences of one stage depends on consequences
which occurred earlier, the evaluation of alternatives can become very
complicated. The decision - tree technique facilitates the stabili-
zation evaluationequential decision problem in which the consequences
of one stage depends on consequences which occurred earlier, the
evaluation of alternatives can become very complicated. The decision
- tree technique facilitates the stabilization evaluations by enabling

the engineer geologist to write down all the future possible events,
as well as their monetary outcomes in a systematic manner.

Having derived the decision tree, the expected cost for each
branch is calculated. Then the stabilization technique with the least
expected cost is chosen. This optimal decision is reached by a
process known as "averaging out" or "folding back" the tree. The
process begins with the events that comprise the tips of the branches.
The expected values are calculated back to the decision point.

In summary, the decision tree technique permits us to transport
ourselves in conceptual time to the extremities of the tree, where
expectations are calculated in terms of the alternative outcomes and
their probabilities of occurrence. We then work our way back by
folding back, so to speak, the branches of the tree, choosing only

those paths that yield the minimum expected cost at each decision
junctien.

TYPES OF DATA
There are three general types of information required in order to

perform a decision analysis on the situation of rockfall from slopes
adjacent to highways.
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The first type of information needed is a record of rockfalls.
This record should include the location, the frequency, and the
consequences of rockfall. Most state departments of transportation
rely on accident reports filed with the highway patrol to provide
their information. An accident report lists the milepost locationm,
the date and a code describing the cause of the accident. This
establishes the location and the frequency, but not the consequences.
The codes do not adequately describe rock-related accidents. The
specific code used most often is "Object in Roadway". The safety
engineer must then review each such report to determiine if the object
is a rock. 1In the six-year period beginning in 1977 and continuing

through 1982, there were only two types of accidents reported in
Nevada:

A. Object in roadway/rock in roadway
B. Out of control vehicle/rock in roadway

The ambiguity of these descriptions makes it difficult to determine
the actual events - did the rock impact the car, cause a delay, etc.?

Even though these ambiguities cause problems for the analysis, it
is highly unlikely that the highway patrol will change their accident
report forms, though a follow-up call by the engineering staff could

be made to gather the additional information if it is not on the
report.

The third type of information is the physical and geological
characteristics of the slopes. This information is used to find the
likely cause of failure and to judge if further falls are likely. If
further falls are judged likely, then stabilization techniques should

be considered. The possible failure types and surfaces will determine
which stabilization techniques will be included in the tree diagram.

SAMPLE APPLICATION

In 1982, the Nevada Department of Transportation installed wire
mesh on the rock slopes on the western side of I-80 between mile posts
0.00 and 1.00 as measured from the California-Nevada border. Similar
mesh had been installed further east on I-80. The stretches of
highway which were originally blasted through the hills have always
been a problem area due to rock slides and rock falls. The Nevada
Department of Transportation had been forced to run a plow truck
through the area seven days a week to clear fallen rock from the road
surface. In spite of these efforts, the sections of I-80 had a very
high level of accidents caused by drivers being struck or swerving to
avoid fallen rocks. The possible solutions to this problem were to
acquire additional right-of-way which would be excavated in order to
flatten the slope, grout the slopes, or use gabion wire mesh. The
first two alternatives were considered much too costly, so the third
was attempted. Thus far the wire mesh has proven to be successful.

Utilizing the information from mile posts 0.00 to 1.00, there were
13 rock-related accidents from 1977 to 1982 when the wire mesh was
installed. Twelve of the accidents were rock in roadway and only one
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was vehicle out of control. The one mile section was divided into 20
0.05 mile segments. The probabilities derived are as follows-

P(Rockfall in .05 mi segment) = 13/20 = 0.65
P(Rock in road) = 12/13 = 0.923 ‘
P(Out of control vehicle) = 1/13 = 0,077

The actual cost of vehicular damage is unknown and therefore we
have made the arbitrary assumption that only minor damage occurred.
Assigned costs of $100 for rock in roadway accidents and $200 for out

of control vehicles plus the $500 for maintenance was used.

In 1983 there were two rock-in-roadway accidents. This represents
a 50% reduction in the number of accidents from 1982. The
probabilities are shown in Figure 1.

The expected cost of no stabilization is $395 per 0.05 mile. The
expected cost per .05 mile for the wire mesh is $195. At face value,
it appears that the wire mesh is the least cost choice. However, the
cost of the wire mesh installation was $177,462 or $8,873.10 per 0.05
mile. The comparison is between $395 with no stabilization versus
$9,068.10 with wire mesh (per .05 mi.). If these assumptions were
anywhere close to approximating the actual costs, then no
stabilization would be the appropriate choice.

These monetory figures do not consider legal costs to the State of
defending a claim, even if defended successfully. If, however, the
decision had been made already to stabilize, then the analysis would
be applied to the various mitigation techniques.

It must be'noted that the conditional probability used to revise
the probability of rockfall is subjective. The only other possibility

of deriving this conditional probability would be to examine the data
from similar types of slopes in other locations that used that

stabilization techmique.

Now, assuming that only one accident in every five is reported,
the analysis can be applied again. This has been done, and the
results are presented in Figure 2. This is a much more realistic

assessment than the above example. The addition of a category
representing no damage allowed me to properly treat the branch tips

and to revise the probabilities accordingly. Assume that the
unreported accidents were all no damage. The decision remains the

same; $394.88 versus $9,050.55, but the analysis is more indicative of
the real world and of the proper application of the analysis.

CONCLUSIONS AND RECOMMENDATIONS:

Currently, most departments of transportation decide if a slope
may require stabilization by the number of accident reports in Nevada.

If there are 3 accidents per year for 3 years in succession in rural
areas and 10 accidents per year for 3 years in urban areas, the slope

is designated as a potential risk and stabilization is considered. 1If
a significantly higher number of accidents occur, the slope is

129



considered a high risk and it is stabilized. Other slopes are labeled
as potential problems. Potential problems cause difficulties in
deciding if preventative stabilization be undertaken.

Once the slope is considered for stabilization, cost-benefit
analyses can be run to determine cost effectiveness. The same
criteria of accidents/year could be used to identify problem slopes.
However, a decision program is much simpler, direct and easier to rum
than a cost-benefit analysis. Several bonuses are that the
probability of rockfall is now included in the analysis, the need to
determine an appropriate discount rate is bypassed and the information

is more readily determined than future benefits, expecially for
potential problem slopes.

The problems involved in applying decision analysis to slope
problems is that unless there is a relatively high probability of
expensive accidents, the no-stabilization program will be generally
the choice with the lowest expected cost.

Further research using actual costs due to a rock fall incident
should include legal costs for both plaintiff and defense and award,
if any, forestalled costs due to the successful application of the
mitigation. For a mitigation to be deemed successful, an adequate

data base on rock fall, both before and after installation of the
mitigation, is required.
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STATE-WIDE INVENTORY AND HAZARD ASSESSMENT
OF DEEP-SEATED LANDSLIDES IN MONTANA

Edith M. Wilde and Mervin J. Bartholomew
Montana Bureau of Mines and Geology
Montana Tech, Butte, MT 59701

ABSTRACT

The Montana Bureau of Mines and Geology, in conjunction with the
U.S. Geological Survey are compiling a deep-seated landslide inventory
at a scale of 1:500,000; and are generating an accompanying computerized
data base. Landslides are characterized by the following parameters:
types of landslide features; age or date of Initiation of sliding;
location and size; and source rock or material.

The study involves the assessment of the deep-seated landslide
hazard in Montana relative to: identified landslide-prone lithologles;
Quaternary faults and historic seismicity; costs of remedial actions;
and hydrology-related factors. Although not a specific part of this
study, regions are also identified that are likely to have a high
incidence of shallow-landsliding under acute meteorological and/or
hydrological conditions.

INTRODUCTION

The National Research Council's Task Group on Landslides and other
Ground Failures highlighted, in their 1981 report, ground failures as
the nation's most economically significant class of natural hazards.
Much of the Rocky Mountain region is characterized by unstable slopes.
Population growth, increasing development of energy and mineral
resources, and increasing use of large areas for recreation in the Rocky
Mountain states indicate an increase of landslide-related losses during
the next few decades.

DISCUSSION

Landslide identification and delineation are fundamental to any
hazard reduction or mitigation program. Staff of the Montana Bureau of
Mines and Geology in Butte and the U.S. Geological Survey in Denver and
Menlo Park are currently compiling an inventory of Landslide locations
in Montana. The personnel involved in this project are Mervin J.
Bartholomew, Edith M. Wilde, Michael C. Stickney, Faith E. Daniel and
Hugh W. Dresser from Montana Tech and Roger B. Colton and Earl E. Brabbd
from the U.S. Geological Survey.

Landslide locations are being compiled at scales of 1:100,000 and
1:250,000 for a final map at the 1:500,000 scale. The greatest part of
the state is being covered by use of aerial photographs. Where
possible, landslides identified by air-photo interpretation are being
verified by field checking. Areas lacking air-photo coverage or
geologic maps are being covered by either aircraft or ground
reconnaissance. In addition, an accompanying computerized database 1is
being prepared containing references for specific landslide locations;
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currently this bibliography has about 300 references to site-specific
landslides in Montana.

This study is involved with the assessment of the deep-seated
(usually involving more than a few meters depth of material) landslide
hazard in Montana. From this study the Bureau expects to target areas
in the state for more detailed investigation of landslide hazards.
Although shallow landsliding, generally associlated with acute
meterological or runoff conditions, should be considered as an equally
serious hazard, the identification of all these features is beyond the
capabilities of this project. This project will show the distribution
of known landslides relative to: (1) selected lithologies (such as
Cretaceous and Tertiary shales and Pleistocene lake deposits) which are
landslide-prone, (2) faults known to have experienced surface rupture
during the later Quaternary, and (3) historic seismicity. Historically
active landslides will be indicated where known as well as those
potentially or actually related to manmade features such as highways,
dams, mines, canals, and buildings.

"Landeliding” 1s a general term for the more rapid and often
catastrophic form of the geologic process of mass wasting. In the
United States, most classification systems for types of mass wasting
(landslides) are based on 3 factors: 1) the type of material which is
set in motion, 2) the rate of movement, and 3) the type of movement
involved. Landslide movements are of 3 primary types (which can also
be subdivided): 1) SLIDE (or slip), 2) FLOW, and 3) FALL. Gravity, of
" course, is the ultimate driving force for all types of landslide
movements, but a number of other factors determine whether or not
movement will occur; and, as it does, the rate of movement. Conditions
favoring landsliding may exist for a long time without any movement
actually occurring; but once started, an individual landslide may be
intermittantly active over a considerable span of geologic time. Thus
older slides, of say Pleistocene or earlier Holocene age may experience
reactivation under the right conditions. From a practical standpoint,
no large landslide of Quaternary age should be considered "dead”.

Both meteorological conditions and seismicity may serve as
triggering mechanisms for both individual and groups of landslides.
Among the many other factors which initiate landsliding are: 1) the
degree of the slope; 2) the nature of the material on the slope; 3) the
amount of water present in slope materials, 4) the kind and amount of
vegetation cover, and 5) the attitude or dip of bedrock. However, even
if the slopes are relatively stable, landsliding may be triggered by
heavy or frequent vibration (such as an earthquake or mine blasts), by
loading the head or slope, by removal of toe material, by changing the
physical characteristics of the slope material, or by removal of
interlocking root systems due to timbering or fires.

Landsliding may be either rapid or slow depending on the nature of
the factors listed above which are involved. Slow movement includes a
range of geologic processes from creep, solufluction and gelufluction to
earth-, debris-, and mudflows. These geologic processes are often
shallow-seated features involving only the top few meters of vegetation,
soil, and saprolite. Although it is not a specific part of this study,
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some areas, particularily in the mountainous northwestern portion of the
state, have been identified that are likely to have a high incidence of
shallow-landsliding and snow avalanching under acute meteorological
and/or hydrologic conditions. Of these types of relatively shallow,
slow landsliding, we have specifically tried to identify mainly the
larger flow-type features. These flow-type features are often
responsible for extensive property damage and loss of life.

Rock or debris falls are the free-fall, bounce or roll of broken
pleces of bedrock debris down a steep slope or vertical cliff. Locally,
human habitation may necessitate a closer look at rock falls. For
example, near the airport in Billings a housing development is located
below an active rockfall. Large boulders broken away from the cliff
face above the housing development may be expected to accumulate at its
base. High potential for property damage exists locally in this and
other areas, particularily if severe seismic shaking should occur. The
accumulated debris (broken rock fragments) from this form of mass
wasting and from snow avalanches forms the talus slopes nearly always
present at the base of cliffs and steep hills, particularly in western
Montana. Along the highway between Butte and Great Falls are many areas
of active talus which contain active slides, as well.

Of course, human habitation and large landslides, such as near
Virginia City, are equally likely to lead to serious envirommental
problems if such major slides are reactivated. On a smaller scale, as
urban areas such as Great Falls expand, investigation of the . ‘
relationships among landslide-prone lithologies, natural or induced
hydrologic conditions, and slope stability will be needed to avoid
.man-induced landsliding.

Rapid landsliding includes the geologic processes implicit in the
terms debris-, earth-, or rock avalanche, slump, or slide. Because of
their potential for destruction and the often awesome power associated
with thelr emplacement, these rapid forms of mass wasting are more
familiar to most of us. Such rapid movement types of landsliding are
most prevalent in mountainous regions.

The type of landsliding which involves movement by slide or slip
has numerous examples in Montana. Movement can either be along a slide
plane more or less parallel to the slope, or along a rotational plane.
The former movement is simply known as a slide, while the latter is
called a slump. Many of these small slumps and slides are located along
the course of rivers, lakes, highways and railroads in Montana where
Tertiary and Pleistocene sediments, such as along Lake Koocanusa, seem
preferentiaily susceptible to numerous, small failures. In many cases,
however, it is often difficult from alir-photo interpretation to
determine whether a larger landslide is a slide or a slump. Many
' landslides which begin as slump features also contain flow features;
thus landslides, particularly in Cretaceous and Tertiary shales of
eastern Montana are really composite landslide features. Good examples
are found along the margin of the the Fort Peck Reservolr where many
slump features were initiated by wave undercutting. In addition, many
large-scale composite features are present along the Yellowstone River.
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Southwest of Helena 1s the seismically active portion of Montana in
which 22 faults have been identified as having had surface rupture
during the late Quaternary. Lateral spreads and landslides are found at
the ends and along segments of some of these faults such as the
Centennial, Madison, Red Rock and Lima Reservoir faults; however, many
other large landslides in this region are undoubtedly earthquake
Induced. The well known and catastrophic Hebgen landslide was a rock
slide which blocked the path of the Madison River. It was initiated by
earthquake activity, but the slope had been unstable for some time. A
similar large rockslide may have occurred near the Canyon Ferry Dam.

South and east of Dillon is a large portion of the state underlain
by Quaternary tuffaceous material and Cretaceous shale which are highly
prone to landsliding on a very large scale. Southeast of Virginia City
is one of the largest landslides in the state; this feature covers many
square miles. Another typical landslide in this region is the well
known slide adjacent to the Interstate 15 route south of Dillon. A few
miles south, the new highway appears to cross the toe of yet another of
these large landslides; several other large slides are also found in
this vicinity. Some classic examples of debris flows, such as on the
northeastern flank of Dixon Mountain, also are found in this seismically
active area. '

Landsliding occurs in every state in the nation and is an
economically significant natural hazard in more than half. According to
the 1985 report of the National Resource Council in the U.S., losses
from landsliding and other ground failures exceeds losses from all other
natural hazards combined (National Resource Council, 1985). Landsliding
causes at least $1 to $2 billion in economic losses, and 20 to 50 deaths
each year. Despite a growing geologic understanding of landsliding
processes and a rapidly developing engineering capability for landslide
control, losses from landsliding are continuing to increase. This is
partially a consequence of residential and commercial development
expanding onto steeply sloping terrain that is prone to landsliding.

Appropriate land use management, effective building and grading
codes, the use of well designed engineering techniques for landslide
control and stabilization, the timely issuance of emergency condition
warnings, and the avallability of landslide insurance could
significantly reduce the catastrophic effects of landsliding. However,
one of the most obvious ways to avoid problems with landsliding is to
avoid building on slopes that are likely to experience landsliding. Any
of these preventive approaches require, as a starting point, the
identification of areas where landslides are likely and the
representation of these hazardous locations on maps.

The purpose of this study is to provide a map which locates
landslides, identifies landslide prone lithologies and areas as subject
to seismically induced landsliding. We expect this map to be available
(at least informally) for use by private or government agencies along
with an accompanying report by early in 1987. As a sort of
generalization Montana can be characterized as having three regions of
slightly different landslide hazards. The eastern two thirds of the
state contains vast areas of landslide-prone lithologies which need only
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the addition of precipitation or runoff to induce failure. In the
mountainous northwestern Montana Cenozoic sediments f1ll the valleys and
are prone to smaller slides but the steep, rugged terrain coupled with
high precipitation, snow melt, and runoff create a high potential for
shallow landslide hazard, as well as snow avalanches. Landslide hazard
is perhaps highest in the seismically active southwestern part of
Montana where extensive landslide-prone lithologies underlie
topographically rugged regions which also have high runoff during a
portion of the year.
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"THE CONSTRUCTION OF A SHOT-IN-PLACE
ROCK BUTTRESS FOR ’
LANDSLIDE STABILIZATION"

Introduction

During the past decade the Tennessee Department of Transportation
has experienced landslide conditions requiring special treatment.
Block glide type landslides where dipping strata are undercut by
roadway cutslopes present unique situations for remedial work. New
construction in regions where block glide conditions exist has
resulted in an increase in their occurrence.

The block glide landslides occurring on mountain sides or
large ridges usually involve beds of dipping strata which may extend
upslope in excess of 500-700 feet. Providing restraint for this
type of unstable material requires both a fast approach and a
method of preventing continued up-slope migration of the landslide
during repair.

The utilization of the shot-in-place rock buttress concept
along Tennessee Highways has provided 'tested' results for
continued implementation of this treatment. This narrative
discusses the design and implementation of the shot-in-place
rock buttress concept for landslide stabilization as experienced
by the Geotechnical Section of the Tennessee Department of Transportation.

The first documented use of the shot-in-place rock buttress
in Tennessee was on Interstate 40 at the Waterville Exit (near the
North Carolina State Line) in Cocke County (Trolinger, personal
communication, 1985). During the late 1960's a rock fill slope
was constructed on a steep rock surface at the Waterville Interchange.
This fill slope later resulted in a fill slide. A series of 'shot
holes' were drilled through the failed fill material into the under-
lying bedrock. The resulting blast broke the bedrock and fill material
destroying any continuous failure plane. The embankment stabilized
and is functional today . . . the first documented use of the
shot-in-place buttress concept.

New road construction across Clinch Mountain in Grainger
County in the mid to late 1970's resulted in numerous block
glide landslides requiring the use of shot-in-place rock buttresses.
This marked the second and most widespread use of this concept.

The engineering geology of this Clinch Mountain project has been
accurately described by Jim Aycock {1981). The use of the
shot-in-place buttress concept on the Clinch Mountain project was
described by David L. Royster (1979).

Royster (1979) states that "The idea was to 'relax the slope'
by breaking up the bedding planes along which sliding was taking
place and use the shot rock to act as a buttress against further
upslope movement." This 'idea' was employed on the Clinch Mountain
project and as a result six 100' high and two 30' high shot-in-place
rock buttresses were constructed between 1976 and 1980. These
shot-in-place buttresses were designed to provide a factor of safety
against upslope movement of approximately 1.3 :

At present the eiocht shot-in-place gravity structures have
functioned as designed with no buttress failures as of this writing.
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This block glide landslide occurred during the construction of a

new 4-lane highway (U. S. 25-E) over Clinch Mountain in Grainger
County, TN (1976).

Block glide landslides which occurred on U. S. 25-E in Grainger
County were stabilized by the construction of shot-in-place
rock buttresses such as the one pictured above. Note that it
has vegetated and appears as a normal cut slope.
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The shot-in-place rock buttress concept has been successfully
employed along Tennessee Highways to provide restraint for block
glide landslides. The project described in this text is the most
recent implementation of this concept in Tennessee. Detailed in this
narrative are conceptual design parameters, actual construction
techniques and procedures, and a discussion of problems/concerns/
benefits surrounding the shot-in-place rock buttress concept.

CONCEPTUAL DESIGN

The use of the shot-in-place rock buttress concept requires the
normal stability analysis computations for an 'ordinary' buttress
type gravity structure., Again, the main purpose of the shot-in-place
buttress is to 'relax the slope' by breaking up the planes of bedding
along which movement is taking place.

The geologic data required for the remedial design includes
the dip and strike of the bedrock, angle along which sliding is
taking place, groundwater conditions, and lithology type and
thickness.

Other criteria required for the buttress design includes
knowing the blasting plan and resulting @ of the shot material,
unit weight and cohesion of the shot material, and the required
safety factor.

By obtaining this information and incorporating it into the
required computations, a satisfactory design can be effected.

Briefly, the shot-in-place rock buttress conceptual procedure
is as follows:

*Investigating and analyzing the block glide landslide.

*Designing the required buttress and blasting plan.

*Stripping the vegetation off the failed material.

*Laying out, drilling and blasting the shot holes.

*Dressing up the buttress face and removing any 'swell material.

*Seed and provide drainage ditches, etc.

The concept is very straight foreward and does not require any
unusual or 'out of the ordinary' construction procedures. 1In
addition, standard computer programs set up for the design of gravity
type buttresses can be used.

S. R. 31 PROJECT ON CLINCH MOUNTAIN

The subject project is a block glide landslide which occurred
along the southeastern slope of Clinch Mountain on Tennessee State
Route 31 six miles north of Mooresburg in Hawkins County (East
Tennessee). The cut slide initially occurred in the early spring of
1984. Additional movement within the slide area enlarged the slide
mass, damaging the roadway shoulder, deforming the roadway pavement
and necessitated remedial measures.

The slide area is underlain by the Silurian Age Clinch Formation.
The rock strata consist of medium to thick beds of well indurated
quartzose sandstone with very thin (3" to 2" thick) interbeds of
shale and clay. The strike of the rock strata is approximately N
20° E with a dip of 23° to the southeast.

The construction of the two-lane S. R. 31 highway over Clinch
Mountain (some 40 years ago) required making cut slopes into the
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LOCATION OF REPORT AREA
HAWKINS CO. TENNESSEE
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PLAN vuzon;ch'r SLOPE
PROPOSED DRILL HOLE SHOT PATTERN
FOR "SHOT IN-PLACE§'BUTTRESS
STATE ROUTE 3, HAWKINS COUNTY

3LIDE PLANE
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o
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SPACING
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These two drawings illustrate the proposed blasting pattern
for the shot-in-place rock buttress on S. R. 31, Hawkins County, TIN.
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SHOT IN-PLACE BUTTRESS
(TYPICAL SECTION)
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Théréboveldfé%ing illusttates the typical section of the proposed
shot-in-place rock buttress. The front slope is on a 1.25:1
slope with the bottom of the buttress to approximate a 23° angle.
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dipping sandstone strata. In numerous instances the cut slope
undercut the dipping beds of rock and exposed the bedding planes
of the strata (resulting in the rock strata dipping into the
highway).

As weathering continued to enlarge joints in the bedrock, ground-
water percolating along the joints and thin clay/shale interbeds has
enabled a build-up of hydrostatic pressures downslope (relative to
the top of the mountain) in the rock units.

With the "greasing' action that the saturated clay interbeds
provided, the exposed and unrestrained bedding planes were free
to slide downslope into the roadway. This resulted in a block of
rock roughly 100 feet long, 200 feet wide and 12 feet thick to
slide producing a classical "block glide" type landslide consisting
of approximately 5200 cu. yds. These same type landslides were
experienced during the recent construction of U. S. 25-E over Clinch
Mountain in Grainger County in the 1970's (See Aycock, 1981).

If this particular landslide was left unrestrained, then the
slide area would have enlarged headward by continuous blocks of
bedrock sliding downslope into the original failed area. Eventually,
this would have undercut the roadway upslope as the highway switches
back above the slide area in order to cross the mountain.

Due to the field conditions .and landslide type it was recommended
that a "shot-in-place" rock buttress be utilized to correct and
restrain the subject slide.

During the investigation it was determined that the @ of
the "shot" material would be approximately 38° with a unit weight
of 2243 kg/cu meter (140 pcf). The cohesion of the shot rock was
considered to be 0. 1In addition, the buttress was designed to
provide a safety factor of 1.30 against future upslope movements.

The base of the buttress was designed to be 25 feet in width
at an elevation equal to the roadway ditch elevation. The back
limits of the buttress coincided with the slide scarp. From the
back edge of the 25' wide buttress base the shot rock material was
to slope up to the base of the scarp at a 23° angle. A minimum 14°
wide berm was left at the top of the buttress.

A blasting plan was also devised during the remedial design
to insure proper breakage of the bedrock. The blasting design
utilized a 5 foot burden and 7 foot spacing (5 x 7) with a drill
hole diameter of 2.5 inches. The explosive used was Anfo at
1.92 1bs. per linear foot. Hole depths were approximately 20 feet.
The stemming required was 3.8 feet and subdrilling calculated to
1.6 feet.

The contract was let to bid in August of 1985, for approximately
$108,000.00. A total of 50 working days were set up for the contract.

Actual construction was initiated in early October. The rock
buttress was completed by November 8, 1985, with only seeding and
re-paving of the road remaining.

Construction began by clearing .the slide area of vegetation.
After the clearing and grubbing was .completed, then the layout of
the drill holes was required.

It was the contractor's choice to either drill and shoot
the slide with one shot or to drill and shoot in several separate
sections. The contractor elected to drill and shoot the slide mass
in six separate sections.
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PRE-SLIDE CONDITIONS
STATE ROUTE 3lI
HAWKINS COUNTY

JOINTED SANDSTONE ™
WITH SHALE INTERBEDS

BLOCK GLIDE LANDSLIDE

STATE ROUTE 3!
HAWKINS COUNTY

These schematicb block diagrams show the geologic conditions
previous to and after the block glide failure along S. R. 31
on Clinch Mountain, Hawkins .County, Tennessee.
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The block glide landslide at the project site resulted
from movement along an interbed of clay within the bedrock mass.
A joint has opened approximately 3.5 feet marking the slide
boundary; note how the roadway shoulder has been 'plowed' by the

moving bedrock.

The up slope limit of the subject slide was marked
by an eight foot wide scarp, varying up to 15 feet deep.
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DRILLING PATTERN
FOR
SHOT-IN-PLACE BUTTRESS

FAILURE PIN\NE #
(SHALE) + /)N

DRILL HOLES
(VARYING DEPTHS)

BLASTING SLIDE MATERIAL FOR
SHOT-IN-PLACE BUTTRESS

Illustrated above are schematic drawings of drilling blast
holes and eventually blasting the rock for a shot-in-place
rock buttress. 149






Upon letting the slide
repair to contract the contractor
quickly began clearing operations;
note large opened joint.

Drilling shot holes for the shot-in-place buttress was
accomplished with standard track drill equipment.
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After blasting the rock the slide became a jumble of large
rock fragments; note the different orientation of the rock
boulders which resulted from the blasting process.

This is a view from the top of the shot-in-place rock
buttress on Clinch Mountain, Hawkins County, TN.
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After blasting the rock the contractor used: a bulldozer: and
a highlift to reshape and grade down the 'swell' of the shot rock.

This is a view of the completed shot-in-place rock buttress
which now appears as an irregular soil and rock cut slope.
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The adjacent highway remained open to traffic with flagmen
control through-out the construction period. After each shot the
road was cleared and reopened to traffic,

Due to the swell of the bedrock after blasting, there were
approximately 2500 cu. yds. of excess material on the project.

This rock and sand material was wasted nearby requiring a short haul.

Dressing up of the buttress face and top proceeded along with
the completion of each blasting section. The final dressed face
was on a 1.25:1 ratio.

A passer-by would only notice what would appear as a somewhat
irregular cut slope. With an adequate seeding mixture the apparent
cut slope became a grassy slope covering a rock buttress with no
signs of once being . a landslide.

PROBLEMS/CONCERNS/BENEFITS

With the utilization of new techniques comes the required
evaluation process. -Reflecting on the subject project brings
to discussion certain problems, concerns, and benefits pertaining
to the new concept. o '

The main problem experienced on this project was control of
the blasting design. Since few Transportation Departments have
personnel experienced in blasting design it has been historically
left up to the contractor to provide the required blasting design
(without any checks and balances). It is traditionally the aim
of the contractor to 'shoot' rock in order to facilitate hauling
{i. e. the smaller the rock the easier it is to load and haul).
This situation requires considerable diligence on the part of
the Project Engineer or Geotechnical Representative along with
adequate backup within the 'chain of command’'.

Another problem that must be considered is traffic control.
In most instances it is desirable to maintain traffic throughout
the construction project. The use of flagmen (sometimes on a 24
hour basis) and proper clean-up after blasting will facilitate the
situation.

The greatest concern from the view point of the Geotechnical
Personnel is what actually is happening to the bedrock after it
is blasted. The situation within the buttress mass itself is
unknown and presumed to be as designed. However, questions regarding
rock break-up, amount of fines, drainage, and the interlocking
character of the shot rock still remain.

Probably the greatest benefits to the shot-in-place buttress
concept is that it is relatively inexpensive to construct and can
be completed within a short amount of time. In addition the concept
has some flexibility in it's use (i. e. possible use with some
fill slide situations and other cut slope stability problems).

CONCLUSTIONS
The design and construction of a shot-in-place rock buttress
project for the stabilization of block glide type landslides can

be effectively achieved. A geotechnical investigation, standard
stability analysis and a blasting design are required prior to
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SHOT-IN-PLACE BUTTRESS

STATE ROUTE 3|
HAWKINS COUNTY

This schematic block diagram shows a typical shot-in-place
rock buttress as was constructed on S. R. 31 in Hawkins: County.
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This view shows the top and fron slope - geometry
of the shot-in-place rock buttress upon completion.
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Shot-in-place rock buttress as constructed on
Clinch Mountain along State Highway 31 in Hawkins
County, Tennessee. '
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construction. Proper control of the blasting procedure, drill hole
layout, traffic, and inspection are mandatory. A shot-in-place rock
buttress can be constructed relative inexpensively and fast
depending on the site conditions and weather.

At present the subject landslide is stabilized and the highway
is functional. The shot-in-place rock buttress concept has proven
to be a most expedicious method for stabilizing block glide land-
slides along highways in East Tennessee. .
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APPLICATION OF PERSONAL COMPUTER MODELS FOR THE STABILITY
ANALYSIS OF THREE LANDSLIDES NEAR VAIL, COLORADO

A. Keith Turner
Professor of Geological Engineering
Colorado School of Mines
Golden, Colorado, 80401

ABSTRACT

Three landslides located near Vail Colorado were monitored for the
Colorado Division of Highways during the spring and summer of 1985. Field
investigations involved traditional methods for monitoring ground water
conditions and movements of the slide masses.

These field data identified the probable failure mechanisms, but
could not supply precise values for the mechanical properties of the
slide materials. Preliminary stability analyses were performed on IBM-
PC's, using the best estimates of landslide geametries and a range of
assumed values for the mechanical properties. The materials values which
best satisfied the factor of safety criteria and observed failure
patterns were selected fram these analyses.

Groundwater conditions were critical in all three slides. The
efficiency and effectiveness of alternative drainage schemes were studied
by seepage simulation programs. Some remedial actions were shown to be
effective for all reasonable permeability values. Others increased the
chances of failure under same permeabilty conditions. Since true field
permeability data are hard to obtain, such remedlal actions were
identified as undesirable.

By combining the capabilities of these programs in a series of
iterations, the anticipated benefits of alternative remedial measures
were assessed in a cost-effective manner. The availability of powerful
analytical programs on personal computers makes such assessments much
more convenient and economical.

INTRODUCTION

Landslide reactivation has became an important consideration to
highway authorities in Colorado, as well as other Western States, in
recent years. Precipitation patterns which were particularly favorable
to the initiation or reactivation of landslides occurred during the
winters of 1982-83 and 1983-84. As a consequence many older and same new
failures occurred which threatened to severely disrupt transportation
facilities.

During the winter of 1984-85 the Colorado Division of Highways (CDH)
began field investigation programs at three landslides near Vail,
Colorado (see Figure 1). Drilling at these sites to install piezometers
and inclinemeters continued during the winter months. However, it became
obvious that sufficient manpower was not available within the CDH to take
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frequent observations of these installations, and to conduct other needed
field observations, during the spring and early summer of 1985.
Accordingly, the CDH contracted with the Colorado School of Mines (CSM)
to conduct the necessary field observations and subsequent data reduction
and analyses.

The three landslides were all fairly large masses, in excess of one
million cubic yards each, and all were apparently due to reactivation of
older prehistoric slides due to a combination of highway construction
activities and the prevailing climate conditions. Bowever, the slides
did differ considerable in their geametries and dominant modes of
failure.

The three landslides are referred to as follows:
1) Battle Mountain slide located on US 24 about 2 miles
south of Minturn and about 7 miles south of Vail.
2) Wolcott slide located on Interstate-70 about 15 miles
west of Vail; and
3) vail slide located in the town of Vail on Interstate-70
one mile east of the Vail interchange.
All three slides are located on figure 1. The bulk of the field
observations were conducted in a six week period in May and June of 1985,
when all three slides were moving most rapidly. Sporadic observations
continued at all three sites during the remainder of 1985.

The analyses of the field data extended through the winter of 1985-
86 and were not completed until the summer of 1986. During this period
the analysis techniques evolved. Evaluation of the Battle Mountain slide
was completed first (Shine, 1985). It was followed by the Wolcott slide
(Nasser, 1986), and then by the Vail slide (Fernandez, 1986).

The analyses involved traditional data reduction and correlation
processes. These were assisted by the use of an Autotrol CAD graphics
display system in the case of the Battle Mountain and Vail slides.
However, stability analysis is central to all landslide studies. These
were conducted with heavy reliance on modern computer programs for both
stability analysis and assessment of drainage modification methods. Much
of the computer computations were performed on IBM PC camputers.

Because these landslides represent a range in types, and yet were
analyzed using the same computer programs and similar approaches, the
results reported here concerning the utility of modern PC-based computer
programs should be of benefit to highway engineers.

DESCRIPTION OF THE LANDSLIDES

In order to fully evaluate the utility of the computer-based
analysis methods, same knowledge of the basic characteristics of each
slide is required. Accordingly, the following brief descriptions of each
landslide are included in this paper. The interested reader is referred
to the full reports on each landslide for further details concerning both
field observations and analysis techniques (Shine, 1985; Nasser, 1986;
Fernandez, 1986).
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'FIGURE 1. Location Map of the Three Landslides.
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Battle Mountain Landslide
Geologic Setting

The slide is located on the site of a larger prehistoric landslide
below the cliffs opposite Cross Creek south of Minturn. During the
Pinedale glaciation a glacier deposited morainal materials on the west
side of the Eagle Valley. The Eagle River was diverted eastward and
undercut the cliffs composed of Belden and Minturn formations which
subsequently failed. It is unknown if this slide was ever campletely
stable, but movements became of concern once U.S. 24 was routed across
the slide, and these movements seem to be slowly accelerating over the
past few years.

The bedrock is sedimentary rocks of Pennsylvanian age. The lower
Belden Formation consists mostly of marine shales and same limestones.
The overlying Minturn Formation is composed of siltstones, sandstones,
shales and same carbonate units. Accordingly, the lower Belden rocks are
believed to be less permeable than the overlying Minturn units. The
rocks are gently deformed in the immediate area, and the contact between
the Belden and Minturn dips below the road and into the slide along its
southern flank.

Critical Field Observations

Saturation of the slide mass is the basic cause of movement. Water
table elevations rose by up to 12 feet during the spring snowmelt period;
and during this time movements of up to 14 inches were observed along the
road. Intense summer rainfalls do not seem to cause any appreciable
change to the ground water levels, and thus do not seem to be a
significant cause for failures.

The 16 observation wells and one inclinometer installed on the slide
allowed the construction of the major failure surface for the slide. All
available data were combined to create digital maps of the topography,
water table, and failure surfaces of the slide using an Autotrol CAD
system which allowed for the computation of slide volumes. The slide
involves about one million cubic yards.

Groundwater seepage from the toe of the slide was collected along
the old road grade. A maximum flow of over 14 gallons/minute was measured
in early May, but this dropped rapidly to around 2 gallons/minute in
early June and around 0.5 gallons/minute in early July.

Mechanisms of Movement

Analysis of movement data, combined with observations of surficial
features, suggest that the slide consists of at least four zones
(Labelled A-D on figure 2). Observed rates of movement indicate that the
slide mostly fails first in its lower portions, and then the movement
retrogresses to its head. The cracks and distortions on the outer
shoulder along U.S. 24 in the southern part of the slide ( zone A)
appeared to be more severe during the spring of 1985 than in previous
years. The slide toe seems to be located at the old abandoned road.
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The water table data show a distinct flattening of this surface in
the lower central portions of the slide (see figure 3). Such a pattern
can be best explained by an inflow of water fram the bedrock along the
Minturn-Belden contact into the slide mass. Other important sources of
water include direct recharge fram the surface of the slide and through
the road £ill material.

All available movement data suggest the slide is relatively deep
seated, with a primary failure zone passing roughly 100 feet below the
highway (see figure 4).

The Wolcott Landslide
Geologic Setting

The slide is located near the axis of the Wolcott Syncline, in the
siltstones and shales of the Benton Formation. The regional structure
tends to direct groundwater toward the slide, and artesian or near-
artesian oconditions may exist in the Dakota sandstone units immediately
below the slide.

The slide is shallow, with failure surfaces at about 12 and 19 feet
below the surface. Sliding occurs within layers that contain bentonite.
The rock units underlying Bellyache Ridge, on which the slide is located,
dip toward the Eagle River. A meander of the river is undercutting the
toe of the slide. The entire surface of Bellyache Ridge is composed of
highly fractured siltstone,sandstone and shale, and is much disturbed, so
that recharge from snowmelt each spring is very easy.

Critical Field Observations

Saturation of the slide causes the movement. Recharge through the
surface of the slide, and throughout the slope above it, is quite easy
due to the broken nature of the materials. The water table within the
slide rises to within 8 feet of the surface in several areas. An
extensive seepage zone near the eastern edge of the slide, above I-70,
was measured, and produced 18 gallons/minute. Other smaller seepages
occur, and surface ponding and saturated conditions occur at several
%ocatlons in the I-70 and U.S. 6 rights-of-way during the snowmelt (see

igure 6).

Existing culverts under U.S. 6 remain dry, and appear to predate the
I-70 construction which obviously disturbed local drainage patterns. An
existing French Drain along the south shoulder of I-70 does not appear to
be working properly.

Movements have now begun to affect the grade of an irrigation ditch
below U.S. 6, so that it overflowed in late May and introduced a new
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