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PREFACE

T ransportation Research Board reports that

synthesize information related to landslides
and rock fall span more than four decades. Previous
reports have been widely used in the geotechnical
engineering community as comprehensive, practi-
cal sources of information on landslides and their
control. Among the most widely distributed of
TRB publications, these reports have enjoyed wide
international appeal and have been translated into
several languages.

Recognizing the lack of a single source in the
English language that covers the entire spectrum
of issues related to landslides, the Transportation
Research Board (then the Highway Research
Board) created the Committee on Landslide
Investigations in 1951. The efforts of that commit-

" tee resulted in Special Report 29, Landslides and
Engineering Practice, which was published in 1958.

In 1972 a task force was organized with members
drawn from several of the committees within the
Soils and Geology Group to undertake the revision
of Special Report 29. This task force concluded that
because of the large amount of new technical
information available since the 1958 publication,
the best course of action was to prepare a com-
pletely new report. Six years was required to pre-
pare and publish TRB Special Report 176,
Landslides: Analysis and Control.

Special Report 176 was reprinted a number of
times, and by 1989 the Board was once again faced
with the decision of whether to continue to reprint
the existing text or to undertake a further revision.

A polling of the members of the TRB committees
within the Soil Mechanics and the Geology and
Earth Materials sections clearly indicated that
the report should be revised to address the latest
advances in the methods for investigation and
mitigation of landslides.

Accordingly, a study committee was established
in 1990 with the charge to review the 1978 report,
identify needed changes and additions, and prepare
a new report for publication. Although aware of the
heavy workload that such a revision would entail, a
number of members of the task force responsible for
developing the 1978 report agreed to serve on the
new committee under the chairmanship of A. Keith
Turner of the Colorado School of Mines.

At the first meeting of the study committee in
January 1990, members were assigned the prepara-
tion of specific chapters. Responsibilities included
developing chapter outlines, identifying expertise
outside the committee membership to provide spe-
cific material or assist in writing chapters, writing
material, coordinating the efforts of multiple
authors, and reviewing chapter drafts before sub-
mittal for approval by the entire committee mem-
bership. In addition to holding meetings in
Washington, D.C., during the TRB Annual Meeting,
the ¢ommittee held three other formal meetings.
These discussions greatly improved the quality of the
individual chapters. Although the material con-
tained in each chapter is solely attributed to the
author(s) of the chapter, committee members also
were responsible for reviewing the report as a whole.
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Preface

This latest volume in the series of TRB Special
Reports on landslides contains 25 chapters writ-

. ten by 30 authors. Prepared by experts from the

United States, Canada, and the Netherlands, this
report has a broader international scope and con-
siderably more extensive coverage than its prede-
cessors. The authors of several of the chapters are
involved in international landslide coordination
programs, and this new report has been designed
to reinforce those international efforts.
Measurements of the International System of
Units (SI) are used in this report. A table of con-
version factors for SI and inch/pound (U.S. cus-
tomary) units of measurements is provided in

-Appendix B.
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kChapter 1

A. KEITH TURNER AND
G. P. JAYAPRAKASH

INTRODUCTION

his Special Report is organized into five

major sections with 25 chapters. Although
considerable efforts were expended to eliminate
repetition of material in different chapters, some
reiteration was necessary to provide continuity
of thought and to allow adequate explanation of
specific topics. Such repetition was judged more
acceptable than excessive referral within the text
to other sections and chapters.

In accordance with the evolution of this series
of reports, the new title, Landslides: Investigation
and Mitigation, was selected to reflect the increased
knowledge of landslide processes, the procedures
for landslide investigation that are now available,
and the much more complex regulatory and eco-
nomic climate under which landslide investiga-
tionis and corrective actions must be undertaken.
In fact, the titles of these reports since the first in
1958 mirror changes in societal values at least as
much as evolution in scientific knowledge and
engineering technologies. The 1958 report re-
flected engineering practice in resolving landslide
instabilities along transportation facilities; the
report published in 1978 reflected the evolving
strategies for analysis and control of landslides.

In the years since the last volume was published
in 1978, there have been many advances in the way
landslide investigation and mitigation are con-
ducted. Chief among these advances are the ad-
vent of the personal computer, the availability of
new geotextile products, and new understandings
of the behavior of earth materials. Personal com-

puters have allowed numerical stability analysis
methods to become commonplace; the use of geo-
textiles presents optionis for better and more eco-
nomical mitigation procedures; and the improved
methods for field investigations coupled with new
understanding of landslide processes supply better
data and concepts to the landslide analysis process.

However, landslide investigation and mitigation
have been even more greatly affected by the impo-
sition of environmental regulations and economic
considerations. Throughout the world there has
evolved a much greater appreciation of the impact
of human activities on the natural environment.
Consequently, the investigation of slope instabili-
ties has been increasingly integrated with broader
land use planning and land development activities.
New transportation facilities, and the renovation or
improvement of existing facilities, are frequently
required to incorporate design elements that reflect
natural landscape conditions and minimize visual
impacts. In many hilly or mountainous terrains,
such requirements translate into sophisticated land-
slide investigation and mitigation actions.

1. INTENDED AUDIENCE

Although slope stability problems related to trans-
portation facilities are stressed, most of the discus-
sions and examples in this report apply equally
well to all cases of slope instability. As noted by
Eckel in his introduction to the first TRB report
on landslides:
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The factors of geology, topogtaphy, and climate
that interact to cause landslides are the same
regardless of the use to which man puts a given
piece of land. The methods for examination of
landslides are equally applicable to problems in
all kinds of natural or human environment.
And the known methods for prevention or cor-
rection of landslides are, within economic lim-
its, independent of the use to which the land is
put. It is hoped, therefore, that despite the nar-
row range of much of its exemplary material,
this volume will be found useful to any engi-
neer whose practice leads him to deal with

landslides. (Eckel 1958, 2-3)

Those statements are still true. The contents of
this volume include several aspects that were not
addressed in the earlier editions, and the text has
been written and organized to appeal to a diverse
audience, including

* Transportation engineers responsible for land-
slide investigations throughout the world,

® Students in geoscience and geotechnical fields
with an interest in landslides, and

® Researchers needing a definitive source for land-
slide investigation and mitigation procedures.

Each of these groups has different needs, and this
report attempts to address them while maintaining
a balance and some brevity in the presentation.
For example, the report contains comprehen-
sive, practical discussions of field investigations,
laboratory testing, and stability analysis proce-
dures and technologies. These topics are impor-
tant to both practicing engineers and students of
landslides. It was assumed that many engineers
would require a reasonably complete single source
of much of the information concemning both

investigation and mitigation activities. This vol- -

ume addresses that need.

In addition, it was expected that many students
and researchers would desire comprehensive refer-
ences to the literature and discussions of case
studies, state-of-the-art techniques, and research
directions. Accordingly, considerable effort was
expended in identifying suitable literature citations
and in providing some discussion of recent devel-
opments. References to specialized and hard-to-
obtain sources were avoided as much as possible;
most of the cited references will be readily avail-
able through university and special libraries.

2. DEFINITIONS AND RESTRICTIONS

In this report the term landslide is used to denote
“the movement of a mass of rock, debris or earth
down a slope” (Cruden 1991). As it is now used
in North America, the term has a much more
extensive meaning than its component parts sug-
gest because the phenomena described as land-
slides are not limited either to the land or to
sliding (Cruden 1991). In accordance with the
practice in previous reports, ground subsidence
and collapse are excluded, and snow avalanches
and ice falls are not discussed.

In the period since 1978, the Commission on
Landslides and Other Mass Movements of the
International Association of Engineering Geology
(IAEG) has continued its work on terminology.
The declaration by the United Nations of the In-
ternational Decade for Natural Disaster Reduction
(1990-2000) prompted the Commission’s Sug-
gested Nomenclature for Landslides (IAEG 1990)
and the creation of the International Geotechnical
Societies’ UNESCO Working Party on the Wotld
Landslide Inventory (WP/WLI). The Working
Party has prepared the Multilingual Landslide
Glossary to encourage use of standard terminology
in describing landslides (WP/WLI and Canadian
Geotechnical Society 1993). The terminology
used in this report and defined at some length in
Chapter 3 is consistent with the suggested meth-
ods and the glossary of the UNESCO Working
Party (WP/WLI 1990, 1991, 1993; WP/WLI and
Canadian Geotechnical Society 1993).

3. HISTORICAL INFORMATION
CONCERNING LANDSLIDES

3.1 Importance

Throughout the world, valleys in mountainous
regions have experienced accelerated economic
development in response to general population
growth and associated demands for increased min-
ing, forestry, and agricultural activities. In some
areas, such as parts of North America and Europe,
the growth of skiing and other recreational activi-
ties has spurred development in mountain regions.
This economic growth has demanded expansion of
transportation and communication facilities. The
short history of extensive human development
in many of these areas makes the evaluation of
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potential landslide hazards and appropriate coun-
termeasures very difficult. A large body of docu-
mented evidence concerning landsliding events in
long-inhabited mountain regions, notably the
Alps of Europe, does exist. In a study conducted
by the Geological Survey of Canada, 137 landslide
case histories in the Alps were collected and used
to formulate the appropriate roles of various active
or passive mitigation measures, monitoring, and
risk acceptance to guide development in the
mountains of western Canada (Eisbacher and
Clague 1984). Such studies have not been widely
emulated, but it appears that major landslide dis-
asters in mountain regions can be avoided if his-
torical experience is evaluated and used wisely.

In many regions large landslides are infrequent
events. In comparison with the length of human
lifetimes, their occurrence is so low as to lull many
into a false sense of security concerning landslide
hazards, especially in areas of lower topographic
relief. An appreciation of historical experiences
with landslides is a frequently neglected but
important component of landslide investigation
and mitigation studies.

Historical descriptions of landslides often pro-
vide insight into other aspects of the develop-
ment of scientific and engineering knowledge.
~ Few useful descriptions of landslides predate the
Industrial Revolution. There was neither an eco-
nomic incentive nor a scientific basis to support
such studies until the late 1700s and early 1800s.
The development and construction of canals, and
subsequently railways, placed new importance on
slope instability.

3.2 Early Historical Studies

It is beyond the scope of this report to present a
detailed historical review of landslide investiga-
tions. Several reviews of historical landslides
have been published (Voight 1978; Eisbacher
and Clague 1984).

However, four examples of early studies from
the 1800s are briefly presented to provide the
reader with some concept of the insights that
these historical documents may provide. All hap-
pen to be European examples; they were chosen
because they illustrate the evolution of concepts
concerning landslide processes. Three examples
refer to large and spectacular natural landslides
that were subjects of great popular interest and

debate. The fourth example concerns what
appears to have been the earliest application of
soil mechanics methods to slope stability analysis.

3.2.1 Rossberg Landslide of 1806

On September 2, 1806, a very large, extremely
rapid rock fall-rock slide, or sturzstrom, occurred
in central Switzerland. As described by Eisbacher
and Clague (1984), a large section of the Rossberg
Massif, estimated to involve 10 x 106 to 20 x 108
m® of rock, rapidly moved down and away from
the mountain and buried much of the small town
of Goldau, destroying about 300 houses and
killing 457 people (Figure 1-1). Part of the mate-
rial filled about one-seventh the volume of the
Lauerzer See, producing a wave 20 m high that
surged over some lakeside villages. Zay (1807)

FIGURE 1-1

Sketch map of the
Rossberg landslide
of 1806 near
Goldau, Switzerland
(Eisbacher and
Clague 1984).
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gular honor of having a popular musical score,
“The Landslip Quadrille,” written to celebrate it.

The Bindon landslide also materially affected
the evolving science of geology. The early reports
(Conybeare et al. 1840; Roberts 1840) were the
first to explain the significance .of climate and
groundwater conditions in promoting slope insta-
bility. The clear intent of most investigators was
to demonstrate that water could cause such slope
instabilities and that such landslides were not
related to volcanism or earthquakes. Roberts
(1840) stated that “the summer, autumn, and
winter of 1839 will long be remembered as the
wettest that has almost been known” and quoted
the engineer of the Southampton Railway as say-
ing that “so large a quantity of rain has not fallen
within the memory of any living person.”

Roberts (1840) suggested that these same land-
slide processes had potential for disrupting roads
and that there was a real danger in not under-
standing them. He provided an example to sup-
port his claims:

It is surprising, often almost incredible how
soon and how completely all recollection of
natural phenomena, storms, slips, etc., unless
attended, by unusual features is erased. When
the deep cutting . . . was about to commence
in 1825, an elderly gentleman, Mr. John
Warren, told his brother commissioners of turn-
pike, that the whole of that highly elevated
valley had subsided forty years before; and prog-
nosticated that a road would not long remain
without accident. . . [M]any disbelieved the
statement. The road was accordingly made,
and soon slipped down from twenty feet at one
end, to eight feet at the other, towards the sea.
(Roberts 1840)

Conybeare et al. (1840) also provided analyses
of the mechanisms of the failure, including calcula-
tions of the weights of the failed masses and the
effects of hydrostatic pressures in promoting insta-
bility. These reports and. concepts had a major
impact on those responsible for constructing earth-
works for the rapidly expanding railway system.

3.2.3 Elm Landslide of 1881

The catastrophe at Elm, Switzerland, in 1881 be-
came famous because the events leading up to and
accompanying the failure were carefully docu-
mented in German by Buss and Heim (1881) and

Heim (1882, 1932). An excellent modern review
of these historical reports was provided in English
by Hsu (1978), and Heim’s 1932 report was trans-
lated into English by Skermer (1989). The origi-
nal reports (Buss and Heim 1881; Heim 1882)
included interviews with eyewitnesses as well as
geological observations. One of the eyewitnesses
used a stopwatch to time the initial failure (Eis-
bacher and Clague 1984).

The failure was a very large and extremely rapid
rock fall-rock slide, or sturzstrom, similar to but
somewhat smaller than the Rossberg landslide of
1806. In this case the failure of the slope was pre-
cipitated partly by natural causes and partly by the
extraction of slate from the Plattenberg quarry
located at the foot of the cliff. This quarry was
developed by local farmers with no mining experi-
ence (Hsu 1978). The quarrying undermined a
large mass of rock on the mountainside above the
quarry. The sudden failure of the mountain slope
caused a mass of rock, estimated to have been 10 x
108 m?, to fall onto the Plattenberg quarry platform.
From there the rock mass was expelled horizontally.
at velocities estimated to have exceeded 80 m/sec
(Heim 1932) across the valley and toward the
town of Elm, claiming the lives of 115 people (Fig-
ures 1-3 and 1-4).

FIGURE 1-3
Sketch map of EIm
landslide of 1881
in Switzerland
(Eisbacher and
Clague 1984).
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FIGURE 1-4
Isometric view of
Elm landslide of
1881 (Schuster and
Krizek 1978).

The initial reports (Buss and Heim 1881; Heim
1882) emphasized the unexpected ways in which
these sturzstroms move. For example, Heim (1882)
reported that several people lost their lives when
they ran uphill toward the hamlet of Diiniberg (see
Figure 1-3) and were overwhelmed by material that
surged up the opposite valley slope to a height of
about 100 m (Hsu 1978). Heim also reported the
observations of several survivors in Elm, in particu-
lar their impressions of the flowing nature of the
rock mass and the suddenness with which it
stopped moving. Heim'’s detailed observations led
to conclusions concerning the hazards resulting
from these sturzstroms, especially the large horizon-
tal distances over which they move (Eisbacher and
Clague 1984). In his later work, Heim (1932)

included calculations concerning the kinematic

behavior of the Elm sturzstrom (Hsu 1978). Hsu

stated that Heim’s interpretations of the mecha-
nisms of sturzstrom movement did not get the
recognition they deserved, perhaps because Heim’s
work was not translated into English until more
than 50 years later (Skermer 1989).

3.2.4 Studies of Slope Stability Along
French Canals

In 1846, Alexandre Collin, a French engineer with
extensive experience in the construction of canals,
published his treatise on the stability of clay slopes
(Collin 1846). Unfortunately, perhaps because it
was not translated into English until more than a
century later (Schriever 1956), Collin’s report did
not become widely known to civil engineers.

The instability of clay slopes was a relatively
new problem to engineers in the mid-1800s. Early
canals in both England and France did not involve
deep cuts and high fills; such heavy earthworks
were not associated with canals until the 1820s.
Slope failures resulted, and subsequently railway

engineers also encountered widespread slope fail-
ures in clay materials forming both cuts and fills.
They clearly recognized the deep rotational type
of movement and adopted gravel-filled trenches
passing through the slip surfaces as their chief
remedial measure. ‘

Collin’s report presented valuable field data,
including surveys of the slip surface for about 15
failures (Figure 1-5). He concluded that the cause
of failure was inadequate shear strength. Because
he was working with materials that today would be
classified either as stiff-fissured clay (in the cut
slopes) or as poorly compacted clay (in the fills),
he noted that in many cases failure occurred some
years after initial construction. He attributed this
failure to a process causing progressive softening
of the clay and suggested water saturation as the °
most common cause. To reduce the probability
of failures, he recommended drainage and estab-
lishment of grass cover on slopes, methods that
today are recognized as appropriate for cut slopes
in stiff-fissured clays.

Collin conducted the first documented shear
tests on clays, which demonstrated the impor-
tance of water content and what are now referred
to as the rheological properties of clays. He advo-
cated the inductive approach: working from obser-
vation to theory. In this he was at odds with
many of his contemporaries, who favored the
deductive approach: the derivation of theoretical
conclusions from oversimplified assumptions with-
out reference to field observations. Using the
inductive approach, Collin outlined an approxi-
mate method for analyzing the stability of clay
slopes based on the shape of the slip surface and
the strength of the clay.

Skempton (1946) presented a review of the his-
torical significance of Collin’s work and provided
a list of references to Collin’s report that he had
found. The list is very short; there are only four
references by English-speaking scientists and engi-
neers to Collin’s work in the century following the
publication of Collin’s report. It is unfortunate
that Collin’s observations and recommendations
concerning the stability of clay slopes did not
receive much wider exposure.

However, the investigators of the disastrous
Panama Canal landslides, which are discussed fur-
ther in Chapter 2, apparently were aware of Collin’s
report because they referred to it (Reid 1924). Just
before World War II, this same reference came to
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the attention of Robert F. Leggett, Director of the
Division of Building Research of the Canadian
National Research Council in Ottawa. With some
difficulty, Leggett obtained a copy of the Collin
report. Although his war duties intervened, Leg-
gett initially assisted with the report’s translation
into English and ultimately encouraged and sup-
ported others in completing such a translation,
which was finally published after about a decade of
part-time efforts (Schriever 1956). The translation
also contains a memoir concerning Collin written
by Skempton (1956), which is an updated version
of his earlier review (Skempton 1946).

4. OVERVIEW OF REPORT

The 25 chapters forming this report are organized
into Parts 1 through 5. This arrangement was
adopted to group chapters according to related
landslide investigation and mitigation topics. It is
hoped that this grouping will assist readers in
identifying those chapters most likely to address
their immediate needs.

Part 1, Principles, Definitions, and Assess-
ment, contains six chapters. In addition to this
introductory chapter, topics covered are the
socioeconomic significance of landslides, land-
slide types and processes, landslide triggering
mechanisms, principles of landslide hazard reduc-
tion, and the application of hazard and risk assess-
ment and decision making under uncertainty to
landslide management.

Many of these topics are either new to this
report or greatly expanded compared with the dis-
cussions contained in previous reports. The socio-
economic significance of landslides is emphasized
because landslide losses continue to grow as human
development expands into unstable hillside areas
under the pressures of increasing populations. A
significant proportion of world landslide losses
involves transportation facilities: highways, rail-
ways, canals, and pipelines. The nation most
severely affected by landslides is Japan, which suf-
fers estimated total (direct plus indirect) landslide
losses of $4 billion annually. In the United States,
Italy, and India, total annual economic losses due
to landslides have been estimated to range from $1
billion to $2 billion. Many other countries have
lesser, but major, annual landslide losses.

Chapter 3 includes further development of the
landslide classification principles introduced in pre-
vious reports, introduces current international stan-

dards proposed for the terminology and description

of landslides, and links these standards to the land-
slide classification. In a similar fashion, the chap-
ters on landslide triggering mechanisms, principles
of landslide hazard reduction, and landslide hazard
and risk assessment methods represent considerable
expansions of earlier presentations.

Part 2, Investigation, includes five chapters
that collectively review, in some detail, the entire
landslide investigation process. This section
begins with the organization of the investigation
process and the importance of providing adequate
field investigation. Subsequent chapters focus on
various aspects of an ideal landslide investigation:

® Initial reconnaissance methods, including aerial
photography, remote sensing, and geographic
information systems; :

® Surface observation and geologic mapping,
including the use of surveying methods for iden-
tifying and monitoring landslide movements;

® Subsurface investigation, including geophysical
explorations, field tests, sample collection
methods, and groundwater monitoring; and

® Specialized field instrumentation to monitor
landslide movements.

Four chapters form Part 3, Strength and Stabil-
ity Analysis. The principles of soil and rock
mechanics are presented in separate chapters, and
stability analysis methods for both soil and rock
slopes are presented in two other chapters. A
considerable effort has been made to explain and
contrast the most appropriate methods for both
soil and rock materials.

Part 4 comprises three chapters on landslide
mitigation issues. Chapter 16 introduces this sec-
tion with a review of important considerations
and constraints that affect the slope design
process. Design methods for the stabilization of
soil slopes are provided in Chapter 17, and rock
slope stabilization and protection measures are
discussed in Chapter 18. In this report an attempt
has been made to treat soil and rock slopes on a
more equal basis and to compare the best mitiga-
tion procedures for each class of slopes.

Part 5, Special Cases and Materials, represents
a major addition to the coverage in previous
reports: the issues and concerns of landslide inves-
tigations in specific environmental or geotech-
nical conditions. Such special aspects include
tropical and residual soils, colluvium and talus,

«
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shales and other degradable materials, hydraulic
tailings, loess, soft sensitive clays, and permafrost.
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1. INTRODUCTION

L andslides have been recorded for several
centuries in Asia and Europe. The oldest
landslides on record occurred in Honan Province
in central China in 1767 B.C., when earthquake-
triggered landslides dammed the Yi and Lo rivers
(Xue-Cai and An-ning 1986).

The following note by Marinatos may well refer
to a catastrophic landslide resulting in serious so-
cial and economic losses:

"In the year 373/2 B.C., during a disastrous win-
ter night, a strange thing happened in central
Greece. Helice, a great and prosperous town
on the north coast of the Peloponnesus, was
engulfed by the waves after being leveled by a
great earthquake. Not a single soul survived.
(Marinatos 1960)

Research by Marinatos indicated that Helice prob-
ably was engulfed as the ground slipped toward the
sea a distance of about 1 km. Seed (1968) con-
cluded that this was a major landslide, resulting
from soil liquefaction caused by the earthquake.
Slope failures have caused untold numbers of
casualties and huge economic losses. In many
countries, economic losses due to landslides are
great and apparently are growing as development
expands into unstable hillside areas under the
pressures of expanding populations. In addition to
killing people and animals (both livestock and

wildlife), landslides destroy or damage residential
and industrial developments as well as agricultural
and forest lands and negatively affect water qual-
ity in rivers and streams.

Landslides are responsible for considerably
greater socioeconomic losses than is generally rec-
ognized; they represent a significant element of
many major multiple-hazard disasters. Much land-
slide darr'lage is not documented because it is con-
sidered to be a result of the triggering process (i.e.,
part of a multiple hazard) and thus is included by
the news media in reports of earthquakes, floods,
volcanic eruptions, or typhoons, even though the
cost of damage from landslides may exceed all
other costs from the overall multiple-hazard disas-
ter. For example, it was not generally recognized
by the media that most of the losses due to the
1964 Alaska earthquake resulted from ground fail-
ure rather than from shaking of structures.

Government agencies and those who formulate
policy need to develop a better understanding of
the socioeconomic significance of landslides. That
knowledge will allow officials at all levels of gov-
ernment to make rational decisions on allocation
of funds needed for landslide research; for avoid-
ance, prevention, control, and warning; and for
postfailure repair and reconstruction.

2. FUTURE LANDSLIDE ACTIVITY

In spite of improvements in recognition, predic-
tion, mitigative measures, and warning systems,
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worldwide landslide activity is increasing; this
trend is expected to continue in the 21st century.
The factors causing this expected augmented ac-
tivity are

1. Increased urbanization and development in
landslide-prone areas,

2. Continued deforestation of landslide-prone
areas, and

3. Increased regional precipitation caused by
changing climate patterns.

2.1 Increased Urbanization and
Development

. Population pressures are increasing in most of the
world today and have resulted in rapid urbaniza-
tion and development. For example, in the
United States the land areas of the 142 cities with
populations greater than 100,000 increased by 19
percent in the 15-year period from 1970 to 1985.
Legget (1973) estimated that by the year 2000,
360 000 km? in the 48 conterminous United
States will have been paved or built upon. This is
an ared about the size of the state of Montana. As
a result of these population pressures, human
activities have disturbed large volumes of geologic
materials in housing development and in con-
struction of industrial structures, transportation
routes and facilities, mines and quarries, dams and
reservoirs, and communications systems. Because
of the huge extent of these activities, they increas-
ingly have expanded into landslide-prone areas;
thus, these developments have been a major factor
in the recent increase in damaging slope failures.

In other countries, particularly developing coun-
tries, this pattern is being repeated, but with even
more serious consequences. As development occurs,
more and more of it is on hillside slopes that are
susceptible to landsliding. All predictions are that
worldwide slope distress due to urbanization and de-
velopment will accelerate in the 21st century.

Population pressures are also causing increased
landslide losses in other ways. An obvious example
is the necessary construction of transportation fa-
cilities required by expanding populations. In land-
slide-prone areas, these facilities are often at risk.

2.2 Continued Deforestation

In many of the developing nations of the world,
forests are being destroyed at ever-increasing rates.

Removal of forest cover increases flooding, ero-
sion, and landslide activity. Deforestation, which
is expected to continue unimpeded into the 21st
century, is causing serious landslide problems in
many of these countries, Nepal being the best-
documented example. According to the World
Resources Institute (Facts on File Yearbook 1990),
approximately 15 to 20 million ha of tropical for-
est is currently being destroyed annually, an area
the size of the state of Washington.

2.3 Increased Regional Precipitation

For a period of about 3 years in the early 1980s, El
Nifio caused regional weather changes in western
North America that resulted in much heavier-
than-normal precipitation in mountainous areas.
One of the results was a tremendous increase in
landslide activity in California, Colorado, Nevada,
Oregon, Utah, and Washington. Climatologists do
not know what to expect from future El Nifios
except that these climatic perturbations will also
change climate patterns, certainly increasing pre-
cipitation in some areas of the world and thus caus-
ing landslide activity.

Scientists do not know what to expect from the
much-publicized greenhouse effect either. Will it
cause an overall increase in temperature and
decrease in precipitation (as occurred in central
North America in the late 1980s) or will it disrupt
climate patterns, resulting in drought in some
areas and increased precipitation in others (as
occurred in western North America at the same
time)? If areas that are prone to landsliding are
subjected to greater-than-normal precipitation,
they are apt to experience increased landslide
activity.

3. ECONOMIC LOSSES CAUSED BY
LANDSLIDES

In this discussion of the expense of landslides at
national and local levels, the costs are given in
U.S. dollars for the time at which they were
originally determined, except where noted. In
addition, the original values adjusted to 1990
U.S. dollars are presented in parentheses; the
adjustments were made on the basis of yearly
cost-of-living indexes for the United States
(Council of Economic Advisers 1991).
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and private entities (Fleming and Taylor 1980).
The possibility of a major landslide that could de-
stroy port facilities and create a wave that might
inundate downtown Kodiak, Alaska, is an exam-
ple of a landslide threat during the 1970s and
1980s that is alleged to have caused indirect costs
relating to planning for expansion of the port area
(Schuster and Fleming 1988).

Public costs are those that must be met by gov-
ernment agencies; all others are private costs. The
largest direct public costs commonly have been for
rebuilding or repairing government-owned high-
ways and railroads and appurtenant structures such
as sidewalks and storm drains. Other examples of
direct public costs resulting from landslides are
those for repair or replacement of public buildings,
dams and reservoirs, canals, harbor and port facili-
ties, and communications and electrical power
systems. Indirect public costs include losses of tax
revenues, reduction of potential for productivity of
government forests, impact on quality of sport and
commercial fisheries, and so forth. An interesting
example of indirect public costs due to the impact
on fisheries of mass movement and erosion was
presented by a study of Tomiki Creek, Mendocino
County, California, in the early 1980s. This study
found that production of steelhead trout and
salmon in Tomiki Creek was reduced 80 percent by
landslide, gully, and streambank erosion, resulting
in a continuing loss in fisheries potential of
$844,000 ($1 million) annually (Soil Conserva-
tion Service 1986). In the case of major landslide
events, public costs are sustained by all levels of
government from federal to local and often by
more than one agency within a particular level.

Private costs consist mainly of damage to real
estate and structures, either private homes or
industrial facilities. In the United States, most
railroads are privately owned. Severe landslide
problems can result in financial ruin for affected
private property owners because of the general
unavailability of landslide insurance or other
means to distribute damage costs.

3.2 Difficulties in Determining Losses

Although it often is possible to determine the
costs of individual landslides, reliable estimates of
the total costs of landslides of large geographic en-
tities, such as nations, provinces and states, or
even counties, are generally very difficult to

obtain. In the public sector, accounting for land-
slide costs is often lost within general mainte-
nance operations; this seems to be particularly
common for transportation agencies. To separate
out landslide costs is in itself a costly and compli-
cated operation. In the private sector, the costs
incurred by natural hazards are often downplayed
as much as possible in order to minimize negative
publicity for the company involved.

Landslide cost data commonly are more readily
available for industrialized nations than for devel-
oping countries. For this reason, most of the eco-
nomic dara presented here are for industrialized
countries, such as the United States, Japan, and
those in Europe. However, because the severity of
the worldwide landslide problem is becoming
more widely recognized, the collection of eco-
nomic data for landslide damages is spreading to
all affected nations:

3.3 Losses in the United States

Landslides occur in every one of the United States
and are widespread in the island territories of
American Samoa, Guam, Puerto Rico, and the
U.S. Virgin Islands (Committee on Ground
Failure Hazards 1985). They constitute a signifi-
cant hazard in more than half the states, including
Alaska and Hawaii. In the conterminous United
States, the areas most seriously affected are the
Pacific Coast, the Rocky Mountains, and the
Appalachian Mountains (Figure 2-2).

Most of the loss estimates presented here for
the United States can be related directly to other
industrialized nations with similar terrains and
mixes of urban and rural habitats. However, the
costs are somewhat higher than might be expected
in developing countries, where property and labor
values commonly are lower than they are in the
United States and other industrialized nations.

Although no cost-reporting mechanism is in use
nationally, the U.S. Geological Survey has devel-
oped a method for estimating the cost of landslide
damage (Fleming and Taylor 1980). Application of
this method to smaller geographic areas has sug-
gested that incomplete and inaccurate records
have resulted in reported costs that are much lower
than those actually incurred. It also appears that
losses are on the increase in most regions in spite of
an improved understanding of landslide processes
and a rapidly developing technical capability for
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to travelers and shippers, and analysis and pre-
vention of landslides.

In spite of these handicaps, attempts were made
during the 1970s to estimate annual landslide
losses to the U.S. highway system. Chassie and
Goughnour (1976a, 1976b) reported on a survey
by the Federal Highway Administration in which
it was indicated that approximately $50 million
per year ($115 million per year) was spent at that
time to repair landslides on the federally financed
portion of the national highway system. This sys-
tem includes federal and state highways but not
most county and city roads and streets, private
roads and streets, or roads built by other federal
agencies, such as the U.S. Forest Service, the
Bureau of Land Management, or the National Park
Service. If indirect costs, costs to non-federal-aid
highways, and the other factors noted above were
added, Chassie and Goughnour (1976b) estimated
that $100 million ($230 million) was a conserva-
tive value of the annual landslide damage to high-
ways and roads in the United States in the 1970s.

The 1976 Federal Highway Administration
survey of landslide costs for U.S. highways was
duplicated by Walkinshaw (1992), who obtained
repair and maintenance costs for landslide damage
to 1.3 million km of state highways for the 5-year
period from 1986 to 1990. Walkinshaw found that
the total average annual cost of contract landslide
repairs on state highways for this period was $65.4
million (Figure 2-3), and annual average landslide
maintenance costs (repairs by highway depart-
ment maintenance forces) were reported as $41.4
million, for a total average annual direct cost of
nearly $106 million, a figure nearly equal to the
1990 equivalent of $115 million that Chassie and
Gougnour (1976b) found for annual repair and
maintenance costs in the 1970s. Thus, direct land-
slide costs to highways have remained nearly con-
stant (when noted in 1990 dollars) in spite of the
near-completion of the Interstate highway con-
struction program and drier-than-normal weather
in the western United States during the 1986-
1990 survey period.

It should be remembered that the cost figures
presented in both the Chassie and Goughnour
(1976b) and the Walkinshaw (1992) surveys do
not represent total landslide costs, either direct or
indirect, for the U.S. highway system. One defi-
ciency of these surveys is that the state and federal

highways for which the surveys were conducted
represent only about 20 percent of the 6 239 000
km in the entire U.S. highway and road system.
However, this 20 percent probably is subject to
the major part of landslide costs because it has
been constructed to higher standards than the rest
of the system (i.e., larger cuts and fills were used).

Another deficiency of these surveys is that many
state transportation departments do not maintain
satisfactory inventories of their highway landslide
maintenance costs. Several states that have kept
good maintenance records (particularly Maine,
West Virginia, Kentucky, Missouri, Texas, Colo-
rado, and California) have found that the
maintenance costs for landslides have exceeded
their contract repair costs (Walkinshaw 1992).
California distinguished itself by reporting the
highest annual cost for landslide maintenance of all
the states—more than $15 million per year, even
during 5 years of well-below-normal precipitation.

Such landslide cost surveys have not attempted
to determine indirect costs of landslides. A cost
item that often is large but is extremely difficult to
determine accurately is the indirect cost of loss of
business in communities whose commerce is hin-
dered by the closure of transportation routes
because of landslides. An example of the magni-
tude of such indirect costs in relationship to direct
actual repair costs was provided by the 1983 land-
slide closure of US-50 by landslides both west (in
California) and east (in Nevada) of south Lake
Tahoe. The total cost of repairs to the heavily
traveled highway was $3.6 million ($4.7 million)
(Walkinshaw 1992), but the estimated economic

FIGURE 2-3
Average annual
costs (in thousands
of dollars) of
contracted highway
repairs on U.S. state
highway systems
for 1986-1990
(Walkinshaw 1992).
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The Alpine nations of western Europe, particu-
larly Italy, Austria, Switzerland, and France, have
been subject to significant landslide activity from
the beginning of recorded history. For the Alpine
countries, Eisbacher and Clague (1984) described
137 landslide case histories that represent “the
most interesting, costly and tragic mass move-
ments witnessed in 2000 years of Alpine settle-
ment.” The unpublished results of a 1976 United
Nations Educational, Scientific, and Cultural
Organization (UNESCO) survey indicated that
annual landslide losses in Italy were about $1.14
billion ($2.6 billion) (M. Amould, personal com-
munication, 1982, Ecole Nationale Supérieure des
Mines, Paris). No similar information has been
encountered for landslide costs of other Alpine
nations, but it is estimated that they would be
somewhat lower than those for Italy.

On the basis of estimated annual landslide
damages of $100 million ($135 million) to 10 000
km of highways and roads in the hilly and moun-
tainous topography of northern India, Mathur
(1982) arrived at an annual cost for landslide
damages of nearly $1 billion ($1.35 billion) for the
total 89 000 km of roads in this landslide-prone
area. In addition to the commonly used recon-
struction and maintenance costs, Mathur’s esti-
mates included indirect costs, such as loss of
tourist trade, loss of person-hours and vehicle-
hours resulting from road blockages, and failure of
communications, that may not have been
included in the estimates for the United States,
Japan, and Italy. Besides Mathur’s cost data,
Chopra (1977) noted that catastrophic damage to
roads in north Bengal and Sikkim occurred in
1968 and 1973; restoration was estimated to cost
$14 million ($53 million) and $8 million ($24
million), respectively.

Thus, landslide costs (direct plus indirect) in the
United States, Japan, Italy, and India seem to be
roughly comparable, somewhere between $1 bil-
lion per year and $5 billion per year for each coun-
try. Although there have been few other published
estimates of landslide costs, the data that are avail-
able indicate that landslide costs for other coun-
tries are considerably lower. Li (1989) reported that
annual losses for China are about $500 million.
Ayala and Ferrer (1989) arrived at a figure of $220
million for yearly landslide costs in Spain. S. G.
Evans (personal communication, 1989, Geological
Survey of Canada, Ottawa) estimated that annual
landslide costs for Canada are about $50 million. In

Hong Kong, a small, densely populated area with
serious landslide problems, the government spends
$25 million per year for landslide studies and reme-
dial works (Brand 1989). Hawley (1984) estimated
that annual landslide costs for New Zealand are
approximately $12 million ($15 million). In 1982,
Swedish costs were about $10 million per year to
$20 million per year ($13 million per year to $27
million per year) (Cato 1982), and those for
Norway are estimated at $6 million per year
(Gregersen and Sandersen 1989).

For the industrialized nations of central and
eastern Europe, little information is available on
national landslide costs. However, it is well known
that several republics of the former Soviet Union
have serious landslide problems in their far-ranging
hill and mountain areas. Because of the huge area
involved, total landslide costs in the republics of
the former Soviet Union are estimated to be on the
same order as those previously given for China. As
an example of these costs, Khegai and Popov
(1989) estimated that landslide activity (mainly
debris flows) in the vicinity of Alma-Ata, Kazakh-
stan, has caused total damage of about $500 million
in the past few decades. The central European
mountains of Czechoslovakia, Poland, Hungary,
Romania, and Bulgaria have also proved to be sus-
ceptible to landsliding (Kotarba 1989), but no cost
figures have been published for these countries.

Very few national landslide cost estimates are
available for developing countries because little
research has been done on this subject. However,
landslide disasters are common in many of these
countries, particularly in mountainous areas.
Especially hard hit have been the Himalayan and
Andean nations and the island nations around the
Pacific Rim of Fire, particularly Papua New Guinea
(Figure 2-7), Indonesia, the Philippines, and
Taiwan. For example, Charma (1974) reported
that landslides in Nepal have killed hundreds of
people, displaced more than 1,000 families, and
cost hundreds of thousands of dollars in damage,
much of which has been to roads and highways.
For developing countries in these areas, landslide
losses probably represent a larger part of the gross
national product than for the industrialized
nations discussed earlier.

3.5 Losses in Smaller Geographic Areas

In the United States there was little documenta-
tion of major landslide damages until the early
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and permanent losses that may perhaps exceed the
direct costs. Although there were no casualties in
the Thistle landslide, it ranks as the most econom-
ically expensive individual landslide (in terms of
both direct and total costs) in North America.
There have been few estimates of financial losses
due.to landslides in the eastern United States.
However, studies of landslide costs in Pittsburgh,
Pennsylvania, and Cincinnati, Ohio, indicate that
costs in the Appalachian Mountains, and particu-
larly in urban areas, are significant. Expenditures for
landslide damages in Allegheny County (Pitts-
burgh), Pennsylvania, for the period 1970-1976
were estimated at about $4 million per year ($12
million per year) for an annual per capita outlay of
about $2.50 ($7.00) (Fleming and Taylor 1980). In

Hamilton County (Cincinnati), Ohio, landslide -

damage costs for the 6-year period from 1973 to
1978 averaged $5.1 million per year ($12.4 million
per year), an annual per capita outlay of $5.80
($14). Not included in this total was at least $22
million ($53 million) that was spent to stabilize a
single landslide in Cincinnati (Fleming 1981).

With the exception of these estimates of land-
slide costs for Pittsburgh and Cincinnati, little
attempt has been made to determine landslide
losses for the eastern United States. The data for
Pittsburgh and Cincinnati suggest that significant
damages occur there each year as opposed to the
western United States, where landslide activity is
closely associated with years of above-average pre-
cipitation or with single high-intensity storms
(Schuster and Fleming 1986). The general pattern
of damages in areas susceptible to landsliding in
the eastern United States is one of consistently
large annual costs punctuated by a few years of
extreme damages caused by severe hurricanes on
the East Coast.

The many major slope failures that occurred
during construction of the 12-km long Gaillard
Cut in the Continental Divide segment of the
Panama Canal (Lutton et al. 1979) constituted
one of the world’s most extreme cases of dam-
age to a transportation system (Figures 2-15 and
2-16). Slope failures not only severely disrupted
construction, delaying completion of the canal by
nearly 2 years, but also caused closing of the canal
on seven different occasions after it was opened to
traffic in 1914. In 1915 the two largest landslides,
the East and West Culebra slides, with volumes of
13 and 10 million m?, respectively, occurred simul-

taneously, completely blocking the canal (Berman
1991). As noted by MacDonald (1942), “The
confidence of the American people and its
Congress was shaken by the delay in achieving
continuous service.” Although detailed costs of
damages resulting from Panama Canal landslides
from the construction period to present are not
available, the following data published by the
Panama Canal Company indicate the economic
severity of the effects of the slope failures
(MacDonald 1942):

1. During construction, excavation was distupted
for days and weeks at a time because landslides
blocked haulage railroad tracks;

2. Steam shovels, locomotives, drilling equip-
ment, railway cars, and other equipment were
destroyed during construction (Figure 2-16);

3. Construction costs were millions of dollars
higher than they would have been if the land-
slides had not occurred;

4. Between the beginning of construction and
1940, 57 million m? of landslide material was
removed from the canal; and

5. Many millions of dollars in shipping tolls were
lost by delay in opening the canal and by peri-
ods of enforced closure due to landslides.

Although landslides have not closed the canal
since 1920, they still threaten navigation and pose
a continuing and expensive maintenance problem
for the Panama Canal Commission, which is now a
binational agency representing the Republic of
Panama and the United States. A 4.6-million-m®
reactivation of the Cucaracha landslide (Figure
2-17) nearly closed the canal in 1986 (Berman
1991).

The original width of the channel in the
Gaillard Cut was 91 m; by 1970 it had been
widened to 152 m. By the mid-1980s the increase
in large-beam ships proved to be an obstacle to
navigation through the cut. Thus, in May 1991 the
Panama Canal Commission implemented a widen-
ing program; the width of the channel is being
increased to 192 m in the straight portions of the
cut and to 213 to 223 m on the curves (Schuster
and Alfaro 1992). Approximately 27 x 10 m? of
material will be excavated, which could result in
increased slope failure hazards. To reduce the risk,
slopes are being geotechnically designed and
drainage systems installed to alleviate the rainfall-
induced pore pressures that cause the slopes to fail.
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near Deixi in northwestern Sichuan Province
caused landslides that killed 6,800 people directly
and drowned at least 2,500 more when the result-
ing landslide dam failed (Li et al. 1986).

In a similar tragedy in southern Italy, the 1786
Calabria earthquake triggered landslides that killed
approximately 50,000 people (Cotecchia et al.
1969). Landslides caused by the quake formed about
250 lakes in the area; secondary deaths occurred for
several years after the quake from malaria spread by
mosquitoes that bred in the new lakes.

In this century the problem of deaths and
injuries due to landslides has been exacerbated by
the burgeoning population in landslide-prone
areas. Varnes (1981) estimated that during the
period 1971-1974 nearly 600 people per year were
killed worldwide by slope failures. About 90 per-
cent of these deaths occurred within the Circum-
Pacific region (i.e., in or on the margins of the
Pacific Basin). Probably the best-known recent
catastrophic landslides of the Circum-Pacific re-
gion are the debris avalanches of 1962 and 1970
on the slopes of Mt. Huascaran in the Cordillera
Blanca of Peru. In January 1962 a large debris
avalanche that started on the north peak of Mt.
Huascaran obliterated mountain villages, killing
some 4,000 to 5,000 people (Cluff 1971). Eight
years later an even greater number were killed
when a magnitude (M) 7.75 earthquake off the
coast of Peru triggered another disastrous debris
avalanche on the slopes of Mt. Huascaran. This
landslide descended into the same valley at aver-
age speeds of about 320 km/hr but devastated a
much larger area than in 1962, burying the towns
of Yungay and Ranrahirca and killing more than
18,000 people (Cluff 1971; Plafker et al. 1971).

Another multiple-hazard catastrophe hit South
America in 1985 when volcanic mud flows trig-
gered by a minor eruption of Nevado del Ruiz vol-
cano in Colombia destroyed the city of Armero
(pre-eruption population: 29,000) (Voight 1990).
More than 20,000 were entombed and 5,000 more
were injured. The catastrophic loss of life was par-
tially due to failure in emergency response. The dis-
aster occurred in spite of the fact that Colombian
and international scientists, alerted by nearly a year
of precursory activity by the volcano, had warned
that Ruiz might erupt and had prepared a hazard
zoning map that accurately predicted the tragic
effect of the eruption weeks before it occurred.

Among industrialized nations, Japan has proba-
bly suffered the largest continuing loss of life and

property from landslides. Although some landslides
in Japan are caused by earthquakes, most are a
direct result of heavy rains during the typhoon sea-
son. When urban areas are in the path of rapid
landslides, extensive damage occurs. For example,
in July 1938, Kobe, one of Japan’s largest cities, was
swept by debris flows generated by torrential rain-
fall, resulting in 505 deaths and destruction of more
than 100,000 homes (Nakano et al. 1974; Fukuoka
1982; Ministry of Construction 1983). In 1983 a
heavy rainstorm in Nagasaki and northern Kyushu
caused 5,000 slides and debris flows that killed 333
people (National Research Center for Disaster
Prevention 1983). Table 2-1 summarizes socioeco-
nomic losses due to catastrophic landslides in Japan
from 1938 to 1981; note that Japan has been
affected almost annually by catastrophic slope fail-
ures resulting in large losses of life and property.

Eisbacher and Clague (1984) presented a fasci-
nating account of fatalities, injuries, and property
damage due to landslides in the European Alps for
the past 2,000 years in the form of 137 case histo-
ries derived from historical and technical records.
Details on 17 of the most catastrophic landslides
since the 13th century are presented in Table 2-2.

The most disastrous landslide in Europe
occurred in 1963 at Vaiont Reservoir in north-
eastern ltaly (Table 2-2, Figure 2-21). This 250-
million-m? reservoir-induced rock slide traveled at
high velocity into the reservoir, sending a wave
260 m up the opposite slope and at least 100 m
over the crest of the thin-arch Vaiont Dam into
the valley below, where it destroyed five villages
and took about 2,000 lives (Kiersch 1964). On the
basis of Italian reports, Hendron and Patton
(1985) estimated the following economic losses
from the slide:

1. Loss of the dam and reservoir: $100 million
($425 million),

2. Other property damage: tens of millions of dol-
lars (in 1990 dollars, approaching $100 mil-
lion), and

3. Civil suits for personal injury and loss of life:
$16 million ($68 million).

Thus, the 1990 equivalent economic loss would be
about $600 million without taking into account
the value of the lives lost.

The republics of the former Soviet Union have
also experienced large loss of life due to land-
slides; most of the deaths occurred in isolated
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Table 2-2

Major Landslide Disasters in European Alps Since 13th Century (Eisbacher and Clague 1984)

YEAR LoCATION TYPE OF SLOPE FAILURE NO. OF DEATHS
1219 Plaine d’Oisans (Romanche River valley), France Failure of landslide dam, resulting in “Thousands”
downstream flooding
1248 Mount Granier, France Rock avalanche 1,500-5,000
1348 Dobratsch Massif, Austria Earthquake-triggered rock falls and Heavy losses
. rock avalanches
1419 Ganderberg-Passeier Wildsee (Passer valley), Italy Failure of rock-slide dam, resulting in ~400
downstream flooding ‘
1486 Zarera (Val Lagune), Switzerland Rock avalanche 300
1499 Kienholz (Brienzer See), Switzerland Debris flow ~400
1515 Biasca (Val Blenio), Switzerland Failure of rock-avalanche dam, resulting ~600
A in downstream flooding
1569 Hofgastein (Gastein Valley), Austria Debris flow 147
1569 Schwaz (Inn Valley), Austria Debris flow 140
1584 Corbeyrier-Yvorne (Tour d’Ai), Switzerland Debris flow 328
1618 Piuro (Val Bregaglia), Italy Rock-debris avalanche ~1,200
1669 Salzburg, Austria Rock topple-rock fall 250
1806 Goldau (Rossberg Massif), Switzerland Rock avalanche 4517
1814 Antelao Massif (Boite Valley), Italy Rock avalanche 300
1881 Elm (Sernf Valley), Switzerland Rock avalanche 115
1892 St. Gervais (Atve Valley), France Ice-debris flow 177
1963 Vaiont Reservoir (Piave Valley), Italy Rock slide caused flooding along shore of ~1,900

reservoir and downstream

these are killed by relatively small events, most

‘commonly by rock falls. Although there have

been some very large and catastrophic landslides
in North America, most have occurred in moun-
tainous, relatively unpopulated areas; thus, these
failures commonly have not resulted in major
losses of life. However, there have been several
notable exceptions. In 1903 a great rock slide
killed about 70 people in the coal mining town of
Frank, Alberta, Canada (McConnell and Brock
1904). A more recent Canadian catastrophe was
the 1971 flow failure in sensitive clay that demol-
ished part of the town of Saint-Jean-Vianney,
Quebec, destroying 40 homes and killing 31 peo-
ple (Tavenas et al. 1971). By far the most dis-
astrous landslide (in terms of lives lost) to occur
within the territory of the United States occurred
on the island of Puerto Rico in October 1985
when heavy rainfall from Tropical Storm Isabel
caused a major rock slide (Figure 2-22) that oblit-
erated much of the Mameyes district of the city of
Ponce. The slide killed at least 129 people and de-
stroyed about 120 houses (Jibson 1992). The
death toll at Mameyes was the greatest from a sin-

" gle slide in North American history.

Interestingly, the world’s two largest landslides
in modern history have resulted in relatively few
casualties. The 1911 Usoy landslide in Soviet

Tadzhikistan (then Russia), with an estimated vol-
ume of 2.5 km?, was a truly catastrophic event.
However, in spite of the great volume and appar-
ently high velocity of this earthquake-triggered
landslide, casualties were low because the area was
sparsely populated. Most of the deaths occurred in
the village of Usoy, whose 54 inhabitants were
buried (Bolt et al. 1975, 178-179). This landslide
also formed the world’s highest historic landslide
dam, a 570-m-high blockage of the Murgob River
that still impounds 60-km-long Lake Sarez. The
natural dam is being considered as the site of a
hydroelectric power project. The 2.8-km’® rock
slide—debris avalanche (Figure 2-10) that accom-
panied the 1980 eruption of Mount St. Helens in
Washington State is the world’s largest historic
landslide. However, even though- this huge mass
moved down valley at high velocity, it killed only
5 to 10 people (Schuster 1983). The low casualty
rate was a direct result of the evacuation of resi-
dents and visitors in anticipation of a possible
eruption of the volcano.

The economic value of loss of life due to land-
slides has not commonly been included in calcu-
lating the costs of landslides because it is difficult
to place a specific value on a human life. However,
in cost-benefit studies, federal agencies in the
United States recently have assigned human-life
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1. INTRODUCTION

he range of landslide processes is reviewed in
this chapter, and a vocabulary is provided for
describing the features of landslides relevant
to their classification for avoidance, control, or re-
mediation. The classification of landslides in the
previous landslide report (Varnes 1978) has been
widely adopted, so departures from it have been
minimized and the emphasis is on the progress made
since 1978. Although this chapter is complete in
itself, particular attention is drawn to changes and
additions to the vocabulary used by Varnes in the
previous report and the reasons for the changes.
The term landslide denotes “the movement of
a mass of rock, debris or earth down a slope”
(Cruden 1991, 27). The phenomena described as
landslides are not limited either to the land or to
sliding; the word as it is now used in North
America has a much more extensive meaning than
its component parts suggest (Cruden 1991). The
coverage in this chapter will, however, be identi-
cal to that of the previous report (Varnes 1978).
Ground subsidence and collapse are excluded, and
snow avalanches and ice falls are not discussed.
This chapter also follows Vames’s expressed
intention of (1978, 12) “developing and attempting
to make more precise a useful vocabulary of terms
by which . . . [landslides] . . . may be described.” The
terms Varnes recommended in 1978 are largely
retained unchanged and a few useful new terms

have been added. Eliot (1963, 194) noted:

DaAviD M. CRUDEN AND
DAVID J. VARNES

... Words strain,

Crack and sometimes break, under the burden,
Under the tension, slip, slide, perish,

Decay with imprecision, will not stay in place,
Will not stay still. . . .

Such displaced terms are identified in this chapter.
Following Varnes (1978), the use of terms relating
to the geologic, geomorphic, geographic, or cli-
matic characteristics of a landslide has been dis-
couraged, and the section in the previous report in
which these terms are discussed has been deleted.

The viewpoint of the chapter is that of the
investigator responding to a report of a landslide
on a transportation route. What can be usefully
observed and how should these observations be
succinctly and unambiguously described?

The technical literature describing landslides
has grown considerably since 1978. An important
source of landslide information is the proceedings
of the International Symposium on Landslides.
The third symposium met in New Delhi, India
(Swaminathan 1980), and the symposium has since
met quadriennially in Toronto, Canada (Canadian
Geotechnical Society 1984); in Lausanne, Switzer-
land (Bonnard 1988); and in Christchurch, New
Zealand (Bell 1992); it is scheduled to meet in
Trondheim, Norway, in 1996.

Among the other important English language
texts and collections of descriptions of landslides
have been those by Zaruba and Mencl (1982),
Brunsden and Prior (1984), Crozier (1986), and
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Costa and Wieczorek (1987). Eisbacher and
Clague (1984) and Skermer’s translation of Heim's
Bergsturz und Menschenleben (1932) have made
descriptions of the classic landslides of the Euro-
pean Alps more accessible to North Americans.

Important reviews of landsliding around the
world were edited by Brabb and Harrod (1989) and
Kozlovskii (1988). Kyuntrsel (1988) reviewed
experience with classification in the USSR and
noted “considerable divergences of views between
various researchers concerning the mechanisms
underlying certain types of landslides. This applies
particularly to lateral spreads.”

A historical perspective has been added to the
discussion of spreading to show that this type of

landslide was recognized in North America over -

100 years ago and is represented here by some
extremely large movements. Both the size and the
gentle slopes of these movements command par-
ticular attention.

Crozier commented:

The two generalized classifications most likely
to be encountered in the English speaking
world are by ].N. Hutchinson (1968; Skempton
and Hutchinson, 1969) and D.J. Varnes (1958;
1978). . . . Both authors use type of movement
to establish the principal groups. . . . The major
distinction between the two classifications is
the difference accorded to the status of flow
movements . . . slope movements which are
initiated by shear failure on distinct, boundary
shear surfaces but which subsequently achieve
most of their translational movement by
flowage . . . this dilemma depends on whether
the principal interest rests with analyzing the
conditions of failure or with treating the results
of movement. Hutchinson’s classification
appears to be related more closely to this first
purpose. . . . Both Hutchinson’s and Varnes’
classifications have tended to converge over
recent years, particularly in terminology. . . .
Whereas Varnes’ scheme is perhaps easier
to apply and requires less expertise to use,
Hutchinson’s classification has particular
appeal to the engineer contemplating stability
analysis. (Crozier 1986, Ch. 2)

The synthesis of these two classifications has con-
tinued. Hutchinson (1988) included topples, and
this chapter has benefited from his comments. In
Section 4 of this chapter particularly, which deals

with landslide activity, many of Hutchinson’s sug-
gestions from the Working Party on the World
Landslide Inventory (WP/WLI) have been
adopted (WP/WLI 1993a,b).

Under Hutchinson’s chairmanship, the Interna-
tional Association of Engineering Geology (IAEG)
Commission on Landslides and Other Mass Move-
ments continued its work on terminology. The
declaration by the United Nations of the Inter-
national Decade for Natural Disaster Reduction
(1990-2000) prompted the IAEG Commission’s
Suggested Nomenclature for Landslides (1990) and
the creation of the WP/WLI by the International
Geotechnical Societies and the United Nations
Educational, Scientific, and Cultural Organization
(UNESCO). The Working Party, formed from the
IAEG Commission, the Technical Committee on
Landslides of the International Society for Soil
Mechanics and Foundation Engineering, and nom-
inees of the International Society for Rock Me-
chanics, published Directory of the World Landslide
Inventory (Brown et al. 1992) listing many workers
interested in the description of landslides world-
wide. The Working Party has also prepared the
Multilingual Landslide Glossary, which will encour-
age the use of standard terminology in describing
landslides (WP/WLI 1993b). The terminology
suggested in this chapter is consistent with the sug-
gested methods and the glossary of the UNESCO
Working Party (WP/WLI 1990, 1991, 1993a,b).

2. FORMING NAMES

The criteria used in the classification of landslides
presented here follow Varnes (1978) in emphasiz-
ing type of movement and type of material. Any
landslide can be classified and described by two
nouns: the first describes the material and the sec-
ond describes the type of movement, as shown in
Table 3-1 (e.g., rock fall, debris flow).

The names for the types of materials are un-
changed from Varnes’s classification (1978): rock,
debris, and earth. The definitions for these terms are
given in Section 7. Movements have again been
divided into five types: falls, topples, slides, spreads,
and flows, defined and described in Section 8. The
sixth type proposed by Varnes (1978, Figure 2.2),
complex landslides, has been dropped from the for-
mal classification, although the term complex has
been retained as a description of the style of activ-
ity of a landslide. Complexity can also be indicated



Extremely slow

NOTE: Subsequent movements may be described by repeating the above descriptors as

many times as necessary.
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Table 3-1
Abbreviated Classification of Slope Movements
TYPE OF MATERIAL
TyeE OF ENGINEERING SOILS
MOVEMENT BEDROCK PREDOMINANTLY COARSE PREDOMINANTLY FINE
Fall Rock fall Debris fall Earth fall
Topple Rock topple Debris topple Earth topple
Slide Rock slide Debris slide Earth slide
Spread Rock spread Debris spread Earth spread
Flow Rock flow Debris flow Earth flow
by combining the five types of landslide in the ways The name of a landslide can become more elab-
suggested below. The large classification chart  orate as more information about the movement
accompanying the previous report (Vames 1978,  becomes available. To build up the complete iden-
Figure 2.1) has been divided into separate figures tification of the movement, descriptors are added
distributed throughout this chapter. in front of the two-noun classification using a pre-
ferred sequence of terms. The suggested sequence
Table 3-2 . . provides a progressive narrowing of the focus of the
Glossary for Forming Names of Landslides descriptors, first by time and then by spatial loca-
ACTIVITY tion, beginning with a view of the whole landslide,
continuing with parts of the movement, and finally
STATE DISTRIBUTION STYLF defining the materials involved: The recommended
ACtiv‘? Ad"ancmg Compleyf sequence, as shown in Table 3-2, describes activity
'Reactlvated Re.tmg?esswe ComPOSlte (including state, distribution, and style) followed
Suspended Widening Multiple o ” )
Inactive Enlarging Successive by descriptions of all movements (including rate,
Dormant Confined Single water content, material, and type).
Abandoned Diminishing This sequence is followed throughout the chap-
Stabilized Moving ter and all terms given in Table 3-2 are highlighted
Relict in bold type and discussed. Second or subsequent
DESCRIPTION OF FIRST MOVEMENT movements in complex or composite landslides
can be described by repeating, as many times as
RATE WATER CONTENT  MATERIAL Tyee necessary, the descriptors used in Table 3-2.
Extremely rapid " Dry Rock Fall Descriptors that are the same as those for the first
Very rapid Moist Soil Topple movement may then be dropped from the name.
Rapid Wet Earth Slide For instance, the very large and rapid slope
Moderate Very wet Debris Spread movement that occurred near the town of Frank,
?/leowslow Flow Alberta, Canada, in 1903 (McConnell and Brock
Ex::,emelé low 1904) was a complex, extremely rapid, dry rock
y slo . )
fall-debris flow (Figure 3-1). From the full name of
DESCRIPTION OF SECOND MOVEMENT this landslide at Frank, one would know that both
RATE WATER CONTENT  MATERIAL Tyee the debris flow and the rock fall were extremely
rapid and dry because no other descriptors are used
Extremely rapid Dry. RO.Ck Fall for the debris flow.
K;; dmpld %AVZ:“ Sollilarth gﬁgzle As discussed in Section 4.3, the addition of the
Moderate Very wet Debris Spread descriptor complex to the name indicates the
Slow Flow sequence of movement in the landslide and dis-
Very slow tinguishes this landslide from a composite rock

fall-debris flow, in which rock fall and debris flow
movements were occurring, sometimes simultane-
ously, on different parts of the displaced mass. The
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displaced material. This sequence may make these
features easier to remember.

It may also be helpful to point out that in the
zone of depletion (14) the elevation of the ground
surface decreases as a result of landsliding, whereas
in the zone of accumulation (15) the elevation of
the ground surface increases. If topographic maps
or digital terrain models of the landslide exist for
both before and after movements, the zones of
depletion and accumulation can be found from the
differences between the maps or models. The vol-
ume decrease over the zone of ‘depletion is, of
course, the depletion, and the volume increase
over the zone of accumulation is the accumula-
tion. The accumulation can be expected to be
larger than the depletion because the ground gen-

19

FIGURE 3-4
Landslide features:
upper portion, plan
of typical landslide
in which dashed line
indicates trace of
rupture surface on
original ground
surface; lower
portion, section in
which hatching
indicates undisturbed
ground and stippling
shows extent of
displaced material.
Numbers refer to
features defined in
Table 3-3 (IAEG

erally dilates during landsliding.

Commission
on Landslides 1990).

Table 3-3

Definitions of Landslide Features

NUMBER NAME DEFINITION

1 Crown Practically.undisplaced material adjacent to highest parts of main scarp

2 Main scarp Steep surface on undisturbed ground at upper edge of landslide caused by movement of
displaced material (13, stippled area) away from undisturbed ground; it is visible part of
surface of rupture (10)

3 Top Highest point of contact between displaced material (13) and main scarp«(2)

4 Head Upper parts of landslide along contact between displaced material and main scarp (2)

5 Minor scarp Steep surface on displaced material of landslide produced by differential movements within

. displaced material :

6 Main body Part of displaced material of landslide that overlies surface of rupture between main scarp
(2) and toe of surface of rupture (1)

7 Foot Portion of landslide that has moved beyond toe of surface of rupture (11) and overlies
original ground surface (20) ,

8 ' Tip Point on toe (9) farthest from top (3) of landslide

9 Toe Lower, usually curved margin of displaced material of a landslide, most distant from main

_scarp (2)

10 Surface of rupture Surface that forms (or that has formed) lower boundary of displaced material (13) below
original ground surface (20); mechanical idealization of surface of rupture is called slip
surface in Chapter 13

11 Toe of surface of Intersection (usually buried) between lower part of surface of rupture (10) of a landslide

rupture and original ground surface (20)

12 Surface of separation Part of original ground surface (20) now overlain by foot (7) of landslide

13 Displaced material Material displaced from its original position on slope by movement in landslide; forms both
depleted mass (17) and accumulation (18); it is stippled in Figure 3-4

14 Zone of depletion Area of landslide within which displaced material (13) lies below original ground
surface (20)

15 Zone of accumulation Area of landslide within which displaced material lies above original ground surface (20)

16 Depletion Volume bounded by main scarp (2), depleted mass (17), and original ground surface (20)

17 Depleted mass Volume of displaced material that overlies surface of rupture (10) but underlies original
ground surface (20)

18 Accumulation Volume of displaced material (13) that lies above original ground surface (20)

19 Flank Undisplaced material adjacent to sides of surface of rupture; compass directions are

20 Original ground surface

preferable in describing flanks, but if left and right are used, they refer to flanks as viewed
from crown
Surface of slope that existed before landslide took place
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FIGURE 3-5

Landslide dimensions:

upper portion, plan
of typical landslide
in which dashed line
is trace of rupture
surface on original
ground surface;
lower portion,
section in which
hatching indicates
undisturbed ground,
_ stippling shows
extent of displaced
material, and broken
line is original ground
surface. Numbers
refer to dimensions
defined in Table 3-4
"~ (IAEG Commission
on Landslides 1990).

Table 3-4

3.2 Landslide Dimensions

The IAEG Commission on Landslides (1990)
utilized the nomenclature described in Section
3.1 (including Figure 3-4 and Table 3-3) to pro-
vide definitions of some dimensions of a typical
landslide. The IAEG Commission diagram is
reproduced here as Figure 3-5. Once again, each
dimension is identified on the diagram by a num-
ber, and these numbers are linked to tables giving
definitions in several languages. Table 3-4 gives the
definitions in English.

The quantities L,, W,, D, and L ,W , D, are
introduced because, with an assumption about the
shape of the landslide, their products lead to esti-
mates of the volume of the landslide that are use-

Definitions of Landslide Dimensions

ful in remedial work. For instance, for many rota-
tional landslides, the surface of rupture can be
approximated by half an ellipsoid with semiaxes
D, W /2, L [2. As shown in Figure 3-6(a), the
volume of an ellipsoid is (Beyer 1987, 162)

VOL

~eps

=%m.b.c

where a, b, and c are semimajor axes. Thus, the
volume of a “spoon shape” corresponding to one-
half an ellipsoid is

na-b-c=i1r.a-b-c

VOL = 6

ls

Nl»—t
|

But as shown in Figure 3-6(b), for a landslide
a=D,,b=W /2,and c=L /2. Therefore, the volume
of ground displaced by a landslide is approximately

VOL,=2ma-b-c=2aD W /2-L /2

l:p.w.
_6nDr \Vr Lr

This is the volume of material before the landslide
moves. Movement usually increases the volume of
the material being displaced because the displaced
material dilates. After the landslide, the volume of
displaced material can be estimated by /snD, W, L,
(WP/WLI 1990, Equation 1).

A term borrowed from the construction indus-
try, the swell factor, may be used to describe the
increase in volume after displacement as a percen-
tage of the volume before displacement. Church
(1981, Appendix 1) suggested that a swell factor of
67 percent “is an average figure obtained from
existing data for solid rock” that has been mechan-

NUMBER

NAME

DEFINITION

N ha W -

6 Depth of surface of rupture, D,

7 Total length, L
8 Length of center line, L |

Width of displaced mass, W,
Width of surface of rupture, W,
Length of displaced mass, L,
Length of surface of rupture, L,
-Depth of displaced mass, D,

Maximum breadth of displaced mass perpendicular to length, L,
Maximum width between flanks of landslide perpendicular to length, L,
Minimum distance from tip to top

Minimum distance from toe of surface of rupture to crown

Maximum depth of displaced mass measured perpendicular to

plane containing W,and L,

Maximum depth of surface of rupture below original ground surface

measured perpendicular to plane containing W, and L,

Minimum distance from tip of landslide to crown
Distance from crown to tip of landslide through points on original

ground surface equidistant from lateral margins of surface of rupture
and displaced material
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ically excavated. His estimates may approximate
the upper bound for the swell due to landsliding.
Nicoletti and Sorriso-Valvo (1991) chose an aver-
age dilation of 33 percent, so 4DW L = 3DW,L.
More precise information is as yet unavailable.

The ground-surface dimensions of the displaced
material, L, ,W, , and of the surface of rupture, W,
and the total length, L, of the landslide can be
measured with an electronic distance-measuring
instrument; a rangefinder may be sufficiently pre-
cise for a one-person reconnaissance. Measure-
ment of the distance L may present problems
because the toe of the surface of rupture is often
not exposed. Its position can sometimes be esti-
mated from graphical extrapolations of the main
scarp supported by measurements of displacements
within the displaced mass (Cruden 1986). Al-
though D, and D, can also be estimated by these
techniques, site investigations provide more pre-
cise methods of locating surfaces of rupture under
displaced material (Hutchinson 1983).

The total length of the landslide, dimension L
(5, Figure 3-5), is identical with length L, “the
maximum length of the slide upslope,” shown in
Figure 3-3 (Varnes 1978); both are the straight-
line distances from crown to tip. Readers are cau-
tioned that several writers define the length of a
landslide in terms of its horizontal extent and fre-
quently use the letter L to define this horizontal
distance in tabulations of observations and in cal-
culations. This use of L is a source of potential con-
fusion and inaccuracy, and readers should make
certain that they can identify the dimension being
specified by L in every case.

It should also be emphasized that it is unlikely
that the displaced material at the tip has traveled

from the crown despite the frequency of this as-
sumption, originally due to Heim (1932). Material
displaced from close to the landslide crown usually
comes to rest close to the head of the landslide:
Nicoletti and Sorriso-Valvo (1991) proposed that
an estimate of the “overall runout” of a landslide be
determined by measuring the length of a line con-
structed along the original ground surface equidis-
tant from the lateral margins of the displaced
material. However, such measurements may not
have immediate physical significance and are also
more difficult and imprecise than measurements of
L. The length of the landslide measured through
these central points is called the length of center line,
L,. Note that L will increase with the number of
points surveyed on the center line, and the ratio
L /L will increase with the curvature of the center
line in plan and section.

The difference in elevation between the crown
and the tip of the landslide may be used to deter-
mine H, the height of the landslide. Combining
estimates of H and L allows computation of the
travel angle a,, as shown by Figure 3-7. If the tip is
visible from the crown, the travel angle can be mea-

Landslide

FIGURE 3-6
Estimation of
landslide volume
assuming a
half-ellipsoid
shape.

FIGURE 3-7
Definition of
travel angle (o)
of a landslide.



Landslides: Investigation and Mitigation

FIGURE 3-8
Mobility of
sturzstroms, chalk
debris flows, and
landslides in mine
wastes related to
travel angle (o)
~and debris volume
(modified from
Hutchinson 1988,

sured directly with a hand clinometer. The H-value
may be conveniently estimated with an altimeter
when tip and crown are accessible but not visible
from each other. Hutchinson (1988) compiled data
from several different types of debris flows to illus-
trate how debris-flow mobility appears to be related
to the travel angle—and to the volume and lithol-
ogy of the displaced material (Figure 3-8).

The measurements discussed above are ade-
quate during reconnaissance for defining the basic
dimensions of single-stage landslides whose dis-
placement vectors parallel a common plane. Such
landslides can be conveniently recorded on a land-
slide report such as that shown in Figure 3-9.
Estimates of landslide volume determined by these
methods are imprecise when topography diverts
the displacing material from rectilinear paths.
More elaborate surveys and analyses are then nec-
essary (Nicoletti and Sorriso-Valvo 1991).

4. LANDSLIDE ACTIVITY

The broad aspects of landslide activity should be
investigated and described during initial recon-
naissance of landslide movements and before more
detailed examination of displaced materials is

and state of activity defined by Varnes (1978) and
some of his terms defining sequence or repetition
of movement have been regrouped under three
headings:

1. State of Activity, which describes what is
known about the timing of movements;

2. Distribution of Activity, which describes
broadly where the landslide is moving; and

3. Style of Activity, which indicates the manner
in which different movements contribute to the

landslide.

The terms used to define these three characteristics
of landslide activity are given in the top section of
Table 3-2 and are highlighted in bold type the first
time they are used in the following sections.

The reader is cautioned that the following dis-
cussions relate to the terminology proposed by the
UNESCO Working Party (WP/WLI 1990, 1991,
1993a,b) and given in Table 3-2. Other reports and
authors may use classifications that apply different
meanings to apparently identical terms. For exam-
ple, in Chapter 9 of this report, a Unified Landslide
Classification System is introduced that is based on
landslide classification concepts presented by

Figure 12). undertaken. The terms relating to landslide age ~ McCalpin (1984) and Wieczorek (1984). This sys-
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LANDSLIDE REPORT

Inventory Number:

Date of Report:
day month year,
Date of Landslide Occurrence:
day month year
Landslide Locality:
Reporter’s Name:
Affiliation:
Address:
Phone:
Degrees Minutes Seconds

Position: Latitude

Longitude

Elevation: crown m as.l.

Surface of rupture | toe m as.l.

tip m as.l.

Geometry: Surface of rupture  Displaced Mass

Length | L= L&= L=

Width W, = W, =

Depth D, = D, =
Volume: V= nL,D,W /6 orV= Swell factor =

V= m’x 10° n=
Damage: Value

Injuries Deaths

FIGURE 3-9
Proposed standard
landslide report
form.
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FIGURE 3-10
Sections through
topples in different
states of activity:

(1) active—erosion at
toe of slope causes
block to topple;

(2) suspended—
local cracking in
crown of topple;

(3) reactivated—
another block
topples;

(4) dormant—
displaced mass
begins to regain its
tree cover and
scarps are modified
by weathering;

(5) stabilized—fluvial
deposition stabilizes
toe of slope, which
begins to regain its
tree cover; and

(6) relict—uniform
tree cover over slope.

tem is compared with a stability classification pro-
posed by Crozier (1984). For further information
on such alternative systems, the reader should refer
to Tables 9-1, 9-2, and 9-6 and the associated text
in Chapter 9.

4.1 State of Activity

Figure 3-10 illustrates the several states of activity
by using an idealized toppling failure as an exam-
ple. Active landslides are those that are currently
moving; they include first-time movements and
reactivations. A landslide that is again active after
being inactive may be called reactivated. Slides
that are reactivated generally move on preexisting
shear surfaces whose strength parameters approach
residual (Skempton 1970} or ultimate (Krahn and
Morgenstern 1979) values. They can be distin-
guished from first-time slides on whose surfaces of
rupture initial resistance to shear will generally
approximate peak values (Skempton and Hutch-
inson 1969). Landslides that have moved within
the last annual cycle of seasons but that are not

moving at present were described by Vames
(1978) as suspended.

Inactive landslides are those that last moved
more than one annual cycle of seasons ago. This
state can be subdivided. If the causes of movement
remain apparent, the landslide is dormant. How-
ever, if the river that has been eroding the toe of
the moving slope changes course, the landslide is
abandoned (Hutchinson 1973; Hutchinson and
Gostelow 1976). If the toe of the slope has been
protected against erosion by bank armoring or if
other artificial remedial measures have stopped
the movement, the landslide can be described as
stabilized.

Landslides often remain visible in the landscape
for thousands of years after they have moved and
then stabilized. Such landslides were called ancient
or fossil by Zaruba and Mencl (1982, 52), perhaps
because they represent the skeletons of once-
active movements. When these landslides have
been covered by other deposits, they are referred
to as buried landslides. Landslides that have clearly
developed under different geomorphic or climatic
conditions, perhaps thousands of years ago, can
be called relict. Road construction in southern
England reactivated relict debris flows that had
occurred under periglacial conditions (Skempton
and Weeks 1976).
 Within regions, standard criteria might be
developed to assist in distinguishing suspended

landslides from dormant and relict landslides.

These criteria would describe the recolonization
by vegetation of surfaces exposed by slope move-
ments and the dissection of the new topography by
drainage. The rate of these changes depends on
both the local climate and the local vegetation, so
these criteria must be used with extreme caution.
Nevertheless, it is generally true that when the
main scarp of a landslide supports new vegeta-
tion, the landslide is usually dormant, and when
drainage extends across a landslide without obvi-
ous discontinuities, the landslide is commonly
relict. However, these generalizations must be con-
firmed by detailed study of typical slope move-
ments under local conditions; Chapter 9 provides
a systematic approach for such determinations.
Figure 9-7 shows some idealized stages in the evo-
lution of topographic features on suspended, dor-
mant, and relict landslides.

The various states of activity are also defined by
an idealized graph of displacement versus time
(Figure 3-11). For an actual landslide, such a graph
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can be created by plotting differences in the posi-
tion of a target on the displacing material with
time. Such graphs are particularly well suited to
portraying the behavior of slow-moving landslides
because they presuppose that the target is not dis-
placed significantly over the time period during
which measurement takes place. The velocity of
the target can be estimated by the average rate of
displacement of the target over the time period
between measurements.

There is some redundancy in using the descrip-
tions of activity state with those for rate of move-
ment (see Section 5). Clearly, if the landslide has
a measurable rate of movement, it is either active
or reactivated. The state of activity might then be
used to refer to conditions before the current
movements of the landslide. If, for instance, reme-
dial measures had been undertaken on a landslide
that is now moving with moderate velocity, the
landslide might be described as a previously stabi-
lized, moving, moderate-velocity landslide. Landslides
with no discernible history of previous movement
would be described as active.

4.2 Distribution of Activity

Vamnes (1978) defined a number of terms that can
be used to describe the activity distribution in a
landslide. Figure 3-12 shows idealized sections
through landslides exhibiting various distributions
of activity.

If the surface of rupture is extending in the direc-
tion of movement, the landslide is advancing,
whereas if the surface of rupture is extending in the
direction opposite the movement of the displaced
material, the landslide is said to be retrogressive. If
the surface of rupture is extending at one or both
lateral margins, the landslide is widening. Move-
ment may be limited to the displacing material or

the surface of rupture may be enlarging, continually
adding to the volume of displacing material. If the
surface of rupture of the landslide is enlarging in
two or more directions, Varnes (1978, 23) sug-
gested the term progressive for the landslide, noting
that this term had also been used for both advanc-
ing and retrogressive landslides. The term is also
currently used to describe the process by which the
surface of rupture extends in some landslides (pro-
gressive failure). The possibility of confusion seems
sufficient now to abandon the term progressive in
favor of describing the landslide as enlarging.
Hutchinson (1988, 9) has drawn attention to con-
fined movements that have a scarp but no visible
surface of rupture in the foot of the displaced mass.
He suggested that displacements in the head of the
displaced mass are taken up by compression and
slight bulging in the foot of the mass.

To complete the possibilities, terms are needed
for landslides in which the volume of material being
displaced grows less with time and for those land-
slides in which no trend is obvious. The term dimin-
ishing for an active landslide in which the volume
of material being displaced is decreasing with time
seems free of undesired implications. A landslide in
which displaced materials continue to move but
whose surface of rupture shows no visible changes
can be simply described as moving. Several types of

FIGURE 3-11

(far left)
Displacement of
landslide in different
states of activity.

FIGURE 3-12 (left)
Sections through
landslides showing
different distributions
of activity:

(1) advancing,

(2) retrogressing,
(3) enlarging,

(4) diminishing, and
(5) confined.

In 14, Section 2
shows slope after
movement on
rupture surface
indicated by shear
arrow. Stippling
indicates displaced
material.
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FIGURE 3-13
Sections through
landslides showing
different styles of
activity. (1) Complex:
gneiss (A) and
migmatites (/) are
forming topples
caused by valley
incision; alluvial
materials fill valley
bottom; after
weathering further
weakens toppled
material, some of
displaced mass
moves by sliding
(modified from
Giraud et al. 1990).
(2) Composite:
limestones have
slid on underlying
shales, causing
toppling failures
below toe of slide
rupture surface
(modified from
Harrison and
Falcon 1934).

(3) Successive:
later landslide (AB)
is same type as
landslide CD but
does not share
displaced material
or rupture surface.
(4) Single.

landslide may exhibit diminishing behavior. Move-
ment may stop in parts of both rotational slides and
topples after substantial displacements because the
movements themselves reduce the gravitational
forces on the displaced masses. Similarly, move-
ments of rock masses may rapidly dilate cracks in
the masses, cause decreases in fluid pore pressures
within these cracks, and hence decrease rates of
movement. However, it may be premature to con-
clude that the displacing material is stabilizing
because the volume being displaced is decreasing
with time. Hutchinson (1973) pointed out that the
activity of rotational slides caused by erosion at the
toe of slopes in cohesive soils is often cyclic.

4.3 Style of Activity

The style of landslide activity, or the way in which
different movements contribute to the landslide,
can be defined by terms originally established by
Varnes (1978, 23). Figure 3-13 shows idealized sec-

tions through landslides exhibiting various styles
of activity. Varnes defined complex landslides as
those with at least two types of movement. How-
ever, it is now suggested that the term complex be
limited to cases in which the various movements
occur in sequence. For instance, the topple
described by Giraud et al. (1990) and shown as
Figure 3-13(1), in which some of the displaced
mass subsequently slid, is termed a complex rock
topple~rock slide. Not all the toppled mass slid, but
no significant part of the displaced mass slid with-

_ out first toppling. Some of the displaced mass may

be still toppling while other parts are sliding.

The term composite, formerly a synonym for
complex, is now proposed to describe landslides in
which different types of movement occur in differ-
ent areas of the displaced mass, sometimes simulta-
neously. However, the different areas of the
displaced mass show different sequences of move-
ment. For example, the structures shown in Figure
3-13(2), first described by Harrison and Falcon
(1934, 1936), were called slide toe topples by
Goodman and Bray (1976), but according to the
classification proposed in this chapter, they are com-
posite rock slide~rock topples. The term composite was
introduced by Prior et al. (1968, 65, 76) to describe
mudflows in which “slipping and sliding.. . . occur in
intimate association with flowing” and “the mater-
ial ... behaves as a liquid and flows rapidly between
confining marginal shears.” In the proposed naming
convention, such movements are composite earth
slides-earth flows and the convention of treating the
topographically higher of the two movements as the
first movement and the lower of the two movements
as the second movement was adopted.

A multiple landslide shows repeated movements
of the same type, often following enlargement of
the surface of rupture. The newly displaced masses
are in contact with previously displaced masses
and often share a surface of rupture with them. In
a retrogressive, multiple rotational slide, such as that
shown in Figure 3-14, two or more blocks have
each moved on curved surfaces of rupture tangen-
tial to common, generally deep surfaces of rupture
(Eisbacher and Clague 1984).

A successive movement is identical in type
to an earlier movement but in contrast to a multi-
ple movement does not share displaced material
or a surface of rupture with it [Figure 3-13(3)].
According to Skempton and Hutchinson (1969,
297), “successive rotational slips consist of an
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Comoposite
head scarps

(b)

Inoctive head scarp

Basal rupture
and shear surfaces

assembly of individual shallow rotational slips.”
Hutchinson (1967, 116) commented that “irregu-
lar successive slips which form a mosaic rather
than a stepped pattern in plan are also found.”

Single landslides consist of a single movement
of displaced material, often as an unbroken block
[Figure 3-13(4)]. For instance, Hutchinson (1988)
described single topples in which a single block
moved and contrasted these with multiple topples
(Figure 3-15). Single landslides differ from the
other styles of movement, which require disrup-
tion of the displaced mass or independent move-
ments of portions of the mass.

5. RATE OF MOVEMENT

The previous rate-of-movement scale provided by
Varnes (1978, Figure 2.1u) is shown here as Figure
3-16. This scale is unchanged from Varnes’s origi-
nal scale (1958) except for the addition of the
equivalent SI units, which range from meters per
second to millimeters per year. Varnes (1958) did
not discuss the divisions of the scale, then given in
units ranging from feet per second to feet per 5
years; the scale probably represented a codification
of informal practice in the United States at the
time. Nem ok et al. (1972) suggested a fourfold
division of a similar range of velocities.

Figure 3-17 presents a modified scale of land-
slide velocity classes. The divisions of the scale
have been adjusted to increase in multiples of 100

by a slight increase in its upper limit and a decrease -

in its lower limit. These two limits now span 10
orders of magnitude. Interpretation of the scale
was aided by Morgenstern’s (1985) analogy to the
Mercalli scale of earthquake intensity. He pointed
out that the effects of a landslide can be sorted into
six classes corresponding approximately to the
six fastest movement ranges of Varnes’s scale.

FIGURE 3-14 (above)
(a) Map view and
(b) cross section of
typical retrogressive,
multiple rotational
slide (Eisbacher

and Clague 1984,
Figure 10).

(a) Single Topple

weak substratum

(b) Muitiple Topples

FIGURE 3-15

Comparison of (a) single topple (Hutchinson 1988) with (b) multiple
topples [modified from Varnes 1978, Figure 2.1d1 (de Freitas and
Watters 1973)].
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FIGURE 3-16 Velocity Description Typical An added seventh class brings these effect classes
Varnes landslide (ft/sec) Velocity into correspondence with the divisions of the
n\}oveme‘lngt;scale N N velocity scale.
(vVarnes ' Extremely The Mercalli scale is based on descriptions of
Figure 2.1u). 102 — .
Rapid local effects of an earthquake; degrees of damage
101 10ft/sec = 3 m/sec can be evaluated by investigating a house or a sec-
0 tion of a street. Yet the intensity value can be cor-
10Y . .
Very Rapid related with the total energy release of the event
1071 L because both local damage and the area affected are
. 1ft/min = 0.3 m/min related to the magnitude of the earthquake. The sit-
107€—r uation is different for landslides. Small, rapid debris
10-3 1 Rapid avalanches are known to have caused total destruc-
4 tion and loss of lives. In contrast, a large slope
10770 — Sft/day = 1.5 m/day movement of moderate velocity can have much less
10-5—1 Moderate serious effects because it can be avoided or the
5ft/mo = 1.5 m/mo structures affected can be evacuated or rebuilt. It is
1076 Siow suggested that a measure of landslide risk should
——— Sft/yr = 1.5 m/yr include both the area affected and the velocity; the
10 Very Slow product of these two parameters is approximately
-8 | . .
1078 _| VUSyr = 60 mm/ye proportional to the power relea§e of the landsll.de.
-9 Varnes (1984) drew attention to the United
10°9 . Extremely . . . o .
Slow Nations Disaster Relief Organization terminology
in which the specific risk, R, or the expected degree
i v of loss due to landsliding or any other natural phe-
nomenon, can be estimated as the product of the
hazard (H) and the vulnerability (V). The hazard is
Velocity Description Velocity Typical tbe probal?lllty of occurrence of t.h.e phenomenon
Class (mm/sec) Velocity within a given area; the vulnerability is the degree
of loss in the given area of elements at risk: popula-
7 4 Extremely 4 tion, properties, and economic activities. The yul—
Rapid nerability ranges from O to 1. In this terminology
5x103 5 m/sec the vulnerability of the landslide might well
o : increase with velocity because it can be expected
6 Very Rapid . .
that extremely rapid landslides would cause greater
5x107 3 m/min loss of life and property than slow landslides.
’ A parameter that is difficult to quantify is the
5 Rapi internal distortion of the displaced mass. Struc-
5x10-1 1.8 m/hr tures on a moving mass genera_lly are damagefl
in proportion to the internal distortion of their
4 Moderate foundations. For example, the Lugnez slope in
. . . 2 .
5x10-3 13 m/month $w1tzerlapd (Huder 1976) is a 25-km? area mov
ing steadily downward at a 15-degree angle at a
3 Slow velocity as high as 0.37 m/year. The movements
y g
-5 have been observed by surveying since 1887. Yet
5x10 1.6 m/year . L .
in the six villages on the slope with 300-year-old
2 Very Slow stone houses and churches with bell towers, none
- of these structures have suffered damage when dis-
5x10 16 mm/year placed because the block is moving without
FIGURE 3-17 1 Extremely distortion. Damage will also depend on the type
Proposed landslide ‘ Slow v of landslide, and each type may require separate

velocity scale.

consideration.
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Landslide velocity is a parameter whose destruc-
tive significance requires independent definition.
Table 3-5 defines the probable destructive signifi-
cance of the seven velocity classes on the new
landslide velocity scale (Figure 3-17). Several case
histories in which the effects of landslides on
humans and their activities have been well
described and for which the landslide velocities are
also known are given in Table 3-6, which suggests
a correlation between vulnerability and landslide
velocity. An important limit appears to lie
between very rapid and extremely rapid move-
ment, which approximates the speed of a person
running (5 m/sec). Another important boundary
is between the slow and very slow classes (1.6
m/year), below which some structures on the land-
slide are undamaged. Terzaghi (1950, 84) identi-
fied as creep those slope movements that were
“proceeding at an imperceptible rate. . . . Typical
creep is a continuous movement which proceeds
at an average rate of less than a foot per decade.

Table 3-5

Definition of Probable Destructive Significance of Landslides of Different

Velocity Classes

LANDSLIDE
VELOCITY
CLaAss PROBABLE DESTRUCTIVE SIGNIFICANCE
7 Catastrophe of major violence; buildings destroyed by
impact of displaced material; ‘many deaths; escape unlikely
6 Some lives lost; velocity too great to permit all persons to
escape
5 Escape evacuation possible; structures, possessions, and
equipment destroyed
4 Some temporary and insensitive structures can be
temporarily maintained
3 Remedial construction can be undertaken during
movement; insensitive structures can be maintained with
frequent maintenance work if total movement is not large
during a particular acceleration phase
2 Some permanent structures undamaged by movement
1 Imperceptible without mstruments, construction possible

with precautions

Table 3-6 .
Examples of Landslide Velocity and Damage
LANDSLIDE LANDSLIDE ESTIMATED
VELOCITY NAME OR LANDSLIDE
CLass LOCATION REFERENCE VELOCITY DAMAGE
7 Elm Heim (1932) 70 m/sec 115 deaths
7 Goldau Heim (1932) 70 m/sec 457 deaths
7 -Jupille Bishop (1973) 31 m/sec 11 deaths, houses destroyed
7 Frank McConnell and Brock (1904) 28 mfsec 70 deaths
7 Vaiont Mueller (1964) 25 m/sec 1,900 deaths by indirect damage
7 Tkuta Engineering News Record (1971) 18 m/sec 15 deaths, equipment destroyed
7 St. Jean Vianney Tavenas et al. (1971) 7 m/sec 14 deaths, structures destroyed
6 Aberfan Bishop (1973) 4.5 m/sec 144 deaths, some buildings
) damaged
5 Panama Canal Cross (1924) 1 m/min Equipment trapped, people
escaped
4 Handlova Zaruba and Mencl (1969) 6 m/day 150 houses destroyed, complete
evacuation
3 Schuders Huder (1976) . 10 m/year Road maintained with difficulty
3 Wind Mountain Palmer (1977) 10 m/year Road and railway require frequent
maintenance, buildings adjusted
periodically
2 Lugnez Huder (1976) 0.37 m/year Six villages on slope undisturbed
2 Little Smoky Thomson and Hayley (1975) 0.25 m/year Bridge protected by slip joint
2 Klosters Haefeli (1965) 0.02 m/year Tunnel maintained, bridge
protected by slip joint
2 Ft. Peck Spillway Wilson (1970) 0.02 m/year Movements unacceptable,

slope flattened
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FIGURE 3-18

Mudslide fabric and
associated variability

in water content
(modified from
Hutchinson 1988,
Figure 9).

Higher rates of creep movement are uncommon.”
Terzaghi'’s rate is about 10 mm/sec. The limit of
perceptible movements on the scale given in
Figure 3-17 and Table 3-5 is conservatively lower
than Terzaghi’s. Still lower rates of movement can
be detected with appropriate instrumentation
{Kostak and Cruden 1990).

Varnes (1978, 17) pointed out that “creep has
come to mean different things to different persons,
and it seems best to avoid the term or to use it in
a well-defined manner. As used here, creep is con-
sidered to have a meaning similar to that used in
the mechanics of materials; that is, creep is simply
deformation that continues under constant stress.”
The term creep should be replaced by the appro-
priate descriptors from Figure 3-17, either very
slow or extremely slow, to describe the rate of
movement of landslides.

Estimates of landslide velocities can be made by
repeated surveys of the positions of displaced
objects (Thomson and Hayley 1975; Huder 1976),
by reconstruction of the trajectories of portions of
the displaced mass (Heim 1932; McConnell and
Brock 1904; Ter-Stepanian 1980), by eyewitness
observations (Tavenas et al. 1971), by instrumen-
tation (Wilson 1970; Wilson and Mikkelsen 1978),
and by other means. The Colorado Department of
Transportation experimented with the use of time-
lapse photography to document the movement of a
relatively slow-moving but very large landslide.
The estimates reported were usually the peak veloc-
ities of substantial portions of the displaced masses;
these estimates are suitable for damage assessments.
Rates of movement will differ within the displaced
mass of the landslide with position, time, and the
period over which the velocity is estimated. Such

> . N
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differences argue against very precise reports of
landslide velocity in reconnaissance surveys.

~

6. WATER CONTENT

Varnes (1978) suggested the following modifica-
tions to terms first proposed by Radbruch-Hall
(1978) to describe the water content of landslide
materials by simple observations of the displaced
material:

1. Dry: no moisture visible;

2. Moist: contains some water but no free water;
the material may behave as a plastic solid but
does not flow;

3. Wet: contains enough water to behave in part
as a liquid, has water flowing from it, or supports
significant bodies of standing water; and

4. Very wet: contains enough water to flow as a
liquid under low gradients.

These terms may also provide guidance in esti-
mating the water content of the displaced materi-
als while they were moving. However, soil or rock
masses may drain quickly during and after dis-
placement, so this guidance may be qualitative
rather than quantitative. Individual rock or soil
masses may have water contents that differ con-
siderably from the average water content of the
displacing material. For example, Hutchinson
(1988) noted that debris slides (which Hutchinson
termed mudslides) generally were composed of
materials that exhibited a fabric or texture con-
sisting of lumps of various sizes in a softened clay
matrix. Samples taken from different portions of
this fabric had considerably different water con-
tents, with lumps having much lower water con-
tents than that of the matrix (Figure 3-18).

7. MATERIAL

According to Shroder (1971) and Varnes (1978),
the material contained in a landslide may be
described as either rock, a hard or firm mass that
was intact and in its natural place before the initi-
ation of movement, or soil, an aggregate of solid
particles, generally of minerals and rocks, that
either was transported or was formed by the weath-
ering of rock in place. Gases or liquids filling the
pores of the soil form part of the soil.

Soil is divided into earth and debris (see Table
3-1). Earth describes material in which 80 percent
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or more of the particles are smaller than 2 mm, the
upper limit of sand-size particles recognized by
most geologists (Bates and Jackson 1987). Debris
contains a significant proportion of coarse mater-
ial; 20 to 80 percent of the particles are larger than
2 mm, and the remainder are less than 2 mm. This
division of soils is crude, but it allows the material
to be named by a swift and even remote visual
inspection.

The terms used should describe the displaced
material in the landslide before it was displaced.
The term rock fall, for instance, implies that the
displacing mass was a rock mass at the initiation of
the landslide. The displaced mass may be debris
after the landslide. If the landslide is complex and
the type of movement changes as it progresses, the
material should be described at the beginning of
each successive movement. For instance, a rock

fall that was followed by the flow of the displaced
material can be described as a rock fall-debris flow.

8. TYPE OF MOVEMENT

The kinematics of a landslide—how movement is
distributed through the displaced mass—is one of
the principal criteria for classifying landslides.
However, of equally great importance is its use as a
major criterion for defining the appropriate response
to a landslide. For instance, occasional falls from a
rock cut adjacent to a highway may be contained by
a rock fence or similar barrier; in contrast, toppling
from the face of the excavation may indicate ad-
versely oriented discontinuities in the rock mass
that require anchoring or bolting for stabilization.

In this section the five kinematically distinct
types of landslide movement are described in the
sequence fall, topple, slide, spread, and flow
(Figure 3-19). Each type of landslide has a number
of common modes that are frequently encountered
in practice and that are described briefly, often
with examples of some complex landslides whose
first or initial movements were of that particular
type. These descriptions show how landslides of
that type may evolve.

8.1 Fall

A fall starts with the detachment of soil or rock
from a steep slope along a surface on which little
or no shear displacement takes place. The mater-
ial then descends mainly through the air by falling,
bouncing, or rolling. Movement is very rapid to

We

(a)

20m
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extremely rapid. Except when the displaced mass
has been undercut, falling will be preceded by
small sliding or toppling movements that separate
the displacing material from the undisturbed mass.
Undercutting typically occurs in cohesive soils or
rocks at the toe of a cliff undergoing wave attack
or in eroding riverbanks.

8.1.1 Modes of Falling

Observations show that the forward motion of
masses of soil or rock is often sufficient for free fall
if the slopes below the masses exceed 76 degrees

FIGURE 3-19

Types of landslides:
(a) fall, (b) topple,

(o) slide, (d) spread,
(e) flow. Broken
lines indicate original
ground surfaces,
arrows show portions
of trajectories of
individual particles
of displaced mass
[modified from
Varnes 1978, Figure
2.1 (Zaruba and
Mencl 1969)].
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(0.25:1). The falling mass usually strikes a slope
inclined at less than this angle (Ritchie 1963),
which causes houncing. Rebound from the impact
will depend on material properties, particularly
restitution coefficients, and the angle between the
slope and the trajectory of the falling mass (Hungr
and Evans 1988). The falling mass may also break
up on impact.

On long slopes with angles at or below 45
degrees (1:1), particles will have movement paths
dominated by rolling. There is a gradual transition
to rolling from bouncing as bounces shorten and
incidence angles decrease. Local steepening of the
slope may again project rolling particles into the
air, restarting the sequence of free fall, bouncing,
and rolling (Hungr and Evans 1988).

8.1.2 Complex Falls

Sturzstroms are extremely rapid flows of dry debris
created by large falls and slides (Hsu 1975). These
flows may reach velocities over 50 m/sec. Sturzs-
troms have also been called rock-fall avalanches
(Varnes 1958) and rock avalanches (Evans et al.
1989; Nicoletti and Sorriso-Valvo 1991). Two
examples of historic sturzstroms in Switzerland,
the Rossberg landslide of 1806 and the Elm land-
slide of 1881, are discussed in Chapter 1. Hsu
(1975) suggested that 5 million m?is the lower
limit of the volume of significant sturzstroms, but
Hutchinson (1988) demonstrated that falls in
high-porosity, weak European chalk rocks with
volumes two orders of magnitude smaller have the
same exceptional mobility because of collapse of
the pores on impact and consequent high pore-
water . pressures. Some of Hutchinson’s data are
reproduced in Figure 3-19.

The motion of sturzstroms probably depends on
turbulent grain flow with dispersive stresses arising
from momentum transfer between colliding grains.
Such a mechanism does not require the presence
of a liquid or gaseous pore fluid and can therefore
explain lunar and Martian sturzstroms. Van Gassen
and Cruden (1989) showed that the motion of the
complex, extremely rapid, dry rock fall-debris flow
that occurred near the town of Frank, Alberta,
Canada, in 1903 (see Figure 3-1) could be explained
reasonably well by momentum exchange between
the moving particles and measured coefficients of
friction.

8.2 Topple

A topple [Figure 3-19(b)] is the forward rotation
out of the slope of a mass of soil or rock about a
point or axis below the center of gravity of the dis-
placed mass. Toppling is sometimes driven by grav-
ity exerted by material upslope of the displaced
mass and sometimes by water or ice in cracks in the
mass. Topples may lead to falls or slides of the dis-
placed mass, depending on the geometry of the
moving mass, the geometry of the surface of sepa-
ration, and the orientation and extent of the kine-
matically active discontinuities. Topples range
from extremely slow to extremely rapid, sometimes
accelerating throughout the movement.

8.2.1 Modes of Topp/ing

Flexural toppling was described by Goodman and
Bray as

occurring in rocks with one preferred disconti-
nuity system, oriented to present a rock slope
with semi-continuous cantilever beams. . . .
Continuous columns break in flexure as they
bend forward. . .. Sliding, undermining or ero-
sion of the toe (of the displaced mass) lets the
failure begin and it retrogresses backwards with
deep, wide tension cracks. The lower portion
of the slope is covered with disoriented and dis-
ordered blocks. . . . The outward movement of
each cantilever produces interlayer sliding
(flexural slip) and . . . back-facing scarps (obse-
quent scarps). . . . It is hard to say where the
base of the disturbance lies for the change is
gradual. . . . Flexural toppling occurs most
notably in slates, phyllites and schists. (Good-
man and Bray 1976, 203)

A flexural topple in the proposed classification is a

retrogressive, complex rock topple—rock fall. Typical

examples are shown in Figures 3-20(a) and 15-16.
In contrast, block toppling occurs

where the individual columns are divided by
widely-spaced joints. The toe of the slope with
short columns, receives load from overturning,
longer columns above. This thrusts the toe
columns forward, permitting further toppling.
The base of the disturbed mass is better defined
than in the case of flexural toppling; it consists
of a stairway generally rising from one layer to






56

Landslides: Investigation and Mitigation

FIGURE 3-21
Debris topple
(Varnes.1978,
Figure 2.1e).

tions are discussed in detail in Chapter 15 and are
illustrated in Figure 15-17. A slide head topple
occurs as blocks from the crown of the slide topple
onto the head of the displaced mass. According to
the naming convention, such a landslide is a com-
posite rock slide—retrogressive rock topple.

Rotational sliding of earth or debris above a
steeply dipping sedimentary rock mass can cause
slide base toppling as the sliding induces shear forces
in the top of the rock mass (Goodman and Bray
1976). The resulting landslide is, according to
the proposed naming convention, a composite earth
slide—advancing rock topple.

Toppling below the toe of the surface of rupture
of a rock slide may be caused by load transmitted
from the slide. Such a failure is called a slide toe top-
ple (Goodman and Bray 1976). According to the
proposed naming convention, it is a composite
rock slide—rock topple.

The formation of extension cracks in the crown
of a landslide may create blocks capable of top-
pling, or a tension crack topple (Goodman and Bray
1976). According to the proposed naming con-
vention, this is a retrogressive multiple topple, per-
haps forming part of a composite fall or slide. Such
failures may also occur in cohesive soils being
undercut along streambanks (Figure 3-21).

8.3 Slide

A slide is a downslope movement of a soil or rock
mass occurring dominantly on surfaces of rupture
or on relatively thin zones of intense shear strain.
Movement does not initially occur simultaneously
over the whole of what eventually becomes the
surface of rupture; the volume of displacing mate-
rial enlarges from an area of local failure. Often the
first signs of ground movement are cracks in the
original ground surface along which the main scarp
of the slide will form. The displaced mass may slide

Clayey gravel —

Clean sand —

beyond the toe of the surface of rupture covering
the original ground surface of the slope, which
then becomes a surface of separation.

8.3.1 Modes of Sliding

Varnes (1978) emphasized the distinction between
rotational and translational slides as significant for
stability analyses and control methods. That dis-
tinction is retained in this discussion. Figure 3-22
shows two rotational slides and three translational
slides. Translational slides frequently grade into
flows or spreads.

Rotational slides (Figure 3-23) move along asur-
face of rupture that is curved and concave. If the
surface of rupture is circular or cycloidal in profile,
kinematics dictates that the displaced mass may
move along the surface with little internal defor-

mation. The head of the displaced material may

move almost vertically downward, whereas the
upper surface of the displaced material tilts back-
ward toward the scarp. If the slide extends for a
considerable distance along the slope perpendicu-
lar to the direction of motion, the surface of rup-
ture may be roughly cylindrical. The axis of the
cylindrical surface is parallel to the axis about
which the slide rotates. Rotational slides in soils
generally exhibit a ratio of depth of the surface of
rupture to length of the surface of rupture, D, /L,
(see Table 3-4 and Figure 3-5 for definitions
of these dimensions), between 0.15 and 0.33
(Skempton and Hutchinson 1969).

Because rotational slides occur most frequently
in homogeneous materials, their incidence in fills

- has been higher than that of other types of move-

ment. Natural materials are seldom uniform, how-
ever, and slope movements in these materials
commonly follow inhomogeneities and disconti-
nuities (Figure 3-24). Cuts may cause movements

. that cannot be analyzed by methods used for rota-

tional slides, and other more appropriate methods
have been developed. Engineers have concen-
trated their studies on rotational slides.

The scarp below the crown of a rotational slide
may be almost vertical and unsupported. Further
movements may cause retrogression of the slide
into the crown. Occasionally, the lateral margins
of the surface of rupture may be sufficiently high
and steep to cause the flanks to move down and
into the depletion zone of the slide. Water finding
its way into the head of a rotational slide may con-
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long profile, mudslides are generally bilinear
with a steeper . . . slope down which debris is
fed (by falls, shallow slides and mudslides) to a
more gently-inclined slope. . . . Mudslides are
especially well-developed on slopes containing
stiff, fissured clays, doubtless because of the ease
with which such materials break down to pro-
vide a good debris supply. (Hutchinson 1988,
12-13)

Evidently these movements begin in either
weak rock or earth and retrogress by falls and slides
while advancing by sliding. Hutchinson and Bhan-
dari (1971) suggested that the displaced material,
fed from above onto the mudslide, acted as an un-
drained load. Clearly mudslides are composite or
perhaps complex both in style of activity and in the
breakdown of displaced material into earth or
debris. The displaced material is generally moist,
though locally it may be wet. A mudslide is there-
fore often a retrogressive, composite rock slide—

advancing, slow, moist earth slide. Other mudslide -

modes may include single earth slides (Brunsden
1984). The current use of mudslide for several dif-
ferent landslide modes suggests that more precise
terminology should be used where possible.

The term flowslide has been used to describe sud-
den collapses of material that then move consid-
erable distances very rapidly to extremely rapidly.
As Hutchinson (1988) and Eckersley (1990)
pointed out, at least three phenomena can cause
this behavior: (a) impact collapse, (b) dynamic
liquefaction, and (c) static liquefaction. Impact-
collapse flowslides occur when highly porous,
often-saturated weak rocks fall from cliffs, resulting
in destruction of the cohesion of the material and
the generation of excess fluid pressures within the
flowing displaced mass. Clearly these are complex
falls in which the second mode of movement is a
debris flow; if the displaced material is dry debris,
the movement may be a sturzstrom, previously
defined in Section 8.1.2. This mode of movement
can be recognized by both the materials involved
and the topography of the flow.

If the structure of the material is destroyed by
shocks such as earthquakes, saturated material may
liquefy and then flow, sometimes carrying masses of
overlying drier material with it. Such a movement
is a flow or liquefaction spread, which is further
defined in Section 8.4.1. Such movements are
characteristic of loess, a lightly cemented aeolian

silt. Landslides occurring in loosely dumped an-
thropogenic materials, both stockpiles and waste
dumps, have also been termed flowslides. These
loose, cohesionless materials contract on shearing
and so may generate high pore-water pressures after
some sliding (Eckersley 1990). Similar landslides
may also occur in rapidly deposited natural silts and
fine sands (Hutchinson 1988, 14). Since these
movements involve both sliding and then flowage,
they may be better described as complex slide flows.

Because these separate and distinguishable phe-
nomena are comparatively distinct types of land-
slides that may be more accurately described by
standard descriptors, the use of the term flowslide
for all these types of movements is redundant, con-
fusing, and potentially ambiguous.

" In contrast, one form of compound sliding fail-
ure appears to warrant a special term. Sags (or sack-
ungen) are deformations of the crests and steep
slopes of mountain ridges that form scarps and
grabens and result in some ridges with double
crests and small summit lakes. Material can be dis-
placed tens of meters at individual scarps. The
state of activity, however, is generally dormant and
may be relict. The term sag may be useful to indi-
cate uncertainty about the type of movement vis-
ible on a mountain ridge.

Movement is often confined, and small bulges
in local slopes are the only evidence of the toes of
the displaced material. Detailed subsurface inves-
tigations of these features are rare, and classifica-
tion should await this more detailed exploration.
As Hutchinson (1988, 8) demonstrated, the geom-
etry of the scarps (which often face uphill) may be
used to suggest types of movement, which may
include slides, spreads, and topples. The modes of
sagging depend on the lithology of the displaced
material and the orientation and strength of the
discontinuities in the displacing rock mass. Varnes

et al. (1989, 1) distinguished

1. “Massive, strong (although jointed) rocks lying
on weak rocks,”

2. “Ridges composed generally of metamorphosed
rocks with pronounced foliation, schistosity or
cleavage,” and

3. “Ridges composed of hard, but fractured, crys-
talline igneous rocks.”

Sags of the first type are usually spreads
(Radbruch-Hall 1978; Radbruch-Hall et al. 1976),



Landslide Types and Processes

61

which are discussed in Section 8.4. Sags in foliated
metamorphic rocks are often topples, and thus are
discussed in Section 8.2, although bedrock flow
may also occur (see Section 8.5). Sags in crys-
talline igneous rocks (Varnes et al. 1989, 22) were
modeled by a plasticity solution for “gravity-
induced deformation of a slope yielding under the
Coulomb criterion.” Sags may thus be slides,
spreads, or flows, depending on the extent and
distribution of plastic flow within the deforming
rock mass.

Sags are often associated with glacial features.
The absence of Pleistocene snow and ice covers,
and the resulting loss of the permafrost and high
pore-water pressures these induced, may account
for the present inactivity of many sags. Varnes et
al. (1990) described an active sag in the mountains
of Colorado. Earthquakes, however, can also pro-
duce uphill-facing scarps along reactivated normal
faults. The surface features of sags require careful
investigation before any conclusions can be drawn
about the cause and timing of slope movement.
Such investigations may be sufficient to allow the
identification of sags as other types of landslides.

In many landslides, the displaced material, ini-
tially broken by slide movements, subsequently
begins to flow (Figure 3-28). This behavior is espe-
cially common when fine-grained or weak materi-
als are involved. These landslides have been
termed slump-earth flows. Slump has been used as a
synonym for a rotational slide, but it is also used to
describe any movement in a fill. It is therefore rec-
ommended that this mode of movement be termed
a complex earth slide—earth flow and that the use of
the term slump be discontinued.

In permafrost regions, distinctive retrogressive,
complex earth slide—earth flows, known as thaw-
slumps (Hutchinson 1988, 21) and bimodal flows
(McRoberts and Morgenstern 1974), develop on
steep earth slopes when icy permafrost thaws and
forms flows of very wet mud from a steep main
scarp. These special landslide conditions are dis-
cussed in more detail in Chapter 25.

8.4 Spread

The term spread was introduced to geotechnical
engineering by Terzaghi and Peck (1948) to
describe sudden movements on water-bearing
seams of sand or silt overlain by homogeneous
clays or loaded by fills:
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scale stumping along slip
surfeces
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unit D from area £.
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Zone of earth flow:
movement chiefiy by
flowage.

4
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Toe of slide area; original
torm altered by raitroad
reconstruction work,

It is characteristic . . . that a gentle clay slope
which may have been stable for decades or cen-
turies, moves out suddenly along a broad front.
At the same time the terrain in front . . . heaves
for a considerable distance from the toe. On
investigation, it has invariably been found that
the spreading occurred at a considerable dis-
tance beneath the toe along the boundary
between the clay and an underlying water-
bearing stratum or seam of sand or silt. (Ter-

zaghi and Peck 1948, 366)

Recognition of the phenomenon is considerably
older. One of the three types of landslides distin-
guished by Dana (1877, 74) occurs “when a layer
of clay or wet sand becomes wet and softened by
percolating water and then is pressed out laterally
by the weight of the superincumbent layers.” An
early use of spread to describe this phenomenon is
by Barlow:

In a landslip [British term for some types of
landslide], the spreading of some underlying bed
which has become plastic through the percola-
tion of water or for some other cause drags apart
the more solid, intractable beds above and pro-

FIGURE 3-28

Plan of Ames slide
near Telluride,
Colorado. This
enlarging complex
earth slide—earth
flow occurred in tili
overlying Mancos
shale. Crown of
slide retrogressed by
multiple rotational
slides after main
body of displaced
material moved.
Surface of rupture
also widened on
left lateral margin
[Varnes 1978, Figure
2.10 (modified from
Varnes 1949)].
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FIGURE 3-29

Rock and earth
spreads: (a), (b) rock
spreads that have
experienced lateral
extension without
well-defined basal
shear surface or
zone of plastic flow
[Varnes 1978, Figure
2.1m2 (Zaruba and
. Mencl 1969); Figure
2.1m3 (Ostaficzuk
1973)]; () earth
spread resulting
from liquefaction

or plastic flow of
subjacent material
(Varnes 1978,
Figure 2.10).

duces fissures and fractures transverse to the
direction of movement. (Barlow 1888, 786)

‘Spread is defined here as an extension of a cohe-
sive soil or rock mass combined with a general sub-
sidence of the fractured mass of cohesive material
into softer underlying material. The surface of rup-
ture is not a surface of intense shear. Spreads may
result from liquefaction or flow (and extrusion) of
the softer material. Varnes (1978) distinguished
spreads typical of rock, which extended without
forming an identifiable surface of rupture from
movements in cohesive soils overlying liquefied
materials or materials flowing plastically (Figure
3-29). The cohesive materials may also subside,
translate, rotate, disintegrate, or liquefy and flow.
Clearly these movements are complex, but they are
sufficiently common in certain materials and geo-
logical situations that the concept of a spread is
worth recognizing as a separate type of movement.

8.4.1 Modes of Spreading

In block spreads, a thick layet of rock overlies softer
materials; the strong upper layer may fracture and
separate into strips. The soft underlying material is
squeezed into the cracks between the strips, which

may also fill with broken, displaced material
[Figure 3-29(a)]. Typical rates of movement are
extremely slow.

Such movements may extend many kilometers
back from the edges of plateaus and escarpments.
The Needles District of Canyonlands National
Park, Utah, is an example of a block spread (McGill
and Stromquist 1979; Baars 1989). Grabens up to
600 m wide and 100 m deep stretch 20 km along
the east side of Cataract Canyon on the Colorado
River (Figure 3-30). The grabens extend up to 11
km back from the river. A 450-m-thick sequence
of Paleozoic sedimentary rocks has been spread
down a regional slope with a 4-degree dip by the
flow of an underlying evaporite that is exposed in
valley anticlines in the Colorado River and its trib-
utaries ( Potter and McGill 1978; Baars 1989). This
approximately 60 km? of displaced material con-
stitutes one of North America’s largest landslides.

Liguefaction spreads form in sensitive clays and
silts that have lost strength with disturbances that

~damaged their structure [Figures 3-29(c) and
3-31]. These types of landslides are discussed fur-
ther in Chapter 24. Movement is translational and
often retrogressive, starting at a stream bank or a
shoreline and extending away from it. However, if
the underlying flowing layer is thick, blocks may

(@)

(b)
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FIGURE 3-32
Cambering and
valley bulging at
Empingham,
England:

(a) detailed cross
section with 4x
vertical exaggeration
(modified from
Horswill and Horton
1976); and

(b) generalized
cross section drawn
without vertical
exaggeration
(modified from
Hutchinson 1991).

¢ Extension and valleyward toppling of the cap-
ping rocks in the camber, resulting in opening of
near-vertical joints to form wide-open fissures,
termed gulls, in valleyward dips of the camber
blocks and in the development of dip-and-fault
structures between camber blocks as a conse-
quence of their toppling.

The rotation of the dip of the rock blocks pro-
duces the slightly arched or convex form popularly
called a camber. Rotation is made possible by the
extension of “the cap-rock towards the valley pro-
ducing widened joints (called gulls) often infilled
by till” (Hutchinson 1988, 19). The cap rock has
spread. The underlying clay exhibits

a brecciated structure, probably frost-induced,
in its upper parts, marked thinning as the
valley is approached and intense generally-
monoclinal folding in . . . the present valley
bottom. . . . The dramatic internal structures
appear to be the result principally of valley-
ward squeezing and extrusion made possible
by the weakening of the clay stratum by mul-
tiple freezing and thawing. . . . These cambers
and valley bulges are believed to be relict
periglacial features. (Hutchinson 1988, 19)

Cambering and valley bulging affected slopes at
Empingham, England, that were excavated during
the construction of a dam (Horswill and Horton:
1976). Figure 3-32(a) reproduces a portion of Fig-
ure 5 of Horswill and Horton (1976), which shows
the details of the structures with a fourfold vertical

exaggeration. Figure 3-32(b) is based on a diagram
by Hutchinson (1991) that shows the same general
section without vertical exaggeration and empha-
sizes that the displaced materials are found on
slopes of less than 5 degrees. According to the pro-
posed naming convention, a camber may be de-
scribed as a relict, complex rock spread—rock topple.

Ward (1948) described as a landslide another:
complex spread in Britain in which stiff-fissured
clays overlaid fine sands but qualified his descrip-
tion as follows:

So much movement of various types had
occurred that it was difficult to trace the move-
ment of the strata from the upper cliff until it
arrived in the form of mud on the beach some
180 feet below. . .. The underlying fine sand is
in a saturated, quick condition under the
blocks when they become detached and they

probably flounder forwards and tilt backwards.
(Ward 1948, 36)

This description suggests that the clay was being
spread by the flow of the sand and thus the move-
ment was a type of complex earth spread—debris flow.

8.5 Flow

A flow is a spatially continuous movement in
which surfaces of shear are short-lived, closely
spaced, and usually not preserved. The distribution
of velocities in the displacing mass resembles that
in a viscous liquid. The lower boundary of the dis-
placed mass may be a surface along which appre-
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can be identified with the customary tools of site
reconnaissance and investigation. Changes in site
morphology over time are apparent from the study
of surveys, maps, and aerial photographs. Identi-
fication of causes of movement requires the col-
lection of data over time from a variety of field
instruments, including seismographs, rain gauges,
flow gauges, and piezometers. Some changes in
material and mass properties with time may, how-
ever, be inferred from gradual changes in the mass
properties with distance. Anthropogenic causes
can be documented by site records, plans, or other
observations.

9.1 Increased Shear Stresses

Shear stresses can be increased by processes that
lead to removal of lateral support, by the imposi-
tion of surcharges, by transitory stresses resulting
from explosions or earthquakes, and by uplift or
tilting of the land surface.

9.1.1 Removal of Support

The toe of a slope can be removed by erosion, steep-
ening the slope. Typical agents are streams and

‘

FIGURE 3-41

(top)
May 31, 1970,

Huascaran debris
avalanche (Peru)
originated at Point A.
Yungay had been
protected from
January 10, 1862,
debris avalanche by
ridge up to 240 m
high (Point B), but
portion of later
avalanche over-
topped protective
ridge. Cemetery Hill
(Point C) was only
safe place in Yungay,
some 93 people
escaping to it before
avalanche devastated
surrounding area.
Moving at an
average speed of
320 km/hr, debris
arrived at Point D on
Rio Santa 14.5 km
down 15-degree
average slope within
3 to 4 min after
starting from north
peak of Huascaran
(Point A). Debris
flowed 2.5 km up
Rio Santa (Point E)
and continued 160
km downstream to
Pacific Ocean,
devastating villages
and crops on its
floodplain [Varnes
1978, Figure 2.27
(modified from
Cluff 1971)].

FIGURE 3-42
Examples of rock
flows [Varnes 1978,
Figure 2.1p1
(Nemcok et al. 1972;
Zischinsky 1966)}.



Landslides: Investigation and Mitigation

Checklist of Landslide Causes
1. Geological causes
a. Weak materials
b. Sensitive materials
¢. Weathered materials
d. Sheared materials
e. Jointed or fissured materials
f. Adversely oriented mass discontinuity
{bedding, schistosity, etc.) .
g. Adversely oriented structural discontinuity
{fault, unconformity, contact, etc.)
h. Contrast in permeability
i. Contrast in stiffness (stiff, dense material
" over plastic materials)
2. Morphological causes
a. Tectonic or volcanic uplift
b. Glacial rebound
¢. Fluvial erosion of slope toe
d. Wave erosion of slope toe
e. Glacial erosion of slope toe
f. Erosion of lateral margins
g. Subterranean erosion (solution, piping)
h. Deposition loading stope or its crest
i. Vegetation removal (by forest fire,
drought)
3. Physical causes
a. Intense. rainfall
b. Rapid snow melt
¢. Prolonged exceptional precipitation
d. Rapid drawdown (of floods and tides)
e. Earthquake
f. Volcanic eruption
g. Thawing
h. Freeze-and-thaw weathering
i. Shrink-and-swell weathering
4. Human causes
a. Excavation of slope or its toe
b. Loading of slope or its crest
¢. Drawdown (of reservoirs)
d. Deforestation
e. lrrigation
f. Mining
g. Artificial vibration :
h. Water leakage from utilities

rivers, glaciers, waves and currents, and slope move-
ments. Anthropogenic landslides can be caused by
excavations for cuts, quarries, pits, and canals, and
by the drawdown of lakes and reservoirs.

Removal of material from the lateral margins of
the displaced mass can also cause movement.
Material can be removed from below the landslide
by solution in karst terrain, by piping (the trans-
port of sediment in groundwater flows), or by min-
ing. In some spreads, the loss of strength of the

material at depth within the displacing mass
results in its extrusion or, if the base of the spread
has liquefied, in its outward flow. These issues as
they relate to landslides in sensitive clay deposits
are discussed in Chapter 24.

9.1.2 Imposition of Surcharges

The addition of material can result in increases of
both the length and the height of the slope. Water
can be added by precipitation, both rain and snow;
by the flow of surface and groundwater into the
displacing mass; and even by the growth of gla-
ciers. Surcharges can be added by the movement
of landslides onto the slope, by volcanic activity,
and by the growth of vegetation. Anthropogenic
surcharges include construction of fills, stockpiles,
and waste dumps; structural weight; and water
from leaking canals, irrigation systems, reservoirs,
sewers, and septic tanks.

9.1.3 Transitory Stresses

The local stress field within a slope can be greatly
changed by transitory stresses from earthquakes
and explosions (both anthropogenic and vol-
canic). Smaller transitory changes in the stress
field can result from storms and from human
activity such as pile driving and the passage of
heavy vehicles.

9.1.4 Uplift or Tilting

Uplift or tilting may be caused by tectonic forces
or by volcanic processes. In either case, this type
of increased shear stress may be associated with
earthquakes, which themselves can trigger land-
slides (Section 9.1.3). The melting of the exten-
sive Pleistocene ice sheets has caused widespread
uplift in temperate and circumpolar regions.

Uplift of an area of the earth’s surface generally
causes steepening of slopes in the area as drainage
responds by increased incision. The cutting of val-
leys in the uplifted area may cause valley rebound
and accompanying fracturing and loosening of val-
ley walls with inward shear along flat-lying dis-
continuities. The fractures and shears may allow
the buildup of pore-water pressures in the loosened
mass and eventually lead to landsliding.

9.2 Low Strength

Low strength of the earth or rock materials that
make up a landslide may reflect inherent material
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characteristics or may result from the presence of
discontinuities within the soil or rock mass.

9.2.1 Material Characteristics

Materials may be naturally weak or may become
weak as a result of common natural processes such
as saturation with water. Organic materials and
clays have low natural strengths. Rocks that have
decomposed to clays by chemical weathering
(weathered volcanic tuffs, schists, and serpen-
tinites, for example) develop similar properties.

Besides the nature of the individual particles of
which the material is composed, the arrangement
of these particles (the fabric of the material) may
cause low material strengths. Sensitive materials,
which lose strength when disturbed, generally
have loose fabrics or textures.

9.2.2 Mass Characteristics

The soil or rock mass may be weakened by discon-
tinuities such as faults, bedding surfaces, foliations,
cleavages, joints, fissures, shears, and sheared zones
(Chapters 12 and 14). Contrasts in bedded sedi-

mentary sequences—such as stiff, thick beds over-

lying weak, plastic, thin beds or permeable sands

(or sandstones) alternating with weak, imperme-
able clays (or shales)—are sources of weakness.

9.3 Reduced Shear Strength

Clays are particularly prone to weathering pro-
cesses and other physicochemical reactions. Hy-
dration of clay minerals results in loss of cohesion,
a process often associated with softening of fissured
clays. Fissuring of clays may be due to drying or to
release of vertical and lateral restraints by erosion
or excavation. The exchange of ions within clay
minerals with those in the pore water of the clays
may lead to substantial changes in the physical
properties of some clays. Electrical potentials set
up by these chemical reactions or by other pro-
cesses may attract water to the weathering front.
The effects of extremes of temperature caused
by severe weather are not confined to clays. Rocks
may disintegrate under cycles of freezing and
thawing or thermal expansion and contraction.
Dry weather may cause desiccation cracking of
weak or weathered rock along preexisting discon-
tinuities, such as bedding planes. Wet weather
may dissolve natural rock cements that hold par-
ticles together. Saturation with water reduces

effective intergranular pressure and friction and
destroys capillary tension.

10. SUMMARY

In the initial reconnaissance of a landslide, the
activity and the materials displaced in that type of
landslide would be described using terms from
Table 3-2, the dimensions defined in Table 3-4
would be estimated, and some preliminary hypoth-
eses would be chosen about the causes of the

‘movements. A simple landslide report form is pro-

vided in Figure 3-9; its format would allow the cre-
ation of simple data bases suited to much of the
data-base management software now available for
personal computers. The information collected
could be compared with summaries of other land-
slides (WP/WLI 1991) and used to guide addi-
tional investigations and mitigative measures.
Further investigation would increase the precision
of estimates of the dimensions and increase confi-
dence in the descriptions of activity and material
and in the hypotheses about the causes of move-
ment. The new information would then be added
to the data base to influence the analysis of new
landslides. These data bases could form the foun-
dations of expert systems for landslide mitigation.
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1. INTRODUCTION

L andslides can have several causes, including
geological, morphological, physical, and hu-
man (Alexander 1992; Cruden and Varnes, Chap.
3 in this report, p. 70), but only one trigger (Varmes
1978, 26). By definition a trigger is an external
stimulus such as intense rainfall, earthquake shak-
ing, volcanic eruption, storm waves, or rapid stream
erosion that causes a near-immediate response in
the form of a landslide by rapidly increasing the
stresses or by reducing the strength of slope mate-
rials. In some cases landslides may occur without an
apparent attributable trigger because of a variety or
combination of causes, such as chemical or physi-
cal weathering of materials, that gradually bring the
slope to failure. The requisite short time frame of
cause and effect is the critical element in the iden-
tification of a landslide trigger.

The most common natural landslide triggers are
described in this chapter, including intense rainfall,
rapid snowmelt, water-level change, volcanic erup-
tion, and earthquake shaking, and examples are pro-
vided in which observations or measurements have
documented the relationship between triggers and
landslides. Some geologic conditions that lead to
susceptibility to landsliding caused by these triggers
are identified. Human activities that trigger land-
slides, such as excavation for road cuts and irriga-
tion, are not discussed in this chapter. To the extent
possible, examples have been selected that illustrate
landslide damage to transportation systems.

2. INTENSE RAINFALL

Storms that produce intense rainfall for periods as
short as several hours or have a more moderate in-
tensity lasting several days have triggered abun-
dant landslides in many regions, for example,
California (Figures 4-1, 4-2, and 4-3). Well-
documented studies that have revealed a close
relationship between rainfall intensity and acti-
vation of landslides include those from California
(Campbell 1975; Ellen et al. 1988), North
Carolina (Gryta and Bartholomew 1983; Neary
and Swift 1987), Virginia (Kochel 1987; Gryta
and Bartholomew 1989; Jacobson et al. 1989),
Puerto Rico (Jibson 1989; Simon et al. 1990;
Larsen and Torres Sanchez 1992), and Hawaii
(Wilson et al. 1992; Ellen et al. 1993).

These studies show that shallow landslides in
soils and weathered rock often are generated on
steep slopes during the more intense parts of a
storm, and thresholds of combined intensity and
duration may be necessary to trigger them. In the
Santa Monica Mountains of southern California,
Campbell (1975) found that rainfall exceeding a
threshold of 6.35 mm/hr triggered shallow landslides
that led to damaging debris flows (Figure 4-4).

During 1982 intense rainfall lasting for about 32
hr in the San Francisco Bay region of California
triggered more than 18,000 predominantly shallow
landslides involving soil and weathered rock,
which blocked many primary and secondary roads
(Ellen et al. 1988). Those landslides whose times
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FIGURE 4-4
Cumulative rainfall
at selected recording
gauges in Santa
Monica and San
Gabriel Mountains,
southern California.
Known times

of debris flows
indicated by heavy
dots. Steepness of
cumulative rainfall
line indicates
intensity of rainfall
(modified from
Campbell 1975).

FIGURE 4-5

Rainfall thresholds
that triggered
abundant landslides
in San Francisco Bay
region, California.
Thresholds for high
and low mean annual
precipitation (MAP)
areas are indicated as
curves representing
combination of
rainfall intensity and
duration (modified
from Cannon and
Ellen 1985).
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could be well documented were closely associated
with periods of most intense precipitation;

‘this documentation permitted identification of

landslide-triggering rainfall thresholds based on
both rainfall intensity and duration (Figure 4-5)
(Cannon and Ellen 1985). Such thresholds are
regional, depending on local geologic, geomorphic,
and climatologic conditions. :
The rapid infiltration of rainfall, causing soil
saturation and a temporary rise in pore-water pres-

sures, is generally believed to be the mechanism by
which most shallow landslides are generated dur-
ing storms. With the advent of improved instru-
mentation and electronic monitoring devices,
transient elevated pore pressures have been mea-
sured in hillside soils and shallow bedrock during
rainstorms associated with abundant shallow land-
sliding (Figures 4-6 and 4-7) (Sidle 1984; Wilson
and Dietrich 1987; Reid et al. 1988; Wilson 1989;
Johnson and Sitar 1990; Simon et al. 1990).
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Loose or weak soils are especially prone to land-
slides triggered by intense rainfall. Wildfire may
produce a water-repellent (hydrophobic) soil layer
below and parallel to the burned surface that, to-
gether with loss of vegetative cover, promotes rav-
eling of loose coarse soil grains and fragments at
the surface. Increased overland flow and rill for-
mation then lead to small debris flows (Wells
1987). On the lower parts of hill slopes and in
stream channels, major storms generate high sedi-
ment content in streams (hyperconcentrated
flows) or large debris flows (Scott 1971; Wells et
al. 1987; Weirich 1989; Florsheim et al. 1991).

Shortly after midnight on January 1, 1934, an
intense downpour after more than 12 hr of rainfall
resulted in debris flows from several recently
burned canyons into the La Cafiada Valley of
southern California and caused significant prop-
erty damage and loss of life (Troxell and Peterson
1937). Following an August 1972 wildfire north
of Big Sur in central coastal California, storms
with intensities of 19 to 22 mm/hr triggered two
episodes of debris flows. During the second, more
devastating storm on November 15, 1972, large
debris flows reached Big Sur about 15 min after in-
tense (22-mm/hr) rain (Johnson 1984). Debris
flows blocked California State Highway 1 with
mud, boulders, and vegetative debris; the flows
partly buried, heavily damaged, or leveled struc-
tures and caused one fatality (Jackson 1977).

In arid regions, intense storms can trigger debris
flows in thin loose soils on hillsides or in alluvium
in stream channels (Woolley 1946; Jahns 1949;
Johnson 1984). On September 14, 1974, an in-
tense thunderstorm passed over Eldorado Canyon,
Nevada, and although the duration of the rainfall
was short (generally less than an hour), the inten-
sities were very high—from 76 to 152 mm/hr for
30 min. The intense rain eroded shallow soils,
leaving rills on some of the sparsely vegetated hill-
sides, and the high runoff scoured unconsolidated
alluvium from the larger stream channels. The
initial debris-flow surge, heavily laden with sedi-
ment and with the consistency of fresh concrete,
emerged from the canyon with a high steep front,
damaging a marina and killing at least nine people
(Glancy and Harmsen 1975).

On June 18, 1982, a very intense thunderstorm
occurred over a recently burned steep drainage of
the South Fork American River in California be-
tween the towns of Kyburz and Strawberry. In
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FIGURE 4-6

August 1981 a wildfire had removed all vegetation,
exposed bare soil, and converted 15 percent of the
burned area to a hydrophobic condition; by June
1982 reseeded grasses were establishing themselves
because of the wet winter of 1981-1982. In a
recording gauge 1.2 km away, rainfall of 46 mm in
6 min, 76 mm in 18 min, and 101 mm in 27 min
was measured during the height of the storm. This
intense rain triggered a debris flow by sheet and rill
erosion from shallow soils and from erosion of al-
luvium within tributary gullies as well as the main
gully. The resulting debris flow and flood closed
California State Highway 50 for 5 hr while main-
tenance crews removed rocky debris from the
pavement (Kuehn 1987).

Response of pore
pressure to rainfall in
shallow hiliside soils
of northern California.
Positive peaks of pore
pressure comespond
to periods of high
rainfall intensity;
negative pore
pressures indicate

soil tension in partly
saturated soil at
beginning of storm
or during periods
between rainfall
{modified from
Johnson and Sitar
1990).
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On September 7, 1991, a debris flow triggered
by heavy rainfall (63 to 213 mm) within a 24-hr
period damaged several houses in a subdivision of
North Ogden, Utah. Concentration of runoff from
the storm mobilized talus and other debris in trib-
utary channels and scoured material from the main
channel into a debris flow, which emerged from
the canyon and traveled about 400 m down an al-
luvial fan before reaching the subdivision (Mulvey

and Lowe 1992).

3. RAPID SNOWMELT

Rapid melting of a snowpack caused by sudden
warming spells or by rain falling on snow can add
water to hillside soils. Horton (1938) examined
the infiltration and runoff of melting snow into
soil, including the special case of the effects of rain
on snow cover. He found that the process of melt-
ing may provide a more continuous supply of mois-
ture over a longer time period compared with the
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usual duration of infiltration from rain. Snowmelt
may also recharge shallow fractured bedrock and
raise pore-water pressures beneath shallow soils,
thus triggering landslides (Mathewson et al. 1990).

Near Wrightwood, California, a steady thaw of
a heavy snowpack over a 40-day period in the
spring of 1969 triggered mud flows in Heath Creek
from saturated debris in steep channels and from
steep faces in the toe area of the Wright Mountain
landslide (Morton et al. 1979). In Utah during an
unusually warm 10-day period from late May to
early June 1983, a heavy winter snowpack along
the Wasatch Front began to melt rapidly and trig-
gered approximately 150 debris flows and other
types of landslides (Pack 1984; Wieczorek et al.
1989). In the Wasatch Front above Farmington,
Utah, during the height of this activity (May
28-30, 1983), snowmelt provided the equivalent
of approximately 2.1 to 2.6 mm/hr of precipitation;
on May 30, 1983, a large debris flow emerged from
the canyon of Rudd Creek into the community of
Farmington (Vandre 1985).

Rain-on-snow events commonly reduce the
water content of the snowpack and add sufficient
water to soils to be significant in triggering land-
slides. In coastal Alaska, Sidle (1984) found that
snowmelt before rainfall augmented the piezo-
metric response. In a small watershed of western
Oregon, Harr (1981) found that 85 percent of
landslides that could be dated accurately were as-
sociated with snowmelt during rainfall.

A majority of the documented landslides in the
central Sierra Nevada of California in mid-April
1982 and in early and mid-March 1983 occurred
during rain-on-snow events (Bergman 1987).
Landslides along Stump Springs Road, a major tim-
ber-haul route in Sierra National Forest, Cali-
fornia, were triggered by a rain-on-snow event that
included peak rainfall intensities of 14 to 18 mm/hr
supplemented by snowpack losses equivalent to
130 mm of water. Landslide repairs of Stump
Springs Road required an estimated $1.3 million
along a 23-km section during 1982 and 1983
(DeGraff et al. 1984).

4. WATER-LEVEL CHANGE

The sudden lowering of the water level (rapid
drawdown) against a slope can trigger landslides in
earth dams, along coastlines, and on the banks of
lakes, reservoirs, canals, and rivers. Rapid draw-

down can occur when a river drops following a
flood stage, the water level in a reservoir or canal
is dropped suddenly, or the sea level drops follow-
ing a storm tide. Unless pore pressures within the
slope adjacent to the falling water level can dissi-
pate quickly, the slope is subjected to higher shear
stresses and potential instability (Figure 4-8)
(Terzaghi 1943; Lambe and Whitman 1969). In
terms of effective stress, Bishop (1954, 1955) in-
troduced a method to estimate the pore-water
pressure in terms of reduction of the principal
stresses and to analyze slope stability due to the re-
moval of the water load during rapid drawdown.

Pore pressure
hydrostatic under

7
./ high water level

(a)

p = initial p
+Ap from change
in water load
against surface

of slope

(v)

™" Pore pressure
hydrostatic under

/ low water level
—

(d

FIGURE 4-8
Response of slope
to rapid drawdown:
(a) initial equilibrium
condition, (b) after
drawdown but
before consolidation
adjustment, (c) after
consolidation
adjustment, and

(d) final equilibrium
condition (Lambe
and Whitman 1969).
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‘ROBERT L. SCHUSTER AND
WILLIAM ]J. KOCKELMAN

PRINCIPLES OF

LANDSLIDE HAZARD

REDUCTION

1. INTRODUCTION

areful development of hillside slopes can re-

duce economic and social losses due to slope
failure by avoiding the hazards or by reducing the
damage potential. Landslide risk can be reduced
by four approaches (Kockelman 1986):

1. Restriction of development in landslide-prone
areas; :

2. Codes for excavation, grading, landscaping, and
construction;

3. Physical measures (drainage, slope-geometry
modification, and structures) to prevent or con-
trol landslides; and

4. Development of warning systems.

These methods of hazard mitigation, when used
with modern technology, can greatly reduce losses
due to landslides. Schuster and Leighton (1988)
estimated that these methods could reduce land-
slide losses in California more than 90 percent.
Slosson and Krohn (1982) stated that implemen-
tation of this methodology has already reduced
landslide losses in the city of Los Angeles by 92 to
97 percent.

After a discussion of the aforementioned
widely used approaches to landslide hazard reduc-
tion, the status of development of landslide insur-
ance programs is reviewed. Although insurance
will not reduce overall landslide hazards or costs

directly, nonsubsidized landslide insurance does
offer promise as a means of distributing landslide
costs more widely and of reducing landslide losses
for individual property owners. In addition, ad-
vice from insurance organizations can positively
influence the users of land that is subject to land-

A slide hazards.

Landslides often occur as elements of interre-
lated multiple natural-hazard processes in which
an initial event triggers secondary events or in
which two or more natural-hazard processes occur
at the same time. Examples are combinations of
volcanic eruptions, earthquakes, and landslides.
The resulting multiple-hazard problems require a
shift in perspective from mitigation of individual
hazards, such as landslides, to a broader systems
framework that takes into account the character-
istics and effects of all the processes involved.

In recent years, risk assessment has become an
important factor in landslide hazard reduction.
Landslide risk assessment utilizing reliability
methods in landslide susceptibility mapping, pre-
diction, and mitigation is discussed in Chapter 6.

Optimal approaches to reduction of landslide
hazards generally involve a carefully assembled
mix of the above hazard-reduction strategies and
techniques. To plan a coordinated and successful
reduction program requires input and cooperation
from engineers, geologists, planners, landowners
and developers, lending organizations, insurance
companies, and government entities.
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2. PREREQUISITE INFORMATION

Successful landslide hazard-reduction programs in

the United States commonly are based on the fol-
lowing factors (U.S. Geological Survey 1982):

1. An adequate base of technical information on
the hazards and risks;

2. A technical community able to apply, and en-
large upon, this data base;

3. An able and concerned local government; and

4. A citizenry that realizes the value of and sup-
ports a program that promotes the health, safe-
ty, and general welfare of the community.

These same concepts apply. to other countries,
except that most national governments have a
stronger role than that of the U.S. government.

The key to a successful landslide hazard-
teduction program is awareness and understand-
ing of the landslide problem within the geographic
area involved. The work of Varnes (1978) and of
Cruden and Varnes (Chap. 3 in this report) in de-
scribing and classifying mass movements and in re-
viewing the principles and practices of zonation as
related to landslide hazards (Varnes et al. 1984)
has been very helpful in this regard. Recognition
and identification of landslides have been dis-
cussed in detail by Rib and Liang (1978), Hansen
(1989), and Soeters and van Westen (Chap. 8 in
this report). . '

Reliable landslide hazard maps are of significant
value in establishing reduction programs. Ideally,
these maps indicate where landslides have occurred
in the past, the locations of landslide-susceptible
areas, and the probability of future occurrences.
Brabb (1984) presented examples of various types
of landslide maps: inventory, susceptibility, loss
evaluation, and risk determination. Of particular
interest in reducing the costs of landslide hazard
mapping is the use of computer techniques to
produce digital maps; in much of the world, the
geographic information system (GIS) approach is
widely used for producing digital maps and for inte-
grating information to develop, enhance, and com-
plement such maps.

An important element in determining interna-
tional landslide hazard distribution is the World
Landslide Inventory, which is being conducted by
the United Nations Educational, Scientific, and
Cultural Organization (UNESCQO) Working Party
on the World Landslide- Inventory (WP/WLI)

sponsored by the International Geotechnical
Societies (1991). The Working Party, which was
formed from the Commission on Landslides of the
International Association of Engineering Geol-
ogy, the Technical Committee on Landslides of
the International Society for Soil Mechanics and
Foundation Engineering, and representatives of
the International Society for Rock Mechanics, as-
sists United Nations agencies in understanding
the worldwide distribution of landslides (WP/WLI
1990, 1991, 1993a,b). The five WP/WLI classes of
landslide inventory cover a range that includes
computer data banks with complete national cov-
erage and systematic data capture (Cruden and
Brown 1992). The Directory of the World Landslide
Inventory (Brown et al. 1992) is a useful worldwide
guide to the people and institutions that deal with
landslide hazards on a regular basis.

The extent and economic significance of land-
slides in 136 countries and areas, including land
beneath all of the oceans, were reported by Brabb
and Harrod (1989). These reports have been an
invaluable contribution to the International Dec-
ade for Natural Disaster Reduction.

Governmental organizations have reported on
landslide hazard-reduction approaches that are of
value to others attempting to develop plans for
their own areas. For example, the state of Colo-
rado, under the auspices of the Federal Emergency
Management Agency (FEMA), published a report
(Jochim et al. 1988) that aims to reduce landslide
losses by

. 1. Identifying local governmental resources, plans,

and programs. that can assist in loss reduction;

2. Determining unmet local needs that must be
addressed to reduce losses; '

3. Identifying and developing state agency capa-
bilities and initiatives that can deal with unmet
local needs;

4. Developing cost-effective projects that reason-
ably can be expected to reduce landslide losses;

5.Educating state and local officials and
emergency-response personnel about landslide
hazards and potential methods for loss reduc-
tion; and

6. Establishing means to provide a continuing
governmental process to reduce losses.

This FEMA report will become part of the

‘overall hazard mitigation plan for Colorado under

the auspices of the Colorado Natural Hazards
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Mitigation Council. Similar plans based on local
needs were prepared for the city of Cincinnati,
Ohio (Hamilton County Regional Planning
Commission 1976), and Portola Valley, California
(Mader et al. 1988). In addition, Hamilton
County, Ohio, prepared a report on the duties of
the county’s Earth Movement Task Force, which
provides advice to those wishing to establish sim-
ilar working groups (Hamilton County 1982). A
succinct but comprehensive guidebook for state
and local governments interested in reducing
landslide losses was sponsored and published by
FEMA. (Wold and Jochim 1989).

An important aspect of the reduction of land-
slide hazards is collection and dissemination of
landslide information for scientists, engineers, pol-
icy makers, and the public. An excellent national
example of a public repository of information on
landslide hazards is the U.S. Geological Survey’s
National Landslide Information Center (NLIC) in
Golden, Colorado (Brown 1992). The NLIC main-
tains a multiple-entry data base to foster national
and international exchange of landslide informa-
tion among scientists, engineers, and decision
makers. On an international level, the Interna-
tional Union of Forestry Research Organizations
(IUFRO) carries out a worldwide exchange of in-
formation and assistance on a full spectrum of tech-
nical, biological, and economic measures for the
control of landslides in mountainous areas.

3. MAJOR POLICY OPTIONS

Alternative management policy options are avail-
able to decision makers who are concerned with
natural hazards (Petak and Atkisson 1982;
Olshansky and Rogers 1987; Olshansky 1990).
The three most fundamental options (Rossi et al.
1982) are to

1. Take no action at all,

2. Provide relief and rehabilitation assistance after
disasters occur, or

3. Take action to contain or control hazards be-
fore serious damage occurs.

Before about 1950, the first two of these options
dominated. However, as a result of technical and
sociological advances, the concept of prevention
of landslide disasters by appropriate land use de-
velopment or structural retention is becoming
increasingly important.

4. APPROACHES

Reduction of landslide hazards in the United
States is achieved mainly by

1. Restricting development in landslide-prone
areas, a function assisted by mapping landslide
susceptibility;

2. Requiring that excavation, grading, landscap-
ing, and construction activities not contribute
to slope instability; and

3. Protecting existing development and popula-
tion (property and structures as well as people
and livestock) by physical control measures,
such as drainage, slope-geometry modification,
and protective barriers, or by monitoring and
warning systems.

These techniques, which were discussed by
Kockelman (1986), are used individually or in var-
ious combinations to reduce or eliminate losses due
to existing or potential landslides. The first two
methods can be promoted by public legislation. In
the United States, such legislation commonly is
under the jurisdiction of local governments.
However, most other countries with major and
continuing landslide losses have incorporated a
strong federal or provincial role in dealing with all
aspects of landslide hazard-reduction activities to
ensure consistent standards of practice and appli-
cation and to prevent unequal and inadequate per-
formance at provincial, municipal, and private
levels (Swanston and Schuster 1989). In the
United States the federal government plays a less
active role and functions primarily as a source of
expertise, research support, and funding of state
and local control works.

4.1 Restricting Development in
Landslide-Prone Areas

One of the most effective and economical ways to
reduce landslide losses is by land use planning to'lo-
cate developments on stable ground and to dedicate
landslide-prone areas to open space or to other low-
intensity uses. This procedure, which commonly is
known as avoidance, is accomplished by either or
both of the following: (a) removing or converting
existing development or (b) discouraging or regu-
lating new development in unstable areas.

In the United States, restrictions on land use
because of natural hazards generally are imposed
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and enforced by local governments by means of
land use zoning districts and regulations. Some
local governments in the United States have adop-
ted ordinances that limit the amount of develop-
ment in hillside areas (see Section 4.1.3). In many
other countries, land use planning that leads to
avoidance is a function of the national govern-
ment. In Japan, which is widely and continually
affected by severe landslide problems, land use reg-
ulation has not been a common feature of landslide
hazard reduction for reasons related to the limited
availability of land (Huffman 1986, 96).

4.1.1 Removing or Converting Existing
Development

Recurring damage to existing development caused
by landslides can be eliminated or reduced by evac-
uating the area or by converting existing structures
or facilities to uses less vulnerable to slope failure.
Permanent evacuation of the distressed area com-
monly requires public acquisition of the land and
relocation of the inhabitants and their facilities.

Conversion of existing structures and facilities
to uses that are less vulnerable to slope failure may
be undertaken by individual property owners, by
developers, or, in the case of public properties, by
the government. The feasibility of successful con-
version depends on the value and criticality of the
facilities, their potential for triggering or resisting
slope failure, whether they can be successfully
retrofitted to resist slope movement, and the level
of concern of their owners.

4.1.2 Discouraging New Development

Where feasible, the most effective method of re-
ducing landslide losses is to discourage new devel-
opment in landslide-prone areas (U.S. Geological
Survey 1982). Methods that have been successful
in the United States include the following:

¢ Public information programs: Because any pro-
gram of land use control requires the support of
a knowledgeable citizenry, the public must be
informed of landslide hazards. Prudent citizens,
when properly informed of the existence of.haz-
ards, ordinarily will support land use controls
that minimize losses due to those hazards.

® Disclosure of hazards to potential property pur-
chasers: Governments can discourage develop-

ment in hazardous areas by enacting hazard dis-
closure laws that alert potential buyers to hazards
(Kockelman 1986). For example, Santa Clara
County, California, requires sellers of property
within the county’s landslide, fault-rupture, and
flood zones to provide prospective purchasers
with written statements of geologic hazard
(Santa Clara County Board of Supervisors 1978).

¢ Exclusion of public facilities: Local govern-
ments can prohibit construction of public facili-
ties, such as streets and water and sewer systems,
in landslide-prone areas.

® Warning signs: Warning signs posted by local
governments can alert prospective property
owners or developers to potential hazards.

® Tax credits and special assessments: Tax cred-
its can be applied to properties left undeveloped
in hazardous areas. Conversely, special assess-
ments can be levied on landslide-prone proper-
ties that lie within especially created assessment
districts.

¢ Financing policies: Lending institutions can
discourage development in landslide-prone
areas by denying loans or by requiring insurance
for construction or development in these areas.

® Insurance costs: The high cost of nonsubsi-
dized insurance for development in hazardous
areas can discourage such development and can
encourage land uses that constitute lower risk.

* Government acquisition: Government agencies
can promote avoidance by acquiring landslide-
prone properties by purchase, condemnation,
tax foreclosure, dedication, devise (will), or do-
nation. The agencies are then able to control
development on these properties for the public
interest.

® Public awareness of legal liabilities: Property
owners and developers can be made aware of lia-,
bilities they may have in regard to slope-failure.

4.1.3 Regulating Development

To assume that development in landslide-prone
areas can be discouraged indefinitely by the non-
regulatory methods noted above is unrealistic.
Thus, governmental regulation often is needed to
prevent or control development of lands subject to
landslide hazards. In the United States, restrictions
on land use because of natural hazards are gener-
ally imposed and enforced by local governments by
means of zoning districts and regulations. By
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means of land development regulations, a local
government can prohibit or restrict development
in landslide-prone areas. It can zone hazardous
areas for open-space uses such as agriculture, graz-
ing, forests, or parks. If development is allowed in
areas subject to slope failure, the location or inten-
sity of this development, or both, can be controlled
to reduce the risk. Examples of regulations of land

use in areas prone to landslide activity are dis-
cussed in Sections 4.1.3.1-4.1.3.3.

4.1.3.1 Land Use Zoning Regulations

Land use zoning provides direct benefits by limit-
ing development in landslide-prone areas. Under
zoning ordinances enacted and enforced by local
governments, land use with the least danger of ac-
tivating landslides includes parks, woodlands,
nonirrigated agriculture, wildlife refuges, and
recreation. In addition, these land uses result in
relatively small economic losses if landslides do
occur. Regulations can include provisions that
prohibit specific land uses or operations that might
cause slope failure, such as construction of roads or
buildings, irrigation systems, storage or disposal of
liquid wastes, and operation of off-road vehicles.
Zoning regulations can also control the location
and density of development in hillside areas.

To assist counties and municipalities in design-
ing land use regulations in hillside areas in the
state of Colorado, the Colorado Geological
Survey prepared model regulations (Rogers et al.
1974) that permit the following land uses in des-
ignated landslide-prone areas:

1. Recreational uses that do not require perma-
nent structures for human habitation, including
parks, wildlife and nature preserves, picnic
grounds, golf courses, and hunting, fishing, hik-
ing, and skiing areas that do not result in high
population concentrations;

2. Low-density agricultural uses, such as forestry,
grazing, and truck-crop farming; and

3. Low-density and temporary commercial and in-
dustrial uses, such as parking areas and storage
yards for portable equipment.

Colorado s currently attempting to set a national
precedent in dealing with natural hazards (includ-
ing landslides) by means of the Colorado Natural
Hazards Mitigation Council (1992), an official
statewide 300-member group composed of earth

scientists, engineers, planners, and local and state
policy makers whose goal is to formulate new poli-
cies regarding natural hazards in Colorado. A
prime strategy of the council is to unify technical
experts and policy makers on issue-directed hazard-
reduction teams. These teams deal with hazards in
areas that are politically responsive to innovative
solutions. They prepare statewide plans based on
these solutions, and the plans are used to develop
policy directions for future state hazard legislation.

4.1.3.2 Subdivision Regulations

Regulating the design of subdivisions (planned
local units of land designed with streets, sidewalks,
sewerage, etc., in preparation for building homes)
is another means of controlling development of
landslide-prone areas. Subdivision design and zon-
ing regulations must be based upon geotechnical
information.

4.1.3.3 Sewage-Disposal Regulations

Residential sewage-disposal systems that rely on
ground absorption (septic-tank systems, leaching
fields, and seepage beds and pits) can saturate the
surrounding soil and rock and cause slope failure.
Thus, the design and installation of these systems
must be regulated in landslide-prone areas.

4.1.4 Implementing Avoidance as
Landslide Hazard-Reduction Measure

In the United States, implementation of avoidance
procedures has met with mixed success in landslide
hazard reduction. In some areas, particularly in
California, restriction of development in landslide-
prone areas has been extensive, and avoidance pro-
grams generally have been successful in reducing
landslide losses. However, in many states that have
landslide-susceptible areas, there are no widely ac-
cepted procedures or regulations for considering
landslides as part of the land use planning process
(Committee on Ground Failure Hazards 1985).
Land use zoning probably has been the most
effective means of regulating development. For
example, in San Mateo County, California, a land-
slide-susceptibility map has been in use since 1975
to control the density of development (Brabb et al.
1972). On the basis of this map, the San Mateo
County Board of Supervisors (1973) enacted legis-
lation that restricts development in those areas
most susceptible to landslides to one dwelling unit
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FIGURE 5-1
Hypothetical
property in San
Mateo County,
California, showing
seismic and other
geologic constraints.
Dwelling units in
slope-instability
zones are limited
to one per 16

ha. Similar lower

. densities in
floodplains and
fault-rupture zones
are required by
San Mateo County
Board of Supervisors
(1973)

(Kockelman and
Brabb 1979).

per 40 acres (approximately 16 ha) (Figure 5-1).
Until 1982, all of the new landslides (mostly slips,
slumps, and slides) that occurred in San Mateo
County were in areas already mapped as landslides
or in areas judged highly susceptible to landsliding.
Thus, the zoning procedure was an outstanding
success at that point. However, in 1982, under
conditions of exceedingly heavy rainfall, thousands
of debris flows occurred in areas where few had
been observed previously (Brabb 1984). Thus, the
1972 map had accurately predicted the locations of
future deep-seated landslides, but was not success-
ful for debris flows. The new debris flows had not
been expected because the landslide-susceptibility
map was based on interpretation of aerial pho-
tographs that showed evidence of only deep-seated
landslides.

Another approach to zoning has been used in
Fairfax County, Virginia, where maps used for
zoning purposes outline various degrees of hazard
in different geologic materials (Obermeier 1979).
Developers are required to obtain professional en-
gineering advice for sites to be developed in spe-
cific geologic materials. The result has been a
“drastic reduction in landslides” (Dallaire 1976).

The best examples of removal or conversion of
existing development as a tool in the reduction of
landslide losses have been those in which develop-
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ments have been wholly or partly destroyed by
slope failures, and, as a reaction to those losses, a
decision has been made to replace the original de-
velopment with a land use less prone to slope-
failure damage. Such efforts commonly have been
only partially successful because of the resistance of
property owners, developers, or even the commu-
nities themselves. An excellent example of such
partial success is provided by the city of Ancho-
rage, Alaska, which received heavy damage from
soil slides that were triggered by the 1964 Alaska
earthquake. As a result of the earthquake, a scien-
tific and engineering task force was established by
the federal government to assess the damage, to
evaluate future hazards, and to make recommenda-
tions that would minimize the impact of any future
earthquake or landslide activity.

Especially interesting are land-planning deci-
sions related to the three largest slope failures: the
Turnagain Heights, Fourth Avenue, and L Street
landslides (Mader et al. 1980). The mixed success
of the task force’s land use recommendations for
these areas is illustrated by the cases discussed in

Sections 4.1.4.1-4.1.4.3.

4.1.4.1 Turnagain Heights Landslide

The Turnagain Heights slide was the largest and
most spectacular of the 1964 slope failures, cover-
ing 53 ha and destroying 75 homes (Figure 5-2).
The Alaska State Housing Authority prepared a
redevelopment plan for the landslide area calling
for park and recreation uses (Mader et al. 1980).
However, only the economically least desirable
part of the landslide was actually developed as a
park. The Anchorage City Council voted against
the plan and allowed applications for residential
building permits in the landslide area (Selkregg
et al. 1970). In 1977 controversy over the issue of
rebuilding on parts of the Turnagain Heights land-
slide led to appointment of the Anchorage Geo-
technical Advisory Commission. This commission
consistently advised the local government not to
allow development on the landslide unless the
long-term stability of the slope could be assured.
However, a few houses have since been built adja-
cent to or on the slide. The private property own-
ers believed that compensation at postdisaster
values was not sufficient inducement to relocate.
In addition, local residents seemed to believe that
because a catastrophe had only recently occurred,
another would not take place at the same location
during their lifetimes.
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The development of excavation and grading
ordinances related to geologic hazards originated
in the United States shortly after World War II.
At that time the accelerating demand for residen-
tial building sites in southern California because
of a rapidly expanding population intensified
development of hillside and mountain slopes
(Scullin 1983, 14). In addition, improved earth-
moving technology made development of slope
areas economically feasible. The resulting poorly
organized development combined with unusually
heavy rainfall in southern California in the early
1950s resulted in significant landslide activity and
major economic losses (Jahns 1969). As a result,
the city of Los Angeles in 1952 adopted the first
grading ordinance in the United States. The 1952
code was far from perfect, and during the follow-
ing 10-year period, hillside developers in southern
California faced many difficulties in applying and
modifying it. However, this original code formed
the basis for all subsequent codes adopted by local
governments throughout the United States.

This early work in southern California led the
International Conference on Building Officials in
1964 to develop Chapter 70 of the Uniform
Building Code, which authorizes local govern-
ments to require that developers provide geotech-
nical reports on sites they intend to develop
(Schuster and Leighton 1988). These reports are
prepared by registered geotechnical engineers and
certified engineering geologists. This code is still
in effect (International Conference of Building
Officials 1985); it has been adopted directly or
used as a model by local governments in many
countries.

Heavy rainfall in southern California in 1962
and 1969-1970 resulted in new major landslide
losses and, as a result, in improvements to the
1952 code (Schuster and Leighton 1988). The
1962 storms and landslides resulted in more-
sophisticated grading-code regulations that required

1. Geotechnical engineering and engineering ge-
ology input through the design and construc-
tion stages;

2. Definition of responsibilities of the design civil
engineer, geotechnical engineer, and engineer-
ing geologist; and

3. Adequate subsurface exploration.

The 1969-1970 landslides led to

1. Additional refinement of grading ordinances;

2. A more quantitative approach to the design of
slopes, for example, use of soil strength parame-
ters, safety factors, and slope-stability analysis;

3. Emphasis on mud flow—debris flow mitigation;
and

4. Proper design of structures above and below
natural slopes.

The city of Los Angeles has provided an im-
pressive example of the effective use of excava-
tion and grading codes as deterrents to landslide
activity and damage in the development of hill-
side slopes. The Los Angeles loss-reduction pro-
gram relies heavily on regulations that require
specific evaluations of landslide potential by en-
gineering geologists and geotechnical engineers
before construction as well as inspection of grad-
ing operations during construction. As noted
above, controls on hillside grading and develop-
ment in Los Angeles were almost nonexistent be-
fore 1952. In 1952, following severely damaging
winter storms, a grading code was adopted that
instituted procedures for safe development of
hillsides; these grading regulations were signifi-
cantly improved in 1963. The benefits resulting
from these regulations were illustrated by the dis-
tribution of landslide damage in Los Angeles dur-
ing severe storms in 1968-1969 and 1978. During
the storms of 1968-1969, for a comparable num-
ber of building sites, the damage to sites devel-
oped before institution of grading codes in 1952
was nearly 10 times as great as damage to sites
developed after 1963 (Slosson 1969). Similar.
results were observed after the 1978 storm (Ta-

ble 5-1).

4.3 Protecting Existing Development

In spite of the avoidance and regulatory tech-
niques presented above, development of hillside
and mountain slopes that are subject to slope fail-
ure will continue. Thus, land use planning pro-

" grams should include physical techniques to

protect property, structures, and people in
landslide-prone areas. These protective measures
can be divided into (a) physical methods of con-
trol of unstable slopes and (b) monitoring and
warning systems. These measures are introduced
here and described in detail in Chapters 10, 11,
17, and 18.
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Table 5-1

Relationship Between Modern Grading Codes and Slope Failures for Los Angeles Building Sites from
Catastrophic February 1978 Southern California Storm (Slosson and Krohn 1979)

BUILDING CODE No. OF SITES NoO. OF SITE PERCENTAGE OF DAMAGE

IN EFFECT DEVELOPED FAILURES SITE FAILURES Costs ($)

Pre-1963 37,000 2,790 15 40-49 million
{premodern code)

Post-1963 30,000 210 0.7 1-2 million
(modern code)

4.3.1 Physical Controls

The most commonly used physical methods for
control of unstable slopes are as follows:

1. Drainage: Because of its high stabilization effi- -

ciency in relation to cost, drainage of sur-
face water and groundwater is the most widely
used, and generally the most successful, slope-
stabilization method (Committee on Ground
Failure Hazards 1985).

2. Slope modification: Stability of a slope can be
increased by removing all or part of the land-
slide mass. ’

3. Earth buttresses: Earth-buttress counterforts
placed at the toes of potential slope failures are
often successful in preventing failure. In Cali-
fornia this is the most common mechanical (as

“contrasted to hydrologic) method of landslide
control (Committee on Ground Failure
Hazards 1985).

4. Restraining structures: When Methods 1
through 3 will not ensure slope stability by
themselves, structural controls, such as retaining
walls, piles, caissons, or rock anchors, commonly
are used to prevent or control slope movement.
In most cases restraining structures are used in
conjunction with any or all of the following:
drainage, slope modification, and construction
of earth counterfort berms. Properly designed re-
straining structures are useful in preventing or
controlling slumps and slips, particularly where
lack of space precludes slope modification.
However, use of restraining structures should be
limited to control of small landslides because
they seldom are successful on large ones.

All of these physical control methods have
been discussed at length in the landslide literature

[e.g., by Veder (1981), Holtz and Schuster (Chap.
17 in this report), and Wyllie and Norrish (Chap.
18 in this report)]. Their principal shortcoming is
relatively high cost, which restricts effective usage
to those sites for which avoidance is not feasible.
Thus, they are most commonly used where land-
slide costs are high because of high population
densities and property values.

4.3.2 Monitoring and Warning Systems

Landslide-prone hillside slopes can be monitored
to provide warning of slope movement to down-
slope residents. Monitoring techniques include
field observation and the use of extensometers,
tiltmeters, piezometers, electrical fences, and trip
wires. Recent innovations in monitoring devices
include acoustic instruments, television, guided
radar, laser beams, and vibration meters. Data
from these devices can be telemetered to central
receiving stations.

One of the most significant areas of recent land-
slide research is the development of real-time warn-
ing systems for landslides triggered by major storms.
Such a system has been developed for the San
Francisco Bay region, California, by the U.S.
Geological Survey in cooperation with the Na-
tional Weather Service. The procedure is based on
(a) empirical and theoretical relations between
rainfall intensity and duration and landslide initia-
tion, (b) geologic determination of areas suscepti-
ble to landslides, (c) real-time monitoring of a
regional network of telemetering rain gauges, and
(d) National Weather Service precipitation fore-
casts (Keefer et al. 1987). The procedure was used
to issue over public television and radio stations the
first regional public warnings in the United States
during the storms of February 12-21, 1986, which
produced 800 mm of rainfall in the San Francisco
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Bay region. According to eyewitness accounts of

landslide occurrence, the warnings accurately

predicted the times of major landslide events.
Although analysis after the storms suggested that
modifications to and additional development of the
system are needed, it can.be used as a prototype for
systems in other landslide-prone areas.

The Territory of Hong Kong also relies on a
rainfall-monitoring system for identifying periods
of high landslide potential. This system is main-
tained by the Geotechnical Control Office
(GCO) within the Engineering Department of
the Hong Kong government (Geotechnical
Control Office 1985).. During heavy rainstorms,

the GCO operates on an emergency basis to pro-

vide advice on remedial measures for landslides.

Landslide monitoring systems also have been
developed in other countries, notably Japan, New
Zealand, and the alpine countries of Europe.
Ancient landslides that may be reactivated by the
filling of Clyde Reservoir on the Clutha River on
the South Island of New Zealand were being mon-
itored at more than 2,000 points (as of July 1991)
by means of piezometers, inclinometers, survey
points, and flow measurements; many more moni-
toring installations are planned (Gillon et al.
1992). In the aftermath of the catastrophic 1987
Val Pola rock avalanche, which dammed the Adda
River in northern Italy, the Italian Department of
Civil Defense installed an on-line monitoring sys-
tem on both the unstable slope and the landslide
dam (Cambiaghi and Schuster 1989). This system
included down-hole inclinometers, Invar-wire ex-
tensometers, an acoustic monitoring system, rain
gauges, ultrasonic hydrometers, and thermometers.
Data obtained by these instruments were transmit-
ted by radio to a computer system operated by the
local government; these data provided real-time
analysis of applicable risk scenarios for the down-
valley populace and for construction crews operat-
ing beneath the unstable slopes.

Monitoring and warning systems are installed
primarily to protect lives and property, not to pre-
vent landslides. However, these systems often pro-
vide warning of slope movement in time to allow
the construction of physical control measures that
will reduce the immediate or long-term hazard.

5. LANDSLIDE INSURANCE

Although insurance programs are not intended to
reduce landslide hazards directly as do the mitiga-

tive measures discussed above, they can reduce the
impact of landslide losses on individual property
owners by spreading these losses over a larger base
(Schuster and Fleming 1986). In addition, the
high cost of nonsubsidized insurance for develop-
ment in landslide-prone areas can discourage such
development and encourage lower-risk land uses.
The use of insurance as a landslide hazard-
reduction technique has the following advantages
over other strategies (Olshansky and Rogers 1987;
Olshansky 1990):

1. In theory, insurance provides equitable distri-
bution of costs and benefits. If property owners
in landslide-prone areas were to pay premiums
reflecting their actual risk and if insurahce were
to fully compensate victims, costs and benefits
would be equitably distributed.

2. Landslide insurance encourages hazard reduc-
tion if premium rates reflect not only the degree
of natural hazard but also the quality of physi-
cal control measures.

3. Using insurance to reduce the impact of land-
slide hazards appeals to those opposed to govern-
ment regulation because, as compared with the
other approaches, it depends more on the private
market than on government intervention.

The most successful application of insurance to
landslide mitigation has been in New Zealand,
where a national insurance program assists home-
owners whose dwellings have been damaged by
landslides or other natural hazards that could not
within reason have been prevented or controlled
by the homeowners. A disaster fund, accumulated
from a surcharge to the national fire insurance
program, reimburses property owners for losses
(ORiordan 1974). This natural-hazard insurance
program is an outgrowth of New Zealand’s
Earthquake and War Damage Act of 1944.

Landslide insurance can be divided into two
types, public and private. In the United States,
public landslide insurance is available in cer-
tain circumstances through the National Flood
Insurance Program (NFIP), which was created by
the Housing and Urban Development Act of
1968. An amendment to this act extended the ap-
plication to “mudslides” in 1969. However, the
range of phenomena defined by the term mudslide
was not made clear. As presently worded, the reg-
ulations include mudslides that are proximately
caused or precipitated by accumulations of surface
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water or groundwater (Committee on Meth-
odologies for Predicting Mudflow Areas 1982).
The insurance on these “water-caused” landslides
is provided by private insurance companies but is
lictle used; however, it is underwritten and subsi-
dized by the federal government.

FEMA, which administers the NFIP, has been
unable to implement an effective mudslide in-
surance program, largely because of technical
difficulties in defining mudslide and in mapping
mudslide hazard zones (Olshansky and Rogers
1987). A possible solution to this dilemma would
be to add all types of landslides to the NFIP. A bill
proposing this solution was introduced in the U.S.
House of Representatives in 1981. This bill would
have immediately added landslide coverage to the
nearly 2 million existing NFIP policies, and a new
landslide mapping program would have been un-
dertaken to provide data for the underwriters.
However, FEMA opposed it because of its high
cost and difficulty in administration. Partly as a re-
sult of this opposition, the bill was killed before
reaching a vote by the House.

Yelverton (1973) reviewed U.S. experience in
landslide insurance as a basis for proposing a na-
tional landslide insurance program. However, other
than through the NFIP, landslide insurance gener-
ally is not available in the United States. Although
the concept of private landslide insurance is an ap-
pealing one, it has certain drawbacks in practice,
and the private sector does not appear to be inter-
ested in offering this coverage. The reluctance to
provide landslide insurance is of long standing, par-
tially based on several costly and highly publicized
landslides along the California coast. In addition,
private insurers hesitate to offer landslide coverage
because of the problem of “adverse selection,”
which is the tendency for only those who are in
hazardous areas to purchase insurance (Olshansky
and Rogers 1987; Olshansky 1990).

Olshansky and Rogers summarized the need
and general requirements for landslide insurance
in the United States as follows:

Insurance can equitably provide funds to com-
pensate for landslide damage that will in-
evitably occur even when there are strict land
use and grading controls. For insurance to be an
effective solution, though, a comprehensive
government landslide insurance fund is needed,
or alternatively, some other form of government
intervention is needed to induce or require pri-

vate insurers to cover landslides. Controls on
building, development, and property mainte-
nance would need to accompany mandatory in-
surance. Insurance and appropriate government
intervention can operate together, each fillinga
need not served by the other, and each improv-
ing the performance of the other in reducing

landslides and compensating victims. (Olshan-
sky and Rogers 1987, 992)

The cost of insurance can directly reduce land-
slide risk by discouraging development in haz-
ardous areas or by encouraging land uses that are
less subject to damage. Landslide insurance from
private sources is costly for areas known to be sus-
ceptible to landslides because losses due to land-
slides lack the random nature necessary for a
sound insurance program. In this respect, landslide
areas are comparable with flood areas, and the
statement by the American Insurance Association
on flood insurance may be applicable:

Flood insurance covering fixed-location prop-
erties in areas subject to recurrent floods can-
not feasibly be written because of the virtual
certainty of loss, its catastrophic nature, and
the reluctance or inability of the public to pay
the premium charge required to make the in-
surance self-sustaining. (American Insurance

Association 1956)

Sound insurance programs at reasonable rates can-
not be made available in known fault-rupture,
flood, and landslide areas unless the premium costs
are subsidized. Government subsidies to property
owners and their mortgagers who suffer damage
may lead to development in hazardous areas be-
cause the potential loss is indemnified. According
to Miller (1977), after national flood insurance be-
came available, lending institutions in 4 of the 15
communities studied reversed earlier restrictions
on mortgages in hazardous coastal areas. On the
basis of a survey of 1,203 local governments, Burby
and French (1981, 84) concluded, “It often appears
that the NFIP induces increased flood plain devel-
opment....” State and local officials interviewed by
Kusler (1982, 36, footnote 55) argued that “bank
financing would not have been available for much
of the new development without flood insurance.”

6. MULTIPLE-HAZARD REDUCTION

Typically, landslide hazard reduction is under-
taken as an individual exercise. However, land-
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slides often occur as elements of interrelated mul-
tiple natural-hazard processes in which an initial
event triggers secondary events (Advisory Board
on the Built Environment 1983; Advisory Com-
mittee on the International Decade for Natural
Hazard Reduction 1987). In other cases, two or
more natural-hazard processes, not directly related
to.each other but triggered by a common cause,
may occur at the same time in the same or adja-
cent localities. Examples are the 1964 Alaska
earthquake, which triggered tsunamis, local flood-
ing, and many landslides, and the 1980 Mount St.
Helens eruption, which led to major landslides,
floods, and wildfires that consumed large tracts of
timber.

Multiple-hazard problems require a shift of per-
spective from mitigation of separate hazards, such
as landslides, to a broader systems framework that
takes into account the characteristics of more
than one hazard (Advisory Committee on the
International Decade for Natural Hazard Re-
duction 1987). Therefore, in planning landslide
hazard-reduction programs, attention should be
paid to possible interrelationships between
landslides and other hazards. Building-code
requirements in one geographic area may deal
individually with landslides, floods, earthquakes,
and tornadoes, but the ideal requirement is one
that takes into account all of these hazards. For
example, a building moved from a floodplain to a
hillside to avoid floods may be at increased risk
from landslides or earthquakes. In such cases, the
failure or loss of the building may be caused by
several hazard mechanisms or modes. The
planning of mitigation should consider all possible
hazard modes. A probabilistic approach for
estimating risks associated with multiple hazards
is presented in Chapter 6 of this report. A dis-
cussion of multiple-hazard mapping—preparation,
format, and limitations—was presented in the
development planning primer prepared for
the Organization of American States (1991,
Chap. 6).

7. ELEMENTS OF NATIONAL PROGRAM

As noted earlier, Swanston and Schuster (1989)
reviewed landslide hazard management strategies
in several countries (Austria, Canada, France,
Italy, Japan, New Zealand, Norway, the former
Soviet Union, Sweden, and Switzerland) and in

Hong Kong, where landslides constitute a major
socioeconomic problem. On the basis of the col-
lective experience from these areas and the
United States, a successful unified national pro-
gram of landslide hazard reduction conceivably

would include the following key elements (Swan-
ston and Schuster 1989):

1. Identification of a central organization for man-
agement of a national landslide loss-reduction
program;

2. Establishment of limits of responsibility of fed-

eral, state and provincial, municipal, and pri-
vate entities in dealing with landslide hazards;

3. A national effort to identify and map hazardous
areas, define process characteristics, and deter-
mine degree of risk;

4. Development of guidelines for application of re-
duction techniques to identified hazards;

5. Development of minimum standards of applica-
tion and professional practice (standards should
be created by professional societies in collabo-
ration with federal and national governments);

6. Regulation of minimum standards of applica-
tion and professional practice (in conjunction
with professional societies) through periodic re-
view and upgrading of practice guidelines,
building codes, and land use practices;

7. Strong support of federal and national govern-
ment and university research dealing with
process mechanics, reduction techniques, and
warning systems;

8. Provision of a central clearing house for col-
lection and distribution of publications and
guidelines to professionals, agencies, and local
governments; and

9. Relief and compensation programs through fed-
eral and national and private insurance funds.

Similarly, a comprehensive national program
for landslide hazard reduction developed by the
U.S. Geological Survey (1982) set forth goals and
tasks for making landslide studies, evaluating and
mapping the hazard (sometimes called “zona-
tion”), disseminating the information to potential
users, and subsequently evaluating the use of the
information. Examples of the types and maps to be
developed under such a program and lists of typi-
cal users and communication techniques were
included in the program, which has yet to be ac-
tuated except in piecemeal fashion.
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1. INTRODUCTION

s a general principle, the choice among
different landslide management options
should be based on cost. The direct or initial cost,
such as cost of construction or removal; social
costs; and the costs of lost opportunity and poten-
tial failures need to be considered. The choice
among management options described in Chapter
5 is made under conditions of uncertainty because
future events that may trigger landslides, such as
rainstorms and earthquakes, cannot be forecast
with certainty. Uncertainty also arises because of
insufficient information about site conditions and
incomplete understanding of landslide mech-
anisms. The uncertainties prevent accurate
predictions of landslide occurrence or of the
performance of physical control measures. In a
broader sense, uncertainty should include the
probability of success or failure of hazard-reduction
measures such as avoidance and codes.
Geotechnical engineers are familiar with risk
and decision making under uncertainty. The na-
ture of risk and the need to balance safety with
economy in geotechnical design were noted by
Casagrande (1965) 30 years ago. A rational deci-

sion process used to choose among management.

options should account for the uncertainties. The
concepts of decisions under uncertainty and prob-
abilistic decision models have been well estab-
lished in business management for over 30 years

(e.g., Schlaifer 1959; Raiffa and Schlaifer 1961)
and have been successfully applied to engineering

problems (Keeney and Raiffa 1976). The basic el-
ements of hazard and risk assessment and decision
making as applied to landslide management are
summarized in this chapter.

2. DESCRIPTION OF UNCERTAINTY

When there is uncertainty, the conventional ap-
proach is to make conservative estimates of the
design parameters. In probabilistic analysis, the
uncertainty about a variable, called a random vari-
able, is described by a probability density function,
f(x) [see Figure 6-1(a)}, with mean p, and standard
deviation ©,. The probability that the random
variable x may have values between a-and b is
given by the shaded area. The function f(x) may
be obtained by fitting to data. When data are in-
sufficient for determination of f(x), it is still possi-
ble to obtain reasonable estimates of the mean and
standard deviation. Opinions based on experience
and judgment can be incorporated as subjective
probability. Engineers frequently express their
opinions in the form of a best estimate and a
range. This can be conveniently described by a
subjective probability that has a triangular distrib-
ution [see Figure 6-1(b)}, where b represents the
best estimate and a and c represent the upper and
lower limits of the range. Formal methods for eval-
uating subjective probability were described by
Winkler (1969), Brown (1974), Staél von Hol-
stein and Matheson (1979), and Agnew (1985).



Roberds (1990) provided a review of the assess-
ment of subjective probability.

The following sources of uncertainty are com-
monly encountered in geotechnical engineering.
First, future loads and environmental conditions
cannot be predicted with certainty. For example,
the occurrence of an earthquake of a given mag-
nitude or a given ground acceleration can only be
estimated on a probabilistic basis and expressed as
the probability that the acceleration will exceed a
given value. Pore-water pressure and seepage
forces due to future rainstorms may be treated in a
similar manner.

The second source of uncertainty concerns site
conditions. Spatial variability of geologic materi-
als requires the engineer to make extrapolations
from material types observed at boreholes and
samples and to make inferences about material
types that may exist at points where no observa-
tions are made. Such extrapolations involve a
large degree of uncertainty. For example, geologic
anomalies can be present at a site even though
they were not detected during site exploration
(Baecher 1979; Halim and Tang 1991). The per-
sistence and location of joints in rock, which are
planes of weakness, cannot be accurately deter-
mined in site exploration (Baecher et al. 1977).
In addition, errors in estimating material proper-
ties are introduced when the number of samples

is insufficient; when the test method does not ac- -

curately measure the property, such as the in situ
strength; and when test procedures contain ran-
dom errors. The above errors were reviewed and
the associated uncertainties estimated by Lumb
(1975), Tang et al. (1976), Baecher (1979), and
Wu (1989).

Analytical models are used to predict perfor-
mance of geotechnical structures. Models com-
monly used in landslide analysis include those for
stability analysis and seepage. Analytical models
contain errors, introduced through inadequacies
and simplifications in theory, simplifications in
boundary conditions, and approximations in nu-
merical computations. Empirical evidence pro-
vides some rough measure of model error. Results
of model tests performed to check the predictions
of theory have been used to estimate model error.

Although probabilistic methods have been de-
veloped to estimate the uncertainties associated
with the three sources described above, a fourth
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source of uncertainty, that caused by possible FIGURE 6-1
omissions, cannot be formally described. Omission ~ Probability

refers to the failure by the engineer to consider
possible modes of failure or factors that could
affect performance. Good engineering practice
should avoid omissions, although the probability
of omissions is difficult to quantify.

In' view of the uncertainties involved in the
various stages of geotechnical design, it is fre-
quently necessary to revise estimates of site con-
ditions and foundation performance as more
information becomes available. This revision is
the essence of the “observational approach”
(Terzaghi 1961; Peck 1969). Updating an estimate
on the basis of new observations can be modeled
via Bayes’ theorem:

distribution functions.
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P”(02) = kL (2|6,) P'(6,)

where

(6.1)

P’(0,) = prior probability, which is the prob-
ability that state 0 is 9, before the
new observation;

P"(8]/2) = posterior probability, which is the
probability that state 0 is 0, given
the observed results Z ;

L(Z|0,) = likelihood function, which is the
probability of observing the results
Z given that state 0 is 0;; and

k = normalization constant, which is
needed to make the sum of the
probabilities over all possible 0’s
equal to 1.

The state 8 may also be used to represent the
unknown parameter, such as the mean p of the
probability distribution of a random variable.
Moreover, the state 8 can be a continuous random
variable. In this case, the probabilities P'(8;) and
P"(8,) in Equation 6.1 are replaced by the corre-
sponding probability density functions f'(8) and
£"(8), respectively. Bayes’ theorem provides a ve-
hicle for combining observational information
with professional opinion quantified as subjective
probabilities.

3. ESTIMATION OF HAZARD

Auvailable methods for estimating hazard, defined
as failure probability Py, range from reliability
analysis to purely empirical estimates. In formal re-
liability analysis, the performance of a geotechnical
system (embankment, slope, etc.) is expressed as a
function of controlling factors (precipitation, soil
strength, etc.) that are considered to be random
variables because their values are not precisely
known. As described in Section 2, each random
variable x is characterized by a probability density
function, f(x), with mean p, and standard devia-
tion ©,. Logically, the mean of an input should rep-
resent the engineer’s best estimate of the true value
without conservatism, whereas the variance o2
should represent uncertainty about the true value.
Thus, the mean and variance reflect thé technical
expert’s judgment about the uncertain variable.
To evaluate reliability, the performance of a
geotechnical system may be expressed as a perfor-
mance function. For example, the performance
function that defines the safety of a slope could be

the factor of safety, which in turn is a function of
random variables that include load and strength.
The probability density functions of strength, and
so on, are used to derive the probability density
function of the performance function, which is
then used to calculate the failure probability. Thus
far, this has been accomplished only for simple
problems because the complexity of the various
relations in the performance function makes it
difficult to obtain closed-form solution’s. Most solu-
tions have used the first-order, second-moment
(FOSM) method (Ang and Tang 1975).

In FOSM, Y is the performance variable, such
as the safety factor. It is a function G of the ran-
dom variables X;, X3, . .., X,, which represent
strength, . .., or
Y=G (X, X ...,X,) (6.2)

To translate means, variances, and correlations
of input variables X}, Xj, . . . to the mean and vari-
ance of the performance function, a simple linear
approximation is used to obtain the following
relations (Benjamin and Cornell 1970; Ang and
Tang 1975):

5 XW)

Y=G (X, X, .. (6.3)

wmnzzchaG

3%, aX, m) Cov (X, X})  (6.4)

where

X; = mean or expected value of X;,
Cov (X;,X;) = covariance of X; and X;, and
Var (Y) = variance of Y.

In Equation 6.4, |, indicates that the partial deriv-
atives are evaluated at the mean values of X;, X;.
When the parameters are all mutually indepen-
dent, Equation 6.4 reduces to
oG
Var (Y) =% —
ar (Y) =2, ( X
The simple relationships in Equations 6.2
through 6.5 may be used to estimate the mean and

(6.5)

"ywum

. variance of a material property, such. as strength,

because of uncertainties about various input
parameters and test conditions. Similarly, the
mean and variance of the resistance along a -
potential slip surface due to uncertainty about the
shear strength and other soil properties can be esti-
mated. When the performance variable Y is the
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safety factor, it is commonly assumed that the
safety factor has a log-normal distribution, with
mean E(FS) and standard deviation Gs [see Figure
6-1(c)), as determined from Equations 6.2 through
6.5. It is then possible to calculate the probability
that the safety factor is equal to or less than 1,
which is the shaded area in Figure 6-1(c).

Instead of the probability of failure, the safety
may be expressed by a reliability index (Hasofer

and Lind 1974):

_E(FS) — 1]
Ors

B (6.6)

The numerator of this equation is the distance
along the abscissa [Figure 6-1(c)] that measures the
difference between the mean safety factor E(FS)
and failure at FS = 1. This difference is equivalent
to a margin of safety. When this difference is di-
vided by Gps, the margin of safety becomes relative
to the uncertainty about the safety factor. Thus, B
is a measure of safety while taking into account the
magnitude of the uncertainties involved. Clearly,
when the uncertainty is large, larger safety factors
are necessary to maintain the same level of safety.
The reliability index as defined by Equation 6.6 is
obtained directly from the two moments, mean
and variance, and requires no assumption about
probability density functions. The FOSM ap-
proach can be extended to problems with per-
formance vectors and to performance functions
expressed numerically by finite-difference or finite-
element methods (Ditlevsen 1983).

.The procedures described above provide proba-
bility estimates for many practical problems.
However, these probability estimates are only ap-
proximate in most cases. When more accurate es-
timates of the reliability are required, first-order
reliability and second-order reliability methods
(FORM and SORM) may be applied (Ang and
Tang 1984; Madsen et al. 1986). In these methods
the partial derivatives in Equations 6.2 through
6.5 are evaluated at the most likely failure point
on the surface defined by the performance func-
tion. An iterative procedure is required to obtain
the failure point and the probability of failure.
Finally, Monte Carlo simulations can be used
when the system performance assessment becomes
too complex for analytical evaluations.

Solutions were obtained for reliability of soil
slopes by Tang et al. (1976) and of rock slopes by
Einstein et al. (1983) and Scavia et al. (1990).
Chowdhury and Tang (1987) presented a review

of probabilistic analysis of slope stability. Methods
for evaluating landslides induced by precipitation
and by earthquake were reviewed by Ang et al.
(1985). Where high pore pressures caused by pre-
cipitation may initiate instability, estimates of fail-
ure probability should account for the probable
occurrence of the critical pore pressure that will
cause failure. Examples of estimating pore pres-
sures due to rainfall were given by Wu and
Swanston (1980), Bevan (1982), Sangrey et al.
(1984), and Suzuki and Matsuo (1991). Failure
probability can also be calculated for the various
types of protective physical control systems men-
tioned in Chapter 5 and described further in
Chapters 17 and 18.

Where available data are insufficient for statis-
tical analysis, the landslide hazard can be esti-
mated by judgment. Roberds (1991) described a
procedure by which slopes along a route were in-
spected and a probability of failure was assigned to
each possible mode of failure on the basis of sub-
jective judgment. Probabilities of failure can also
be assigned to slopes on the basis of observed fail-
ures. The probabilities of failure or success per-
taining to avoidance, codes, and zoning involve
social and political considerations and are much
more difficult to evaluate. The use of subjective
probability based on experience may be the only
way to estimate such probabilities [see examples
given by Keeney and Raiffa (1976)].

Safety of a geotechnical system may mean sat-
isfactory” performance with respect to several
modes of failure. For instance, a retaining wall can
fail by overturning, sliding, or lacking adequate
bearing capacity. Landslides can be induced by
precipitation or earthquake. In a broad view, land-
slides often occur as one mode of multiple failure
modes triggered by some event (Advisory Board
on the Built Environment 1983; Advisory Com-
mittee on the International Decade for Natural
Hazard Reduction 1987). Examples are the 1964
Alaska earthquake, which triggered tsunamis,
local flooding, and many landslides, and the 1980
Mount St. Helens eruption, with associated land-
slides, floods, and wildfires.

Multiple modes of failure require a shift of per-
spective from mitigation of individual modes, such
as landslides, to mitigation of an entire system that
takes all of the modes into account (see Chapter
5, Section 6). For example, a building moved from
a floodplain to a hillside to avoid floods may be at
increased hazard from landslides or earthquakes.
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FIGURE 6-2
Decision-making
process for landslide
mitigation.

The plan of mitigation should consider all possi-
ble failure modes. When failure may be caused by
landslide or by flood, the failure probability (F) is

P, =P(AUB) =P(A) + P(B)-P(ANB) (6.7)
where

A = failure due to landslide,
B = failure due to flooding, and
U and N = union and intersection between
events.

In this simple case, events A and B may be con-
sidered independent; hence P(A N B) is given by
the product of P(A) and P(B). Otherwise the
conditional probability P(A|B) or P(BIA) is
needed. For complex problems in which the effect
of correlations between the respective failure
modes may not be easily determined, one can esti-
mate the upper and lower bounds on P; for system
failure (Ang and Tang 1984).

4. DECISION UNDER UNCERTAINTY

In probabilistic decision theory, the choice
between available options is dependent on the
preferences of the decision maker concerning all
possible outcomes of each of the options. A sim-

1. Characterize site

!

2. Identify failure modes

!

3. Evaluate hazard for
each failure mode

!

4. Evaluate consequehoes for
each failure mode

!

S. Evaluate risk for each
management option

!

6. Choose management
option

prior

probability

!

observations

!

posterior

probability

A

Y

plified flow diagram that illustrates the decision-
making process is shown in Figure 6-2. Step 1 ina
geotechnical engineering project is site explo-
ration and soil testing to define material distribu-
tion and material properties. The results are used
to characterize the site. In Step 2, all possible fail-
ure modes are identified. In Step 3, the hazard or
probability of failure P; for each mode is estimated,
as described in the previous section. For each
mode of failure, the consequence C; is estimated
(Step 4). Then the risk, defined as

R = P[C[ (68)

is calculated (Step 5). This procedure is repeated
for each of the available options in the manage-
ment strategy, which obviously should include the
options of doing nothing (as discussed in Chapter
5) and of additional investigation. The choice of a
management strategy is made on the basis of the
decision criterion, which should include the po-
tential risk associated with each option and the
initial capital cost of the option. For some prob-
lems, the criterion may be the expected cost,
which is defined as

E(C)=C,+PC (6.9)

where

C, = initial cost,
P; = probability of failure, and
C; = consequence or cost of failure.

In more complicated situations, some of the
consequences cannot be directly represented as
monetary values. A utility function is used to ex-
press the owner’s preferences with respect to the
possible outcomes. Multiattribute utility makes it
possible to include such attributes as delays or loss
of service, lost opportunity, social disruptions, and
effects on users and nonusers. The use of multiat-
tribute utility in decision analysis was treated by
Raiffa and Schlaifer (1961), Keeney and Raiffa
(1976), and Ang and Tang (1984).

After the probabilities and consequences have
been estimated, methods of decision analysis
(Benjamin and Cornell 1970; Ang and Tang 1984)
may be used to arrive at management decisions
(Step 6). A hypothetical decision tree, such as that
shown in Figure 6-3 for landslide mitigation, can
be used to identify the alternatives of actions, pos-
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) Path Path Expected
Alternatives Outcomes Probability Consequence Cost
Landslide
] 0.3} 0.3 10
o
Nothing — 3.0
No Landslide
(0.7) 0.7 0
Landslide
10.02) 0.02 12
Flatten [ 1.96
Slope No Landslide .
(0.98) 0.98 2
Landslide
System  Effective (0.05) 0.04 11
(0.8) No Landslide i
. —— 0.76 1
Install (0.95) p— 1.79
Drainage Landslide
Syst
yetem System  Ineffective (0.2) 0.04 1
(0.2) No Landslide
—oe 0.16 1

sible outcomes, and respective consequences or
costs for each scenario or path. The probability of
each branch of the outcome can be determined ei-
ther from probabilistic models or subjectively from
available information. As given in Equation 6.9,
the expected cost of each alternative is the sum-
mation of the path probability times the path con-
sequences over the outcomes of all scenarios for
that alternative. The alternative with the least ex-
pected cost is chosen if the expected value is the
criterion for decision. In this example, the optimal
solution for this site is the installation of a drainage
system. When the probabilities or costs are crude
estimates, a sensitivity analysis should be per-
formed to find out if the optimal solution changes
with the probabilities and costs.

5. LANDSLIDE HAZARD MAPS

When risk assessment is made over a large area,
the results may be expressed in the form of land-
slide hazard or landslide risk maps (Brabb 1984).
Various types of landslide hazard maps are de-
scribed in Chapter 8. An ideal landslide hazard
map should provide information concerning the
spatial and temporal probabilities of all anticipated
landslide types within the mapped area, and also
include information about their types, magnitudes,

velocities, and sizes. In this section, the construc-
tion of hazard maps is described on the basis of the
methodology outlined in the previous section.

A comprehensive mapping procedure for land-
slide management was proposed by Einstein
(1988). Maps containing different types of infor-
mation are constructed in sequence. According to
Einstein, state-of-nature maps are those that pre-
sent data without interpretation. These include

geologic and topographic maps, precipitation -

data, and so forth, as well as the results of site
investigation. Construction of such maps corre-
sponds to Step 1 in Figure 6-2. Danger maps indi-
cate the possible modes or failure mechanisms,
such as debris flows, rock falls, and so forth. These
maps follow from Step 2 in Figure 6-2. Hazard
maps, Step 3 in Figure 6-2, show the probability of
failure for various failure modes shown on danger
maps. For simple failure modes, the probability
that such a failure could occur during a given time
interval can be estimated on the basis of the prob-
ability distributions of the triggering mechanism
(rainstorm, earthquake, etc.), soil or rock proper-
ties, slope geometry, and other controlling factors.
The results can be shown on a map that delineates
zones with different failure probabilities (Viberg
1984; Wu 1992). Alternatively, hazards are ex-
pressed qualitatively as high, medium, or low. If

FIGURE 6-3
Decision tree for
landslide mitigation.
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the consequence of failure, also called “vulnera-
bility” by Varnes et al. (1984) and van Westen
(1993), can be estimated, the risk as defined in
Equation 6.6 can be calculated for the construc-
tion of a risk map, as shown in Steps 4 and 5 of
Figure 6-2. Finally, a management map can be used
to summarize the management decisions (Step 6
in Figure 6-2).

Most available maps fall into the categories of
danger and hazard maps. Danger maps can be
constructed by consideration of lithology, rock
structure, and hydrology and the relation of these
factors to the topography. When data are insuffi-
cient for analytical evaluation of failure probabil-
ity, a rating system may be used to obtain a hazard
rating of low, medium, or high. Failure probabili-
ties may be estimated from observed landslide fre-
quencies (Brabb et al. 1972; Wieczorek 1984).
These estimates may be based on examination of
multiple-date aerial photographs (Canuti 1986),

"ground observations, or review of historical

records. Danger maps provide a spatial distribu-
tion of landslides (Wright et al. 1974). A combi-
nation of historical and subjective assessment has
been used for regions with similar geology, topog-
raphy, and climate. This approach was used to
produce the U.S. landslide susceptibility map by
Radbruch-Hall et al. (1982). Hazard can also be
estimated by statistical correlation with factors
considered to correlate with landslides (Carrara
etal. 1991). Fully worked out examples of quanti-
tative landslide risk analysis are rare because of
the difficulties in defining both hazard and conse-
quence quantitatively (Einstein 1988; Kienholz
1992). One example of a complete mapping sys-
tem is the proposed methodology called Plans
d’Exposition aux Risques Naturels (PER) (Office of
the Prime Minister 1985).

6. HISTORIC FAILURE RATE

Historic failure rates can be helpful by providing a
broader perspective to the application of hazard
prediction methods. Ideally, landslide hazard
should be expressed as the probability of failure per
time per area. Hazards for other forms of instability
can also be included. For slopes undergoing creep
movement, the probability of accelerating move-
ment may be appropriate. Examples of historic
failure rates include those for the Alpine and Pre-
Alpine regions of Switzerland, where “super
events,” such as the Flims and Sierre landslides,

have return periods of 10 years or greater, whereas
“major events,” such as the landslides at Goldau or
Deborence, have return periods of 10? to 10° years
(Einstein 1988). However, there is a general lack
of formal statistical evaluation of landslides.

In the design of corrective measures, the engi-
neer may refer to failure rates of geotechnical sys-
tems. Although failure statistics have not been
formally compiled for geotechnical systems, rough
estimates can be made based on data from various
studies. Baecher et al. (1980) determined that the
historical rate of failure of dams is about 0.0001
per dam-year, or about 0.01 for the average life of
a dam, for a wide range of locations and times of
construction. The details of failure mechanisms
are often imprecise, but it appears that about one-
third of the failures were due to overtopping and
another one-third to internal erosion, piping, or
seepage. These numbers are close to what would
be expected from the judgment and experience of
the profession. The remaining one-third of the
failures are due to slides and other mechanisms.

Results of an extensive survey of embankment
and cut-slope failures along British motorways
showed that “percent of failure” for embankments
and cuts in different geologies ranged between 0
and 0.13 (Perry 1989). The percent of failure was
defined as length of failed slope to total length of
slope, and the age of the earthworks ranged from
2 to 26 years. An exceptionally low percentage of
failure of 0.003 was found for cuts in London clay,
and this low percentage was attributed to the
flatter design slopes adopted for this well-known
material. The statistics reflect a wide range in
construction quality and design criteria.

More recent experience by the Ministry of
Transportation of Ontario (MTO) with embank-
ments on clay soils similar to Leda clay and New
Liskard clay showed that no failures have occurred
where the design safety factor is 1.3 for a shear
strength measured by the MTO field vane (M.S.
Devata, personal communication, 1992, Ministry
of Transportation of Ontario, Canada). Since
there have been at least 1,000 embankments of
this type, it appears that the failure probability is
less than 0.001 per embankment during the initial
period of several years when modern design and
construction methods have been used with a ma-
terial that has been thoroughly investigated and a
geology that is without surprises and anomalies.

Estimates of failure rates have also been ex-
pressed by individuals on the basis of their experi-
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ence. For example, Meyerhof (1970) estimated
the overall failure rate to be around 0.001 for
earthworks and retaining structures and 0.0001
for foundations over the lifetime of the structure.
Lambe’s (1985) estimate of the lifetime failure
probability for embankments and slopes designed
by qualified engineers and built with adequate su-
pervision and monitoring of performance was
0.0001 or less when the design safety factor was
1.5. Besides these judgmental estimates, results of
reliability analyses on previously designed struc-
tures are also worth noting. The lifetime failure
probabilities for foundations of offshore gravity
structures (Wu et al. 1989) and of highways
(Barker et al. 1991) were estimated to be 0.001 or
less. Hence, a lifetime failure probability on the
order of 0.001 may be acceptable to the profes-
sion. However, one should be cautioned that the
consequences of failure in individual cases can
vary substantially. Hence, acceptable failure prob-
ability can also vary between projects. In this re-
gard, Whitman’s (1984) plot of annual failure
probability versus consequences of failure for a
number of structures and civil engineering pro-
jects might provide some indication of acceptable
risks (see Figure 6-4).

7. APPLICATIONS

Although it is possible to use probabilistic
methods to arrive at decisions on location of trans-
portation and other facilities in which socioeco-
nomic factors are involved [for examples, see work
by Keeney and Raiffa (1976)], such methods have
not been widely used in landslide hazard reduc-
tion by regulation or zoning. Applications of prob-
“abilistic methods to design and opdrations of more
limited scope are plentiful. Several examples are
given below, beginning with the simple and pro-
gressing to the complex. The degree of complexity
depends on the nature of the problem.

A scoring system for rock-fall hazards is used by
the Oregon Department of Transportation (Pier-
son 1992) for management of rock slopes along
highways. Scores are assigned according to geo-
logic structure, erosion, and so forth. The scores
are based largely on observed frequency of rock
falls and are proportional to probabilities of fail-
ure, given the geologic structure, erosion, and
other factors. Scores are also assigned for route
conditions, such as sight distance and roadway
width. These scores represent consequences, be-
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are more likely to result in accidents, given a rock
fall. Thus, the total score contains the essential el-
ements of risk as defined in Equation 6.8. The
ranges in cost of various methods for rock-fall mit-
igation are estimated. Criteria for choosing slopes
for mitigation include a slope’s score in the rock
hazard rating system (RHRS), the RHRS score
relative to cost of mitigation, and others.
Although this system does not use the formal
method of the decision tree, it contains the essen-
tial elements of decision analysis.

The method used by Wagner et al. (1987) to
identify hazards of rock and debris slides in Nepal
is close to Einstein’s mapping procedure. State-of-
nature maps consist of a geologic map and a slope
map (Maps 1 and 2 in Figure 6-5). A morpho-
structural map (Map 3 in Figure 6-5) is constructed
from the slopes and dips of discontinuities, which
are planes of weakness. Where the dip of the
slope exceeds that of a discontinuity and the two
dips are in the same direction, the slope is consid-
ered “structural,” and wedge or block failures are
possible. Thus, the morphostructural map is anal-
ogous to Einstein’s danger map. The probability of
failure is estimated empirically by weights assigned
to the structure, lithology, hydrology, tectonics,

engineering projects
(Whitman 1984).
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and weathering. The sum of the weights for each
of the factors considered is used to obtain a quali-
tative description of hazards as low, medium, or
high. The resulting hazard map, called a risk map,
is shown as Map 4 in Figure 6-5. Major rock and
debris slides that occurred after completion of the
road were located in the three ateas of high risk
shown on Map 4. This hazard identification proce-
dure has been adopted for selection of routes in
mountainous regions (Deoja and Thapa 1989).

A complete event-tree analysis has been used
to choose a maintenance program for rock slopes
along transportation routes (Roberds 1991). The
procedure consists of the following steps:

1. Identify possible failure modes,

2. Estimate probability of failure,

3. Evaluate consequences of failure, and

4. Evaluate effectiveness and cost of maintenance
activities.

An example of this method is the choice of
maintenance actions for rock slopes on a route

with low traffic density. The decision tree for the
slope management problem is shown in Figure
6-6: Maintenance activities include the following:
Mo, do nothing; My, scaling; M,, installation of
rock bolts; . . ., M3, construction of toe protec-
tion. Failure modes are F,, isolated rock falls; F;,
small individual wedge slides; and so on. The con-
sequences for each failure mode are assessed in
terms of four components, namely, C,, cost of re-
pair; C,, service distuption; Cs, number of injuries
or deaths; and C,, litigation. The effectiveness of
each maintenance activity may be expressed by
the mean reduction in the number of failures and
by the mean reduction of each component of
consequence, as shown in Table 6-1. These mean
values are computed from the subjective distri-
butions of the number of slope failures, such as
P(NE IM,), and those of each component of con-
sequence, such as P(C;|F IM;), as shown in
Figure 6-6, by Monte Carlo simulation.

By translating the service disruption and injur-
ies, deaths, or both, to equivalent costs of $20,000
per day and $100,000 per petson, respectively, each

Slope Activity Failure Mode Consequences
Name (implementation cost) (number of failures) (types & amounts)
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plCqIMp]
__ Fq- isolated Ci- repair cost C4- litigation
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PICoMM 1] PINF2IM1] p[CqIFaMq] PIC4IF2Mq]
SA— —  F3
—MZ [— F4
M3 L Fg- large mass
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FIGURE 6-5
(opposite page)
Examples of

(1) geologic,

(2) slope, (3)
morphostructural,
and (4) risk maps
from Nepal

(Wagner et al. 1987).

FIGURE 6-6
Evaluation of
préventive
maintenance
activity

(Roberds 1991).
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Table 6-1

Effectiveness of Maintenance Activity

REDUCTION IN CONSEQUENCES®

MAINTENANCE REDUCTION IN
ACTIVITY NO. OF FAILURES C G, G C,
M, 0.6 0 0 0 0
M, 0.1 0 0 0 0.2
M, 0.9 0 0 0 0.2
[ ]
[ ]
[ ]
M, 0 0.5 0.5 0.8 0.2

¢ Fraction of consequence of M.

maintenance activity can be measured by a proba-
bility distribution of its overall utility, P[U{M}].
The various maintenance activities can then be
compared on the basis of their expected utility or
the probability that U; > U;, where U; and Uj are

the utilities of maintenance activities i and j.
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A. KEITH TURNER AND
VERNE C. MCGUFFEY

ORGANIZATION OF
INVESTIGATION PROCESS

1. INTRODUCTION

o investigate is “to observe or inquire into
T in detail; examine systematically,” as de-
fined in The American Heritage Dictionary (New
College Edition). Investigation and characteriza-
tion of subsurface conditions form the core of
landslide studies.

Geotechnical engineering applications incorpo-
rate naturally occurring materials characterized by
highly variable physical properties. Although most
engineers work with materials that have known
properties and undertake designs reflecting these
properties, geologists and geotechnical engineers
must utilize a structured investigation process to
deduce the properties of naturally occurring mate-
rials and their geometrical relationships. Successful
investigations require the investigator to have
sound judgment and the ability to make decisions.

2. FIELD INVESTIGATION OF LANDSLIDES

Field investigation has long been recognized as the
central and decisive part of a study of landslides
and landslide-prone regions (Philbrick and Cleaves
1958:; Sowers and Royster 1978). Landslide inves-
tigation supports the adage that a problem is al-
ready half solved when one recognizes that a
problem exists. Investigation should be directed
toward both recognition of actual or potential slope
movements and identification of the type and
causes of the movement. Both aspects are impor-

tant in identifying appropriate procedures for the
prevention or correction of landslides.

Rib and Liang (1978) suggested that landslide
investigations should be designed with reference
to four basic guidelines that have evolved over
many years of experience:

o Most landslides or potential failures can be pre-
dicted if proper investigations are performed in
time;

e The cost of preventing landslides is less than
the cost of correcting them, except for small
landslides that can be handled by normal main-
tenance procedures; o

e Massive landslides that may cost many times
the cost of the original facility should be pre-
vented; and

e The occurrence of initial slope movement can
lead to additional unstable conditions and
movements.

3. DEFINITION OF INVESTIGATION
PROCESS

An appropriate investigation process cannot be .

defined by the rigid application of a set of proce-
dural rules. Because the investigation process is so
central to geotechnical applications, it has been
discussed in numerous textbooks and papers in
professional journals (Burwell and Roberts 1950;
Terzaghi and Peck 1967; Kiersch 1969; Peck 1969;
Dowding 1979a; Boyce 1982; Clayton et al. 1982;

121



122

Landslides: Investigation and Mitigation

Fookes et al. 1985). The American Society of
Civil Engineers sponsored a specialty conference
on the topic and subsequently published a book
containing the principal papers and discussions
(Dowding 1979a). Clayton et al. (1982) aimed at
“improving the quality of site investigation by pro-
viding a relatively simple reference book.” Their
book relates to British conditions but includes nu-
merous examples defining basic site investigation
principles that should guide all investigators.

Investigations produce information that forms
the basis for design decisions. In a few cases, sub-
surface conditions at a site are generally conceded
to be so complicated that any ordinary and rea-
sonable investigation will yield only a partial and
incomplete evaluation. Under such rare circum-
stances, steps are taken to allow for changes in the
facility design or the construction methods as ac-
tual conditions are revealed. This flexibility is ex-
pensive, however, and in the majority of cases,
investigation is expected to yield reasonably accu-
rate predictions of subsurface conditions.

3.1 Investigation Failures

An investigation is inadequate if it fails to reveal
information concerning subsurface conditions
that is needed to produce a safe and economical
design or fails to determine appropriate construc-
tion methods. Yet investigations generally should
not, and usually will not, remove all uncertainty.
Minor unexpected conditions are often found dur-
ing construction; in fact, such changed conditions
are to be expected. Investigations are considered
to have failed only when the revealed conditions
are found to differ grossly from the predictions.
Osterberg (1979) stated that geotechnologists
must “take every advantage of every method, tool,
and observational opportunity to communicate
with personnel involved in order to avoid such
failures.”

Osterberg (1979) suggested that there are five
general reasons for investigation failures:

¢ General knowledge of geologic processes was not
used in planning the exploration program and in
evaluating the findings of the investigation;

¢ The investigator had a preconceived notion of
what the site evaluation should be and showed
reluctance, or even refused, to consider evi-
dence that contradicted the preconceived idea;

® Not all the available tools were used for site
evaluation even though they may have been
simple and obvious;

® The investigator failed to properly discuss the
goals of the exploration program with all the
persons involved; and

¢ Open and free lines of communication were not
set up.

3.2 Site Characterization

A number of authors emphasize the concept of
characterization during the investigation process.
According to Dowding (1979b), characterization
of the subsurface includes identification of the
geometry of relatively homogeneous zones as well
as the constitutive properties of the material
within the zones. Constitutive properties are those
parameters that allow the prediction of a mater-
ial’s strength, deformation, or permeability in re-
sponse to changes over time due to stress or other
environmental conditions.

Duncan (1979) stated that such characteriza-
tion serves two distinct purposes:

¢ Anticipating problems and effects, and
¢ Quantifying site geometric characteristics or
material properties.

Duncan suggested that these purposes interact,
the first providing a more or less qualitative defi-
nition of the critical issues and problems and the
second providing more detailed and quantitative
definitions suitable for analysis and design.

3.3 Effect of Economic Factors

Few investigations have sufficient time or money
to permit the collection of every pertinent fact;
thus critical factors must be identified and assessed
on the basis of limited data, relying on the judg-
ment and experience of the investigator. Duncan
(1979) quoted Peck (1974) as stating that “even
the most experienced practitioner has to form his
judgments on the basis of less than perfect data.”
Subsurface soil and rock conditions are notori-
ously variable, and reality often differs from ex-
pectation. The investigation process must be
supported by a logical thought process for appro-
priate conclusions to be reached.
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3.4 Importance of Proper Site
Investigation Procedures

The importance of proper site investigation proce-
dures has long been a topic of concem to leading
engineers. For example, in reviewing the experi-
ence with soil mechanics before World War I,
Terzaghi stated:

Engineers imagined that the future science of
foundations would consist of carrying out the
following program: Drill a hole in the ground.
Send soil samples obtained from the hole
through a laboratory with standardized appara-
tus served by conscientious human automa-
tons. Collect the figures, introduce them into
equations, and compute the result. (Terzaghi
1936, 14)

Terzaghi theri went on to lament the status of civil
engineering education, which he suggested was
biased toward the concept that all engineering
problems should and could be resolved with a pri-
ori assumptions regarding the material properties.
Peck (1969) suggested that Terzaghi’s great success
was due to his use of observation and also to his in-
sistence on full personal responsibility and author-
ity concerning all details of critical investigations.

Underwood suggested that there were two im-
portant problem areas in investigation:

One attitude that has discouraged the writer
over the past few years is the apparent hope for
some new magical development that will fill in
the gaps between a few poorly sampled, widely
spaced and often poorly logged borings. . . .
Field investigations are often hurriedly and
carelessly conducted and the incomplete data
is then carefully analyzed by precise (out to 8
digit accuracy) computer techniques which
produce impressive but erroneous results
which in turn lead to inaccurate design as-
sumptions. (Underwood 1974)

These problems logically lead to the following
conclusions about the importance of the proper
investigation process:

e New and ever-more-sophisticated equipment
will never substitute for a properly designed and
adequate sampling program;

e Trained personnel, familiar with the reasons for
the investigation, must conduct and supervise
the activities in the field;

e The validity of the test results and analyses is
based entirely on the quality and extent of the
field investigation on which they rely; and

e Overrefinement of analysis does not lead to

improved design, which depends entirely on
improved investigation.

4. ELEMENTS OF AN INVESTIGATION

Several proposals have been made concerning the
design of an ideal investigation. All authors agree
that the investigation process should be conducted
in an iterative fashion. Clayton et al. (1982) sug-
gested that the ideal investigation should follow a
séquence of 11 stages (or events) as defined in
Table 7-1. In contrast, Dowding (1979b) suggested
that the investigation process should be considered
in terms of only three steps, namely,

e Review available information and surface re-
connaissance;

e Undertake detailed surface mapping, prelimi-
nary borings, initial laboratory testing, and pre-
liminary analysis; and

e Undertake borings to recover specialized sam-
ples, geophysical surveys, test excavations
(adits, test pits, calyx holes, etc.), and special-
ized testing.

Dowding further suggested that the results of each
step should be integrated with the design process

TABLE 7-1
Ideal Order of Events for Site Investigation
(Clayton et al. 1982)

EVENT DESCRIPTION

1 * Preliminary desk study or
fact-inding survey

Aerial photograph interpretation

Site walkover survey

Preliminary subsurface exploration

Soil classification by description and
simple testing

Detailed subsurface exploration and
field testing

Physical survey (laboratory testing)

Evaluation of data

Geotechnical design

Field trials

Liaison by geotechnical engineer with
site staff during project construction

(=)} Wi W
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in order to identify the unknowns that should be
discovered in the next step or element.
Johnson and DeGraff (1988) suggested that an

investigation should include five elements:

¢ Formulation of the investigation,

® Data collection,

Data interpretation,

Application of analysis techniques, and
Communication of results.

Because landslides are continually changing
phenomena, field investigations are not isolated or
easily defined activities; they are frequently itera-
tive in their application. New data generate new
questions that require more data for resolution.

The critical aspects of a landslide investigation
for each of the five investigation elements defined
by Johnson and DeGraff (1988) are described
briefly in the following sections.

4.1 Formulation of the Investigation

According to Johnson and DeGraff (1988), for-
mulation of the investigation is the element that
is most often forgotten or overlooked. This formu-
lation involves two components:

¢ The identification of the question or questions
that the investigation must answer, a clear defi-
nition of the purpose of the investigation; and

¢ Identification of other aspects of the investiga-
tion, including its scope, the area and depth to
be investigated, and its duration.

Inadequate attention to formulation may cause
the investigation to be conducted in an inefficient
manner. It may take longer and cost more to com-
plete, and, in some cases, the appropriate informa-
tion is not obtained at all.

4.1.1 Purpose

Field investigations of landslides may be con-
ductred for two distinct purposes:

® When new facilities are planned, to identify

areas that are potentially or currently subject to
landsliding; in the case of transportation facili-
ties, this investigation would be conducted dur-
ing the route-selection phase.

¢ When a landslide is adjacent to a facility, to
define the landslide dimensions; features, and

characteristics and to assess environmental fac-
tors that may contribute to the landsliding.

These two purposes require somewhat different
approaches. -

Unstable areas prone to landsliding usually
exhibit symptoms of past movement and incipient
failure. During preliminary planning stages, these
may be identified by interpretation of aerial pho-
tographs or by remote-sensing methods. The
potential for landsliding can also be evaluated by
a number of numerical mapping and assessment
methods. Other cases can only be identified by a
detailed field investigation before design. Such in-
vestigations can show how to prevent, or at least
minimize, future movements, and they can suggest
alternate routes that are less subject to landsliding.

Once a landslide has developed, either during
construction of a facility or subsequently, the in-
vestigation is undertaken to diagnose the factors
affecting the movements and to determine what
corrective measures are appropriate for preventing
ot minimizing further movements. Such investiga-
tions have much in common with other types of
site-investigation programs. However, in many
cases these investigations may have to be under-
taken with some urgency because the landslide is
a threat to property or public safety or is disrupting
use of a transportation facility.

4.1.2 Scope

Sowers and Royster (1978) included a rather
lengthy checklist of features that should be con-
sidered in planning a field investigation of a land-
slide (see opposite page). It is not expected that
any single landslide investigation would involve
all the items on this list.

4.1.3 Area

The area of an investigation is controlled by the
size of the project and the extent of the topo-
graphic and geologic features that are involved in
the landslide activity. At sites where there is po-
tential for movement, the area that must be in-
vestigated cannot be easily defined in advance.
The extent of the investigation can be better de-
fined once a landslide has occurred. However, in
either case, the area studied must be considerably
larger than that comprising the suspected activity
or known movement for two reasons:



Checklist for Planning a Landslide Investigation (Sowers and Royster 1978)

| TOPOGRAPHY
A. Contour map
1. Land form
2. Anomalous patterns (jumbled, scarps, bulges)
B. Surface drainage
1. Continuous
2. Intermittent
C. Profiles of slope
1. Correlate with geology (1)
2. Correlate with contour map (I1A)
D. Topographic changes
1. Rate of change by time
2. Correlate with groundwater (lll), weather (IV), and
vibration (V)

Il GEOLOGY
A. Formations at site
1. Sequence of formations
2. Colluvium
a. Bedrock contact
b. Residual soil
3. Formations with bad experience
4. Rock minerals susceptible to alteration
B. Structure: three-dimensional geometry
. Stratification
. Folding
. Strike and dip of bedding or foliation
a. Changes in strike or dip
b. Relation to slope and slide
4. Strike and dip of joints with relation to slope
5. Faults, breccia, and shear zones with relation to slope
and slide
C. Weathering
1. Character (chemical, mechanical, and solution)
2. Depth (uniform or variable)

I GROUNDWATER )
A. Piezometric levels within slope
1. Normal
2. Perched levels, relation to formations and structure
3. Artesian pressures, relation to formations and structure
B. Variations in piezometric levels [correlate with weather
(IV), vibration (V), and history of slope changes (VI)]
1. Response to rainfall
2. Seasonal fluctuations
3. Year-to-year changes
4. Effect of snowmelt
C. Ground surface indications of subsurface water
1. Springs
2. Seeps and damp areas
3. Vegetation differences
D. Effect of human activity on groundwater
1. Groundwater utilization
2. Groundwater flow restriction
3. Impoundment and additions to groundwater
4. Changes in ground cover and infiltration opportunity
5. Surface water changes
E. Groundwater chemistry
1. Dissolved salts and gases
2. Changes in radioactive gases

WN =

IV WEATHER

A. Precipitation
1. Form (rain or snow)
2. Hourly rates
3. Daily rates
4. Monthly rates
5. Annual rates

B. Temperature
1. Hourly and daily means
2. Hourly and daily extremes
3. Cumulative degree-day deficit (freezing index)
4. Sudden thaws

C. Barometric changes

V VIBRATION
A. Seismicity
1. Seismic events
2. Microseismic intensity
3. Microseismic changes
B. Human induced
1. Transport
2. Blasting
3. Heavy machinery

VI HISTORY OF SLOPE CHANGES
A. Natural process
1. Long-term geologic changes
2. Erosion
3. Evidence of past movement
4. Submergence and emergence
B. Human activity
1. Cutting
2. Filling
3. Changes in surface water
4. Changes in groundwater
- 5. Changes in vegetative cover, clearing excavation,
cultivation, and paving.
6. Flooding and sudden drawdown of reservoirs
C. Rate of movement *
1. Visual accounts
2. Evidence in vegetation
3. Evidence in topography
4. Photographic evidence
a. Oblique
b. Stereo aerial photographs
c. Aerial photographs
d. Spectral changes
5. Instrumental data
a. Vertical changes, time history
b. Horizontal changes, time history
¢. Internal strains-and tilt, including time history
D. Correlations of movements
1. Groundwater [correlate with groundwater (lIl)]
2. Weather [correlate with weather (IV)]
3. Vibration [correlate with vibration (V)]
4. Human activity [correlate with human-induced vibra-
tion (VB)]
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* The landslide or potential landslide must be ref-
erenced to the stable area surrounding it, and

¢ Most landslides enlarge with passage of time,
and moreover many landslides are much larger
than first suspected from the overt indications
of activity.

As a rule of thumb, the area studied should be
two to three times wider and longer than the area
suspected. In some mountainous areas, it is neces-
sary to investigate to the top of the slope or to some
major change in lithology or slope angle. The lat-
eral area must encompass sources of groundwater
and geologic structures that are aligned with the
area of instability.

" 4.1.4 Depth

The depth of the investigation is even more diffi-
cult to define in advance. Borings or other direct
techniques should extend deep enough to identify
those materials that have not been subject to past
movement but that could be involved in future
movement and the underlying formations that are
likely to remain stable. The boring depth is some-
times revised hourly as field operations proceed.
When instrumentation of a landslide yields data
on the present depth of activity, planned depths
are sometimes found to be insufficient and in-
creases are necessary. The specifications should be
flexible enough to allow additional depth of inves-
tigation when the data obtained suggest deeper
movements. Longitudinal cross sections should be
drawn through the center of the landslide depict-
ing possible toe bulges and uphill scarps; circular or
elliptical failure surfaces sketched through these
limits can suggest the maximum depth of move-
ment. Continuous, thick, hard strata within the
slope can limit the depth. However, at least one
boring should extend far below the suspected
depth of shear: sometimes deep, slow movements
are masked by the greater activity at shallower
depths. Experience demonstrates that the depth of
movement below the ground surface at the center
of a landslide is seldom greater than the width of
the zone of surface motion.

4.1.5 Duration

Ideally, the investigations should continue over pe-
riods of time adequate to evaluate the changing en-
vironmental factors and shifting topography. Often
the duration of these investigations is constrained
by the need for preventive or corrective design.

Since most landslides are influenced by climat-
ic changes, a minimum period for investigation
should include one seasonal cycle of weather—
one year in most parts of the world. However, be-
cause long-term climatic cycles that occur every
11 or 22 years are superimposed on the yearly
changes, it could be necessary to continue a land-
slide investigation for more than two decades.
Such a long investigation is almost impossible,
however, because of the need to draw conclusions
and take corrective action.

Investigations made during a period in which
the climatic conditions are less severe than the
maximum will prove too optimistic, and those
made during a period of bad conditions may appear
too pessimistic. The worst climatic conditions that
develop during the life of the project control the
risk to engineering construction. Experience has
indicated that many false conclusions have been
reached regarding the causes of landslides and the
effectiveness of corrective measures because wors-
ened climatic changes were not considered by the
engineers and geologists concerned.

4.2 Data Collection .

Data collection involves both office and field stud-
ies. Office studies include the discovery and as-
sembly of all existing pertinent information.
These data are commonly found in diverse gov-
emnment sources and may include maps, reports,
aerial photographs, and historical documents. The
appropriate use of such information can materially
assist the investigator before and during an initial
site visit and guide the planning of the first steps
in field data collection.

Field data collection may involve a variety of
activities ranging from relatively simple, low-cost
reconnaissance studies to sophisticated, frequently
expensive specialized instrumentation installa-
tions. Investigations are generally most efficient
when the simpler and more rapid reconnaissance
methods are used initially to obtain a basic under-
standing of the site and the more expensive and
time-consuming sampling methods are employed
subsequently where they can be used for maxi-
mum benefit. These data collection activities are
discussed in more detail in Chapters 8 through 11.

4.3 Data Interpretation

An investigation is incomplete without an inter-
pretation of the data from the office and field
studies. In most landslide investigations, data col-
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lection and data interpretation go on continuously
and interactively. Interpretation of data gathered
during initial stages of an investigation will usually
suggest the need for additional volumes and types
of data and modifications to the investigation
process. An efficient investigation process requires
a continual review and interpretation of the data
as they are gathered. '

Data interpretation usually begins with reduc-
tion and reorganization of the initial raw data.
This activity results in the production of tables,
graphs, maps, profiles, and cross sections. For most
landslide investigations, spatial and temporal
comparisons of the data are of great interest.

4.4 Application of Analysis Techniques

Once data are in manageable form, analysis of the
data is usually fairly easy. Analysis may involve
graphical techniques, but numerical methods, in-
cluding both statistical analysis and mathematical
modeling approaches, are increasingly being em-
ployed. Numerous slope stability analysis pro-
cedures ‘are possible. Most involve simplifying
assumptions. Slope stability analysis methods are
discussed in Chapter 13 for soil slopes and in
Chapter 15 for rock slopes.

4.5 Communication of Results

Many sources emphasize the need for clear and
precise communication of investigation results
(Osterberg 1979; Williams 1984). If the answers
obtained by an investigation are not transmitted
to those who will use them, the investigation will

have served no purpose. Some landslide investiga- .

tion results are reported to government boards,
commissions, or similar entities. Numerous guides
are available for authors preparing such docu-
ments (California Division of Mines and Geology
1975; Cochrane et al. 1979; Hansen 1991).
Litigation may result from some landslides, and
some landslide investigations may be developed
for such applications. Kiersch (1969) provided
guidance for geologists involved as technical (ex-
pert) witnesses in such litigation.

5. HIGH-QUALITY INVESTIGATIONS

Clayton et al. (1982) proposed six key factors for
improving site investigations. The following are
modifications of their factor descriptions that re-
flect the needs and realities of investigations at
landslide sites:

¢ Insistence on the full use of available documen-
tary evidence in a comprehensive factual survey
during the early stages of the investigation
process;

e Use of aerial photography, remote-sensing, and
possibly numerical map analysis methods in the
early stages of an investigation, preferably by
trained and experienced personnel;

¢ Development of a plan of subsurface investiga-
tion that is specifically designed for the site and
reflects expected geological and environmental
subsoil conditions;

¢ Field supervision of drilling by experienced en-
gineers, who should be aware of the aims of the
investigation;

e Frequent revision of the aims and methods of
the site investigation as information becomes
available and as a result of liaison among geo-
technical engineers, designers of the proposed
corrective or preventive measures, and, where
possible, the contractor who will undertake the
work; and _

e Close observation by an experienced team of
geotechnical engineers during the construction.

6. OVERVIEW OF CHAPTERS 8-11

The major aspects of the investigation process
for landslides are defined in the following four
chapters.

The use of aerial photographs and other remote-
sensor imagery products for landslide mapping is
discussed in Chapter 8. Also described is the use of
computer-based spatial mapping approaches in
performing regional landslide hazard assessments.

In Chapter 9 the initial office and field data col-
lection efforts, including various surface observa-
tions and geologic mapping methods, are reviewed.
Various surveying methods to supply quantitative
data on landslide movements are summarized.

Chapter 10 continues the discussion of field
data collection activities for a landslide investiga-
tion, covering the entire range of exploration and
sampling options to characterize the subsurface
conditions. The merits of various geophysical ex-
ploration methods as well as the wide range of
methods involving in situ testing, borings, test ex-
cavations, and sample handling procedures are
surveyed.

Chapter 11 completes the data collection
process with a discussion of the various field in-
strumentation options to identify and monitor
subsurface movements.
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ROBERT SOETERS AND
CORNELIS ]. VAN WESTEN

SLOPE INSTABILITY
RECOGNITION, ANALYSIS,
AND ZONATION

1. INTRODUCTION

lope instability processes are the product of

local geomorphic, hydrologic, and geologic
conditions; the modification of these conditions
by geodynamic processes, vegetation, land use
practices, and human activities; and the frequency
and intensity of precipitation and seismicity.

The engineering approach to landslide studies
has focused attention on analysis of individual
slope failures and their remedial measures. The
techniques used in these studies were in accor-
dance with their required large scale and did not
allow for zonation of extensive areas according to
their susceptibility to slope instability phenomena.
The need for this type of zonation has increased
with the understanding that proper planning will
decrease considerably the costs of construction and
maintenance of engineering structures.

Considering the many terrain factors involved
in slope instability, the practice of landslide haz-
ard zonation requires

o A detailed inventory of slope instability processes,

e The study of these processes in relation to their
environmental setting,

e The analysis of conditioning and triggering fac-
tors, and

e A representation of the spatial distribution of
these factors.

Some methodological aspects of slope instabil-
ity hazard zonation are dealt with in Section 2 of

this chapter. The essential role of the earth scien-
tist in modeling the spatial distribution of terrain
conditions leading to instability is noted, and a
scheme is given for a hierarchical approach to
slope instability zonation that is similar to the
phases recognized in engineering projects. By fol-
lowing such a systematic approach, the necessary
steps to a hazard assessment are defined, taking
into consideration both direct and indirect map-
ping techniques. An overview of current practice
is given.

In Section 3 emphasis is on the application of
remote-sensing techniques to landslide studies and
hazard zonation. A systematic guide is presented
for recognition and interpretation of slope move-
ments. The applicability of different remote-
sensing data to landslide recognition is evaluated,
considering their characteristic spatial, spectral,
and temporal resolutions.

The capabilities of a geographic information
system (GIS) for analyzing terrain factors that lead
to slope instability are highlighted in Section 4.
An integration of data collection and analysis
techniques is proposed for slope instability zona-
tion at different scales.

The terminology concerning hazards used in
this chapter conforms to the definitions proposed
by Varnes (1984):

¢ Natural hazard means the probability of occur-
rence of a potentially damaging phenomenon
within a specified period of time and within a
given area;

129
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¢ Risk means the expected number of lives lost,
persons injured, damage to property, or disrup-
tion of economic activity because of a particular
natural phenomenon; and

® Zonation refers to the division of land in homo-
geneous areas or domains and the ranking of
these areas according to their degrees of actual
or potential hazard caused by mass movement.

To determine risk, Varnes gave the following
definitions:

® Vulnerability means the degree of loss to a given
element (or set of elements) at risk resulting
from the occurrence of a natural phenomenon
of a given magnitude;

¢ Element at risk means the population, properties,
economic activities, and so on, at risk in a given
area; and

® Specific risk means the expected degree of loss
due to a particular natural phenomenon.

Landslide hazard is commonly shown on maps
that display the spatial distribution of hazard
classes (or landslide hazard zonation). Landslide
hazard zonation requires a detailed knowledge of
the processes that are or have been active in an
area and of the factors leading to the occurrence
of the potentially damaging phenomenon. This
knowledge is considered the domain of earth sci-
entists. Vulnerability analysis requires detailed
knowledge of the population density, infrastruc-
ture, and economic activities and the effects of a
specific damaging phenomenon on these elements
at risk. Therefore this part of the analysis is done
mainly by persons from disciplines other than the
earth sciences, such as specialists in urban planning
and social geography, economists, and engineers.

As discussed in Chapter 6, fully developed
examples of risk analysis on a quantitative basis
are still scarce in the literature (Einstein 1988;
Kienholz 1992; Innocienti 1992; Keaton 1994),
partly because of the difficulties in defining quan-
titatively both hazard and vulnerability. Hazard
analysis is seldom executed in accordance with the
definition given above, since the probability of oc-
currence of potentially damaging phenomena is
extremely difficult to determine for larger areas.
The determination of actual probabilities requires
analysis of such triggering factors as earthquakes or
rainfall, as discussed in Chapter 4, or the applica-

tion of complex models. In most cases, however,
there is no clear relationship between these factors
and the occurrence of landslides. Therefore, in
most hazard maps the legend classes used generally
do not give more information than the suscepti-
bility of certain areas to landsliding or relative in-
dications of the degree of hazard, such as high,
medium, and low. From the review of many exam-
ple studies, it appears that susceptibility usually
expresses the likelihood that a phenomenon (in
this case, a landslide) will occur in an area on the
basis of the local terrain conditions; the probabil-
ity of occurrence, which depends also on the re-
currence of triggering factors such as rainfall or
seismicity, is not considered. The terms hazard and
susceptibility are frequently used synonymously.

In this chapter only the techniques for recogni-
tion and analysis of landslides and methods for
hazard assessment are treated.

2. PRINCIPLES OF HAZARD ZONATION

An ideal map of slope instability hazard should
provide information on the spatial probability,
temporal probability, type, magnitude, velocity,
runout distance, and retrogression limit of the
mass movements predicted in a certain area
(Hartlén and Viberg 1988). A reliable landslide
inventory defining the type and activity of all
landslides, as well as their spatial distribution, is
essential before any analysis of the occurrence of
landslides and their relationship to environmental
conditions is undertaken. The differentiation of
slope instability according to type of movement is
important, not only because different types of
mass movement will occur under different terrain
conditions, but also because the impact of slope
failures on the environment has to be evaluated
according to type of failure.

2.1 General Considerations

Prediction of landslide hazard for areas not cur-
rently subject to landsliding is based on the as-
sumption that hazardous phenomena that have
occurred in the past can provide useful information
for prediction of future occurrences. Therefore,
mapping these phenomena and the factors thought
to be of influence is very important in hazard zona-
tion. In relation to the analysis of the terrain con-
ditions leading to slope instability, two basic
methodologies can be recognized:
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1. The first mapping methodology is the experi-
ence-driven applied-geomorphic approach, by
which the earth scientist evaluates direct rela-
tionships between landslides and their geomor-
phic and geologic settings by employing direct
observations during a survey of as many existing
landslide sites as possible. This is also known as
the direct mapping methodology.

2. The opposite of this experience-based, or heu-
ristic, approach is the indirect mapping methodol-
ogy, which consists of mapping a large number
of parameters considered to potentially affect
landsliding and subsequently analyzing (statis-
tically) all these possible contributing factors
with respect to the occurrence of slope instabil-
ity phenomena. In this way the relationships
between the terrain conditions and the occur-
rence of landslides may be identified. On the
basis of the results of this analysis, statements
are made regarding the conditions under which
slope failures occur.

Another useful division of techniques for as-
sessment of slope instability hazard was given by
Hartlén and Viberg (1988), who differentiated be-
tween relative-hazard assessment techniques and ab-
solute-hazard assessment techniques. Relative-hazard
assessment techniques differentiate the likelihood
of occurrence of mass movements for different
areas on the map without giving exact values.
Absolute-hazard maps display an absolute value
for the hazard, such as a factor of safety or a prob-
ability of occurrence.

Hazard assessment techniques can also be di-
vided into three main groups (Carrara 1983;
Hartlén and Viberg 1988):

1. White box models, based on physical models
(slope stability and hydrologic models), also re-
ferred to as deterministic models;

2. Black box models, not based on physical models
but strictly on statistical analysis; and

3. Grey box models, based partly on physical mod-
els and partly on statistics.

2.2 Scale-Related Objectives

The development of a clear hierarchical method-
ology in hazard zonation is necessary to obtain an
acceptable cost/benefit ratio and to ensure the
practical applicability of the zonation. The work-

ing scale for a slope instability analysis is deter-
mined by the requirements of the user for whom
the survey is executed. Because planners and engi-
neers form the most important user community,
the following scales of analysis have been differen-
tiated for landslide hazard zonation (International
Association of Engineering Geology 1976):

o National scale (< 1:1 million)

e Regional scale (1:100,000 to 1:500,000)
¢ Medium scale (1:25,000 to 1:50,000)

¢ Large scale (1:5,000 to 1:15,000)

The national hazard zonation mapping scale is
intended to give a general inventory of problem
areas for an entire country that can be used to in-
form national policy makers and the general pub-
lic. The level of detail will be low because the
assessment is done mostly on the basis of generally
applicable rules.

The regional mapping scale is meant for plan-
ners in the early phases of regional development
projects or for engineers evaluating possible con-
straints due to instability in the development of
large engineering projects and regional develop-
ment plans. The areas to be investigated are large,
on the order of 1000 km? or more, and the re-
quired level of map detail is low. The map indi-
cates areas in which mass movements can be a
constraint on the development of rural or urban
transportation projects. Terrain units with an areal
extent of several tens of hectares are outlined and
classified according to their susceptibility to oc-
currence of mass movements.

Medium-scale hazard maps can be used for the
determination of hazard zones in areas affected by
large engineering structures, roads, and urbaniza-
tion. The areas to be investigated may cover up-
ward of a few hundreds of square kilometers; yet a
considerably higher level of detail is required at this
scale. The detail should be such that adjacent
slopes in the same lithology are evaluated sepa-
rately and may obtain different hazard scores de-
pending on their characteristics, such as slope angle
or form and type of land use. Within the same ter-
rain unit, distinctions should be made between dif-
ferent slope segments. For example, a concave slope
should receive a different rating, when appropriate,
than an adjacent straight or convex slope.

Large-scale hazard zonation maps can be used
at the level of the site investigation before the de-
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sign phase of engineering projects. This scale al-
lows evaluation of the variability of a safety factor
as a function of variable slope conditions or under
the influence of triggering factors. The size of area
under study may range up to several tens of square

- kilometers. The hazard classes on such maps

should be absolute, indicating the probability of
failure for each grid cell or mapping unit with
areas down to one hectare or less clearly defined.

Although the selection of the scale of analysis
is usually determined by the intended application
of the mapping results, the choice of a mapping
technique remains open. This choice depends on
type of problem and availability of data, financial
resources, and time for the investigation, as well
as the professional experience of those involved in
the survey.

2.3 Input Data

Slope instability phenomena are related to a large
variety of factors involving both the physical envi-
ronment and human interaction. Thus, assessment
of landslide hazard requires knowledge about these
factors, ranging from geologic structure to land use.
For this reason landslide hazard assessments should
preferably involve multidisciplinary teams.

The input data needed to assess landslide haz-
ard at the regional, medium, and large scales are
given in Table 8-1. The list is extensive, and only
in an ideal case will all types of data be available.
However, as will be explained in Section 2.4, the
amount and type of data that can be collected will
determine the type of hazard analysis that can be
applied, ranging from qualitative assessment to
complex statistical methods.

The input data needed for landslide hazard
analysis can be subdivided into five main groups:
geomorphology; topography; engineering geology,
geotechnology, or both; land use; and hydrology.
Each group may be subdivided to form a sequence
of so-called data layers. Each data layer may be
represented by an individual map containing that
one type of data. As discussed in Section 4, when
GIS techniques are employed, it is important that
each data-layer map be composed of only one type
of data element (points, lines, or areas and poly-
gons) and have one or more accompanying tables
to define the characteristics of each. Of course,
the data layers required by landslide hazard analy-
sis may vary to account for the characteristics of
different environments.

In the second column of Table 8-1 the various
parameters that are stored in “attribute tables”
connected to each map are indicated. In the third
column a summary is given of the method by
which each data layer is collected, which refers to
the three phases of data collection (image inter-
pretation, fieldwork, and laboratory analysis). A
number of data layers, such as material sequences,
seismic acceleration maps, and water table maps,
require the use of specific models in addition to
the conventional data collection techniques.
Specific algorithms within a GIS may be used to
convert topographic elevation values into slope
categories or to perform other topographic analy-
ses (see Section 4).

The ratings in the last three columns of Table
8-1 indicate the relative feasibility of collecting
certain data types for each of the three scales under
consideration. The feasibility of collecting data for
a certain scale does not imply that the specific type
of data is also useful for that particular scale. A
map using terrain mapping units, for example, can
be prepared at a 1:10,000 scale but will be of lim-
ited use because of its generalized content.

Because of the large areas to be studied and the
objectives of a hazard assessment at the regional
scale (see Section 2.2), detailed data collection for
individual factors (geomorphology, lithology, soils,
etc.) is not a cost-effective approach. Data gathered
for this scale should be limited to the delineation of
homogeneous terrain mapping units, for example,
with the use of stereoscopic satellite imagery and
the collection of regional tectonic or seismic data.

For the medium scale almost all data layers
given in Table 8-1 can be gathered easily with the
exception of detailed groundwater and geotech-
nical information. The data collection at this scale
should be focused on the production of detailed
multitemporal landslide distribution maps and the
various parameters required in statistical analysis.

For large-scale hazard zonation, in which work
is carried out in relatively small areas, all of the
proposed data layers can be readily collected. Data
collection at this scale should relate to the para-
meters needed for slope stability modeling (for ex-
ample, material sequences, seismic accelerations,
and hydrologic data).

2.4 General Trends

A great deal of research concerning slope instabil-
ity hazard has been done over the last 30 years.



Table 8-1

Overview of |ﬁput Data for Landslide Hazard Analysis

DATA LAYERS FOR SLOPE

ACCOMPANYING DATA

SCALE OF ANALYSIS

INSTABILITY HAZARD ZONATION  IN TABLES METHOD USED REGIONAL MEDIUM LARGE
GEOMORPHOLOGY
1. Terrain mapping units Terrain mapping units SII + walk-over survey 3 3 3
2. Geomorphological (sub)units Geomorphological description API + fieldwork 2 3 3
3. Landslides (recent) Type, activity, depth, API + API checklist + 1 3 3
dimension etc. fieldwork + field checklist
4. Landslides (older period) Type, activity, depth, API + API checklist + 1 3 3
dimension, date, etc. landslide archives
TOPOGRAPHY
5. Digital terrain model Altitude classes With GIS from 2 3 3
' topographic map
6. Slope map Slope angle classes With GIS from DTM 2 3 3
7. Slope direction map Slope direction classes With GIS from DTM 2 3 3
8.Slope length Slope length classes With GIS from DTM 2 3 3
9. Concavities/convexities Concavity/convexity With GIS from DTM 1 1 3
ENGINEERING GEOLOGY ‘ o
10. Lithologies Lithology, rock strength, . * Existing maps + API + 2 3 3
. ’ discontinuity spacing fieldwork, field and
laboratory testing
11. Material sequences Material types, depth, Modeling from lithological 1 2 3
USCS classification, map + geomorphological
grain-size distribution, map + slope map, field
bulk density, ¢ and @ descriptions, field and
‘ laboratory testing
12. Structural geological map Fault type, length, dip, SII + API + fieldwork 3 3 3
dip direction, fold axis, etc.
13. Seismic accelerations Maximum seismic acceleration Seismic data + 3 3 3
engineering geological
data + modeling
LAND USE
14. Infrastructure (recent) Road types, railway lines, API + topographical map + 3 3 3
urban extension, etc. fieldwork + classification
of satellite imagery
15. Infrastructure (older) Road types, railway lines, API + topographical map 3 3 3
urban extension, etc.
16. Land use map (recent) Land use types, tree density, API + classification of 2 3 3
root depth satellite imagery + fieldwork
17. Land use map (older) Land use types APl 2 3 3
HybrOLOGY
18. Drainage Type, order, length API + topographical maps 3 3 3
19. Catchment areas Order, size API + topographical maps 2 3 3
20. Rainfall Rainfall in time From meteorological - 2 3 3
stations
21. Temperature Temperature in time From meteorological 2 3 3
stations
22. Evapotranspiration Evapotranspiration in time From meteorological 2 3 3
stations and modeling
Depth of water table in time Field measurements of 1 1 2

23. Water table maps

K_, + hydrological model

NGTE: The last three columns indicate the possibility for data collection for the three scales of analysis: 3 = good, 2 = moderate, and 1 = poor.
Abbreviations used: SII = satellite image interpretation, API = aerial photointerpretation, DTM = digital terrain model, GIS = geographic information
system, K_ = saturated conductivity testing.
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Initially the investigations were oriented mainly to-
ward solving instability problems at particular sites.
Techniques were developed by engineers for the ap-
propriate design of a planned structure as well as the
prevention of slope failure. Therefore, research
emphasized site investigation techniques and the
development of deterministic and probabilistic
models. However, the heterogeneity of the natural
environment at the regional scale and the large
variability in geotechnical properties such as cohe-
sion and internal friction are in sharp contrast to
the homogeneity required by deterministic models.
This contrast, coupled with the costly and time-
consuming site investigation techniques required to
obtain property values, makes the engineering ap-
proach unsuitable for application over large areas.
In engineering projects, such large areas must
often be assessed during early phases of planning
and decision making. To solve this problem, several
other types of landslide hazard analysis techniques
have been developed during the last decades. These
techniques provide hazard assessment based on a
careful study of the natural conditions of an area
and analysis of all the possible parameters involved
in slope instability processes. These various meth-
odological approaches, which were reviewed in de-
tail by Hansen (1984) and Varnes (1984), are
summarized in the following sections. Some exam-
ples are included in this chapter for illustration.

2.4.1 Landslide Inventory

The most straightforward approach to landslide
hazard zonation is a landslide inventory, based on
any or all of the following: aerial photointerpreta-
tion, ground survey, and a data base of historical
occurrences of landslides in an area. The final
product gives the spatial distribution of mass
movements, which may be represented on a map
either as affected areas to scale or as point symbols
(Wieczorek 1984). Such mass movement inven-
tory maps are the basis for most other landslide
hazard zonation techniques. They can, however,
also be used as an elementary form of hazard map
because they display the location of a particular
type of slope movement. They provide informa-
tion only for the period shortly preceding the date
that aerial photographs were taken or the field-
work was conducted. They provide no insight into
temporal changes in mass movement distribution.
Many landslides that occurred some time before

photographs were taken may have become unde-
tectable. Therefore a refinement is the construc-
tion of landslide activity maps, which are based on
multitemporal aerial photointerpretation (Canuti
et al. 1979). Landslide activity maps are indis-
pensable to the study of effects of temporal varia-
tion of a factor, such as land use, on landsliding.

Landslide distribution can also be shown in the
form of a density map. Wright et al. (1974) pre-
sented a method for calculating landslide densities
using counting circles. The resulting density val-
ues are interpolated and presented by means of
landslide isopleths. Although the method does not
investigate the relationship between mass move-
ments and causal factors, it is useful in presenting
landslide densities quantitatively.

2.4.2 Heuristic Approach

In heuristic methods the expert opinion of the
geomorphologist making the survey is used to
classify the hazard. These methods combine the
mapping of mass movements and their geomor-
phologic setting as the main input factor for haz-
ard determination. Two types of heuristic analysis
can be distinguished: geomorphic analysis and
qualitative map combination.

2.4.2.1 Geomorphic Analysis

The basis for geomorphic analysis was outlined by
Kienholz (1977), who developed a method for pro-
ducing a combined hazard map based on the map-
ping of “silent witnesses” (Stumme Zeugen). The
geomorphic method is also known as the direct
mapping method. The hazard is determined directly
in the field by the geomorphologist. The process is
based on individual experience and the use of rea-
soning by analogy. The decision rules are therefore
difficult to formulate because they vary from place
to place. Examples of this methodology for the ap-
praisal of terrain to determine its susceptibility to
slope instability are especially common from Eu-
rope, where ample experience exists in geomorphic
and engineering geologic mapping (Carrara and
Merenda 1974; Kienholz 1977, 1978; Malgot and
Mahr 1979; Kienholz et al. 1983, 1988; Ives and
Messerli 1981; Rupke et al. 1988). There are many
other examples from other regions, however (Han-
sen 1984; Varnes 1984). The French program that
produces 1:25,000-scale ZERMOS maps (Mene-
roud and Calvino 1976) is probably the best exam-
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ple, but the reproducibility of these maps has been
much debated (Antoine 1977). The same is true
for the method used by Brunsden and his collabo-
rators (1975), who do not even present a hazard
zonation analysis for a project related to a road
alignment. Rather, they directly suggest the align-
ment for the best possible road according to their
assessment of the slope stability.

2.4.2.2 Qualitative Map Combination

To overcome the problem of the “hidden rules”.in
geomorphic mapping, other qualitative methods,
based on qualitative map combination, have been
developed. In qualitative map combination the
earth scientist uses the expert knowledge of an in-
dividual to assign weighting values to a series of
parameter maps. The terrain conditions at a large
number of locations are summed according to
these weights, leading to hazard values that can
be grouped into hazard classes. Stevenson (1977)
developed an empirical hazard rating system for
an area in Tasmania. On the basis of his expert
knowledge of the causal factors of slope instability,
he assigned weighting values to different classes
on a number of parameter maps. Qualitative map
combination has become very popular in slope in-
stability zonation. The problem with this method
is in determining the exact weighting of the
various parameter maps. Often, insufficient field
knowledge of the important factors prevents the
proper establishment of the factor weights, lead-
ing to unacceptable generalizations.

2.4.3 Statistical Approach

In statistical landslide hazard analysis the combi-
nations of factors that have led to landslides in the
past are determined statistically, and quantitative
predictions are made for areas currently free of
landslides but where similar conditions exist. Two
different statistical approaches are used in land-
slide hazard analysis: bivariate and multivariate.

2.4.3.1 Bivariate Statistical Analysis

In bivariate statistical analysis each factor map (for
example, slope, geology, land use) is combined
with the landslide distribution map, and weighting
values based on landslide densities are calculated
for each parameter class (for example, slope class,
lithologic unit, land use type). Brabb et al. (1972)
provided the first example of such an analysis.

They performed a simple combination of a land-
slide distribution map with a lithologic map and
a slope map. Several statistical methods have
been applied to calculate weighting values; these
have been termed the landslide susceptibility method
(Brabb 1984; van Westen 1992, 1993), information
value method (Yin and Yan 1988; Kobashi and
Suzuki 1988), and weight-of-evidence modeling
method (Spiegelhalter 1986). Chung and Fabbri
(1993) described several methods, including Bay-
esian combination rules, certainty factors, Dempster-
Shafer method, and fuzzy logic.

2.4.3.2 Multivariate Statistical Analysis
Multivariate statistical analysis models for landslide
hazard zonation were developed in Italy, mainly by
Carrara (1983, 1988) and his colleagues (Carrara et
al. 1990, 1991, 1992). In their applications all rele-
vant factors are sampled either on a large-grid basis
or in morphometric units. For each of the sampling
units, the presence or absence of landslides is also
determined. The resulting matrix is then analyzed
using multiple regression or discriminant analysis.
With these techniques good results can be expected
in homogeneous zones or in areas with only a few
types of slope instability processes, as shown in the
work of Jones et al. (1961) concemning mass move-
ments in terrace deposits. When complex statistics
are applied, as was done by Carrara and his collab-
orators (Carrarra et al. 1990, 1991, 1992), by
Neuland (1976), or by Kobashi and Suzuki (1988),
a subdivision of the data according to the type of
landslide should be made as well. Therefore, large
data sets are needed to obtain enough cases to pro-
duce reliable results. The use of complex statistics
implies laborious efforts in collecting large amounts
of data, because these methods do not use selective
criteria based on professional experience.

2.4.4 Deterministic Approach

Despite problems related to collection of sufficient
and reliable input data, deterministic models are
increasingly used in hazard analysis of larger areas,
especially with the aid of GIS techniques, which
can handle the large number of calculations in-
volved in determination of safety factors over large
areas. Deterministic methods are applicable only
when the geomorphic and geologic conditions are
fairly homogeneous over the entire study area and
the landslide types are simple. The advantage of
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these white box models is that they are based on
slope stability models, allowing the calculation of
quantitative values of stability (safety factors). The
main problem with these methods is their high de-
gree of oversimplification. A deterministic method
that is usually applied for translational landslides is
the infinite slope model (Ward et al. 1982). These
deterministic methods generally require the use of
groundwater simulation models (Okimura and
Kawatani 1986). Stochastic methods are some-
times used to select input parameters for the deter-
ministic models (Mulder and van Asch 1988;
Mulder 1991; Hammond et al. 1992).

2.4.5 Evaluation of Trends in
Methodology

As discussed in Section 2.2, not all methods of
landslide hazard zonation are equally applicable at
each scale of analysis. Some require very detailed
input data, which can only be collected for small
areas because of the required levels of effort and
thus the cost (see Section 2.3). Therefore, suitable
methods have to be selected to define the most
useful types of analysis for each of the mapping
scales while also maintaining an acceptable cost/
benefit ratio. Table 8-2 provides an overview of
the various methods of landslide hazard analysis
and recommendations for their use at the three
most relevant scales.

Evaluation of the methodological approaches
(see Table 8-2) and the literature on slope insta-
bility hazard zonation practices suggests that
heuristic methods, described in Section 2.4.2, aim
to establish the real causes for slope instability on
the basis of scientific and professionally oriented
reasoning. However, considering the scale of slope
failures and the complexity of the conditions that
may lead to slope instability, these direct mapping
methods have to be executed on a large scale.
Therefore, they are impractical to use over large
areas and do not support implementation of a
hierarchical approach to hazard zonation. The
combination of geomorphic analysis with the ap-
plication of weights to the contributing parame-
ters, as used by Kienholz (1977; 1978), improves
the objectivity and reproducibility of these heuris-
tic methods. This is particularly the case when the
weights are based on the contribution of various
parameters to slope instability, with the contribu-
tions established by simple statistics.

For regional landslide hazard zonations at

small scales (1:50,000 to 1:100,000), many ap-

proaches combine indirect mapping methods
with more analytical approaches. At these scales
a terrain classification can be made using stereo
satellite imagery, thereby defining homogeneous
lithomorphologic zones or terrain mapping units
(Meijerink 1988). These terrain mapping units
are further analyzed by photointerpretation and
ground surveys. The characteristics of each ter-
rain mapping unit are defined by attributed val-
ues, which define their probable values, or range
of values, for a suite of parameters. An attribute
data base is created in which the characteristics
of all the terrain mapping units are defined in a
series of tables. Relevant parameters are identi-
fied on the basis of an evaluation of slope instabil-
ity in the area, and these are then used to define
hazard categories. These categories are extrapo-
lated to the terrain mapping units throughout the
region being mapped according to the presence ot
absence of these relevant parameters (sometimes
referred to as contributing factors) in the at-
tribute data base.

As the project continues, the landslide zona-
tion evolves. The size of the area being studied
decreases and the scale of the investigation in-
creases. Additional analytical studies are possible
because more time and money become available.
Factor maps, displaying the spatial distribution of -
the most important factors, together with in-
creased analysis of possible contributing parame-
ters based on statistics increase the accuracy of
predictions of susceptibility to instability. An ad-
justment or refinement of the decision rules for
the hazard assessment can be obtained by verify-
ing the results of the initial assessment through
comparison with the real situation in the field. If
necessary, weights assigned to parameters can be
adjusted and a new hazard assessment produced.
This iterative method becomes necessary when
the hazard assessment decision rules are extrapo-
lated over areas with a similar geologic or geo-
morphic setting but where little ground truth is
available because studies have shown that areas
with apparently equal conditions may produce
weighting values that vary considerably.

In detailed studies of small areas, large amounts
of data may become available; thus, simple deter-
ministic or probabilistic models, discussed in Sec-
tion 2.4.4, become increasingly practical as
methods for landslide hazard zonation. They allow-
the approximation of the variability of the safety
factor for slope failure and thus yield information
useful to design engineers.
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Table 8-2
Analysis Techniques in Relation to Mapping Scales
ScALE OF Use RECOMMENDED
TypE OF REQUIRED REGIONAL  MEDIUM  LARGE
ANALYSIS TECHNIQUE CHARACTERISTICS DATA LAYERS® (1:100,000) (1:25,000) (1:10,000)
¢ Landslide Analyze distribution and 3 Yes ® Yes Yes
distribution analysis classification of landslides
Inventory ) Landslic_le activity A.nalyze tc?mporal changes 4,5,14,15,16,17 No Yes Yes
analysis in landslide pattern
Landslide density Calculate landslide density  1,2,3 Yes b No No
L analysis in terrain units or as ‘
isopleth map
[ Geomorphological Use in-field expert opinion ~ 2,3,4 Yes Yes © Yes ¢
Heuristic ) analysis in zonation
analysis Qualitative map Use expert-based weight 2,3,5,6,7,89,10,  Yes? Yes ¢ No
L combination values of parameter maps 12,14,16,18
r Bivariate statistical Calculate importance of 2,3,5,6,1,89,10, No Yes No
analysis contributing factor 12,14,16,18
Statistical 4 combination
analysis Multivariate statistical ~ Calculate prediction 2,3,5,6,1,8,9,10, No Yes No
| analysis formula from data matrix 12,14,16,18
Deterministic Safety factor analysis Apply hydrological and 6,11,12,13,16,
analysis slope stability models 20,21,22,23 No No Yes®

4 The numbers in this column refer to the input data layers given in Table 8-1.

b But only with reliable data on landslide distribution because mapping will be out of an acceptable cost/benefit ratio.
< But strongly supported by other more quantitative techniques to obtain an acceptable level of objectivity.

4 But only if sufficient reliable data exist on the spatial distribution of the landslide controlling factors.

¢ But only under homogeneous terrain conditions, considering the variability of the geotechnical parameters.

2.5 Accuracy and Objectivity

The most important question to be asked in each
landslide hazard study relates to its degree of accu-
racy. The terms accuracy and reliability are used to
indicate whether the hazard map makes a correct
distinction between landslide-free and landslide-
prone areas.

The accuracy of a landslide prediction depends
on a large number of factors, the most important
of which are

Accuracy of the models,

Accuracy of the input data,
Experience of the earth scientists, and
Size of the study area.

Many of these factors are interrelated. The size of
the study area determines to a large degree what
kind and density of data can be collected (see
Table 8-1) and what kind of analysis technique
can be applied (see Table 8-2).

Evaluation of the accuracy of a landslide hazard
map is generally very difficult. In reality, a hazard

prediction can only be verified by observing if fail-
ure takes (or has taken) place in time—the so-
called “wait and see” procedure. However, this is
often not a very useful method, for obvious rea-
sons. There are two possible forms of prediction
inaccuracies: landslides may occur in areas that
are predicted to be stable, and landslides may ac-
tually not occur in areas that are predicted to be
unstable. Both cases are undesirable, of course.
However, the first case is potentially more serious,
because a landslide occurring in an area predicted
to be free of landsliding may cause severe damage
or loss of life and may lead to lawsuits. The second
case may result in additional expenses for unnec-
essary exploration, for design of complex struc-
tures, or for the realignment of facilities from what
are in actuality perfectly acceptable areas to areas
in which construction is more expensive.

The two possible cases of error in prediction are
not equally easy to evaluate. In estimating the
magnitude of the first case, in which a landslide
occurs in an area predicted to be stable, the inves-
tigator is faced with the task of proving the pres-
ence of something that does not currently exist.
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Accordingly, one of the most frequently used
methods for checking the accuracy of hazard maps
is the comparison of the final predictive hazard
map with a map showing the pattern of existing
landslides. A frequency distribution is made relat-
ing the hazard scores to identified landslide-prone
and non-landslide-prone areas. From this fre-
quency distribution the percentage of mapped
landslides found in areas predicted to be stable
(non-landslide-prone) can be calculated. This
error is then assumed to be the same as the error in
predicting landslides in currently landslide-free
areas. This method can be refined if multitemporal
landslide distribution maps are available. The
landslide prediction, based on an older landslide
distribution map, can then be checked with a
younger landslide distribution to see if newer move-
ments confirm the predictions (Chung et al. in
press). The comparison of landslide hazard maps
made by different methods (for example, by statis-
tical and by deterministic methods) may also pro-
vide a good idea of the accuracy of the prediction.

Related to the problem of assessing the accu-
racy of hazard maps is the question of their objec-
tivity. The terms objective and subjective are used to
indicate whether the various steps taken in the de-
termination of the degree of hazard are verifiable
and reproducible by other researchers or whether
they depend on the personal judgment of the
earth scientist in charge of the hazard study.

Objectivity in the assessment of landslide haz-
ard does not necessarily result in an accurate
hazard map. For example, if a very simple but ver-
ifiable model is used or if only a few parameters are
taken into account, the procedure may be highly
objective but will produce an inaccurate map. On
the other hand, subjective studies, such as detailed
geomorphic slope stability analyses, when made by
experienced geomorphologists may result in very
accurate hazard maps. Yet such a good, but subjec-
tive, assessment may have a relatively low objec-
tivity because its reproducibility will be low. This
means that the same evaluation made by another
expert will probably yield other results, which can
have clearly undesirable legal effects.

The degree of objectivity of a hazard study de-
pends on the techniques used in data collection
and the methods used in data analysis. The use of
objective analysis techniques, such as statistical
analysis or deterministic analysis, may still lead to
subjective results, depending on the amount of

subjectivity that is required for creating the para-
meter maps. Studies were conducted by Dunoyer
and van Westen (1994) to assess the degree of sub-
jectivity involved in the interpretation of land-
slides from large-scale aerial photographs (at a
scale of 1:10,000) by a group of 12 photointer-
preters, several of whom had had considerable ex-
perience and some who had local knowledge.
These comparisons have shown that differences
between interpretations can be large (Dunoyer
and van Westen 1994). These findings confirm
other similar investigations on the subjectivity of
photointerpretation in slope instability mapping
(Fookes et al. 1991; Carrara et al. 1992).

Many of the input maps used in landslide haz-
ard analysis are based on aerial photointerpreta-
tion and will therefore include a large degree of
subjectivity. Even data concerning factors that are
obtained by means of precise measurements, such
as soil strength, may have a high degree of subjec-
tivity in the resulting parameter maps because the
individual sample values, representing the condi-
tions at the sampled location, have to be linked to
mapped units on a material map produced by pho-
tointerpretation and fieldwork in order to provide
a regional distribution of the sampled property.

For each type of data collection and analysis,
different levels of objectivity and accuracy may be
encountered at the various hierarchical levels cor-
responding to the various scales of hazard analysis.
The demand for higher levels of objectivity has
led several researchers to replace the subjective
expert’s opinion on the causative factors related to
slope failure with statistical analysis of all terrain
conditions observed in areas with slope failures
(Carrara et al. 1978; Neuland 1976). Although
the objectivity of such an approach is guaranteed,
doubts may exist as to the accuracy of the assess-
ment, especially when the experience and skill
required in the data collection and the labor re-
quired to complete the extensive data sheets are
considered (Figure 8-1).

Because of the limitations inherent in the data
collection and analysis techniques and the restric-
tions imposed by the scale of mapping, a landslide
hazard survey will always retain a certain degree.of
subjectivity, which does not necessarily imply in-
accuracy. The objectivity and reproducibility of
the hazard assessment can be improved consider-
ably by interpretation of sequential imagery, by use
of clear and if possible quantitative descriptions of



FIGURE 8-1

Page from data form used by Carrara and collaborators
(Carrara and Merenda 1974).
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the factors considered, and by application of well-
defined analytical procedures and decision rules.

“The most important aspect, however, remains the

experience of the interpreter with regard to both
the various factors involved in slope- instability
hazard surveys and the specific conditions of the
study area.

3. REMOTE SENSING IN SLOPE
INSTABILITY STUDIES

Because landslides directly affect the ground sur-
face, remote-sensing techniques are well suited to
slope instability studies. The term remote sensing is
used here in its widest sense, including aerial pho-
tography and imagery obtained by satellites or any
other remote-sensing technique. Remote sensing
is particularly useful when stereo images are used
because they depict in the stereo model the typical
morphologic features of landslides, which often
can provide diagnostic information concerning
the type of movement (Crozier 1973). Also, the
overall terrain conditions, which are critical in
determining the susceptibility of a site to slope
instability, can profitably be interpreted from re-
mote-sensing data.

The value of photointerpretation of aerial pho-
tographs for identifying slope instability has been
reported by many investigators. Rib and Liang
(1978) discussed these photointerpretation tech-
niques in considerable detail. Mollard (1977) also
demonstrated the utility of aerial photography in
examining landslides. Several basic textbooks on
slope instability refer to the importance of aerial
photographs in the study of landslides (Brunsden
and Prior 1984). Scientists at the University of Bari
in Italy have successfully used aerial photographs to
evaluate both active landslides (Guerricchio and
Melidoro 1981) and historic movements (Cotec-
chia et al. 1986). However, during the past two
decades, considerable development in remote sens-
ing has occurred; thus an overview is presented
here of the types of images available and their rele-
vant characteristics for landslide investigations.

3.1 Remote-Sensing Products

There has been little development in aerial pho-
tography during the past two decades. Panchro-
matic black-and-white and color film are available
to cover the visible part of the electromagnetic

- spectrum, and black-and-white infrared and false-

color infrared film extend the imagery sensitivity
into the reflective near-infrared regions. The spa-
tial resolution of these films is excellent, and the
aerial photographs are normally taken so as to pro-
vide stereoscopic coverage, producing a three-
dimensional picture of the terrain that gives
detailed morphologic information: However, the
spectral resolution is much less than that provided
by multispectral data imagery sources because the
photography integrates the broad spectral band
into a single picture. The organization of an aerial
photographic mission is time-consuming, and in
some locations the number of days during the year
with climatic conditions suitable for acceptable
aerial photography may be very limited. Thus
temporal resolution, that is, the number of images
of the same area over time, of aerial photography
can be much less than that provided by satellite
imagery. On the other hand, constraints imposed
by orbital mechanics restrict satellite imagery to a
fixed schedule of viewing opportunities, and these
may not coincide with optimum weather condi-
tions at a landslide site. In this regard, aerial pho-
tography may have more flexibility in scheduling,
but at some considerable economic cost.

The application of satellite data has increased
enormously in the past decade. Table 8-3 compares

~ the specifications of resolution for LANDSAT and

SPOT satellite images. After the initial low-spatial-
resolution images of the LANDSAT MSS (which
were about 60 by 80 m), LANDSAT now offers
thematic mapper (TM) images with a spatial reso-
lution of 30 m and excellent spectral resolution.
LANDSAT TM provides six bands to cover the en-
tire visible, near-infrared, and middle-infrared por-
tions of the spectrum, with one additional band
providing a lower resolution of the thermal in-
frared. LANDSAT satellite orbits are arranged to
provide good coverage of a large portion of the
earth’s surface. The satellite passes over each loca-
tion every 18 days, offering a theoretical temporal
resolution of 18 days, although weather conditions
are a serious limiting factor in this respect. Clouds
frequently hamper the acquisition of data from the
ground surface. The degree of weather interference
naturally varies with climate regions. The weakest
point of the LANDSAT system is the lack of an ad-
equate stereovision capability. Theoretically a
stereomate of a LANDSAT TM image can be pro-

~duced with the help of a good digital elevation
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Table 8-3
Comparison of Specifications of Different Multispectral Remote-Sensing Products
LANDSAT LANDSAT SPOT
MSS ™ MULTISPECTRAL PANCHROMATIC
No. of spectral bands 4 1 3 1
Spectral resolution (pm) 05-1.1 0.45-2.35 0.5-0.9 0.5-0.7
10.4-12.5
Spatial resolution (m) 80 30¢ 20 10
Swath width (km) 185 185 2 x 60 2 x 60
Stereo No No Yes Yes
Temporal resolution 18 days 18 days 26 days, 5 days 26 days, 5 days.

off nadir off nadir

4120 m in thermal infrared band.

model (DEM), but this remains a relatively unat-
tractive option because very detailed DEMs are not
currently available for most locations.

[t should be noted that the terms digital elevation
model (DEM) and digital terrain model (DTM) are
frequently used interchangeably. However, some
authors prefer to use DEM to refer to values that
merely provide topographic elevation values, usu-
ally on a regular or gridded basis. They prefer to re-
strict DTM to those situations in which a more
complete description of the terrain is provided, for
example, by slope or geomorphic classification.
Since the applications concerning the creation of
stereoscopic images require only elevation values,
the term DEM will be used in this chapter.

The French SPOT satellite is equipped with
two sensor systems that cover adjacent paths, each
with a swath width of 60 km. The sensors have an
off-nadir viewing capability, offering the possibility
of producing images with good stereoscopic vision.
The option of viewing sideways also provides for
potentially higher temporal resolution because the
satellite can obsefve a location not directly under
its orbital path. SPOT senses the terrain in a single
wide panchromatic band and in three narrower
spectral bands corresponding to the green, red, and
neat-infrared portions of the spectrum (see Table
8-3). The spatial resolution in the panchromatic
mode is 10 m, whereas the three spectral bands
have a spatial resolution of 20 m. The system lacks
spectral bands in the middle-infrared and far-
infrared (thermal) portions of the spectrum.

Radar satellite images, available from the Euro-
pean ERS-1 and the Japanese JERS satellites, offer
all-weather viewing capability because radar sys-

tems can penetrate clouds. Theoretically this type
of imagery can yield detailed information on sur-
face roughness and micromorphology. However,
the currently applied radar wavelengths and view-
ing angles have not been very appropriate for ap-
plications in mountainous terrain. Initial results of
research with radar interferometry are promising,
indicating that detailed terrain models with an

_ accuracy of less than 1 m can be created. Such

resolution suggests the possibility of monitoring
landslide activity. _

New commercial satellites with 1-m panchro-
matic and 3-m multispectral image resolutions
have recently been announced with launch dates
in 1996 and 1997. Not only will these satellites

provide much higher spatial resolution than the

present LANDSAT or SPOT satellites, but they
will also provide greater spectral resolution. Only a
few simulated image products have beén produced
to suggest the capabilities of these new satellites.
At the present time it is impossible to predict ac-
curately how these new imagery sources will affect
landslide mapping efforts, but readers of this report
are encouraged to be aware of, and to investigate,
the potential of new developments in the rapidly
changing satellite image collection field.

3.2 Landslide Interpretation from
Remote-Sensing Images

Landslide information extracted from remote-
sensing images is mainly related to the morphology,
vegetation, and drainage conditions of the slope.
Slope morphology is best studied by examination
of a stereoscopic model. The study of variations in






Table 8-4
Interpretation of Landslides in Col

ombia Using Aerial Photographs and GIS (Van Westen 1993)

CoODE TypE SUBTYPE ACTIVITY DEPTH VEGETATION Bopy

1 Slide Rotational Stable " Surficial Bare Landslide scar
2 Lateral spread Translational Active Deep Low Runout body
3 Flow Complex High/dense

4 Debris avalanche - Unknown

NOTE: Landslide delineations were digitized and stored in georeferenced image data base, and digital codes, representing the ID number and landslide infor-

mation, were stored in ateribute data base.

Table 8-5

Morphologic, Vegetation, and Drainage Feat

ures Characteristic. of Slope Instability Processes and Their Photographic Characteristics

TERRAIN FEATURES

RELATION TO SLOPE INSTABILITY

PHOTOGRAPHIC CHARACTERISTICS

MORPHOLOGY

Concave/convex slope features
Steplike morphology
Semicircular backscarp and steps

Back-tilting of slope facets

Hummocky and irregular slope
morphology

Infilled valleys with slight convex
bottom, where V-shaped valleys
are normal

Landslide niche and associated deposit

Retrogressive sliding

Head part of slide with outcrop of
failure plane

Rotational movement of slide blocks

Microrelief associated with shallow movements
or small retrogressive slide blocks
Mass movement deposit of flow-type form

Concave/convex anomalies in stereo model

Steplike appearance of slope

Light-toned scarp, associated with small,
slightly curved lineaments

Oval or elongated depressions with imperfect
drainage conditions

Coarse surface texture, contrasting with
smooth surroundings

Anomaly in valley morphology, often with
lobate form and flow pattern on body

VEGETATION

Vegetational clearances on steep
scarps, coinciding with
morphological steps

Irregular linear clearances
along slope

Disrupted, disordered, and partly
dead vegetation

Differential vegetation associated
with changing drainage conditions

Absence of vegetation on headscarp
or on steps in slide body

Slip surface of translational slides and
track of flows and avalanches

Slide blocks and differential movements
in body

Stagnated drainage on back-tilting blocks,
seepage at frontal lobe, and differential
conditions on body

Light-toned elongated areas at crown of
mass movement or on body

Denuded areas showing light tones, often
with linear pattern in direction of movement
Irregular, sometimes mottled grey tones

Tonal differences displayed in pattern
associated with morphological anomalies
in stereo model

DRAINAGE

Areas with stagnated drainage

Excessively drained areas

Seepage and spring levels

Interruption of drainage lines

Anomalous drainage pattern

.Landslide niche, back-tilting landslide blocks,

and hummocky internal relief on landslide
body

Qutbulging landslide body
(with differential vegetation and some
soil erosion)

Springs along frontal lobe and at places where
failure plane outcrops

Drainage anomaly caused by head scarp

Streams curving around frontal lobe or
streams on both sides of body

Tonal differences with darker tones
associated with wetter areas

Light-toned zones in association with
convex relief forms

Dark patches sometimes in slightly curved
pattern and enhanced by differential
vegetation

Drainage line abruptly broken off on
slope by steeper relief

Curved drainage pattern upstream with
sedimentation or meandering in
(asymmetric) valley




Table 8-6

Image Characteristics of Mass Movement Types

TYPE OF MOVEMENT

CHARACTERIZATION BASED ON MORPHOLOGICAL, VEGETATIONAL, AND DRAINAGE ASPECTS VISIBLE
ON STEREO IMAGES

Fall and topple Morphology: Distinct rock wall or free face in association with scree slopes (20 to 30 degrees) and

dejection cones; jointed rock wall (>50 degrees) with fall chutes

Vegetation: Linear scars in vegetation along frequent rock-fall paths; vegetation density low on active
scree slopes

Drainage: No specific characteristics

Sturzstrom Morphology: Extremely large (concave) scars on mountain, with downslid blocks of almost geological

dimensions; rough, hummocky depositional forms, sometimes with lobate front
Vegetation: Highly irregular/chaotic vegetational conditions on accumulative part, absent on sturzstrom
scar
Drainage: Irregular disordered surface drainage, frequent damming of valley and lake formed behind
body

Rotational slide Morphology: Abrupt changes in slope morphology characterized by concave (niche) and convex (runout
lobe) forms; often steplike slopes; semilunar crown and lobate frontal part; back-tilting
slope facets, scarps, hummocky morphology on depositional part; D/L ratio 0.3 to 0.1; slope

20 to 40 degrees
Vegetation: Clear vegetational contrast with surroundings, absence of land use indicative for activity;
differential vegetation according to drainage conditions
Drainage: Contrast with nonfailed slopes; bad surface drainage or ponding in niches or back-tilting
areas; seepage in frontal part of runout lobe

Compound slide Morphology: Concave and convex slope morphology; concavity often associated with linear grabenlike
depression; no clear runout but gentle convex or bulging frontal part; back-tilting facets
associated with (small) antithetic faults; D/L ratio 0.3 to 0.1, relatively broad in size

Vegetation: As with rotational slides, although slide mass will be less disturbed
Drainage: Imperfect or disturbed surface drainage ponding in depressions and in rear part of slide

Translational slide Morphology: Joint controlled crown in rock slides, smooth planar slip surface; relatively shallow, certainly
in surface material over bedrock; D/L ratio <0.1 and large width; runout hummocky,
rather chaotic relief, with block size decreasing with larger distance

Vegetation: Source area and transportational path denuded, often with lineations in transportation
direction; differential vegetation on body, in rock slides; no land use on body

Drainage: Absence of ponding below crown, disordered or absent surface drainage on body; streams
deflected or blocked by frontal lobe

Lateral spread Morphology: Irregular arrangement of large blocks tilting in various directions; block size decreases with
distance and morphology becomes more chaotic; large cracks and linear depressions
separating blocks; movement can originate on very gentle slopes (<10 degrees)

Vegetation: Differential vegetation enhancing separation of blocks; considerable contrast with
unaffected areas

Drainage: Disrupted surface drainage; frontal part of movement is closing off valley, causing
obstruction and asymmetric valley profile '

Mudslide Morphology: Shallow concave niche with flat lobate accumulative part, clearly wider than transportation
path; irregular morphology contrasting with surrounding areas; D/L ratio 0.05 to 0.01;
slope 15 to 25 degrees

Vegetation: Clear vegetational contrast when fresh; otherwise differential vegetation enhances
morphological features
Drainage: No major drainage anomalies beside local problems with surface drainage
Earth flow Morphology: One large or several smaller concavities, with hummocky relief in source area; main scars

and several small scars resemble slide type of failure; path following stream channel and
body is infilling valley, contrasting with V-shaped valleys; lobate convex frontal part;
irregular micromorphology with pattern related to flow structures; slope > 25 degrees;
D/L ratio very small

continued on next page
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Table 8-6 {continued)

CHARACTERIZATION BASED ON MORPHOLOGICAL, VEGETATIONAL, AND DRAINAGE ASPECTS VISIBLE
ON STEREO IMAGES

TYPE OF MOVEMENT

Earth flow, continued Vegetation: Vegetation on scar and body strongly contrasting with surroundings, land use absent if
active; linear pattern in direction of flow
Drainage: Ponding frequent in concave upper part of flow; parallel drainage channels on both sides of
body in valley; deflected or blocked drainage by frontal lobe
Flowslide Morphology: Large bowl-shaped source area with steplike or hummocky internal relief; relatively great
width; body displays clear flow structures with lobate convex frontal part (as earth flow);
frequently associated with cliffs (weak rock) or terrace edges
Vegetation: Vegetational pattern enhancing morphology of scarps and blocks in source area; highly
disturbed and differential vegetation on body
Drainage: As with earth flows, ponding or disturbed drainage at rear part and deflected or blocked
drainage by frontal lobe
Debris avalanche Morphology: Relatively small, shallow niches on steep slopes (>35 degrees) with clear linear path; body
frequently absent (eroded away by stream)
Vegetation: Niche and path are denuded or covered by secondary vegetation
Drainage: Shallow linear gully can originate on path of debris avalanche
Debris flow Morphology: Large amount of small concavities {associated with drainage system) or one major scar
characterizing source area; almost complete destruction along path, sometimes marked by
depositional levees; flattish desolate plain, exhibiting vague flow structures in body
Vegetation: Absence of vegetation everywhere; recovery will take many years
Drainage: Disturbed on body; original streams blocked or deflected by body

trolled by rock discontinuities (joints and frac-
tures), giving the rock slope a rough appearance;
these discontinuities are expressed in the image by
a coarse texture. Toppling is favored by the pres-
ence of a steeply inclined joint set with a strike
aligned approximately parallel to the slope face.
Therefore, fine lineaments at the crest that are ori-
ented parallel to the free face may be related to
open joints behind toppling blocks. The accumula-
tion of talus at the foot of the slope or the occur-
rence of coarse scree on slopes below the rock face
is associated with rough micromorphology and re-
sults in a relatively coarse textural appearance in
the image.

Talus accumulations and colluvial slopes
formed by fall processes typically have slopes be-
tween 25 and 35 degrees. Scattered trees or bushes
are the most frequent vegetation on these slopes.
The density of this vegetation is indicative bf the
degree of slope-movement activity. At specific
places where falls occur more frequently, chutes
are eroded in the rock wall and talus cones are
formed at its base. Linear patterns, also visible in
the vegetation, are indicative of the paths along
which the blocks are falling.

Large rock falls may create large, rapidly moving
rock or debris avalanches, or sturzstroms (see Chap-
ter 3, Section 8.1.2). These failures are associated
with major morphologic anomalies and scars on
mountain slopes (see Figure 8-3). The accumula-
tion of these materials may spread a considerable
distance from the source area, often creating rather
chaotic landforms in which enormous blocks form
an extremely irregular, rough morphology. This
chaotic morphology is enhanced in the image by
the very irregular vegetational pattern. Lobate con-
vex forms are sometimes associated with the front
of the mass. The drainage pattern in the whole area
is generally seriously disturbed by these large, com-
plex landslide deposits. Surface drainage can be
blocked by the accumulated mass, creating lakes, or
rivers are deflected, finding their way around the
mass. Abrupt changes in the width and pattern of
the river and clearly asymmetric valley slopes at the
location of the accumulative mass are other char-
acteristics. It is quite often observed that the de-
flection of river channels by larger mass movements
induces slope instability features on the opposite
valley side caused by the resulting erosion and un-
dercutting of these slopes.
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width of the zone of movement in translational
slides is greater than that for most rotational
slides. When the failure is controlled by the inter-
face between surficial materials and bedrock, the
movement will be shallow and the displacement
may extend over a considerable distance. Such
slope failures are also commonly relatively wide.
Flowage features in the runout material are fre-
quently observed, especially when the coherence
of the material is low and strong rainfall is the trig-
gering mechanism. The source area and the path
along which the material moved are denuded of
vegetation, resulting in a clear tonal contrast with
the surroundings. Lineaments parallel to the di-
rection of the movement are common. Vegetation
conditions are chaotic on the displaced mass, and
most land use activities will be absent when the
movement is recent {only a few years old). Also,
the drainage conditions are disordered on the dis-
placed material, although the typical poorly
drained areas associated with rotational slides are
normally absent.

A compound slide is a form that is transitional
between a rotational and a translational slide.
From the point of view of the photointerpreter,
these slides are in many respects similar to rota-
tional slides but their upper portions often contain
grabenlike depressions and have a less pronounced
runout. Their D/L ratio is normally smaller than
that for rotational slides, whereas their width is
generally greater.

A rock slide is also characterized by a small D/L
ratio (usually less then 0.1) and a large width.
Joints and fractures provide structural control of
the failure surface and at the crown of the slide,
and these joints and fractures are often distinct on
the photograph. The morphology in the runout
area is very rough, and decreasing block size with
increasing distance is characteristic. Enormous
slabs occur close to the source area, whereas
chaotic and irregular “block fields” occur at a
greater distance. Vegetation is absent in the source
area and along the path. On the slide mass, vege-
tation is chaotic and in patches. Drainage condi-
tions are normally good because most of the
drainage will be internal. Springs may be found at
the toe of the slide, and the front of the mass can
obstruct local streams.

In the category of complex and composite
slides, mudslides can be differentiated by photoin-
terpretation. Mudslides are generally shallow mass
movements occurring on slopes of between 15 and

25 degrees composed of fine clayey materials. The
clearly differentiated source area, transportation
path, and accumulative zone are diagnostic fea-
tures of mudslides. The morphology of mudslides
is characterized by a clear concave niche from
which the material was derived, comparable with
the landslide scar of shallow slides. The transpor-
tation path is often represented by a more-or-less
straight channel originated by failure due to un-
drained loading. Mudslide runout deposits are
spread over a much wider area than the width of
the source area or the transportation path, where
the material was confined as in a channel. The
tongue of the mudslide displays a lobate form. The
dilation of the material and the flatness of the lobe
are characteristic and relate to the fluid nature of
the material during movement. The D/L ratio for
mudslides is on the order of 0.05 to 0.01, much
smaller than that for rotational slides.

The term flowslide has been used to describe a
sudden collapse of material that then moves a
considerable distance very rapidly to extremely
rapidly. Hutchinson (1988) pointed out that at
least three phenomena can cause this behavior:

1. Collapse of weak rocks, such as chalk, along
cliffs;
2. Destruction of the normal structure of saturated
material by shocks such as earthquakes;.and
3. Movement of loosely dumped materials in
. waste piles or in rapidly deposited, loosely com-
pacted silts and fine sands.

Depending on the material in which the failure
occurs, the size of the failure, and the place from
which the movements are derived, the overall
morphology of flowslides can resemble large rock
avalanches (sturzstroms), translational slides pro-
duced by failure along a weak horizon, or liquefac-
tion spreads, which are described in the following
section. For these reasons, Cruden and Varnes (see
Chapter 3 in this report) suggest that the term
flowslide is redundant, confusing, and potentially
ambiguous. They suggest that these different kinds
of landslides be described with more appropriate
terms.

Nevertheless, the sudden collapse of loose,
saturated, almost cohesionless soils or weak rocks
occurring on moderate to gentle slopes or even in
almost flat terrain produces a distinctive pattern
that can be readily evaluated by photointerpreta-
tion. The area from which the landslide is derived
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ground. Linear features corresponding to cracks
and tilting of blocks of surface material are visible
on remote-sensing images, forming indicators of
the initial movements. The presence of these
cracks is often enhanced by vegetation differences.
The morphologic anomalies increase in the mid-
dle portions of the landslide. The surface material
breaks up into irregular blocks that are chaotically
disposed. These chaotic conditions are reflected by
the morphology, the drainage, and the vegetation
conditions. Bulging of the lower slopes, which usu-
ally display a typical convex form, indicates extru-
sion of the unstable subsurface material. Poor
drainage conditions and seepage horizons are char-
acteristic for this zone, causing tonal differences in
the photographs. Lateral spreads often result in
overall drainage anomalies because the move-
ments may narrow or block valleys and deflect
streams. These drainage anomalies usually result in
increased stream erosion at the location where the
spread blocks the valley, which in turn results in
development of numerous local rotational slides of
considerably smaller size than the lateral spread.

3.2.4 Flows

Flows comprise a large range of slope failures, in-
cluding relatively slow-moving earth flows, ex-
tremely fast debris avalanches, devastating debris
flows induced by the failure of the barrier forming
a natural or artificial lake, or the equally devastat-
ing lahars caused by volcanic activity.

Earth flows often originate as one of various
types of mass movements. The coherence within
the initial landslide mass is lost because of the ini-
tial failure, and the mass continues as a viscous flow
down the slope. Water contained within the mass
may contribute to this flowage. Earth flows may
continue long distances, following stream channels
and reaching main valleys where they may obstruct
the drainage. The source area of earth flows often
has the aspect of a zone with complex mass move-
ments, landslides coming from various directions
and showing generally a clear retrogressive progres-
sion. The transportation path is distinct, following
first the maximum slope and then a stream chan-
nel. The earth-flow material exhibits morphologic
features that are often comparable with those of
glaciers or lava flows, with cracks (lineaments on
the aerial photograph) parallel to the movement
and transverse cracks at places where the slope and

flow velocity increase. The transverse section of an
earth flow shows a slightly convex ground profile,
which may be readily visible in the three-
dimensional photoimage because of the exagger-
ated stereoscopic relief. Earth flows infilling valleys
create a clear morphologic anomaly, contrasting
with the V-shaped valleys in mountainous areas
(see Figure 8-6). The frontal portions of earth flows
have clearly lobate convex forms. The source area
is generally devoid of any vegetation, whereas the
vegetation on the earth flow, if any, looks patchy
because of differential surface drainage conditions
in the material. The drainage conditions in the
source area are disturbed, and local ponding can
occur. Two small streams normally develop in a val-
ley subjected to an earth flow, one on each side of
the flow. These form an easily recognizable drain-
age anomaly, as does the deflection of the stream
channel around the frontal lobe.

Debris avalanches are extremely fast and some-
times relatively small slope failures on straight
steep slopes with inclinations generally greater
than 35 degrees. They are characterized by a con-
cave niche from which a long, narrow, light-toned
tail originates. The linear character remains visi-
ble on aerial photographs even when secondary
vegetation has invaded the area affected by the
debris avalanche. Debris avalanches are most
common on steep slopes that are at almost their
maximum angle of stability. They are especially
common where the slope equilibrium has been
disturbed by a vegetation or land use change or by
engineering work such as road construction. They
are often triggered by earthquakes.

Debris flows can be caused by a large number of
factors, but in all cases considerable amounts of
loose material are suddenly moved by an excessive
amount of water and transported in an extremely
fast and destructive flow through a valley. Depen-
ding on the origin of the debris flow, the morpho-
logic characteristics of the source area may vary.
The zone can be characterized by a large number
of surficial debris slides. Figure 8-7 shows a debris
flow in Thailand. Extremely intense rainfall trig-
gered a large number of superficial landslides in
weathered granitic rocks, and these flowed to-
gether to form a devastating debris flow. However,
debris flows may also originate from a single slope
failure or be caused by the failure of a dam. Ex-
tremely large volumes of debris-flow deposits
caused by massive glacial-lake outburst floods
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3.3 Mapping Terrain Parameters from
Remote-Sensing Images

As discussed in Section 2.3, a landslide hazard as-
sessment should not be based only on the produc-
tion of a landslide inventory map. A complete
landslide hazard assessment also requires an analy-
sis of the factors leading to instability and the clas-
sification of the terrain into susceptibility classes
for slope failures. These susceptibility classes are
defined to reflect the presence and intensity of
slope instability causative factors. The interpreta-
tion of either satellite images or aerial photo-
graphs plays a crucial role in the evaluation of the
many factors that must be taken into account for
landslide hazard analysis and their display as para-
meter maps (see Table 8-1). The interpretation
process may also be used to perform terrain analy-
sis, thereby producing a single map defining the
area characteristics in terms of homogeneous map
units. Accordingly, remote-sensing methods can
be applied to obtain information concerning land-
slide hazard assessment factors or parameters by
two distinctive processes:

1. Preparation of individual thematic maps: This ob-
viously highly desirable method of evaluating
landslide hazards involves the representation of
the various factors potentially affecting slope
instability (such as geomorphology, slope angle,
length, convexity, land use, and lithology).
However, at relatively detailed scales, such as
1:50,000 or larger, preparing the many individ-
ual maps requires a large amount of time for
photointerpretation, fieldwork, map creation,
and the subsequent digitization of these maps if
GIS techniques are to be used (see Section 4 in
this chapter). Furthermore, the digitization of
identical boundary lines shown on different
maps must be conducted with much care and
frequently with several editing steps in order for
them to coincide exactly. If these lines do not
coincide, the overlaying of factor maps pro-
duces a large number of small areas containing
spurious hazard assessments. For these reasons,
this method is most appropriate for the assess-
ment of relatively small areas.

2. Terrain classification approach: A terrain classifi-
cation divides the landscape into homogeneous
zones or natural divisions by using the interrela-
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tionships among geology, geomorphology, and
soils. Because reliable quantitative data on geol-
ogy, geomorphology, soils, and so forth, are
frequently scarce during the early stages of plan-
ning for development and engineering projécts,
terrain classification may be used during these
stages to transform the available earth science
data into information reflecting applications
such as slope stability. Terrain classifications re-
duce the seemingly infinite variations of the ter-
rain into a manageable number of classes. They
also allow landslide hazard analysis to proceed
with the creation and digitization of only a sin-
gle additional map. This process is thus espe-
cially attractive during the earlier regional
assessment stages.

3.3.1 Geomorphic Mapping

The production of individual thematic maps will
normally require the use of specialized mapping
procedures. One broad class of such mapping meth-
ods is called geomorphic mapping. Many different
geomorphic mapping systems have been proposed,
either for universal application or for specific areas
or regions such as mountainous terrain. Overviews
of conventional medium-scale and large-scale geo-
morphic mapping systems were presented by
Demek and Embleton (1978) and van Zuidam
(1986). The use of several different systems in prac-

FIGURE 8-8
Example of legend
for slope instability
.map. By use of
such symbols,
landslide type and
activity may be
differentiated.
Morphologic
features and
drainage conditions
associated with
mass movements
can also be
indicated by
symbols (modified
from Sissakian et al.
1983).
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tice suggests that no universally accepted system is
adequate for mapping in different environments, in
contrast to the case with soil mapping. In the con-

_ventional geomorphic mapping systems for scales of

1:25,000 and larger, various symbols, lines, colors,
and hatchings are used to represent the morphom-
etry, morphography, drainage, genesis, chronology,
and materials of the landscape features or the

“processes forming them. These systems differ in the

importance assigned to each feature and in the
method of representation. They all combine the
different types of geomorphic data onto one map
sheet. Such a system is not amenable to computer-
based representations using GIS methods. Thus,
the construction of detailed geomorphic maps suit-
able for use in a GIS representation requires a dif-
ferent, and much more complicated, mapping
method (Dikau 1992; van Westen 1993).

3.3.2 Terrain Classification Systems

Terrain classification methods were developed to
replace the mapping of individual landscape
parameters on multiple maps with a single map-
ping unit that can be shown on a single map.
Many different terrain classification systems have
been developed over the years. The principal sys-
tems were compared by van Zuidam (1986) and
Cooke and Doornkamp (1990). These systems
differ in the way they utilize or depend on geo-
morphic, analytic, morphometric, physiographic,
biogeographic, or lithologic-geologic parameters.
Most terrain classification systems have a rigid hi-
erarchical structure, which may hinder their flex-
ible use, or they are based on a single parameter or
a limited set of parameters.

To overcome these problems, a terrain classi-
fication system based on the delineation of ter-
rain mapping units (TMUs) was developed by
Meijerink (1988). A TMU is defined as a unit
that groups zones of interrelated landforms, lithol-
ogy, and soil. It is a natural division of the terrain
that can be distinguished on stereo SPOT imagery
or small-scale aerial photographs and verified on

the ground. The units are differentiated on the

basis of photomorphic properties in the stereo
model. Meijerink’s TMU system does not have a
strict hierarchical structure. The user can con-
struct the legend according to the important pa-
rameters encountered in the study area and the
purpose of the study. An individual TMU differs

from other adjoining TMUs either because the
landforms are evidently different or because the
phenomena associated with the landform, such as
the nature of the weathered zone, the lithology, or
the type of soil, are different. The TMU approach
has been used successfully in various geomorphic
and engineering geologic applications, such as

. highway planning (Akinyede 1990).

In conventional thematic mapping, a TMU
can be considered as a legend unit. In terms of
GIS techniques, a TMU may be described as the
geographic location of entities (polygons) that re-
late to a unique set of attributes (terrain condi-
tions). These are linked to the geographic TMU
polygons by attribute tables in a data base (see
Figure 8-9). TMU: allow the grouping of the fol-
lowing interrelated landscape variables: -

¢ Geomorphic origin and physiography,
¢ Lithology,

¢ Morphometry, and

¢ Soil geography.

3.4 Image Resolution and Interpretability

The interpretation of landslides from remote-
sensing sources requires knowledge of the distinc-
tive features associated with slope movements and
of the image characteristics associated with these
features. An adequate interpretation depends on
image characteristics. The interpretability of fea-
tures in an image is influenced by the contrast
that exists between features and their background.
For the image interpretation of landslides, this
contrast results from the spectral or spatial differ-
ences that exist between the landslide and its sur-
roundings. These are affected by

1. The period elapsed since the failure, because
erosional processes and vegetation recovery
tend to obscure the features created on the land
surface by landslide movements, and

2. The severity with which the landsliding affects
the morphology, drainage, and vegetation con-
ditions.

The spatial resolution of the remote-sensing im-
ages provides the primary control of the inter-
pretability of slope instability phenomena and thus
the applicability of any type of remote-sensing data
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Mapping by TMU approach (Meijerink 1988). Simplified example of TMU map together with parameters
§tored in attribute table. Subdivision of units is shown according to lithologic type, determination of
internal relief (/R) and valley density (VD) with help of counting circle, and computation of slope angle

distributions.
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for landslide studies. The relationship between
image resolution and the size of the features neces-
sary to identify or characterize the slope movement
is obviously critical. If the resolution is too low, the
features cannot be recognized or identified.

Comparison of the spatial resolution of pho-
tography and nonphotographic remote sensing re-
quires the use of the concept of a ground
resolution cell (GRC), first introduced by Rengers
etal. (1992). In nonphotographic remote sensing
the GRC is the size of a scene element, the di-
mensions on the ground of the basic elements (or
pixels) of the image.

At any given scale, aerial photography provides
a higher resolution, and therefore a smaller GRC
size, than remote-sensor imagery at the same scale
(see Figure 8-10). According to Naithani (1990),
aerial photography provides a GRC with a size
equal to 0.4 times the value of the GRC for non-
photographic remote-sensing imagery. Strandberg
(1967) suggested that the following formula be
used to relate the GRC and the photographic scale:

S

GRC = T500R

where

GRC = ground resolution cell (m),
S = scale number of image (i.e., denomina-
tor of scale ratio), and
R = resolution of photographic system
(line pairs/mm). ’

The resolution of aerial photography systems is
on the order of 40 linepairs/mm for conventional

Table 8-7

aerial photographic cameras and films with ex-
treme contrast.

A certain minimum number of pixels is needed
to recognize a feature in an image. The actual
minimum number of pixels varies according to the
grey-tone contrast between the feature and its
background. Although it is difficult to give precise
data on the minimum number of pixels required,
experience with visual interpretation of remote-
sensing imagery suggests that the values shown in
Table 8-7 are appropriate.

When the required minimum number of pixels
recommended in Table 8-7 is multiplied by the size
of the GRC, it will indicate the minimum size of
landslide that is likely to be identified. Several
other factors may also influence the minimum
number of pixels necessary for satisfactory identifi-
cation of landslides. These include factors related
to the skill of the individual interpreter, including
professional experience and local knowledge re-
lated to type and occurrence of landslides. These
factors together define the reference level of the in- -
terpreter. A high reference level is very important
for an adequate interpretation, as demonstrated by
Fookes et al. (1991), who compared the photoin-
terpretations made by five recognized professionals
of an unknown area before a large landslide.

The implications of Table 8-7 are illustrated by
Figures 8-11 and 8-12, which were derived from
large-scale aerial photographs. These photographs
were digitized with a raster size corresponding to a
GRC of 0.3 m. The individual photographs in
Figures 8-11 and 8-12 were then created by artifi-
cially aggregating and averaging these pixels to re-
flect GRC sizes of 1, 3, 10, and 30 m.

Number of Ground Resolution Cells Needed To Identify and Interpret Object of Varying Contrast in Relation

to Its Background

No. oF GRCs
FOR IDENTIFICATION FOR INTERPRETATION
Extreme contrast: white or black 20-30 40-50
object against variable grey-tone
background
High contrast: dark or light object 80-100 120-140
in grey-tone background
Low contrast: grey feature with 1,000-1,200 1,600-2,000

grey-tone background
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Table 8-8

Minimum Object Size Needed for Landslide Identification or Interpretation

Si1zE (m?) NEEDED FOR

HiGH CONTRAST Low CONTRAST
GRC Size (m) IDENTIFICATION INTERPRETATION IDENTIFICATION INTERPRETATION

LANDSAT MSS 80 160,000 288,000 7,040,000 11,520,000
LANDSAT TM 30 22,500 40,500 990,000 1,620,000
SPOT Multispectral 20 10,000 18,000 440,000 720,000
SPOT Panchromatic 10 2,500 4,500 110,000 180,000
Aerial photographs

1:50,000 1 25 45 1,100 1,800

1:15,000 0.3 6.5 11.5 300 450

NOTE: The values given depend on the conditions of contrast between the elements of the slide and the background. The data for aerial photographs are
somewhat optimistic since optimal photographic conditions and processing are assumed.

can be found in the literature. Crozier (1973) de-
scribed the morphometric analysis of landslides and
provided average values for several types of move-
ments. For a total of almost 400 slope failures,
Carrara et al. (1977) computed a mean crown-to-
tip distance of 262 m and an average total area in-
volved in a failure of 42 000 m?. This total map area
per failure approximately corresponds to 20 x 20
pixels on a SPOT Panchromatic image (having a
resolution of 10 m), or 10 x 10 pixels on SPOT
multispectral images (which have a resolution of 20
m). According to Table 8-7, this number of pixels
would be sufficient to identify a landslide display-
ing high contrast but is insufficient for a proper
analysis of the elements pertaining to the failure,
thus making it impossible to establish the charac-
teristics and type of landslide. Cleaves (1961) gave
mean values of landslide area and size dimensions,
also based on a large number of observations, which
are even smaller than those of Crozier and Carrara.
He concluded that 1:15,000 is the most appropri-
ate photographic scale for analysis of landslides.
Experience at the International Institute for
Aerospace Survey and Earth Sciences with the use
of photointerpretation techniques in support of
landslide hazard investigations in various climatic
zones and for a considerable variety of terrain con-
ditions suggests that a scale of 1:15,000 appears to
be the optimum scale for aerial photographs,
whereas a scale of 1:25,000 should be considered
the smallest useful scale for analyzing slope insta-
bility phenomena with aerial photographs. A slope
failure may be recognized on smaller-scale photog-
raphy provided that the failure is large enough and
the photographic contrast is sufficient. However,

such interpretations will lack the analytical infor-
mation that would enable the interpreter to make
conclusions concerning landslide types or causes.
Furthermore, many slope movements will not be
identifiable on these smaller-scale photographs.

Nevertheless, these smaller-scale aerial photo-
graphs are useful for some aspects of landslide haz-
ard assessment, especially for analyzing the overall
geologic and geomorphic settings that tend to re-
sult in slope failures. Scanvic and Girault (1989)
and Scanvic (1990) reached similar conclusions.
These authors describe a study in which the appli-
cability of SPOT satellite imagery to slope in-
stability mapping near La Paz, Bolivia, was
evaluated. The authors concluded that SPOT
yielded excellent data complementary to large-
scale photographs.

Thus it appears that small-scale photographs
are useful in determining the regional spatial dis-
tribution of variables affecting landsliding,
whereas large-scale aerial photographs support
landslide inventory and analysis activities, includ-
ing interpretation of possible causal factors. These
two types of activities suggest that landslide hazard
assessment when larger areas must be evaluated
can be most efficiently conducted with small-scale
photography, and large-scale photography would
be used only in pilot areas to establish the relation
between landslide and terrain condition. Further-
more, good-quality, relatively small-scale aerial
photography used during the reconnaissance stages
of a project can be enlarged and used for more de-
tailed subsequent studies, making an additional
flight to obtain new photographs unnecessary.
Table 8-9 gives results from a comparative study of
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Table 8-9

Relative Suitability of Different Scales of Aerial Photographs for Different Elements in Slope Instability

Mapping (modified from Sissakian et al. 1983)

PHOTOSCALE
SUBJECT SIZE (m) 1:20,000 1:10,000 1:5,000
Recognition of <20 0 0 2
instability phenomena 20-75 0—1 1-2 3
>15 1—2 2 3
Recognition of <20 0 0 1
activity of unstable areas 20-75 0 0—-1 2
>15 1 12 3
Recognition of instability <10 0 0 0
elements (cracks, steps, 10-75 0 0—1 1-2
depressions, etc.) >75 1 2 3

NOTE: 0 = less adequate, 1 = limited use, 2 = useful, 3 = very useful.

the interpretability of slope instability features on
aerial photographs at their original scale and at
three levels of enlargement (Sissakian et al. 1983).

3.5 Spectral and Temporal Resolution of
Remote-Sensing Data

Vegetation and soil moisture conditions produce
distinctive spectral responses in the infrared por-
tions of the spectrum. For example, healthy vege-
tation produces infrared reflectance values that
are very different from those of stressed, or un-
healthy, vegetation. Strong differences in the in-
frared responses may be detected even when the
vegetation appears normal in the visible portion
of the spectrum. In a similar fashion, slight
changes in soil moisture conditions are readily de-
tected in the infrared portions of the spectrum.
Landslides frequently produce subtle changes in
the health and vigor of vegetation and may also
cause increases in soil moisture caused by disrup-
tion of subsurface water movements. Thus, re-
mote-sensing systems that are sensitive to the
infrared part of the spectrum are most effective in
landslide inventory studies. The use of infrared-
sensitive film, and false-color infrared film in par-
ticular, is highly recommended for landslide
studies in view of the capability of these films to
register small anomalies in vegetation or drainage
conditions. Optimal differences in vegetation
conditions may be expected in either the very
early or very late stages of the growing season.
Differences in drainage conditions are optimal
shortly after the first rainstorms of the rainy sea-
son in many tropical regions or shortly after the

spring snowmelt period in cold and temperate
climates.

Satellite imagery offers more detailed spectral
information than is usually available in photo-
graphs because the satellite sensors are designed to
obtain the reflected electromagnetic radiation in
various wavelength (spectral) bands. Black-and-
white images of individual spectral bands may
be displayed, but more commonly these are com-
bined to form color composites, of which the
false-color composite, comparable with false-color
infrared photography, is the most common.
Digital processing of the spectral data offers the
possibility for detailed analysis of the obtained re-
flectance values and enhancement of small spec-
tral variations that seem to be correlated with
slope instability features.

The size of areas with anomalous drainage con-
ditions or disturbed vegetation causing an anom-
alous spectral response is often too small to allow
the interpretation of individual instability features
on the basis of spectral criteria. However, spectral
interpretation of satellite data has been used suc-
cessfully in slope instability studies when this
spectral information is used in conjunction with
other data related to slope failures. Together these
multiple information sources provide converging
evidence for slope movements. Practical applica-
tions of spectral information from satellite im-
agery are also possible when, on the basis of
terrain evidence, a direct relationship is known be-
tween slope instability and vegetation or drainage
anomalies. McKean and coworkers (1991) de-
monstrated that spectral vegetation indices can be

" used in mapping spatial patterns of grass senes-
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cence that were found to be related to soil thick-
ness and slope instability. In another case land-
slides in a homogeneous forested area exposed
differences in understory vegetation and soils,
thereby altering the spectral characteristics.

In general, it can be stated that spectral infor-
mation can be used in the same way as spatial data
to delineate terrain variables that are correlated or
assumed to be related to slope movements. In the
case of landslides, these terrain variables are
mostly related to vegetation and drainage condi-
tions. In special cases where the landslide condi-
tions produce high contrast or in the case where
the landslide has unusually large dimensions, or in
both cases, the feature itself may be identified on
the basis of spectral information. However, seldom
will this type of information alone be sufficient for
analyzing the type of failure.

Satellite systems orbiting the earth also provide
the opportunity to obtain data from the same areas
on a regular schedule, allowing for the monitoring
of processes over time. Images obtained shortly
after a period of slope instability will show high
contrast between the zones affected by slope insta-
bility and the stable surroundings, resulting in
clearly detectable spatial and spectral changes.
These changes allow the interpreter to develop a
slope instability impact assessment, such as that
shown in Figure 8-7, which shows an area in
Thailand affected by debris flows following an ex-
ceptionally heavy rainstorm. The interpretation of
sequential images allows for the correlation of cli-
matic or seismic events with the occurrence and
intensity of slope movements. Finally, the compar-
ison of imagery obtained at different times may in-
dicate the activity of the slope processes in an area.
However, it must be noted that even 20 years’
worth of satellite images is still a rather small
amount to obtain a good idea of the activity of
slope instability processes because they are mainly
triggered by low-frequency spasmodic events.
Furthermore, adverse weather conditions or cer-
tain system limitations are additional limiting fac-
tors to the acquisition of satellite data at the most
appropriate times and serve to restrain the full
achievement of the available temporal resolution.

3.6 Applicability of Satellite Remote
Sensing

On the basis of the foregoing discussion, it may be
concluded that currently available satellite remote

sensing has limited application to the direct map-
ping of slope instability features. The spatial resolu-
tion of these systems is insufficient to allow the
identification of landslide features smaller than
about 100 m, even when conditions favor a strong
contrast between the landslide and the background
areas. If contrast conditions are less favorable,
identification may be limited to features greater
than 400 m. Such dimensions are greater than
those of many economically significant landslides.

The lack of stereoscopic imagery, except in the
case of the SPOT satellite, further limits the appli-
cability of much of the currently available satellite
imagery. Stereoscopic imaging capability allows
for the visualization of the land surface in three
dimensions. Such three-dimensional information
is necessary for the interpretation of the charac-
teristic and diagnostic morphologic features .of
slope failures. Therefore, accepting the limitations
related to the spatial resolution, stereoscopic
SPOT satellite images may sometimes be used for
small-scale regional hazard zonation studies.
LANDSAT thematic mapper images could also be
used for the same purpose, but only when stereo-
mates, which provide a means for stereoscopic
viewing, are made with the help of a detailed
DEM. Such detailed DEM data are not often
available.

In contrast, satellite images are valuable tools
for indirect mapping methods. These methods re-
quire information concerning the spatial distribu-
tion of landslide-controlling variables, such as a
particular geomorphic condition, a specific lithol-
ogy, or a particular type of land use. These may be
mapped rapidly and reliably over large areas with
the use of satellite images. In practice, this map-
ping process implies the use of a combination
of satellite imagery and large-scale photography.
Large-scale aerial photography is used for the ini-
tial landslide inventory mapping and analytical
stages of slope instability assessment. These find-
ings are then extrapolated and used to assist in the
interpretation of the smaller-scale satellite im-
agery. In the interpretation of small-scale images,
the local reference level of the interpreter is of
great influence. The reference level of the inter-
preter is greatly improved when local large-scale
information is combined with regional small-scale
synoptic data. The value of stereoscopic SPOT
satellite imagery can hardly be overestimated in

these applications, as was demonstrated by Scan-
vic and Girault (1989) and Scanvic (1990) with a
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The application of thermal infrared (TIR) re-
mote-sensing imagery for slope instability studies
is still in an early research phase. The spatial reso-
lution of the thermal band of the LANDSAT
thematic mapper is far too coarse for landslide
investigations. Yet a higher spatial resolution ap-
parently would markedly degrade the thermal
resolution of the detectors from their current sen-
sitivity of 0.1°C. A number of materials identifi-
cation experiments have been performed with
airborne TIR sensors (Lasky 1980; Bison et al.
1990). The lower altitudes of these airborne sen-
sors compared with the LANDSAT TM thermal
sensor allow them to achieve increased spatial res-
olution while maintaining the thermal resolution.

Bison et al. (1990) conducted some promising
thermal inertia mapping research on a small area
in Italy that is subject to landsliding. Thermal in-
ertia provides a measure of the ease with which an
object changes temperature. In natural soil mate-
rials the presence of water greatly reduces the rate
at which the soil changes temperature in response
to diurnal heating and cooling cycles. Thus, com-
parison of thermal images taken at different times
within the daily cycle allows the determination of
relative thermal inertia values. If other factors are
the same, wetter soils will show greater relative
thermal inertia values. Bison et al. evaluated TIR
images collected immediately before and after sun-
rise in the autumn to produce maps of relative
‘thermal inertia. Effects of vegetation and shadow-
ing were identified and removed. Detectors in-
stalled in the ground registered variations in
temperature of the soils on a slope. These varia-
tions could be correlated with variations in the
soil moisture content and with patterns visible in
the thermal imagery. However, no threshold val-
ues were established for the soil moisture content
in relation to the occurrence of slope failures.

The term small-format aerial photographs refers
to all photographs taken from airborne platforms
and that have a negative size smaller than the
conventional 23- by 23-cm aerial photographs.
Useful images have been collected at a variety of
negative sizes, including the common 35-mm film
size. Small-format oblique aerial photographs may
be obtained with a hand-held camera from heli-
copters, light aircraft, and even ultralight aircraft.
These methods allow for almost real-time synoptic
information on landslides to be obtained. Such in-
formation is extremely useful for the evaluation of

large, complex slope failures. To make precise
measurements of objects from these photographs,
techniques of nonconventional photogrammetry
must be employed. These techniques are becom-
ing more promising because software programs
have been developed that allow for detailed quan-
titative work with a minimum of ground control
points (V. Kaufmann, personal communication,

1993, Technical University, Graz, Austria).

4. GEOGRAPHIC INFORMATION SYSTEMS
IN HAZARD ZONATION

The occurrence of slope failures depends generally
on complex interactions among a large number of
partially interrelated factors. Analysis of landslide
hazard requires evaluation of the relationships be-
tween various terrain conditions and landslide oc-
currences. An experienced earth scientist has the
capability to mentally assess the overall slope con-
ditions and to extract the critical parameters.
However, an objective procedure is often desired
to quantitatively support the slope instability as-
sessment. This procedure requires evaluation of
the spatially varying terrain conditions as well as
the spatial representation of the landslides. A geo-
graphic information system (GIS) allows for the
storage and manipulation of information concern-
ing the different terrain factors as distinct data lay-
ers and thus provides an excellent tool for slope
instability hazard zonation.

4.1 Geographic Information Systems

A GIS is defined as a “powerful set of tools for col-
lecting, storing, retrieving at will, transforming,
and displaying spatial data from the real world for
a particular set of purposes” (Burrough 1986). The
first experimental computerized GIS was devel-
oped as early as the 1960s, but the real boom came
in the 1980s with the increasing availability of in-
expensive personal computers (PCs). For an in-
troduction to GIS, the reader is referred to
textbooks such as those by Burrough (1986) or
Aronoff (1989). Generally a GIS consists of the

following components:

1. Data input and verification,

2. Data storage and data-base manipulation,
3. Data transformation and analysis, and

4. Data output and presentation.
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Currently there are many different systems on the
market, ranging from public domain software for
PC:s to very expensive systems for mainframe com-
puters. In general, the systems differ with respect to

e Type of data structure (vector versus raster);

® Data compression technique (Quadtrees, run-
length coding);

¢ Dimension (two-dimensional versus three-
dimensional); - ' '

® Mainframe, minicomputer, and microcomputer
hardware; and

e User interface (pop-up menus, mouse-driven,
help options, etc.).

The advantages of. the use of GIS as compared
with conventional spatial analysis techniques are
treated extensively by Burrough (1986) and
Aronoff (1989). An ideal GIS for landslide hazard
zonation combines conventional GIS procedures
with image-processing capabilities and a relational
data base. Since frequent map overlaying, model-
ing, and integration with remote-sensing images
(scanned aerial photographs and satellite images)
are required, a raster system is preferred. The sys-
tem should be able to perform spatial analysis on
multiple-input maps and connected attribute data
tables. Necessary GIS functions include map over-
lay, reclassification, and a variety of other spatial
functions incorporating logical, arithmetic, condi-
tional, and neighborhood operations. In many
cases landslide modeling requires the iterative ap-
plication of similar analyses using different para-
meters. Therefore, the GIS should allow for the
use of batch files and macros to assist in perform-
ing these iterations. Since most data sets required
for landslide hazard zonation projects are still rel-
atively small, mostly less than 100 megabytes, they
car be readily accommodated by inexpensive PC-
based GIS applications.

The advantages of GIS for assessing landslide
hazard include the following:

1. A much larger variety of hazard analysis tech-
niques becomes attainable. Because of the speed
of calculation, complex techniques requiring a
large number of map overlays and table calcula-
tions become feasible.

2. It is possible to improve models by evaluating
their results and adjusting the input variables.
Users can achieve the optimum results by a

process of trial and error, running the models
several times, whereas it is difficult to use these
models even once in the conventional manner.
Therefore, more accurate results can be expected.

3. In the course of a landslide hazard assessment
project, the input maps derived from field ob-
servations can be updated rapidly when new
data are collected. Also, after completion of the
project, the data can be used by others in an
effective manner.

The disadvantages of GIS for assessing land-
slide hazard include the following:

1. A large amount of time is needed for data entry.
Digitizing is especially time-consuming.

2. There is a danger in placing too much emphasis
on data analysis as such at the expense of data
collection and manipulation based on profes-
sional experience. A large number of different
techniques of analysis are theoretically possible,
but often the necessary data are missing. In other
words, the tools are available but cannot be used
because of the lack or uncertainty of input data.

4.2 Examples from the Literature

The first applications of a simple, self-programmed,
prototype GIS for analyzing landslide hazard zona-
tion date from the late 1970s. Newman et al.
(1978) reported on the feasibility of producing
landslide susceptibility maps using computers.
Carrara et al. (1978) reported results of multivari-
ate analysis applied on grid cells with a ground res-
olution of 200 by 200 m and using approximately
25 variables. Huma and Radulescu (1978) re-
ported an example from Romania that provided a
qualitative hazard analysis by including the factors
of mass movement occurrence, geology, structural
geologic conditions, hydrologic conditions, vege-
tation, slope angle, and slope aspect. Radbruch-
Hall et al. (1979) wrote their own software to
produce small-scale (1:7,500,000) maps of the
United States. Each map contained about 6 mil-
lion pixels, which showed hazards, unfavorable ge-
ologic conditions, and areas in which construction
or land development may exacerbate existing haz-
ards. These maps were made by qualitative over-
lay of several input maps.

During the 1980s the use of GIS for slope insta-
bility mapping increased sharply because of the de-
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velopment of a great variety of commercial systems,
such as Arc/Info (Environmental Systems Research
Institute 1992) and Intergraph Corporation’s MGE
(Intergraph Corporation 1993). The increasing
power and availability of PCs led to the develop-
ment of several GIS applications that would work
on these computers, including Tydac Corporation’s
SPANS and IDRISI (Eastman 1992a, 1992b).

The majority of case studies presented in the lit-
erature concerning the use of GIS methods for
slope instability investigations deal with qualitative
hazard zonation. The importance of geomorphic
input data is stressed in the methods of Kienholz et
al. (1988), who used detailed aerial photointerpre-
tation in conjunction with a GIS for qualitative
mountain hazard analysis. They state that because
of the lack of good models and geotechnical input
data, the use of a relatively simple model based on
geomorphology seemed to be the most realistic
method. Most examples of qualitative hazard analy-
sis with GIS are recent (Stakenborg 1986; Bertozzi
et al. 1992; Kingsbury et al. 1992; Mani and Gerber
1992; van Westen and Alzate-Bonilla 1990). Many
examples are presented in the proceedings of spe-
cialty conferences, such as those edited by Alzate
(1992) and by Goodchild et al. (1993).

Examples of landslide susceptibility analysis
utilizing GIS techniques have been reported by
U.S. Geological Survey (USGS) personnel in
Menlo Park, California (Brabb 1984, 1987; Brabb
et al. 1989). These studies extended earlier studies
and took into account additional factors besides
landslide activity, geology, and slope. Other exam-
ples of quantitative statistical analysis of landslide
cause or potential with GIS are rather scarce
(Choubey and Litoria 1990; Lopez and Zinck
1991; van Westen 1993). This lack of examples is
strange, since one of the strong advantages of
using a GIS is the capability to test the impor-
tance of each factor, or combination of factors,
and assign quantitative weighting values.

Recent examples of multivariate statistical
analysis using GIS have been presented by Carrara
and his team from Italy. Their work initially used
large rectangular grid cells as the basis for analysis
(Carrara et al. 1978; Carrara 1983, 1988). Later
studies evolved toward the use of morphometric
units (Carrara et al. 1990, 1991, 1992). The
method itself has not undergone major changes.
The statistical model is built up in a “training area”
where the spatial distribution of landslides is (or

should be) well known (Carrara 1988). In the next
step the model is extended to the entire study area,
or “target area,” on the basis of the assumption that
the factors that cause slope failure in the target
area are the same as those in the training area.

Another example of multivariate analysis of
landsliding using a GIS was presented by Bern-
knopf et al. (1988), who applied multiple regres-
sion analysis to a data set using presence or
absence of landslides as the dependent variable
and the factors used in a slope stability model (soil
depth, soil strength, slope angle) as independent
variables. Water table and cohesion data were not
considered, however. The resulting regression
function allows the computation of landslide
probability for each pixel.

Deterministic modeling of landslide hazard
using GIS has become popular. Most examples
deal with infinite slope models, since they are sim-
ple to use for each pixel separately (Brass et al.
1989; Murphy and Vita-Finzi 1991; van Westen
1993). Hammond et al. (1992) presented methods
in which the variability of the factor of safety is
calculated from selected input variables utilizing
Monte Carlo techniques. This implies a large
number of repeated calculations, which are readily
supported by use of a GIS.

Another useful application of GIS has been the
prediction of rock slides. The prediction is made
for a series of pixels by comparing discontinuity
measurements within structurally homogeneous
regions with slope and aspect values for each pixel
(Wentworth et al. 1987; Wagner et al. 1988). The
method is feasible only in structurally simple
areas, however. i

A relatively new development in the use of
GIS for slope instability assessment is the applica-
tion of so-called “neighborhood analysis.” Most of
the conventional GIS techniques are based on
map overlaying, which allows only for the spatial
comparison of different maps at common pixel
locations. In contrast, neighborhood operations
permit evaluation of the neighboring pixels sur-
rounding a central pixel. The process is repeated
for a sequence of central pixels, the analysis neigh-
borhood, or window, moving around the map.
Neighborhood functions are used to compute, or
determine, such morphometric and hydrologic
features as slope angle, slope aspect, downslope
and cross-slope convexity, ridge and valley lines,
catchment areas, stream ordering, and the con-
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tributing areas for each pixel in the map area by
evaluating the data contained in a gridded DEM.
Zevenbergen and Thorne (1987) presented a
method for the automatic extraction of slope
angle, slope aspect, and downslope and cross-slope
convexity. An overview of the algorithms applied
in the extraction of morphometric parameters
from DEMs was given by Gardner et al. (1990).

The potential value of DEMs for dynamic slope
stability analysis was stressed by Pike (1988) and
Wadge (1988). Carrara automatically identified
from a detailed DEM the homogeneous units he
used as the basis for a multivariate analysis. The
morphometric and hydrologic parameters used in
that analysis were also extracted automatically
(Carrara et al. 1990; Carrara 1988). Niemann and
Howes (1991) performed a statistical analysis
based on automatically extracted morphometric
parameters (slope angle, slope aspect, downslope
and cross-slope convexity, and drainage area),
which they grouped into homogeneous units using
cluster analysis. Various authors (Okimura and
Kawatani 1986; Brass et al. 1989) have used neigh-
borhood analysis in the modeling of groundwater
tables over time, and used these values as one of
the input factors in infinite slope modeling. A sim-
ple type of neighborhood analysis was applied by
van Dijke and van Westen (1990) to model the
runout distances for rock-fall blocks. Ellen et al.
(1993) developed a dynamic model for simulating
the runout distance of debris flows with a GIS.

A recent development in the use of GIS for
slope instability zonation is the application of ex-
pert systems. Pearson et al. (1991) developed an
expert system in connection with a GIS in order
to remove the constraint that users should have
considerable experience with GIS. A prototype
interface between a GIS (Arc/Info) and an expert
system (Nexpert Object) was developed and ap-
plied for translational landslide hazard zonation in
an area in Cyprus. The question remains, how-
ever, as to whether the rules used in this expert
system apply only to this specific area or are uni-
versally applicable.

4.3 GIS-Based Landslide Hazard Zonation
Techniques

The most useful techniques for the application of
GIS landslide hazard zonation are presented in
the following discussion. A brief description of the
various landslide hazard analysis techniques was

given in Section 2.4. Each technique described
here is shown schematically in a simplified flow-
chart. An overview is given of the required input
data (as discussed in Section 2.3), and the various
steps required in using GIS techniques are men-
tioned briefly. A recommendation is also provided
regarding the most appropriate working scale (see
also Section 2.2).

4.3.1 Landslide Inventory

The input consists of a field-checked photointer-
pretation map of landslides for which recent, rel-
atively large-scale aerial photographs have been
used combined with a table containing landslide
parameters obtained from a checklist. GIS can
perform an important task in transferring the dig-
itized photointerpretation to the topographic base
map projection using a series of control points and
camera information.
The GIS procedure is as follows:

e Digitize the mass movement phenomena, each
with its own unique label and a six-digit code
containing information on the landslide type,
subtype, activity, depth, and site vegetation and
whether the unit is a landslide scarp or body;

e Recode the landslide map showing the parame-
ters for landslide type or subtype into maps that
display only a single type or process.

In this technique, the GIS is used only to store the
information and to display maps in different forms
(e.g., only the scarps, only the slides, or only the
active slides). Although the actual analysis is very
simple, the use of GIS provides a great advantage
for this method. The user can select specific com-
binations of mass movement parameters and ob-
tain better insight into the spatial distribution of
the various landslide types. The method is repre-
sented schematically in Figure 8-14.

The code for mass movement activity given to
each mass movement phenomenon can also be
used in combination with mass movement distri-
bution maps from earlier dates to analyze mass
movement activity. Depending on the type of ter-
rain being studied, time intervals of 5 to 20 years
may be selected. This method of interval analysis
provides estimates of the numbers or percentages
of reactivated, new, or stabilized landslides.

Mass movement information can also be pre-
sented as a percentage cover within mapping
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units. These mapping units may be TMUs, geo-
morphic units, geologic units, or any other appro-
priate map unit. This method may also be used to
test the importance of each individual parameter
for predicting the occurrence of mass movements.
The required input data consist of a mass move-
ment distribution map and a land-unit map. If the
method is used to test the importance of specific
parameter classes, the user decides, on the basis of
his or her field experience, which individual
parameter maps, or combination of parameter
maps, will be used.

The following GIS procedures are used for mass
movement density analysis:

e Calculation of a bit map (presence or absence)
for the specific movement type for which the
analysis is carried out;

¢ Combination of the selected parameter map
with the bit map through a process called “map
crossing,” which spatially correlates the condi-
tions on the two maps; and

¢ Calculation of the area percentage per parame-
ter class occupied by landslides.

With a small modification, the number of land-
slides can be calculated instead of the areal density.
In this case a bit map is not made, and the mass

WITH THE MAP

movement map itself, in which each polygon has a
unique code, is overlaid by the parameter map. The
method is represented schematically in Figure 8-15.

Isopleth mapping is a special form of mass move-
ment density mapping. The method uses a large
circular counting filter that calculates the landslide
density for each circle center automatically. The re-
sulting values for the circle centers are interpolated
and contours of equal density are drawn. The scale
of the pixels and the size of the filter used define the
values in the resulting density map.

The method is most appropriate at medium or
large scales. At the regional scale the construction
of a mass movement distribution map is very time-
consuming and too detailed for procedures of gen-
eral regional zoning. Nevertheless, when possible,
it is advisable to prepare such a map also for the
regional scale, although with less detail.

4.3.2 Heuristic Analysis

As explained in Section 2.4.2, when a heuristic
approach is used, the hazard map is made by
the mapping geomorphologist using site-specific
knowledge obtained through photointerpretation
and fieldwork. The map can be made either di-
rectly in the field or by recoding a geomorphic
map. The criteria on which hazard class designa-

FIGURE 8-14

Use of GIS for
analysis of landslide
distribution. See
Table 8-4 for code
numbers in photo -
checklist.
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FIGURE 8-15

Use of GIS for
analysis of landslide
density:

MAP 1: PARAMETERMAP - CROSSTABLE . RESULTING TABLE

tions are based are not formalized in generally ap-
plicable rules and may vary from polygon to poly-
gon. GIS can be used in this type of work as a
drawing tool, allowing rapid recoding of units and
correction of units that were coded erroneously.
GIS is not used as a tool for the analysis of the im-
portant parameters related to the occurrence ‘of
mass movements. The method can be applied at
regional, medium, or large scales in a relatively
short time period. It does not require the digitizing
of many different maps. However, the detailed
fieldwork requires a considerable amount of time.
If the analysis is done by combining several
parameter maps, qualitative weighting values are
assigned to each class of parameter map, and each
parameter map receives a different weight. The
earth scientist decides which maps will be utilized
and which weighting values will be assigned on
the basis of field knowledge of the causal factors
(see Figure 8-16).
- The following GIS procedures aré used:

e Classification of each parameter map into a
number of relevant classes; S

¢ Assignment of weighting values to each of the
parameter classes (e.g., on a scale of 1 to 10);

¢ Assignment of weighting values to each of the
parameter maps; and
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* Calculation of weights for each pixel and clas-
sification in a few hazard classes.

- The method is applicable on all three scales.
Each scale has its own requirements as to the re-
quired detail of the input maps.

4.3.3 Statistical Analysis

In statistical methods, overlaying of parameter
maps and calculation of landslide densities
form the core of the analysis. If bivariate
techniques are chosen, the importance of each
parameter or specific combinations of parameters
can be analyzed individually. Several methods
exist for calculating weighting values (see Section
2.4.3). Most are based on the relationship
between the landslide density per parameter class
compared with the landslide density-over the
entire area. Each method has its specific rules for
data integration required to produce the total
hazard map. ' . :

The weightirig values can also be used to design
decision rules, which' are based on the experience
of the earth scientist. It is possible to combine var-
ious parameter maps into a map of homogeneous
units, which is then combined or overlaid with the
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landslide map to produce a landslide density for
each unique combination of input parameters.

GIS is very suitable for use with this method,
especially with macro commands for repetitive
calculations involving a large number of map
combinations and manipulation of attribute data.
It should be stressed that the selection of param-
eters also has an important subjective element in
this method. However, the user can test the
importance of individual parameter maps and de-
cide on the final input maps in an iterative man-
ner. The following GIS procedures are used (see
Figure 8-17):

e Classification of each parameter map into a
number of relevant classes;

¢ Combination of the selected parameter maps
with the landslide map by the process known
as map crossing to produce cross-tabulations
defining the spatial correlations between the
parameter maps and the landslide map;

e Calculation of weighting values based on the
cross-tabulation data; and

¢ Assignment of weighting values to the various
parameter maps or design of decision rules to be
applied to the maps and classification of the re-
sulting scores in a few hazard classes.

Multivariate statistical analyses of important fac-
tors related to landslide occurrence give the rela-
tive contribution of each of these factors to the
total hazard within a defined land unit. The analy-
ses are based on the presence or absence of mass
movement phenomena within these land units,
which may be catchment areas, interpreted geo-
morphic units, or other kinds of terrain units.

Several multivariate methods have been pro-
posed in the literature. Most of these, such as dis-
criminant analysis or multiple regression, require
the use of external statistical packages. GIS tech-
niques are used to sample parameters for each land
unit. However, with a PC-based GIS, the large
volume of data may become a problem. The
method requires a landslide distribution map and
a land-unit map. A large number of parameters
are used, sometimes up to 50. The following GIS
procedures are used (see Figure 8-18):

¢ Determination of the list of factors that will be
included in the analysis. Because many input
maps (such as geology) are of an alphanumeri-
cal type, they must be converted to numerical
maps. These maps can be converted to presence
or absence values for each land unit or pre-
sented as percentage cover, or the parameter

FIGURE 8-16
Use of GIS for
qualitative map
combination.



FIGURE 8-17

Use of GIS for
bivariate statistical
analysis.

FIGURE 8-18 .
Use of GIS for
multivariate
statistical analysis.
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classes can be ranked according to increasing
mass movement density. By combining the pa-
rameter maps with the land-unit map, a large
matrix is created. ‘

e Combination of the land-unit map with the
mass movement map by map overlaying and di-
viding the stable and the unstable units into
two groups.

e Exportation of the matrix to a statistical pack-
age for subsequent analysis.

e Importation of the results for each land unit
into the GIS and recoding of the land units.
The frequency distribution of stable and unsta-
ble classified units is checked to see whether
the two groups are separated correctly.

e Classification of the map into a few hazard
classes.

Although the statistical techniques can be ap-
plied at different scales, their use becomes quite
restricted at the regional scale, where an accurate
input map of landslide occurrences may not be
available and where most of the important para-
meters cannot be collected with appropriate accu-
racy. At large scales different factors will have
to be used, such as water-table depth, soil layer
sequences, and thicknesses. These data are very
difficult to obtain even for relatively small areas.
Therefore the medium scale is considered most
appropriate for this technique.

4.3.4 Deterministic Analysis

The methods described thus far give no informa-
tion on the stability of a slope as expressed in
terms of its factor of safety. For such information,
slope stability models are necessary. These models
require input data on soil layer thickness, soil
strength, depth below the terrain surface to the
potential sliding surfaces, slope angle, and pore
pressure conditions to be expected on the slip sur-
faces. The following parameter maps must be
available in order to use such models: '

e A material map showing the distribution both
at ground surface and in the vertical profile
with accompanying data on soil characteristics,

e A groundwater level map based on a ground-
water model or on field measurements, and

e A detailed slope-angle map derived from a very
detailed DEM.

Several approaches allow for the application of
GIS in deterministic modeling (see Figure 8-19):

e The use of an infinite slope model, which cal-
culates the safety factor for each pixel;

e Selection of a number of profiles from the DEM
and the other parameter maps, which are ex-
ported to external slope stability models; and

e Sampling of data at predefined grid points
and exportation of these data to a three-
dimensional slope stability model.

The result is a map showing the average safety fac-
tor for a given magnitude of groundwater depth
and seismic acceleration. The variability of the
input data can be used to calculate the probability
of failure in connection with the return period of
triggering events. Generally the resulting safety
factors and probabilities should not be used as
absolute values unless the analysis is done in a
small area where all parameters are well known.
Normally they are only indicative and can be used
to test different scenarios of slip surfaces and
groundwater depths. The method is applicable
only at large scales and over small areas. At re-
gional and medium scales, the required detailed
input data, especially concerning groundwater
levels, soil profile, and geotechnical descriptions,
usually cannot be provided.

4.4 Phases of Landslide Hazard Analysis
Using GIS

A GIS-supported landslide hazard analysis project
requires a number of unique phases, which are dis-
tinctly different from those required by a conven-
tional landslide hazard analysis project. An
overview of the 12 phases is given in Table 8-10.
There is a logical order to these phases, although
some may overlap considerably. Phases 7 to 11 are
carried out using the computer. Data-base design
(Phase 4) occurs before the computer work starts
and even before the fieldwork because it deter-
mines the way in which the input data are col-
lected in the field.

Table 8-10 also indicates the relative amount
of time spent on each phase at each of the three
scales of analysis. The time amounts are expressed
as a percentage of the time spent on the entire
process and are estimated on the basis of experi-
ence. Absolute time estimates are not given, since
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FIGURE 8-19
Use of GIS in deterministic analysis.

Table 8-10
Percentage of Time Spent in Various Phases of Landslide Hazard Assessment Projects at Different Scales Using GIS and
Conventional Methods ,

REGIONAL SCALE MEDIUM SCALE LARGE SCALE
CONVENTIONAL ~ GIS-BASED ~ CONVENTIONAL  GIS-BASED CONVENTIONAL GIS-BAsSeD
PHASE METHODS METHODS METHODS METHODS METHODS METHODS
1 ~ Choice of scale and <5 <5 <5 : <5 <1 <5
methods
2 Collection of existing <5 <5 <5 <5 8 8
data
3 Image interpretation 50 50 30 30 10 20
4 Data-base design 0 <5 0 <5 0 <5
5 Fieldwork <5 <5 7 7 10 20
6 Laboratory analysis 0 0 0 <5 0 10
7 Data entry 0 20 0] 30 0 15
8 Data validation 0 <5 0] 5 0 5
9 Data manipulation 0 <5 0 5 0 5
10 Data analysis 30 ' 10 48 10 61 10
11 Error analysis 0 <5 0] <5 0 <5
12 Final map production 10 <5 10 <5 10 <5
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these depend on too many variable factors, such as
the amount of available input data, the size of the
study area, and the experience of the investigator
or investigators.

The percentage of time needed for image inter-
pretation using the GIS approach decreases from
the regional scale to the large scale, and fieldwork
and laboratory analysis tasks become more impor-
tant. Data entry requires the most time at the
medium scale because of the large number of
parameter maps that have to be digitized. Because
analysis is based on only one basic data layer of
TMUs, the time needed for data entry on the re-
gional scale is much lower.

Working with a GIS considerably increases the
time needed for the preanalysis phases, mainly be-
cause of the tedious job of hand-digitizing input
maps. Time needed for data analysis, however, is
not more than 10 percent in the GIS approach
versus almost 50 percent using conventional tech-
niques. Many of the analysis techniques are almost
impossible to execute without a GIS. Working
with GIS considerably reduces the time needed to
produce the final maps, which are no longer drawn

by hand.
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1. INTRODUCTION

B y assessing causes of and factors contributing
to slope movement, surface observation and
geologic mapping of slopes provide the basis for
subsurface investigations and engineering analyses
that follow. Accurate ipterpretation of the surface
features of a landslide can be used to evaluate the
mode of movement, judge the direction and rate of
movement, and estimate the geometry of the slip
surface. Surface observation and geologic mapping
should be done on slopes with active or inactive
landslides and on slopes with no evidence of past
landslides to provide a basis for evaluation of the
likelihood of new or renewed slope movement.
Information obtained through surface observation
and geologic mapping of a particular site extends
and utilizes knowledge of landslide types and proc-
esses discussed in Chapter 3 and the recognition
and identification procedures described in Chapter
8. The results of geologic mapping provide the basis
for planning the subsurface investigations described

in this chapter and for locating the instrumenta-

tion discussed in Chapter 11. The geologist should
remain involved in the project during the subsur-
face investigation to aid in the correlation of sur-
face and subsurface data. During the design of slope
stabilization measures, discussed in Chapters 17
and 18, the geologist should be available to answer
questions about the geology, and during construc-
tion the geologist should be on site to compare
conditions encountered with those predicted.

Basic tools and techniques needed in surface
observation and geologic mapping include access
to existing information, use of topographic maps
and aerial photographs, use of aircraft for aerial re-
connaissance, access to the field site, use of limited
hardware and simple instruments, and the ability
to observe and interpret geologic features caused
by and related to slope instability. Some of the
techniques that are described in this chapter are
relatively new and have not received widespread
exposure. Those techniques that are well known
will be mentioned in the context of the chapter
but not discussed in detail. A review of more so-
phisticated survey technology applicable to land-
slide evaluations is also included in this chapter.

1.1 Duties of the Geologist

Surface observation and geologic mapping are use-
ful for an existing project that has developed an
unstable slope and for a proposed project that has
the potential for slope movement. The usual se-
quence of events is similar for both projects; the
sense of urgency and the time available to.respond
are different. ,

The geologist is notified that the project has
been authorized and the area is described as well as
possible by a knowledgeable person, perhaps some-
one who witnessed or discovered a slope move-
ment. Geologic and topographic maps and aerial
photographs are examined if available to provide
an initial understanding of the general character of
the site.
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An aerial reconnaissance is made if possible,
providing a very useful perspective of the geology;
the nature of the slope movement if it has occurred;
the general configuration of the landscape, includ-
ing vegetation, geomorphology, and surface water
features; and access to the site. Proximity to utili-
ties and other nongeologic features of importance
also can be observed readily from the air. The most
practical aircraft for geologic reconnaissance is a
high-wing, single-engine airplane. Helicopters are
excellent reconnaissance aircraft; howevér, they are
much more expensive than fixed-wing aircraft and
generally are less available.

The geologist begins the actual investigation
with a ground-based geologic reconnaissance. The
relationship of the topographic map and aerial
photographs to the actual landscape is recognized
and geologic mapping begins. If slope movement
has occurred, particular attention is paid to fea-
tures such as ground cracks, closed topographic de-
pressions, tilted trees, and seeps and springs. Other
geologic features, such as bedrock exposures, sur-
face water drainage patterns, surficial deposits, and
geologic structure, are also mapped and recorded.
A special effort should be made to photograph im-
portant features. Photographs are a visual supple-
ment to the geologic map and the field notes
produced during the reconnaissance. Photographs
can record information that may become less evi-
dent over time and can facilitate communication
with specialists unfamiliar with technical landslide
terminology.

Early in the surface observation and geologic
mapping effort at sites with active slope move-
ments, reconnaissance instrumentation should be
deployed across selected ground cracks and within
the body of the landslide. Instrumentation mea-
surements may be repeated several times during the
geologic mapping to provide early information on
the rate and nature of slope movement. Shallow
groundwater information acquired by simple instru-
mentation is especially valuable.

Topographic profile and geologic information
should be collected to produce geologic cross sec-
tions at important locations. Topographic maps
usually provide adequate detail for cross sections in
less important locations. Conceptualization of geo-
logic conditions follows field data collection; how-
ever, much of the conceptualization is developed
as part of the “multiple working hypothesis” ap-
proach used in geology (Chamberlin 1965). The

formal geologic map is prepared from field notes,
and a verbal report consisting of pertinent findings,
observations, and recommendations for locations
and numbers of borings and test pits may be given
to the design engineer. A written report is pre-
sented to those responsible for planning the sub-
surface investigation, and the geologist assists in
coordinating the subsurface investigation results
with the surface observations and geologic maps.

1.2 Active Slides Versus Stable Slopes

Investigations of stable slopes, even those with in-
active landslide deposits, may be more methodical
than investigations of active slide areas because
such analyses are not performed under conditions
of urgency. On active slides the investigative tools
and techniques used for stable slope areas are sup-
plemented with other techniques. The immediate
information needed by a design team investigating
an active landslide includes the boundaries of the
slope movement, the rate and direction of move-
ment, and the probable causes of movement. The
engineering geologist is well equipped to collect
and interpret this kind of information rapidly.
Reconnaissance instrumentation for monitoring
deformations and pore pressures should be de-
ployed in the early stages of an investigation of an

- active slide to provide an early and long record.

Experience on the part of the geologist is needed
because of the lack of time for methodical investi-
gation and because of possible hazards such as
open ground cracks, falling rock, or debris flows.

2. WORK REQUIRED BEFORE FIELD
VISITATION

Efficient surface observation and geologic map-
ping must be planned in the office before the site
is visited. The area of interest must be identified,
and available geologic and geotechnical informa-
tion, aerial photographs, and topographic maps
must be collected and reviewed.

2.1 Area of Interest

The area of interest includes the slope with the ac-
tive landslide or the potential for slope movement
as well as adjacent regions that could be contribut-
ing to causes of movement. Adjacent land uses,
such as agricultural irrigation, may be important
factors. Regional geologic conditions could be di-
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recting groundwater from adjacent recharge areas
into the area subject to slope movement. Some
landslide types are capable of traveling relatively
far from their sites of origination. When such land-
slide types are anticipated, it is prudent to consider
the adjacent areas upslope from the project site
where such landslides might originate as well as the
adjacent areas downslope that might be affected by
landslides generated at the project site.

The area of interest must be defined to permit
searching for available geologic and geotechnical
information, aerial photographs, and topographic
maps and for planning aerial and ground-based
geologic reconnaissance.

2.2 Geologic and Geotechnical
Information

Regional geologic and tectonic information pro-
vides an understanding of the geologic context,
which will be helpful in anticipating those factors
that will be important in controlling slope stabil-
ity. Regional maps generally are made at scales of
1:100,000 or less and are usually published by gov-
ernment agencies.

Local geologic and tectonic information pro-
vides a useful basis for an understanding of the
general nature of the site geology. The rock types,
surficial deposits, ages, stratigraphic relationships,
and structural features are better portrayed on
maps at scales larger than 1:100,000. (In the
United States, common scales for local geologic
maps are 1:62,500 and 1:24,000; in many other
countries, common scales are 1:50,000 and
1:10,000.) Unpublished theses from local univer-
sities may include larger-scale geologic maps to
supplement published maps.

Groundwater conditions are particularly im-
portant in slope stability evaluations. Preliminary
information often can be collected from regional
and local geologic maps. Recharge and discharge
areas may be discernible from a knowledge of the
regional climate and preliminary analysis of the
terrain, including the distribution of rock types,
faults and fractures, and springs and marshes.
Isohyetal maps and other maps representing cli-
matic information are available from government
agencies. Some geologic maps provide reasonably
detailed information on surficial deposits, includ-
ing landslide deposits. Other geologic maps are
made specifically to portray bedrock relationships;

these maps often disregard the surficial deposits
and show bedrock relationships as if surficial
materials were not present.

Some countries have published soil survey re-
ports that may be helpful in understanding the
weathering products of some geologic formations.
The U.S. Department of Agriculture (USDA), for
example, includes the Natural Resources Conser-
vation Service (formerly the Soil Conservation
Service), an agency responsible for mapping soils
in agricultural areas. The USDA Forest Service
maps soils on national forests, which cover exten-
sive areas in the western United States and
Alaska. Soil surveys usually are restricted to the
upper 1.5 m of the soil profile. Nonetheless, this
information can be particularly useful because of
the level of detail (Hasan 1994). Soil moisture,
seeps, springs, and marshy areas are important in
agricultural soil surveys; therefore, these features
are well documented in the published surveys.
Furthermore, the maps in soil survey reports are
on an aerial-photographic base. These photo-
graphs, although not stereoscopic in the published
soil surveys, are helpful in several ways, as dis-
cussed in Section 2.3. Soil surveys usually include
some limited data on the engineering properties of
selected soils. This information can serve as the
basis for estimating initial values for preliminary
slope stability calculations (Hasan 1994).

Areas of slope instability often have recurring
problems. A report may have been prepared before
construction of a highway project, but a slope
movement may occur after the project has been
completed. In such cases, a report on the specific
geology or geotechnology, or both, prepared by an
agency or consultant may be available for the sub-
ject area. Such reports are excellent sources of per-
tinent information and should be utilized to the
greatest extent possible.

2.3 Aerial Photographs

Aerial photographs, which are discussed in Chapter
8, may be available from government agencies or
commercial aerial-photography companies, usually
for specific projects or purposes, possibly for making
topographic maps. Although older photographs are
commonly in black and white, since the late 1960s
they have usually been in natural color. The older
black-and-white photographs were produced at
scales that are of marginal usefulness for detailed
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THESE SUNANGLE DATA ARE FOR:

THOUSAND PEAKS LANDSLIDE AREA - UTAH
NORTH LATITUDE: 40.98 DEGREES ( 40° 59
WEST LONGITUDE: 111.08 DEGREES (111° 5°
ON 23 AUGUST 1990

SUNRISE AT 6:47 AT AZIMUTH 74.9
SUNSET AT 8:06 AT AZIMUTH 284.8

0")
0°)

COORDINATES OF
LOWER HEMISPHERE

MOUNTAIN ANGLE OF EQUAL ANGLE
DAYLIGHT SUN SUN ABOVE PROJECTION
TIME AZIMUTH HORIZON (UNIT RADIUS)
(HR) (DEG) (DEG) X Y
6 67.1 -8.4
SUNRISE 74.9 0.0 0.966 0.260
7 77.1 2.4 0.935 0.214
8 86.8 13.6 0.786 0.044
9 96.8 24.9 0.634 -0.076
10 108.1 35.9 0.485 -0.159
11 122.2 46.1 0.341 -0.215
12 141.2 54.6 0.200 -0.249
1 166.9 59.6 0.061 -0.265
2 196.1 59.3 -0.076 -0.264
3 221.1 53.8 -0.215 -0.246
4 239.4 45.0 -0.356 -0.210
5 253.1 34.7 -0.502 -0.152
6 264.2 23.6 -0.651 -0.066
7 274.1 12.2 -0.804 0.058
8 283.8 1.1 -0.953 0.234
SUNSET 284.8 0.0 -0.967 0.255
9 293.9 -9.7
FIGURE 9-2

The results of the earlier office-based investiga-
tions should be well understood before this field
investigation is begun.

3.1 Reconnaissance Observations

Aerial reconnaissance is the preferred type of ini-
tial surface investigation. The perspective ob-
tained from the air is valuable in understanding
the relationships among landslide features, surfi-
cial and bedrock materials, landforms, vegetation,
and surface water features. In addition, some as-
pects of logistics, such as roads and trails, may be
observed best from the air at a close distance.

General geologic features and landforms can be
noted on topographic maps, aerial photographs, or
both during the aerial reconnaissance. Features
such as bedrock exposures, vigorous vegetation
marking shallow groundwater or springs, breaks in
slope angle, terraces, ground cracks, tilted trees,
and areas of eroded bare slopes should be noted for
subsequent examination on the ground. A thor-
ough understanding of these types of features often
leads to an interpretation of the causes of or
factors contributing to slope movement.

Reconnaissance observations also can be of
value in assessing physical access to the site. The
location of roads and trails is important, not only
for the geologist, but also as access for subsurface
investigation equipment. In some locations, utili-
ties may cross the site. Even in relatively remote
areas, buried communications cables and pipes car-
rying water for stock could be present. To the ex-
tent possible, these utilities should be identified
and located during the reconnaissance or subse-
quent engineering-geologic mapping. Overhead
electric-power lines can represent a constraint to
drilling equipment. A nearby canal or pond for wa-
tering stock can be a source of water for the drilling
operation.

Property ownership and land use should be in-
vestigated. Permission may be needed to cross

Position of sun calculated on hourly basis from sunrise to sunset on August 23, 1990, at Thousand Peaks landslide area in northern
Utah. Sun position is calculated using solar ephemeris with reference to local horizon at point of interest. Input data required to
calculate sun position are latitude and longitude, number of hours of difference between local time and Greenwich mean time, and
Greenwich hour angle and declination from ephemeris for day of interest (day after for areas west of Greenwich and day before for
areas east of Greenwich). Tabulated data of sun azimuth and sun angle are converted to coordinates of lower hemisphere equal angle

projection (Wulff net) for plotting on stereographic projection.
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FIGURE 9-4 Engineering-geologic map of Thousand Peaks
landslide area in northern Utah (modified from Keaton et al.

1992). See Table 9-2 for definition of landslide abbreviations.
USED WITH PERMISSION OF AMERICAN SOCIETY OF CIVIL ENGINEERS

FIGURE 9-5 Stability classification of Thousand Peaks landslide
area in northern Utah (modified from Keaton et al. 1992). See

Table 9-6 for definition of stability classes.
USED WITH PERMISSION OFAMERICAN SOCIETY OF CIVIL ENGINEERS

the feature. Cracks in pavement, foundations, and
other brittle materials can support inferences
about the stress produced by movement of the

landslide. The timing of breakage of water lines,

electrical cables, and similar utilities can suggest
the sequence of deformation before field observa-
tions or supplement observations of continuing
movement. Measuring the tilt of structures as-
sumed to be vertical or horizontal before move-
ment can give an idea of the amount of
displacement on certain parts of the landslide.
Internal features, such as those described in
Chapters 3 and 8, should be documented by the
geologist when and where observed so they may be
used to interpret the subsurface conditions. The
geometry and nature of the sliding surface are

among the most important of the subsurface con-
ditions in landslide evaluations. Surface measure- .

ments can be employed to estimate the shape of

the slip surface (Carter and Bentley 1985). A se-
ries of lines is projected through stations used to
construct a topographic cross section from the
main scarp to the toe of the landslide. By graphical
representation, the lines define the probable slip
surface. Hutchinson (1983) noted several other
techniques using surface observations to infer the
slip surface and related subsurface movement.
Seismic-refraction and electrical-resistivity tech-
niques (Carroll et al. 1968; Miller et al. 1980;
Cummings and Clark 1988; Palmer and Weis-
garber 1988) and acoustic-emission and electro-
magnetic methods (McCann and Forster 1990)
have been used in landslide investigations. It prob-
ably will be necessary to interpret the results ob-
tained along a number of geophysical lines and to
incorporate surface observations of ground cracks

“and bedrock exposures. Landslide deposits com-

monly are extremely variable, resulting in severe
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energy attenuation and complex arrival times in
seismic-refraction surveys and complicated pat-
terns in electrical-resistivity soundings.

Landslide features become modified with age.
Active landslides have sharp, well-defined surface
features, whereas landslides that have been stable

for tens of thousands of years have features that are
subdued and poorly defined. The changes of land-
slide features from sharp and well-defined to sub-
dued and poorly defined were incorporated into an
age classification by McCalpin (1984), as shown in
Table 9-1, for the Rocky Mountains of western

FIGURE 9-6
Plane-table maps of
part of right flank
of Aspen Grove
landslide, Utah,

(@) in 1983 and

(b) in. 1984 (Fleming
and Johnson 1989).
Scale is for
reference to specific
landslide features.
Mapping was done
in field at scale of
1:200. Note
evolution of en
echelon cracks into
through-going slip
planes. -

REPRINTED WITH
PERMISSION OF ELSEVIER
SCIENCE PUBLISHERS



186

Landslides: Investigation and Mitigation

North America. The key features are the main
scarp, lateral flanks, internal morphology, vegeta-
tion, and toe relationships. The rate of change of
landslide features in climates other than that of the
Rocky Mountains has not been documented, and
the estimated age of most recent movement shown
in Table 9-1 may not be valid for other climates.
However, by intuition, the general sequence of
changes must occur in all climates.

A classification system based on activity, degree
of certainty of identification of the slide boundaries,
and the dominant type of slide movement was de-
veloped by Wieczorek (1984). McCalpin’s age clas-
sification and Wieczorek’s certainty and type of
movement classification were combined for this
chapter into the Unified Landslide Classification
System, shown in Table 9-2. Changes in typical
features for different ages of landslides are shown in
Figure 9-7. An example of a map made with this

~ system is presented in Figure 9-8.

The reader is cautioned that these classifica-
tions are different from the system proposed by the
UNESCO Working Party on the World Landslide
Inventory (WP/WLI 1990, 1991, 1993a, b) that is
described at length in Chapter 3 of this report. A
major source of confusion may result because all
classification systems use similar, even identical,
terminology with different meanings. The basis of
all terms used must always be clearly defined.

3.2.2 Surficial Deposits

Surficial deposits must be mapped in terms that will
be meaningful to the design engineer. The
Genesis-Lithology-Qualifier (GLQ) System of en-
gineering-geologic mapping symbols (Galster 1977;
Keaton 1984; Compton 1985) provides a useful
method for accomplishing this; it is proposed here
that the name of this system be changed to the
Unified Engineering Geology Mapping System.

Table 9-1
Age Classification of Most Recent Activity for Landslides in Rocky Mountain-Type Climate (modified from McCalpin 1984)
ACTIVITY MAIN LATERAL INTERNAL ToE ESTIMATED
STATE SCARP FLANKS MORPHOLOGY VEGETATION RELATIONSHIPS AGE (YEARS)
Active, Sharp; Sharp; Undrained Absent or Main valley < 100 (historic)
reactivated, or unvegetated unvegetated; depressions; sparse on stream pushed
suspended; streams at edge hummocky lateral and by landslide;
dormant- topography; internal scarps;  floodplain
historic angular blocks trees tilted covered by
separated and/or bent debris; lake
by scarps . may be present
Dormant-young  Sharp; partly ~ Sharp; partly Undrained and Younger or Same as for 100 to 5,000
vegetated vegetated; drained different type active class (Late Holocene)
small cributaries depressions; or density but toe may be
to lateral streams hummocky than adjacent modified by
topography; terrain; older modern stream
internal cracks tree trunks
vegetated may be bent
Dormant-mature  Smooth; Smooth; Smooth, rolling Different type Terraces covered 5,000 to 10,000
vegetated vegetated; topography; or density by slide debris; (Early Holocene)
tributaries extend  disturbed internal  than adjacent modern stream
onto body of slide  drainage network  terrain but not constricted
same age but wider
upstream
floodplain
Dormant-old Dissected; Vague lateral Smooth, Same age, Terraces cut > 10,000
or relict vegetated margins; no undulating type, and into slide (Late Pleistocene)
lateral drainage topography; density as debris; uniform
normal stream adjacent modern
pattern terrain floodplain

NOTE: See Chapter 3 for definitions of terms. Activity states dormant-stabilized and dormant-abandoned may have features of any age classification; the
stabilized and abandoned states must be interpreted from other conditions.
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Table 9-2
Unified Landslide Classification System (modified from Wieczorek 1984)
AGE OF MOST DOMINANT DOMINANT TYPE OF
RECENT ACTIVITY® MATERIAL? SLOPE MOVEMENT?
SYMBOL DEFINITION SYMBOL DEFINITION SYMBOL DEFINITION
A Active R Rock L Fall
R Reactivated S Soil T Topple
S Suspended E Earth S Slide
H Dormant-historic D Debris P Spread
Y Dormant-young F Flow
M Dormant-mature
@) Dormant-old
T Stabilized
B Abandoned
L Relict

NOTE: See Chapter 3 for further definitions of terms. Landslides classified using this system are designated by one symbol from
each group in the sequence activity-material-type. For example, MDS signifies a mature debris slide, HEF signifies a historic
earth flow, and ARLS signifies an active rock fall that translated into a slide.

a Based on activity state in Table 3-2 and age classification in Table 9-1.

b Based on materia! and type in Table 3-2.

This system consists of a series of letters to indicate
how the material was deposited (genesis) and its
basic grain size (lithology). If additional informa-
tion is needed to improve the understanding of the
geology, qualifying features may be indicated by
additional letters. The basic elements of the
Unified Engineering Geology Mapping System are
shown in Table 9-3.

3.2.3 Bedrock

Bedrock consists of the rock material itself and
the discontinuities that cut through it. Bedrock
must be mapped in terms that will be meaningful
to the design engineer. The Unified Engineering
Geology Mapping System, introduced in Section
3.2.2 and described in Table 9-3, and the Unified
Rock Classification System (Williamson 1984),
shown in Table 9-4, provide useful methods for
accomplishing this purpose. The Unified Engi-
neering Geology Mapping System uses a version
of the conventional geologic shorthand consisting
of two capital letters to denote bedrock type. The
elements of the Unified Rock Classification Sys-
tem are degree of weathering, estimated strength,
and estimated density.

In the Unified Rock Classification System, de-
grees of weathering are designated States 1
through 5. The degree of weathering is determined
by examining intact rock fragments with the un-
aided eye and by simple strength tests. Rocks that

do not reveal staining under hand lens examina-
tion are considered to be fresh (State 1). Rocks
that do not appear stained to the unaided eye but
do reveal stained areas under examination with a
hand lens are considered to be slightly weathered
(State 2). Rocks that are stained but cannot be
broken by hand are considered to be moderately
weathered (State 3). Rocks that can be broken by
hand into gravel and larger fragments of rock in a
soil matrix are considered to be severely weathered
(State 4). Rocks that can be completely disaggre-
gated into mineral grains are considered to be
completely weathered (State 5).

In the Unified Rock Classification System,
strength is also designated as one of five states.
Strength is estimated with the aid of a ball-peen or
geological hammer. A rock from which the ball-
peen hammer rebounds without leaving a mark is
much stronger than concrete and is considered to
have very high strength (State 1). A rock that re-
acts elastically and on which a ragged pit is pro-
duced is stronger than concrete and is considered
to have high strength (State 2). A rock that can be
dented by a ball-peen hammer has an unconfined
compressive strength approximately the same as
concrete and is considered moderately strong
(State 3). A rock that reacts plastically and on
which a dent is produced surrounded by a sheared
crater is not as strong as concrete and is considered
to have low strength (State 4). A rock that can be
broken by hand has very low strength (State 5).
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weathering has obscured the original structure.
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to the slide mass. Hydrophilic vegetation has
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hummocky appearance.
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FIGURE 9-7 (facing pages)
Block diagrams of morphologic changes with time of idealized landslide (a) in humid climate (Wieczorek 1984) and (b) in arid or
semiarid climate {modified from McCalpin 1984): A, active or recently active (dormant-historic) landslide features are sharply



‘Sharply defined components.

Slopewash and shallow mass
movements modify sharp edges, but
drainage lines are not established.

Drainage follows rifts and sags on slide
mass, internal blocks are slightly
dissected, material is eroded from slide
mass.

Slide mass is almost completely
removed, drainage network shows

«—— weak structural control, valley
drainage re-establishesits pre-slide
profile.

defined and distinct; B, dormant-young landslide features remain clear but are not sharply defined owing to slope wash and
shallow mass movements on steep scarps; C, dormant-mature landslide features are modified by surface drainage, internal erosion
and deposition, and vegetation; D, dormant-old landslide features are weak and often subtle.
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Table 9-3
Basic Elements of Unified Engineering Geology Mapping System (modified from Keaton 1984 and Compton 1985)
SYMBOL DEFINITION SYMBOL DEFINITION SYMBOL DEFINITION
SURFICIAL DEPOSITS
Genetic A Alluvial C Colluvial E Eolian
F Fill G Gilacial L Lacustrine !
M Marine R Residual \Y% Volcanic
Lithologic c Clay m Sile s Sand
g Gravel k Cobbles b Boulders
r Rock rubble t Trash or debris e Erratic blocks
P Peat o Organic material d Diatomaceous earth
Qualifier (deposits)
Alluvial (f) Fan morphology (fp) Floodplain (te) Terrace
(p) Pediment (df) Debris fan
Colluvial (sw) Slope wash (ta) Talus (cr) Creep deposits
Eolian (d) Dune morphology (0 Loess
Fill (u) Uncompacted (e) Engineered
Glacial (r) Till (m) Moraine (o) Outwash
(es) Esker (k) Kame (ic) Ice contact
Lacustrine and (b) Beach (de) Delta (ma) Marsh
marine (tc) Tide channel
Residual (sa) Saprolite (bh) B horizon (kh) Calcic horizon
Volcanic (af) Air fall (ph Pyroclastic flow (s) Surge
(pc) Pyroclastic cone (n Lahar
BEDROCK MATERIALS
Sedimentary SS Sandstone ST Siltstone CS Claystone
CG Conglomerate LS Limestone SH Shale
Igneous GR Granite AN Andesite BA Basalt
SYy Syenite RH Rhyolite DI Diorite
Metamorphic QT Quartzite SC Schist GN Gneiss
SL Slate MA Marble SE Serpentine

NOTE: Surficial deposits are designated by a composite symbol: Ab(c), where A is a genetic symbol, b is a lithologic symbol, and (c) is a qualifier symbol; for
example, Csmg(sw) signifies colluvial slope wash composed of silty sand and gravel. This system was formerly called the Genesis-Lithology-Qualifier
(GLQ) System because of the symbol for surficial deposits. Bedrock materials are designated by two capital letters; for example, LS signifies limestone
bedrock. See Table 9-4 for additional bedrock classifications.

Landslide scarp
Bedrock exposure

Rocks in strength States 4 and 5 should be treated
as soil rather than rock in the engineering sense.
The estimates of rock density utilized by the
Unified Rock Classification System can be deter-
mined rapidly for rock samples using Archimedes’
principle, a spring-loaded “fish” scale, and a bucket
of water. A rock sample is suspended on a string
from the scale-and weighed in air; the weight of the
string is neglected. The same sample is then sub-

FIGURE 9-8 (left)

Detail of map of part of Thousand Peaks landslide
area in northern Utah (scale 1:4,800). Landslides
defined by Unified Landslide Classification System
(Table 9-2); materials defined using Unified
Engineering Geology Mapping System (Table 9-3).
Ccms stands for colluvial deposits composed of silty
and sandy clay; ST-CS stands for siltstone-claystone
bedrock. :
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Table 9-4

Unified Rock Classification System (modified from Williamson 1984; Geological Society Engineering
Working Party 1977; and Hoek and Bray 1977)

3

STATE DEFINITION DESCRIPTION

DEGREE OF WEATHERING '

1 None No visible sign of rock material weathering

2 Slight Discoloration on major discontinuity surfaces; rock material may
be discolored and somewhat weaker than fresh rock

Moderate Less than half of the rock material is present either as a continuous

framework or as corestones

4 Severe Most of rock material is decomposed, disintegrated to a soil, or
both; original mass structure is largely intact

5 Complete All rock material is converted to a soil; mass structure and
material fabric are destroyed; a large change in volume has
occurred, but soil has not been transported significantly

ESTIMATED STRENGTH

1 Very high Geological hammer rebounds; can be chipped with heavy hammer
blows; unconfined compressive strength: g, > 100 MPa

2 High Geological hammer makes pits; cannot be scratched with knife

A blade; unconfined compressive strength: 50 < g, < 100 MPa

3 Moderate Geological hammer makes dents; can be scratched with knife
blade; unconfined compressive strength: 20 < g, < 50 MPa
(range of concrete)

4 . Low Geological hammer makes craters; can be cut with knife blade;
unconfined compressive strength: 5 < g, < 20 MPa

5 Very low Moldable by hand; can be gouged with knife blade; unconfined
compressive strength: g, < 5 MPa (behaves like soil)

ESTIMATED DENSITY

1 Very high D > 25 kN/m?

2 High 23.5 < D < 25 kN/m?

3 Moderate 22 < D < 23.5 kN/m? (range of concrete)

4 Low 20.5 < D < 22 kN/m’

5 Very low D < 20.5 kN/m?3 (behaves like soil)

NOTE: Bedrock materials are designated by a composite symbol: AAbcd, where AA is rock type from bedrock materials section
of Table 9-3, b is weathering, ¢ is strength, and d is density. For example, SS324 signifies moderately weathered, high strength,

low density sandstone.

merged in water and weighed again. The unit
weight, or density, of the rock is computed by

W, (9.1)
= ——— X .
%= W —w, D

where

Y, = density of rock sample,

D, = unit weight of water,

W, = weight of rock sample in air, and
W, = weight of rock sample in water.

Rock defects or discontinuities, such as bedding
planes, joints, and faults, are very important in

rock-slope engineering. The most representative
bedrock observations can be made on cut slopes
rather than on natural exposures, on which the
characteristics of bedding planes, joints, faults, and
fractures often are masked by surface processes.
The aspects of discontinuities that are important
to rock-slope engineering are orientation, conti-
nuity (length), aperture, roughness, infilling mate-
rials, and water condition, as summarized in Table
9.5. These parameters are used in many rock mass
classifications, as described by Bieniawski (1989).

Discontinuity orientation is expressed as strike
and dip or dip direction and dip magnitude
(Compton 1985; Hoek and Bray 1977). Strike and
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Aperture of rock defects is an expression of the
openness or lack of contact of rock surfaces across
the defects. Roughness is a measure of the irregu-
larities on the defect surfaces. Roughness is impor-
tant because of its contribution to the coefficient of
friction and resistance to sliding. Joint roughness
can be estimated using a fractal-dimension proce-
dure (Carr and Warriner 1987) and shadow pro-
filometry (Maerz et al. 1990). Infilling materials,
such as clay, can contribute significantly to insta-
bility, as can the abundance of water along the
defects.

Harp and Noble (1993) developed an engi-
neering rock classification to evaluate seismic
rock-fall susceptibility using a modification of the
rock mass quality designation (Q system) of
Barton et al. (1974). The rock mass quality classi-
fication for rock-fall susceptibility is

_115-33Jv L
Jn Ja AF

Q 9.2)

where

Ju = total number of joints per cubic meter;
Jn = joint set number, ranging from 0.5 for no
or few joints to 20 for crushed rock;

Jr = joint roughness number, ranging from 0.5
for slickensided planar joints to 4 for dis-
continuous joints;

Ja = joint alteration number, ranging from
0.75 for tightly healed, hard, nonsoften-
ing joints to 4 for low friction clay filling
the joints; and

AF = aperture factor, modified from the stress
reduction factor of Barton et al. (1974),
ranging from 1 for all tight joints to 15 for
many joints open more than 20 cm.

Harp and Noble (1993) described a seismic rock-
fall susceptibility rating as follows:

Rock Mass

Quality Category  Rating

Q<141 A Highly susceptible
141<Q<283 B Susceptible
283<Q<387 C Moderately stable
387<Q D Mostly stable

3.2.4 Surface-Water Features

Surface-water features of importance in slope-
stability evaluations consist of streams and lakes
as well as springs, seeps, marshes, and closed or

nearly closed topographic depressions. Streams on
some landslides may make abrupt changes in di-
rection or gradient. Springs and seeps near the
crest of a slope can supply recharge zones that pro-
vide groundwater to the unstable or potentially
unstable slope. Springs and seeps near the base of
a slope indicate discharge zones that can be help-
ful in projecting piezometric surfaces in the slope.
Localized closed depressions on slopes usually are
zones of groundwater recharge, particularly if
ground cracks are present in or adjacent to them.

Culverts and other artificial features diverting
surface water or affecting subsurface flow should be
identified. Culverts may divert water from a
greater area than would normally contribute sur-
face flow to a landslide. Poorly constructed ditches
provide depressions for water to pond and recharge
groundwater. The compacted material forming the
road prism or related retaining structures may act
as barriers to downslope movement of ground-
water, which may be closer to the ground surface
in the slope immediately above these features.

3.2.5 Field-Developed Cross Sections

The topographic profile of a geologic cross section
can be obtained directly from a topographic base
map or it can be measured in the field during geo-
logic data collection. The field-developed profile
can be measured using several methods. The con-
ventional method is to use surveying instruments
and a two-person crew to collect topographic data
along the desired line of section. This method
does not produce a profile in the field for plotting
geologic data.

Alternative single- or two-person methods uti-
lize a 50-m-long tape measure, 2-m-long folding
rulers, a hand level, and a Brunton compass
(Williamson et al. 1981; Koler and Neal 1989).
The tape measure is stretched on the ground sur-
face in the line of profile, and its orientation is
measured with the compass. The folding ruler is
used to position the hand level at a known height
above the end of the tape measure. The hand level
is used to sight to the tape measure on the ground
or to another folding ruler held by a member of the
field crew, as shown in Figures 9-11(a) and (b), re-
spectively. The slope distance and hand level
height are recorded and can be plotted in the field.
Pertinent geologic information along the tape
measure, such as landslide ground cracks and
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FIGURE 9-11 Landslide Classification System (Tables 9-1 and
Methods of 9-2) would be mapped as Ia, Ib, or Ic in the stabil-

surveying for
developing cross
sections in the field:
(a) single-person
method using hand
level, tape, and
folding ruler; (b)
two-person method
using hand level
and folding rulers;
and (c) incremental
measurements of
slope profile using a
circle level, or
Slope-a-Scope
method (Lips and
Keaton 1988). (See
text for details.)

(a) Hand level

Slope-a- Scope positions

bedrock exposures, is recorded along with the to-
pographic data. An optical range finder can be
used in lieu of a tape measure.

A third single-person method uses a rigid two-
dimensional frame equipped with a circle level—

the Slope-a-Scope (Lips and Keaton 1988). The

slope is measured in inclined increments equal to
the length of the crossbar of the frame (commonly
1 or 2 m), as shown in Figure 9-11(c). The incli-
nation and increment length are noted and can be
plotted in the field. Geologic information is
recorded while the profile data are being collected.

3.2.6 Classes of Slope Stability

Slopes range from apparently stable segments to
actively moving landslides. Surface observation
and geologic mapping provide the basis for inter-
preting degree of slope stability. A stability classifi-
cation for slopes developed on the basis of ideas by
Crozier (1984) is presented in Table 9-6. This clas-
sification is based on recurrence of movement,
analogy to stable or unstable slopes, and results of
stress analyses. The reader is once again cautioned
that this classification differs from the classification
system of the UNESCO Working Party on the
World Landslide Inventory (WP/WLI 1990, 1991,
1993a, b) defined in Chapter 3. Active, reacti-
vated, or suspended landslides in the Unified

ity classification in Table 9-6. Dormant-historic,
-young, -mature, and -old landslides would be
mapped as lla, IIb, llc, and I1d, respectively. Slopes
that do not show evidence of prior slope move-
ment but appear potentially unstable would be
mapped as III and those that appear stable would
be mapped as IV.

Orther classifications of landslide hazards exist
and have been summarized by Varmnes (1984) and
Hansen (1984). Such classifications are general-
ized and best suited for regional application rather
than for specific landslide sites. Many classifica-
tion schemes are based on multivariate regression
of numerous attributes, including such factors as
rock type, which must be assigned an ordinal rank
value for inclusion in regression analyses (Jade and

Sarkar 1993; Anbalagan 1992; Pachauri and Pant
1992).

3.3 Reconnaissance Instrumentation and
Surveying

Reconnaissance instrumentation and surveying
are intended to provide early quantitative infor-
mation regarding landslide movement and piezo-
metric level. Formal field instrumentation is
described in Chapter 11. Reconnaissance instru-
mentation must be simple and easy to install. The
instrumentation discussed in this section is re-
stricted to open-standpipe piezometers. Other re-
connaissance techniques, such as reference bench
marks, aerial and terrestrial photography, and
quadrilaterals, are directly related to surveying,
which is discussed in Section 4.

Preliminary information on shallow piezometric
surfaces can be collected at the reconnaissance
level if the soil is relatively soft. The device used is
an open-standpipe piezometer constructed of con-
ventional 1.25-cm-diameter galvanized or black
iron pipe. It is convenient to use three or four
l-m-long sections that can be connected by
threaded couplings (Figure 9-12). A bolt is placed
in the bottom end of the first pipe section and
driven into the ground using a capped, 30-cm-long
section of larger-diameter pipe that will slide over
the piezometer pipe. A coupling or cap small
enough to fit inside the driver pipe should be used
on the piezometer pipe to prevent damage to the

.threads. Subsequent sections of piezometer pipe are
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Table 9-6

Stability Classification of Slopes and Landslides (modified from Crozier 1984)

CLASS  DESCRIPTION

1 UNSTABLE SLOPES

Ia Active landslides; material is currently moving, and landslide features are fresh and well defined
Ib Reactivated landslides; material is currently moving and represents renewed landslide activity; some
landslide features are fresh and well defined; others may appear older
Ic Suspended landslides; slopes with evidence of landslide activity within the past year; landslide fea-
tures are fresh and well defined '

II SLOPES WITH INACTIVE LANDSLIDES

IIa Dormant-historic landslides; slopes with evidence of previous landslide activity that have undergone

most recent movement within the preceding 100 years (approximately historic time)

Iib Dormant-young landslides; slopes with evidence of previous landslide activity that have undergone

most recent movement during an estimated period of 100 to 5,000 years before present (Late

Holocene)

Ilc Dormant-mature landslides; slopes with evidence of previous landslide activity that have undergone
most recent movement during an estimated period of 5,000 to 10,000 years before present (Early

Holocene)

Iid Dormant-old landslides; slopes with evidence of previous landslide activity that have undergone most

recent movement more than 10,000 years before present (Late Pleistocene)

111 POTENTIALLY UNSTABLE SLOPES

Slopes that show no evidence of previous landslide activity but that are considered likely to develop
landslides in the future; landslide potential is indicated by analysis or comparison with other slopes

IV APPARENTLY STABLE SLOPES

IVa Stabilized landslides; slopes with evidence of previous landslide activity but that have been modified
by artificial means to a stable state
IVb Abandoned landslides; slopes with evidence of previous landslide activity but that are stable because

external forces causing movement are no longer active

IVc Relict landslides; slopes with evidence of previous landslide activity that clearly occurred under

geomorphological or climatic conditions not currently present

Ivd Stable slopes; slopes that show no evidence of previous landslide activity and that by analysis or

comparison with other slopes are considered stable

NOTE: See Chapter 3 for definition of terms.

connected to the initial section as it is driven into
the ground. The piezometer may be driven to a
depth of 2.5 to 3.5 m with 0.5 m of pipe protruding
above the ground surface. The piezometer is then
pulled upward about 2 cm, creating a gap between
the bolt and the bottom of the piezometer pipe to
allow free entry of groundwater.

4. SURVEYS OF LANDSLIDE SITES

The topography at a landslide site often provides
the first indications of potential instability and the
degree to which the area has undergone landslide

activity. As discussed in Chapters 7 and 8, initial
reconnaissance studies frequently utilize existing
maps or aerial photography to provide information
concerning topography. In the case of larger land-
slides, these existing sources can be supplemented
by larger-scale aerial photographs and topographic
maps produced from them by photogrammetric
methods to provide an overall view of the site con-
ditions. However, because considerable topo-
graphic detail is required to locate many critical
landslide elements, which in many environments
may be masked by vegetation, detailed ground sur-
veys generally must be included as a major compo-
nent of landslide investigations.
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i Coupling

= Oversize pipe
for driving
piezometer
into ground

Pipe
Section -

FIGURE 9-12
Reconnaissance-
level open-standpipe
piezometer. Sections
of galvanized steel
or black iron pipe
connected with
couplings are driven
into ground with aid
of oversized pipe
section and cap.
Open bottom of
piezometer pipe is
protected from
clogging with soil
by insertion of
loose-fitting bolt.
After piezometer is
driven to desired
depth (usually about
3 m), itis pulled
upward about 2 ¢cm
to allow water to
enter freely around
bolt.

In this section, information provided in Chap-
ters 4 and 5 of a previous landslide report (Sowers
and Royster 1978; Wilson and Mikkelsen 1978) is
expanded. Basic survey methods have been well
described in numerous textbooks (e.g., Moffitt and
Bouchard 1975); however, information on recent
advances in survey techniques was obtained from
appropriate experts (D. Little, personal communi-
cation, 1994, Virginia Department of Transporta-
tion, Richmond).

4.1 Purposes of Ground Surveys

Inan active landslide area, surface movements are
normally monitored to determine the extent of
landslide activity and the rate of movement
(Merriam 1960; Franklin and Denton 1973). Such
monitoring requires the establishment of an accu-
rate three-dimensional reference system, includ-
ing identifiable reference stations, which can be
established only by ground-based surveying.
Therefore, ground surveys are required to

1. Establish the ground control for photogram-
metric mapping and instrumentation,

2. Obtain topographic details where the ground
surface is obscured by vegetation (these derails
are particularly important because of the accu-
racy required in mapping landslides), and

3. Establish a frame of reference against which
movements of the ground surface can be com-
pared.

Terzaghi stated:

If a landslide comes as a surprise to the eyewit-
ness, it would be more accurate to say that the
observers failed to detect the phenomena
which preceded the slide. (Terzaghi 1950, 110)

The implication is that the smallest possible
movements should be measured at the earliest pos-
sible time. In the following sections each of these
three requirements is discussed in turn.

4.1.1 Ground Control

The first requirement of ground surveys is a system
of local bench marks that will remain stable during
the course of the investigation and as far into the
future as movements will be observed. These
bench marks must be located far enough outside
the suspected zone of movement that they will not

be affected by any movements. Ultimately, the
bench marks should be related to a geographic ref-
erence, such as control monuments of federal and
state survey systems or latitude and longitude. The
Global Positioning System can be useful for locat-
ing bench marks, particularly in remote areas.
However, for convenience, a subsystem of local
bench marks should be established close enough to
the zone of movement so that they can be used as
ready references for continuing surveys. At least
two monuments of position and elevation should
be established on each side of the zone of suspected
movement. As indicated in Figure 9-13, these
monuments should be as close as possible to the
movement zone but not influenced by future en-
largement of the landslide. Experience suggests
that the distance from a bench mark to the closest
point of known movement should be at least 25
percent of the width of the landslide zone. In areas
with previous landslides, the minimum distance
may be greater. In mountainous areas, adequate
outcrops of bedrock sometimes can be found uphill
or downhill from the landslide; in areas of thick
soil, deep-seated bench marks may be necessary.
The bench marks should be tied together by tri-
angulation and precise leveling traverses. With suf-
ficient bench marks, movement by any one
can be detected by changes in the control network.
Intermediate or temporary bench marks are some-
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FIGURE 9-13

Bench marks and triangulation leveling network
(Sowers and Royster 1978).
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times established closer to the zone of movement -

for use in the more frequent surveys of the land-
slide area. However, the locations of _these bench
marks should be determined relative to the perma-
nent monument grid each time they are used.

The direct surface measurements described
above supplement and serve as a basis for the more
sophisticated instrument systems that are used to
determine the at-depth movements (see Chapter
11). Surveying must be used to accurately define
the surface location and elevation of the reference
points of these instrumentation systems each time
observations are made.

4.1.2 Topographic Details

Aerial photographs may not provide sufficiently
accurate or detailed topographic information for
landslide studies because vegetation obscures the
ground surface or because the important landslide
features cannot be identified. Therefore, detailed
on-site mapping is necessary to define major fea-
tures, such as scarps, cracks, bulges, and areas of
disrupted topography (Figure 9-14).

Because of the changing nature of landslides,
surface surveys conducted after aerial photographs
have been taken may not correspond directly to

UPSLOPE

DIAGONAL
TENSION-SHEAR
CRACKING:
'EN ECHELON
CRACKS

DOWNSLOPE

f SPRINGS, SEEPS

A S\ TENSION CRACK: POSSIBLY

SHEAR DISPLACEMENT DOWNHILL

W TENSION CRACK ON TOE BULGE

PRINCIPAL SCARP

SECONDARY i

SCARPS

ZONE OF DEPRESSION
OR SUBSIDENCE

—

ZONE OF BULGING

TOE

MUD WAVE OR
TOE RIPPLE

FIGURE 9-14
Cracks, bulges,
scarps, and springs
(Sowers and Royster
1978).
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the features shown on the photographs. It may not
be possible to obtain a precise correlation between
the surface topography determined on the ground
over a period of days or weeks and that obtained at
asingle instant from aerial surveys. Differences be-
tween ground surveys and aerial surveys should be
expected, and these differences are particularly
useful in understanding landslide deformation.
Topographic maps should include the accurate
representation of landslide features belonging to
two classes: (a) cracks and bulges and (b) springs
and seeps.

4.1.2.1 Cracks and Bulges

Although many cracks and bulges, as well as other
minor topographic details, can be identified in
aerial photographs, their full extent seldom can
be determined unless the photographs are taken
with an unusually high degree of resolution in
vegetation-free areas (see Chapter 8). Therefore,
independent surveys of cracks and bulges should
be made by surface methods. Developing cracks,
particularly the ends, often are obscured by grass,
leaves, and root mats; these cracks should be care-
fully uncovered so that their total extent can be
mapped. Hidden cracks can be identified by subtle
changes in leaf mold patterns, torn shrubs, and
distorted trees and tree-root systems. Boulder
alignments or sliding trajectories should be noted.
Cracks should be staked on both sides, and all
stakes should be referenced to the movement
monitoring system because the entire crack system
shifts with continuing landslide movement.

4.1.2.2 Springs and Seeps

Springs and seeps are the ultimate areas of dis-
charge for water-bearing strata and cracks and
thus are indicators of the water flow paths that in-
fluence soil and rock stability. Because seeps often
follow cracks that have been opened by soil or
rock movement, they can sometimes be traced to
sources uphill. The points of disappearance of sur-
face runoff into cracks and fissures should be
mapped also. Seeps, springs, and points of water
loss change with rainfall, snowmelt, and ground
movement. Thus, meaningful data on their loca-
tion and shifts cannot be obtained by a single sur-
vey or at regular intervals of observation. Instead,
they should be located during and shortly after pe-
riods of intense rainfall or snowmelt and after
episodes of significant movement.

4.1.3 Movement Grids and Traverses

The continuing movement of a landslide can be
measured by a system of grids or traverses across
the landslide area (Figures 9-15 and 9-16).
Typically, a series of lines more or less perpendic-
ular to the axis of the landslide and spaced 15 to
30 m apart with stakes at intervals of 15 to 30 m
should be maintained and referenced to the con-
trol bench marks. Grids should be laid out so that
the reference points are aligned with trajectories
of maximum slope or apparent continuing move-
ment. In addition, where soil and rock weaknesses
cause secondary movements that are skewed to
the major landslide, intermediate points should be
established. For small landslides or widely spaced
areas of suspected movements, single traverse lines
of reference often are used (Figure 9-16).

Line-of-sight monuments can be established
with end monuments on stable ground and inter-
mediate points on the moving mass in areas where
vegetation does not obscure visibility. The monu-
ments are established in a line and smooth or pol-
ished metal plates are fixed on top of the
intermediate points. A line perpendicular to the
line of sight is scribed onto each plate. A transit is
located on or over one of the stable monuments
and the other stable monument is used to set the
horizontal angle of the instrument. Each of the in-
termediate points is sighted, and a line is scribed.
on its plate. Movement from one measurement to
the next is simply measured at each plate with the
aid of a machinist’s rule. Scribed lines are visible
in Figure 9-17.

Appropriate location flags or markers should be
placed nearby so that the staked points can be
found despite severe movement. The elevation and
coordinates of each point should be determined on
the traverse or reference grids by periodic surveys.
In areas where highly irregular topography suggests
rapid differences in movement from one point to
another, reference points should be spaced more
closely regardless of any predetermined grid pattern.
Such closely spaced stakes help to define the lateral
limits of the landslide as well as the direction of
movement of localized tongues within the land-
slide. This is particularly important in the later
stages of movement because secondary movements
often develop as a result of weakening of the dis-
placing materials. Depending on the rate of move-
ment, these grid points should be checked at
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intervals ranging from a few days to several months.
In addition, they should be observed after periods
of unusual environmental conditions, such as snow-
melt, high rainfall, or marked temperature changes.
In this way any relation between landslide move-
ment and climatic changes can be established.

4.2 Surveying Methods

Surveying is an integral part of the broader surface
observations and geologic mapping activities dur-
ing landslide investigations. The mechanics of

conducting an accurate survey should not be al-
lowed to obstruct general observations of topo-
graphic features. As discussed in the following
section, general observations often provide impor-
tant information and should be incorporated into
the surveyor’s notes and reports.

Conventional surveying methods commonly are
adapted to the needs of landslide investigators.
Table 9-7 is a summary of the characteristics, ad-
vantages, and limitations of several survey methods.
Conventional survey methods, which are discussed
further in Section 4.2.2, are sometimes supple-

FIGURE 9-15
Observation grid
(Sowers and Royster
1978).






Table 9-7

Comparison of Grou

nd Survey Methods (modified from Wilson and Mikkelsen 1978 and Cording et al. 1975)

METHOD RANGE ACCURACY ADVANTAGES LIMITATIONS RELIABILITY
Compass Variable Low; provides Rapid; requires no Reasonable initial Varies with experience
and pace only approximate equipment; may be estimates on uniform of personnel and
values useful in establishing terrain without - roughness of terrain
overall dimensions of obstacles
. landslide
Compass, Variable Moderate; provides Rapid; moderate Reasonable estimates Varies with experience
hand level : approximate accuracy; produces on rough terrain of personnel and
and tape values a map or section roughness of terrain
Plane table 5 to 500 m 1:100 Relatively rapid; Awkward in rough Moderate; errors may
and alidade moderate accuracy; or steep terrain be due to instru-
produces a map ment, drafting, and
instability of
plane table
Transit and 5.t0 500 m 1:200 to 1:500 Relatively rapid; Complex corrections needed Moderate to good;
stadia - moderate accuracy for measurements.along may be lower in
steeply inclined vegetated and
directions rough areas
Transit and 50 to 500 m 1:800 at 500 m; Relatively rapid; most Careful orientation of Good
subtense bar 1:8,000 at 50 m accurate of optical subtense bar required; may
methods; can measure  be difficult to use in
inclined distances rough terrain
Direct
measurement
by tape or
chain
Ordinary Variable 1:5,000 to Simple and ~ Requires clear, relatively flat Excellent
survey 1:10,000 inexpensive; provides surface between measured
direct observation points and stable reference
. monuments
Precise Variable 1:20,000 to Relatively simple Corrections for temperature  Excellent
survey 1:20,0000 and inexpensive; and slope must be applied
provides direct and standard chain
observation tension used
Electronic 20t0 3000 m  1:50,000 to Precise, long-range, Accuracy is influenced by Good
distance 1:30,0000 and rapid; usable atmospheric conditions;
measurement over rough terrain accuracy over shorter
(EDM) distances (30 to 90 m) is
less for most instruments
Total station 15103000 m 5 mm minimum Precise and rapid; Accuracy may be Good to excellent
error; 1:300,000 reduces computa- influenced by
over longer tional effort and atmospheric
distances errors; provides conditions
digital data; usable
over rough terrain
Global 1.5mto 100 m with asingle  Precise absolute Accurate measurements Excellent
Positioning 40 km receiver; 1:300,000 horizontal position; require 45 to 60 min
System (GPS) with two or more possible precise continuous operation;

receivers recording
four or more
satellites; 0.3-cm
minimum error

vertical position

elevations require receiver
dedicated to bench mark;

tree limbs over antenna

interfere with reception;

possible backscatter

continued on next page
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Table 9-7 (continued)

METHOD RANGE ACCURACY ADVANTAGES LIMITATIONS RELIABILITY
Optical leveling
Ordinary Variable " 3to 6 mm (vertical)  Simple and fast,espe- Limited precision; requires ~ Excellent
(second or cially with modemn good bench marks
third order) self-leveling
instruments
Precise Variable 0.6to 1.2 mm More precise than Requires good bench marks  Excellent
(first order) (vertical) ~ordinary leveling and reference points;
: careful adherence to
standard procedures
Offsets from
baseline
Theodolite Otol5m 0.6 to 1.5 mm Simple; provides direct ~ Requires baseline Excellent
and scale observation unaffected by ground
movements and good
] monuments; accuracy can
be improved by using a
target with a vernier and
repeating sighting from
) opposite end of baseline
Laser and Oto 1.5 mm 1.5 mm More rapid than Seriously affected by Good
photocell theodolite-and-scale atmospheric conditions
detector method
Triangulation Variable 0.6 to 12 mm Usable when direct Requires precise Good
measurements are measurement of base
impossible; useful in distance and angles;
tying into points requires good reference
outside immediate monuments
area
Terrestrial Variable 1:5,000 to 1:50,000 Records hundreds of Limited by Good
photo- potential movements weather conditions
grammetry at one time for

determining overall

displacement pattern

trees, rather than old landslide movement. Trees
with straight trunks that are inclined in different
directions within an area (“jackstrawed” trees or
“drunken” forests) indicate recent movement.
Trees with completely curved trunks (C-shaped
trees) are found on slopes with long histories of

‘continuing minor movement. Observations of

trees should not be used as the sole basis for iden-
tifying landslide movement because other phe-
nomena may produce similar effects (DeGraff and
Agard 1984).

Cracks covered with leaves, surface litter, or
duff can be detected by an experienced observer
walking over the area and noting firmness of foot
support. Livestock and other animals may avoid
grazing or browsing in an active landslide area be-
cause of uncertain support or hidden fissures. Small
openings on the downhill sides of structures or
next to tree trunks may indicate incipient move-

ment. Overly taut or excessively sagging utility
lines, misalignment of fence posts or utility poles,
or distress to pavement are excellent indicators of
ground movements. Such movements, when accu-
rately monitored, serve as important tools in as-
sessing the potential hazard to transportation
facilities, nearby structures, and the public.

4.2.2 Conventional Surveying

The principles of surveying have been described
extensively in numerous textbooks (e.g., Moffitt
and Bouchard 1975) and thus will not be discussed
here. One of the basic operations of surveying is
the determination of the distance between two
points on the surface of the earth. In surveys of
areas of limited extent, which is the case for most
landslides, the distance between two points at dif-
ferent elevations is reduced to an equivalent hori-
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zontal distance either by the procedure used to
make the measurement or by computation of the
horizontal distance from the measured slope dis-
tance and inclination. Vertical distances are inde-
pendently computed and recorded. In the case of
landslides, both vertical and horizontal distances,
and rates of change in these distances, provide im-
portant information needed to evaluate landslide
mechanisms.

As noted in Table 9-7, many surveying tech-
niques may be used to determine distances and in-
clinations for computing horizontal and vertical
distances. Some simple methods, such as pacing to
determine approximate distances, are of limited
use in most landslide investigations.

4.2.2.1 Tacheometry

A series of methods has been developed for indi-
rectly measuring distances using optical surveying
instruments in conjunction with measuring bars
or rods. These methods may be referred to collec-
tively as tacheometry (Moffitt and Bouchard 1975,
14). They include plane table and alidade surveys,
transit and stadia surveys, and transit and subtense
bar surveys (see Table 9-7).

These measurements are performed rapidly and
comparatively well over rough, uneven ground.
They may be sufficiently accurate for many land-
slide investigations, but their accuracy is consider-
ably less than that of other techniques involving
direct distance measurement by tapes or chains or
the determination of distances by electronic
means. Thus, tacheometry is often used to provide
rapid supplementary data concerning the locations
of intermediate points of landslide features, partic-
ularly when field-developed maps are needed for

geologic descriptions. A somewhat more accurate -

tacheometry measurement involves the use of a
transit and a short horizontal baseline, referred to
as a subtense bar. Distances are determined by
using a precise transit to measure the small hori-
zontal angle subtended by the bar.

Tacheometric techniques remain a viable and
economical surveying solution for landslide inves-
tigations in many locations, and the required
surveying equipment is commonly available.
However, whenever possible, tacheometric meth-
ods should be replaced with the more accurate
and rapid distance measurements provided by
electronic distance measurement (EDM) equip-
ment or by the even more modern total station

surveying methods. These approaches are dis-
cussed further in Sections 4.2.2.3 and 4.2.2.4.

4.2.2.2 Transit and Tape Methods

Optical instrument surveys and tape measurements
are commonly used to determine lateral and verti-
cal positions of points accurately. Bench marks and
transit stations located on stable ground provide
the basis from which subsequent movements of
monuments can be determined optically and by
tape measurement. As shown in Figure 9-18, tran-
sit lines can be established so that the vertical and
horizontal displacements at the center and toe of
the landslide can be observed. Lateral motions can
be detected by transit and tape measurements from
each monument. When a tension crack has opened
above the top of a landslide, simple daily measure-
ments across the crack can be made between two
markers, such as stakes or pieces of concrete-
reinforcing steel driven into the ground. In many
cases the outer limit of the ground movements is
not known, and establishing instrument setups on
stable ground may be a problem.

Various techniques and accuracies achieved in
optical leveling, offset measurements from transit
lines, chaining distances, and triangulation have
been discussed extensively in the literature (Gould
and Dunnicliff 1971; British Geotechnical Society
1974), particularly for dams, embankments, and
buildings. Although conventional surveys, partic-
ularly higher-order surveys, can define the area of
movement, more accurate measurements may be
required in many cases.

4.2.2.3 Electronic Distance Measurement
Equipment

Electronic distance measurement (EDM) devices
have proved particularly suitable for rugged ter-
rain; they are more accurate and much faster than
ordinary surveying techniques and require fewer
personnel (Dallaire 1974). Lightweight EDM
instruments can be used efficiently under ideal
conditions for distances as short as 20 m and as
long as 3 km; errors are as small as 3 mm (St. John
and Thomas 1970; Kern and Company Ltd.
1974). Larger instruments that employ light
waves or microwaves can be used at much longer
distances. The accuracy of EDMs is influenced by
weather and atmospheric conditions; comparative
readings with three different instruments were de-

scribed by Penman and Charles (1974).
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FIGURE 9-18
Movement
measurements
in typical
landslide area
(Wilson and

Mikkelsen 1978).

EDM equipment can be used to monitor large
landslides with large movements and provide a
rapid way to survey many points on the mass from
asingle, readily accessible location. An example of
such an installation involves a reactivated ancient
landslide in the state of Washington along the
Columbia River where the active landslide is more
than 0.6 km wide and 5 km long. Movements vary
from 1 to 9 m per year, and the rates of movement
depend on the time of year and rainfall intensity
and duration. A permanent station, readily acces-
sible all year, has been set up on the side of the
river opposite the landslide and distance readings
are taken monthly to 14 points located on the
landslide and 2 points located on stable ground
outside the landslide boundaries. The distances in-

" volved vary from about 1.5 to 6 km. Figure 9-19(a)

shows the movements (changes in distance) dur-
ing a one-year period (1972-1973) for two se-
lected points at this Columbia River landslide
based on monthly readings recorded by an EDM
instrument. At the end of the year, the points were
resurveyed by triangulation. The discrepancy is
about 10 cm, which, although larger than antici-
pated, is quite satisfactory considering the to-

tal movements. Figure 9-19(b) shows recorded
changes for two points believed to be on stable
ground. The variation of monthly readings is seen
to be 60 mm and the variation is no greater for a
4765-m distance than for a 1844-m distance.

4.2.2.4 Total Station Equipment
Total station survey systems have improved sur-
veying practices to a great extent. These devices
can measure vertical and horizontal positions
within a three-dimensional coordinate framework
having x-, y-, and z-axes (east, north, and eleva-
tion). They have proved particularly suitable for
rugged terrain, and building on the experiences
gained with the earlier EDM systems, they per-
form even more accurately and faster than these
earlier systems and require fewer personnel.
Current total station survey systems allow the
surveyor the flexibility not only of measuring the
horizontal and vertical positions of any point with
TT—
a high degree of accuracy, but also of recording all
readings into hand-held or instrument-located
data collection devices. Field data can be down-
loaded from these devices to computers, where
the data can be processed, printed in formal
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. records, and plotted as maps. In some cases data
reduction and checking can be performed in the
field while the survey continues, allowing inaccu-
racies to be identified and corrected immediately
and saving remobilization costs.

Field-developed maps can be produced with
total station equipment, a plane table, and a three-
person crew. A geologist positions the retroprism
pole on features of significance. The surveyor

determines the position of the points, and another
person plots the points on the plane table.
Portable radios facilitate communication of geo-
logic information to be recorded on the map.

Extreme care must be taken concerning the
calibration and adjustment of all equipment in-
volved in total station surveys. The following
equipment must be checked carefully to confirm
calibration or proper adjustment:

FIGURE 9-19
Microwave
measurements of
landslide
movements along
Columbia River,
Washington State
(Wilson and
Mikkelsen 1978).
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FIGURE 9-20
Plots of direction
and cumulative
magnitude of
monitor point
movement. Point
A: moving point
with consistent

Total station,

Tripods,

Retroprisms,

Prism poles, and

Optical plummet tribrachs.

As with EDM equipment, the accuracy of total
station surveys is influenced by weather and atmo-
spheric conditions. Lightweight total stations can
be used efficiently for distances as short as 1.5 m
and as long as 3 km. Errors may be as small as 30
mm over a 3-m distance; however, these instru-
ments generally have a minimum resolvable dis-
tance accuracy on the order of 5 mm. Thus for

direction and short distances, the possible error in the distance
uniform trend of measurement will always be at least 5 mm. For
magnitude. many landslide investigations, this accuracy is

Point B: stable

point with random
direction and

small incremental
magnitude that is
caused by error of
surveying technique.

much better than the many potential sources of
error in locating and reestablishing reference
points.

Results of repeated surveys can be plotted ef-
fectively as direction and cumulative magnitude of
movement, as shown in Figure 9-20. The plot for
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Point A shows consistent direction of movement
and uniform, incremental increase in magnitude
of the displacement vector. Point B shows random
direction and small incremental magnitude of cu-
mulative movement; it is a stable point and docu-
ments the survey’s accuracy.

4.2.3 Other Surveying Techniques

In some landslide investigations the conventional
surveying approaches discussed in the previous
sections are supplemented by other, more special-
ized surveying techniques. These techniques in-
clude the use of lasers, methods involving aerial
and terrestrial photogrammetry, techniques for
monitoring internal deformation and the growth
and movement of surface cracks, and the use of
specialized equipment such as tiltmeters. In addi-
tion, videography and digital image analysis and
the current Global Positioning System (GPS) are
discussed in the following subsections. The use of
specialized slope movement monitoring devices is
discussed in Chapter 11.

These supplementary surveying methods con-
tinue to evolve rapidly. Some already are in fairly
extensive use (e.g., EDM equipment and lasers),
whereas others are in limited use or are in the de-
velopmental or experimental stage (e.g., terrestrial
photogrammetry and videography). They will un-
doubtedly find increasing use in field measure-
ments in the future.

4.2.3.1 Lasers

Laser instruments already are widely used for set-
ting alignments, and they are well suited for set-
ting a reference line for offset measurements to
surface monuments. Laser beams are also used
with some EDM instruments. It should be possible
to measure offsets with errors no greater than 3 to
6 mm (Gould and Dunnicliff 1971).

Laser total station instruments are available in
hand-held, monopod, and tripod formats (Laser
Technology, Inc. 1992). These instruments are par-
ticularly well suited for rapid topographic profiling
in locations too steep or dangerous for other meth-
ods. The laser total station is equipped with a flux-
gate compass and tilt-angle sensor, in addition to a
serial port for communicating data to other com-
puter applications. The range of the laser is up to
about 460 m to a target that is 20 percent reflective;
to a retroprism the range is 12 200 m. Accuracies of
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0.3 degree azimuth, 0.2 degree vertical angle, and
9.4 cm range can be obtained from units that weigh

less than 3 kg and operate up to 8 hr on a Nicad

battery.

4.2.3.2 Aerial and Terrestrial Photography
and Photogrammetry

Important features of active landslides cannot be
documented on aerial photographs taken before
the slope movement; therefore, photographs taken
at the beginning of an investigation of an active
landslide permit documentation of current condi-
tions for navigation as well as geologic interpreta-
tion. Photographs taken with a small-format
(35-mm) hand-held camera from a fixed-wing air-
craft during aerial reconnaissance can provide an
excellent base for use on the ground (Wracker
1973). Stereoscopic photographs can be taken in
this way in vertical or near-vertical and oblique
orientations. Commercial rapid processing of color
film is available in many cities. Thus, an aerial re-
connaissance can be made and prints received for
use in the field within a single day. An alternative
to hand-held photography from a fixed-wing air-
craft would be to contract with an aerial photogra-
phy company to produce stereoscopic photographs
for subsequent use on the project.

Prominent targets visible from the air or from a
distance on the ground can be used as references
for aerial or terrestrial photographs taken at some
interval of days, weeks, or months. Suitable targets
are circles or squares 30 cm to I m across with op-
posite quadrants painted red and white, as shown
in Figure 9-21. If such targets are to be deployed
from aircraft onto landslide surfaces, both sides of
the targets should be painted so that it will not
matter which side faces up. If a single photograph
includes a stable bench mark and one or more
landslide bench marks, the direction and magni-
tude of deformation can be estimated with the ac-
curacy of the photographs. Oblique photographs,
of course, show more complicated distortion than
do vertical aerial photographs.

Terrestrial photographs can serve as bench
marks for qualitative changes in landslides.
Several examples of photographs documenting
crack propagation in a large landslide may be
found in a paper by Fleming and Johnson (1989).
Simple photographic bench marks involve taking
a photograph next to some prominent feature that
can be found readily on subsequent visits to the

=l m

-]
site. The feature should be identified in the initial
photograph for targeting in later photographs to
ensure comparable views. Showing some object or
measure, such as a folding ruler, for scale in the
photograph is recommended.

For greater precision the location of the photo-
graphic bench mark can be established for later use
by driving a metal or plastic stake into the ground.
The height of the camera above the stake should be
noted along with the azimuth and inclination of
the view. A tripod can be used to simplify estab-
lishing these measurements and setting up for later
photographs. More precision is obtained by using
the same camera and lens combinations. Terrestrial
photographs are more usable when later views are
taken at a similar illumination (time of day) as the
initial ones. This ensures similar contrast and visi-
bility of the features among different photographs.
Malde (1973) offered additional ideas for using ter-
restrial photography for geologic bench marks.

Photogrammetric measurements of ground ge-
ometry can be made from oblique photographs ob-
tained at the ground surface. For example, two or
more permanent photography sites that overlook a
landslide area can be used to document landslide
movement through successive sets of stereoscopic
photographs. Phototheodolites are used to take suc-
cessive stereophotographs from these fixed stations;
movements are identified in a stereocomparator,
and accuracies of 6 to 9 mm have been reported
(Moore 1973). Although the data reduction may
be more complex than that for conventional aerial
photogrammetric mapping, the technique is useful
for determining movement of any selected points
provided that they can be seen in the photograph.
Terrestrial photogrammetry has been used in some
cases to measure changing dam deflections (Moore
1973) and to monitor rock slopes in open-pit mines
(Ross-Brown and Atkinson 1972), but no landslide

;
measurements using this method have been found
in the literature.

FIGURE 9-21

Simple reference
targets for
monitoring landslide
displacements.
Targets can be
made of plywood or
sheet metal and
painted with bright
colors such as red
and white. Targets
can be deployed
rapidly for
photographic
documentation. It is
wise to place two or
three targets outside
landslide boundary
to document
absolute landslide
displacements.
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steel rods to be driven into the ground without
damage to the machined pins. A tensioned steel
tape corrected for temperature (Moffitt  and
Bouchard 1975) provides a suitable level of preci-
sion in distance measurements. Elevation differ-
ences can be determined precisely with a water
level or manometer (Figure 9-25). Care must be ex-
ercised in selecting quadrilateral locations so that
the relief within the quadrilateral does not prevent
subsequent measurements.

4.2.3.4 Crack Monitoring

Monitoring the system of cracks found on the sur-
face of a moving mass often is of critical impor-
tance for landslide investigation programs. Crack
monitoring includes crack mapping and crack
measurement or gauging.

1. Crack Mapping: Most earth movements are
accompanied by cracking and bulging of the
ground (Figure 9-14). Survey points, in addition to
the predefined grid or traverse points (Figures 9-15
and 9-16), should be set on the more prominent of
these features and in areas beyond them. Repeated,
detailed mapping of areas of cracking serves to doc-
ument the evolution of the cracks, which provides
the basis for interpretation of the stresses responsi-
ble for them. An example of repeated, detailed
mapping of an area of landslide cracks by plane
table and alidade is shown in Figure 9-6.

2. Crack Measurement: Instrumentation of
landslides is discussed in detail in Chapter 11.
However, certain reconnaissance and supplemen-
tary measurements should be a part of the survey
program. When geologic mapping is considered
adequate to describe the area affected by a land-
slide, simple qualitative measurements can pro-
vide knowledge of the activity. Movements on
cracks, particularly those uphill and downhill from
well-defined zones of movement, indicate possible
increasing size associated with many landslides.
Therefore, it is desirable to monitor the change in
width as well as the change in elevation across the
cracks. This can be done easily by direct measure-
ment from quadrilaterals seraddling the cracks or
pairs of markers set on opposite sides of the cracks.

Quadrilateral measurement techniques were de-
scribed in the previous section. Crack width
changes also may be measured directly by taping be-
tween stakes set on opposite sides of the crack.
Crude, simple gauges can be constructed in the field

G?'aduated Water-filled
stick and container
transparent on tripod
manometer

tube m

Quadrilateral
m rods
to provide accurate and continuing indications of FIGURE 9-25
P g Details of

crack movement. Figure 9-26 shows one such de-
vice, which consists of two vertical reinforcing steel
rods and a heavy-duty elastic rubber strap or band
stretched between the two rods (Nasser 1986).
Initial measurements of length, bearing, and incli-
nation of the band provide a basis for comparison
with subsequent measurements. Reduction of the
field measurements provides values of lateral and
vertical movements along the crack. Vertical offsets
on cracks and scarps also may be obtained from di-
rect measurement. If total station surveying equip-
ment is available, similar measurements can be
made readily and referenced to stable bench marks.

manometer for
use in determining
elevation of

quadrilateral rods.

FIGURE 9-26

Crack measurement
with rubber-band
extensometer
(modified from
Nasser 1986).

Rubber Band

(initially set
approx. horizom
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Rebar Stake
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FIGURE 9-27

Paint at end of
crack to monitor
propagation.
Straight-edged
material such as
cardboard is
positioned at end of
crack on tandslide
mass, small paint
mark is made, and
date is recorded.
Marks made in
subsequent
observations allow
crack propagation
to be documented.
Paint marks have
greatest utility if
made on paved
surfaces or bedrock
exposures.
Broad-tipped pens
or markers could be
used to mark cracks
in lieu of paint.

However, such sophisticated surveying methods are
not always justified.

In areas of cracked pavement or jointed rock,
the change in crack or joint width can be deter-
mined by scribing marks or bonding washers onto
the pavement or rock surface on opposite sides of
the crack or joint and simply measuring between
the pairs of marks. Small-scale quadrilaterals 5 to 10
cm across may be installed to monitor displace-
ments, strains, and tilts, as described in the previ-
ous section. On pavement or rock surfaces the
quadrilaterals can consist of stainless steel pins with
washers fixed by epoxy into small-diameter drilled
holes. Another simple device is a small hardwood
wedge lightly forced into an open crack and marked
at the level of the pavement or rock surface. If the
crack opens, the wedge will fall deeper into the
crack. Such a wedge indicator may not be helpful if
the crack closes or is subject to shear movement.

Cracks often are visible in the early stages of
landslide deformation. In places where the cracks
are not likely to be destroyed rapidly, such as on
rock faces or paved surfaces in urban areas, a sim-
ple technique for monitoring crack propagation
rate is to mark the end of the crack and observe
the crack over a period of time, such as days or
weeks. The end may be marked by placing a

- straight-edged piece of cardboard or similar mate-

rial across it so that it is just covered and spraying
paint so that a straight-edged mark is left on the
rock face or paved surface (Figure 9-27). The
monitoring process can be repeated using different
colors of paint and the distance between succes-
sive marks can be measured. In active traffic areas
where repaving may destroy monitoring locations,
attempts to monitor crack propagation may not
provide acceptable results.

Propagation of crack
since February 17

Paint at end of crack
on February 17—

Monitoring of cracks usually provides informa-
tion on movement within the upper half to two-
thirds of the landslide mass. The lower half to
one-third of the landslide may exhibit little crack-
ing because of compression and overriding of ma-
terial within this portion. Movement in this area
must be detected in reference to fixed objects ad-
jacent to or within the path of this overriding.
Photographic points that show the toe of the land-
slide in relation to fixed features such as trees, rock
outcrops, buildings, utility poles, or roads are one
means for this monitoring. The photographic
point must be established in a location that per-
mits a clear view of the lower part of the landslide
and the reference features. Establishing the pho-
tographic point should follow the procedures
described for terrestrial photography in Section
4.23.2.

Another way to monitor movement at the toe
of the landslide is to establish one or more rows of
targets or stakes parallel to and within the expected
path of the landslide. The first target or stake
should be placed as near as possible to the toe.
Succeeding targets should be placed a set distance
apart. For example, a slow movement feature might
be monitored by placing five targets or stakes at
I-m intervals. It is important to mark the individ-
ual stakes with paint or some other indelible sub-
stance. As the landslide movement overrides or
covers the first stakes, determination of the amount
of movement depends on knowing the number of
stakes buried and where the end stake is located in
the line. The number of parallel lines of targets or
stakes depends on how broad the toe of the land-
slide is and the configuration of the slope below it.

4.2.3.5 Tiltmeters

Tiltmeters can be used to detect tilt (rotation) of a
surface point, but such devices have had fairly lim-
ited use in landslide investigations. They have been
used mostly to monitor slope movements in open-
pit mines and highway and railway cuts, but they
may be used in any area where the failure mode of a
mass of soil or rock can be expected to contain a ro-
tational component. One type of tiltmeter is shown
in Figure 9-28, and sample tiltmeter data from a
mine slope are shown in Figure 9-29. Tiltmeters use
the same types of servo-accelerometers as those
used with the more sensitive inclinometers de-
scribed in Chapter 11. The prime advantages of tilt-
meters are their light weight, simple operation,
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correction coefficients, satellite ephemieris param-
eters, and other data, including almanac data,
which give orbit information for all of the satellites
in the NAVSTAR GPS “constellation.”

A single GPS receiver can be used to determine
the position of an unknown point with an accu-
racy of about 100 m. This position is in an Earth-
centered, Cartesian-coordinate system that can be
expressed in terms of latitude, longitude; and
height on Earth’s reference ellipsoid. Much better
accuracy in horizontal position can be achieved
with at least two GPS receivers simultaneously
recording at least four satellites. Horizontal accu-
racies of 1:300,000 are routine (Reilly 1992).

GPS surveying is not well suited for determin-
ing ground-surface elevation. The best way to de-
termine elevation from a GPS survey is to have
at least one GPS receiver dedicated to a bench
mark with accurate known elevation: The bench
mark receivers are used to calibrate the satellite
signals for determining the elevation of the rov-
ing receivers. Most of the error in elevation is re-
lated to setting up the receiver antenna, and an
accuracy of 0.3 cm is thought to be reasonable for
careful GPS measurements (Reilly 1992).

Accurate measurements with GPS receivers re-
quire positions to be operated continuously for 45
to 60 min: Tree limbs and other material blocking
the antenna can cause problems with reception of
satellite transmissions. Troublesome backscatter of
transmissions can be caused by reflective surfaces
such as buildings, pavement, and buried pipelines.
GPS surveying is a powerful tool, but for most
landslide investigations, the exact geographic po-
sition of the landslide is not needed, only accurate
relative positions of points on and adjacent to it.

4.3 Represeniation of Topographic Data

Survey data must be displayed and analyzed in
order to be useful to landslide investigators. The
four most common representation methods are to-
pographic maps, profiles, displacement vectors
and trajectories, and strain ellipses.

4.3.1 Topographic Maps

Generally, topographic information obtained by
photogrammetric methods is correlated with
ground survey controls and detailed topographic
information to establish two or more maps of the

landslide area. The first map encompasses the
landslide (or suspected landslide) plus the sut-
rounding area, including the topography extend-
ing uphill and downhill beyond major changes in
slope or lithology. Topography should be devel-
oped on each side for a distance of approximately
twice the width of the moving area (or more when
the zone of potential movement is not well de-
fined). Typical scales for such mapping of large
landslides may be 1:2, 500 to 1:10,000. A portion
of such a map developed for a landslide investiga-
tion near Vail, Colorado, is reproduced in Figure
9-31 (Casals 1986).

The second topographlc map is more detailed
and encompasses the observed landslide area plus
all of the uphill and downhill cracks and seeps as-
sociated with the landslide. Typically, the de-
tailed map extends beyond: the bouridaries of the
landslide uphill and downhlll for a distance of half
the length of the landslide or to significantly flat-
ter slopes. The detailed topography should extend
beyond the limits of the landslide laterally at least
half the width of the landslide area. Contdur in-
tervals in such detailed topography should be as
close as 0.5 m for landslides that do not have too
great a degree of vertical relief. The horizontal
scale is typically 1:2,500 or larger. A portion of
such a landslide map prepared as part of field in-
vestigations of a landslide in western Colorado
(Umstot 1988) is shown in Figure 9-32.

- Topographic data commonly are collected. in
the field electronically and compiled in the office
digitally. Many topographic maps for landslide in-
vestigations are plotted by computer. Data from
successive surveys can be compared with the aid of
the computer, and plots of changes in topographic
contour-line position can be produced. Such com-
parative contour-line plots provide useful informa-
tion on changes in topography of laridslide masses
but require complete resurveying of landslide sites.
An example of a map showing changes in eleva-
tion of the surface of the Thistle landslide
(Duncan et al. 1985) is shown in Figure 9-33.

4.3.2 Profiles

In addition to a topographic map, profiles of the
landslide area are prepared (Figures 9-34 and 9-35).
The most useful profiles are perpendicular to the
steepest slope of the landslide area. Where the
movement definitely is not perpendicular to the
steepest slope, two sets of profiles are necessary: one
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true geographic position on the Earth’s surface.
From the consecutive readings on the survey grids
and traverses, the horizontal and vertical displace-
ments of the ground surface can be determined. If
the movements are large, the subsequent positions
of the reference points can be plotted on the topo-
graphic map. However, if the movements are small,
the successive positions of the monuments may be
plotted separately to a larger scale depicting vectors
of movement. The vector map may show refer-
ence-point locations and displacement vectors on a
map with the landslide outline (Figure 9-36), or a
topographic base map may be used if the informa-
tion can be shown clearly. Although the initial po-
sitions of the points are shown in their proper scale
relations, the displacement vectors may be plotted
to a larger scale; this difference in scale should be
noted. Elevations at successive dates can be entered
beside the grid points.

FIGURE 9-32 Portion
of detailed map
showing
topographic and
landslide features
developed during
landslide
investigation in
western Colorado
(Umstot 1988).
Original map scale
was 1:2,400 and
contour interval was
5 ft (1.5 m).

FIGURE 9-33 (below)
Elevation changes
within Thistle
landslide, Utah
(modified from
Keaton 1989 from
Duncan et al. 1985).
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FIGURE 9-34
Landslide contours
and profile locations
(Sowers and Royster
1978).
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Because topography changes significantly with
continuing movement, the dates of the surveys
should be noted on the maps. Furthermore, if a
significant period of time has elapsed between the
dates of the surveys that establish the topography
and the surveys that establish the movement grid,
the elevations of the points on the grids will not
necessarily correspond to those on the topo-
graphic map.

Displacement-vector data also can be displayed
separately from maps showing the distribution of

the grid points. An example of a plot of direction
and cumulative magnitude of displacement is
shown in Figure 9-20.

4.3.4 Strain Vectors and Ellipses

Quadrilateral monitoring (Section 4.2.3.3) pro-
vides a means for calculating strain from changes
in the length of chords, called stretch (Baum et al.
1988), between points on each quadrilateral. The
directions and magnitudes of maximum and min-
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imum principal stretches can be determined and
plotted in the form of ellipses on the topographic
base map or landslide outline map. Similarly, the
directions and magnitudes of area strain and finite
shear strain (Baum et al. 1988) can be determined
and plotted on maps to represent internal defor-
mation rather than displacement.

5. INTERPRETATION AND DATA
PRESENTATION

The geologic data collected in the field must be
interpreted and presented in a form that commu-
nicates useful and relevant information to non-
geologists, usually engineers. The primary form of

geologic data presentation is the geologic map.
The map and explanation must be carefully
crafted to present relevant information accurately
and clearly. Geologic sections are used to illus-
trate subsurface relationships interpreted from sur-
face observations. Sections can be connected to
portray three-dimensional relationships. Selected
photographs of critical features enhance the re-
port user’s understanding. The geologic report

_ discussing methods, findings, conclusions, and re-

commendations must be carefully written to com-
municate relevant information without using
unexplained geologic terminology. -

The concept of multiple working hypotheses is
fundamental to geologic interpretation and is de-

Landslide ground-
surface profiles
(Sowers and Royster
1978).
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FIGURE 9-36
Movement vectors
showing
displacements since
beginning of
measurement
(Sowers and Royster
1978).

scribed briefly in the next section. The measure-
ments obtained from reconnaissance instrumenta-
tion also are discussed, followed by elaboration on
the geologic maps, sections, and report.

5.1 Importance of Multiple Working
Hypotheses

The multiple-working-hypothesis method proposed
by Chamberlin (1965) has become the conven-
tion