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Preface

The dramatic 2004 Boxing Day tsunami in the Indian Ocean, having claimed over a
quarter million lives, once again painfully reminded us of our society’s vulnerability
to natural disasters. If there are any positive aspects to such a terrible and devastat-
ing event, it is the World’s compassionate response and the knowledge that our
awareness of our vulnerability and susceptibility has increased. Undoubtedly,
affected governments will now attempt to reduce the consequences of similar
events in the future and implement a tsunami-warning system in the region.

Nature is varied and in many ways poorly predictable. Quite possibly, the
next major global or regional disaster may not be a tsunami or an earthquake,
but a climatic convulsion such as a typhoon or a Class 5 hurricane over a densely
populated region. Those who follow the news will realize that a large proportion of
life loss suffered in climate-driven natural disasters is due to landslides. More
specifically, many people are injured or killed by clusters of debris flows, debris
avalanches, and debris floods. Apart from such major events, isolated occurrences
of debris flows claim a steady, continuing toll of lives and property in all parts of
the world with steep terrain. Every year, approximately 78 million people are added
to the world’s population. With an ever-increasing population density in high-
hazard areas, the consequences of debris flows and related phenomena will grow
proportionally.

Risks arising from these landslide processes cannot be ecliminated and are
difficult to reduce. This can be attributed to globally widespread occurrence of con-
ditions favoring landslides, increased population density in vulnerable areas, and,
above all, the unpredictability of the hazard and the difficulty to provide advance
warning. Clearly, a better understanding of the character of such phenomena and
better predictive tools are urgently needed.

The present book attempts to systematically review significant and up-to-date
knowledge of debris flows, debris avalanches, and debris floods, while emphasizing
predictive techniques. To accomplish this, we invited leading specialists from five
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continents, who addressed aspects of debris-flow science ranging from classification
to analysis, prediction and mitigation. In addition, we asked renowned scientists to
provide technical summaries of notable occurrences from various corners of the
world. The invited authors responded enthusiastically and brilliantly. Thanks to
their efforts, we believe that this book will be a valuable tool for any scientist
or engineer working with debris flows and related hazards. The professionalism of
Praxis and Springer publishers and their contractors and consultants was crucial in
bringing the book to a successful and timely realization. We are particularly grateful
to Clive Horwood, Dr Philippe Blondel (technical editor) and Neil Shuttlewood.

We sincerely hope that the information contained herein will help to save lives
and reduce future losses attributed to debris flows and related phenomena.

Matthias Jakob and Oldrich Hungr
Vancouver
January 31, 2005
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Introduction

Matthias Jakob and Oldrich Hungr

1.1 DEBRIS FLOWS - A GLOBAL PHENOMENON

Debris flows occur in all regions with steep relief and at least occasional rainfall.
They are one of the most frequent mass movement processes and play an important
role in moving sediment from steep lands and into river systems (e.g., Rapp, 1960).
Their high flow velocity, impact forces, and long runout, combined with poor
temporal predictability, cause debris flows and debris avalanches to be one of the
most hazardous landslide types. Many of the world’s most devastating landslide
disasters, as measured by loss of life and/or economic value, are attributed to
debris flows and their volcanic counterparts called lahars (e.g., Northern Vene-
zuela, 1999; Taiwan, 1996; Columbia, 1985, 1998; see Figure 1.1 and Chapters 20
and 21). A significant portion of the death toll during regional disasters, caused by
major storms and earthquakes, is due to debris flows and debris avalanches on steep
terrain.

Direct debris-flow damage includes loss of human life, destruction of houses
and facilities, damage to roads, rail lines and pipelines, vehicle accidents and
train derailments, environmental damage from product spills, damage to
agricultural land, livestock, and forest stands, disruption of water supply systems,
devaluation of fisheries, and many other losses that are difficult to quantify (see
Figure 1.2).

The most important indirect cost of debris flows includes disruption of traffic
and communication along linear facilities. It is estimated, for example, that only one
day of traffic closure on one of the North American transcontinental rail lines may
cost about US $10 million. Another indirect cost is the sterilization of potentially
developable land on debris fans. In many mountainous regions these landforms
represent the most suitable terrain segment for development in terms of slope
gradient and exposure to river flooding; the remainder being steep lands and flood-
plains (see Figure 1.3).

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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Figure 1.1. Damaged buildings on the Caraballeda Fan in the Vargas Province, Venezuela,

caused by a series of debris flows descending the slopes of the El Avila range (background) in
December, 1999.

1.2 COPING WITH DEBRIS-FLOW HAZARDS

Earlier societies dealt with debris-flow hazards through experience, and by avoiding
the most exposed areas (Chapter 3). Such an approach is no longer satisfactory, as
development proceeds at a fast rate and encroaches quickly into hazard areas,
without allowing sufficient time to build experience or understanding. Thus, increas-
ing reliance is being placed on prediction and prevention of debris-flow hazards and
related phenomena, which is the task of geologists, geotechnical engineers, and
hydrologists skilled in debris-flow studies. The crossing of debris-flow channels
and the continued use of debris fans must be based on reliable understanding of
the hazardous processes.

Prevention can be achieved by careful siting of facilities away from hazard
zones, or by building protective measures (Chapter 18). In many cases, however, it
is possible to tolerate existing or new development in hazard zones, based on the
concept of acceptable risk. These cases represent the greatest challenge to the debris-
flow specialist. Ultimately, it is not the task of the debris-flow expert to recommend
an acceptable level of risk but to predict the probability of occurrence, magnitudes,
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Figure 1.2. Freight train derailed by the direct impact of a small ddebris flow in high
mountains. Although infrequent, such accidents cause property damage and could result in
loss of life.

runout distances, velocities, impact forces, and associated potential damage and a
range of other parameters necessary to quantify risk.

1.3 THE NEED FOR THIS BOOK

In recent decades, the scientific community responded enthusiastically to the chal-
lenges of debris-flow hazard assessment. Most affected countries now have their own
specialists in debris-flow science. Hundreds of research articles appear each year in
conferences such as the International Symposia on Landslides, meetings of the
North American and European Geophysical Unions, conferences on Geotechnical
Engineering and various geological meetings and congresses. Relevant articles can be
found in journals devoted to natural hazards, geotechnical engineering, geomorphol-
ogy, geophysics, hydraulics, hydrology, Quaternary sciences, and stratigraphy. Three
specialized international conferences on debris flows have been held so far (Chen,
1997; Wieczorek and Naeser, 2000; Rickenmann and Chen, 2003). The next
conference is planned in Chengdu, China in 2006. Together with a special volume
in the series Reviews in Engineering Geology (Costa and Wieczorek, 1987), these
publications represent an excellent overview of the debris-flow science.
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Figure 1.3. An aerial view of a debris fan in western Honshu Island, Japan, shortly after the
impact of a debris flow, which destroyed several houses and killed 10 persons. Debris fans
often constitute highly desirable development land, free of river flooding and steep land
hazards, but at the price of exposure to debris flows.
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What is missing, however, is a volume offering a more systematic review of the
state-of-the-art, thematically organized to serve both as an organized repository of
some of the main topics and recent advances in the field, and as a key to the
overwhelming literature on the subject. To provide such a volume was the main
objective of the editors. Individual contributors, who have been selected from a
cross section of worldwide leaders in debris-flow science were asked to summarize
the present state of their respective specialty focusing on practicality and predictive
techniques. Such a task is easier in some parts of the science than in others and we do
not anticipate the book will become a “manual” for practice. Nevertheless, we
believe that it is a fair summary of the existing knowledge and that it will serve as
a good starting point for anyone wishing to understand debris flows and related
phenomena and to help reduce their damaging impact on society.

Regarding the format of the book, the editors attempted to strike a balance
between exact, theoretical approaches and practical, often approximate, empirical
methods. The reader should thus be able to choose whatever approach suits her/his
needs. Another balance was attempted between general analytical studies and case
histories. The editors believe that no general understanding in the debris-flow science
is valid before its application to field cases. For this reason our knowledge base must
be continuously measured and re-evaluated against field experience.

1.4 STRUCTURE OF THE BOOK

The first part of the book focuses on debris-flow processes and related phenomena
while the second part presents selected case studies. Part I begins with an annotated
glossary of terminology (Chapter 2). In the past, a puzzling variety of names have
been used creating substantial confusion amongst scientists and practitioners. This
chapter is meant to clarify the terms and suggest standards and definitions. In cases
where authors chose to use other definitions we have asked them to discuss the
differences. Chapter 3 is an account of the history of global debris-flow research
and its significance. This chapter cannot be all-inclusive, but provides an anecdotal
summary of global debris-flow recognition, analysis, and mitigation.

Chapter 4 offers an overview of the currently accepted principles of slope
stability to clarify terms that are used in later chapters and to provide a basic
understanding of landslide initiation in shallow soils. Chapter 5 focuses on the
initiation of debris flows in a wide variety of settings and on liquefaction as well.
Chapter 6 summarizes the current understanding of debris-flow mechanics. This
chapter contains many equations describing complex flow behaviour that may ulti-
mately lead to predictive models. Though most of this chapter may not be very
helpful to the practitioner a complete treatment of the current understanding of
debris-flow mechanics is warranted. Chapter 7 sheds some light on one of the
most poorly understood topics in debris-flow science — debris entrainment. In
practice the volume estimation of debris flows is necessary to compute runout
distance, peak discharge, and area inundated by debris on fans, parameters that
will often be used for zoning or the design of debris-flow mitigation structures.
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Chapter 8 discusses hyperconcentrated flows (debris floods) as an important and
often neglected part of the continuum between water and flowing debris. Although
hyperconcentrated flows are typically observed in areas with fine grained surficial
materials such as the loess plateaus in southern China, or in the vicinity of volcanoes,
a hyperconcentrated flow phase may be present in most debris flows observed
worldwide. Chapter 9 details the current scientific understanding of submarine
debris flows, which pose an indirect hazard to nearby coastlines and which may
damage submarine installations such as pipelines, telecommunication equipment,
or foundations of oil and gas drilling platforms.

Some of the most devastating debris flows have originated near volcanoes and
have travelled over very large differences transferring their destructive potential into
urbanized areas. Research on lahars has advanced greatly in the past 20 years and is
summarized in Chapter 10.

The latter chapters of Part I then concentrate on the identification of the hazard
using remote-sensing techniques (Chapter 11), debris-flow instrumentation (Chapter
12), debris-flow runout prediction (Chapter 13), the use of hydro-climatic data to
forecast debris-flow occurrence (Chapter 14), and the increasing importance of
wildfires and logging for the occurrence of debris flows (Chapters 15 and 16). The
penultimate chapter addresses hazard assessment on individual debris-flow fans
(Chapter 17). Part I concludes with a detailed documentation of active and
passive methods to mitigate debris-flow hazards and risk (Chapter 18).

Part II is a selection of relevant case studies from eight countries with a variety
of physiographic and climatic settings. Of course, the definition of “‘relevant” is
difficult and there are many more interesting case studies that deserve inclusion.
The case studies serve to illustrate the use of some methods described in Part I
and to show the limitations of their application. Examples include a series of cata-
strophic debris avalanches and debris flows in southern Italy (Chapter 19), one of the
most devastating debris-flow clusters in northern Venezuela (Chapter 20), and an
account of a record-breaking typhoon in Taiwan (Chapter 21). Chapter 22 describes
one of the world’s most fascinating natural debris-flow laboratories in southern
China. Chapter 23 describes a regional study of debris-flow hazards associated
with clear-cut logging and road building on the west coast of Vancouver Island,
Canada, that serves as an example of the consequences of various forestry techniques
in humid maritime climates. Chapter 24 summarizes a detailed debris-flow hazard
and risk assessment in Switzerland, while Chapter 25 describes a collection of inter-
esting case studies from New Zealand. Chapter 26 provides a summary of Canada’s
most detailed debris-flow hazard and risk analysis of a large fan at the foot of a
Quaternary volcano. Part II ends with a comprehensive summary of work completed
on one of the world’s best-studied volcanoes — Mount St. Helens in Washington,
USA (Chapter 27).

Our intention then is that this book will find its way onto the shelves of
academics in the earth sciences and engineering fields, consultants, specialists in
governmental agencies and international organizations, and those local decision
makers whose jurisdiction encompasses debris-flow-prone areas. It is our hope
that this book will contribute to a propagation of state-of-the-art techniques into
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everyday engineering and geoscience practice, which ultimately will decrease the
number of deaths and socio-economic losses due to debris flows and related
phenomena.
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Classification and terminology

Oldrich Hungr

2.1 CLASSIFICATION OF DEBRIS FLOWS AND AVALANCHES

The book Die Muren by Stiny (1910) was one of the first monographs ever devoted
to a specific type of landslide. His definition of debris flow begins with the description
of a flood in a mountain torrent, carrying suspended load and transporting quan-
tities of bedload. As the amount of sediment carried by the flow increases, “at a
certain limit it has changed into a viscous mass consisting of water, soil, sand, gravel,
rocks and wood mixed together, which flows like a lava into the valley”.

In the USA, Sharpe (1938) made a distinction between debris flows and debris
avalanches. His definition of the first is similar to that of Stiny and can be para-
phrased as rapid flow of saturated, unsorted debris in a steep channel. The second
was a rapid shallow landslide from a steep slope, whose morphology resembles that
of a snow avalanche (no channel or flood flow is mentioned). The same basic division
was retained by Varnes in his influential works on landslide classification carried out
for the US Transportation Research Board (Varnes, 1954, 1978), and thus became
fairly well established in the North American usage (Table 2.1).

In England, Hutchinson (1968) also recognized debris flow, later dividing it into
channelized and hillslope varieties (Hutchinson, 1988), corresponding respectively to
the debris flow and debris avalanche of Varnes. At the same time, some authors
preferred the term mudflow (Blackwelder, 1928; Bull, 1964; Crandell, 1957),
referring presumably to relatively fine-grained debris flows occurring on rapidly
eroding semi-arid slopes in sedimentary rocks and on volcanoes. Broscoe and
Thomson (1969) referred to an “alpine mudflow”, describing a phenomenon essen-
tially similar to a debris flow. The term mudflow was once also applied to slow-
moving, clayey earth flows in England (Skempton and Hutchinson, 1969), although
this usage has since been abandoned (pers. commun., J.N. Hutchinson, 2003).

Like Stiny, most practitioners and researchers recognize that in steep granular
channels, there is a continuum between sediment-charged flooding and debris flow,

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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Table 2.1. Key terms for mass movement in the “flows” category according to Varnes (1978).

Debris Earth

Rate of movement  Bedrock (<80% sand and finer) (>80% sand and finer)
Rapid and higher Rock flow (creep,  Debris flow Wet sand and silt flow
(>1.5m/day) slope sagging) Debris avalanche Rapid earth flow

Loess flow

Dry sand flow
Less than rapid Solifluction Earth flow
(<1.5m/day) Soil creep

Block stream

as normal bedload transport processes such as rolling and saltation are supplanted
by massive bed instability with increasing slope angle (cf. Hutchinson, 1992).
Beverage and Culberson (1964) drew attention to the transitional process, coining
the term hyperconcentrated flood (Chapter 8). Costa and Jarett (1981) proposed to
distinguish between debris flow and hyperconcentrated flood on the basis of (pre-
sumably mean) sediment concentration. A similar distinction between ““debris flood”
and debris flow was suggested by Aulitzki (1980) in Austria, who pointed out the
contrast in the physical character of the two phenomena, one characterized by large
clasts and heavy impact, the other by finer material and less vigorous motion. The
same distinction is reflected in the French terms “coulée de boue” and “‘lave torren-
tielle” (pers. commun., E. Leroi, 2000).

Most debris flows carry some amount of organic matter. Those originating in
forested steep lands may contain as much as 60% by volume of large organic debris
(timber remnants). Swanston (1974) described such organic-rich landslides from the
north-west Pacific Coast of North America and coined a term ‘‘debris torrent” for
them, which is still in use in western USA and Canada. This term is linguistically
questionable and its use is declining (cf. Slaymaker, 1988).

In an extensive modification of the Varnes landslide classification, Cruden and
Varnes (1996) proposed to restrict the use of the term debris flow to its literal
meaning (i.e., a phase of a landslide, during which flowage of coarse material
(debris) is occurring). In this usage, many landslide types, including rock avalanches,
dry granular flows, and liquefaction flow slides could exhibit a phase termed debris
flow. The present author feels that it is better to preserve the term debris flow as an
established keyword representing the entire phenomenon, including an initiating
slide on a steep slope, rapid flow along a steep confined channel, and deposition
on a debris fan. In some cases, of course, the term may be understood in its literal
sense (e.g., Chapter 6). In an attempt to reconcile the confused state of terminology
for flow-like landslides, while at the same time preserving established concepts and
keywords, Hungr et al. (2001) proposed formal definitions of several types of flow-
like landslides including debris flows, mud flows, debris avalanches, and debris
floods as described below.
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2.1.1 Debris-flow materials

Before further discussion of debris-flow classification, it is necessary to review terms
describing materials involved in debris flow. The well-established North American
landslide classification system of Varnes (1978) and its modification by Cruden and
Varnes (1996) distinguish only two types of material: debris, a soil containing more
than 20% gravel and coarse sizes and earth with less than 20% coarse sizes. Hungr et
al. (2001) proposed replacing these rather arbitrary definitions with new ones,
derived from geomorphology.

The term “‘earth” should refer to unsorted clayey (plastic) colluvium derived
from clays or weathered clay-rich rocks, with a consistency closer to the plastic
limit than the liquid limit. Such low-sensitivity clay-rich materials of intermediate
consistency produce slow to rapid sliding movements along distinct slickensided
shear surfaces (earth flows, Figure 2.1).

Geologically, the term “mud” refers to liquid or semi-liquid clayey material
(Bates and Jackson, 1984). Some mud flows derived from volcanic sources may
have clay contents and plasticity indices of more than 10% (Jordan, 1994; Scott et
al., 1992). For example, mud flows derived from montmorillonitic shales may have
clay contents exceeding 50% (Bull, 1964). Hungr et al. (2001) proposed that the term
“mud” be used for soft, remoulded clayey soils whose matrix (sand and finer) is

Figure 2.1. A discrete shear surface in earth material (the Big Slide, Quesnel, British
Columbia, Canada).
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Figure 2.2. Debris deposits in the fan of Pierce Creek near Chilliwack, British Columbia,
Canada.

significantly plastic (plasticity index >5%) and whose liquidity index during motion
is greater than 0.5. In order to convert insensitive stiff or dry clayey earth material at
a landslide source into mud, rapid mixing with surface water is required to raise the
water content to, or above, the liquid limit.

“Debris” was defined by Hungr et al. (2001) as loose unsorted material of low
plasticity such as that produced by mass wasting processes (colluvium), weathering
(residual soil), glacier transport (till or ice contact deposits), explosive volcanism
(granular pyroclastic deposits), or human activity (e.g., mine spoil). Texturally,
debris is a mixture of sand, gravel, cobbles, and boulders, often with varying propor-
tions of silt and a trace of clay (Figure 2.2). Debris may also contain a significant
proportion of organic material, including logs, tree stumps, and organic mulch (e.g.,
Swanston, 1974). Debris is usually non-plastic or weakly plastic and it is character-
istically unsorted, sometimes gap-graded (diamicton). Many descriptions make
reference to coarse clasts and matrix, although no set separation between these
two phases has yet been established. Most often, matrix is considered to be
material of sand size or finer, although gravel sizes are sometimes included.

2.1.2 Types of flow-like landslides

Using these material components, Hungr et al. (2001) proposed the following
definitions (see also Table 2.2):
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Debris flow is a very rapid to extremely rapid flow of saturated non-plastic debris
in a steep channel. Plasticity index is less then 5% in sand and finer fractions
(Figure 2.3).

Mud flow is a very rapid to extremely rapid flow of saturated plastic debris in a
channel, involving significantly greater water content relative to the source
material (plasticity index >5%).

Figure 2.3. A debris flow in the Khumbu Himalayas, Nepal.
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Figure 2.4. A group of debris avalanches triggered by logging and road construction on the
west coast of Vancouver Island, Canada.

e Debris flood is a very rapid, surging flow of water, heavily charged with debris, in
a steep channel.

e  Debris avalanche is a very rapid to extremely rapid shallow flow of partially or
fully saturated debris on a steep slope, without confinement in an established
channel (Figure 2.4).

These definitions do not stray far from established North American or British ter-
minology. Being based on readily observable characteristics, they also permit trans-
lation of the given concepts into other languages. It is not necessary to use the terms
proposed here, but the concepts behind the given definitions are useful in order to
develop a typological scheme suitable for research and practical application. The
definitions stress aspects of practical significance. For example, the distinction
between debris flow and debris avalanche is useful in hazard studies. In case of a
debris-flow hazard, the study may concentrate on a given established path (valley or
gully) and deposition area (fan). In contrast, a debris avalanche hazard may poten-
tially affect any of a number of steep slopes in a given area. (Of course, debris
avalanches will often enter an established confined path and become debris flows.)

It is difficult to base the distinction between a debris flow and debris flood on
sediment concentration, a quantity that varies both spatially and in time. It can
instead be based on the observed or potential peak discharge of an event.
Discharge limited at most to 2-3 times that of a major flood is the most
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Figure 2.5. A vehicle surrounded by debris flood deposits, Britannia Beach near Vancouver,
Canada.
Photo K. Fletcher.

important aspect of a debris flood, as it results in relatively limited impacts
and relatively low flow depth, in other words, a limited destructive potential
(Figure 2.5). The exceptions here are debris floods produced by unusual (cata-
strophic) water releases from basins, caused by man-made or landslide dam
breaks or glacier outbursts (e.g., Jakob and Jordan, 2001). Debris flows, on the
other hand, produce extremely large, peak discharges spontancously, by means of
surge growth processes (e.g., Pierson, 1980; Hungr, 2000). These discharges may be
as much as 50 times as large as those of a major flood (VanDine, 1985; Jakob and
Jordan, 2001). Their destructive potential is much greater than that of a flood.

2.2 TERMINOLOGY

A typical debris-flow path is divided into an initiation zone, transport, and deposition
zone (Figure 2.3). Most often, the initiation zone is a slope failure in the headwall or
side slope of a gully or stream channel. The slope failure may have the character of a
shallow debris slide, transforming into a debris avalanche. It may also be the failure
of a man-made (road) fill, or a natural rock slide. Sometimes, the bed of the channel
itself may become unstable during extreme discharge and the debris flow initiates
spontaneously in the steep bed of the channel (Chapter 15). Generally, the area of
debris-flow initiation has a steep slope, ranging between 20° and 45°. There may not
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be sufficient potential energy on flatter slopes to start a failure of granular soil. On
the other hand, slopes steeper than 45° usually have a soil cover too thin or dis-
continuous to be vulnerable to sliding. The magnitude (volume) of the initiating slide
can vary considerably. Often, an initiating slide of only a few tens of cubic metres
will trigger a major debris flow. On the other hand, a major debris flow may simply
be the final phase or extension of a large rock slide or debris avalanche.

Sometimes, a single initial landslide occurs and leads to a single debris-flow
event. However, often, a debris flow-producing storm causes nearly simultaneous
triggering at a number of locations, including debris slides/avalanches, slumps, rock
falls, and failures of artificial structures such as road fills and cut slopes. While
conducting hazard assessment studies, it is prudent to consider multiple triggers,
involving several tributaries of a given basin (Chapter 17).

Once initiated, the rapid initial landslide may continue downslope without con-
finement. In granular materials this always leads to disintegration, producing flow-
like motion characterized by nearly complete remoulding of the moving mass and a
more-or-less evenly distributed velocity profile (debris avalanche). Rapid loading of
saturated substrate in the flow path may increase the volume and also introduce a
higher level of saturation. This middle part of a debris avalanche can be referred to
as the transportation zone. Deposition will begin, once the slope angle decreases
below a certain value (Chapter 6). Multiple deposits of debris avalanches may form a
debris (““colluvial™) apron at the foot of the slope, which is often recognizable as a
distinct terrain unit.

Many debris avalanches enter established gullies or steep stream channels and
continue flowing as debris flows in the transportation zone. The entry into the
channel may occur spontaneously, without any significant decrease in velocity of
the initiating slide or avalanche. In other cases, the initiating slide may arrest in the
channel and build a short-lived landslide dam. Subsequent breaching and rapid
erosion of this dam forms a debris-flow surge in the channel. Transportation zones
(““gorges”) of debris flows are usually steeper than 10°. They may consist of non-
erodible bedrock channels or cascades, or channels with erodible soil banks and
bedrock base, or fully-erodible gullies cut in overburden, exhibiting perhaps an
armour of lag boulder deposits in the base. The debris flow will entrain loose
material from the bed and banks. The amount of material entrained per unit
length of the channel (measured in cubic metres per metre) was called the debris
yield rate (Chapter 7). If the yield rate is divided by the top width of the wetted
portion of the channel, the resulting average thickness of entrained material is
referred to as the erosion depth.

Debris flows commonly move in distinct surges or slugs of material, separated by
watery intersurge flow. A debris-flow event may consist of one surge, or hundreds of
successive waves. The mechanics of surge growth can vary (e.g., Takahashi, 1991).
Some surges result from flow instability caused by the longitudinal sorting of debris-
flow material. Such surges are characterized by boulder fronts that are relatively free
of matrix (e.g., Pierson, 1980, 1986). The main body of the surge is a finer mass of
liquefied debris (Figure 2.6). The tail (or “afterflow”) is a dilute, turbulent flow of
sediment-charged water, similar to a debris flood. The growth of the boulder front
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Figure 2.6. Diagram of a debris-flow surge with a boulder front.
From Pierson (1986).

causes a rise in the level of flow behind it, leading to a proportional magnification of
the peak discharge (Iverson, 1997; Hungr, 2000; Chapter 6).

Another type of surging occurs in fine-grained debris flows or debris floods that
lack significant boulder content. Here, the main flow at peak discharge can be of a
laminar nature, but it is retained behind a furbulent front (Davies, 1986; Takahashi,
1991). Similar flow instability and surging can be observed in thin sheet flows of
water over smooth pavement. It is characterized by uniform surge magnitude and
spacing. The famous debris flows in the Jiang-jia Ravine, western China, are of this
kind (Chapter 22).

Alternative reasons for surging behaviour may include spontaneous surge
growth by flow instability as mentioned above, by non-simultaneous triggering of
separate initiating landslides, or by periodic stalling of sluggish flow in a channel,
followed by a boulder dam breach and re-mobilization. Consequently, the individual
surges may be of approximately equal volume, or may each be different. Time
intervals between surges can be seconds or hours. The total number of surges in a
debris-flow event can range from one to many tens. Debris avalanches also surge,
usually as a result of retrogressive failure or enlargement of the source slide.

The main deposition area of a debris flow usually occurs on an established fan,
referred to as a debris fan or colluvial fan or cone. The deposition usually occurs as a
result of a combination of slope reduction and a loss of confinement. As confinement
is lost, the main part of the surge behind the front collapses and the front is deprived
of the hydraulic thrust propelling it forward. The front slows down, steepens and
may be partly expelled to the margins of the channel, where it builds elongated ridges
or levees of coarse material (Figure 2.7). Such levees may sustain a moderate degree
of confinement beyond what is provided by the morphology of the channel. Even-
tually, however, the dilute material from the main body of the surge breaks through
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Figure 2.7. A debris-flow channel flanked by levee deposits. Note pronounced superelevation
of the flow in the two bends, as marked by lines (Cathedral Mountain, Rocky Mountains,
Canada).

and overtakes the boulder front, which will then stall and form a lobate boulder train
deposit, usually on the outside of a bend. Such a process may repeat itself many
times on the surface of the fan, thus gradually reducing the content of coarse clasts in
the debris surge as well as its peak discharge along its travel down the fan. This
behaviour is often the cause of sudden channel abandonement and flow re-direction
(avulsion) on debris fans and formation of distributary channels. Short temporary
levees and boulder pockets may sometimes be observed at points of channel
widening above the fan as well.

As a result of the deposition process described in the previous paragraph, debris-
flow behavior often varies with distance downstream from the debris fan apex. In the
proximal part of the fan, coarse debris forms high discharges and thick deposits. In
the distal part, finer and thinner deposits form and flow velocities may be reduced.
An afterflow of heavily sediment-charged water will always reach the margin of the
debris-flow fan and may continue into the stream channel system below, with the
character of a debris flood. Many debris-flow deposits on fans are significantly
reworked by water flow immediately following a debris-flow event. Such modifica-
tions must be taken into consideration when conducting field studies of debris-flow
fans and deposits.

Due to the requirement of steep slopes, debris-flow activity in regions dominated
by granular soils is usually confined to basins of zero (gully) to second order. Higher
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order channels are more likely to produce debris flood events. Basins supplied with
large quantities of finer-grained debris from volcanic or residual soil sources may
experience debris flows in basins of higher order (Chapter 20). A debris-flow basin
may thus contain only one dominant channel, or a number of channels, several of
which may be active simultaneously. Morphological parameters such as mean slope,
rugosity, and channel density have been correlated with the potential to produce
debris flows (e.g., Jakob, 1996; Wilford et al., 2004).

Sources of debris include soil blankets and veneers on steep slopes, colluvial gully
fills, channel bedload material, zones of weathered or altered rocks, residual soils,
headwalls and side slopes of steep gullies, talus deposits, man-made fills, and similar
accumulations of unstable or erodible material. The debris is delivered to the debris-
flow channel by shallow or deep-seated sliding from the initiation slide and contrib-
uting slides triggered by undercutting of slope toes along the path. The most prolific
debris sources are strongly undercut unstable channel sides, which may sometimes
represent a continuous line of slumps or slides delivering debris directly into the
channel. Direct erosion of bed and banks is another debris generation mechanism.
Timber from trees toppled into the channel will add an organic component. Often,
bank instabilities operate for a period of time to “prime’ the channel with erodible
material, which is eventually removed by a debris-flow event.

Velocity of movement is an important parameter of all landslides, as it relates to
hazard intensity (e.g., Morgenstern, 1985; Hungr, 1997). According to the velocity
classification proposed by Varnes (1978) and Cruden and Varnes (1996), as shown in
Table 2.3, most of the phenomena treated in this book are capable of reaching the
“extremely rapid” class (i.c., speeds exceeding that of a person running). Therefore,
with the possible exceptions of some debris floods, these phenomena are of a cata-
strophic nature, being highly capable of inflicting loss of life. Debris-flow velocities
are often estimated during field inspections by observing and analysing the super-
elevation of the flow in channel bends, as evidenced by mud lines or trim lines (lines of
vegetation damage) on the banks (Costa, 1984). Similar observations serve to
establish the maximum flow cross section and peak discharge of the largest surge.
A difficulty often arises here, as the channel observed during a field inspection may
have been enlarged by water erosion in the final stages of the debris-flow event.

The objective of hazard assessment studies is to provide estimates of the likely
behaviour of debris flows, avalanches, or floods at a given site (cf. Chapter 17).
Because the impact of debris flows varies with location on the fan, the concept of
hazard intensity, as a spatial and temporal function, is useful (Hungr, 1997). In short,
a hazard study should estimate the type of events, their magnitudes and probabilities
of occurrence, and hazard intensity parameters. The hazard probability is best
assessed by means of Cumulative Frequency|Magnitude (CFM) curves, derived
from historical data, stratigraphic observations of the fan, or dendrochronology.
Intensity parameters include estimated velocity, flow depth, and thickness of
deposits, together with derived parameters such as impact forces on structures and
runup against barriers and dykes. Of course, the intensity parameters are distributed
across a hazard area, whose extent is determined by a runout analysis. A given
location on a debris fan may not necessarily be impacted each time a debris flow
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Table 2.3. Landslide velocity scale.
After Cruden and Varnes (1996).

Velocity Typical human

Velocity class Description (mm/sec) Typical velocity response

7 Extremely rapid Nil
! 5x 103 Sm/sec

6 Very rapid Nil
! 5% 10! 3m/min

5 Rapid Evacuation
1 5x 107! 1.8 m/hr

4 Moderate Evacuation
! 5% 1073 13 m/month

3 Slow Maintenance
! 5x107° 1.6m/year

2 Very slow Maintenance
i} 5% 1077 16 mm/year

1 Extremely slow Nil

occurs, as the effect of a given event will normally be concentrated along a damage
corridor of a given width. The ratio of damage corridor width and the total width of
the hazard zone (often the circumference of the fan) is sometimes equated with the
conditional probability of intensity (Hungr, 1997).
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Debris flows in history

Nigel A. Skermer and Douglas F. VanDine

3.1 INTRODUCTION

“History is bunk” is a particularly forward-looking remark attributed to Henry
Ford, the inventor of the Ford automobile. Yet, if we choose we can benefit a
great deal by looking back into the historical experience in any field. With regards
to debris flows, a considerable amount of research has already been carried out. For
example, Montandon (1933) and Eisbacher and Clague (1984) have described events
in the European Alps as far back as Roman times, and Matsushita (1999) has
illustrated events in Japan back to the seventeenth century. In North America,
records of debris flows exist for only a few centuries and then for only a few
locations (e.g., the Appalachian Mountain region (Clark, 1987; Kochel, 1987)).
Without doubt, fascinating histories could also be written of debris flows
elsewhere in the world. For example, the International Symposium on Debris Flow
and Flood Disasters Protection, held in China in 1991, only hinted at the scale of the
debris-flow problem facing the Chinese railway system (see the technical note sum-
marizing the meeting and field trips by Jordaan, 1992). A sense of the worldwide
economic impacts, at least for recent debris-flow events, can be found in the review
by Brabb and Harrod (1989).

A broad survey of the gradual awareness of debris flows in the relatively recently
settled province of British Columbia, Canada, has been prepared by VanDine (1990).
The earliest record of a debris flow unearthed so far in British Columbia is that for
Rubble Creek, near the present town of Whistler, when Major W. Downie, while
travelling through the region in 1858, was told that a massive overflow occurred three
years prior (Downie, 1858). The date of this event was later confirmed by dendo-
chronology (Moore and Mathews, 1978). Sandford Fleming, while surveying the
route for the Canadian Pacific Railway in 1872, observed the effects of debris
flows on the Snaring River in the Rocky Mountains near the present town of
Jasper, Alberta: “It is a foaming mountain torrent, with a bed full of large round

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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Figure 3.1. Destruction by debris flood on 28 October, 1921, of the mining community of
Britannia Beach, north of Vancouver, British Columbia, Canada. Thirty-seven people died. A
similar event recurred in 1991 but without loss of life. Currently, protection measures are being
implemented on the main stem of the creek, and the area is to be re-established as a tourist
attraction. (Skermer and Russell (1998); Vancouver Public Library, Special Collections, VPL
15286).

boulders which it piles along its banks, or hurls down its bed to the Athabasca” (Grant,
2000). Devastating debris floods occurred along Howe Sound, British Columbia,
during the early part of the twentieth century (Figure 3.1). The earliest debris-flow
mitigative works in western Canada were constructed in 1976, following substantial
debris-flow damage in 1973 and 1975 to Port Alice on the west coast of Vancouver
Island (Nasmith and Mercer, 1979). In this case, model studies were used to design a
series of deflection dykes, that were not “tested” until 2003, but then worked quite
satisfactorily.

We suspect that a great deal more historical debris-flow gems lie hidden away. In
an article, The History of Rain and Fine Weather, Le Roy Ladurie (1979) made the
case for the professional historian to collaborate with the natural scientist to work
out the history of climate. The role of the professional historian was to provide the
basic archival material. By his training in such things as ancient languages and the
historian’s craft, he alone has “the key to certain types of data hidden away centuries
ago in bundles of illegible old documents”. Le Roy Ladurie (1971) amply demon-
strated the method and value of the professional historian to document climate
change in the European Alps over the past millennium by using techniques such
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as dendrochronology, the glaciological method and what he called the événementiel
method. The last method is the recorded events method — the painstaking accumula-
tion of observations recorded at the time by contemporary witnesses in private
correspondence, family diaries, parish registers, and the like, such as was done for
debris flows near Savoy in France (Mougin, 1914). It seems to make sense that
Le Roy Ladurie’s argument, and Mougin’s example, would hold true for investigat-
ing debris flows in history.

Having sidestepped the task of writing even a brief history of debris flows, this
chapter introduces some important historical, and some recent, debris-flow events in
alpine countries and in semi-arid regions, discusses the delightful sounding terms
lahars, jokulhaups, and GLOFs; and touches on the associated phenomena of mine
waste flows and bog bursts. Also quoted are some classic, as well as lesser known,
eye-witness accounts of debris flows from various sources in the literature, both
technical and from mountain lore. While not necessarily precise scientific descrip-
tions, the images conjured up in these old documents are well worth reading. The
aim of this chapter is to provide some historical perspective and also perhaps to
inspire a future professional historian to work on a history of the topic.

3.2 HISTORICAL PERSPECTIVE AND ITS LIMITATIONS

The historical method has limitations, one of which is the reactions of people to
debris-flow events. Documented records from the past have to be read against the
background of events and the socio-economic circumstances prevailing at the time.
For example, a debris flow causing loss of life of a dozen people at the time of the
Black Death, an epidemic that swept Asia and Europe during the fourteenth century,
may have seemed of little consequence. Similarly, in times of war, revolution, famine
and the like, debris flows may well have gone unrecorded despite being an event of
significant magnitude. Expectations from historical records, therefore, need to be
tempered in the light of prevailing circumstances. Nevertheless, parish records may
still await discovery and analysis. Searching through old records only turns up what
the investigator is looking for, while the rest goes unnoticed. This can also happen in
relatively recent history. A record may exist in a museum or in an archive that no one
thought to look through.

Sometimes clues to the torrential activity of a creek or river are found in the
name of the village. In England, for example, where torrential rivers are unusual,
Lynmouth in north Devon derives its name from the Anglo-Saxon word for torrent —
Llynna (Delderfield, 1953). The town lived up to its name in August 1952 when an
enormous debris-laden flood tore through the holiday town killing 39 people. Pre-
viously in 1796 the Lyn River experienced a similar debris flood (Dobbie and Wollf,
1953). Close by in the neighbouring county of Cornwall a very similar devastating
torrential debris flood struck the village of Boscastle in August 2004, although
miraculously without loss of life (Western Morning News, 2004).
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Whether we like to believe it or not, history depends on memory. For example,
how many readers can honestly recall all four, well-publicized, recent geological
disasters of the week of 20-26 December, 2003 (two huge mudslides and two
magnitude 6.5 earthquakes — remember?) These events were: the devastating
mudslide in the Philippines; the debris flood in southern California; the Paso
Robies earthquake in central California; followed by the Bam earthquake in
southern Iran. Now think how imperfect memory, and hence knowledge, must
have been in medieval times (AD 500 to 1500!) Well, one might argue, without
pen, paper, and the computer, memory was unencumbered and far better honed.
Even so, memory is surely at all times highly selective.

In terms of perspective, reflect on the newspaper coverage of the December 2003
mudslide in the Philippines that killed an estimated 200 people. Whereas the Phi-
lippine newspapers dwelt heavily on the story with multiple articles, maps, and
photographs for three or four days, The New York Times only displayed one
modest photograph accompanied by a few dozen words. Naturally US newspapers
gave more coverage to the December 2003 southern California debris floods during
which 15 people died. The debris floods were partly the result of the wildfires that
burned the San Bernardino Mountains hillsides in late October 2003. The foothills of
these mountains have a history of damaging debris floods and debris flows as far
back as 1884 with reoccurrences in 1938, 1941, and 1980 (Slosson et al., 1991,
Chapter 15).

Finally, anyone doubting the true origin of debris flows ought to visit the small
village in the eastern European Alps where a marble monument stands depicting a
mythical giant hurling boulders down the creek (Eisbacher, 1982). Such fanciful
ideas existed until quite recently in many remote mountain villages throughout the
world; the mountains being a source of mystery and indeed fear — literally the home
of dragons (de Beer, 1930).

This review of debris flows in history is not inclusive or exhaustive. It relies
heavily on the readings and memories of the authors. It is selective and subjective.
It is definitely not a history of debris flows. It is a selective historical, and at times a
not so historical, review carried out with a little help from our friends around the
world, and our files.

3.3 ALPINE DEBRIS FLOWS

The word alpine is used here to refer to any lofty mountain range modified by glacial
action and subject to a wet climate, such as the Alps in Europe, Japan, and New
Zealand and the Cordillera of North America. Every now and again in these regions,
a normally tranquil mountain creek decides to clear its throat. The German language
has a particularly evocative word for such a creek. It is called a wildbach. It translates
literally into wild creek. The French use the word torrent.
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3.3.1 European Alps

In the European Alps, debris flows are very common where they threaten hundreds
of villages that are built on the fans at the mouths of steep mountain creeks. They
have done so for centuries. A classic work on the subject was written in 1910 by
Stiny, an Austrian geologist. The preface to his book opens thus:

Scarcely any other force of nature destroys so much of economic value in our high
mountains as the disastrous activity of the torrent creeks, which reach their catastrophic
highpoint in the release of debris flows.

Stiny (1910)

Stiny called his book Die Muren. Mure is a purely Austrian term for debris flow,
although it is seldom found in the Austrian dictionary. Stiny stated that the word
may possibly have come from muren, meaning to grumble, like the roll of thunder.
However, he went on to say that the word mure was more likely derived from words
meaning broken, rotten, and friable, indicating the condition of the hillside where the
muren originates. In the Swiss dialect, the word Ruefe is used and has a similar
origin, ruin.

Numerous instances of debris flows damaging villages in the European Alps
have been documented by Montandon (1933), and more recently, a history dating
back 2,000 years was written by Eisbacher and Clague (1984). Some villages have a
long history of debris-flow activity. One such case in Switzerland is the village of
Meiringen situated north of the Grimsel Pass on the east side of the River Aare. It
was buried in 1764 by a debris flow that originated in the Alpbach watershed, a
tributary to the Aare River. An old church was buried by mud almost up to the top
of the windows, indicating a flow thickness of 89 m. The church had been enlarged
80 years earlier, around a smaller fifteenth century building that itself had been built
on the foundations of a Roman temple, dating back to the first century AD. A
lengthy and interesting description of a debris flow that took place at the end of
the nineteenth century in this village, appears in a travel book by Malby (1912)
(Figure 3.2). Recently the church basement has been dug out and the public can
tour the excavation.

Similar partial burials of buildings can be seen in other European alpine villages.
Inzing near Innsbruck, Austria, for example, has been overrun by debris flows at
roughly 40-year intervals since 1807, the last event occurring in 1969 (Figure 3.3). In
August 1929, a debris flow swept into Inzing, thrusting open the doors of the church
where people were celebrating the festival of Maria Himmelfahrt (Assumption of the
Virgin Mary into Heaven). One can imagine the effect on the minds of the villagers as
the mudflow appeared coinciding with the religious ceremony! Today, the west
entrance to the church and the windows are at ground level but, by comparison
with the adjacent road levels, the entrance has been dug out by 2m. The library to
the north of the church was also buried during the 1929 event, but has not been
excavated, and to gain entrance it is necessary to go down steps to the door
(Figure 3.4). This debris flow was said to have been very slow moving. It picked
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Figure 3.2. Meiringen, Switzerland after a debris flood at the turn of the last century. “If was a
magnificent sight, and the noise was deafening. Water, pebbles, boulders, mud, all as black as
could be, were pouring over the giant fall, and sending up clouds of dingy yellow vapour. The
crash of the stones as they found the bottom shook the ground, so that they could be felt, as well
as seen and heard” (Malby, 1912).

Figure 3.3. The village of Inzing in the Tyrol, near Innsbruck, Austria. Note how the village is
situated on the left-hand third of the fan, the remainder being unoccupied and, in historical
times, given over to debris flows. Nowadays the village is protected by a large debris basin at
the head of the fan.

Photo: N.A. Skermer taken in 1978.
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Figure 3.4. The side entrance to the library at Inzing is below ground, the level having been
built up by earlier debris-flow depositions.
Photo: N.A. Skermer taken in 1978.

up trees and carried them along upright. Today the village is protected by a debris
storage basin at the head of the fan (Skermer, 1980).

Another European alpine village with a long history of debris-flow activity is
Bourg-Saint-Maurice, in the Isére valley in Savoy, France (Mougin, 1914,
Montandon, 1933). The town lies on a large debris fan built by Arbonne Creek, a
major tributary of the Isére River, south-west of the Little St. Bernard Pass. This
pass was well used in Roman times, connecting the Aosta valley to the Iscre valley,
and hence the Rhone River where fortifications were concentrated. Bourg-Saint-
Maurice was the Roman town of Bergintrum. At the old convent of Clarisses, an
inscription tells of how the emperor Caesar Lucius Aurelius Verus, in the year
AD 163, “restored in the country of Centrons (Tarentaise) parts of the road carried
away by the force of the torrents”. He built dykes and “‘restored the bridges, temples
and baths”. It seems that just prior, the valley was subjected to a debacle that carried
away not only roads and bridges, but also public buildings. Montandon (1933)
attributed this event to landslides in the Arbonne drainage basin, leading to
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mudflows (debris flows) that dammed the Iseére River, but which subsequently
ruptured. The huge Arbonne fan has pushed the Isére River over to the valley
side, and the river has cut deeply into the toe of the fan.

Sometime during the second-half of the fourteenth century, tradition has it that
a tributary of Arbonne Creek, Nant-Blanc Creek, suddenly dried up. Seven years
later, it re-appeared as a gigantic debris flow that destroyed most houses on both
sides of Arbonne Creek. The town was re-built where it stands today, on the flank of
the fan.

In the years between 1630 and 1636, a series of new landslides occurred either in
the Arbonne or Nant-Blanc drainage basin. Debris flows down Arbonne Creek
followed, and 52 houses in the town were swept away. The church was destroyed
and a new one was built on the central section of the fan. September 1732 saw more
debris-flow activity on Arbonne Creek, and the ““new’ church and part of the town
were carried away. The Isére River was blocked by the debris, and when the landslide
dam collapsed, a flood wave swept the length of the valley. All the bridges on the
Isére River, as far as Grenoble 140 km downstream, were carried away, with the
exception of that at Aigue-Blanche. Mills on the banks of the river were inundated.
“The streets of Moutiers became rivers” (Montandon, 1933).

Over the centuries, a large amount of work has been undertaken in the European
Alps in attempts to control debris flows and protect villages. The history of this work
in the Tyrol, Austria, for example, has been reviewed by Stacul (1979), illustrating
the use of wooden, masonry, and concrete check dams in an attempt to control
debris production in the upper watersheds.

Numerous medieval alpine towns have been threatened by debris flows triggered
by deforestation and overgrazing, and this has led to attempts to reforest these areas.
For example, primitive wooden check dams in the French Alps were described by
Thiéry (1891). Similar early French publications that refer to the protective role of
the forests in the Alps include those by Surrell (1870) and Mougin (1914). The latter
describes in detail the history of the debris flows in the province of Savoy, with
extensive coverage from the fourteenth century onwards. A later work by Mougin
(1931) thoroughly addresses the reforestation of the Alps. First Mougin traced the
destruction of the forests for pasturage, military operations, public works, and
industry. He then discussed the gradual establishment of legislation to protect the
forests, and finally reviewed the various methods of restoration including engineer-
ing works.

An interesting historical perspective with regard to check dams in the Varunna
valley, in south-castern Switzerland, has been summarized by Rickermann and
Zimmerman (1993). Debris-flow catastrophes occurred in 1834, followed by
smaller events up until 1880. An event occurred in 1927, then nothing for 60
years. Great efforts were expended from 1860 to 1930 to stabilize the creek gorge
using masonry check dams. Gradually, however, sediment built up behind these
structures until in 1987 when the sediment was completely eroded following
intense, but not exceptionally large, rainstorms. The debris-flow volume was
estimated to be about 250,000m° and severe damage to the town of Poschiavo
resulted.
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Various other contributions to debris flows and protection works in the Alps, as
far back as the nineteenth century, are discussed in Chapters 18, 19, and 24.

3.3.2 Asia

Debris flows were witnessed in the nineteenth century by European explorers in the
Himalayas, and one of the best descriptions was written on the spot by Conway
(1893). He was near the Gilgit River, a tributary of the Indus River, in an area
presently being claimed by both Pakistan and India. Conway described a debris
flow (shwd) down the narrow creek (nala) as follows:

Half an hour further on we were approaching the mouth of a deep narrow side nala that
crossed our path, when we heard a noise as of thunder, and beheld a vast black wave
advancing down it at a rapid pace. Some glacier-lake had broken high above, and the
waters were bringing down the hill. When we reached the edge of the nala the main mass
of the stuff had gone by, and only a thick black stream of mud was rushing swiftly past.
This became by degrees more liquid, until it was no longer mud, but black water. We
waited for some time till the waters subsided and the coolies caught up with us. Harkbir
found a way across the torrent by leaping from stone to stone, and we were about to
follow him when Karbir, who was looking up the nala, shouted to us to come back. We
obeyed with the nimblest feet, and were not more than out of the ditch when another
huge mud-avalanche came sweeping down.

It was a horrid sight. The weight of the mud rolled masses of rock down the gully,
turning them over and over like so many pebbles, and they dammed back the muddy
torrent and kept it moving slowly but with accumulating volume. Each of the big rocks
that formed the vanguard of this avalanche weighed many tons; the largest were about
ten-foot cubes. The stuff that followed them filled the nala to a width of about forty and
depth of about fifteen feet. The thing moved down at a rate of perhaps seven miles an
hour. When the front of the avalanche was gone, and the moving mass became shallower,
the mixture was about half mud, half rocks, and flowed faster. Now and again a bigger
rock than the average would bar the way; the mud would pile up behind it, and presently
sweep it on. Looking up the nala we saw the sides of it constantly falling in, and their
ruins carried down. Half the river was blackened by the precipitation of so much mud
into its brown waters, and went thundering along with added violence. Three times did
the nala yield a frightful off-spring of this kind, and each time it found a new exit into the
main river below, and entirely changed the shape of its fan. The third avalanche was the
largest of all and fortunately left a massive cause-way of stones almost across the nala at
our very feet. Some big fall must presently have taken place higher up and dammed back
the waters, for the stream ran almost dry, and we were enabled to cross the gully without
difficulty, coolies and all. The obstruction delayed us for two hours and three-quarters.

Conway (1893)

Many of the early ideas that were developed in the European Alps for engi-
neered remedial measures against debris flows were later applied in other countries in
the early twentieth century. For example, European measures were used to protect
India’s Asam—Bengal Railway from debris flows. This turned out to be an under-
taking which the British Viceroy, Lord Curzon, described as a millstone round the
neck of the Indian Finance Department because of the numerous problems with
landslides including debris flows (Nolan, 1924).
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Debris flows in the history of the Pokhara valley, situated at the foot of the
Himalayan Annapurna Massive in Nepal, have recently come to light. The Pokhara
valley is a fault-controlled basin about 20 km long and 3 km wide. Early investiga-
tion interpreted the well-developed terraces along the entire valley as glaciofluvial
(Hormann, 1974; Fort and Freytet, 1983; and Fort, 1984), but subsequently these
sediments were ascribed to two huge debris flows ranging between 3 and 7km?
(Yamanaka et al., 1982). Both debris flows filled the Pokhara valley completely
and blocked all tributary rivers, leading to the formation of lakes, most of which
have silted up completely. The earlier event has been dated at approximately 13,000—
15,000 years before present (ybp) (Koirala et al., 1998), or in other words, at the end
of the last glaciation. Age dating of the younger event has produced ages ranging
between 1,000 and 300 ybp (Yamanaka et al., 1982; Fort, 1987; Koirala et al., 1998),
and is referred to by a native legend somewhat similar to the legend of Noah’s Arc
(see Fort, 1987). The source of the tremendous amount of mainly glacial sediment
was located by Yamanaka et al. (1982) as between Machapuchre, Annapurna III,
and Annapurna IV, where there is a huge glacial cirque, the Sabche Cirque, about
6 km wide (see Figure 3.5). According to Fort (1987) this cirque area still contains
about 15km? of glacial material that could descend into the valley. The triggering
mechanisms for the two debris flows are not known, although several contributing
factors have been suggested: heavy monsoon rainfall, glacial lake outburst flood,
glacier surge, and/or an earthquake-induced rock/ice fall (Fort, 1987). Another
possibility is blockage of the narrow exit of the cirque by a landslide dam and the
subsequent outburst of the landslide-dammed lake.

Today, Japan is well known for its debris flows and debris-flow control struc-
tures. But its debris-flow history goes quite far back. Laws prohibiting the cutting of

Figure 3.5. Central part of the Annapurna Massive with Machapuchre (Nepal’s
“Matterhorn’) (6,993 m) in the centre and the Sabche Cirque to the right (indicated by an
arrow). The dotted lines mark the top of the valley filling by the more recent debris flow. Note
the pronounced terraces in the left foreground.

Photo provided by J. Hanisch.
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trees in an attempt to reduce the occurrence of sediment-related disasters date back
to AD 700. In spite of these laws, numerous debris flood and debris-flow disasters
continued to occur. During the Edo Period (1603-1868), the concepts of forest
preservation, flood control tree planting, and riparian works first appeared, and
regional feudal administrations began to construct rudimentary sediment control
works. In 1666, the Law for Control of Mountains and Rivers in All Provinces in
Japan was passed. In the late 1800s, foreign engineers were invited from Europe to
introduce European debris-flow control technology to Japan. In the 1870s and
1880s, De Rijke and Mulders, Dutch engineers, began working in Japan. They
were followed by other Europeans, notably Hofmann, an Austrian professor, who
began advising and teaching a course on sediment-control at the Tokyo Imperial
University in 1903 (Ikeya, 1979).

In 1897 the Sabo Law, one of three water-control laws, was enacted to restrict
the production of sediment and to dam or control sediment in order to control
flooding and prevent sediment-related disasters. It prohibited potentially sediment-
producing activities in designated districts and enabled national and prefectural
governments to implement projects throughout Japan. Sabo is the Japanese term
for erosion control, but the term has been broadened to include “‘efforts to prevent
sediment-related disasters by means of conserving and recreating the natural environ-
ment” and “torrent and mountain stream control” (Matsushita, 1999).

For the past 100 years, Japan has continued its history of sediment and debris-
flow control. It is now one of the pillars of debris-flow research and engineering, and
over the past forty years has actively passed its collective knowledge on to other
countries including: Indonesia, Nepal, the Philippines, Costa Rica, Honduras,
Venezuela, Peru, Austria, the USA, and Canada (Matsushita, 1999).

In 2000, Japan enacted the Sediment-related Disaster Prevention Law. This law
promotes non-structual disaster prevention through the dissemination of informa-
tion of disaster-prone areas, the restriction of new land development for housing and
other purposes, and the development of warning and evacuation systems (Onda,
2001; Kondo, 2002).

Although little is known about debris flows in the history of China, at least to
the outside world, it is known that there were early debris flows in that country. In
1701, along the Huashanyu Ravine, near Weinan in Shanxi Province, a debris flow
occurred and moved, in addition to its other debris, a boulder 17m in diameter
1.5km downstream. In 1743, along the Baini Ravine, near Zhaotong, in Yunnan
Province, more than 200 households were destroyed by a debris flow. One particular
area with a long debris-flow history is the Jiangjia Ravine, also in Yunnan Province,
which has produced giant mudflows (3-5 million m®) over the last 300-400 years
since the forests were removed. Recent works by Liang and Li (2001) of the Chinese
Bureau of Hydrology, Ministry of Water Resources, indicates that in Yunnan
Province 749 debris flows are known to have occurred between 1743 and 1990.
They calculated that up to 1950, the average frequency of these events was approxi-
mately one event every five years, but since then the average frequency has increased
to one event every 1.6 years. The reason for the increase is not given. Other events in
China are described in Chapter 22.
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In Taiwan, despite having a long history, debris flows were only first recognized
in 1988. The phenomena became publicly well known in 1996 as a result of Typhoon
Herb, not because of the serious damage caused by the typhoon, but because a
television cameraman captured on video a debris flow destroying a portion of
Shen-Mu village, in Nan-Tou Province. When the video was telecast, the
Taiwanese people realized for the first time the awesome destructive potential of
debris flows. For the months following the hurricane and telecast, debris flows
were discussed nation wide, and Shen-Mu village became a tourist attraction. See
Chapter 21.

3.4 DEBRIS FLOWS IN SEMI-ARID REGIONS

3.4.1 South America

An example of debris flows going back about 3,000 years is located at the World
Heritage site in Chavin de Huantar, Peru, 250 km north of Lima (Burger, 1984). The
town is believed to have been one of the very important centres of the pre-Inca
civilization, with a population at its peak of around 2,000. The site, located on a
fan at the junction of the Huachecsa River and the Mosna River, is a major centre
for the study of early Andean societies, and archaeological excavations have taken
place over the past 80 years. Debris flows have hampered the archaeological excava-
tions that date back to the Chavin culture (1,200-200 BC). One event in 1945 was
triggered by the collapse of a moraine dam, and the resulting debris flow torrented
down the Huachecsa River. The debris-flow covered the southern part of the town,
and the Old Temple site and its associated excavations, with deposits up to 4 m thick.
Our suggestion of using an interdisiplinary approach to study debris flows, alluded
to in the introduction, should perhaps be expanded to include archaeologists as well
as historians and climatologists!

Debris flows are well known throughout Peruvian history. They are referred
to by their native words, huaico meaning a mixture of all particle sizes including
boulders, and llapana meaning sand and mud floods. The modern word debris flows
is flujos detriticos, and flujos de lodos for mudflows. The first mention of huaicos in
the English language was made by Sutton (1933) who described the conditions he
had seen first hand in the Peruvian Andes. Presently, hazard mapping is being
carried out in Peru by the Instituto Geoldgico Minero y Metalurgico, and some of
its bulletins contain references to historical debris flows.

Another example of where the European Alps ideas for engineered debris flow
remedial measures were applied to other countries is Bolivia. In the early twentieth
century, European measures were adopted to protect the Bolivia Railway from
mudflows, termed mazamorra, which translates to porridge (Morum, 1936).
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3.4.2 Western North America

An early summary of some debris-flow events in the western USA was published by
Twenhofel (1932). He referred to those events as mudflows and indicated how semi-
arid conditions favour their development since “the fall of rain in occasional
downpours precludes the development of a vegetation cover of sufficient magnitude to
protect and reinforce unconsolidated surface materials.” Twenhofel also quoted the
classic description by Blackwelder of the mudflow that struck the village of Willard
in Utah in 1924:

The churned-up mass of slimy earth, trees, and boulders gathered momentum as it
descended the gorge and burst forth upon the plain at the village of Willard with
sufficient impetus to carry it half way down the slope of the fan. It covered the former
surface with a layer of bouldery mud 3 to 4 feet deep. The flow deployed rapidly through
the village, surrounded houses, carried off small outbuildings or crushed them like egg-
shells and over-spread the concrete roadway for hundreds of feet . .. The front of the flow
was about 3 feet high and almost as steep as the edge of a lava coulee. The most striking
characteristic of the flow is the abundance of boulders which range in diameter from 1 to
15 feet ... The whole mass is as unstratified as glacial till.

Blackwelder (1928)

(An interesting first-hand observation of a mudflow in Peru in 1924 also appears
in a discussion by Singlewald contained in Blackwelder, 1928.) Similar early recogni-
tion of the debris-flow process in the arid south-west was written by Pack (1923).

In the early 1980s, Utah was revisited by a spate of debris flows, accompanying
an El Nifo event. In the spring of 1983, Utah sustained direct damages from land-
slides, debris flows, mudflows, and flooding costing millions of dollars. Records of
precipitation and snow surveys, indicated that snow packs were 150-400% above
normal. Although prepared for flooding, both scientists and state emergency
agencies were taken by surprise with the extent of the mass movements, which
were so widespread and extensive that 22 of the 28 counties in the state were
declared national disaster areas. The mass movements were attributed to an
abrupt increase in precipitation, unprecedented in Utah’s more than 100-year
history. The events have been documented in considerable detail by Bowles
(1985), and Keaton and Lowe (1998) who reviewed the historical record back to
1847.

California also witnessed many hundreds of debris flows caused by severe winter
storms in the same El Nifio wet period, 1978-1984. Previously southern California
suffered damage from debris flows in 1969 (Kenney, 1969). The “modern-day”
damage has resulted largely from hillside development that increased rapidly
following the end of World War II (1945). The post-war debris flows are well
documented in publications by the US Geological Survey and the US National
Research Council. According to Brabb and Harrod (1989) “no other state comes
close to California in total landslide damage.”

Previous years of above average rainfall leading to debris-flow damage in the
Los Angeles area of southern California are 1815, 1825, 1861-1862, 1878-1894,
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1914, and 1934-1941. The New Year’s Day storm of 1934, in the foothills of Los
Angeles, caused tremendous floods and mudflows that resulted in more than 30
deaths and millions of dollars in damage. The catchment areas had been completely
denuded by wildfires that swept through the hills the previous autumn, and two
weeks prior to the winter storm, the ground was saturated by heavy rain. Matters
could have been even worse if it had not been for a number of check dams and the
Big Tujunga Reservoir, completed by the Los Angeles County Flood Control
District just prior to the event (Eaton, 1936). Eaton documented in detail the
engineering aspects of the flood and debris-flow problems and mitigation in the
Los Angeles area up to 1934, along with extensive discussion (Lippincott’s discussion
on the early check dams is particularly interesting). It is interesting to note that the
average cost of debris basins in those days amounted to about US$0.16 per m® of
debris storage capacity.

The use of check dams in Los Angeles County began in about 1914, (Engineering
News, 1916). Many of the early check dams were loose-rock dams or wire-bound
rock mattresses (Ferrell, 1959). Mass failure of these type structures occurred during
subsequent storm events, and they were not used after 1934. Baumann (1936)
reviewed the design of these early structures and indicated that their function was
not to dam or store debris, but to stabilize the creek channel and side slopes. He
correctly emphasized that check dams must be able to resist both dynamic impact
and erosive forces. He also suggested the use of check dams in the Americas may
date back as far as the Maya, Aztec, and Inca civilizations.

An unusual problem that arises in southern California is from the result of
watershed burning. Further discussion of this problem is described in Chapter 15.
McPhee (1989) described the seemingly hopeless efforts by engineers to design
practical long-term solutions for the debris-flow problems in southern California.
Events in December 2003 seem to confirm this.

3.4.3 Kazakhstan

Kazakhstan lies on the other side of the world from California. A broad review of
debris flows in that region has been written by Khegai and Popov (1989). According
to Khegai and Popov, Kazakhstan is the most hazardous of the former USSR
republics in terms of debris flows and other landslides, and in that respect is
similar to California. Kazakhstan’s distinction is in part the result of seismic
activity in the northern Tien Shan Mountains, and in part because of the local
lithology and hydrology.

In Soviet times, the capital city of Kazakhstan was called A/ma-Ata (Father of
Apples), but is now simply Almaty. The city was originally called Verny (Vyernyi)
when founded in 1854 during the eastward expansion of Russian Imperialism onto
the steppe lands. The Kazakhs were nomadic people, and as a result little historical
data on debris flows in this region exists prior to Russian settlement. The city is
founded on a very large fan built by debris flows, some of enormous size, that
descended the Almaatinka River, where it emerges from the Greater (Bolshaya)
and Lesser (Malaya) Almaatinka basins. The debris flow associated with the
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Verny earthquake of June 1887 is believed to have involved 70 million m?
(Mushketov, 1890). Prior to that, a very large mudflow was recorded in 1841.
Seven other large mudflows, ranging between 0.5 and 5.0 million m?, occurred at
Almaty during the period 1921-1988. Most of them occurred around July, as a result
of rainstorms or glacial outburst floods (see Section 3.6). Travel distances for these
events extended up to 30 km (Niyazov and Degovets, 1975; Yesenov and Degovets,
1979). Large amounts of money have been expended to protect Almaty. Measures
include openwork, steel lattice barriers across the Lesser Almaatinka River, and a
80m high rockfill mud collector and dam at Medeo. This dam was constructed, in
part, by a series of extremely large chemical blasts (3.5-5 kilotonnes) along the flanks
of the river. The dam was later raised to 115m to provide a debris storage basin
capacity of 6 million m®. Despite the mitigative efforts to protect Almaty, many of
the works have been either partially or totally destroyed by the passage of subse-
quent mudflows. Almaty presents the best documented case study of attempts to
control large mudflows by constructing barriers directly across river channels
(Gagoshidze, 1969; Gagoshidze and Natishvili, 1974).

3.4.4 Spain

Similar semi-arid conditions occur in south-east Spain on the flanks of the Sierra
Nevada Mountains facing the Mediterranean Sea and, similarly, major debris flows
have occurred. Following 10 months of drought in 1973, over 400 mm of rain fell in
the region in 2 days in October, causing numerous debris-laden floods and damage
to many towns and villages over a 150 km long stretch east of Granada. In two of the
towns, La Rabita and Puerto Lumbreras, the loss of life totalled about 150 (Thornes,
1974). Debris flows exist in other regions of Spain as well, such as the Pyrenees. More
than 50 years experience with the design of debris-flow stabilization and mitigation
works in Spain has been summarized in a United Nations publication by Lopez
Cadenas de Llano (1993). In August 1996, the Camping de las Nieves campground
in Biescas near the French border was destroyed by a debris flood with the loss of life
of 86 people. The fan was supposed to have been stabilized by check dams, but more
than 40 of them were destroyed by the event.

3.5 LAHARS

Lahar is a well-known term, but used rather loosely. It is a word from Java and is
translated as mudstream (Scrivenor, 1929). In general, lahars refer to flows incorpor-
ating volcanic debris. A similar local term in the Philippines, where such events are
common, is baha nin dugi, meaning floods of mud. Lahars are described in detail in
Chapter 10. Some historical and prehistoric data on lahars have been compiled for
the Americas and Japan by Scott et al. (2001), and includes the 1920 destruction of
the town of Barranca in Veracruz, Mexico, with the loss of hundreds of lives.
Villagers described the sound of the lahar approaching as “a prolonged muffled
thunder clap, many wagons rolling across pavement, or charging cavalry.”
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Lahars can be initiated by melting of snow and ice by a volcanic eruption,
descent of pyroclastic flows into streams, or by the ejection of water from a crater
lake. Failure of a crater lake and a resulting giant lahar occurred three days prior to
the main eruption of Mount Pelee that destroyed the city of Saint-Pierre on the
Caribbean Island of Martinique in May 1902. An eye witness described the event:

Then I heard a noise that I can’t compare with anything else — an immense noise — like
the devil on Earth! A black avalanche, beneath white smoke, an enormous mass, full of
huge blocks, more than 10m high and at least 150 m wide, was coming down the
mountain with a great din.

Scarth (2002)

Unlike a volcanic eruption, which is a short-lived event, lahars can continue for
many weeks, months, and even years, and in fact no eruption needs to occur for a
lahar to occur. For this and other reasons, lahars have proved more devastating than
pyroclastic flows. In the circum-Pacific region, in historical times, records indicate
that about 50,000 people have been killed by lahars. It is perhaps remarkable that
two of the really large lahar events, Armero (in Columbia in 1985) and Pinatubo (in
the Philippines in 1991) have occurred in very recent history.

3.5.1 Classical times

Records of the destructive effects of lahars go a long way back in history. An ancient
example is the Late Bronze Age eruptions of Santorini in Greece with its associated
pumice ash falls and mudflows (McCoy and Heiken, 2000). The classical example of
a volcanic disaster is the AD 79 eruption of Mount Vesuvius near Naples in Italy that
devastated the flourishing cities of Pompeii and Herculaneum, the latter being buried
beneath three mudflows totalling a depth of 20m. The volcanic debris was swept
along by torrents of rainwater forming a slurry that penetrated everywhere into the
city and that later hardened into a tufaceous material very difficult to excavate.

3.5.2 The Americas

In the Americas, and other regions of the circum-Pacific, destructive lahars have
been recorded for centuries. Barely historic, yet a fascinating recent discovery, was
the finding of mammoth bones buried in lahar deposits from the Popocatépetl
volcano near Mexico City. Dating suggests the event occurred about 11,000 ybp.
The lahars appear to have originated from a major eruption dated at about
14,000 ypb. The delay of some 3,000 years is thought to have been the result of
the onset of more humid conditions (Siebe et al., 1999). This is of more than
academic interest since it corresponds with the idea that Popocatépetl, which is
currently quiet, may be subject to violent eruptions at intervals of a few thousand
years. Currently more than a million people live within a 35-km radius of this
volcano. In prehistoric times, ancient settlements principally nearby Cholula, may
have been devastated by lahars associated with a major eruption of Popocatépetl
about 1,000 ybp (Siebe et al., 1996). Lahars reached the base of the great pyramid of
Cholula. This evidence is disturbing because the relatively harmless eruptions of
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Popocatépetl volcano since the Spanish Conquest of Mexico may have lulled people
into a false sense of security.

In September 1541, Ciudad Vieja, the former capital of Guatemala, was
destroyed by a lahar originating from a crater lake on the extinct volcano Mount
Agua, and resulted in the death of over 1,300 persons (Meyer-Abich, 1956).

Similar records exist in Costa Rica where ash-laden floods have swept through
the city of Cartago at least 6 times in the past 300 years. The mud floods, as they are
called, descend the Reventado River from the ash covered slopes of the Irazu
volcano. Attempts in the 1960s to control the floods using gabion check dams
proved unsuccessful, as boulders transported by the floods quickly destroyed the
dams (Ulate and Corrales, 1966).

Similar high-frequency lahars are associated with the Cotapaxi volcano in
Ecuador, at 5,911 m one of the highest volcanoes on earth. From records dating
back to the Spanish Conquest in the sixteenth century, this volcano has produced
more than 26 lahars, primarily due to snowmelt. Major eruptions of the Cotapaxi
volcano occurred in 1877 from January to September, and lahars travelled more than
240 km to damage buildings.

The largest historic volcanic eruption in South America occurred in February
1600 from the Huaynaputina volcano, approximately 70 km east of Arequipa in
Peru. Devastation was widespread and a considerable amount was the result of
lahars (de Silva et al., 2000).

The most recent destructive lahar in the world occurred in 1985 near the town of
Armero, in Columbia. It was a snowmelt lahar off the side of the Nevado del Ruiz
volcano. More than 23,000 people were killed. The town is situated on deposits from
previous lahars that were known to have occurred in 1595 and 1845, and killed about
600 and 1,000 people, respectively. The fascinating story of Armero, with the social
and political sideshows, is told by Bruce (2001).

In the north-western USA, debris-flow hazards posed by the volcanoes in the
Cascade Range were appraised by Crandell and Mullineaux (1975) by studying
various types of volcanic-related events over the last 10,000-15,000 years. Crandell
and Mullineaux concluded that on average one eruption occurs every century in the
Cascades. They predicted the Mount St. Helens volcano with eerie precision at an
average frequency of one major eruption every 400 years. How true this proved to be
was shown by the eruption of, and massive lahars from, Mount St. Helens in May
1980. The previous eruption was dated in the sixteenth century. As Crandell and
Mullineaux wrote six years prior: ... a potential hazard from lahars extends down
valley floors for tens of kilometers ....” There can be little doubt that some people at
that time must have considered Crandell and Mullineaux’s prediction to be highly
speculative, if not outright geo-fantasy!

Besides destroying cities and villages, lahars are very damaging to transportation
routes. Rail cars carrying logs were tipped over by lahars triggered by the 1980
Mount St. Helens volcanic eruption. One of the worst railway disasters in history
occurred when Mount Ruapehu in New Zealand erupted in 1951 forming a lahar
that weakened a bridge, from which a passenger train plunged killing 151 people
(Chapter 25).
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3.5.3 Asia

If the destruction of Armero in Columbia was the most recent deadly single lahar,
the continuing lahars following the June 1991 volcanic eruption of Mount Pinatubo
in the Philippines are the most voluminous and have caused the most widespread
devastation. Since 1991, many hundreds of millions of m® of volcanic debris have
been carried off the flanks of Mount Pinatubo by lahars (by 1996 the volume was
estimated at 2 billion m®). The magnitudes and rates of lahar processes has surprised
many experienced researchers, but one reason might be the fact that intense rains
from Typhoon Yunya began during the eruption period itself.

Most of the sediment that makes up the lahars is from the 1991 volcanic
eruption, while some is from deposits of older eruptions. The rate of sediment
yield appears to be decaying exponentially, yet lahars are expected to continue to
at least the year 2010. (A similar long period of lahar activity, lasting some 20 years,
followed the eruption of Santa Maria volcano in Guatemala in 1902.) The area
affected by the recent Mount Pinatubo lahars is said to be approaching 1,000 km?.

Attempts to control the flows using dykes built of lahar sediment have not been
successful. Although a ready source of construction material, the low-density sand
and gravel pumice used in the dykes is quite capable of remobilization in subsequent
floods and lahars. Direct and indirect damage from the lahars have exceeded that
from the volcanic eruption several times over. Although the 1991 eruption of Mount
Pinatubo was the world’s largest volcanic eruption in more than half a century, it
was one of the smallest in its own long history stretching back more than 35,000
years, and the 500-year dormant period that preceded the 1991 eruption was
comparatively short for Mount Pinatubo (Newhall and Punongbayan, 1996).

Mayon, also in the Philippines, is one of the most active volcanoes in the world.
In 1814 and 1875 it generated lahars that killed some 1,200 and 1,500 people
respectively.

In Indonesia, there has been a volcanic eruption on one of its 13,677 islands, on
average, every year for the past 1,000 years. Not only have these volcanoes resulted
in more than 175,000 deaths, they have caused numerous lahars. Over the centuries,
the indigenous population developed methods to reduce the affects of sediment-
related disasters on their land. The ancient Harinjing Monument, near Pare, a
small city located on the slope of Mount Kelut volcano, was constructed in AD
804 to commemorate the completion of an irrigation and sediment-control dam in
the area. In the late 1960s this same area was subject to more debris-flow activity. In
this instance, Indonesia, for the first time, relied on foreign expertise. The Japanese
Ministry of Public Works introduced several modern debris-flow control techniques
to the Indonesians (Hasen, 2002).

The lahars in Indonesia are a major hazard not only due to the presence of the
many highly active volcanoes, but also due to the heavy rainfall in the region and the
pressure of population that is currently approaching 200 million. Historical records
show that many thousands have fallen victim to lahars — Awa (Awoe) in the Sangihe
Archipelago in 1711 resulting in 3,000 dead, and Galunggung in 1822 resulting in
3,600 dead, are but two examples. Some volcanoes can be deceiving. Mount Agung
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on the Island of Bali, for example, had records of volcanic activity back to 1808
without any associated lahar activity, but in 1963 lahars killed more than 200 people.
Other volcanoes in Indonesia have a long record of regular lahars, the most frequent
probably being Mount Kelut with records of 31 lahars since AD 1000.

According to Neumann van Padan (1951), and other Indonesian records, the
majority of the damaging lahars have resulted from volcanic eruptions in, or from
the collapse of, crater lakes. An eruption of Mount Kelut occurred without warning
in May 1919 resulting in more than 5,000 deaths, and was caused by a volcanic
eruption through a crater lake (Scrivenor, 1929). Previous lahars had occurred in
1826, 1848, and 1875, and destroyed many villages and houses.

Mount Kelut is interesting because of the strenuous effort made to mitigate the
destructive effects of the lahars. Prior to 1919, attempts were made to protect the city
of Blitas, on the south-west flank of the volcano, by building a sediment storage dam
along the lahar channel. The dam, however, along with 131 km® of arable land and
104 villages, was completely destroyed by the 1919 lahars. The extensive damage was
caused by the addition of 38 million m? of the water stored in the crater lake and, to
prevent that from happening again, a system of tunnels was constructed to drain the
lake to less than 1.8 million m* of stored water capacity. The tunnel system worked
well during the 1951 eruption, when most of the water simply evaporated, and for
the first time on record no lahar damage occurred (Zen and Hadikusomo, 1965). The
tunnel system, however, was badly damaged and despite some rehabilitation, the
crater lake had accumulated some 22 million m® of water by 1966 when the next
eruption occurred. This time lahars developed again and 260 people were killed. A
new tunnel was constructed in 1967 lowering the stored water volume to less than
one million m®. Since then, during three successive eruptions, lahars have not
occurred.

3.6 JOKULHLAUPS AND GLOFs

The sudden failure of a dam, whether of a natural landslide dam or an artificial dam,
can result in a large discharge of water downstream. Jokulhlaup is an Icelandic term
for a glacier outburst flood in which flood waters are suddenly released from either
behind a glacier, from within a glacier, or from behind a glacial moraine-impounded
lake. In Asia, GLOF the acronym for glacial lake outburst flood, is the term used to
describe the latter type of jokulhlaup. The water floods that result from any of these
events, namely dam breaks, jokulhlaups, or GLOFs, can easily turn into debris
floods and debris flows by incorporating inorganic and organic debris from the
valley floors and sides into the flood waters. Because of the large volumes of
water involved, debris floods and debris flows triggered by such events can travel
for many tens of kilometres downstream.

Jokulhlaups are not restricted to Iceland. They have been documented in most
countries where glaciers exist. Since the decline of the Little Ice Age, in the mid-
1800s, along with the relatively recent global climate changes, glaciers are retreating
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and down-wasting at increasing rates. This has resulted, and will continue to result,
in an increased probability of jokulhlaups and GLOFs. Nowhere is this more evident
than in the Himalayas.

GLOFs were first recognized as a natural hazard in the Himalayas in the 1950s.
In 1954 in Tibet, a GLOF flowed downstream approximately 50 km. At that time it
was thought to be a 1:500-year event for the region. However, five GLOFs are
known to have occurred in neighbouring Nepal alone between 1977 and 1998. In
August 1985, a GLOF from the Dig Tsho (Langmoche) glacial lake in Nepal
travelled approximately 40 km down the Bhote Kosi and Dudh Kosi Rivers and
destroyed 14 bridges, causing roughly US§$1.5 million damage to a hydroelectric
power plant, as well as serious loss of life and property damage. It is estimated
that a peak discharge of 1,600m?/s was attained and approximately three million
m® of sediment was moved downstream. Approximately 85% of that sediment was
deposited in the river valley and 15% travelled further downstream as suspended
sediment. In this instance, the travel distance was only 40 km because a great deal of
sediment was able to deposit along a wide portion of the river valley upstream of an
extremely narrow canyon (Galay et al., 2001).

GLOFs are a growing concern for the Himalayas. Raphstreng Tsho glacial lake
in Bhutan, for example, was 1.6 km long, 1 km wide, and 80 m deep in 1986, but by
1995 it had grown to 1.94km long, 1.13km wide, and 107m deep. Tsho Rolpa
glacial lake in Nepal covered 0.23km? in the late 1950s, but the mid-1990s the
lake covered approximately 1.50km?. A recent study by UNEP indicates that
there are 24 glacial lakes in Bhutan and 20 glacial lakes in Nepal that have the
potential to produce GLOFs, and almost all of these would result in associated
far-reaching debris flows (UNEP, 2002).

3.7 MINE WASTE FLOWS

Flow failures from mine tailings impoundments and mine waste rock piles (waste
dumps) are not usually classified as debris flows. Yet mine tailings and waste rock
(collectively known as mine waste) are very similar to natural debris, and there is
similarity between the flow behaviour of mine waste and natural debris flows. Most
major mine waste failures are relatively recent events that have occurred in the last 75
years. The reason for this is simply the enormous increase in the scale of mine
operations, particularly following the introduction of very large earth-moving
equipment after World War II (1945). Mines these days move a great deal of
material each day. They can easily put 200,000 tonnes a day through a mill, and
as a result tailings impoundments, and the associated pre-mill waste rock piles, have
become some of the largest earth structures ever built. Inevitably some of these fail
and the resulting mine waste debris flows can travel large distances, often with
disastrous environmental consequences and/or loss of life.

More than 35 mine waste failures have occurred since the 1930s. Presently, on
average, one mine waste failure of significance occurs every year. In the mining
literature these incidents are often referred to as flowsides (Lucia et al., 1981). The
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value of information on mine waste flowslides to researchers who study natural
debris flows is not so much the initiating release mechanisms, but the flow and
runout characteristics that have often been recorded in considerable detail (Blight,
1997).

3.8 BOG BURSTS

Bog is the Irish term for peatland. Bog bursts are flows of purely organic debris and
are of some historical interest. They are rapid downhill movements of masses of
saturated peat. They usually occur during heavy and prolonged rainfall, and involve
the rupture of the peat surface, followed by the release of liquefied peat from the
interior of the bog. There appears to be a gradation of types of movements from a
peat flow typical of bog bursts, to peat slides involving coherent blocks of material.
Bog bursts have been documented in peatlands in Ireland, Scotland, northern
England, the Falkland Islands, Tierra del Fuego, and even in British Columbia,
Canada (Hungr and Evans, 1985).

The following is a summary of some historical bog bursts in the British Isles:

In 1697 a bog of forty acres burst at Charleville, near Limerick. In 1745 a bog burst in
Lancashire, and speedily covered a space a mile long and half a mile broad. A bog at
Crowhill on the moors near Keighley burst in 1824, and colored the river with a peaty
stain as far as to the Humber. In December 1896, a bog of 200 acres burst at Rathmore,
near Killarney, and the effects were seen ten miles off. Nine persons perished in one
cottage.

Miall (1898)

Probably the worst bog burst occurred in the valley of the Owenmore, Erris,
County Mayo, Ireland on 1819:

This is the most disastrous slide on record, as it carried away a whole village and its
inhabitants, also a picket of Highlanders, whose bodies were afterwards picked up in
Tullaghan Bay.

Kinahan (1897)

Descriptions by Sollas et al. (1897) recount the events that occurred at Stanley in
the Falkland Islands in the years 1878 and 1886. A recent paper by Warburton et al.
(2003) contains numerous references to bog bursts.

3.9 SUMMARY REMARKS

Assembling historical accounts of debris flows is a bit like collecting postage stamps —
the accumulation of unconsolidated trifles. Hundreds of stories exist about historical
debris-flow events, some going back thousands of years. Debris flows are anything
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but rare events, but often do not appear to be newsworthy except locally. Lacking in
rarity they also lack what is described as the dread factor — dread of the unknown
(Slovic, 1987), except of course to the immediate recipients of the particular charge
of debris. Whereas a news item, such as mad cow disease, can occupy the national
papers for days on end, very few people die from the human variant of mad cow
disease as compared to deaths from debris flows. Dread of the unknown can
generate extraordinary interest. In the writers’ experience, dread of debris flows
ranks a little higher than dread of automobile accidents. Therefore, people in
general will learn little from the history of debris flows. The benefits will be to
researchers, professionals, and governments wishing to determine such things as
frequency, magnitude, vulnerability, and the effectiveness of mitigative measures.
Experience in the European Alps, for example, often taught the mountain folk to
give at least one-half of a large fan to the creek, while locating the village on the
remainder (see Figure 3.3 of Inzing in Austria). Often though, such a luxury of excess
land does not exist and engineering mitigative measures are required, and sometimes
constructed.

In a study of the history of Persian earthquakes, Ambraseys and Melville (1982)
concluded that people never relocated following such events. Sites were seldom
abandoned, and the local residents knowingly rebuilt on the same spot. The
ancient town of Bam in Iran, for example, is already being rebuilt following the
massive earthquake of December 2003. This is probably because of the widespread
effect of earthquakes and the minimal benefit to be gained by moving a few kilo-
metres away. Even so, with regards to debris-flow-prone sites, the same psychology
seems to operate. Proposed new developments may be abandoned following the
identification of the severity of the hazard (e.g., the village of Garibaldi in British
Columbia (GAP, 1978)), however, existing developments tend to stay put. This
means that one of the important things history can teach is the effectiveness of
mitigative measures, either passive (avoidance or appropriate location) or active
(the construction of engineered mitigative works) (Eisbacher and Clague, 1984).
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Instability of steep slopes

William Savage and Rex Baum

4.1 INTRODUCTION

Instability of steep slopes commonly results in the occurrence of debris flows.
Figure 4.1 illustrates many of the features of debris-flow source areas or initiation
zones (see, Chapter 2). The source area consists of unconsolidated material overlying
bedrock. Following geotechnical engineering practice, we refer to this unconsoli-
dated material that, in general, may consist of weathered and relatively weak
residuum or slope deposits as soil. In Figure 4.1 the failed soil evacuated the
source area exposing the concave-upward basal failure surface of the landslide.
The shallow landslide completely disaggregated and mobilized into a debris flow.
The landslide was thin, oblong, and somewhat irregular in plan view, several meters
wide and long, and at most, only a few meters thick along its longitudinal axis. It was
thinner around its edges, indicating that the landslide mass was lens-shaped in
transverse cross section. The mass was also slightly thinner at the uphill and
downhill ends. Few, if any, exposed roots protruded through the basal failure
surface, however, broken roots do protrude from the edges of the scar. This
landslide site was underlain by gently dipping sedimentary rocks, but little, if any,
bedrock was visible in the source area. Rather, boulder and cobble-sized rock
fragments in a fine-grained sandy matrix were exposed in the source area.

Water commonly contributes to the instability of steep slopes. As evidenced by
the patches of snow in this example, infiltration of meltwater saturated the soil on
the slope. This increased the soil weight and decreased soil strength to the point
that the mass began sliding downslope. More commonly, infiltration of rainfall
produces the same result. This slide occurred at the head of a small swale, or
hollow on the slope, a feature of many shallow slides on steep slopes. Increased
soil thickness and convergence of groundwater often contributes to instability at
such hollows. Although seismicity was not a factor in this particular landslide,
strong ground motion from earthquakes can destabilize steep slopes and produce

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
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Figure 4.1. Photograph of a shallow, irregular landslide scar on a steep slope near Clear
Creek, Utah. This slide, which occurred in May 1984, fully evacuated its source area and
mobilized into a debris flow.

shallow landslides that mobilize into debris flows or debris avalanches (Jibson et al.,
2000).

Although observed failures of steep slopes that have resulted in debris flows and
debris avalanches include topples, falls, and deep-seated slides of wedge, ellipsoidal,
or complex geometry, shallow soil slides like that depicted in Figure 4.1 seem to be
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Figure 4.2. Sketch illustrating the general mechanisms involved in rainfall-induced failure of
thin colluvium on a steep hillside.
After Campbell (1975).

the most common type. The majority of debris flows and debris avalanches originate
on steep slopes that are underlain by relatively strong rocks with a thin mantle of
soil. Field experience shows that failure of the unconsolidated mantle (as sketched in
Figure 4.2) in response to heavy rainfall is the source of most shallow soil slides.
Consequently, our treatment of the instability of steep slopes emphasizes rainfall-
induced shallow soil slides.

In what follows, we first review some fundamental aspects of analysis of instabil-
ity of steep slopes, including stress—strain and strength properties of saturated and
unsaturated soils, infinite slope analysis, saturated and unsaturated ground-water
flow, and determination of pore pressure in soil media. This is followed by a brief
review of methods for assessing instability of steep slopes over wide areas in the
context of Geographic Information Systems (GIS) and a final summary.

4.2 STRESS-STRAIN AND STRENGTH PROPERTIES OF SOIL

The stress—strain and strength properties of soils are typically determined in the
laboratory by direct shear and triaxial tests. Figures 4.3(a) and (b) respectively
show the general configurations of a laboratory direct-shear test apparatus and a
triaxial test apparatus.
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Figure 4.3. (a) Cross-sectional sketch of a direct shear apparatus. The shear box encloses the
soil sample and may be rectangular or circular in plan view. (b) Cross-sectional sketch of a
triaxial test apparatus. This apparatus is usually circular in plan view.

In a direct-shear test the soil is placed in a steel box that is split along the line of
the shear plane as depicted in Figure 4.3(a). A normal force F, is applied along the
top of the box and a shear force F; is applied to the side of the upper, moveable block
to cause shearing in the enclosed soil. Shear and normal stress magnitudes are
obtained by dividing the shear and normal force by the original horizontal cross-
sectional area of the soil sample. These stresses and the displacements of the upper
block are recorded and the results are given in terms of shear 7 and normal o stress
on the shear plane and the horizontal and vertical displacements of the upper,
moveable block. In addition, changes in pore-water pressure in wet or saturated
soils can be recorded.

In the triaxial test apparatus shown in Figure 4.3(b), the soil sample, enclosed in
a flexible membrane, is placed between a moveable upper platen and a fixed lower
platen and a confining pressure is applied. This is followed by application of an axial
load. The axial load is converted to axial stress by dividing the axial load by the
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original horizontal cross-sectional area of the soil sample. The axial stress is the
major (most compressive) principal stress o; and the confining pressure is the
minor (least compressive) principal stress o3 in a compression test. A porous stone
disc connected to an outlet tube allows drainage of fluid from the bottom of the
sample. The valve on the outlet tube is left open in a drained test. An undrained test
is achieved by shutting the valve on the outlet tube. The stresses o; and o3 and the
displacements of the upper platen are recorded and, in addition, changes in water
pressure in an undrained test for wet or saturated soils are usually recorded. Further
details on direct-shear and triaxial tests on soils are found in Lambe and Whitman
(1969) and Bishop and Henkel (1957). Modifications to these tests for partially
saturated soils involve measurement of pore-air and pore-water pressures in a
sample that is in a sealed test chamber; water is allowed to drain freely under the
applied air pressure (Bishop et al., 1961; Fredlund and Rahardjo, 1993).

Depending on their initial porosity relative to the applied normal stress, soils
initially exhibit either contractive or dilatant behaviour during shearing deformation.
Loose soils tend to compact or contract as they deform under load. Dense soils tend
to dilate or expand as they deform under a normal load. Both tend toward a
“steady” or ‘‘critical” state as deformation increases under constant normal load
(Lambe and Whitman, 1969). Soil particles deform very little at the low normal
stresses present in shallow soils on steep slopes. Rather, soil deformation at low
normal stresses mainly involves rearrangement of soil particles and changes in
pore space.

Figure 4.4 shows the results of triaxial tests on granular soil in loose and dense
states. The dense soil failed in a relatively brittle manner, as indicated by the steep
slope of the initial (rising) part of the force-displacement curve. It reached its peak
strength after an axial strain of a few %. After reaching the peak, the strength of the
dense soil gradually declined toward the ultimate or residual shear strength. As
shown by the change in void ratio, the dense soil began dilating after a very small
axial strain and continued dilating throughout most of the test (Figure 4.4).

The initial slope of the force displacement curve of the loose, contractive soil is
much flatter than that of the dense soil, indicating ductile failure (Figure 4.4). The
shearing resistance of the loose soil gradually built to its ultimate strength, which was
attained after significant axial strain. Change in void ratio indicates that the soil
compacted slightly at the beginning of the test and then dilated to approximately its
original void ratio. After large axial strain (about 30%), the “critical state” was
reached where the shear strength and void ratio of the two specimens were approxi-
mately equal.

The results of direct shear and triaxial tests of soil show that at the point of
incipient shear failure there can occur planes along which the shear stress is given by:

T=c+otang (4.1)

where 7 is the shear stress on a potential failure plane, o is the normal stress at failure
on this plane, ¢ is cohesion, and ¢ is the angle of internal friction of the soil.
Equation 4.1, first proposed by Coulomb in 1773, is known as the Coulomb
failure criterion. It plots as a straight line in 2-D Mohr stress space (Terzaghi,
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From Lambe and Whitman (1969; p. 131).

1943) as shown in Figure 4.5(a). This line separates the Mohr stress space into stable
and unstable parts. If a Mohr circle constructed from the major and minor principal
stresses, o) and o3, lies below the Coulomb failure line, the soil behaves elastically. If,
however, a Mohr circle becomes tangent to these lines, failure will ensue. No Mohr
circle can lie beyond this limiting line because the shear stress cannot exceed the yield
strength of the soil.

The strength parameters cohesion ¢ and the angle of internal friction ¢ of a soil
are determined as illustrated in Figures 4.5(a) and (b). Mohr’s circles representing
the state of stress at failure for three different tests are plotted and a line tangent
to the circles is constructed (Figure 4.5(b)). This line is the failure envelope.
Commonly, the failure envelope can be treated as a linear, two-parameter model,
the Mohr—Coulomb failure criterion (Equation 4.1), over the range of stresses that
apply in shallow landslides. Figure 4.5(c) shows Mohr—Coulomb strength param-
eters determined by drained direct-shear testing of two soils from the Alani—Paty
landslide in Hawaii (Baum and Reid, 1995). The expansive clay is similar to material
from the basal failure surface of the landslide and the sandy clay represents some of
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Figure 4.5. (a) Sketch showing Mohr—Coulomb failure criterion. Here, 7,, = 1/2(0; — 03) is
the maximum shear stress and o,, = 1/2(o; + 03) is the mean stress where o is the major
(most compressive principal stress) and o3 is the minor (least compressive) principal stress in a
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undergoing shear failure, ¢ is cohesion, and ¢ is the angle of internal friction of the soil. (b)
Construction of a Mohr—Coulomb failure envelope for a soil. (¢) Mohr—Coulomb strength
parameters determined by direct-shear testing of two soils from the Alani—Paty landslide in
Hawaii. Primes indicate that the strength parameters are determined under effective stress
conditions and the subscript r indicates that the strength parameters are residual values.
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the material in the body of the landslide above the failure surface. Primes indicate
that the strength parameters were determined under effective stress conditions —
conditions that we now define.

For water-saturated soils, effective stress is defined by subtracting pore-water
pressure (interstitial fluid pressure) p from the total normal stress components
(Terzaghi, 1943). In Cartesian xyz coordinates the total normal stress components
are o, 0,, and 0. and the effective stresses are given by o.=0,—p, J;, =0,—p,
and o’ = 0. — p. Static pore pressure does not affect shear stress; however, ground-
water flow fields can affect shear stresses as well as normal stresses (Iverson and
Reid, 1992). When pore pressure is present the Mohr—Coulomb failure criterion
becomes:

T=c 4+ (0 —p)tang’ (4.2)

where ¢’ and ¢’ are, respectively, the cohesion and the angle of internal friction
measured under effective stress conditions. Thus, pore pressure reduces the normal
stress on potential failure planes and, in effect, reduces the internal friction resisting
failure on these planes. Thus increasing pore pressure reduces the shear strength of a
soil mass. This effect is illustrated in Figure 4.6, where we see that the addition of
positive pore pressure shifts the Mohr circle to the left towards tangency with the
failure envelope.

In partially saturated soils, the concept of effective stress is more complicated
than indicated by Equation 4.2, because water is held in the soil pores by surface-
tension forces that arise from adsorption and capillary phenomena. Pore pressure in
partially saturated soils is negative and is known as matric potential or matric
suction (Freeze and Cherry, 1979; Hillel, 1982). The matric suction contributes to
the normal stress acting on the soil, which results in greater interparticle friction that
increases soil strength. Experimental observations show the relationships between
applied normal stress, matric suction, and shear strength of partially saturated soils
(Bishop et al., 1961; Escario et al., 1989). Suction-induced shear strength occurs
through the mechanism of interparticle friction, but commonly manifests itself as
an apparent cohesion that, for example, allows damp sand to stand at steeper angles
than dry sand. However, the response of partially saturated soil to changes in matric

Shear strength

Total stress

Effective
stress

P

Figure 4.6. Role of effective stress in reducing the shear strength of soil.
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suction is more complex than the response of saturated soil to changes in pore
pressure. Laboratory observations indicate that the strength contribution by soil
suction is non-linear and asymptotically reaches a finite maximum value at high
suctions (Escario et al., 1989).

Attempts to interpret shear-strength measurements on partially saturated soils
have led to several models including an extended Mohr—Coulomb failure criterion,
(Fredlund et al., 1978; Fredlund and Rahardjo, 1993) an extended definition of
effective stress (Bishop, 1959), and a Mohr—Coulomb criterion with variable
cohesion (Abramento and Carvalho, 1989). The extended Mohr—Coulomb
criterion uses an additional parameter ¢” which measures the effect of matric
suction on soil strength:

T=¢ + (U _pa) tan (b/ =+ (pa _pw) tan st

where p, is air pressure, p, is water pressure, o — p, represents the standard
component of total stress used in soil mechanics, and p, — p, is the matric
suction. Experimental studies have shown that ¢” is not constant, but rather
varies with the volumetric water content and the matric suction (Abramento and
Carvalho, 1989).

Theoretically, the Mohr—Coulomb failure criterion can be applied to partially
saturated soils without modification by using an extended definition of effective
stress. Lambe and Whitman (1969) define effective stress for partially saturated
soils as o' = o — p*, where p* is an equivalent pore pressure that varies non-
linearly with the degree of saturation or matric suction. Bishop (1959) proposed
that the effective stress in partially saturated soils could be represented approxi-
mately as:

U, = (U _pa) + X(pa _pw)

The term x(p, — p,) & —p”. The parameter x usually ranges from 1 in saturated
soils (including tension-saturated soils) to 0 in dry soils. Tension-saturated soils are
fully saturated but subject to matric suction; they occur above the water table,
usually in the capillary fringe. Experimental results sometimes yield values of y
that are greater than 1, which seems inconsistent with its definition (Abramento
and Carvalho, 1989). Experimental studies have also shown that x is non-linear
with respect to the degree of saturation and matric suction (Bishop et al., 1961).
Although experimental results indicate that ¢’ is relatively constant according to the
extended effective stress law, results for some soils indicate that ¢’ gradually
increases with matric suction (Escario et al., 1989). It is unclear whether this
increase results from increased particle interlocking or some other cause.

Abramento and Carvalho (1989) and Wolle and Hachich (1989) used variable
apparent cohesion ¢, in the Mohr—Coulomb criterion as an alternative to the
extended Mohr—Coulomb criterion and the extended effective stress law:

T=c,+otan¢’

The apparent cohesion ¢, is the sum of the cohesion for effective stress ¢’ and a
non-linear function of the matric suction f(p, — p,,) which depends on the character



62 Instability of steep slopes [Ch. 4

of the soil as well as the range of applied stress and stress path(s). For the soil tested
by Abramento and Carvalho (1989), the function varied with the square root of
matric suction.

The stress—strain and strength properties of soil combined with the effects of
pore water have significant implications for the formation, speed, and travel distance
of landslides. In particular, dilatant and contractive deformations of soils on steep
slopes affect landslide behaviour. Soils that deform contractively do so by reducing
their pore space and soils that deform dilatantly increase their pore space. Reduction
in pore space of a saturated or nearly saturated soil results in an immediate increase
in pore pressure. According to the principle of effective stress (Equation 4.2), this
increase in pore pressure causes a loss of soil strength. Consequently, failure of a
loose, contractive soil may result in a rapid evolution from soil slide to debris flow.

In contrast, failure of a relatively dense, dilatant soil tends to proceed incremen-
tally; expansion of pore space in a soil reduces pore pressure and may result in matric
suction. If sufficient water is available the suction will draw water into the zone of
failure in the dilatant soil. The additional water thus drawn into the soil reduces the
suction (or increases the pore pressure) and may allow an additional increment of
dilatant failure (Moore and Iverson, 2002). The rate at which dilatant failure
proceeds depends upon the hydraulic properties of soil; the rate tends to decrease
as the soil becomes finer and less permeable. Fleming et al. (1989) showed from field
studies that contractive soils tend to fully mobilize into fluid debris flows that travel
relatively long distances and that soil slides in dilatant soils will either mobilize only
partially into flows of relatively short runout or will remain perched on the hillside as
coherent slide masses. Iverson et al. (2000) confirmed these observations experimen-
tally and showed that an initial critical porosity of at least 20.5% is required for
rapid failure and debris-flow fluidization in a sandy-loam soil.

4.3 LIMITING EQUILIBRIUM METHODS OF SLOPE
STABILITY ANALYSIS

In cases where a thin layer of soil overlays more competent soil or bedrock on a long
steep slope, infinite slope stability analysis may be appropriate. Ideally, the length
and width of the potential landslide should be much greater than the thickness to
minimize edge effects. Infinite slope stability analysis is a simple approximate
limiting equilibrium procedure based on a generalization of the law of static
friction for a rigid block on a rough inclined plane as illustrated in Figure 4.7.
Failure of an infinite slope is characterized by the ratio of resisting Coulomb
friction and cohesion on a basal slip surface to gravitationally induced downslope
basal driving stress. This ratio defines the factor of safety against slope failure. The
effective normal stress in a direction normal to the slope at a depth z in an infinite
slope inclined at an angle € to the horizontal is given by:

o' =rzcos0 — v, ¥ (4.3)
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Fr = pusN = Ntan¢
= Wcosftan ¢

Fqg = Wsind

Figure 4.7. Law of static friction for a rigid block on a rough inclined plane. The coefficient of
static friction is u, and the angle of static friction is ¢. Movement of the block is imminent
when the resisting force of static friction F, = u,N = Ntan¢ equals the driving force
F; = Wsin# (ie., F,/F; = tan¢/tand = 1). Thus, the block on the rough plane is in a state
of limiting equilibrium when the angle of inclination of the plane # equals the angle of static
friction ¢.

and the shear stress parallel to the slope is given by:
T =r,zsinf (4.4)

where 7, is the saturated soil unit weight, -, is the unit weight of groundwater, and ¥
is the pressure head defined by dividing the pore pressure p by v, (i.e., ¥ = p/v,)-
Thus, the factor of safety for an infinite slope F; is calculated for a slide of thickness
T by:

¢ + (T cosf — Wv,) tan ¢’

F, = -
s ~,T sin

(4.5)

where, again, ¢’ is effective soil cohesion and ¢’ is the effective soil friction angle. The
infinite slope is stable when F; > 1, in a quasi-stable state of limiting equilibrium
when F; = 1, and unstable when F; < 1. In engineering practice, an infinite slope
with a factor of safety of unity or less is either quasi-stable or unstable and is
assumed to fail.

The factor of safety for an infinite slope F, as a function of slope angle 6
computed by Equation 4.5 is plotted in Figure 4.8. For the plots in Figure 4.8, we
have followed Bishop and Morgenstern (1960) by choosing ranges of values of slope
angle, dimensionless effective soil cohesion ¢* = ¢’/v,T, and pore pressure ratio
r, = p/v,T, that are commonly encountered in practice. The shaded area in the
figure indicates where F; < 1 and the slope will fail. For ¢* = 0.0 and r, = 0.0 we
see that the infinite slope model is analogous to the block on the rough inclined plane
in that it is in a state of limiting equilibrium when the angle of the slope 6 equals the
angle of internal friction ¢’. Maintaining ¢’ = 30° and ¢* = 0.0 and setting r,, = 0.70
decreases stability in a manner similar to lowering the effective angle of internal
friction. Increasing the dimensionless cohesion ¢* from 0.0 to 0.05 while maintaining
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5 — \ — =000, r, =000, ¢/ = 30°
e I L I T N ¢* = 0.00, r, = 0.00, ¢/ = 10°
7 ‘\ ‘ =000 1r,=070, ¢ = 30°
1 \ . _ ¢'=005r,=000, ¢ = 30°
4 — \ ' . _ ¢*=0.05r,=0.35 ¢ =30°

Figure 4.8. Variation of the factor of safety for an infinite slope F; with slope angle 6 for
typical values of the dimensionless soil cohesion ¢* = ¢’/~,T, and the pore pressure ratio
r, = p/vsT. The shaded area indicates where F, < 1. See text for definition of symbols.

¢' = 30° and r, = 0.70 leads to increased stability, while maintaining ¢* = 0.05 and
¢’ = 30° and decreasing the dimensionless pore pressure r, to 0.35 further increases
stability. Note that the pore pressure ratio, r, is constant in each of these examples.
The case where r, is not constant, the steady seepage case, will be discussed below.

A computer-based probabilistic method of infinite-slope stability analysis has
been developed to account for measurement uncertainties and the natural variability
of the parameters in Equation 4.5 (Hammond et al., 1992a,b). In this method,
incorporated in the computer program LISA, the user enters probability distribu-
tions for each of the parameters in the infinite-slope equation and a Monte-Carlo
simulation is used to estimate the probability of slope failure.

Finally, several workers have shown that the strength and pullout resistance of
roots may also contribute to slope stability. Mechanically, roots reinforce soils in a
manner analogous to soil anchors (Riestenberg, 1994). However, for convenience
most workers generalize the reinforcement provided by roots as an apparent
cohesion (Endo and Tsuruta, 1969; O’Loughlin, 1974; Waldron, 1977; Schmidt
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et al., 2001). Root reinforcement is greatest in the upper few tens of centimeters
where the size and quantity of roots is also greatest. Root reinforcement rapidly
declines below depths greater than 50 cm in temperate forests of North America;
consequently, the greatest contribution of root reinforcement to slope stability is
through lateral reinforcement (Schmidt et al., 2001). Incorporating the effects of root
cohesion in Equation 4.5 can be accomplished by defining ¢’ in terms of lateral and
basal components of soil and root cohesion:

¢ = (¢ + ) + (cy + ¢) (4] Ap)

in which ¢}, and c}; are, respectively, the basal and lateral soil cohesion for effective
stress, ¢, and c¢,; are, respectively, the basal and lateral root cohesion, 4, is the lateral
area, and A, is the basal area of the potential landslide. This expanded definition of
cohesion introduces a geometric dependence that violates the assumptions of the
infinite slope analysis; however, it illustrates that root reinforcement may partially
control the dimensions of shallow slope failures. The driving force of a slide must be
great enough to overcome the lateral reinforcement of the roots as well as the basal
shear resistance. Consequently, the basal area tends to be significantly greater than
the lateral area of shallow landslides.

4.4 DARCY’S LAW AND PORE PRESSURE IN SOIL MEDIA

Darcy in 1856 found experimentally that the rate of flow of fluid Q through a porous
medium is proportional to the cross-sectional area of the flow 4 and the gradient in
total hydraulic head, that is:

0 = KA {hl_hﬂ (4.6)
L
Here K, the hydraulic conductivity with dimensions of length over time [L/T], is a
measure of how easily water flows through the porous matrix. Typical values of
hydraulic conductivity for various geologic materials range over many orders of
magnitude (Freeze and Cherry, 1979). Figure 4.9, which illustrates Darcy’s law for
fluid flow through an inclined porous medium of length L, defines the total hydraulic
heads /;; and /,. The hydraulic gradient in Equation 4.6 is given by (h; — h,)/L. Pore
pressure p within a saturated soil medium can be obtained from /4, the total head,
given by h =¥ + Z. Here W is the pressure head and Z is the elevation head defined
by elevation above a horizontal datum. Thus p = ~,,(h — Z). Relationships between
total head, pressure head, and elevation head for an inclined porous medium are
shown in Figure 4.9.
Dividing both sides of Equation 4.6 by 4, taking appropriate limits, and general-
izing to three dimensions yields the formal statement of Darcy’s law in Cartesian xyz
coordinates:
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Horizontal datum {

AN

Figure 4.9. Darcy’s law for fluid flow through an inclined porous medium. The rate of flow
through the inclined porous sample is Q, A4 is the cross-sectional area of the sample, L is the
flow path length, and /; and /, are total hydraulic heads measured at the entrance and exit
ends of the sample.
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where ¢, ¢,, and ¢. are discharges per unit area in the x, y, and z coordinate
directions at a point in the porous medium. In the general case given by
Equations 4.7, the hydraulic conductivity is a tensor function with nine components
and the porous medium is completely anisotropic with respect to flow.

Various degrees of flow anisotropy are possible. For example, layered soils can
be taken to be transversely isotropic. However, in many practical applications of
Equations 4.7 it is assumed that the soil is isotropic and thus the nine components of
the hydraulic conductivity tensor reduce to one K and Equations 4.7 reduce to:

Oh

4 = —Ka (4.8a)
Oh
Oh

If we assume the pore fluid to be incompressible, then the rate of flow of fluid into a
small volume of isotropic porous material will be equal to the rate of increase of fluid
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in this volume. This leads (Freeze and Cherry, 1979) to a statement of the equation
of continuity for an isotropic, homogeneous porous medium as:
90 *h  *h  9h

99 _ gL ot Oh 49
o1 ox? oy T o2 (49)

where ® is volumetric fluid content.

Equation 4.9, subject to appropriate boundary and initial conditions, governs
fluid movement in saturated isotropic, porous media. It is a partial differential
equation of diffusion type that defines the value of hydraulic head at any point in
a flow field at a given time. Equation 4.9 is analogous to the governing equation of
heat conduction and, because of this, solutions for porous fluid movement may be
readily obtained from known heat conduction solutions (e.g., Carslaw and Jaeger,
1959).

Equation 4.9 becomes Laplace’s equation:

ox2 oyt 9z

for steady-state flow. Solution of Equation 4.10, subject to appropriate boundary
conditions, provides the values of total head as a function of x, y, and z at any point
in a steady flow field. These values of total head define equipotential surfaces in the
flow field that are everywhere orthogonal to flow lines in isotropic and homogenous
saturated porous media. Alternative boundary conditions for the solutions to
Equation 4.10 are shown in Figure 4.10. These conditions require that equipotential
surfaces intersect impervious boundaries at right angles (Figure 4.10(a)) and be
parallel to boundaries along which the head is constant (Figure 4.10(b)). Equi-
potential surfaces need not be normal or parallel to a water-table boundary
(Figure 4.10(c)) where the total head /1 equals the elevation head Z. This last
condition holds because pore pressure, given in general by p =, (h — Z), is zero
at the water-table boundary by definition. In addition, a tangent law applies for

(4.10)

fffffffffffffffffff o

,,,,,,,,,,,,,,,,,,, . 4—%—%*

,,,,,,,,,,,,,,,,,,, P
Impermeable Constant head Water-table
boundary boundary boundary

(@) (b) ()

Figure 4.10. Groundwater flow boundary conditions. Dashed lines are equipotentials and
arrows are flow lines.
After Freeze and Cherry (1979).
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refraction of flow lines at boundaries between media of different hydraulic conduc-
tivities. The interested reader is referred to Freeze and Cherry (1979) for further
details on methods for solving Equations 4.9 and 4.10.

Unsteady, partially saturated Darcian groundwater flow in response to infiltra-
tion of surface water is governed by Richards’ equation. In the case of a slope
inclined at an angle @ to the horizontal this equation, following Iverson (2000), is
written as:

ovYde 0 oY .
ﬁﬁ = a |:KL(IP)(8X'_ SlHQ)}

+£{KL(1P><6;>]+§Z{KZ(‘P>@5—0089>} (4.11)

where W is groundwater pressure head, ® is fluid content, and K; and K. are the
lateral and slope normal pressure-head-dependent hydraulic conductivities referred
to an xyz-coordinate system with x tangential to the local surface slope, y tangential
to the local topographic contour, and z normal to the xy plane.

Because of the dependence of fluid content and hydraulic conductivities on
pressure head, Richards’ equation is non-linear and specialized techniques are
required to obtain solutions for pressure head, which can then be used to assess
the influence of infiltration on slope stability. Anderson and Howe (1985) coupled a
1-D numerical solution of Richards’ equation with a slope stability model to
compute the factor of safety in response to rain infiltration. Wilkinson et al.
(2002) coupled a numerical quasi 3-D infiltration model with a 2-D slope stability
model. Some end-member approximate analytical solutions for pressure head can be
obtained by using perturbation methods. For example, long and short-term approx-
imate solutions for pressure head variations in response to infiltration have been
obtained. Iverson (2000), Morrissey et al. (2001), and Baum et al. (2002) couple these
approximate solutions to Richards’ equation with an infinite-slope stability model to
compute pressure heads and factors of safety as functions of depth and time. In
addition, for dry soils, solution of Richards’ equation can be shown to predict that
the saturated wetting fronts and hence the pressure-head variations move into the
soil as kinematic waves (Iverson, 2000). However, in general, for partially saturated
flow, numerical solution of Richards’ equation for pressure head is generally
required (e.g., Rubin and Steinhart, 1963; Freeze, 1969; Havercamp et al., 1971).

In a porous medium, the drag of fluid moving past the soil grains produces a
seepage force. Seepage forces have two notable effects on soil stability. A cohesion-
less saturated soil will liquefy when a steady upward-acting seepage force becomes
equal to the submerged unit weight of the soil (Lambe and Whitman, 1969). A
sloping (dry) cohesionless soil mass will fail when the slope angle is equal to the
soil’s angle of internal friction. However, seepage reduces the angle at which the soil
mass will fail. For example, if steady slope-parallel seepage is present and the water
table coincides with the ground surface, the soil will fail when the slope angle is
approximately half the soil’s angle of internal friction for effective stress. This well-
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known result of infinite-slope stability analysis occurs because the buoyant unit
weight of soil is about half the saturated unit weight (Lambe and Whitman, 1969).
Mathematically, the seepage force is expressed as:
oh

Sj = —w 8Xj (412)
where the subscript j ranges from 1 to 3 and represents the 3 Cartesian coordinate
directions, x, y, and z; S; represents the x, y, and z components of the seepage force
vector; v, is the unit weight of water; and the last term 0h/0x; is the hydraulic
gradient in each of the coordinate directions. Note that seepage force is a force
per unit volume and has the direction of the hydraulic gradient at each point. In
2-D, the hydraulic gradient is defined by:

%: —isin A (4.13)
and
%:icosA (4.14)

where i is the magnitude of the hydraulic gradient vector and A is the angular
direction of the hydraulic gradient with respect to the normal to the ground
surface (Figure 4.11). Analysis by Iverson (1990) shows that 9h/0x = —siné in
infinite slopes that have a water-table boundary condition (i.e., the water table is
at the ground surface), regardless of anisotropy. Substituting this formula into
Equation 4.13 and solving for i shows that in a homogeneous infinite slope with a
water-table boundary condition, the combination of # and A uniquely determines the
magnitude of the hydraulic gradient i and, therefore, the seepage force (Iverson and
Reid, 1992). The hydraulic gradient is indeterminate where it acts normal to the
ground surface. Introducing heterogeneity or changing the boundary condition

. ! —~ Ground Surface

Equipotential~. —
Seepage
vector

Figure 4.11. Seepage conditions in an idealized steep slope. The seepage-force vector acts
parallel to the hydraulic gradient, which may be different than the flow direction in hydrau-
lically anisotropic soils. The slope angle, measured clockwise from horizontal, is . The
clockwise angle from the normal to the ground surface to the seepage vector is A. The x
and z coordinates are parallel and perpendicular to the ground surface as shown.
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allows a wider range of hydraulic gradients and attendant seepage effects on slope
stability (Iverson, 1990).

For simplicity, the following analysis of limiting equilibrium of an infinite slope
under steady seepage, which follows Iverson and Major (1986), assumes that the
slope materials are homogeneous, cohesionless, and water-saturated to the ground
surface. For a saturated infinite slope inclined at an angle 6 to the horizontal, the
gradient of effective normal stress in a direction normal to the slope is given in 2-D
by:

d !
9 _ (s — W) €08 O — i7y,, cos A (4.15)
dz
and the gradient of shear stress parallel to the slope is given by:
d . .
d—T = (v, — ) SIN G + iy, sin A (4.16)
Z

Substituting Equations 4.15 and 4.16 into the z-derivative of the Mohr—
Coulomb failure criterion and solving for the ratio of shearing resistance to shear
stress results in the factor of safety F:

(Vs — V) cOS O — iy, cOS A

Fy= ~ — | tan ¢’ 4.17
’ (s = ) SIn 6 + iy, sin A an ¢ (4.17)

(A slightly more complicated formula applies if soil cohesion is considered.) At
limiting equilibrium, the factor of safety is unity, and Equation 4.17 can be
reduced to the following general form by algebraic manipulation and application
of trigonometric identities (Iverson and Major, 1986):

_ —sin(d — ¢")
= sin(A + ¢') (4.18)
in which
= e 4.19
C ('Vs - 'Vw) ( )

Equations 4.18 and 4.19 indicate that the limiting stable slope angle depends on
the magnitude and direction of the seepage force, the buoyant unit weight (v, — 7,,),
and the soil’s angle of internal friction for effective stress. Analysis using Equations
4.18 and 4.19 shows that, in general, minimum slope stability holds when the seepage
direction is given by 90° — ¢'. For typical values of § and ¢', this corresponds to
approximately horizontal seepage directed out of the slope; as often occurs above an
approximately horizontal, low-permeability layer (Iverson and Major, 1986). Also,
analysis using Equations 4.18 and 4.19 shows that static liquefaction occurs for some
cases of upward seepage. Such liquefaction can lead to debris-flow mobilization
(Chapter 5).

Field observations of pore pressures and water levels help define the natural
seepage conditions that are common in steep slopes. Observations based on field
instrumentation in landslides and unstable slopes indicate that seepage is commonly
directed downward and toward the toe of the slope (Baum and Reid, 1995).
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Hydraulic heterogeneity and topographic factors strongly influence seepage locally.
Iverson and Reid (1992) noted that 1-D flow fields as modeled in infinite slopes cause
a much greater reduction in the calculated slope stability than corresponding 2-D
flow fields. The lower reduction results from variability in 2-D groundwater-flow and
stress fields and the effects of boundary constraints. Thus, while infinite slope
analyses with general, 1-D seepage (such as Equation 4.17) are instructive and
simple, stability analyses that use observed values of pore pressure are more apt
to yield reliable results for practical applications. If the depth of failure is not
known, then pore-pressure observations must be recorded at a range of depths
and preferably at several locations to account for heterogeneity and subtle topo-
graphic effects. In practice, use of Equation 4.5 with observed pore-pressure values
should yield reasonably accurate results for long, relatively straight slopes and
saturated conditions. Two or three-dimensional methods are needed to analyse the
stability of slopes that are curving, irregular, or heterogeneous and where the
thickness of the potentially unstable mass is greater than about one-fourth its
length or width.

4.5 SLOPE STABILITY IN PARTIALLY SATURATED SOILS

As noted previously, the shear strength of partially saturated soils, and thus their
stability on steep slopes, increases with matric suction. Studies at Serra do Mar,
Brazil have documented how loss of soil suction during rainstorms, without devel-
opment of positive pore pressure, can explain failures of shallow soils on steep slopes
(Abramento and Carvalho, 1989; Wolle and Hachich. 1989). At Serra do Mar,
permeable fractured granitic and gneissic rocks were overlain successively by less
permeable layers of saprolite, saprolitic soil and colluvial soil. Field observations
over several years indicated that water levels in the fractured bedrock remained 20—
30m below ground surface and the bedrock served to drain the overlying materials,
thus perched water was not likely a significant factor in the shallow landslides (Wolle
and Hachich, 1989). The landslides had uniform depths of the order of 1m and
failure occurred below the root mat, which was about 0.5-0.8 m thick. Shear
strength of the soil increases nonlinearly with matric suction (Figure 4.12(a)).
Factor of safety calculations for typical slopes from Serra do Mar illustrate the
effects of soil suction on slope stability (Figure 4.12(b)). Tensiometric observations
indicated that matric suction at a depth of 0.96 m decreased from about 6 kPa during
dry periods to less than 1 kPa following intense rainfall. Suction generally increased
with depth below the ground surface and observed matric suction at a depth of 2m
ranged from about 6-21 kPa (Abramento and Carvalho, 1989). Factor of safety
calculations based on field and laboratory data (Figure 4.12(b)) indicate that the
soil was stable during periods accompanied by moderate to high suction but only
marginally stable or unstable after relatively intense rainfall due to greatly decreased
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Figure 4.12. Partially saturated cohesion and factor of safety for slopes at Serra do Mar,
Brazil. (a) Laboratory measurements of apparent cohesion with variable matric suction. (b)
Factor of safety as a function of matric suction p, — p,,; 0 = 43°, v, = 18.2 kN/m3, ¢’ = 38°,
g =2kPa, and ¢, = 2.5(P, — P,,)"/?, as defined by the best-fit line in (a). Solid lines indicate
approximate range of matric suction observed in the field using tensiometers at depth indicated
for each curve; low end of each range was associated with rainfall and high end with dry
periods.

From Abramento and Carvalho (1989) and Wolle and Hachich (1999).

12

suction. The factor of safety in Figure 4.12(b) was calculated using the following
formula:
¢a+ (7T + q) tan ¢’ cos @

F =
s (7T +¢q)sin@

(4.20)
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where ¢ represents the component of the vegetation surcharge (load) acting normal
to the ground surface, ¢, is the apparent cohesion as a function of matric suction,
and T'/cos @ is the analysed potential failure depth such as given in Figure 4.12(b). By
considering the strength contributed by roots at the edges of shallow slides in a
simplified 3-D analysis, Wolle and Hachich (1989) also estimated the critical width
of failures at Serra do Mar.

Estimating the factor of safety of partially saturated soils on steep slopes
requires information about the partially saturated shear strength as described
earlier and either field data on soil suctions (tensiometric measurements,
Chapter 12) or soil-moisture characteristics (Freeze and Cherry, 1979; Hillel, 1982,
Stephens, 1996) and numerical model results. Therefore, it is more complicated than
estimating the F; for saturated soils. In the absence of field measurements of soil
suction, computer programs such as VS2DI (Hsieh et al., 2000) or SUTRA (Voss,
1984) can be used to estimate the soil-suction values if the soil-moisture character-
istics and hydraulic conductivity are known in detail. Both programs are available
for free download from the US Geological Survey. The public-domain program
HYDRUS 6.0 (Simunek et al., 1998) can solve the flow equations in very-nearly
saturated soils where other programs encounter serious numerical difficulties. Suc-
cessful application of such programs requires understanding of partially saturated
groundwater flow, the soil-moisture characteristics of soils at the site, and appro-
priate initial and boundary conditions. Once estimates or observations of the soil
suction are obtained, they can be compared to laboratory measurements of soil shear
strength at different suction values to estimate the shear strength at field conditions.
One can compute the factor of safety by substituting the angle of internal friction
and the apparent cohesion appropriate for the soil suction, into Equation 4.20.

4.6 MAPPING REGIONAL SLOPE STABILITY

Modern methods of regional slope stability mapping use regional rainfall data,
geologic mapping, digital terrain data, and GIS to estimate spatial and temporal
distributions of potential slope instability. These slope stability mapping methods
range from purely empirical, to empirically-based probabilistic, to purely analytical.
The empirical approach (Guzzetti et al., 1999; Carrara and Guzetti, 1999) relies on
multivariate statistical correlation between locations of failures on steep slopes and
such factors as slope angle, slope curvature, bedrock lithology, soil type, basin
morphometry, or other spatial data. Empirically-based probabilistic methods
(Coe et al., 2000; Coe et al., 2004) use historic records of landslide occurrence to
predict the temporal and spatial probability of future landslides. The results of the
empirically-based probability analyses are portrayed on GIS-based maps. Analytical
methods rely on application of simple formulations for seepage or infiltration with
infinite slope analysis in a GIS setting to estimate relative stability of slopes. These
methods are packaged in computer programs that include SINMAP (Pack et al.,
1998), SHALSTAB (Montgomery and Dietrich, 1994; Dietrich et al., 2001), and
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TRIGRS (Baum et al., 2002; Savage et al., 2003). In addition, there are GIS-based
analytical methods for predicting regionally distributed earthquake-induced land-
slides (Jibson et al., 2000).

Mechanical, geometric, and hydrologic heterogeneity of natural slopes limits the
ability of GIS-based methods to provide detailed assessments of slope-failure
hazards. Mapping subsurface variations in soil thickness, degree of saturation,
hydraulic properties, shear strength, and other parameters relevant to slope
stability is a difficult problem. For example it should be clear from the strong
influence of seepage gradients and degrees of saturation, discussed previously in
this chapter, that local hydrologic heterogeneities, such as concealed bedrock
ledges, can divert seepage and localize failure directly above the ledge. Consequently,
modern GIS-based methods of mapping slope stability are suitable for preliminary
assessments of large areas; more detailed studies are needed for site-specific assess-
ment of slope stability.

SINMAP and SHALSTAB are designed primarily for assessing stability of steep
slopes in areas where significant numbers of shallow landslides initiate in colluvium-
filled hollows. Such hollows are common in areas that have well-developed dendritic
drainage patterns. SINMAP and SHALSTAB combine a simple hydrologic model
for generation of steady-state pore water pressure with infinite slope analysis.

The hydrologic model is based on Darcy’s law (Equation 4.6) and the assump-
tion that shallow subsurface flow follows topographic gradients, that is:

O = bdK sinf

where Q is discharge in the downslope direction, b is the cross-sectional width of the
flow, d is the height of the water table in the soil layer, K is saturated hydraulic
conductivity, and @ is the slope angle. In addition, it is assumed that discharge at
each point in the flow is in equilibrium with surface infiltration / over an upslope
contributing area A, that is:

0=14

Elimination of discharge Q between these last two equations leads to a solution for
steady-state water-table depth:

= (i) (sim)

from which pore pressures used in the infinite-slope factor of safety calculations are
obtained from the relationships between total pressure and elevation heads given
above.

Both SINMAP and SHALSTAB predict that shallow landslides will concentrate
in areas of topographic convergence. This is because the ratio of contributing area A
to cross-sectional width b in the equation for water-table height above will increase
in hollows. Details, such as the flow-routing methods, treatment of material proper-
ties, and use of results of the factor of safety calculations in identifying unstable
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slopes differ between the two programs, however, their overall approach to assessing
slope stability is similar. SINMAP and SHALSTAB are useful for preliminary
assessment of stability over broad areas where the assumptions of the underlying
models are adequately satisfied.

TRIGRS, which is based on solutions to Iverson’s (2000) linearization of
Richard’s equation for transient partially saturated flow, includes Iverson’s
original solution for the response of a porous half space to infiltration of rainfall
of fixed duration and intensity, as well as solutions for the pressure-head responses
to rainfall sequences of varying durations and intensities in a surface layer of finite
depth. These calculated groundwater pressures are used in Iverson’s (2000) infinite-
slope stability formulation to give time and depth-dependent factors of safety that
are then incorporated on a cell-by-cell basis in a grid-based GIS framework to
provide a regionally distributed and time-dependent model for rainfall-induced
initiation of shallow landslides (Figure 4.13). Application of TRIGRS or similar
programs based on the work of Iverson (2000) requires the user to specify the
initial steady groundwater flow field and is valid for saturated or nearly saturated
soils in which the hydraulic conductivity approximately equals the saturated
hydraulic conductivity. In addition, because of the assumptions made by Iverson
(2000) for linearization of Richard’s equation, the infiltration model applies mainly
to soil depths that are shallow compared to the upslope groundwater contributing
area. Work is presently in progress to assess the applicability of TRIGRS to various
field situations and the appropriate level of effort and data needed to specify the
initial conditions.

4.7 SUMMARY

Failure of shallow surficial deposits on steep slopes is the source of many debris
flows and debris avalanches. Many of these failures have sufficiently simple
geometry that they can be analysed adequately by infinite-slope analysis. Water
has a significant role in destabilizing surficial deposits on steep slopes, most
commonly by direct infiltration of rainfall or snow meltwater or by lateral flow
above low-permeability layers in the underlying bedrock. Recent work has helped
clarify the mechanisms by which water destabilizes both saturated and partially
saturated materials on steep slopes and this work emphasizes the need for
accurate field data on subsurface water flow in assessing the instability of these
slopes. Finally, combination of simple groundwater flow and slope-stability
models with GIS has led to the development of several computer models for
analysing slope instability in steep terrain and characterizing its susceptibility to
generation of shallow landslides and debris flows.
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Figure 4.13. Results of an analysis using TRIGRS (Baum et al., 2002; Savage et al., 2003) of
time-dependent slope stability in an area along Puget Sound north of Seattle, Washington.
Gray cells have a computed factor of safety of greater than 1.0 and less than 1.2. Black cells
have a computed factor of safety of less than 1.0. The rainfall histograms below the maps are
from the storm of 3-5 April, 1991. The times shown in the upper left-hand corners and by grey
bars in the histograms are the elapsed times from the beginning of the storm. Contour interval

is 10m.
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Mechanism of landslide-triggered debris flows:
Liquefaction phenomena due to the undrained
loading of torrent deposits

Kyoji Sassa and Gong hui Wang

5.1 INTRODUCTION

The long-travelling motion of debris agitated and saturated with water is called a
“debris flow”. Debris flows can develop during heavy rainfall, when a debris slide
changes into a debris flow. They can travel several kilometres from their source and
inundate a large area, causing great loss of lives and properties.

Debris flows can be triggered by pyroclastic flows (e.g., Pierson et al., 1990), and
accumulated water (e.g., Takahashi, 1978, 1991), but in most cases, they were
mobilized from landslides (e.g., Johnson, 1984; Sassa, 1985; Ellen and Fleming,
1987; Iverson et al., 1997). The displaced landslide masses in the source area
transform into debris flows while sliding downwards along the slope, a channel, or
a gully. In this case, the motion involves not only the displaced soil mass from the
initial failure, but also the deposits added along the path of travel (Costa and
Williams, 1984; Sassa, 1985, 2000a; Santi and Mathewson, 1988; Jibson, 1989;
Wieczorek et al., 1989, 2000; see also Chapter 7).

When the initial landslide mass rides on the torrent bed deposits, an undrained
loading process may generate a high pore-water pressure within the torrent deposits
and this helps incorporate those deposits into moving mass (Sassa, 2000a).

The process of undrained loading process has been reported by Hutchinson and
Bhandari (1971) for earth flows. Through a series of studies on debris flows that
occurred on Mount Usu and the Sakurajima volcano, it was pointed out that similar
undrained loading on the torrent deposits due to the displaced landslide mass
performed a key role on the occurrence and motion of debris flows (Sassa, 1985).

This paper introduces the mechanism of undrained loading on the torrent
deposits and describes two landslide-triggered debris flows in which undrained
shear loading played a very important role in the downslope volume enlargement
of debris flow.

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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5.2 UNDRAINED LOADING OF THE TORRENT DEPOSITS

When a displaced landslide mass covers the torrent deposits, the loading is applied
quickly. Therefore, the saturated torrent deposits suffer undrained loading, with
effects similar to the seismic force acting on slope. In the following, let us analyse
the response of torrent deposits to the dynamic loading of displaced landslide mass,
by utilizing a consolidation—shear model and the corresponding stress path.

5.2.1 Consolidation—shear model

The concept of undrained loading due to the application of normal stress was
proposed by Terzaghi and Peck (1948). In this model, the soil element is assimilated
to an elastic spring, and this spring lies in a container full of water with a small
drainage hole. The model of Terzaghi and Peck was proposed for the consolidation
of clay. A different process takes place in loose sands, where contraction due to the
application of shear loadings, especially if accompanied by grain crushing, will result
in the generation of excess pore-water pressure. To model the undrained shearing on
the torrent deposits, both models need to be combined as shown in Figure 5.1

A (Initial state) 5 B (Drained loading)
U=

u=0
— _@ o Water
i g 5
Volume

reduction

C (Undrained loading D (Undrained loading and
without dilatancy) sliding surface liquefaction)
u=mAg Umso+Aco

I

Figure 5.1. Consolidation—shear model (Sassa, 1997, 2000a, b). Here ¢’ is the normal stress on
the spring; Ao is added normal stress; u is water pressure within the container; Ak, is the
change in the consolidation model (spring) height; A/ is the change in the shear model height;
and At is the added shear stress.

v
f

Ahg

Volume
reduction
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(Sassa, 1997). To simplify the calculation of normal stress due to loadings, here a
unit cross section of the upper part of the container is assumed.

At first, let us consider the model of Terzaghi and Peck, with normal stress but
no shear stress. If the upper drainage hole was closed (i.e., the box would be in an
undrained condition), the increment in pore-water pressure (Au) due to the
increment of normal stress (Ao) could be expressed as follows (Sassa, 1985):

Au= Bp x Ao (5.1)
Bp =1/(1+n1Cy/Cc1) (52)

where 7 is the porosity of soil; C,, is the compressibility of pore fluid; and C is the
1-D compressibility of soil.

In fully saturated soil, the compressibility of water is several orders of magnitude
less than that of soil, then B could be regarded approximately as 1.0. In a dry soil, it
is 0. Next, let us consider the case where both normal stress and shear stress are
applied simultaneously to the saturated sand-grain layer shown in Figure 5.1.

(a) Initial state. Initial normal stress and shear stress are applied on the sand-grain
layer, and the pore-water pressure is zero.

(b) Case of drained loading. Excess pore pressure is zero, irrespective of the occur-
rence of shear failure or grain crushing. Therefore, the increment in the effective
normal stress will be equal to Ac. The spring is compressed due to the consolida-
tion and Ah, < O0.

(c) Case of undrained loading without dilatancy. If there is no volume change in the
soil during the shearing, Ah, + Ah; = 0, therefore, Ah. = 0. The increment in
normal stress is transferred fully into the pore-water pressure, and the
effective normal stress remains the same as the initial value.

(d) Case of undrained loading and sliding-surface liquefaction. In this case, there is
some volume change in the sand grains due to contraction during shearing
(Ahy < 0). Because the box is under undrained condition (i.e., Ak. + Ahgy = 0),
then Ak, > 0, and the initial effective normal stress will decrease. If collapse of
soil structure and grain crushing takes place, the initial normal stress could even
be fully balanced by the excess pore-water pressure (i.e., u = oy + Ao), and the
effective normal stress would reduce to a very small value.

In summarizing, the entire increment of normal stress (Ac) will be carried by the
spring in the case of drained conditions, or it will lead to an increment of water
pressure (Au) with Au = Ao in the case of undrained conditions (Figure 5.1(c)).
However, if there is volume change (contraction) in the sand-grain model as a
result of shearing, the spring will compress further, and the effective normal stress
will be further reduced (Figure 5.1(d)). Full liquefaction could then result.

5.2.2 Stress path

Figure 5.2(a) shows the common case where a debris mass is descending along a
channel or slope covered with debris deposits. The stresses acting on the base of the
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Figure 5.2. Drained or undrained loading during the motion of a displaced debris mass and
the resulting mobilized apparent friction angle. (a) Downslope motion of debris mass along
channel or slope with debris deposits. (b) Stress path acting on the sliding surface (bottom in
(a)) within the debris deposits.

Sassa (1997, 2000a, b).

column with weight of W, are presented in Figure 5.2(b). The initial stress state due
to W, is expressed by point “A”. When the displaced landslide mass rides onto the
torrent deposits, if no excess pore pressure was generated during this process, the
stress point would move to point “B” by adding static normal and shear stresses
(Ao = AW x cos@; AT = AW x sin ) due to the weight of the mass (AW). The stress
path would thus move from point “A” to point “B”’. Normally, the inclination of the
torrent slope is smaller than the internal friction angle of the soil grains, so shear
failure will not occur. A short-lived impact load may temporarily bring the stress
path to the failure point “F”’, but will soon disappear. For this drained condition, the
apparent friction angle (¢,) during shear movement is:

tangba = de/(Uo+AU) (53)
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Therefore, if cohesion is 0, ¢, will be the same as the internal friction angle of
soil grains in motion (¢,,).

However, when no dilatancy occurs under undrained conditions (Figure 5.1(c)),
there would be no change in the effective normal stress, and the stress path will go
vertically upwards. If the stress path reaches the failure line, a shear failure would
result. If there were no dilatancy even after the shear failure, the mobilized shear
strength during movement would remain the same as that at the failure point (point
C). The apparent friction angle (¢,;) defined by {7./(0¢ + Ac) = tan ¢, } could be
calculated through the following equation:

7, = (09 + Ao) x tan ¢,; = ¢ + (0g + Ao — Au) X tan ¢, (5.4)

where ¢ is true cohesion, usually zero for sandy soils; and Au is the increment of
pore-water pressure due to introduction of Ag. Now assuming that Ac = Au, then we
have:

0o
oo+ Ao

tan ¢, = X tan ¢, = X tan ¢, (5.5)

1+ Ac/ay

This hypothesis has been used for the interpretation of the Ontake catastrophic
debris flow and another large debris flow that occurred on the Myoko Plateau,
Japan. Both of these debris flows occurred on a large scale with high mobility
(Kawakami, 1997).

If sliding-surface liquefaction were triggered (Figure 5.1(d)), the shear resistance
would decrease to a very small value (75) compared to the shear strength (7.) at the
initial normal stress. The apparent friction angle at this time (¢,,, as shown in Figure
5.2(b)) would be very small, compared to both ¢,, and ¢,;.

5.3 LIQUEFACTION AND SLIDING SURFACE LIQUEFACTION

The liquefaction failure phenomenon of torrent deposits is well documented in a
video, entitled Debris Flow Dynamics, made by Costa and Williams (1984). In this
video, the displaced soil mass overrode torrent deposits along its path, triggered a
liquefaction failure resulting in the debris flow becoming enlarged in volume.
Sassa (1985) investigated the upstream reaches of the Kousu torrent on Mount
Usu during 2-12 August, 1981, when a series of heavy rainfalls saturated the area,
and many small debris flows ensued. The torrent deposits (about 1 m in depth) were
almost submerged, and groundwater flowed at 10 cm below the surface. As reported,
“I walked on the deposit and felt soft reaction, then I heavily stamped it. The deposit
around me behaved like a water cushion, then water came out as consolidation
began” (Figure 5.3) (Sassa, 1985).

To examine the liquefaction initiation under undrained conditions undrained
load-controlled triaxial tests were performed on samples from the torrent deposits of
Mount Usu (Figure 5.4). While in some tests excess pore pressure did not occur, in
others sudden liquefaction failure occurred and the effective normal stress decreased
sharply. If the effective normal stress decreased to a value less than 1/10 of the initial
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Figure 5.3. Torrent deposit liquefied by stamping some hours before the initiation of a debris
flow.
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Figure 5.4. Conditions for triggering liquefaction on a sample from torrent deposits of Mount
Usu.

stress, liquefaction was said to have occurred. Therefore, a boundary between lique-
faction and non-liquefaction phenomena was drawn (Figure 5.4), and defined by the
void ratio and degree of saturation that is expressed by the pore pressure coefficient
B (Skempton, 1954). Although to some extent the measured void ratios of the torrent
deposits were scattered, they were very near the boundary between liquefaction and
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Figure 5.5. Illustration of the initiation of debris flows (Sassa, 1985).

non-liquefaction. If the torrent deposits liquefied, they could quickly change to
debris flows.

Debris flows and their development are depicted in Figure 5.5, based on field
observations in Japan and laboratory liquefaction tests. Torrent deposits with loose
and unstable structure can collapse structurally under rapid loading, and the
displaced debris mass becomes seated on a liquefied layer (Figures 5.5(a,b)). The
torrent deposit starts to flow, causing liquefaction at its front and increasing its
volume (Figures 5.5(c,d)). Similar mechanisms were proposed by Hutchinson and
Bhandari (1971), Tabata and Ichinose (1973), Costa and Williams (1984), and Sassa
et al. (1985, 1997).

Liquefaction can take place in meta-stable granular soils. The collapse of the soil
structure causes volume reduction and results in excess pore-water pressure genera-
tion. The existence of sliding-surface liquefaction was found during the study of the
Nikawa landslide caused by the 1995 Kobe earthquake (Sassa 1996; Sassa et al.,
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Figure 5.6. Liquefaction and sliding-surface liquefaction. P.F.L. is the peak failure line;
R.F.L. the residual failure line; P, the initial stress state; Au the increment in pore-water
pressure; At the increment in shear stress; and ¢,, ¢, the peak and residual friction angles,
respectively.

From Sassa (1996, 2000a)

1996). Normally, liquefaction causes landslides, but in this case it is the sliding that
triggers liquefaction and results in a mobile landslide (Figure 5.6).

Liquefaction takes place only in soils with very loose meta-stable structure. On
the other hand, sliding-surface liquefaction can take place in loose, medium, or even
dense soils so long as grain crushing and the resulting volume reduction takes place
under the given overburden pressure. When a landslide mass moves onto slope or
torrent deposits, drained or undrained loading can be involved, and either liquefac-
tion or sliding-surface liquefaction can occur.

5.4 TYPICAL CASES OF LANDSLIDE-TRIGGERED DEBRIS FLOWS

5.4.1 The 1996 Gamahara debris flow
Outline of the Gamahara landslide-triggered debris flow

A landslide-triggered debris flow occurred in the Gamahara torrent, Otari
village, Nagano Prefecture, Japan, on 6 December, 1996 (Kaiyo Syuppan, 1997,
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Figure 5.7. Aerial photos before and after the debris-flow disaster. The left-hand photo was
taken on 19 July, 1996. The right-hand photo was taken on 7 December, 1996, while snow was
covering this area.

Left-hand photo courtesy of Nakanihon Kouku Company. Right-hand photo courtesy of Pasco Company.

Marui et al. 1997; Sassa et al., 1997; Sassa, 1999). It killed 14 people and injured 8
who were constructing check dams. The event occurred during a season not normally
known for debris flows. The day of the debris flow saw almost no rainfall (1 mm),
and rainfall the day before the debris flow was 49 mm (Marui et al., 1997; Sassa et al.,
1997). Occurrence of debris flows is regulated by rainfall intensity and cumulative
rainfall. Warnings of debris flows are issued based on the monitoring of rainfall in
Japan (JSECE, 1992) and in the USA (Wieczorek et al., 1990). In this case, no
warning was issued because of the lack of rainfall.

Figure 5.7 shows two aerial-photos, one before and one after the debris flow.
The right-hand photo taken one day after the event shows the trace of the debris
flow. A landslide was located at the top of the path; it was apparently the cause of
this debris flow. The left-hand photo shows the same area in July 1996 (i.e., before
the event). Two previous landslides were observed. Comparing these two photos, the
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landslide that triggered the 1996 debris flow was a retrogressive failure at the head
scarp of a previous landslide (45 m wide and 65m long).

Field investigation

The Disaster Prevention Research Institute (DPRI), Kyoto University team inves-
tigated the initial landslide shown in Figure 5.7, surveyed it using a total station
theodolite, and took samples on 4 May, 1997. Figure 5.8 shows the plan of the initial

Figure 5.8. Plan of the initial landslide and the Gamahara torrent (made from the aerial photo
of 17 April, 1997). The vertical line A~A’ corresponds to the survey line. The arrow represents
the main stream of the Gamahara torrent. (O represents the sampling point.)
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Figure 5.9. A—A’ sections made from aerial photos taken on 19 July, 1996, 7 December, 1996,
and 17 April, 1997. (D represents the landslide that occurred during the 11 July, 1995 heavy
rainstorm; () the landslide mass of the 6 December, 1996 debris flow; and (3) the retrogressive
slide in early April, 1997.

landslide. Line A~A’ was the central survey line. The section of A~A’ is presented in
Figure 5.9, which also shows the results of aerial photo interpretations of 19 July,
1996 (before the 6 December, 1996 debris flow), 7 December, 1996 (one day after the
debris flow), and 17 April, 1997 (after another retrogressive slide). The profile of 19
July, 1996 shows the sliding surface of a landslide which took place during the 11
July, 1995 heavy rainstorm and the debris left by it (mass designated by the numeral
1). The mass designated by the numeral 2 is estimated to be the landslide mass of the
6 December, 1996 debris flow. The mass shown as 3 probably formed the retro-
gressive slide in early April, 1997. Material shown downslope from B in Figures 5.8—
5.9 was the torrent bed and the deposits of the Gamahara gully. As revealed by
Figure 5.9, about 6 m of torrent deposits between the two ground surface lines of 19
July, 1996 and 7 December, 1996 were transported together with the landslide mass.

Landslide 2 (Figure 5.9) occurred on a steep slope and it might not have been
saturated and liquefied at the time of the slope failure. However, the torrent deposits
downstream from Point B could have been saturated by streamflow. It is inferred
that a landslide occurred in the source area first; then the displaced landslide mass
moved onto the saturated torrent deposit, and triggered the liquefaction failure. To
examine whether shear failure could be triggered in the torrent deposits by the
displaced soil mass from failure 2 and what was the critical condition for this kind
of failure, experimental analyses were performed by conducting ring-shear tests on
soil samples taken from the torrent deposits downstream of B.
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Model concept of the landslide-triggered debris flow at Gamahara

Figure 5.10(a) presents a schematic illustration of the 6 December, 1996 Gamahara
debris-flow case. In this event, a retrogressive landslide initially occurred at the
headscarp. The displaced soil mass of the trigger failure slipped down the slope
(step I), and then rode onto the debris deposits at the toe of the slope (step II).
The debris deposits were sheared and moved together with the displaced soil mass

(a)

Ah
Sliding

Aoy

Debris
deposits

Step Il

AC =AW 6
BC = Fy = Ky x AW A

Shear stress

Normal stress

Figure 5.10. Schematic illustration of the landslide-triggered Gamahara debris flow, Japan. (a)
The assumed process of debris flow. (b) Stress path of the debris deposit during loading. W
represents the self-weight of the column of the debris deposit; AW the increment of the static
stress due to the self-weight of the sliding mass; « the angle of thrust between the slope and the
debris bed; K, the dynamic coefficient (F,;/AW); F, the dynamic stress; and ¢,, ¢,,, ¢, the
peak, residual, and apparent friction angles, respectively.
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from the trigger failure (step III). Consider a column of unit width inside the debris
deposit. In step I, the self-weight of the column (7)) was in effect. When the sliding
mass rode onto the debris deposit (step II) with a certain velocity, it caused a
dynamic load on the column. Here, assume the applied stress as the sum of the
static stress (AW) (load due to the self-weight of the displaced soil mass) and the
dynamic stress along the movement direction of the displaced mass (F}).

The dynamic force (Fj) is calculated by using the static stress (AW) and the
dynamic coefficient (K,), which was denoted by Sassa et al. (1997) and is similar to a

seismic coefficient:
Fd:KdXAW (56)

Figure 5.10(b) shows two stress paths caused by the condition of static and
dynamic loading as shown in Figure 5.10(a). The total stress path is outlined by
ABC, with excess pressure caused by rapid undrained loading or sliding surface
liquefaction. Path A—D would be followed in terms of effective stress, leading to
substantial strength loss.

Ring-shear test for mechanical simulation

To examine the model concept of Figure 5.10 for the Gamahara debris flow, we took
a sample of the torrent deposit downstream of B in Figure 5.9. The sample was taken
in the debris derived from Jurassic sedimentary rocks at the valley side slope (marked
as O in Figure 5.8). Using this sample, the situation was simulated by using a
torque-controlled undrained ring-shear apparatus (DRPI-5) (Sassa et al., 2003).

A test condition was adopted corresponding to the field situation as described in
Figure 5.10, with the flow parameters: Ah = 18m, iy = 6m, 4, = 1 m, § = 20°, and
a = 0° because the slope near the torrent deposits area was smooth. The total unit
weight of the soils was v = 20 kN/m?.

A dynamic coefficient was assumed to be k; = 0.42 so that the stress path could
reach the failure line of this material. The control signals for normal stress and shear
stress are shown in Figure 5.11. The line segment of A—C is the static stress increment
due to the self-weight of debris of about 18 m. The line segment of B-C is the
dynamic (impact) stress increment component. The real stress increment stress
path is from A to B. The loading and unloading speed in the test were set to be 5
seconds for loading time, 5 seconds for unloading time, 5 seconds for constant, and 5
seconds for decreasing shear stress to zero (as shown in Figure 5.11(a)).

Figure 5.12(a) presents variation of normal stress, pore pressure, shear resist-
ance, and shear speed, which were monitored during the test. After failure, pore
pressure was much increased and shear resistance became very low. The shear
velocity reached the maximum speed of this apparatus of 224 cm/s. Figure 5.12(b)
shows the corresponding effective stress path (ESP) and the total stress path (TSP).
The ESP reached the failure line, and then decreased to a low stress point along the
failure line, showing a typical stress path of sliding-surface liquefaction. The
apparent friction angle (¢,) at the steady state was 3.6°. Therefore, rapid motion
could continue in a torrent bed steeper than 3.6°.
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With such low strength, the debris was able to continue moving as far as the
alluvial fan of the Himekawa River. The moving debris changed to a debris flow.
Calculation based on the concept of Figure 5.10 showed that no dynamic stress
(impact force) was necessary to cause shear failure of the torrent deposit.

This test result supports the model concept illustrated in Figure 5.10. The
sliding-surface liquefaction was similar to that in the Nikawa landslide. Although
earthquake loading in the Nikawa landslide was cyclic, and the Gamahara debris
flow was monotonic loading, the basic concept was common in both.

5.4.2 The 1999 Kameyama debris flow

On 29 June, 1999 heavy rainfall in the granitic mountains of Hiroshima Prefecture,
Japan, triggered hundreds of landslides and debris flows resulting in 24 fatalities. The
most catastrophic was a soil slide that mobilized into a debris flow in the Kameyama
area of Hiroshima City (referred to here as the Kameyama landslide), killing four
people and destroying several houses. Field and laboratory investigation of the
possible mechanism of the Kameyama landslide strongly suggests that it was also
a landslide-triggered debris flow (Wang et al., 2003).

Figure 5.13(a) shows an oblique aerial view of the Kameyama landslide and
Figure 5.13(b) is a plan view of the landslide. Figure 5.13(b) shows two streams A
and B, which originated on the upper slopes and are joined at C. Stream A acted
as the main contributor to the disaster. It was an intermittent stream in a gentle
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Figure 5.13. Aerial oblique views of the landslide. (a) A total scene of the landslide. (b) Plan of
the landslide. The contour lines are labeled in meters.
After Yokota et al. (1999).
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Figure 5.14. Photos of Kameyama landslide. (a) Failure in the source area. (b) Cross section
of the excavated pit. (c) Middle part of the travel path.

valley-shaped concave slope, a zero-order basin that appeared to be an upslope
extension of a torrent (Tsukamoto, 1973; Dietrich et al., 1987; Sidle, 1987). The
main efforts in this study were expended on landslide activity in stream A.

Figure 5.14(a) is a photograph showing the source area of stream A. The sliding
mass consisted of decomposed granitic soils. Forest covered this source area. Figure
5.14(b) presents a study pit which was dug 2 days after the heavy rainfall (1 July). As
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indicated by this photograph, groundwater appeared below the present ground
surface (sliding surface) after failure at a depth of about 1.1 m, and the decomposed
granitic soil (at a depth of about 80-90 cm) changed in color from brown (due to
oxidization) to blue—gray (due to deoxidization). This means that the iron contained
in the soil was not oxidized due to the long-term existence of groundwater.
Therefore, groundwater could rise rapidly during the rainfall.

Figure 5.14(c) shows the middle parts of the travel path of the displaced soil
mass. Most of the newly exposed surface consisted of bedrock and inorganic debris,
mainly colluvium that had previously been deposited by sliding, falling, or creeping
of the weathered granite.

Using a total station surveying instrument, the following sections were estab-
lished (through the landslide): (a) a central longitudinal section from the source area
to the Omoji River (Figure 5.15(a), see color section); (b) a central longitudinal
section through the source area, including two small failures (denoted as Failure
T and Failure F) (Figure 5.15(b), see color section); and (c) a cross section through
Failure T (Figure 5.15(c), see color section). The distance from the source area to the
destroyed houses near the Omoji River was approximately 300 m (Figure 5.15(a), see
color section). The original ground surfaces shown in Figure 5.15(b,c) (see color
section) were assumed based on the shape of the neighbouring ground surface. From
the longitudinal section of the source area (shown in Figure 5.15(b), see color
section), it can be seen that Failure 7" and Failure F have spoon-shaped sliding
surfaces. The length of Failure 7" was approximately 16 m horizontally. Failure T
was estimated to be approximately 13 m wide and up to 2m deep (Figure 5.15(c), see
color section).

The total volume of the displaced soil mass from Failure 7" in the source area
was approximately 250 m>. However, the debris masses that flowed into and were
deposited in the residential area near the toe of the slope were approximately
5,000m?, more than 10 times as great as that in the source area, even after the
possible contribution from stream B and from secondary erosion on the slope by
post-landslide rainwater were subtracted (Sassa, 1999).

For the case of the Kameyama landslide, the displaced material increased its
volume simultaneously with sliding, indicating the nature of landslide-triggered
debris flow. Similar to the Gamahara debris-flow case, undrained ring-shear tests
were conducted on the samples taken from the source area of the Kameyama
landslide to examine the triggering process.

Test conditions

Two days after the failure, disturbed soil samples were taken from the source area of
the Kameyama landslide. The sample in the field had a unit weight (,) of 15.0kN/
m® with a water content (at sampling time) of 13% by weight and a void ratio
(between the volume of voids and that of solids) of 1.01, and the saturated unit
weight (7g,) for the soil mass in the field was calculated as 17.9 kN/m>.

The ring-shear apparatus employed in this research was designed to simulate
landslides on large scales. Although the estimated thickness for the failed soil mass in
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the source area and in the debris deposit were approximately 2.0 m, in our laboratory
simulation we used a somewhat larger stress corresponding to a thickness of 2.5m.
The stresses acting on the sliding surface, a slope angle (0 in Figure 5.6) was taken as
25° from Figure 5.15(b) (see color section). A dynamic coefficient of 0.9 was assumed
and used in the test condition. The initial normal stress and shear stress acting on the
potential sliding surface of Failure F for the debris deposit due to W, were
o9 = 40kPa, 75 = 20kPa; the increment in static load due to AW of the displaced
mass from Failure T were Aoy = 40kPa, Ary = 20kPa; and the dynamic stresses
caused by the displaced mass from Failure T (F;) were assumed to be o; = 0kPa,
74 = 40 kPa. Loads caused by the displaced mass from Failure T were assumed to be
applied in 5 seconds, and the dynamic force to be dissipated in 2.5 seconds.
Therefore, the loading path shown in Figure 5.16(a) was assumed for simulating
the possible impact of loading on the soil unit at the sliding surface of Failure F.

Impact loading test on the saturated sample

After the sample was saturated (the Bj value was checked as 0.96) and normally
consolidated in the drained state, it was loaded by the impacting stresses shown
in Figure 5.16(a) under undrained conditions. For this test, a rotating speed of
32.3cm/s was selected.

The test results are presented in Figure 5.16. As can be seen in Figure 5.16(b—d),
the pore pressure began to increase almost immediately, and the sample failed at a
very small increment of shear stress (approximately 10 kPa). Soon after, the pore
pressure increased greatly and the shear resistance reduced to a very small value
(about 2 kPa). The ESP shifted from the failure line in the initial loading period, and
later dropped along the failure line, showing the characteristic of sliding-surface
liquefaction. From Figure 5.16(c) it is seen that the shear velocity reached the
maximum value of the selected gear of 32.3cm/sec, and the shear displacement
reached 5m during the test duration of a few seconds. It is inferred that upon
sliding of the displaced soil mass from Failure 7, liquefaction failure was
triggered in the saturated colluvial deposits along the path of travel, thus
including additional deposits in motion. This could explain the tenfold increase in
soil volumes as described above.

Impact loading test on a sample with natural water content

As pointed out, full saturation is not always a prerequisite for liquefaction; in some
cases, partially saturated soils can also undergo liquefaction failure (Sassa et al.,
2001). The test mentioned above was repeated on a sample with a natural water
content of 15.3% (without saturation).

Figure 5.17(b) shows the measured normal stress and mobilized shear resistance
on the sliding surface; and Figure 5.17(c) indicates the resultant shear velocity and
shear displacement. Figure 5.17(d) presents the corresponding stress path. When the
load was applied at its initial state (start point (O)), the stress path reached the
failure line with increase of load, and then failed. Figure 5.17(c) shows a very small
shear displacement (approximately 16 mm). The maximum shear velocity reached
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Figure 5.16. Results of a test simulating the undrained loading on the saturated sample
(vs = 1.50 gf/cm3, e =0.74). (a) Control signal for normal stress and shear stress. (b) Time
series data of normal stress and shear resistance. (c) Time series data of shear speed and shear
displacement. (d) ESP and TSP.

was about 4.5mm/s (the maximum velocity produced by the gear used in this test
was 32.3cm/s). When the soil was in the state of natural water content (15.3%) in
this slope, only a very small shear displacement within the soil layer could have been
initiated. The soil mass that originated from the source area could not have enlarged
its volume during sliding downslope, but in fact decreased in volume by depositing
material below the shear zone. The existence of pre-deposited colluvial soil masses
along Stream A could be interpreted so that in normal times of little or no rainfall,
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Figure 5.17. Test results simulating the undrained loading on a sample with natural water
content (v, = 1.54 gf/cm3, e=10.69, S, =63.9%). (a) Control signal for normal stress and
shear stress. (b) Time series data of normal stress and shear resistance. (c) Time series data
of shear speed and shear displacement. (d) ESP.

the soil mass near the sliding surface was not saturated enough for liquefaction
failure to occur. Even taking into account impact loading by a displaced soil mass
from upstream failure, the displaced soil mass could have remained in place.
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5.5 CONCLUSIONS

This chapter gives an interpretation of landslide-triggered debris flows, and intro-
duces different types of liquefaction failure processes. Two recent debris flows were
introduced and examined in detail. The conclusions are:

l. Undrained loading plays a key role in landslide-triggered debris flows. When
debris deposits along the travel path were subjected to undrained loading by
displaced landslide mass, then: (a) liquefaction could be triggered due to the
collapse failure of soil structure, if the void ratio of the debris deposits were
greater than the critical void ratio; (b) sliding surface liquefaction could be
triggered within the shear zone due to the grain crushing if the grains are
crushable at the applied stress level, even if the void ratio of the debris
deposits were not so great.

2. For the Gamahara debris flow, it is inferred that the scarp of a previous
landslide could have been marginally stable. A small amount of rainfall or
snow melt could cause a landslide failure on the scarp. Meanwhile, there
probably were some saturated parts within the torrent deposits due to the
rainfall and melted snow. The displaced landslide mass from the scarp could
cause liquefaction in the torrent deposits, leading to enlargement in the debris-
flow volume. This was examined and supported by the undrained ring-shear test
results, which showed that the static shear stress due to the weight of displaced
landslide mass was great enough to cause shear failure of the torrent deposits.

3. For the Kameyama landslide, it is concluded that a slope failure in the source
area was triggered due to a rise in groundwater level. The standing groundwater
made it possible for the groundwater level to rise during the rainstorm and to
saturate the potential sliding surface. The displaced soil mass of the small failure
slid downslope onto colluvial debris deposits. The saturated portions of the
debris deposits were sheared, and joined in movement with the original
displaced soil mass, enlarging the volume of moving debris flow. Undrained
ring-shear tests simulating the triggering process revealed that only a small
increment of shear stress due to the impact of displaced soil mass could result
in shear failure with the generation of high pore-water pressure.

4 A ring-shear test on a sample from Kameyama at natural water content revealed
that saturated soil mass along the travel path is a prerequisite for the triggering
of debris flow by landslides with downslope volume enlargement processes
mentioned above. Under normal climatic conditions of little or no rainfall,
failure by undrained loading and displacement of debris flow would not be
possible, even under impact by a displaced soil mass from an upstream failure.
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Debris-flow mechanics

Richard M. Iverson

6.1 INTRODUCTION

Debris flows involve gravity-driven motion of solid—fluid mixtures with abrupt surge
fronts, free upper surfaces, variably erodible basal surfaces, and compositions that
may change with position and time. These complications pose great challenges in
efforts to understand debris-flow mechanics and predict debris-flow behavior.
Recently, however, a combination of observational, experimental, and theoretical
research has begun to yield a coherent picture of debris-flow mechanics. To help
build a foundation for future research, this chapter emphasizes principles of debris-
flow mechanics that are relatively well established and also highlights areas where
critical knowledge is lacking. The chapter does not provide a comprehensive review
of debris-flow mechanics literature, which has become voluminous during the past
decade. An entree to this literature is provided by the proceedings of three Inter-
national Conferences on Debris-Flow Hazards Mitigation: Mechanics, Prediction,
and Assessment (Chen, 1997; Wieczorek and Naeser, 2000; Rickenmann and Chen,
2003).

6.2 MECHANICAL DEFINITION OF DEBRIS FLOW

Debris flows encompass a broad and imprecisely defined range of phenomena inter-
mediate between dry rock avalanches and sediment-laden water floods, but to limit
the scope of mechanical analysis, it is necessary to identify some distinguishing traits.
Although debris flows are largely saturated with water, they differ from surging
water floods in which sediment is held in suspension almost exclusively by fluid
mechanical phenomena (e.g., viscous drag, buoyancy, turbulence). In such floods
the presence of suspended sediment is mostly incidental to the dynamics of the flood
wave as a whole. At the opposite extreme, although debris flows have sediment

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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concentrations comparable to those of rock avalanches, they differ from avalanches
in which grains interact almost exclusively through solid-contact phenomena (e.g.,
collisions, adhesion, friction), perhaps mediated by intergranular air. In such ava-
lanches the presence of water is mostly incidental to the dynamics of the avalanche as
a whole. In contrast, strong interactions of the solid and liquid constituents are an
essential element of the mechanics of debris flows. The magnitude and character of
solid-liquid interactions may vary from flow to flow and within an individual flow,
but the interactions always play a definitive mechanical role.

Typically, solid grains and intergranular liquid constitute roughly equal percen-
tages (30-70%) of the volume of a debris flow. Rock avalanches can transform into
debris flows through entrainment of water or water-rich sediment, and debris flows
that entrain additional water can become so dilute that they transform to surging
floods. Subaqueous debris flows can undergo a similar transformation as a result of
entrainment of ambient water, thereby forming buoyancy-dominated gravity
currents.

This chapter focuses on the mechanics of relatively simple subaerial debris flows
in which average compositions remain more-or-less constant. Although the chapter
emphasizes debris-flow motion, it presents a mechanical framework that also applies
to quasistatic processes such as liquefaction during debris-flow initiation and con-
solidation of debris-flow deposits (cf. Iverson et al., 1997; Major and Iverson, 1999;
Iverson et al., 2000; Iverson and Denlinger, 2001; Denlinger and Iverson, 2001). The
conceptual continuity provided by this framework is important because debris-flow
motion begins and ends in static states. In this respect debris flows have more in
common with rock avalanches than with water floods.

6.3 MACROSCOPIC DYNAMICS

Any mechanical assessment of debris flows must begin with identification of the
scale of behaviour of interest. This chapter adopts a continuum perspective, which
considers behaviour on scales no smaller than that of representative elemental
volumes (REVs) containing large numbers of individual solid grains (see
Figure 6.1). The number of grains in an REV must be great enough that spatially
and temporally averaged continuum quantities such as stress are meaningful and
measurable, and are not subject to significant fluctuations due to the motion of
individual grains. Drew and Lahey (1993) discuss mathematical issues regarding
continuum averaging of fluctuating phenomena in grain—fluid mixtures. Iverson
(1997) presents data that show how continuum stress fluctuations at the base of
debris flows diminish as the size of the measurement device (or REV) increases to
include the simultaneous effects of many thousands of grains.

An alternative approach to debris-flow mechanics considers behaviour at the
scale of individual grains. Advances in computational power have facilitated
progress in this area (e.g., Campbell et al., 1995; Asmar et al., 2003), but such a
“discrete-body’” approach appears unlikely to supplant continuum mechanics in the
foreseeable future, as even laboratory-sized debris flows (~10m?) commonly contain



Sec. 6.3] Macroscopic dynamics 107

X

Figure 6.1. Definition of a REV containing a large number of solid grains as well as inter-
granular muddy fluid within a debris flow. Here the REV is a cube aligned with Cartesian
coordinate axes, a geometry that is convenient but not essential.

more than 10'” interacting grains (Iverson, 1997). Nevertheless, an intriguing poss-
ibility for the future involves melding continuum and discrete-body mechanics to
investigate the interaction of isolated large clasts with adjacent, finer-grained debris
(e.g., Yamagishi et al., 2003).

6.3.1 Continuum conservation laws

The conservation laws of classical physics provide the fundamental tools for analysis
of debris-flow continuum mechanics. The most useful of these laws describe con-
servation of mass and linear momentum. Conservation of angular momentum also
applies to debris flows, but in conventional continuum mechanics angular
momentum is conserved implicitly through the use of a symmetric stress tensor, as
is used here (e.g., Malvern, 1969). Conservation of energy applies to debris flows, but
does not provide additional information if debris flows are treated as isothermal
phenomena, as they are here (cf. Iverson, 1997). (In 1-D analyses of debris-flow
motion, conservation of energy and linear momentum yield equivalent equations
of motion because the vectorial character of momentum reduces to a scalar form
like that of energy. However, this equivalence does not extend to multidimensional
debris flows, wherein the vectorial character of momentum conservation makes it the
most useful principle.)
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Differential equations describing mass and linear momentum conservation, valid
for each phase of a debris-flow mixture treated as a continuum, are (e.g., Gidaspow,
1994):

Opin; "

W—FV'p,*n,'U,':O (61)
Ipin;v; - -, 7
o + V- pin@iv; = =V - T; + pmig + f; (6.2)

where g is gravitational acceleration, 7 is time, and quantities with a subscript i apply
to each phase individually. For each phase, n denotes the volume fraction (such that
>n; = 1), p denotes mass density, ¢ denotes velocity (77 is a dyadic product: a 3 x 3
tensor with Cartesian components of the form v,v,), and T denotes stress (a 3 x 3
tensor with Cartesian components of the form 7,,). A minus sign precedes the stress
term in (6.2) because stress is defined as positive in compression, as is conventional in
soil and rock mechanics. The vectorﬁ in (6.2) denotes the interaction force per unit
volume exerted on phase i due to relative motion of the other phase(s).

Terms on the left-hand side of the momentum-conservation equation (6.2) differ
from those on the left-hand side of the mass-conservation equation (6.1) only
through inclusion of an additional #;, reflecting the definition of momentum: mass
times velocity. This connection between mass and momentum conservation is clear
because (6.2) depicts the “conservative” form of the momentum equation. Some
readers may be more familiar with the “primitive” momentum equation wherein,
for example, @; - VU, replaces V - #;0; in (6.2). The primitive form is obtained by
algebraic rearrangement of (6.2) and elimination of some terms through use of (6.1).

Conservation equations for the debris-flow mixture as a whole can be derived by
summing the equations for the individual phases while using appropriately weighted
averages to define the mixture density p = pyn, + pn, and mixture velocity
U = (pyny0s + pynsiy)/p. Here subscripts s and f denote the solid and fluid phases
indicated generically by “i” in (6.1) and (6.2). Summation of (6.1) for the solid and
fluid phases yields the mixture mass-conservation equation, which can be written in
several alternative forms, including:

%-Fv-pﬁzo (6.3a)
ldp .

-—— 0=0 6.3b
i +V.u (6.3b)

Similarly, summation of (6.2) for the solid and fluid phases yields the mixture
momentum-conservation equation, which can be written in several forms including:

%+V-p55:fv-1‘+pﬁ (6.42)
o lgirg (6.4b)
dt  p g '

In (6.3b) and (6.4b) the total time derivative d/dt represents the differential operator
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0/0t+ ¥ -V, and it denotes differentiation in a frame of reference that moves with
the mixture velocity ¥. Derivatives of p do not appear in (6.4b) because they cancel
from (6.4a) through subtraction of (6.3a). The interaction force f; in (6.2) does not
appear explicitly in (6.4a) or (6.4b) because the force exerted on the solid grains by
the fluid balances the force exerted on the fluid by the grains (thereby satisfying
Newton’s third law of motion).

Equations (6.3) and (6.4) are identical to the mass and momentum conservation
equations for a single-phase continuous medium (cf. Malvern, 1969). However, the
summed stress T in (6.4) implicitly includes distinct contributions from solid and
fluid phases and from relative motion of the phases (cf. Iverson, 1997; Iverson and
Denlinger, 2001).

6.3.2 Depth integration and mass-change effects

A more useful form of the 3-D conservation equations (6.3) and (6.4) can be
obtained by integrating the equations through the debris-flow thickness #,
measured vertically from the bed at elevation z = b(x,y, ) to the flow surface at
elevation z = 7(x, y, t), where x and y are planimetric coordinates (see Figure 6.2).
Alternatively, depth integration can be performed in a direction normal to the bed,
as presented, for example, by Savage and Hutter (1989, 1991), Iverson (1997), Gray
et al. (1999), and Iverson and Denlinger (2001). Results are similar in either case,
although vertical integration serves to highlight the influence of boundary conditions
and non-hydrostatic stress states, which are elaborated below.

Figure 6.2. Definition of the Cartesian coordinate system, variable bed elevation b, variable
debris thickness # = i — b, and variable velocity vectors in a depth-averaged debris-flow model
obtained by vertical integration of the equations of motion. Cartesian velocity components
(vy, v,, v.) are depicted for one of the velocity vectors, and v, is negative when pointing
downward as shown.
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Prior to depth integration, the vector momentum equation (6.4) is disaggregated
into component equations containing the x, y, and z velocity components, vy, vy, and
v, (see Figure 6.2). Integration of each component equation makes use of Leibniz’
theorem for interchanging the order of integration and differentiation (Abramowitz
and Stegun, 1964, p. 11). Most integrals are thereby absorbed into definitions of
depth-averaged quantities such as the depth-averaged velocity components (denoted
by overbars):

1 (=" 1 (7" 1 [(z=n
T;xsz v dz T)},Z*J v, dz v :fj v.dz (6.5a,b,c)

Also absorbed into (6.3) and (6.4) during depth integration are kinematic
boundary conditions, which specify volumetric fluxes of debris through the basal
and upper surfaces of a debris flow due to erosion and sedimentation. The kinematic
conditions may be written as:

(1) = G+ o) g+ 0, (1) 5+ ACr . (6.6
v.(b) = gl; + vy (D) % + vy(b) g—i + B(x,y,1) (6.7)

In (6.6), A(x, y, t) specifies the rate of vertical accretion to a debris flow’s surface as a
result of collapse of adjacent bank material, for example. In (6.7), B(x, y, f) specifies
the rate of bed elevation change as a result of sedimentation (B > 0) or erosion
(B < 0). If no mass enters or leaves a debris flow, 4 and B as well as 9b/0t equal
zero. Depth integrations that embed the kinematic conditions (6.6 and 6.7) in the
conservation equations (6.3 and 6.4) assume that debris entering or leaving the debris
flow locally has the same bulk density as the debris within the flow.

The mathematical details of depth integration of (6.3b) illustrate use of Leibniz’
theorem and incorporation of the kinematic boundary conditions (6.6) and (6.7):
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The last line of (6.8) is obtained by substituting (6.6) and (6.7) into the fifth line of
(6.8) and then using the substitution dn/0t — 0b/0t = Oh/0t (see Figure 6.2). If the
debris bulk density p is constant, the integral in the last line of (6.8) vanishes, and the
last line of (6.8) thereby reduces to the depth-integrated mass-conservation equation
conventionally used in shallow-water theory (e.g., Vreugdenhil, 1994).

If p is not constant but the solid and fluid constituents of a debris flow are
individually incompressible, the bulk density change dp/dr that appears in the
integral in the last line of (6.8) can be expressed in terms of porosity change (i.e.,
fluid volume—fraction change), because dp/dt = (p; — p,)dn,/dt. Changes in porosity
imply relative motion of the solid and fluid constituents and thereby produce solid—
fluid interaction stresses, as detailed below.

Mathematical operations similar to those in (6.8) are used to derive from (6.4)
the depth-integrated momentum-conservation equations for the x, y, and z
directions:

ohv,  Ohv>  Ohv,v, 1J’7 [arw Oy 01,
+ + === )

= » - — Av, Bu, .
ot Ox dy p Ox + Oy + Oz :|dZ U,\(n)+ v,\(b) (6 9)

ohv, Ohv,  Oht,v, 1 ("[or, or, Oon,
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S+ o+ pHay+ax+az C— Avy() + Buy(b)  (6.10)
ohv, Ohv,v. Ohv,b. 1 ("[0r.. Or. Or.
X2 Y= —gh—~ : : . — Ao, B
5 + o + 3y gh pr { P + p + By ]dz v,(n) + Bu,(b)

(6.11)

Several features of these equations deserve emphasis. First, the equations apply even
if the debris bulk density varies, provided that 4 and B represent boundary fluxes of
debris with a bulk density equal to the local flow bulk density. Second, the gravita-
tional forcing term —gh appears only in the z momentum equation (6.11), because
gravity is assumed to act vertically downward. Motion in the x and y directions is
driven by stress gradients that arise in reaction to this gravitational forcing. Third,
the non-linear advective acceleration terms (which contain velocity products such as
2 and v,0,) neglect the effects of non-uniform vertical velocity profiles, which
produce differential advection of momentum (cf. Vreugdenhil, 1994). Compensation
for this neglect involves adding momentum “‘correction coefficients” to the advective
acceleration terms. However, such coefficients are omitted here because vertical
velocity profiles in debris flows are poorly constrained and are likely variable
(Iverson and Vallance, 2001). Therefore, at this juncture, addition of momentum
correction coefficients to the momentum-conservation equations would add no
mechanical insight.

The presence of the erosion and sedimentation terms involving 4 and B on the
right-hand side of (6.9), (6.10), and (6.11) distinguishes these equations from typical
depth-integrated momentum equations, such as those of Denlinger and Iverson
(2004). Mathematically, these terms arise from use of (6.6) and (6.7) during depth
integration. Physically, these terms represent the momentum change associated with
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accelerating newly added mass (assumed to have no initial velocity) to the speed of
the debris flow or with expelling debris-flow mass to create a static deposit. The
terms are exact insofar as mathematical book-keeping is concerned, but they do not
account fully for the mechanics of the erosion or deposition processes. Erlichson
(1991) likened mass-change terms such as those in (6.9), (6.10), and (6.11) to mass-
change terms in rocket equations: only in systems in which mass change occurs
independently of external forces do such terms account completely for momentum
change produced by mass change. Otherwise, it is necessary to account explicitly for
the external forces that cause the mass change, as well as for the effects of mass
change as represented in (6.9), (6.10), and (6.11).

Conservation equations such as (6.9), (6.10), and (6.11) provide a starting point
for investigation of erosion and sedimentation by debris flows, but characterization
of forces that cause such mass change remains largely speculative and requires
further research. For this reason, and to streamline the mathematics in the
remainder of this chapter, the assumption 4 = B = 0 will be used hereafter.

6.3.3 Scaling and shallow flow with non-hydrostatic stress

Virtually all computational models of debris-flow motion use some form of shallow-
flow approximation. Shallow-flow approximations of 4-D conservation laws
(involving three space coordinates plus time, as in (6.8)—(6.11)) reduce the number
of governing equations and dependent variables from 4 to 3, thereby facilitating
computation of solutions (e.g., Denlinger and Iverson, 2001). Shallow-flow approx-
imations also simplify evaluation of stresses — a particularly significant advantage
when stress states are poorly constrained (e.g., Iverson and Denlinger, 2001). Below,
scaling of (6.8)—(6.11) is used to obtain a shallow debris-flow approximation that is
valid on both steep and gentle slopes. This approximation subsumes as a special case
the approximation commonly used in shallow-water theory (cf. Vreugdenhil, 1994).

For either debris flows or shallow-water flows of finite extent, the pertinent
length scale in the z direction is the typical flow thickness H, whereas the length
scale in the x and y directions is a typical planimetric dimension (length, width) of
the flow L (Figure 6.3). Velocity components in the x, y, and z directions scale with
the product of gravitational acceleration and the pertinent length scale (L or H)
raised to the § power, and time scales with (L/g)"* because gravity drives time-
dependent motion dominantly in the x and y directions. All stress components in
(6.9), (6.10), and (6.11) scale with the static stress due to gravity, pgH, because
gravity and its effect on debris weight are the fundamental phenomena driving
motion. These scalings are summarized by (cf. Savage and Hutter, 1989):

x,y~ L z~H (6.12a,b)
Txxs Tyys Tzzy Tyxs Tzxy Tyz © ng (6120)
b0y~ (L)' B~ (gH)'? i~ (L/g)"? (6.12d,¢,)

Typically H/L < 1 because debris flows generally have more-or-less tabular
geometries like that shown in Figure 6.3. As a consequence of this geometry and
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Figure 6.3. Schematic of typical, tabular debris-flow geometry, illustrating the length scales H
and L.

the scalings in (6.12a,b,c,d,e,f), the stress derivatives with respect to x and y in
(6.9), (6.10), and (6.11) are inferred to be significantly smaller than the stress deri-
vatives with respect to z (by a factor ~ H/L). Similarly, the velocity component in
the z direction is inferred to be smaller than the velocity components in the x and y
directions (by a factor ~ (H /L)l/ 2). Thus, a rational approximation of the vertical
momentum equation (6.11) can be obtained by omitting the relatively small
terms involving z velocity components and x and y derivatives of stress
components. Omission of these terms reduces (6.11) to a simple hydrostatic stress
balance [)(dr../0z)dz = —pgh, and integration of this equation using the free-
surface boundary condition 7..(n) =0 yields a hydrostatic basal normal stress
7..(b) = pgh. This is the stress state (and supporting rationale) assumed in conven-
tional shallow-water theory (e.g., Vreugdenhil, 1994).

In debris flows the stress state may differ significantly from the hydrostatic state
assumed in conventional shallow-water theory, in part because vertical accelerations
(involving 7.) may not be negligible. Vertical accelerations effectively change the
weight of a moving debris mass, and their consequent effect on stresses is apt to
be particularly important where debris flows encounter steep slopes or irregular
terrain that deflects the flow. If vertical accelerations are significant, a suitable
approximation of the vertical momentum equation (6.11) can be obtained by neglect-
ing the terms involving x and y derivatives of stress (of order H/L) but retaining the
vertical velocity terms (of order (H /L)l/ %), yielding:
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Evaluating the integral in (6.13) and inferring that the flow surface is stress-free (i.e.,
7..(n) = 0) yields an expression for the basal normal stress, which includes dynamic
terms due to z momentum in addition to the hydrostatic term pgh:

d(hv, 0.
6h+6(hv)+ (hvy) N hdv‘

=) = pgh oo St o Ty | T

(6.14)

For debris flows with no mass exchange with boundaries (4 = B = 0), (6.14) sim-
plifies because the terms in brackets reduce to a single term through application of
the depth-averaged mass-conservation equation (6.8). (Note that when d/dr operates
on a depth-averaged quantity, such as v, in (6.14), it represents a total time derivative
advected with the depth-averaged horizontal motion, d/dt= 9/0t+ v,0/0x+
0,0/0y.)

After applying (6.8) with 4 = B=0 to the terms in brackets (6.14) can be
rewritten as:

ldp

7..(b) = pg'h — pv. J ;jd (6.15)

where g’ denotes a total vertical acceleration defined by:

/ dv.
g =g+ 0 (6.16)

Equation (6.15) constitutes the central approximation in a shallow-flow theory for
motion of debris flows on steep, irregular slopes, and it reduces to the hydrostatic
approximation if dv./dt =0 and dp/dt = 0. For debris flows in which p is nearly
constant, the magnitude of the term containing ¢’ in (6.15) greatly exceeds the
magnitude of the term containing dp/dr, and the integral in (6.15) can be
neglected. Ramifications of (6.15) and (6.16) for evaluation of stress components
in addition to 7.. are discussed below.

For (6.15) and (6.16) to be useful, estimation of 7. is necessary. A suitable
estimate results from approximating the value of v, with the mean of the surface
and basal values of v., which is obtained by inserting the depth-averaged velocity
components v, and ﬁ), in the kinematic boundary conditions (6.6) and (6.7):

n on 677}+[ ob b
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Through use of (6.15), (6.16), and (6.17), effects of vertical accelerations can be
included in stress evaluations without including o, as an explicit dependent
variable (Denlinger and Iverson, 2004).

An alternative way of representing the effects of vertical accelerations on stresses
involves use of curvilinear coordinate systems fitted to topography. In this case,
vertical accelerations are represented by the combined effects of downslope accel-
erations and centripetal accelerations that are induced as flows traverse the topog-
raphy (cf. Savage and Hutter, 1991; Hungr, 1995; Gray et al., 1999; Iverson and
Denlinger, 2001). However, such an approach is difficult to implement if topographic
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curvature has both x and y components and topography is as irregular as that of
most natural debris-flow paths.

6.4 STRESS ESTIMATION

Whereas development of applicable conservation equations for shallow debris flows
(i.e., equations 6.8, 6.9, 6.10, and 6.15) is tightly constrained by universal physical
laws, mathematical rules, and scaling principles, stress estimation is more
ambiguous. Stresses are important because they do the irreversible small-scale
work that is responsible for continuum-scale energy dissipation and resistance to
debris-flow motion. Of course, stress is simply a surrogate for the effects of
momentum transport at scales too small to be resolved at a continuum scale.
Therefore, momentum transport at scales much smaller than that of a continuum
REV (Figure 6.1) can in principle be analysed to gain insight about stress and
rheology, which relates stress to deformation. However, this chapter focuses on
the continuum viewpoint and depth-averaged modeling described above, and does
not present such analyses.

An advantage of depth-averaged debris-flow modeling is that the magnitude of
one crucial stress component can be estimated without ambiguity: 7..(b) is given by
(6.15) regardless of flow rheology. Estimation of the magnitudes of other individual
stress components depends on rheology but can be simplified by first applying
Leibniz’ theorem to the integrals on the right-hand sides of (6.9) and (6.10). From
(6.9) this operation yields:

K aTXX 87-}’.‘6 aTZ.?( _ af’t‘)(h 8b 87——}')(}1 ab
J [ oy "oy oz | ey Tt gy
and an exactly analogous expression arises from (6.10). When Leibniz’ theorem is
used to obtain (6.18), some terms vanish because the upper surface of the flow (at
z=mn) is assumed free of all stresses. Stress components with overbars in (6.18)
denote depth-averaged quantities defined by integrals analogous to those in (6.5).

Terms on the right-hand side of (6.18) can be grouped into two categories. The
collection of terms —7..(b) 4 7, (b)[0b/0x] + 7,,(b)[0b/Oy] describes basal resist-
ance to motion, and includes both a shear stress term 7.,(b) and two “form drag”
terms that are non-zero if the local components of bed slope (9b/9x, 9b/dy) result in
a component of horizontal force directed into or out of the bed. These form drag
terms vanish if depth integration is performed normal to the bed, rather than
vertically, as is performed above (cf. Iverson and Denlinger, 2001). However, if
the bed topography is irregular, depth integration normal to the bed results in
spatial variation of the integration direction, which leads to other mathematical
complications (Keller, 2003).

Additional terms on the right-hand side of (6.18), O(7\h)/0x + O(7,h)/0y,
express the influence of depth-averaged horizontal stress gradients. These terms
are non-zero even in steady, uniform flows on slopes, because the flow depth at a
fixed z varies as a function of x and y in such flows. If depth integration is performed

— T.(b) (6.18)
b
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normal to the bed, the terms O(7,./)/0x + O(7,.h)/0y have the same form as in
(6.18), but the terms vanish if flow is steady and uniform.

A lowest order approximation of the stress terms on the right-hand side of (6.18)
can be identified by using the scalings summarized in (6.12). The scalings indicate
that the basal resistance is of the order of pgH, whereas the terms involving the
depth-averaged horizontal stresses 7, and 7, are smaller, of the order of pgH 2 /L
(where H/L < 1). Thus, basal shear resistance has primary importance in depth-
averaged debris-flow models, although the effects of lateral stress gradients cannot be
ignored when modeling surge-like motion (Savage and Hutter, 1989).

6.4.1 Stress partitioning

As noted above, stresses in debris flows include distinct contributions from solid
grains, intergranular fluid, and solid—fluid interactions. This partitioning of stress
motivates two fundamental questions: In a debris mixture comprising a great
diversity of grains and fluids, how are the solid and fluid phases distinguished?
Once a distinction between solids and fluids is made, how is partitioning of stress
determined?

Definition of the fluid phase in debris flows is not as simple as it might seem. The
most straightforward definition (that the fluid consists of pure liquid water and pure
gaseous air) is not the most useful for analysing debris-flow mechanics. To a large
degree, air can be excluded from consideration because its low density, its low
viscosity, and its large compressibility make its mechanical effects very small
compared to those of liquid water. Furthermore, liquid water in debris flows
generally carries small solid grains that can remain suspended solely as a conse-
quence of buoyancy, viscosity, and turbulence. Because suspension of these small
grains can occur in the absence of direct grain-to-grain contacts, it is not appropriate
to treat the suspended grains as solids that transfer momentum only through direct
contacts. Therefore, the discussion below defines the fluid phase of debris flows as
water plus suspended small grains, which can in turn influence the effective fluid
properties.

A scaling criterion can be used to distinguish the sizes of grains that are treated
as part of the debris-flow fluid (Iverson, 1997). If the duration 7, of a debris flow is
long in comparison with the time required for settling of a grain in static, pure water,
the grain must be considered part of the solid fraction. On the other hand, if a grain
can remain suspended for times that exceed ¢, as a result of only water viscosity and
buoyancy, the grain acts as part of the fluid. Durations of debris flows range from
about 7, = 10's for small but significant events to 10*s for the largest. The time scale
for grain settling (in the absence of other grains) can be estimated by dividing the
characteristic settling distance or half thickness of a debris flow H/2 by the grain
settling velocity v, estimated from Stokes law or a more general equation that
accounts for grain inertia (Vanoni, 1975). Thus if H/(2tpv,,) < | the debris-flow
duration is large compared with the time scale for grain settling. The half thickness
of debris flows ranges from about 0.01 m for small flows to 10 m for large ones. Thus
H/(2tp) ~ 0.001 m/s is typical for both small and large debris flows, which implies
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that vy, < 0.001 m/s is required for grains to act as part of the fluid. In water, grain
settling velocities of ~0.001 m/s or less occur if grain diameters are less than about
0.05mm (Vanoni, 1975). This critical grain size corresponds reasonably well with the
conventional silt-sand boundary (0.062 Smm), and it also falls in the range where
settling is characterized by grain Reynolds numbers much smaller than 1, such that
viscous and buoyancy forces dominate grain motion. By this rationale, a useful but
inexact guideline states that grains larger than silt-size generally constitute the solid
phase in debris flows, whereas grains in the silt—clay (i.e., “mud’’) size fraction act as
part of the fluid. Size distributions of grains in muddy fluids drained from freshly
emplaced debris-flow deposits support this interpretation (Iverson, 1997).

Stress partitioning between the solid and fluid phases in mixtures can be accom-
plished in a variety of ways, but for debris flows it is convenient to employ a
partitioning that is consistent with well-established conventions of soil mechanics
(cf. Passman and McTigue, 1986). Thus, the total mixture stress T can be partitioned
as (cf. Iverson, 1997; Iverson and Denlinger, 2001):

T=T,+1Ip+nTy (6.19)

where T, is the effective stress, p is the pore-fluid pressure, I is the identity tensor
(which in equation 6.19 indicates that fluid pressure acts isotropically), T,; is the
viscous or deviatoric fluid stress (total fluid stress minus pressure), and # is the
mixture porosity (or fluid volume fraction). This stress partitioning treats T, and p
as stresses that effectively act throughout the mixture (just as in conventional soil
mechanics), whereas T,;, acts only within the fluid phase. For the special case in
which the fluid is essentially static and the state of stress is 1-D (6.19) reduces to the
familiar effective-stress definition of Terzaghi (1936):

oc=0,+p (6.20)

where o denotes a normal-stress component and o, is effective normal stress.
However, definitions such as (6.19) and (6.20) imply nothing about the mechanical
roles of pore pressure or effective stress; they merely provide a convenient means of
partitioning the total stress.

6.4.2 Stress due to solid—fluid interaction

Practical application of (6.19) and (6.20) requires specification of the mechanical
roles of pore-fluid pressure and effective stress in debris flows. Clearly, these roles
may be very complicated, because solid and fluid constituents in grain—fluid mixtures
may interact in diverse ways (Iverson, 1997; Koch and Hill, 2001). However, to
provide the simplest viable theory and establish a link with classical soil
mechanics, the analysis below employs three postulates about the bulk interactions
of solids and fluids in continuum REVs like that shown in Figure 6.1: the fluid
pressure p mediates solid—fluid interactions; a linear drag equation specifies how
fluid pressure gradients are coupled to relative motion of solid grains and intergra-
nular fluid; and effective stress governs solid-contact friction. As shown below, use of
these postulates in conjunction with mass conservation laws yields a theoretical
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framework that can be applied to rapid flows with large deformations as well as to
the special cases of quasistatic liquefaction and consolidation of soils.

For a debris-flow mixture with porosity » fully saturated with liquid, the mass-
conservation equations for the fluid and solid phases can be inferred directly from

(6.1). The equations are:
Olnpy
[aff] + V- [Bmp ] =0 (6.21)

8[(1 B n)ps]
ot

where subscripts f and s denote the fluid and solid phases, respectively. If the
densities of the solid and fluid phases are constant (a reasonable assumption for
the stress magnitudes < 100 kPa typical of debris flows) then (6.21) and (6.22) reduce
to:

on/dt +V - (Fn) =0 (6.23)
—0n/0t—V - (n¥,) + V-7, =0 (6.24)

Addition of (6.23) and (6.24) yields a special form of the mixture mass-conservation
equation, which shows how the divergence of solid grain velocities V - ¥, must be
balanced by flow of fluid relative to the grains:

V.8, =—V-n(t -7, (6.25)

An additional equation shows how the same divergence must be balanced by changes
in porosity. The equation is obtained by rearranging (6.24) as:
n n 1 dn
V-5 =%+V~(m‘)}) :%+n(v-175.) =1 —ni
where d,/dt = 0/0t + ¥, - V denotes a total time derivative in a frame of reference
advected with the velocity of the solid grains #;. Equating (6.25) and (6.26) yields a
particularly useful form of the mixture mass-conservation equation (6.3b), which is
exact if the solid and fluid phases are individually incompressible:
dn _
dr
This equation shows that local porosity changes necessarily are accompanied by
differences in the local solid and fluid velocities. Even slight velocity differences
have large mechanical ramifications if they result in significant solid—fluid drag.
Equation (6.27) can be converted to a form that uses a total time derivative
advected with the mean mixture velocity, d/dt = 9/0t + - V. This conversion is
important because d/dt is the total time derivative used in (6.3b) and (6.4b) to
describe mixture mass and momentum change, and it is helpful to express porosity
change in the same frame of reference. Some simple algebraic substitutions and
cancellations show that:

dn - dn _ (p[l —n] - LA _pnn
o dl_(p l)v‘\, Vn—|—(p Uy Vn—T(vf v)-Vn  (6.28)

(6.26)

~(1 = n)V - n(¥, — 5,) (6.27)
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Therefore, by utilizing (6.28), (6.27) can be rewritten as:

?:_a_qumy—m+&f@_ayVn (6.29)
t - p

The solid—fluid velocity difference #y — ¥, that appears in (6.27), (6.28), and
(6.29) implies the existence of drag due to relative motion of solid grains and
adjacent fluid. A simple estimate of this drag for continuum REVs (Figure 6.1)
assumes that it is proportional to the gradient in excess fluid pressure p, that
arises in reaction to relative motion of grains and fluid (where p, is defined as
total fluid pressure minus hydrostatic fluid pressure). This reasoning yields a linear
drag equation with the same form as Darcy’s law, which may be written as:

=——Vp, (6.30)

Here ¢ is the specific discharge of fluid (the flux relative to the adjacent granular
aggregate), k is the intrinsic hydraulic permeability of the granular aggregate, p is the
fluid viscosity, and the coefficient group k/nu may be viewed as a drag parameter.
Bear (1972) provides an intensive discussion of Darcy’s law and its interpretation for
quasistatic rocks and soils. Experimental data indicate that Darcian drag is probably
prevalent even in liquefied debris-flow mixtures (Iverson, 1997; Major et al., 1997).

Substitution of (6.30) into (6.27) and (6.29) yields alternative forms of an
equation describing diffusive redistribution of excess pore pressure that occurs in
response to porosity change:

1 dn k

T dr V~;Vpe (6.31a)
dn Pr k
R S (A VARREA v I v 31
7 (1 -n)V ) Vn MV@ (6.31b)

Slight changes in porosity #n can produce very significant changes in excess pore
pressure p, because plausible values of the coefficient k/u in (6.31a,b) range from
about 107'® to 10 ®m? kg_1 s for debris-flow mixtures (Iverson, 1997; Major et al.,
1997).
A more familiar form of the excess pore-diffusion equation arises from defining a
debris bulk compressibility « such that:
1 dbn dYTe

1 —ndr "

(6.32)

where T, is the mean effective normal stress (cf. Savage and Iverson, 2003). Sub-
stitution of (6.32) in (6.31a) yields an equation that shows how excess pore pressure
changes in response to changes in effective stress:

dT 1 k
e __v. (= 6.33
o v Lﬁma (6.33)
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Alternatively, the definition of effective stress (equation 6.19) can be used to rewrite
(6.33) as a forced diffusion equation for excess pore pressure p,:

dpe 1o (ko d
P (E9p) + ST = ot ) (6:34)

dt «

where pyg(n — z) is the hydrostatic component of pore pressure.

Several attributes of (6.34) are noteworthy. Equation (6.34) is similar to pore-
pressure diffusion equations used in standard theories of soil consolidation and
groundwater motion, except that (6.34) includes an advected time derivative which
accounts for the fact that pressure diffusion occurs in debris that may move at
significant rates. Equation (6.34) also includes a forcing term that accounts for
evolution of the mean total stress T and the hydrostatic component of pore
pressure, quantities that change as debris-flow geometry changes. Finally, the
equation contains a group of parameters (k/au) that plays the role of a pore-
pressure diffusivity or consolidation coefficient. Values of these parameters may,
of course, evolve as debris-flow composition and bulk density evolve.

Savage and Iverson (2003) showed how (6.34) may be solved in conjunction with
debris-flow dynamics equations for cases in which debris-flow motion is 1-D, excess
pore pressure diffuses only normal to the bed, and pore-pressure diffusivity is a
simple function of position within the flow. Denlinger and Iverson (2001) computa-
tionally solved an equation similar to (6.34), but lacking the forcing term, in con-
junction with multidimensional debris-flow equations. However, completely general
models that couple 3-D pore-pressure diffusion to porosity changes caused by debris-
flow motion remain to be developed. Such models require consideration of the
coupling between debris agitation and porosity change, perhaps through use of
the “granular temperature” concept commonly used in grain—flow dynamics (e.g.,
Goldhirsh, 2003).

Despite the current lack of a complete model, the most important implications
of pore-fluid pressures in debris flows are well established on the basis of both theory
and experiments: pore pressure co-evolves with debris-flow deformation; significant
pore-pressure changes can result from small changes in debris porosity; and pore-
pressure changes imply commensurate changes in intergranular effective stress,
which plays an important role in debris-flow mechanics owing to its influence on
intergranular friction (Iverson, 1997, 2003a; Major and Iverson, 1999; Savage and
Iverson, 2003).

6.4.3 Stress due to interactions of solid grains

Field observations and laboratory experiments indicate that contacts of solid grains
against the bed and one another transfer much momentum, dissipate much energy,
and therefore produce much of the stress during debris-flow motion (Iverson, 2003a).
Grains can interact with the bed and one another through both enduring contacts
(i.e., frictional sliding, rolling, and locking) and brief inelastic collisions. A wealth of
experimental and theoretical evidence indicates that both types of interaction tend to
produce intergranular shear stresses directly proportional to intergranular normal
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stresses, as summarized by the Coulomb equation (e.g., Bagnold, 1954; Hungr and
Morgenstern, 1984; Savage and Sayed, 1984). Therefore, estimation of intergranular
shear stresses in depth-averaged debris-flow models can be based on (6.15), which
provides a basis for estimating intergranular normal stress.

Coulomb (1776) proposed his well-known equation describing bulk stresses in
failing masses of grains through analogy with frictional behaviour of discrete solid
bodies in contact. The Coulomb equation:

Tshear = Onorm tan 2 (635)

has an apparent simplicity that belies its subtle (and sometimes complicated) implica-
tions. The equation states that the bulk intergranular shear stress 7, on a plane of
shearing is directly proportional to the bulk intergranular normal stress o,,,,, acting
on the same plane, irrespective of the area of grain contacts, rate of shearing, and
magnitudes of stress components not acting on the plane of shearing. The propor-
tionality constant is specified by the tangent of the friction angle .

By measuring and calculating stresses produced by collisions in a shearing
mixture of neutrally buoyant spherical grains, Bagnold (1954) provided the first
evidence that a Coulomb proportionality applies even in rapid, collisional grain
flows. Subsequent analyses and experiments with diverse materials have generally
supported Bagnold’s findings and lent credibility to the Coulomb proportionality
(e.g., Brown and Richards, 1970; Savage and Sayed, 1984; Hunt et al., 2002).

The Coulomb equation (6.35) may be generalized by replacing o,,,, With the
intergranular effective normal stress o,, defined as o, = 0,,,,,, — p, and by adding a
cohesive strength component ¢. These generalizations produce the Coulomb-
Terzaghi equation typically used to describe stresses during shear failure of rocks
and soils (e.g., Terzaghi, 1936; Lambe and Whitman, 1979):

Tshear = (Um)rm - p) tanp +c¢ (636)

For granular materials subject to large deformations (as in debris flows) cohesive
forces are generally negligible, and (6.36) reduces to Tg,er = (Thorm — P) tan . Impor-
tantly, intergranular stresses are coupled to the solid-fluid interaction stresses
described in the previous section though inclusion of p in (6.36).

Equation (6.36) with ¢ = 0 provides information about the state of intergranular
stress in shearing debris, but does not constitute a rheological model in the usual
sense, because it implies no one-to-one correspondence between stress and deforma-
tion or deformation rate. Moreover, (6.36) is a 1-D equation, and generalizing the
equation to 3-D results in a complicated mathematical formulation (e.g., Desai and
Siriwardane, 1984). Coulomb stress states in a 3-D medium can be represented
relatively simply, however, by depicting them geometrically in a 3-D stress space
in which Cartesian axes denote principal stresses (Figure 6.4). In this depiction,
Coulomb stress states lie on the surface of an irregular hexagonal cone, but these
states cannot be determined without some independent knowledge or concurrent
calculation of deformation (e.g., Denlinger and Iverson, 2004). In this sense, the
Coulomb stress model shares a property with traditional rheological models (e.g.,
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Figure 6.4. A Coulomb yield surface in 3-D stress space. In this space the coordinate axes
represent principal stresses, but the relative magnitudes of the three principal stresses S1, S2,
and S3 are unspecified. See Denlinger and Iverson (2004) for further details.

viscosity, elasticity): calculation of multidimensional states of stress cannot be
accomplished without calculation of deformation.

In cases where debris-flow thickness varies only gradually, however, the 1-D
form of the Coulomb-Terzaghi equation (6.36) suffices to estimate basal intergra-
nular shear stresses that resist debris-flow motion. In such cases the total stress
normal to the bed can be estimated from the apparent weight of the superincumbent
debris, and lateral stresses are assumed to have negligible influence on the basal shear
stress. With reference to Figure 6.5, the apparent weight of a moving column of
debris of constant density p, mean vertical height /2, and horizontal planimetric area
AxAy is pg’hAxAy, where g’ is defined as in (6.16). Normal to the bed the component
of apparent weight is pg’hAxAy cos 6, where 6 is the angle between the bed and a
horizontal reference surface. The basal traction (defined as force per unit of bed area)
due to this component of apparent weight is pg'h cos? 6. Therefore, according to
(6.36), the basal Coulomb shear resistance acting parallel to the base of the debris
column is approximately:

Tshear(b) = (pg/h COS2 0 — pbed)tan Phed (637)

where ¢, denotes a friction angle appropriate for the grain—bed interface and pp,,; is
the pore-fluid pressure at this interface. For simple Coulomb sliding parallel to the
bed, the basal resistance equation (6.37) takes the place of the collection of
basal stress terms that appear in (6.18), —7..(b) + 7. (b)[0b/0x] + T, (b)[0b/Dy].
Moreover, (6.37) provides a first (or “lowest order” in H/L) approximation of resis-
tance to debris-flow motion even in more complicated cases (cf. Iverson and
Denlinger, 2001).
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Figure 6.5. Geometry used to calculate the basal normal traction due to the apparent weight
of a vertical column of debris with mean height 4 = (h; + h, + h3 + hy)/4. The apparent
weight depends on the total vertical acceleration ¢’ defined in (6.16).

Typical values of basal Coulomb shear stresses in debris flows may be estimated
by using (6.37) in conjunction with typical parameter values such as 4= 1m,
p =2,000kg/m?®, @, =30°, and 6= 5°. With these values and py,; =0, (6.37)
indicates a basal shear stress of roughly 10,000 Pa. Of course, this Coulomb shear
stress will be reduced as p,,,; increases, and will be zero in the extreme case where pp,;
balances the total basal normal stress.

Additional Coulomb stress components that appear in (6.18) can be estimated
with varying degrees of sophistication, although all such estimations require analyses
that are too involved to be presented in detail here. The simplest approach entails use
of lateral earth-pressure coefficients similar to those used in quasistatic soil mechanics
(e.g., Lambe and Whitman, 1979). In this case depth-averaged lateral stresses
such as 7, are related to the vertical stress 7., through a simple proportionality:

Tex = kacl/passfzz (638)

Values of the lateral pressure coefficient k., /pqs are computed by assuming Coulomb
limiting equilibrium in a granular slab deforming uniformly in compression or
extension (Savage and Hutter, 1989; Iverson and Denlinger, 2001).

A more accurate approach estimates all components of Coulomb stresses acting
on vertical planes by using deformation kinematics to infer the location of principal
stresses on the Coulomb cone of Figure 6.4 (Denlinger and Iverson, 2004). Then
standard mathematical rules for tensor transformations can be employed together
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with (6.15) and (6.18) to obtain all stress components. This approach may be
necessary to accurately resolve Coulomb stresses where debris-flow thicknesses
change abruptly as a result of flow interaction with irregular terrain (Iverson et
al., 2004).

More claborate models may someday supplant the simple Coulomb model of
intergranular stresses in debris flows. At present, however, no data convincingly
demonstrate the inadequacy of the Coulomb model, and as noted above, the
model is particularly useful in the context of depth-averaged flow computation.

6.4.4 Stress due to fluid shear

Stress also results from shear deformation of the fluid phase in debris flows. Magni-
tudes of shear stresses in debris-flow fluids that consist of water plus silt and clay
carried in suspension have been evaluated in rheometric tests. Such tests approx-
imate steady, uniform, 1-D flow in devices (typically rotational rheometers) in which
the stress and deformation fields can be calculated exactly or measured directly.
Rheometric tests indicate that viscosities of fine-grained slurries range from about
0.1 to 50Pa-s (about 100 to 50,000 times greater than the viscosity of pure water),
depending on the sediment concentration (cf. Hunt et al., 2002). Given that shear
rates in debris flows are typically of the order of 10s™', this range of viscosities
implies the existence of viscous shear stresses no larger than about 500 Pa.

Rheometric measurements of muddy debris-flow slurries also reveal the
existence of finite shear strengths, which contribute to stress by resisting deforma-
tion. Strengths of mud slurries typically range from about 10-400 Pa (e.g., Kang and
Zhang, 1980; O’Brien and Julien, 1988; Phillips and Davies, 1991; Major and
Pierson, 1992; Coussot and Piau, 1995; Locat, 1997; Parsons et al., 2001). To gain
some intuitive grasp of the size of these strengths, it is instructive to slide a book
across a tabletop. For diverse books and tabletops, basal shear stresses that resist
sliding are comparable to the strengths in fine-grained debris-flow slurries.

Although debate continues about the best mathematical model for representing
fluid shear stresses in debris-flow mixtures, the mechanical effects described above
can be represented by a simple Bingham model. The 1-D form of this model can be
expressed as:

dv,
Tshear = Sf + dZ (639)

where s is the fluid (slurry) shear strength and dv, /dz is the 1-D shear deformation
rate. Iverson (1985) showed how (6.39) and related rheological equations may be
generalized to three space dimensions.

The basal shear stress implied by (6.39) can be expressed as a function of the
depth-averaged debris-flow velocity ¢, and flow thickness /4 by assuming the
shear stress results only from the weight of the superincumbent debris (7.0 =
pg'(n — z)sinfcosh, analogous to the assumption used to obtain the basal
Coulomb shear stress equation (6.37)). Then integration of (6.39) from z =0 to
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z = h shows that the basal resistance due to fluid shear can be expressed as (cf. Bird
et al., 1960, pp. 37-40):
Tshcar(b) =S + 3#’6,‘6/}1 (640)

It is useful to compare the magnitude of this fluid basal shear stress with that of the
Coulomb basal shear stress described by (6.37) for a typical debris flow with bulk
density p = 2,000 kg/m?, thickness # = 1 m, and depth-averaged velocity 7, = 10 m/s
descending a planar surface with slope § = 5°. If the fluid slurry has typical proper-
ties sy = 100 Pa and p = 10 Pa-s, the basal shear stress described by (6.40) then has a
value of 500 Pa. In contrast, if the basal friction angle of the granular debris has a
typical value ¢,,; = 30° and the basal pore pressure has a value pp,, =0, the
Coulomb basal shear stress described by (6.37) has a value of roughly 10kPa, 20
times larger than the fluid stress. This stress ratio is reduced to 1:1 if the basal pore
pressure nearly liquefies the mixture by balancing 95% of the total basal normal
stress. In such instances fluid resistance to shear is comparable to the Coulomb shear
resistance.

The foregoing discussion intentionally omits any mention of fluid turbulence.
Although turbulent fluid flow might occur in debris flows, turbulence is suppressed
by the presence of high concentrations of solid grains (Koch and Hill, 2001). Indeed,
a crucial difference exists between fluid turbulence and the generally agitated state
commonly evident in debris flows. Agitation associated with bobbing and jostling of
grains in debris flows indicates the presence of disorganized Kkinetic energy,
commonly called “granular temperature” by analogy with thermodynamic tempera-
ture in the kinetic theory of molecular gases (e.g., Haff, 1983; Iverson, 1997,
Goldhirsch, 2003). Granular temperature can exist in the absence of any fluid or
fluid turbulence, and it involves energy dissipation so intense that it hinders devel-
opment of coherent vorticity structures like those associated with eddies in turbulent
fluid flow. Further research is needed to understand the relationships between
granular temperature and small-scale turbulent fluctuations of intergranular fluid
in debris-flow mixtures. At present, however, inclusion of such relationships in
debris-flow models would entail almost pure conjecture (cf. Koch and Hill, 2001).

6.4.5 Lumped rheology and calibrated resistance formulas

As an alternative to separating the stress contributions of solid and fluid constituents
and their interactions, many investigators use lumped-rheology models or calibrated
resistance formulas to represent the effects of stresses throughout debris flows. In the
lumped-rheology approach, debris is treated as a single-phase continuum, and the
stress in (6.4a, b) is specified explicitly as a function of debris deformation or defor-
mation rate (e.g., Iverson, 1985; Chen, 1988). Although the mathematical simplicity
of this approach is appealing, the approach cannot represent evolution of stress-
generation processes. Lumped-rheology equations assume that stress-generation
processes remain essentially constant in space and time, whereas field observations
and experimental data indicate that dominant stress-generation processes differ in
the coarse granular surge fronts and nearly liquefied interiors that develop in debris
flows (Iverson, 2003a).
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A related factor limiting the utility of the lumped-rheology approach is the
complexity and poor reproducibility of rheological properties of debris-flow
materials treated as single-phase continua (Phillips and Davies, 1991; Major and
Pierson, 1992). No standard devices or established protocols exist for measuring
rheologies of mixtures consisting of both muddy slurry and coarse granular debris
that may include gravel, cobbles, and boulders. (On the other hand, the distinct solid
and fluid constituents of debris flows have mechanical properties that are clearly
defined and readily measured in standard tests. The most important solid—fluid
coupling parameter, the mixture permeability k, is also readily measured (Major et
al., 1997).) Therefore, the relative simplicity of the lumped-rheology approach is
largely illusory. Lumping rheological effects into a single equation can simplify
mathematical and computational tasks, but it complicates the task of measuring
relevant parameters.

Measurement difficulties can be circumvented by using calibrated resistance
formulas rather than explicit rheological equations to represent the net effect of
stresses in debris flows. Calibrated resistance formulas often can provide good
agreement between model results and field observations, because values or even
the functional forms of resistance terms can be adjusted with the explicit aim of
achieving good fits. However, the appeal of good fits must be weighed against loss of
the ability to perform conclusive hypothesis tests. From a scientific perspective, a
mechanical model represents a hypothesis cast in precise mathematical form, but the
hypothesis can be tested only if it makes unequivocal predictions. If a mechanical
model is calibrated to fit data rather than tested against data, no unequivocal
predictions are made, and it becomes difficult to distinguish whether good model
performance reflects inherent model accuracy or merely model adaptability that is
accommodated by calibration (Iverson, 2003b).

The resistance-formula approach generally focuses on adjustment of the basal
shear stress (i.e., 7..(b) in the depth-averaged stress equation (6.18)), with the aim of
fitting observations of debris-flow travel times and distances. Commonly modellers
assume that 7..(b) is some function of the depth-averaged velocity 7, (e.g., O’Brien et
al., 1993; Hungr, 1995). Any such function can be represented by a power-series
expansion of the form:

T (D) :ao—l—alz?x—&—azﬁi—i----—i-a;vz‘)iy (6.41)

and if the coefficients g, through a, are freely adjustable, (6.41) can be calibrated to
any desired precision (i.e., if the power series contains N terms, it can be fitted to
N + 1 data points exactly).

Typically debris-flow modellers restrict attention to the first three terms on the
right-hand side of (6.41), and also ascribe some rheological significance to the
coefficients agy, a;, and a, (e.g., O’Brien et al., 1993; Hungr, 1995). The basis for
this reasoning becomes clearer if some additional factors and constants are inserted
in (6.41). For example, if some appropriate factors and constants are inserted and
the series expansion is truncated to two terms, (6.41) takes the form:

sz(b) = pgha() + (3/h)a15x (642)
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Here it is clear that aq can be regarded as analogous to the basal Coulomb friction
coefficient tan y,,,; in (6.38) and a; can be regarded as analogous to the viscosity
coefficient y in (6.40). Thus, in principle it should be possible to determine applicable
values of these coefficients using appropriate rheometric tests. Instead, in the cali-
brated-resistance approach, the values of coefficients such as g, and «a; are adjusted
to fit model results to field data. This adjustment constitutes the most fundamental
distinction between lumped-rheology and calibrated-resistance approaches.

Another distinction between the mixture-theory, lumped-rheology, and cali-
brated-resistance approaches involves evaluation of stress components other than
T.(b) in (6.18). Mixture theory assumes that solid and fluid constituents and their
interactions can influence all stress components (Iverson, 1997; Iverson and
Denlinger, 2001). The lumped-rheology approach similarly assumes that all stress
components depend on rheology of a mixture idealized as a one-phase material. In
contrast, the calibrated-resistance approach typically assumes that stresses such as
Tee 10 (6.18) have a fixed form that is independent of the calibrated form of 7..(b)
(e.g., O’Brien et al., 1993). This dissociation of stress components impedes efforts to
interpret calibrated resistance formulas rheologically.

6.5 SURGE DYNAMICS

A conspicuous and important trait of debris flows involves their tendency to move as
a discrete surge or series of surges, with each surge typically exhibiting a coarse-
grained head and finer grained, more-liquefied tail (Sharp and Nobles, 1953; Davies,
1990; Iverson, 1997; Hungr, 2000). The head-and-tail morphology results from mass
and momentum conservation operating in conjunction with solid—fluid stress parti-
tioning and grain-size segregation. Other phenomena, such as buoyancy and inertia
due to ambient fluid surrounding a flow, can contribute significantly to head-and-tail
surge morphology in dilute density currents and subaqueous debris flows, but are
relatively unimportant in subaerial debris flows (Iverson, 2003c).

To illustrate some key aspects of surge dynamics, it is useful to consider a
simplified depth-integrated momentum-conservation equation, which applies to an
infinitely wide debris flow travelling in the x direction across a horizontal surface
without erosion or deposition. In this case the y and z velocity components are
zero (Figure 6.2), and the momentum conservation equation for the x direction
reduces to:

O(hvo,) | O(hvY) _ 1[0(Tuh)

BT + ax o { o sz(b)} (6.43)
which is obtained by combining (6.9) and (6.18) and eliminating terms that equal
zero in this special case.

To facilitate interpretation of (6.43), the depth-averaged longitudinal normal
stress 7., can be approximated as a gravity-induced stress that is proportional to
the local debris thickness £, such that 7. = (1/2)pghk,c;/passs Where ke pass 15 the
same proportionality coefficient as in (6.38) (cf. Savage and Hutter, 1989; Hungr,
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1995; Iverson, 1997). Substituting this expression and the applicable form of (6.37)
(i.e., 7o (b) = —(pgh — Ppeq) tan @p,,) into (6.43) yields a 1-D momentum equation in
which physical aspects of surge dynamics are especially transparent:

a(hv,)  O(ht3)\ Oh Phed \ ¢,
p( or + Ox = —pgh k(lc't/ptlss I +{1- pgh tan wpeq (6'44)

In this simplified momentum equation, longitudinal normal stresses due to the solid
and fluid constituents have been lumped into a single term, but separation of these
stresses is straightforward (Iverson, 1997).

All the terms in (6.44) have clear physical implications that can be couched in
terms of Newton’s second law of motion. The terms on the left-hand side of (6.44)
express the change in momentum of the debris per unit of bed area AxAy, and the
terms on the right-hand side express the net force on the debris per unit of bed area.
These forces result from gravity and are therefore proportional to the lithostatic
stress pgh. The term —pgh(1 — py.q/pgh) tan @y, expresses the basal resisting stress
due to Coulomb friction, and this resistance is modulated by the basal pore pressure
Preas Which is generally a function of x and r. The term —pghk,e;/pass(Oh/0X)
expresses the variation in longitudinal normal stress due to variation in debris
thickness. This term acts to drive debris forward if 9h/0x < 0, as in the head of
an advancing surge, whereas it acts to drive debris backward if 9/4/0x > 0, as in the
tail of a surge. Thus, the longitudinal stress term indicates that gravitational
spreading should cause surges to elongate and thereby attenuate. In contrast, obser-
vations and data show that, although debris-flow surges may elongate, attenuation
of surge fronts is by no means pervasive. Instead, debris-flow surge fronts tend to
grow large and steep, and secondary surge fronts tend to appear. Therefore, under-
standing the development and persistence of debris-flow surges and surge fronts
requires delving deeper into the implications of (6.44).

Stability analysis of an equation similar to (6.44) shows that development of
small-amplitude surges can result from an interaction of inertial and gravitational
effects that are present in shallow flows of any fluid-like substance, irrespective of its
rheology (Forterre and Pouliquen, 2003). However, surge fronts in debris flows
appear to grow to large amplitudes as a consequence of non-uniform frictional
resistance that results from grain-size segregation and pore-pressure diffusion (cf.
Iverson, 1997; Savage and Iverson, 2003). In (6.44), non-uniform frictional resistance
is represented by a non-uniform distribution of —pgh(1 — pjeq/pgh) tan ., which
results mostly from variation in basal pore-fluid pressure p,,,. Recall from (6.34) that
variation of pore-fluid pressure about an equilibrium (hydrostatic) distribution
obeys a diffusion equation, and that the diffusivity k/ap includes the permeability
k, which can vary by many orders of magnitude as a consequence of variations in
grain-size distributions (Iverson, 1997; Major et al., 1997). Thus, grain-size segrega-
tion in debris flows can result in great variations in dissipation of excess (non-
equilibrium) pore-fluid pressure, which causes great variation in frictional resistance.

Figure 6.6 depicts schematically the means by which grain-size segregation in
debris flows appears to develop and persist. As a consequence of grain-size
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Figure 6.6. Schematic of grain trajectories and resulting grain-size segregation in a debris-flow
surge.

segregation, debris-flow surges typically have steep, coarse-grained, high-resistance
heads with little excess pore-fluid pressure and relatively fine-grained, low-resistance,
tapering surge tails nearly liquefied by high pore-fluid pressure (Figure 6.7). The
liquefied tail tends to push against the high-friction head, which can act somewhat
like a moving dam. Thus, a disparity in frictional resistance between the surge head
and tail can amplify the surge waveform despite the tendency for the term
—PghKe1/pass(Oh/0x) in (6.44) to attenuate the surge (Savage and Iverson, 2003).

The important role of grain-size segregation in growth of debris-flow surges is
indicative of an emergent phenomenon. (“Emergent” is a term commonly used in
non-linear dynamics to describe phenomena or structures that arise from dynamical
feedbacks rather than from physical properties that can be specified a priori.) Indeed,
any a priori specification of debris-flow rheology or flow resistance disregards a
fundamental fact of debris-flow mechanics: the form of the chief macroscopic flow
structure (i.e., a blunt, large-amplitude surge head followed by a tapering, more
dilute tail) is contingent on a non-uniform distribution of flow resistance that
evolves as a consequence of flow dynamics. Future progress in debris-flow
mechanics may therefore depend on the degree to which grain-size segregation
processes and the consequent emergence and persistence of surges can be successfully
represented in continuum models.
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i ._é:hii.s. section at 90 m -,t

Figure 6.7. Aerial photographs of an experimental ~10m?> debris flow discharging from the
mouth of the USGS debris-flow flume. Grain-size segregation produced a surge front
composed almost entirely of gravel (dark toned) and a surge tail composed of liquefied mud
(light toned). Time stamps of photo frames are referenced to = 0 when the debris flow was
released from a headgate 82.5m upslope from the flume mouth. Iverson (2003a) provides
further details and data on this experiment.

6.6 CONCLUDING REMARKS

Continuum mechanical models of debris flows are founded partly on well-established
physical laws and mathematical rules, and partly on empirical and theoretical infer-
ences about stresses that are responsible for energy dissipation. Therefore, a primary
objective in mechanistic debris-flow modelling is to honor physical laws and mathe-
matical rules as faithfully as possible, and a second objective is to link representation
of stresses to data and theory in a manner that is direct and transparent.

Mechanical models of debris flows can have value as both hazard-assessment
tools and precise conceptual frameworks. The conceptual value depends largely on
the degree to which models link debris-flow behavior to universal scientific prin-
ciples, such as conservation of momentum and mass, and to replicable experimental
data. Models with weak linkages to replicable data and universal principles have
limited conceptual value but may offer useful methodology for practical hazard
assessment in some circumstances.
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Clear tests of the predictive power of mechanistic models can be achieved only in
controlled experiments in which all parameter values and boundary conditions are
independently constrained. On the other hand, natural debris flows typically have
indeterminate parameter values and unconstrained initial and boundary conditions,
which preclude decisive model tests. As a consequence, models commonly are cali-
brated by adjusting stress or resistance terms to fit the observed behaviour of natural
debris flows. The differences between model testing using experimental data and
model calibration using field observations can have a synergistic effect, however.
The two procedures can be used together to reveal model weaknesses and thereby
lead to model improvements.

Predictions of debris-flow models should be regarded with ample skepticism by
both model developers and model users. Scientific interpretations derived from
model output are only as valid as the assumptions used in model formulation.
Model developers should, therefore, make painstaking efforts to thoroughly
document all physical, mathematical, and computational aspects of their models,
as well as the sources and reliability of data that serve as model inputs. Model users
should demand this thorough documentation and should make their own pain-
staking efforts to understand model limitations. Through such combined efforts of
model developers and model users, mechanistic models of debris flows can be
expected to improve.
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Entrainment of material by debris flows

Oldrich Hungr, Scott McDougall, and Michael Bovis

7.1 INTRODUCTION

Debris-flow magnitude can be defined as the total volume of material moved to the
deposition area during an event. It is an important quantity as it serves to scale the
event and correlates with other parameters such as maximum discharge and runout
distance (Chapters 13 and 17).

From descriptions in many other chapters of this book, it is clear that debris-
flow magnitude is rarely determined by the volume of the initiating landslide. Often,
the initiating slide is small and the bulk of the volume transported to the deposition
area results from entrainment of material along the path. An excellent example is the
1990 Tsing Shan debris flow shown in Figure 7.1, the largest natural debris flow
observed in Hong Kong (King, 1996). Here, a small slip of 400 m*® enlarged to a final
volume of 20,000 m? by entraining colluvium from the flow path. Figure 7.2 shows a
reconstruction of the mass balance curve of this debris flow, based on data collected
by King (1996).

Thus, it is the efficiency of the entrainment mechanism that primarily determines
the total volume of a debris flow.

7.2 MECHANISMS OF MATERIAL ENTRAINMENT

Bedload in a stream channel lined with granular bed material can be transported by
suspension, rolling, sliding, or saltation (e.g., Easterbrook, 1999). As shown in flume
experiments, once the slope of the channel increases beyond approximately 10°, the
bed itself may become unstable under the combination of gravity and drag forces
imposed by the over-riding water flow (Bagnold, 1966). If the surface fluid is
saturated debris instead of water, even greater drag forces result and the bed
material can be massively mobilized and entrained into the flow.

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.




136 Entrainment of material by debris flows [Ch. 7

Figure 7.1. The Tsing Shan debris flow that started as a small debris slide of 400m* and grew
to a total magnitude of 20,000 m® through material entrainment.
Photo courtesy, J. King, Geotechnical Engineering Office, Hong Kong.
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Figure 7.2. Tsing Shan debris flow. (a) Distribution of observed yield rate. (b) Approximate
mass balance curve.
Based on data reported by King (1996).

The process of surge formation, resulting from longitudinal sorting and the
emergence of boulder fronts (e.g. Iverson, 1997) or from the formation of
turbulent fronts (e.g. Davies, 1986), magnifies the peak discharge of debris-flow
surges (Hungr, 2000) and is thus likely responsible for an increase in drag forces
and further enhancement of the entrainment intensity.

One of the mechanisms causing material entrainment in debris flows is bed
destabilization and erosion. Destabilization of bed material is the result of drag
forces acting at the base of the flow, but may be aided by strength loss due to
rapid undrained loading (Hutchinson and Bhandari, 1971), impact loading, and
liquefaction of the saturated channel fill (Sassa, 1985, see also Chapter 5). As
shown schematically in Figure 7.3, bed destabilization during a debris flow may
affect not only bedload, but any erodible bed substrate. This process of bed desta-
bilization can be quantified to some degree as shown in the following section,
although the necessary data regarding bed stratigraphy, bed material, substrate
strength, and drainage characteristics is difficult to obtain. Knowledge of erosion
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Colluvial blanket

Bedrock profile

Figure 7.3. Schematic diagram of an eroded vertical cross section of a debris-flow channel.

depth is also useful for practical purposes, such as the protection of pipelines
crossing a debris-flow channel (Jakob et al., 2004b).

The second important mechanism of material entrainment results from instabil-
ity of stream banks undercut by bed erosion, as also shown in Figure 7.3. It is
important to consider that steep stream and gully channels are often being
actively incised. Thus, their banks may exist in a state of marginal equilibrium
that is easily disturbed by lowering of the bed, such as often occurs during
passage of a debris-flow surge. The bank may respond immediately and release a
shallow landslide directly into the body of the surge, or may release with a delay, to
provide material available for incorporation into the next surge. Thus, some debris
may form transient deposits in the channel, only to be re-mobilized later during the
same event, or in a later event. Eyewitness reports mention debris from bank slides
that briefly dam the channel and are then rapidly eroded by overtopping water or
debris flow, and are readily liquefied by mixing with stream water (Johnson, 1970).
Such processes are complex and defy mechanistic quantification, since the required
data on side slope stability, including strength provided by vegetation, and the
temporal relationships between surging flow discharge, bed erosion, bank slope
failure, and mixing of water and debris, cannot normally be obtained. A photo of
a channel combining highly erodible bed and banks is shown in Figure 7.4.

7.3 THEORETICAL APPROACH: BED STABILITY

The process of bed destabilization during a debris flow can be represented by a
simple extension of the infinite slope stability theory (e.g. Morgenstern and
Sangrey, 1978). However, much depends on the assumptions made concerning
pore-water pressure in the bed materials. In the first attempt at deriving a formula
for the depth of bed instability, Takahashi (1978, 1991) assumed slope-parallel
seepage in a saturated bed. In the following derivation we use different symbols
than Takahashi (1978), but the same physical concept.

The problem configuration is shown schematically in Figure 7.5. A sheet of
debris, of thickness z;, flows over a bed of cohesionless material inclined at an
angle 8. As a result of the added tractive force of the debris, the bed becomes
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Figure 7.4. An eroded debris flow channel in the Columbia Mountains, British Columbia.
Material was derived both from vertical erosion of the bed and from instability of the banks.

W =yiza +z

s (W cos B — u)tan ¢

(a) (b)

Figure 7.5. (a) Schematic representation of a saturated bed over-ridden by a debris flow,
showing a slope-normal column of unit length and width. (b) Forces acting on the column
in (a) include the weight of the column and the shear resistance at its base. Loading due to the
over-riding flow destabilizes the bed to depth z. See text for details.
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unstable to an unknown depth z below the original bed surface. As is standard in the

infinite slope approach, only the stability of a typical column of a unit length in the

downslope direction is considered (the width perpendicular to the flow is unity).
Based on the diagram of the column shown in Figure 7.5, its weight equals:

W =~4zs+ 7z (7.1)

where ~ is the saturated unit weight of the bed material (typically 20-23 kN/m?*) and
~,4 is the bulk unit weight of the debris (18-20 kN/m?).
From Figure 7.5, the normal total stress at the column base equals:

o= Wcosf (7.2)
The shear stress equals:
T = Wsinp (7.3)

Takahashi (1978) assumed slope-parallel seepage and uniform flow, combined with
instant drainage, so that the pore fluid is hydrostatically pressurized and flowing in a
steady-state regime, with no excess pore pressure. Such assumptions may not be
justified, as discussed below. However, to continue the analysis, with these assump-
tions the pore pressure at the base of the column is:

u= A/w(zd + Z) Cos ﬁ (74)

where ~, is the unit weight of water and (z; + z) cos 8 is the elevation difference
measured along an equipotential line.

The shear strength of the bed material is given by the cohesionless Mohr—
Coulomb shear strength equation, in which ¢ is the friction angle:

S=(c—u)tan¢ (7.5)
At the point of shear failure S = 7. Hence, from (7.2), (7.3), and (7.5):
(Wcos3—u)tan¢g = Wsin 8 (7.6)

Substituting further using (1) and (4) and solving for z:
Vd (1 _ tan ﬁ) T
Y tan ¢ Y
fYW 1 ta'1’1/8

¥ ( tamp)
This equation is equivalent to Takahashi’s (1978, Equation 22). Its results are repre-
sented by the dashed lines in Figure 7.6. The saturated unit weight of the bed
material was chosen as 20kN/m® (i.e., about twice the unit weight of water).
Therefore, by application of the simple infinite slope stability equation, the ratio
tan §/tan ¢ must be less than about 0.5, or the bed itself would be inherently
unstable. The diagram shows that a certain amount of entrainment is possible for
any value of 7, less than ~,/(1 — tan 3/tan ¢), with more dilute flows causing
instability to greater depths. For fully developed debris surges, whose bulk density

approximates the density of the bed material (i.e., 7;/v = 1), no entrainment will be
predicted with these assumptions, except if the bed itself is inherently unstable.

zZ=2Zy
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Figure 7.6. Erosion depths predicted by solution of (7.7) (dashed lines) and (7.9) (solid lines).

Debris-flow surges travel many metres per second and, even with a relatively
coarse and pervious bed material, it is unlikely that a steady seepage condition can be
achieved in the short time while a surge peak is passing. A more realistic assumption
is that the full bulk weight of the debris flow ~,z, will be transferred to pore-water by
undrained loading, generating geostatic pressure within the bed materials. Thus,
instead of (7.4) we have:

U= (Zd’Yd + 27\1‘) Cos 6 (78)
Following the same steps that have led to (7.7) we obtain:

_ 7atan Ié)
v tan (7.9)

zZ=2z
d T l_tanﬂ
¥ tan ¢

This equation is plotted using the full lines in Figure 7.6. Here, a very different trend
is observed. The unstable depth increases with the bulk density of the debris flow and
entrainment is predicted for all values of v, and (3, as long as the bed is not hori-
zontal. The actual value of the unstable depth may lie somewhere between the two
extremes depicted in Figure 7.6 although it is likely closer to the undrained condition
(full lines) than those for the drained condition.

While these results are conceptually interesting, they are of little value for
practical application. One reason is that little is known about the shear strength
of materials comprising the bed of a debris-flow stream and its variation with depth.
Often, there will be a layer of cohesionless, coarse material, underlain by a substrate
possessing either true or apparent cohesion, such as glacial till or residual soil.
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Pore-pressures are also unlikely to be easily predictable, due to possible discharge
gradients at the base of a steep-sided path segment or excess gradients generated by
rapid loading and vibration due to the debris flow. Three-dimensional effects (i.e.,
the strength of lateral surfaces at the channel edge), are also likely to be important.
Although the equations may help predict when erosion will begin to occur, the rate
at which material is entrained into the flow requires further analysis and further
difficult assumptions. Thus, the above equations can be regarded merely as concep-
tual guidelines. As argued in the preceding section, the process of entrainment
involving bank instability is even less amenable to mechanistic analysis. Conse-
quently, the remainder of this chapter concentrates on empirical approaches to the
problem.

7.4 THE YIELD RATE AND EROSION DEPTH CONCEPTS

Several early empirical algorithms for prediction of debris-flow magnitude were
reviewed by VanDine (1985). Some of these methods attempt to correlate
magnitude with the drainage area, but the results tend to be widely scattered (see
Chapter 17). Other methods concentrate on erosion of material along the length of
channels. The first such published attempt was Ikeya (1981), who suggested that
potential magnitude can be calculated as a product of the channel length L, mean
width B, and mean erosion depth D. He used empirical relationships involving
drainage area for L and B and estimated D as ranging between 0.5 and 3.2 m.

A more direct method was developed by Thurber Consultants (1983) and Hungr
et al. (1984), based on the concept of yield rate Y;. The yield rate is defined as the
volume eroded per metre of channel length (Hungr et al., 1984). With reference to
Figure 7.3, it is the area of the vertical cross section of the eroded space, multiplied
by the cosine of the channel slope angle (3 to convert vertical depth to thickness. To
apply the concept, the channel system of a debris-flow watershed is divided into
channel reaches considered to be approximately constant in terms of the parameters
critical for material entrainment, as listed in Table 7.1.

Once the applicable yield rates are estimated, the debris-flow magnitude
(volume) ¥V (in m3) can be estimated by the formula:

n
V' = Viitias + Z V point + Z YL, (7.10)
i=1

Here, Vo represents the volume of the initiating landslide, V), is the volume of
any “‘point sources’ (i.e., tributary landslides that may be destabilized by a passing
debris flow and add volume to the flow), and L; and Y; are the length and yield rate
of n channel reaches as defined above.

While the concept represented by (7.10) is simple, several problems remain. First
is the optimal number of tributaries to the main debris-flow channel to include in the
summation. Some debris flows affect only one branch at a time. Other events,
especially those triggered by a major regional storm, may mobilize nearly every
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Table 7.1. Parameters relevant to the yield rate Y;

Slope angle

Existing channel width and depth
Bed material

Bank slope angle

Bank slope height

Bank slope material

Bank slope stability rating

Tributary drainage area or discharge

tributary of the drainage network, right down to zero-order colluvial hollows (Figure
7.7). To the authors’ knowledge, no research clarifies this issue, and a judgmental
decision needs to be made based on local experience. Knowledge of the time elapsed
since the last debris flow may provide some guidance, since this controls the amount
of debris replenishment in formerly scoured channel segments. This issue is further
discussed in Chapter 17.

In exceptional cases of catastrophic rainstorms, the extent of instability of steep
slopes in the headwaters may be so large as to make the yield rate approach
impractical. For example, the December 1999 storm in the Vargas State,
Venezuela, caused the failure of up to 30% of the steep slopes in certain basins
(Lopez et al., 2003; see Chapter 20). The magnitude of debris produced by such
events may best be estimated by multiplying the predicted area of landslide scars by
the average erosion depth.

The second problematic issue is determination of the downstream limits of
debris-flow erosion. It is well known that debris-flow surges erode material on
steep slopes, but deposit material on slopes flatter than a certain limit. Several
suggestions for setting the deposition slope can be found in the literature:

1. Ikeya (1981), followed by Okubo and Mizuyama (1981), suggested a slope of
10°.

2. Hungr et al. (1984), referring to relatively coarse-grained non-volcanic debris
flows from Southern British Columbia, Canada, suggested a deposition slope of
8-12° for “confined” channels and 10—-14° for “open’ channels, the former being
characterized by a maximum flow depth/width ratio of over 1:5.

3. Small debris flows and debris avalanches in Hong Kong often deposit on slopes
exceeding 30—40° (Wong et al., 1997).

4. Referring to debris flows from the Pacific North-west, USA, Benda and Cundy
(1990) placed the downstream end of erosion at a 10° slope. Deposition is said to
begin at a slope of 3.5°, or earlier if a sharp change of flow direction occurs at a
stream junction.

5. Fannin and Wise (2001), using data from coastal and insular British Columbia,
found both deposition and entrainment occurring on slopes of 10-22° in
confined reaches and 19-24° in unconfined ones (e.g., open slopes, gully
sidewalls or headwalls).
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Figure 7.7. A debris flow channel with multiple branches in Banff National Park, Canada.
Photo D. Ayotte.
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6. Jordan (1994) made a comparison between coarse-grained debris flows derived
from igneous rocks of the Coast Plutonic Complex, southern British Columbia,
Canada and fine-textured volcanogenic debris flows from the same region. The
average slope angles of the deposits ranged between 7 and 15° for the former and
0.5 to 5° for the latter, showing a strong inverse relationship to volume (ranging
up to 107 m? for the largest lahars).

7. Large debris flows from metamorphic rock sources, triggered during the 1999
Vargas State disaster in Venezuela, eroded fan and floodplain deposits and
carried large boulders to slopes as low as 2° without substantial confinement
(Lopez et al., 2003, see also Chapter 20).

8. Large, eruption-triggered debris flows on volcanoes may erode substantially on
slopes as flat as 1° (Pierson, 1995, see also Chapters 10 and 27).

This collection of deposition criteria confirms the disquieting fact that no general
guidelines for the determination of the deposition angle exist. Furthermore, experi-
ence shows that smaller debris flow and debris avalanche events can deposit on
considerably steeper angles than larger events on the same path. Mean water
content of individual surges also seems to play an important role as does the
composition and particle size of the surge front. Thus, the downstream limit of
erosion may vary from one event to another, or even between individual surges.

Research is needed to establish two criteria: the slope where substantial erosion
ends (“limit of erosion slope’) 3,, and the slope where deposition begins (“slope of
deposition™) 3, (neither may be a unique value for a given path). The factors likely
to influence both limits are probably those listed in Table 7.1. Both angles will
probably be strongly affected by the average solids concentration of a debris-flow
surge. Flows with lower solids concentrations by volume should be more erosive and
also should have the lowest deposition angles. The implication of this is that rela-
tively steep fan accumulations of material laid down by one flow may subsequently
be eroded and remobilized by later flows having lower solids concentrations. This
type of behavior is observable on many debris fans, where complex patterns of filling
and cutting tend to be the rule rather than the exception.

The third problem is the estimation of the yield rate itself. Some channels and
gullies are formed in substrate of low erodibility (e.g., bedrock or dense or very
coarse granular soil or stiff cohesive soil). Bedload material and colluvial wedges
at the base of stable banks are ephemeral in such channels and likely to be eroded by
a climax debris-flow surge. An example of such a “firm-base channel”, formed in
igneous bedrock, is shown in Figure 7.8. The corresponding term in sediment
hydraulics is a “supply-limited”” channel (cf. Bovis and Jakob, 1999; Jakob et al.,
2004). It is possible to estimate the amount of debris available in firm-base channels
by a direct visual inspection (Thurber, 1983; Hungr et al., 1984; VanDine, 1985).

Estimation of the yield rate is more difficult and subjective for “erodible-base
channels”, where no shallow, firm substrate exists and the entrainment process is
transport-limited. As stated earlier, a theoretical means of estimating erosion depths
in such cases is not practically useful, and recourse must be taken to subjective
judgment, or empirical relations as discussed later in this chapter.
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Figure 7.8. A photo of a firm-base channel, with a substrate of igneous bedrock, near
Chilliwack, British Columbia, Canada.
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The yield rate approach is difficult to use for unchannellized debris avalanches,
where the yield rate depends strongly on the width of the path. In this case, the
“erosion depth” parameter is a more suitable index for estimating volumes, provided
that the width of the path is known. The relation between yield rate (Y;, in m°/m),
erosion depth (D; in m), and path width (B; in m) is:

Yi:BixDi (711)

Here the index i represents a particular reach of a path. The erosion depth in open-
slope debris slides depends primarily on the depth of any loose layer such as a
colluvial veneer, an organic rich soil horizon, or a loosened surficial layer. In
some cases, it can be estimated directly from field observation or by subsurface
investigations such as test pits or geophysical surveys.

Path width is another parameter that is difficult to estimate, except in the case of
firm-based channels. Width estimation is particularly difficult on open slopes, where
debris avalanche scars are often observed to widen with distance downslope
(Figure 7.9). Guadagno et al. (2003) suggested empirical means to estimate the
angle of spreading of debris avalanche scars in the Campania Region, Italy
(Chapter 19).

A collection of reported values of erosion depth and yield rate from several parts
of the world is shown in Table 7.2, which shows that depth ranges up to about 6 m
and yield rate up to about 30 m?/m, although much larger values probably occur in

Figure 7.9. Two debris avalanches widening with distance downslope. (Quindici, Campania
Region, southern Italy.)
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catastrophic events (see Chapter 27). The largest values in the table relate to reaches
with large bank failures (Rickenmann et al., 2003).

7.5 CONSIDERATION OF FREQUENCY

The above discussion has attempted to present a deterministic picture. However, in
reality, all of the parameters contributing to (7.10), including length of the eroded
channels, location of the end of erosion, and the yield rate or erosion depth, are
stochastic in nature. Thus, we are faced not only with the need to estimate the mean
values of these parameters, but also their variance. Some attempts have been made to
take a stochastic approach to this problem as discussed below. However, in many
practical applications, the analysis focuses on determination of a flow ‘“design
magnitude” for a particular channel, which could be defined as the magnitude of
an event whose probability of occurrence approximates the inverse of the expected
lifetime of a given structure — such as a debris-flow basin — reduced by a suitable
factor of safety (Thurber, 1983). The empirical calibration process could then be
based on previous events with similar return periods.

Event return periods may be estimated more reliably for firm-base channels. If
the path is underlain by a firm base, a debris flow may remove most of the loose
material accumulated on it. Following the debris flow, there is no unconsolidated
material available and a second event cannot happen. Gradually, more debris accu-
mulates by erosion and mass movement from the hillsides adjacent to the path and
by bedload deposition, thus “priming” the channel for another event (Bovis and
Dagg, 1988). Bovis and Jakob (1999), found that debris flows can reoccur in some
gullies of coastal British Columbia at intervals as short as a few decades. Benda and
Dunne (1997), on the other hand, estimated that recharge times for gullies in the US
Pacific North-west may be as high as several thousand years. Thus, no simple rule
can be given at present.

7.6 EXAMPLES OF EMPIRICAL CALIBRATION OF THE YIELD
RATE CONCEPT

The use of the yield rate concept was extended to the simulation of the deposition
behavior of debris flows and avalanches on Oahu Island, Hawaii by Cannon (1993).
She assumed that each event begins as a discrete debris slide, the volume of which
can be estimated beforehand by independent means. A constant “‘lag rate” is then
assumed, being the equivalent of the yield rate, but negative in this case, since
material is gradually discarded along the path in levees and sheets. The runout
distance is determined by dividing the slide volume by the lag rate. Using multiple
regression analysis, Cannon (1993) found an empirical relation connecting lag rate
with slope and width of the path (lateral confinement). Cannon’s approach is difficult
to apply in many cases of debris flows and avalanches, in which the volume of the
initiating slide tends to be only a small fraction of the total volume mobilized along
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the path, and where runout distance is usually significantly controlled by lateral
spreading.

Fannin and Wise (2001), using data from the Queen Charlotte Islands of British
Columbia, combined both the yield rate and lag rate approaches. Erosion tends to be
dominant in the steeper reaches of the path, causing down-channel increases in flow
volume. As slope angle decreases, deposition begins and volume is discarded
according to a negative lag rate. Runout is predicted when the deposited volume
equals the total entrained (i.e., a volume balance is established).

Fannin and Wise’s (2001) approach was different from the concepts discussed
here, in that neither yield rate nor erosion depth were used explicitly. Instead,
regression equations were developed for incremental volumes of erosion and deposi-
tion per reach. Separate correlation equations were developed for reaches dominated
by erosion and deposition and for transitional reaches. The primary predictor
variables in the regressions included reach length and path width. Their correlation
coefficients were close to 1, suggesting that these two quantities serve primarily as
scaling factors. Thus, the use of incremental volumes instead of yield rates does not
seem to be advantageous. Weaker, highly scattered correlations were also found for
some path types with slope angle, lateral confinement, cumulative passing volume,
and angular changes in flow direction.

The yield rate method was also examined by Lau and Woods (1997) for debris
flows and avalanches in Hong Kong. They developed stepwise regression equations
for the average yield rate of a channel, based on material type (colluvium, residual
soil), slope morphology (planar, concave, convex), vegetation type, slope angle, and
radius of channel cross section. However, they concluded that the correlations were
very weak, and that the resulting model was no more consistent than the routine
empirical runout estimation method based on the travel angle.

7.7 THE BRITISH COLUMBIA DEBRIS-FLOW DATABASE

T. Rollerson and T. Millard, scientists employed by the MacMillan Bloedel
Company in British Columbia, investigated 449 debris flow and debris avalanche
events from the Queen Charlotte Islands, British Columbia. The region is a heavily
dissected plateau with a relief of sea level to approximately 700 m, composed of
metamorphosed volcanics and sediments mantled by Pleistocene glacial soils and
colluvium (Fannin and Rollerson, 1993). It has a cool, perhumid maritime
climate, with an annual precipitation of 1,000—4,000 mm.

The full length of each landslide was traversed on the ground and estimates were
made of material eroded and deposited in reaches judged to be homogeneous. An
additional 39 events were studied subsequently on the south-western British
Columbia coast by Wise (1997) and Yonin and Hungr (unpublished). After eliminat-
ing internally inconsistent and incomplete records, a database of 174 debris flow and
debris avalanche events, comprising 1,073 channel reaches, was compiled. Unfortu-
nately, the database does not contain any descriptive information on the reaches,
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Figure 7.10. Queen Charlotte Islands database: histogram of erosion depths for all 1,073
reaches, both confined and unconfined.

Data courtesy Messrs. T. Rollerson, Golder Associates Ltd and M. Wise, Vancouver.

except for slope, channel width, presence or absence of lateral confinement, path
azimuth and passing volume.

The average magnitude of events in the database is only 1,100m?>, and ranges
from 50-30,000 m>. The total estimated volume of debris eroded in all of the events
is 200,000 m?, while that deposited is 17% greater, indicating a measure of inaccu-
racy in the field estimates.

Figure 7.10 shows the distribution of erosion depths compiled from the
database. Table 7.3 gives average erosion depths for various slope categories. The
following observations can be made:

e The erosion depths vary from —3m (deposition) to 3m (erosion), with a few
exceptional cases reaching the range of —5 to Sm.

e The erosion depth exhibits a Poisson distribution within the erosional domain,
while being rather uniform in the depositional domain.

e The average value is approximately 0.5 m for all eroding reaches and —1.0 for all
depositing reaches. However, the standard deviation exceeds the mean at all
slopes, indicating significant skewness in the distributions. The range of
observed values is always at least 2 m (except at angles exceeding 40°).
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Table 7.3. Queen Charlotte Islands database: yield rates in relation to channel slope and
confinement.
Data courtesy Messrs. T. Rollerson, Golder Associates Ltd. and M. Wise, Vancouver.

Unconfined Confined
Slope angle Average Shaded deviation Average Standard deviation
All —0.94 39.50 0.26 11.62
0-15 —22.33 58.66 —10.89 18.99
16-20 1.55 33.13 2.07 5.57
21-30 5.53 30.75 3.41 6.55
31-50 11.10 12.96 3.88 3.23

Scatter plots correlating erosion depth with path width, cumulative volume of debris
passing into the reach, slope angle, and other variables, showed very weak trends
and extreme scatter. It was concluded that those variables available in the database
(i.e., confinement, path width, slope angle, path azimuth, and passing volume) do
not have a significant systematic influence on the erosion depth. Any model using
these data must therefore treat D; as a random variable, with a range of at least —3
to 3m.

100 —

80 —

4 i "

5 60 —

o ;

- -

3

2 40 —

S

Z .

20 —

0 1 m on(HT] -I.rFL
T T T

50 -40 -30 -20 10 0O 10 20 30 40 50
Yield rate (m3/m)
(negative for deposition)
Figure 7.11. Queen Charlotte Islands database: histogram of yield rates for the 340 confined
reaches.
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Figure 7.12. Queen Charlotte Islands database: histogram of yield rates for the 733 unconfined
reaches.

The distributions of yield rates in all confined and unconfined reaches of the
database are shown in Figures 7.11 and 7.12 respectively. In both instances the
distributions are approximately normal, centered at a slightly positive value. A
summary of means and standard deviations for these data is given in Table 7.4. It
is interesting to note that the distributions show a similar trend to the worldwide
values compiled in Table 7.2. Thus, the distributions appear to represent typical
conditions for relatively small debris flows and debris avalanches.

Figures 7.13 and 7.14 represent an attempt to delineate zones of erosion (full
symbols) and deposition (open symbols) in terms of slope angle and the volume of

Table 7.4. Queen Charlotte Islands database: erosion depths (in meters) in relation to channel
slope and confinement.

Unconfined Confined
Slope angle Average Shaded deviation Average Standard deviation
All 0.0 1.2 0.2 1.1
0-15 -1.2 0.9 —0.9 1.4
16-20 —0.1 1.1 0.2 0.8
21-30 0.3 1.0 0.5 0.8

31-50 0.7 0.7 0.6 0.7
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Figure 7.13. Queen Charlotte Islands database: dependence of yield and lag rates on slope
angle and the amount of debris flow material entering the reach for “confined” reaches.

debris-flow material entering a given reach. In the case of confined reaches, there
appears to be a crude trend, indicating that erosion can occur on slopes as low as 10°,
provided that the flow is already fully developed. On the other hand, the volume
entering a reach seems to have no effect in unconfined reaches (Figure 7.14). In both
cases, there is a transitional zone, at least 10° wide, as well as numerous outliers.
Indeed, the occurrence of erosion and deposition in these small magnitude events
appears to be a largely random process.

7.8 CONCLUSIONS

The ability to determine entrainment is a crucial step in prediction of debris flow and
debris avalanche magnitude and behavior. As shown in this chapter, analytical tech-
niques are unlikely to be useful in the foreseeable future. Empirical relations must be
developed, but this task is made complex by the wide scatter in the available data
sets, combined with the difficulty of acquiring such data and their generally low level
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Figure 7.14. Queen Charlotte Islands database: dependence of yield and lag rates on slope
angle and the amount of debris flow material entering the reach for “unconfined” reaches.

of reliability. Although difficult, the approach of collecting data on entrainment
depth and yield rate, then correlating these data with well-chosen descriptive param-
eters in a statistical treatment seems to be the only course available. Any such
methodology will probably always need to be complemented by judgment.
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Hyperconcentrated flow — transitional process
between water flow and debris flow
Thomas C. Pierson

8.1 INTRODUCTION

Naturally occurring high-discharge flows of water and sediment in open channels
(i.e., “floods™), vary over a wide and continuous spectrum of sediment concentration
and particle-size distribution. Water floods normally transport mostly fine sediment
and in relatively small quantities (as a proportion of total flow volume), with
suspended sediment having little effect on flow behaviour and concentrations
generally less than 4% by volume (vol%) or 10% by weight (wt%) (e.g.,
Waananen et al., 1970). At the other end of the spectrum, especially in favourable
geologic or geomorphic settings, high-discharge debris flows and mudflows' may
transport more sediment than water. In these flows sediment concentrations are
often in excess of 60 vol% (80 wt%)> (Costa, 1984, 1988; Pierson and Costa,
1987), and the sediment plays an integral role in the flow behaviour and
mechanics (Wan and Wang, 1994; Coussot and Piau, 1994; Coussot, 1995;
Iverson, 1997; see also Chapter 6). The term hyperconcentrated flow is most often
applied to flows intermediate between these two end-members, although debris flood
and mud flood have also been used. There is a subtle but important distinction to be
considered in choosing the term, however. Debris floods and mud floods, discussed
below, are extreme-magnitude, sediment-rich flow events, which may or may not

"'Debris flows and mudflows are similar processes — complex, highly concentrated, pseudo-one-phase
gravitational flows of sediment and water (Pierson and Costa, 1987; Wan and Wang, 1994). Debris flows are
generally considered to contain more than 50% particles larger than sand size (Varnes, 1978), and varying
physical interactions between coarse clasts and between clasts and fluid play significant roles in the flow
mechanics (Iverson, 1997; see also Chapter 6). Mudflows (of the type studied by Chinese researchers and
discussed in this chapter) are composed predominantly of silt, with some clay and fine sand. A combination
of concentration-dependent and shear-rate-dependent, electrochemical and frictional interactions between
particles largely determine flow behaviour (Coussot and Piau, 1994).

2 A particle density of 2.65 g/em? is used to compute volumetric concentrations from weight concentrations
for kaolinite clay and silicate mixtures of silt, sand, and gravel; 2.3 g/cm? is used for smectite clay.

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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involve the physical mechanisms characteristic of hyperconcentrated flows. It will be
shown in this chapter that hyperconcentrated flow is a distinct flow process that can
occur at low, as well as high, discharges.

Debris flood has been defined in a general sense as “a flood intermediate between
the turbid flood of a mountain stream and a true mudflow” (Bates and Jackson,
1987). The approximately synonymous term mud flood (Gagoshidze, 1969;
Committee on Methodologies for Predicting Mudflow Areas, 1982) has also
appeared a few times in the literature. More specifically, a debris flood has been
defined as “‘a very rapid, surging flow of water, heavily charged with debris, in a
steep channel” (Hungr et al., 2001; see also Chapter 2), differentiated from debris
flow in that it presumably maintains the characteristics of a Newtonian fluid and
does not exhibit a surging or pulsating behaviour (Aulitsky, 1980). Although the
term is discussed in classification schemes, it is generally not used in the English-
language literature to describe actual events.

Floods that would qualify as debris floods or mud floods by the above
definitions (but not necessarily labeled as such by the researchers who studied
them) might include landslide-dam or log-jam breakout floods or thunderstorm-
generated flash floods in relatively steep, narrow canyons. Such floods can move
prodigious quantities of mud, sand, and gravel, including very large boulders, owing
to high discharge, steep water-surface slopes, and valley constrictions, which keep
flows deep and fast enough to produce high bed shear stress and strong turbulence.
These floods are typically described by eye-witnesses (e.g., Glancy and Harmsen,
1975; Glancy and Bell, 2000) as: (a) arriving initially as a steep, fast-moving “wall”
of boulders, logs, and other debris; (b) being very muddy in appearance and
extremely turbulent; and (c) appearing overall as very muddy water, but occasionally
having a consistency similar to fresh, wet concrete near the flow front (i.e., possibly
including a debris-flow phase). Published examples of such floods include the 1964
dam-failure flood on the Rubicon River, California (Scott and Gravlee, 1968), the
1974 Eldorado Canyon flash flood, Nevada (Glancy and Harmsen, 1975), the 1976
Big Thompson River flash flood, Colorado (Balog, 1978; Costa, 1978), the 1982
Lawn Lake dam-failure flood, Colorado (Jarrett and Costa, 1986), the 1983 Ophir
creek flood, Nevada (Glancy and Bell, 2000), and the 1996 Barranco de Aras flood,
Spain (Alcoverro et al., 1999; Batalla et al., 1999). While debris floods or mud floods
may achieve debris-flow characteristics toward the front of the flood wave or may
include a submerged debris-flow phase along the channel bed (e.g., Scott and
Gravlee, 1968), debris floods are primarily normal water floods or hyperconcen-
trated floods that are able to move large quantities of coarse sediment because of
high discharges and/or steep channel slopes. Their deposits typically are composed
of poorly stratified, loose mixtures of coarse sand and gravel, with the gravels
commonly showing both an openwork texture throughout and an imbricated
orientation of cobbles and boulders — characteristics not typical of debris-flow
deposits. With the exception of the minor debris-flow phases, there are as yet no
data nor compelling arguments to suggest that (a) basic bedload transport mechanics
are not sufficient to account for the large-scale bedload movement in debris floods or
mud floods, or (b) debris floods or mud floods should be classified as a separate
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process. Bedload transport is proportional to flow velocity raised to the exponent of
3-5, so dramatic increases in coarse-sediment transport can be expected in normal
floods where high velocities are maintained and abundant coarse sediment is
available (Mizuyama, 1981; Komar, 1988). Thus, the terms debris flood and mud
flood may be descriptively useful to characterize a specific flood event, but they will
not be discussed further in this chapter.

Evidence presented in this chapter from field observations and laboratory
experiments strongly supports the argument that hyperconcentrated flow should
be considered a separate flow process, not just a flow event. Flows with unusually
high concentrations of suspended sediment were noted decades ago in streams and
rivers in the semiarid and arid areas of the western USA (Lane, 1940; Bondurand,
1951; Nordin, 1963; Richardson and Hanly, 1965), in rivers draining the loess
plateau of central China (Todd and Eliassen, 1940), and in freshly disturbed
volcanic landscapes (Segerstrom, 1950). However, the term hyperconcentrated flow
was first coined in 1964 (Beverage and Culbertson, 1964) to distinguish these muddy
flows from normal streamflow, because of their tendency to clog irrigation canals
and aggrade natural stream beds. Subsequent field and experimental studies have
shown that natural hyperconcentrated flows are turbulent, two-phase, gravity-driven
flows of water and sediment, intermediate in suspended-sediment concentration
between normal sediment-laden streamflow and debris flow or mudflow. They
appear to be fundamentally different from these other flow types on the basis of
how sediment is transported, although more research is needed. Likewise, they
present hazards that are somewhat different from those presented by water flows
or debris flows and mudflows. This chapter reviews the various ways in which
hyperconcentrated flows have been defined, explores ways in which they are
different from other flow types, and synthesizes results from disparate studies to
obtain a workable conceptual definition of hyperconcentrated flow.

8.2 DEFINING BOUNDARIES OF HYPERCONCENTRATED FLOW

Problems arise in trying to define hyperconcentrated flow. In water flow, the fluid
mechanics are dominated by viscous fluid forces acting on channel boundaries and
on individual entrained sediment grains that have little meaningful interaction with
each other. In debris flow and mudflow, the flow mechanics involve complex combi-
nations of physical particle interactions (friction and momentum transfer between
coarse particles) and electrochemical particle interactions (double-layer and van der
Waals attractions between fine particles), physical interactions between the sediment
load and the bed, and strong but varying interactions between sediment grains and
the fluid (Coussot and Piau, 1994; Coussot, 1995; Iverson, 1997; see also Chapter 6).
The spectrum of physical processes at work in water flow and in debris flow or
mudflow represents a continuum, and sharp, discrete demarcations between flow
types probably do not exist.

Beverage and Culbertson (1964) initially defined hyperconcentrated flow as
having a suspended sediment concentration of at least 20 vol% (40 wt%) and not
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more than 60 vol% (80 wt%). While these authors described some of the unique
properties of hyperconcentrated flow, the boundary values were assigned without
objective criteria that could be transferred to other settings. Since then, many other
authors have simply taken these concentration limits and applied (or misapplied)
them. In addition to sediment concentration, two other types of criteria have been
used to distinguish hyperconcentrated flow: (1) criteria based on the bulk rheological
properties of the suspensions, and (2) criteria based on how (and how much) sand is
suspended and deposited in the flow. These approaches are discussed below. So far, a
single, precise, comprehensive, and commonly accepted definition of hyperconcen-
trated flow has remained elusive.

8.2.1 Rheological criteria

Rheology, the study of the deformation and flow of materials, examines the bulk
behaviour of two-phase sediment—water mixtures, within which complicated inter-
actions between solid and fluid forces take place during flow. So while rheology may
ignore the mechanistic details, rheological definitions of flow type have the
advantage that tests sometimes can be performed in the laboratory (or observations
made in the field) to define flow type.

Water behaves as a Newtonian fluid,? even when mixed with up to 35 vol% sand
or gravel-size particles (Fei, 1983; Wan and Wang, 1994). However, smaller amounts
of fines,* especially clay, added to a suspension will cause the onset of measurable
yield strength® (Figure 8.1), marking the onset of non-Newtonian fluid behaviour.
This transition from a Newtonian to a non-Newtonian fluid has been used by some
authors to define the lower threshold of hyperconcentrated flow (Qian et al., 1981;
Pierson and Costa, 1987; Rickenmann, 1991; Xu, 2002b, 2003). The upper threshold,
namely the transformation to debris flow or mudflow, can also be defined in terms of
yield strength — the point at which mixture yield strength, combined with buoyancy,
is sufficient to fully suspend particles recognizable in the field as gravel,® whether or
not the flow is moving (Pierson and Costa, 1987). A minimum yield strength of
about 60Pa is required, in addition to the buoyancy provided by the fluid, to
suspend a 4 mm mineral grain in a static mixture of clay and water (Hampton,
1975), although turbulence in a flowing mixture can decrease the yield strength by
breaking flocculent structures (Coussot and Piau, 1994; Wan and Wang, 1994).
Support of coarse gravel in static debris-flow mixtures requires the additional
support mechanism of grain-to-grain frictional contact (Pierson, 1981), and

3 Newtonian fluids have a constant viscosity with respect to shear rate and will flow in response to any
applied shear stress (i.e., they do not have internal strength to resist flow).

4 “Fines” are considered by North American researchers to be particles <0.62 mm (i.e., the full range of silt
and clay-size grains). In China, however, where much of the work on hyperconcentrated flow has been done,
“fines” are considered to be only particles <0.01 mm (i.e., fine silt and clay). Unless otherwise stated, the
North American convention will be used in this chapter.

3Yield strength (also termed shear strength) is the internal resistance of the sediment mixture to shear
deformation; it is the result of friction between grains and cohesion.

¢ Gravel here refers to particles >4 mm diameter, because particles 2-4 mm are sometimes labeled “grus”
and are hard to differentiate from sand.
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Figure 8.1. Yield strength of sediment-water mixtures as a function of suspended sediment
concentration. (a) Definitions of flow type based on an idealized yield-strength curve of a
poorly sorted sediment-water mixture. (b) Range in measured rheological properties of various
sediment-water mixtures resulting from differences in grain-size distribution (average grain
size indicated, in mm).

(b) From Pierson and Scott (1985).

increasing granular friction between more closely packed grains may explain the
exponential steepening of yield strength curves (Figure 8.1) in response to increasing
sediment concentration. Moving debris flows, however, involve a complex and
variable interplay between solid grain forces and viscous fluid (Iverson, 1997,
2003; Iverson and Vallance, 2001, see also Chapter 6).
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8.2.2 Sand suspension and settling criteria

Hyperconcentrated flows also have been characterized as flows in which large quan-
tities of sand are transported in full dynamic suspension once minimum concentra-
tions of fines (clay and fine silt) are achieved (Cao and Qian, 1990; Rickenmann,
1991; Dinehart, 1999). Field observations (Cronin et al., 1999) indicate that some
fine gravel may be included with the sand. The point at which the proportion of
sand in suspension abruptly increases relative to the suspended fines can also be
used to define the lower boundary of hyperconcentrated flow. Hyperconcentrated
flows characteristically have sand concentrations that greatly exceed the fines con-
centrations.” This sudden increase in the effectiveness of sand suspension is in
agreement with a model for transition from low-concentration suspensions to inter-
mediate or moderate-concentration suspensions (Druitt, 1995; Major, 2003),
whereby upwelling of fluid displaced by the downward settling of some of the
grains adds an additional buoyancy mechanism to the mixture, allowing the suspen-
sion to hold more sand. A critical part of this definition is that the sand and gravel
still can settle out of the water column whenever energy of the flow decreases.
Hyperconcentrated-flow deposits, therefore, commonly acquire some stratification
and better sorting than the suspensions from which they settle out.

If sediment continues to be added to a hyperconcentrated mixture, however, a
point is eventually reached whereby sand and gravel grains in the suspension begin
to significantly interact with each other and frictional forces between grains hinder
selective settling from the fluid suspension when the flow slows or stops (Druitt,
1995; Major, 2003). Frictional contact between grains prevents the larger and
denser grains from settling faster than the surrounding finer and lighter grains.
Consequently all the grains settle at the same rate and the result is an unsorted,
unstratified deposit. Chinese researchers refer to this as the transition from “‘hetero-
geneous hyperconcentrated flow” to “homogencous hyperconcentrated flow” or
mudflow (Qian et al., 1981; Cheng et al., 1999; Cao and Qian, 1990). For suspensions
of sediment from the Yellow River, this upper boundary is at about 19 vol% (Qian et
al., 1981), but for coarser, more poorly sorted mixtures the boundary is between 50
and 55 vol% (Pierson, 1986; Cronin et al., 1999; Major, 2003).

8.3 CHARACTERISTICS OF HYPERCONCENTRATED FLOW

8.3.1 Initiation

Hyperconcentrated flows can initiate when water floods acquire added suspended
sediment through erosion and entrainment or when debris flows lose coarse sediment
through dilution and selective deposition. Documented initiation mechanisms
include hillslope and channel erosion during intense rainstorms (Beverage and
Culbertson, 1964; Major et al., 1996; Pierson et al., 1996), lake-breakout floods

7Some water floods may carry more sand than fines in suspension, but generally the fines fraction is
significantly greater than the sand fraction (cf. Waananen et al., 1970).
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(Rodolfo et al., 1996; O’Connor et al., 2001), glacier-outburst floods (Maizels, 1989),
dilution and/or selective deposition at the heads and tails of debris flows (Pierson,
1986; Pierson and Scott, 1985; Cronin et al., 1999, 2000), and inputs of large
sediment volumes to water floods by landslides (Kostaschuk et al., 2003). No
matter what the water source is, an ample supply of easily erodible, relatively fine-
grained sediment is critical. Most naturally occurring hyperconcentrated flows occur
as floods (i.e., have higher than normal discharges), but in basins where sediment is
extremely erodible they readily occur under low-flow conditions as well (Beverage
and Culbertson, 1964; Montgomery et al., 1999). Studies have shown that there is
often no direct relation between discharge and suspended-sediment concentration in
natural occurrences of hyperconcentrated flow (Beverage and Culbertson, 1964;
Komar, 1988; Alexandrov et al., 2003).

Hyperconcentrated flows occur commonly in semiarid and arid regions, particu-
larly where basins are steep, hillslopes are erodible, channel banks are fragile, and
channel beds are unarmored and erodible (Gerson, 1977; Laronne and Reid, 1993;
Laronne et al., 1994). Although suspended sediment concentrations during floods in
this terrain normally are in the concentration range of 0.5-5 vol%, much higher
concentrations (in excess of 40 vol%) occur during extreme discharge events, during
first runoff events of the season, or when landslides enter streams during floods
(Lane, 1940; Beverage and Culbertson, 1964; Wannanen et al., 1970; Gerson,
1977). The loess plateau of central China has an especially high incidence of hyper-
concentrated flows due to the combination of abundantly available fine sediment
(thick deposits of eolian silt and fine sand), a subhumid to semiarid climate, and
relatively steep, deeply incised channels resulting from regional tectonic uplift (Todd
and Eliassen, 1940; Cao and Qian, 1990; Wang, 1990; Cheng et al., 1999; Xu, 1999).
This region produces rainfall-runoff floods with maximum concentrations occasion-
ally exceeding 50 vol%. Disturbed watersheds on volcanoes that have had recent
explosive eruptions also tend to produce hyperconcentrated flows, owing to the
widespread distribution of uncompacted fine tephra deposits (Segerstrom, 1950;
Waldron, 1967; Scott, 1988; Major et al., 1996; Pierson et al., 1996; Rodolfo et
al., 1996).

Two factors (found primarily at volcanoes) appear to be prerequisite for hyper-
concentrated flows to evolve from debris flows: (1) the debris flows need to be
sufficiently large to flow for long enough distances for flow transformations to
occur, and (2) the debris mixtures must be relatively poor in fines (clay-rich debris
flows tend not to transform). Where these conditions have been met, transformation
from debris flow to hyperconcentrated flow has been inferred or documented (Janda
et al., 1981; Pierson and Scott, 1985; Scott, 1988; Major and Newhall, 1989; Smith
and Lowe, 1991; Scott et al., 1995; Major et al., 1996; Cronin et al., 1999, 2000;
O’Connor et al., 2001).

8.3.2 Rheology

Viscosity is the property of a fluid that slows the settling of suspended particles and
allows it to resist shear deformation, thus controlling the rate of shear or flow.



166 Hyperconcentrated flow — transitional process between water flow and debris flow [Ch. 8

Viscosity increases with increasing sediment concentration in aqueous suspensions of
silt and clay (Cao and Qian, 1990; Julian and Lan, 1991), and the effect can be
dramatic. Suspensions of silt and clay containing between 15 and 45 vol% solids
can have dynamic viscosities 1.5-4 orders of magnitude greater than the viscosity of
clear water (Julian and Lan, 1991).

While Newtonian fluids such as clear water are deformable under any applied
stress and have a constant viscosity that is independent of shear rate, suspensions of
sediment and water commonly do not show either of these traits — viscosity can
change with shear rate, and some minimum stress may be required to deform some
mixtures. There is an extensive literature on the rheometry of fine-particle suspen-
sions and a number of rheologic models have been proposed to explain their
behaviour under applied stress (see Major, 1993 for a summary). Despite reported
complexities in rheologic behaviour, flow of natural silt/clay suspensions is
commonly considered to be reasonably well approximated by the Bingham model
over naturally occurring ranges of grain-size distribution, sediment concentration,
and shear rate (including rates representative of natural open-channel flows) (Fei,
1983; Wang et al., 1983; Engelund and Wan, 1984; Cao and Qian, 1990; Phillips and
Davies, 1991; Major and Pierson, 1992; Wan and Wang, 1994). The Bingham model
predicts a constant Bingham viscosity (up), after a finite yield stress has been
exceeded and can be represented as:

du
T—S+[I,de (8.1)
where 7 is shear stress, s is yield stress, and du/dy is the velocity gradient. Barnes and
Walters (1985) argue, however, that a true yield stress does not exist in fine-particle
suspensions and that apparent yield stress disappears at very low shear rates
(<107*s7"), although such low shear rates may be irrelevant for natural flows.

In most natural fine-grained mixtures, laboratory measurement of shear stress
over a wide range in shear rate (>3 orders of magnitude) results in demonstrable
shear thinning (i.e., decrease in viscosity with increase in shear rate), which is
probably due to the shear-induced breakdown of interconnected floc networks
(Coussot, 1995). At relatively high shear rates (e.g., 100s~'), even in mixtures con-
taining some sand, particle interactions are minimized, and the viscosity of the
interstitial fluid controls energy dissipation. At low shear rates (<5s~ '), disrupted
floc networks can reconnect (Coussot, 1995) and sand grains begin to physically
interact (Major and Pierson, 1992). Both of these phenomena also cause the
mixture rheology to deviate from the Bingham model by increasing apparent
viscosity. This control of viscosity by shear rate can be better modeled by the
Herschel-Bulkley model (Coussot and Piau, 1994; Coussot, 1995):

T:S+M<Zj) (8.2)

where p is variable viscosity and the exponent n (0 < n < 1) defines the rate of shear
thinning. When n = 1, this equation becomes the Bingham model.
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8.3.3 Turbulence and velocity distribution

Much of the research into the effect of sediment loads on turbulence structure and
velocity distribution in open-channel flow has been carried out on clear-water flows
transporting large quantities of relatively coarse sand (no fines in suspension), and
the conclusions are not always in agreement (discrepancies summarized by Wang
and Qian, 1989; and Cao et al., 2003).

Limited experimental work, specifically with turbulent hyperconcentrated flows
(large quantity of fines in suspension), suggests that vertical velocity distributions are
essentially logarithmic in shape as they are in clear-water streamflow (Zhang and
Ren, 1982; Yang and Zhao, 1983; Zhou et al., 1983), although experimental work by
Bradley (1986) indicates that a power-law function may also adequately describe
velocity profiles in hyperconcentrated flow. Overall, turbulence is somewhat
dampened in hyperconcentrated flows by the higher fluid viscosity, resulting in less
frictional loss of energy (van Rijn, 1983; Yang and Zhao, 1983), although flows
transporting coarse bed load experience greater turbulence intensity near the bed
and thus greater energy loss (Wang and Larsen, 1994). This effect of bedload
intensifying near-bed turbulence has also been noted in clear-water flows (at normal-
ized depths < 0.2). Causes of near-bed turbulence have been ascribed to greater bed
roughness height, eddy shedding from large grains, grain inertial effects, and grain/
bed form interactions (Best et al., 1997). Relative size of the bedload particles is an
important variable (Cao et al., 2003). Turbulence has also been shown to increase
when shallow hyperconcentrated flow moves over bed forms that have been immo-
bilized by clay impregnation (Simons et al., 1963, p. G31). Decrease in flow velocity
or increase in sediment concentration or suspended-particle size can alter the turbu-
lence structure of flow and cause flow stratification to develop, whereby the upper
part of the flow may become laminar and re-acquire a higher yield strength (floc
networks re-establish) while flow near the bed remains turbulent (Wan and Wang,
1994; Wang and Larsen, 1994; Cao et al., 2003). Turbulence induced by coarse bed
load can disrupt this stratified structure, however, and re-establish turbulence
throughout the fluid column (Wang and Larsen, 1994). Rigid plugs (zones with
zero velocity gradient) may develop in the upper, laminar part of the flow if con-
centrations approach the debris-flow/mudflow concentration threshold or the flow
slows (Zhang and Ren, 1982; Yang and Zhao, 1983; Wilson, 1985) (Figure 8.2).
Velocity distributions beneath such plugs remain logarithmic but with an
increased velocity gradient (Yang and Zhao, 1983; Wan and Wang, 1994).

Field observations support the conclusion that many natural hyperconcentrated
flows move principally as fully turbulent flows but with velocities near the river bed
deviating from the logarithmic distribution (Zhou et al., 1983). Some damping of
turbulence is noted, however (Pierson and Scott, 1985; Dinehart, 1999; Pringle and
Cameron, 1999; Cronin et al., 1997, 1999, 2000). Large-scale boils, eddies, hydraulic
jumps, and breaking antidune waves can be seen, but the small-scale choppy waves
and splashing common waves in clear-water flows of equivalent discharge are
commonly diminished or absent in relatively deep flows, and flow surfaces are
often described as having an oily sheen (Figure 8.3(a)). One early observer (Pierce,
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Figure 8.2. Vertical velocity profiles of experimental hyperconcentrated flow showing both a
fully logarithmic profile (a) and a profile with a rigid plug above and a logarithmic profile
below (b).

From Yang and Zhao (1983).

1917, p. 41) described one such flow at Q = 370m?>/s and having close to 50 vol%
suspended sediment: “... the river ran with a smooth, oily movement and presented
the peculiar appearance of a stream of molten red metal instead of its usual rough,
choppy surface.” Rapid shallow flows do not exhibit this oily smooth surface,
probably due to turbulence induced by coarse bedload or clay-encrusted bed
forms (Figure 8.3(b)). Stratified flows probably also occur in the field, particularly
at high concentrations, where turbulence near the surface vanishes while a turbulent
layer is maintained near the bed. In Chinese rivers rigid plugs have been observed to
form and thicken sufficiently to interact with the bed and bring flow in the channel to
a standstill (Qian et al., 1981).

8.3.4 Sediment transport
Suspended load and the role of fines

There are two types of suspended load in hyperconcentrated flow, as in water flow:
(1) fines (wash load) which form a stable suspension relative to the duration of
flow and remain in suspension independent of concentration, flow velocity, or
flow discharge (Cao and Qian, 1990; Xu, 1999), and (2) coarser particles (intermit-
tently suspended bed-material load or simply intermittently suspended load) which
remain temporarily in dynamic suspension for long periods of time relative to
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Figure 8.3. Examples of smooth and rough flow surfaces of hyperconcentrated flows in Pasig-
Potrero River, Mount Pinatubo, Philippines. Both were identified as hyperconcentrated by the
high concentrations of suspended sand, but concentrations were not measured. (a) Hypercon-
centrated flow (lahar) spilling over highway and creating a hydraulic jump on downstream
side; (b) shallow hyperconcentrated flow on a sand bed with randomly choppy surface,
possibly due to fines-crusted bed forms resisting transformation to a higher order form as
noted in experiments by Simons et al. (1963, p. G31).
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their size during flow (Komar, 1988; Bridge, 2003). Sand grains may only occasion-
ally contact the bed while saltating cobbles may stay suspended for only seconds.
However, all of the coarser particles that make up the intermittently suspended load
will settle out of suspension as flow slows or stops. Although these two types of
suspended load are present in both hyperconcentrated flow and water flow, the mean
grain size of the intermittently suspended load is coarser in hyperconcentrated flow,
much higher concentrations of intermittently suspended load are achieved in hyper-
concentrated flow, and the relative concentration of intermittently suspended sand
with distance from the bed is typically uniform in hyperconcentrated flow but
strongly stratified in water flow. Intermittently suspended particles may be as large
as small boulders in some hyperconcentrated flows (Cronin et al., 1999).
Concentration of fines appears to play a dominant role in the mechanics of
transport of the intermittently suspended load. Field and experimental evidence
suggest that high concentrations of sand cannot be transported in suspension in
hyperconcentrated flows unless a minimum fines concentration is first achieved
(Beverage and Culbertson, 1964; Gerson, 1977; Wan and Song, 1987). In this
sense, the water plus wash load mixture can be considered to be the ‘“‘carrier
fluid” for the coarser suspended load (Wilson, 1985; Cao and Qian, 1990).
Minimum wash-load concentrations appear to vary with the grain-size distribution
of both types of suspended load (Table 8.1). At Mount St. Helens for example, a

Table 8.1. Minimum “fines” concentrations required to permit hyperconcentrated flows to
suspend large quantities of sand. It should be noted that Cronin et al. (1999) measured 5
vol% suspended fines in measured flow LH7, which did not make the transition to hypercon-
centrated flow (i.e., the relative amount of suspended sand remained low).

Minimum fines Minimum fines Minimum fines

required? required” required®

Location (in wt% solids) (in wt% solids) (in vol% solids) Reference
New Mexico and ~15 ~6 Beverage and
Arizona (Rio Puerco, Culberson (1964)
Rio Salado, Paria
River, Little Colorado
River)
Toutle River, Mount ~18* ~8 Dinehart (1999)
St. Helens, Washington
Yellow River basin, 3-5% Estimated 3-10 Xu (2002b)
China 7-23 from

range of

grain-size

curves (Qian

et al., 1981)

““Fines” = particles <0.01 mm.

b “Fines” = particles <0.062 mm.

¢“Fines” = particles <0.062 mm.

* Concentration values read from graphs of fines concentration with corresponding sand concentration, at
the point at which sand concentration begins to increase significantly.
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fines concentration of about 8 vol% is required before significant increases in
suspended sand transport will occur, while at fines concentrations below 6 vol%,
relatively little sand is suspended (Dinehart, 1999). During the passage of hypercon-
centrated flow flood waves, fines concentrations tend to reach a maximum and fairly
constant “plateau level” (even though sand concentrations may vary greatly), which
may be due to supply limitations for the fines (Dinehart, 1999; Xu, 2002b). These
maximum levels vary for different flows in different regions.

The roles played by the fines in helping keep sand in suspension during hyper-
concentrated flow are complex. For decades it has been observed that high concen-
trations of suspended fines decrease fall velocity® of sand grains by increasing both
fluid density (i.e., increasing buoyancy) and fluid viscosity (Simons et al., 1963;
Nordin, 1963; Beverage and Culbertson, 1964; Xu, 1999). Dynamic viscosity can
increase by as much as four orders of magnitude in going from clear water to a fine-
sediment suspension of 45 vol% solids (Julian and Lan, 1991). Fall velocities for fine
sand (0.125 to 0.25mm) are reduced by an order of magnitude, whereas those for
coarse sand (0.5 to 1.0 mm) are cut in half by fines concentrations typically found in
hyperconcentrated flows in Arizona and New Mexico (Beverage and Culbertson,
1964). Bentonite suspensions of 4 vol% solids reduced fall velocity of various
natural sands (0.1 to 1 mm diameter) 2.5 to 4 times (Simons et al., 1963). Thus,
both yield strength and viscosity play important roles. Yield strength maintains
the integrity of the carrier fluid by keeping fines permanently in suspension (Wan
and Wang, 1994), and increased viscosity slows the settling of sand and coarser
particles (Wang et al., 1983; Wan, 1985). Not coincidentally, yield strength is
acquired at about the same point that sand concentrations begin to increase dram-
atically (Wang et al., 1983).

Suspension of coarse sand and gravel must rely on dynamic processes in
addition to the fluid properties that hinder grain settling. These have not been
studied in detail, but probably include increased drag provided by turbulent eddies
in the carrier fluid, and upward dispersive stress provided by collisions between
saltating grains and the bed and between grains themselves (Bridge, 2003). Also,
experiments have shown that the quantity of suspended coarse load increases with
increasing discharge (i.e., with increasing velocity and turbulence) (Wang, 1990),
suggesting that the dynamic mechanisms of turbulence and grain collisions must
play very important roles.

Coarse particles in hyperconcentrated flows will stay dynamically suspended so
long as the sum of fluctuating upward-directed fluid flow and momentum transfer
from grain collisions is greater than the particle fall velocity. Some of the upward
flow results from turbulence and some from convection. Upward-directed fluid
turbulence in hyperconcentrated flows, especially the action of macroturbulent
vortices, observed in natural flows (Pierson and Scott, 1985; Dinehart, 1999),
probably is fundamental in getting sand into suspension and helping to keep it
there (Wilson, 1985; Komar, 1988). Convection occurs as a direct result of particle

8 Constant fall velocity is reached when the submerged weight of a particle is balanced by the drag force
imposed by the fluid (Wan and Wang, 1994).
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Figure 8.4. Surface of hyperconcentrated flow revealing reticulate pattern apparently resulting
from elutriation of fines at margins of convection cells caused by downward sinking coarse
suspended load. Flow was the LHS lahar in Whangaehu River (Ruapehu volcano, New
Zealand), 27 September, 1995, 0945 hr, 42km from source. Sediment concentration was 46
vol% (see Cronin et al., 1999).

Photo by Shane J. Cronin (Massey University).

settling — irregular cylindrical or planar zones of fluid are displaced upward by
downward settling of larger, denser particles (Major, 2003). Such upward counter-
flow can elutriate fines from within the suspension and carry them to the flow surface
(Cronin et al., 1999; Major, 2003), sometimes resulting in the formation of swirling
reticulate patterns on the flow surface (Figure 8.4).

Bedload

Bedload (or contact load) is the sum of all sliding or rolling particles that stay in
more or less continuous contact with the bed, as well as the saltating particles that
move close to the bed and are frequently in contact with it. In hyperconcentrated
flow, the boundary between bedload and intermittently suspended load cannot be
sharply defined. Little is known about bedload transport during natural hypercon-
centrated flows, because standard bedload samplers cannot be deployed in flows with
such high drag forces. It has been noted that the sound of boulders moving on the
bed increases as the total suspended load increases (Pierson and Scott, 1985,
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Dinehart, 1999). Cronin et al. (1997) observed boulders up to 2m in diameter being
rolled by hyperconcentrated flow having a sediment concentration of 37 vol%.

Recent theoretical and experimental work on high-concentration particle
transport suggests that bedload sediment in hyperconcentrated flow may be trans-
ported in a concentrated zone of intense bed shear that has been referred as a traction
carpet (Hanes and Bowen, 1985; Todd, 1989; Sohn, 1997). Observers who have
reached hands into shallow (<1 m) hyperconcentrated flows have verified that an
increasingly dense zone of moving bed material can be felt near the bed (Dinehart,
1999). A dense basal underflow layer (akin to a submerged debris flow beneath a
more dilute flow) has also been inferred from field relationships (Scott and Gravlee,
1968; Cronin et al., 2000; Manville et al., 2000). In water flows, this dense zone of
moving bed material has been subdivided into two zones: an upper saltation zone
and a lower collisional grain flow zone (Hanes and Bowen, 1985). A somewhat
similar model is used to describe motion within dry grain flows (e.g., Drake,
1990); it includes (1) an upper collisional zone, which is characterized by large
gradients in particle concentration and velocity, active grain collision, high
granular temperature, and generation of dispersive pressure; and (2) a lower fric-
tional zone, which is a compact layer of slowly moving grains that are entirely in
frictional contact with each other. Both models have been combined by Sohn (1997)
in a conceptual model for bedload movement beneath turbulent overlying flows
(Figure 8.5). It has been noted that variation in thickness of the total bedload
shear layer, regardless of its internal mechanics, affects flow resistance and may
lead to flow instability for hydraulic reasons (Wilson, 1985).

Vertical distribution of sediment

The vertical distribution of suspended sediment concentration is relatively uniform
in turbulent hyperconcentrated flow — much more so than in normal streamflow
(Qian et al.,, 1981; Yang and Zhao, 1983; McCutcheon and Bradley, 1984,
Bradley, 1986; Rickenmann, 1991), and this uniformity of distribution depends on
turbulence (Durand and Condolios, 1952). The concentration distribution is size-
dependent (Figure 8.6) and can be predicted by the Rouse equation for distribution
of relative concentration (Nordin, 1963, p. C10). Nevertheless, concentration will
increase near the bed, and there may be no real demarcation between bedload and
suspended load in the near-bed region, where there should be a continuous exchange
of particles between suspended load and bedload (Wilson, 1985). As flow velocity
decreases: (a) particles settle out of suspension according to size, (b) the average size
of the intermittently suspended load becomes finer, (c¢) suspended sediment becomes
progressively more concentrated near the bed, and (d) flow becomes more stratified
(Wilson, 1985).

Transport rates

It has been well demonstrated that suspended-load transport rates for turbulent
water flow and hyperconcentrated flow increase with increasing fine-material con-
centration (Simons et al., 1963; Kikkawa and Fukuoka, 1969; Wan, 1982; Bradley,
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Figure 8.5. Generalized models for movement of bedload beneath overlying turbulent,
shearing flow, which are presumed to describe mechanisms operative in a traction carpet in
hyperconcentrated flow. (a) Model of Hanes and Bowen (1985) that postulates an internally
shearing, collision-dominated granular fluid region beneath a turbulent fluid shear region. (b)
Model of Drake (1990), based on high-speed photography of dry grain-flow experiments, that
identifies (1) a basal frictional region with enduring frictional contacts between grains, which
has a lower quasistatic zone and an upper block-gliding zone with groups of grains moving as
coherent blocks, and (2) an overlying collisional region that is subdivided into a lower grain-
layer gliding zone, a middle chaotic zone, and an upper saltational zone. (c) The conceptual
synthesis of models A and B (Sohn, 1997) that predicts non-linearly increasing average
velocities of grains with height above the static bed, up to the top of the traction carpet.

1986; Wan and Song, 1987; Dinehart, 1999). The average particle size of transported
sand also increases with increasing fines concentration (Cao and Qian, 1990; Xu,
1999). Beverage and Culbertson (1964) predicted overall transport rate increases of
about 500% for hyperconcentrated flow above water-flow transport rates. For over
an hour during the 1982 hyperconcentrated flow at Mount St. Helens, the quantity
of sediment in suspension was between 15 and 40 times more than during normal
floods of similar magnitude (Pierson and Scott, 1985; Dinechart, 1999). Wan and
Song (1987) predict overall increases in sediment transport rate of up to nearly
100 times more than normal streamflow.

Bedload transport rates are higher for hyperconcentrated flow than normal
streamflow, as well. Bradley and McCutcheon (1985) calculated that bedload
transport rate should increase between 50-70% for suspended sediment concentra-
tions of 20 vol%, using well-known sediment transport formulas. Rickenmann (1991)
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Figure 8.6. Vertical distribution of suspended sediment concentration in hyperconcentrated
flows. (a) Experimental flow using sand (Dsy = 0.18 mm) added to bentonite clay suspension
of 3.8 vol% concentration. (b) Apparent natural hyperconcentrated flow on Rio Puerco near
Bernardo, New Mexico, station 185, 20 September, 1961.

(a) From Bradley (1986). (b) From Nordin (1963).
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experimentally achieved bedload transport rates up to about 300% above clear-
water rates, as fines concentration was increased up to a limiting value of 17
vol%. At concentrations above this limiting value, the fluid was less effective in
transporting bedload. In turbulent flow, Rickenmann attributed this increase in
bedload transport capacity to the efficacy of increased fluid density. Bradley’s
(1986) experiments showed an increase of two orders of magnitude in bed-material
transport rates.

8.3.5 Bed material, bed forms, and flow resistance

Resistance to flow in an open channel is affected both by the internal properties of
the fluid itself (fluid density and viscosity), by the shape and sinuosity of the channel,
and by the drag imposed by the roughness of the bed. In alluvial channels, bed
roughness can be further subdivided between particle roughness (size and shape of
individual particles on the bed, mobile or stationary) and form roughness (shape and
size of bed forms such as ripples, dunes, and antidunes).

Flume experiments have indicated that the roughness of the stationary bed and
the presence or absence of relatively coarse bedload are important to flow resistance
in hyperconcentrated flows. Hyperconcentrated flows flowing over rough beds
experience less drag than clear-water flows at the same flow rate on the same
beds, because the fines reduce turbulence intensity and suppress small eddies,
therefore less energy is consumed and flow velocities are higher (Wan and Wang,
1994). Increasing the sediment concentration (in the range 3-9 vol%) can reduce
flow resistance further. Even on smooth (sand) beds, flow resistance of the hyper-
concentrated flow without coarse bedload can be less than that of the clear-water
flow by about a factor of two (Shu et al., 1999). Also, it was found that flow
resistance decreased with increasing suspended sediment concentration, but only
until a minimum flow-resistance value was reached at a concentration of about
11-15 vol%; at concentrations above this threshold, flow resistance increased with
increasing concentration (Figure 8.7). Yang and Zhao (1983) also concluded that
flow resistance was commonly less in hyperconcentrated flow than in clear-water
flow. With coarse bedload present that requires energy to transport, however, flow
resistance is greater than in a similar flow without the bedload. The presence of
coarse bed load increases turbulence intensity throughout the flow depth, transfers
energy from mean motion to turbulence, and slows mean velocity (Wang and
Larsen, 1994).

The effect of bed forms (form roughness) on flow resistance has been investi-
gated for flows of clay—water suspensions at various concentration ranges: 0.4-1.0
vol% (Wan, 1985), 3—4 vol% (Simons et al., 1963), and 1-16 vol% (Wan and Song,
1987). In the lower flow regime (subcritical flow), a higher discharge is required to
initiate particle motion on the bed for clay—water suspensions than for clear water,
but the transformation from dunes to plane bed occurs at progressively smaller
discharges as fines concentration is increased (Simons et al., 1963; Wan, 1985). In
addition, the dunes that formed in flows with high concentrations of suspended clay
were lower, smoother, more spaced out, and more symmetric, thus providing less
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Figure 8.7. Relation between friction factor (f') and suspended sediment concentration for
experimental flume runs at flow discharges between 50 and 93 L/s.
From Shu et al. (1999).

form resistance than those formed under similar flow conditions by clear water
(Simons et al., 1963; Wan, 1985; Wan and Song, 1987). Thus in the lower flow
regime, form roughness decreased with increasing suspended sediment concentra-
tion. However, the opposite effect was observed in supercritical flow — form
roughness and flow resistance increased with increasing suspended sediment concen-
tration. At constant discharge, the addition of fines caused standing waves to
transform to breaking antidunes (with accompanying increase in turbulence and
sediment transport) (Simons et al., 1963). This transition can increase flow resistance
by a factor of 2-3 (Simons and Richardson, 1966). It was noted that the high fines
concentrations could cause stabilization (crust formation) of ripple and dune bed
surfaces due to bed impregnation by the fines. These clay-encrusted bed forms had to
be broken up by higher flow discharges before higher order bed forms could be
constructed (Simons et al., 1963).

Transverse and downstream-pointing V-shaped standing waves (non-breaking
and breaking) have been observed in natural hyperconcentrated flows (Pierson and
Scott, 1985; Dinehart 1999; Cronin et al., 1999, 2000). A progression in bed-form
development was noted during flow (Dinehart, 1999), where apparent plane-bed
conditions changed to standing waves and then to breaking antidunes while
suspended sediment concentration increased and flow discharge decreased, support-
ing the experimental findings noted in the previous paragraph. Development of
chutes and pools (bed forms providing still greater flow resistance) has also been
observed in natural hyperconcentrated flows (cf. Pringle and Cameron, 1999).
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The experimental work cited above predicts that hyperconcentrated flow should
flow faster than clear-water flow for the same depth and slope, so long as flow
remains predominantly in the lower flow regime and transported bedload is not
excessively coarse. Furthermore, other experiments have shown that mean flow
velocity in open-channel flow increases with increasing suspended-sediment concen-
tration even before hyperconcentration levels are reached (Vanoni, 1946; Vanoni and
Nomicos, 1960). These experimental conclusions are supported by field measure-
ments at Mount St. Helens, where a high-discharge hyperconcentrated flow in
1982 had a mean velocity approximately 10% faster than several previous normal-
concentration floods of approximately equivalent depth and discharge at the same
gauging station (Pierson and Scott, 1985).

8.4 EXAMPLES OF OBSERVED HYPERCONCENTRATED FLOWS

Hyperconcentrated flows are relatively common in volcanic terrains recently
impacted by explosive eruptions, and the best documented examples have been
observed in volcanic terrains. In such settings rapid releases of water from a
variety of sources will typically erode and incorporate exceptionally large volumes
of unconsolidated deposits on hillslopes and in channels, and then flow downstream
as lahars.” The following are three examples of lahars that were, for much of their
flow paths, hyperconcentrated flows (Table 8.2), identified as such by their dynamic
suspension of sand and fine gravel in large quantities. Equivalent data for non-
volcanic hyperconcentrated flows have not been published.

8.4.1 1982 Hyperconcentrated lahar, Toutle River, Mount St. Helens, USA

The best documented example of a hyperconcentrated flow in North America is an
eruption-triggered lahar that occurred on 19-20 March, 1982, in the Toutle River
downstream from Mount St. Helens (Pierson and Scott, 1985; Scott, 1988; Dinchart,
1999; Pierson, 1999). It was caused by an explosive eruption that rapidly produced
about 4 x 10°m? of meltwater, forming a temporary lake in the crater. Breakout of
the lake produced a pumice-charged water flood that eroded deeply into crater-floor
volcaniclastic sediment and bulked to debris-flow concentration as it flowed out of
the crater. Dip samples collected from the surface of the flow at three US Geologic
Survey gauging stations 49, 73, and 81 km downstream from the source verified that
it had transformed from debris flow to hyperconcentrated flow by the time it reached
these stations. Estimated and measured peak discharges were about 960, 650, and
450 m? /s, respectively — a flood peak attenuation of more than 50% over this 32-km
reach. Average peak-flow depths ranged from 2.0 to 3.5m. This example differs
significantly from examples in central China in that the input of fines occurred
primarily at or near source, and that the initial sediment had an extremely wide

% Lahars are “rapidly flowing mixtures of rock debris and water (other than normal streamflow) from
volcano” (Smith and Fritz, 1989; Smith and Lowe, 1991). They can be hyperconcentrated flows or debris
flows, and they commonly transform from one to the other. This definition is now gaining wide acceptance
over previous usage that equated “‘lahar” with “volcanic debris flow”.
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range of particle sizes. High discharge hyperconcentrated flows in central China
involve primarily silt and fine sand, and sediment inputs occur throughout the
drainage basin wherever rainfall is contributing runoff.

Flood hydrographs and sediment sampling from the three stations (Figure 8.8)
and field relationships show that: (1) the flood wave peaked quickly at each gauging
station but peak magnitude attenuated as the flood progressed downstream and
deposited large volumes of sand and gravel; (2) sediment concentration peaks
lagged the flow discharge peaks with lag times increasing in the downstream
direction; (3) fines concentrations plateaued at 250,000-350,000 mg/L (9—13 vol%);
(4) suspension of large volumes of sand did not begin occurring until fines concen-
trations reached about 200,000mg/L (8 vol%); (5) at peak concentration, the
amount of sand in suspension far exceeded the quantity of suspended fines; and
(6) peak total sediment concentration steadily decreased with distance downstream
from at least 46 vol% (actual peak value not recorded at first station) to 41 vol% at
the second station to 36 vol% at the third. Over this 32-km-long reach (average slope
of 0.006 5 m/m), the flood deposited 37% of its sediment load. Of the total sediment
in suspension at the time of peak sediment concentration, 70-80% was sand and fine
gravel, although the suspended gravel was primarily lower density vesicular dacite
and pumice (Dinehart, 1999). The coarsest suspended particles sampled at the flow
surface were 16-32 mm in diameter. Plots comparing suspended sediment concentra-
tions by size class with time (Figure 8.9) show that the coarser the grain size, the
more quickly it settled out of suspension.

8.4.2 1993 Hyperconcentrated lahar, Sacobia River, Mount Pinatubo, Philippines

Monsoonal rain triggered a small (of the order of 10m?/s peak discharge) hyper-
concentrated lahar lasting about 2 hours in a broad sand and pumice-gravel-bedded
braided alluvial channel on the lower east flank of Mount Pinatubo on 26
September, 1993 (Figures 8.10 and 8.11). It arrived at the observation point (20—
25km downstream from estimated initiation point) as a single low bore, 5-10cm
high, moving slightly faster than the ambient, already highly concentrated stream-
flow. Peak flow depth (in the distributary channel closest to bank), about 0.7 m, was
reached in about 10min, and flow discharge appeared to gradually recede as the
thalweg moved to a mid-valley channel. The photographs in Figure 8.10 show both
apparent plane-bed conditions accompanied by bank-parallel small waves and devel-
opment of breaking antidune waves only 2min later (slight increase in depth and
possibly velocity). Total active floodway width was estimated at 30 m, although flow
was concentrated in 3 or 4 distributary channels.

Crude depth-integrated sampling was carried out at intervals along the right
bank using heavy-duty Ziplock ®-type'® plastic bags. The highest sampled sus-
pended sediment concentration was 30 vol% (average particle density = 1.84 g/cm?
from pumice content), which lagged about 10 min behind the apparent flow peak.
When flow was at or near peak depth, sand and pumice gravel could be felt in

10For foreign readers, these plastic bags have a zipper-type closure that permits them to be sealed water-
tight; samples can be carefully transported to a laboratory for analysis without loss of fluid.
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Figure 8.8. Sediment concentration and flow discharge for the 1982 hyperconcentrated lahar
on the Toutle River downstream from Mount St. Helens, resulting from direct measurements
of the flow at three USGS gauging stations.

From Dinehart (1999).

suspension throughout the vertical water column, and a denser layer of moving sand
and gravel could be felt near the bed. In fact, it was difficult to identify by feel the
boundary between the moving bed material and the static bed. Interestingly, fines
concentrations in this hyperconcentrated flow were very low — all under 1 vol%.
However, it is likely the sand-size and some gravel-size pumice grains would have fall
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Figure 8.9. Sediment concentration vs. time during passage of the 1982 hyperconcentrated
lahar on the Toutle River downstream from Mount St. Helens at different gauging stations,
showing the more rapid settling out of the coarser size fraction as total concentration is
decreasing in the tail of the flow.

From Dinehart (1999).
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Figure 8.10. Hyperconcentrated lahar on Sacobia River, Mount Pinatubo, Philippines, 26
September, 1993, showing transition from plane bed to antidunes. Flow is left to right, and
both photographs were taken from same position; time shown in upper right of each. For
both, sediment concentration was about 23 vol%, flow velocity was about 2.5m/s, flow depth
was 30-50 cm; the transition to antidunes accompanied a slight increase in stage.
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Figure 8.11. Approximate stage hydrograph and suspended sediment concentration variation
with time for Sacobia River lahar (hyperconcentrated flow), 26 September, 1993, Mount
Pinatubo (Philippines).

diameters in the silt range (particle densities as low as 0.7 g/cm?) and thus would
be acting like fines and supplementing the silt-size particles in forming the wash load.

8.4.3 1995 Hyperconcentrated lahar, Ruapehu volcano, New Zealand

Numerous lahars were generated on the eastern flank of Ruapehu volcano in late
1995 by pyroclastic debris erupting explosively up through the crater lake (Cronin et
al., 1997, 1999, 2000). Several single-pecaked and relatively sustained flows were
generated on 29 September that were observed, measured, photographed, and
sampled in detail (Cronin et al., 1999). The LH6 flow (Table 8.2) was identified as
fully hyperconcentrated (by the criterion of dynamic suspension of sand and fine
gravel) at observation stations 42 and 56.5 km from source, having transformed from
a debris flow farther upstream.

This single-peaked lahar moved downstream in four phases, as did the smaller
and more dilute (probably not hyperconcentrated) LH7 flow. The phases could be
distinguished by sampling the relative mix of chemically distinctive (highly acidic)
lake water and the stream water as the flows passed by the observation points
(Cronin, 1999):
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1. Rising limb of the flood wave. At 42 km from source, LH6 stage rose relatively
rapidly — 0.5m in 50 min, and the rise to peak stage/discharge was accompanied
by only a slight increase in suspended sediment comprising mostly silt and clay
(up to 4 vol%), by an increase in floating woody debris, but by essentially no
change in water chemistry. This last observation suggests that this part of the
flood wave was only stream water that was “piling up” and being pushed ahead
by the actual lahar that was moving faster than the stream.

2. Arrival of lahar front as stage recedes. Within the next hour stage dropped to
about 60% of peak, but a large and fairly abrupt jump in dissolved sulfate,
chloride, and magnesium, and a drop in pH, indicated that the packet of
ejected water from the crater lake had arrived, accompanied by an increase in
suspended sediment concentration that reached a peak of 52 vol%. Increases in
both sediment concentration and ion concentration were more gradual in
another lahar (LH7), indicating that lahar fronts can mix with stream water
as well as push it ahead. Flow turbulence was dampened but nonetheless
active. Slowly saltating boulders surfaced for a few seconds and then sank
back down, and the flow surface had the appearance of flowing quicksand.

3. Lahar recessional limb. Suspended sediment concentration decreased to 33 vol%
during this phase of the flow, but dissolved ions and acidity continued to
increase, indicating that the flood wave of ejected lake water was being diluted
by stream water at the front of the lahar. Gravel and sand (normal-density and
scoriaceous) remained in dynamic suspension, and small boulders continued to
saltate up to the flow surface.

4. Highly erosive lahar tail. Both water acidity and sediment concentration
decreased during this phase, and flow transitioned back to normal streamflow.
However, vigorous turbulence while sediment concentration remained above 10
vol% apparently triggered an acceleration of bank erosion in the channel.

The observations of Cronin et al. (1999) are important in clarifying the difference
between debris flows and hyperconcentrated flows in coarse sediment mixtures. At
their upper-concentration range, hyperconcentrated flows superficially can look like
debris flows, with gravel in suspension and even having boulders bobbing at the
surface. The key, however, is that the suspension of sand and gravel depends on
dynamic processes that occur during flow. Once the fluid motion stops, sand and
gravel readily settle out of suspension.

8.5 SEDIMENT DEPOSITION

Sediment is deposited in two ways in hyperconcentrated flows — by settling out of
suspension (suspension fallout) and by traction-carpet accretion. Although a variety
of depositional features have been attributed to hyperconcentrated flows and
described in the sedimentological literature, the brief discussion here is limited to
observations of deposits immediately after hyperconcentrated flows have passed.
Deposition by suspension fallout should occur (1) where velocity, and hence
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turbulence, are decreasing, and (2) where dilution by addition of stream water at
flow-front mixing interfaces or at tributary inflows result in loss of suspension
competence (Pierson and Scott, 1985; Cronin et al., 2000). At energy-drop
locations (such as along channel margins, where flow depth decreases, in eddies,
or below hydraulic jumps), the fallout from suspension should be a function of
flow energy at that point. A relatively narrow range of grain sizes should rain
down if discharge remains fairly constant and stratification should be only weakly
developed or absent. Relatively massive and well-sorted deposits have been observed
along some channel margins, for example (Pierson and Scott, 1985; Cronin et al.,
2000). In suspension fallout zones where flow discharge fluctuates or where turbu-
lence intensity varies (e.g., at mixing fronts), deposits can show weak to strong
horizontal bedding (Cronin et al., 2000) (Figure 8.12(a)). Mud layers commonly
form on the tops of these depositional units after subaerial exposure, due to
vertical dewatering of the deposits with transport of fines to the surface, and
upper portions of the deposits are commonly normally graded (Cronin et al., 2000).

Deposition by traction-carpet accretion should be greatest where flow velocities,
and hence bed shear stresses, are high. Therefore, deposition along channel thalwegs
should comprise a high proportion of traction-carpet accretion deposits. Here, bed
material is deposited largely as layers or sheets of grains accreted from the base of
the mobile traction carpet, and deposits are coarser than at channel margins (Cronin
et al., 2000). These deposits commonly show more pronounced horizontal stratifica-
tion than channel margin-deposits, particularly when contrasting grain types are
available, but laminations typically occur without high-angle cross-bedding
(Figure 8.12(b), lower part). Coarse bedload (lenses or single outsized clasts of
cobbles or boulders) is commonly enveloped by finer accretionary strata or is left
stranded on surfaces of berms or terraces. In distal depositional areas where flow
sediment concentrations are decreasing significantly and progressively more
sediment is moving as bedload, deposits become more distinctly stratified and
high-angle cross-bedding can be formed and preserved (Cronin et al., 2000).

A third general type of deposit is also sometimes observed in channels after the
passage of highly concentrated hyperconcentrated flows: massive, very poorly
sorted, but only moderately compacted diamicts of sand and gravel, which are
more friable than typical debris-flow deposits (Pierson and Scott, 1985; Cronin et
al., 2000; see also Figure 8.12(b), upper part). It is uncertain whether these deposits
represent a submerged debris-flow phase that lags behind peak discharge and flows
beneath more dilute surface flow (i.e., a stratified lahar (the explanation favoured by
Cronin et al., 2000)), or whether these deposits result simply from very rapid and
chaotic suspension fallout in the rapidly fluctuating, high-energy environment found
in the deepest, fastest, most concentrated part of the flow.

Overall, median grain size in all types of deposits typically decreases progres-
sively with distance downstream (Pierson and Scott, 1985), and deposits are better
sorted than the fluid mixtures that deposit them (Pierson and Scott, 1985; Cronin et
al., 1997, 2000; see also Figure 8.13) — most of the silt and clay remains in suspension
while the sand and gravel are deposited. In addition, hyperconcentrated flow
deposits are relatively similar over hundreds of metres along a channel (Cronin
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e ———

Figure 8.12. Examples of hyperconcentrated flow deposits. (a) Laminated deposit from 26
September, 1993 Sacobia River lahar, Mount Pinatubo (see Figure 8.11). Laminations
emphasized by contrasting sediment grains — dark lithic medium sand and light pumiceous
very coarse sand/fine gravel. (b) Section near main axis of channel showing two contrasting
deposit types from the 1982 Toutle River lahar at Mount St. Helens. Lower part of section —
faintly, horizontally stratified medium to coarse lithic sand; upper part of section — massive,
poorly sorted diamict (resembling a debris-flow deposit but not as indurated because few fines
are deposited with the sand and gravel).
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Figure 8.13. Differences in grain-size distribution between samples of hyperconcentrated flow
(dip samples) collected 81 km downstream from source and the sediment deposited at the same
site during the 19-20 March, 1982 hyperconcentrated lahar on the Toutle River. Dip samples
were collected at different times during passage of the flow; corresponding sediment concen-
trations are shown.

From Pierson and Scott (1985).

et al., 2000), whereas fluvial deposits laid down by low-concentration water floods
typically exhibit abrupt changes in mean grain size and stratification over relatively
short distances.

Thalwegs tend to straighten during hyperconcentrated flow, moving away from
the outsides of bends in sinuous reaches as a result of the formation of massive
lateral berms (Zhou et al., 1983; Wan and Wang, 1994). Such berm formation
tends to narrow the flow cross section, which may lead to bed degradation in the
thalweg (Wan and Wang, 1994). Dinehart (1999) described such berm formation on
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the outside of a sweeping channel bend, where the berm formed a shallow beach
(deposition occurring just below the water surface) that extended as far as 30 m out
from the original bank. During more dilute flow recession, large parts of this berm
were re-eroded.

8.6 HAZARDS

Hyperconcentrated flows at high discharge present significant hazards in addition to
those of normal water floods and different from those of debris flows or mudflows.
These hazards are commonly exhibited in watersheds where prodigious quantities
of loose, erodible sediment become available for transport — in active volcanic
areas, where eruptions can deposit large volumes of erodible material over broad
areas and destroy vegetation cover (Major et al., 1996; Pierson et al., 1996; Rodolfo
et al., 1996; Scott et al., 1996), and in mountainous areas subjected to wildfire, where
burning of vegetation cover leaves soils loose and extremely vulnerable to sheetwash
and rill erosion (Meyer and Wells, 1997; Cannon, 2001; see also Chapter 15).

Hyperconcentrated flows can be highly erosive, especially where channels are
relatively steep (Waldron, 1967; Wang, 1990; Rickenmann, 1991; Xu, 1999, 2002a),
but degree of scour is also a function of sediment concentration (Xu, 2002a).
Streamflow tends to become more erosive when it transitions into the hyperconcen-
trated range (Xu, 2002a), but after the concentration limit (a function of grain-size
distribution) has been reached for a flow, erosivity begins to decline (Wang, 1990).
Debris flows and mudflows are comparatively less erosive, although the low-
discharge ““tails” of debris flows commonly transform to hyperconcentrated flow
and can accomplish more erosion than the main bodies of the debris flows them-
selves (Pierson, 1986). Tens of metres of vertical scour have been observed in
hyperconcentrated flow in China within a period of 10 hours (Kuang et al., 1999).

Hyperconcentrated flows are not always erosive, however. They can cause rapid
deposition and river bed aggradation at places where channel gradients decrease or
channels widen (Pierson et al., 1996; Rodolfo, 1996; Scott et al., 1996). With time
and repeated flood events, deposition by hyperconcentrated flows can lead to incre-
mental infilling of channels and channel shifting, reduction of flood-conveyance
capacity, and burial of low-lying areas and structures in sediment (Figure 8.14).
Hazardous river bed aggradation was well demonstrated along the rivers draining
Mount Pinatubo (Philippines) following the large 1991 eruption of that volcano. Up
to 25m of channel aggradation occurred in rivers within the first three months
following the June 1991 eruptions, and more has occurred since, due to deposition
by thousands of rainfall-generated lahars (some debris flows but mostly hypercon-
centrated flows) (Major et al., 1996; Pierson et al., 1996; Scott et al., 1996; Rodolfo et
al., 1996). This activity has led to widespread burial of towns, roads, farms, and
prime agricultural land by sediment.

Rapid lateral migration of channels is also common in low-gradient channels
during aggradation by hyperconcentrated flows. This can lead to extreme rates and
amounts of lateral erosion of river banks and destruction of buildings, roads, and
bridges located on floodplains or alluvial fans (Major et al., 1996; Rodolfo et al.,
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PRI a7 B ind T S T R s e el
Figure 8.14. Burial of house and trees downstream of Mount Pinatubo, Philippines, due to
river bed aggradation resulting primarily from repeated, relatively small hyperconcentrated
flows that spread out on the alluvial fan after the stream channel was filled with sediment.

1996; see also Figure 8.15). Laterally eroded channels are typically rectangular in
cross section, due to undercutting and the formation of near-vertical banks in
unconsolidated alluvial fill. Width/depth ratios of channels cut in alluvium can be
correlated to suspended sediment concentration; the higher the concentration, the
deeper the channel relative to its width (Xu, 1999). Vigorous lateral erosion of
unconsolidated stream banks with rates as high as 3m/min (perpendicular to
channel) has been documented at Mount Pinatubo accompanying bed aggradation
(Rodolfo et al., 1996). About 40km downstream from flow source, hundreds of
buildings in Angeles City and long sections of flood-control levees were lost due
to undercutting and collapse by bank erosion in the first few years following the
eruption.

8.7 DISCUSSION

From the variety of experimental and field studies that have been carried out with
hyperconcentrated mixtures of sediment and water, hyperconcentrated flow should
be considered a distinct flow process on the basis of the following criteria:

1. Concentration of suspended fines is sufficient to impart yield strength to the fluid
and maintain high fluid viscosity.
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Figure 8.15. Destruction of buildings along a river bank downstream from Mount Pinatubo,
Philippines, caused by lateral erosion of channel banks by hyperconcentrated flows.
Photo by Jon Major (USGS).

2. Sand and fine gravel, its settling hindered by the fluid viscosity, is kept in

prolonged suspension by turbulence and dynamic grain interactions.

Significant bedload transport occurs as a traction carpet.

4. Mean flow velocity is greater and quantity of sediment transported is much
greater than for water flow at a similar depth and slope.

[99)

These flow characteristics are different from those of either water flow or debris flow
and mudflow. Yet many authors use only suspended sediment concentration alone as
the defining criterion to identify hyperconcentrated flow, based on the concentration
limits set by Beverage and Culbertson (1964). The fatal flaw in this approach is that
grain-size distribution and grain density also play extremely important roles in
determining the properties of sediment—water suspensions (Cao and Qian, 1990;
Wan and Wang, 1994; Xu, 2002b, 2003). The widely used concentration thresholds
of 20 vol% and 60 vol% (Beverage and Culbertson, 1964) were somewhat arbitrarily
defined and can only be valid for sediment mixtures similar to the ones studied by
Beverage and Culbertson.

The importance of grain-size distribution and grain density has been demon-
strated experimentally with the use of artificial sediment mixtures and neutrally
buoyant particles. For example, fines-free mixtures have Newtonian fluid properties
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(i.e., develop no yield strength) up to concentrations as high as 35 vol% for poorly
sorted mixtures (Fei, 1983) and up to 50 vol% for uniformly sized coarse particles
(Howard, 1965). A pure smectite clay suspension, on the other hand, acquires yield
strength at concentrations of only about 1 vol% (Hampton, 1975). These values
deviate greatly from Beverage and Culbertson’s (1964) 20 vol% threshold, as do
values for some natural flows. For example, poorly sorted (well-graded), clay-poor
sediment mixtures from fresh volcanic terrains will transition from normal stream-
flow to hyperconcentrated flow when suspended sediment concentrations reach 10—
11 vol% and will remain hyperconcentrated up to 53-54 vol%, whereupon they
transition to debris flow (Pierson, 1986; Cronin et al., 1997, 1999, 2000; Dinechart,
1999). Flows in the Yellow River of China that have finer, better sorted sediment will
transition from water flow to hyperconcentrated flow at a similar total suspended
sediment concentration of 8—11 vol%, but they take on mudflow characteristics at
much lower concentrations (19-37 vol%) (Qian et al., 1981; Wan and Wang, 1994;
Xu, 1999, 2002b). Thus, if total suspended sediment concentration is used to char-
acterize a flow, the sediment size distribution and density of particles in the flow must
be stipulated and flow properties must be noted. The ranges in limiting thresholds for
experimental and natural hyperconcentrated flows (Figure 8.16) show that the
ranges involving mostly fine sediments can be entirely below Beverage and Culbert-
son’s lower limit, while all of them start lower and end lower than the commonly
used boundaries.

Hyperconcentrated flow should therefore be defined as a two-phase flow of
water and sediment, intermediate in concentration between normal streamflow
and debris flow (or mudflow), in which a viscous and yield-strength-maintained
suspension of fines in water (the carrier fluid) enables the intermittent, dynamic
suspension of large quantities of coarser sediment. Hyperconcentrated flow should
not be defined on total suspended sediment concentration alone. One diagnostic test
to make in the field would be to take a dip sample at the flow surface (well above the
bed) with a bucket of similar container. The flow is hyperconcetrated if sand (and
possibly fine gravel) was in suspension at the flow surface but settles out of suspen-
sion in the container within seconds. This would indicate that the coarse sediment
was in dynamic suspension. The deposit in the bottom of the container should be
normally graded, indicating that the coarses grains moved independently of the finer
grains and settled out first.

8.8 CONCLUSIONS

Hyperconcentrated flow is a type of two-phase, non-Newtonian flow of sediment and
water that operates between normal streamflow (water

flow) and debris flow (or mudflow). It is distinctive in terms of processes acting
to transport the sediment. Laboratory and field evidence indicate that the transition
to hyperconcentrated flow occurs when the concentration of suspended fines
achieves a minimum volumetric concentration of 3-10%, depending on grain-size
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Figure 8.16. Approximate ranges in total suspended sediment concentrations for natural
hyperconcentrated flows and laboratory-mixed hyperconcentrated suspensions of varying
grain-size distributions and sediment compositions. Limits based on objective criteria
discussed below. The shaded area is the widely quoted, arbitrarily defined concentration
range assigned to hyperconcentrated flow by Beverage and Culbertson (1964). (a) Sheared
experimental mixture of smectite clay and distilled water — concentration range 1-3 vol%
(Hampton, 1975), where lower threshold is defined by the onset of yield strength and upper
threshold by computation of competence (buoyancy and yield strength) to suspend a 4-mm
mineral grain in a mixture. (b) Sheared experimental mixture of kaolinite clay and distilled
water — concentration range 10-27 vol% (Hampton, 1975), with the same defining criteria as
(a). (c) Clay, silt, and fine sand mixtures from the Yellow River basin, China — concentration
range 11-19 vol%. Lower threshold is the concentration value widely accepted by Chinese
authors defining the onset of hyperconcentrated flow (criteria not specified). The upper
threshold is concentration at which sand grains can no longer settle out and mixture begins
moving “as a whole” (Qian et al., 1981). (d) Poorly sorted volcaniclastic sediment (Ruapehu
volcano, New Zealand) — concentration range 12-54 vol%, having fractions of 20-50 wt%
fines, 50-70 wt% sand, and 0-15 wt% fine gravel (Cronin et al., 1997, 1999, 2000). Threshold
criteria not defined. (¢) Poorly sorted volcaniclastic sediment (Mount St. Helens, USA) —
concentration range 11-53 vol% having fractions of 30-60 wt% fines, 30-70 wt% sand,
and 0-10 wt% fine gravel (Pierson and Scott, 1985). Lower threshold based on concentration
at which sand starts being suspended in significant quantities (Dinehard, 1999). Upper
threshold based on observation of sustained suspension of pebbles and cobbles in moving
flows (Pierson, 1986).

distribution, and begins to acquire yield strength. The fines mixture (sometimes
referred to as the carrier fluid) then becomes able to transport prodigious quantities
of coarser solid particles (sand and some gravel) in suspension. This coarse
suspended load is held in prolonged dynamic suspension by turbulence, grain col-
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lisions, increased buoyancy, and increased viscosity (decreased fall velocity).
However, the coarse suspended load will be selectively deposited during flow as
flow velocity decreases.

Both water flow and debris flow/mudfiow transport sediment differently from
hyperconcentrated flow. In water flow, water has sufficiently low suspended sediment
concentrations to behave as a Newtonian fluid, and sand particles are transported
primarily as bed load. Large water floods carry some sand in intermittent suspen-
sion, but generally the suspended sand is mostly fine-grained, its vertical concentra-
tion profile is largely non-uniform, and the sand concentration in the flow is
generally less than the fines concentration. Debris flows and mudflows, at the
other end of the spectrum, are highly concentrated, relatively homogeneous
slurries of sediment and water that behave as non-Newtonian, pseudo-one-phase
flows. Because of dense grain packing, debris flows or mudflows cannot selectively
deposit transported solid particles by size when velocity decreases or flow stops. This
results in massive (non-stratified) and poorly sorted sediment textures that are char-
acteristic of debris-flow and mudflow deposits.

It is not possible to determine whether a flow is hyperconcentrated from con-
centration values alone. This is because grain-size distributions and grain densities of
the transported sediment control the physical properties of sediment—water mixtures,
and thus also control the threshold concentrations at which flow transformations
occur from water flow to hyperconcentrated flow and from hyperconcentrated flow
to debris flow or mudflow. The fundamental characteristic that defines hyperconcen-
trated flow is the transport of large quantities of coarse sediment (sand and possibly
some gravel) at high concentrations in intermittent dynamic suspension.

Hyperconcentrated flows generally are not as hazardous as debris flows, because
their velocities are usually lower and they tend not to transport the large boulders
that are responsible for impact damage in debris flows. However, high-discharge
hyperconcentrated flows present a greater hazard to riverside communities than
normal floods of similar magnitude, because of their greater potential for doing
geomorphic work. In relatively steep channels, hyperconcentrated flows can
rapidly incise their channels for tens of metres, undermining bridge piers and
other channel structures, such as erosion-control dams. In channels with gentle
slopes, deposition of their high sediment loads can (a) cause lateral shifting of
active channels and vigorous bank erosion, causing collapse of riverside buildings,
bridges, and flood-protection levees, and (b) incrementally fill river valleys with
deposits of sand and gravel, burying low-lying areas in sediment and removing
channel capacity that can exacerbate later flooding.
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Subaqueous debris flows

Jacques Locat and Homa J. Lee

9.1 INTRODUCTION

Subaqueous mass movements, including debris flows, have had catastrophic impacts
on costal communities and infrastructures. For example, the 1929 Grand Banks
earthquake generated a submarine mass movement which initiated a debris flow
and a turbidity current that destroyed most of the communication cables over a
distance close to 1,000 km away from the epicentre (Piper et al., 1988; Locat and
Lee, 2002). The same slide generated a tsunami wave that hit the southern coast of
Newfoundland destroying part of a small village and killing 33 people. A similar but
less catastrophic event has also been reported in Kitimat (Prior et al., 1982). In that
case the trigger was linked to the coupled effect of a high-sedimentation rate at the
delta tip and significant tide level changes. Many subaqueous mass movements
evolve or include a component which can be regarded as a debris flow which can
travel over distances as long as 400 km, as in the case of the Gulf of Mexico which
will be presented later (Schwab et al., 1996; Locat et al., 1996). Amongst the largest
debris flows are those related to the Storegga slide (3,500 km?) off the coast of
Norway (Bryn et al., 2003), the Big '95 slide off Spain (Lastras et al., 2003), and
the Saharan debris flow off the Morocco/Mauritania coast (Masson et al., 1993). A
recent example of serious consequences of a submarine mass movement is given by
the Papua New Guinea tsunami of 1998 triggered by a slide initiated by a major
earthquake. It destroyed various villages along the coast killing about 2,500 people
(Tappin et al., 2003).

Submarine mass movements have been classified in various ways (Mulder and
Cochonat, 1996; Locat and Lee, 2002). As part of this work we would like to
consider subaqueous debris flows as any kind of subaqueous mass movement
which can be best described using mostly a fluid mechanics approach, as opposed
to soil or rock mechanics. The term mass movement implies here that the moving
mass does retain some degree of integrity, the limit being when it transforms into a
turbidity current.

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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This chapter will look at how subaqueous debris flows are formed and
deposited, the relevant parameters and properties, their physical aspects, the
modelling tools, and two examples. Before concluding, some elements of
submarine mass movement hazards will be introduced. An underlying theme of
this work is to provide an approach and a framework for undertaking subaqueous
debris-flow analysis and evaluating their consequences.

9.2 FORMATION OF SUBAQUEOUS MASS FLOW

What is different between the subaqueous and terrestrial environments in terms of
debris flows? The first obvious difference is the fact that the debris flow takes place
under water, and this alone may have a significant impact on the onset, evolution,
and stoppage of debris flows. For example, Mohrig et al. (1999) have shown that
under certain boundary conditions, aquaplaning could be generated with dramatic
consequences on the mobility and morphological change of a flowing subaqueous
debris flow. In a sense, subaqueous debris flows have more in common with snow
avalanches for whom the interstitial fluid is air (Norem et al., 1990). A debris flow,
much like a snow avalanche, can also generate a turbidity current (the “cloud” for
snow avalanche) that will travel over long distances, almost 1,000 km in the case of
the Grand Banks slide (Piper et al., 1988). The second difference is the much greater
run out distance. On the seafloor of the Mississippi fan there are numerous channels
which are known to have carried debris flows over distances in excess of 400 km
(Schwab et al., 1996) on a channel slope less than 0.1° for reasons that are presented
later.

As the failure takes place, and if the conditions and the configuration of the
terrain are appropriate, the failure will transform into a flowing mass via some still
poorly understood mechanisms which must, to some extent, imply an increase in the
average water content of the flowing mass. So the approach will require the evalu-
ation of the failure, therefore relying on soil or rock mechanics parameters and
failure criteria. The post-failure will be mostly governed by fluid mechanics prin-
ciples. An interesting overall perception of the phenomenon has been proposed by
Meunier (1993) (Figure 9.1), which basically considered two types of flows: one
phase (mostly clayey material) and two phase (sandy or rocky material). The
overall behavior of the failure and post-failure will largely depend on the water-
to-solid ratio as a function of time and space. The framework proposed by Meunier
(1993) offers a unique way of capturing all the various physics involved in a mass
movement and can be used for a simple classification of subaqueous debris flows:
granular (i.e., two phase flow) and cohesive (one phase or matrix dominated
flow). Under this umbrella definition, we can consider mudflows, debris flows, and
debris avalanches. Norem et al. (1990) simplified this even more by separating the
flowing mass into two components: dense and suspended, much as for snow
avalanches, where the suspension flow represents the turbulent component of the
flow (Figure 9.2).
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Figure 9.2. Boundary conditions during a subaqueous mass flow event. The suspension flow is
created by the drag forces acting on the upper surface of the dense flow.
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9.2.1 Triggering mechanism

The initiation of a subaqueous debris flow (as for their land-based counterparts) can
originate from a hyperconcentrated flow, a single failure event that can produce a
sufficient volume of remoulded material, or from the coalescence of smaller failures
into a larger one — in this case the flow is channelled. We will focus here on those
debris flows that are generated by an initial failure. The triggering mechanisms of
subaqueous mass movements will vary according to each of the causes and the
environments in which the mass movements occur. Submarine mass movements
are triggered either by an increase in the gravitational (driving) stresses, a decrease
in resisting forces (strength), or a combination of the two (Figure 9.3). The following
possible triggers show the interplay of these factors.

Earthquakes

Earthquakes are called upon as a cause for many unexplained submarine landslide
features (e.g., Hampton et al., 1996; Lee and Edwards, 1986). One of the reasons is
that earthquake-induced shear stresses are quite large relative to shear strength in

FS 2 Resisting Forces
2 Gravitational forces
Reducing the | Increasing the
Strength Stresses
Natural Triggers
Earthquakes Earthquakes
Wave Loading Wave Loading
Tides Tides
Sedimentation Sedimentation
Gas and Gas Hydrates
Groundwater Seepage
Glaciation Glaciation
Erosion
Diapirs

Figure 9.3. The factor of safety (FS) and the potential natural and man-made triggers of
seabed instability. Triggers in bold are most effective in reducing the FS.
From Locat and Lee (2002).
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fully saturated sediment. The seismic shear stress is high because the earthquake
must accelerate all of the sediment column including the interstitial water. Earth-
quakes also generate excess pore pressures through cyclic loading and these can
lower the strength more or even induce a state of liquefaction (e.g., Grand Banks
slide, Piper et al., 1988). A similar situation has been invoked for the many
submarine mass movements in the Saguenay Fjord (Urgeles et al., 2002; Locat et
al., 2003; Levesque et al., 2004). The frequently existing layered stratigraphic con-
figuration of subaqueous sediments can also provide a setting such that an earth-
quake can trigger the development of a weak layer resulting from the formation of a
film of water at the interface of layers of contrasting hydraulic conductivity
(Kokusho, 1999). This film of water will create a zone of very low strength, thus
enhancing a rapid displacement and disintegration of the failing and help transform
it into a fluid-like mixture. Such a failure mechanism can also explain why failures
can take place on a failure plane dipping at angles of less than 1°.

Waves

As discussed previously, storm-waves can trigger slope failure as illustrated by the
failure of offshore drilling rigs during Hurricane Camille in 1969 (Bea et al., 1983).
Storm-wave induced failure actually involves several elements. A train of waves
subjects the seafloor to alternating increasing and decreasing water pressure as the
crests and troughs pass (Poulos et al., 1985). This non-uniform pressure field induces
shear stress in the seabed with the greatest shear stresses existing below the neutral
point between crest and trough. The sediment can fail after the passage of a series of
waves, and it can liquefy if the pore pressures reach a high enough value. Lee and
Edwards (1986) showed that there can be a balance in the importance of triggers in
environments that are both seismically active and subjected to large storms. In
shallower water the largest shear stresses may be induced by storm-waves and
these may control offshore stability, whereas in deeper water seismic loading is
more important. Clukey et al. (1985) considered another implication of wave
loading effects. As the storm-wave-induced pore water pressures build up, the
sediment approaches a state of liquefaction. As a result, the current velocity
necessary to initiate sediment transport decreases. Accordingly, wave loading,
cyclic shear stress development, and pore pressure generation leads not only to
slope failure but also to enhanced bottom-current-induced sediment transport (see
also Poulos et al., 1985 and Lee et al., 2004 for more details).

Tides

Failures often occur in fjords and other coastal locations during periods of low tides
(e.g., Prior et al., 1982). These failures occur because of a phenomenon that engineers
term “‘rapid drawdown” (Lambe and Whitman, 1969, p. 477). When water levels fall
rapidly, pore pressures within coastal slopes often cannot adjust quickly enough.
This results in an elevated water table directly adjacent to the coast and a resulting
accelerated seepage of groundwater. This situation can be modelled as one of
“seepage forces”, effectively an additional downslope driving stress, or as excess
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pore pressures reducing the effective stress and the corresponding sediment shear
strength. An example of such an event is the Kitimat slide reported by Prior et al.
(1982).

Sediment accumulation

Rapid sediment accumulation contributes to failure in several ways. First, when
sediment accumulates rapidly, most of the weight of newly added sediment is
carried by pore-water pressures. The shear strength probably increases somewhat
because some water will always be squeezed out, even if the coefficient of consolida-
tion ¢, is low (i.e., low permeability and high compressibility). However, the shear
stress acting downslope increases more rapidly. The shear stress increases with the
weight of sediment and is not influenced by pore pressure. The shear stress may also
increase because more sediment may be deposited at the head of the slope than at the
toe. All three of these processes push the slope toward failure: retarded strength
development, increased development of shear stress because of thickness of the
sediment body, and increased development of shear stress because of increases in
the slope steepness. See the papers related to the Fraser River delta for examples of
this type of triggering (Chillarige et al., 1997 and Christian et al., 1994).

Erosion

Localized erosion is common in deep-sea channels, submarine canyons, and other
active sediment transport systems. When slopes are undercut, this can decrease the
stability by increasing shear stress and in some cases decreasing the shear strength.
Monterey Canyon offshore California (Greene et al., 2002) shows many examples of
erosion-induced slope failures similar to those seen along rivers. Often these failures
dam the canyon so that subsequent turbidity current flows are diverted and ulti-
mately erode away part of the dam forming a new meander. These new meanders can
lead to further erosion and second generation landslides (Lee et al., 2004).

Volcanoes

The existence of giant submarine landslides on the flanks of the Hawaiian Islands
has been the subject of debate for at least 50 years (Normark et al., 1993). Many
volcanic islands, including Hawaii, build up over pre-existing pelagic sediment
bodies, often clay. This could produce a weak basal layer (Dietrich, 1988) that
might contain excess pore-water pressures, although the island basalts are fairly
pervious and build over millions of years. Magma pressure in the rift zones has
been suggested as a trigger and was evaluated by Iverson (1995) who showed that
the zones of enhanced magma pressure are too small to trigger landslides wider than
a few kilometers.

Gas and gas hydrates

Gas charging of sediment is not so much a trigger as a means by which shear strength
may be altered. Gas charging can affect sediment strength either by decreasing it



Sec. 9.2] Formation of subaqueous mass flow 209

through the development of excess pore pressures or potentially increasing it by
reducing the impact of cyclic loads. In cases where gas charging reduces strength,
the actual trigger causing failure is likely some other factor such as an earthquake.

Dissociation of gas hydrates can be considered a trigger because it results from
environmental changes. Sea level fall has often been invoked as a means of triggering
landslides through destabilization of the base of the gas-hydrate zone. Kayen and
Lee (1991) modelled pore pressure generation on the continental slope of the
Beaufort Sea during the last eustatic sea level drop. They determined that fluid
diffusion properties dominate the process. Sultan et al. (2003) suggested a
mechanism by which increases in pressure and temperature associated with the
end of the last glacial period can increase the solubility of methane and induce a
dissociation of methane hydrate at the top of the hydrate layer which may have
contributed to the initiation of the Storegga slide (Bryn et al., 2003).

Groundwater seepage

Sangrey (1977) speculated, based on experience and proprietary information, that
underconsolidation and excess pore pressures resulting from artesian reservoir
sources are “‘very common offshore and may be the most significant mechanism”
for causing slope failure. Orange and Breen (1992) suggested that pore fluids perco-
lating up from subducted sediment could induce slope failure and lead to the devel-
opment of headless canyons. Many others (e.g., Saffer and Bekins, 1999) have
developed models for the ways in which subducted fluids and the resulting excess
pore pressures influence the mechanics of subduction zones.

Groundwater seepage out of coastal aquifers also likely serve as a trigger for
landslides. Based on an examination of morphology, Robb (1984) suggested that
spring sapping (i.e., erosion of sediment and rock by underwater springs) may have
occurred on the lower continental slope off New Jersey during periods of lowered sea
level. In support of this suggestion, Robb (1984) observed that nearly fresh inter-
stitial water is found beneath the continental shelf almost 100 km off the New Jersey
coast. Hot fluid seeps are known to occur (Hampton et al., 2002) on the continental
shelf off the Palos Verdes Peninsula in Southern California near the head of a very
large submarine landslide (Bohannon and Gardner, 2004).

Diapirism

Any tectonic or diapiric deformation that results in steepened slopes will lead to a
reduction in the FS of the slope and an increase in the likelihood of failure. The
northern Gulf of Mexico is an area in which diapiric deformation is one of the major
causes of failure on the continental slope (Martin and Bouma, 1982). The vertical
growth of these structures causes local steepening of the sea floor and causes the
seabed to consist of many hillocks, knolls, and ridges interspersed by topographic
depressions and canyon systems. The movement of the salt sheet, or halokenesis, is
largely responsible for the surface morphology (Silva et al., 2004).
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Human activity

Human-constructed facilities, either along the coastline or on the seafloor have the
potential for causing coastal or submarine slope failures. Typically this is because
they change the distribution of stresses in the bottom sediment and can increase the
downslope component. Often the role of human influence in causing observed land-
slides is hotly debated because fault must be assigned to damages, injuries, and even
death. The debated question is typically whether a natural slope failure event affected
human development or whether human development caused the slope to fail. See for
example the case of the Nice slide of 1979 (Seed et al., 1988) and at Skagway
(Alaska) in 1994 (Rabinovich et al., 1999).

9.2.2 Transformation

Debris-flow formation and behavior will depend on the nature of the material
involved, its sensitivity, the triggering mechanism and the amount of available
energy. All these components will contribute to the transformation of the initial
mass into one which has acquired the necessary flow properties. In general the
release and the development of a slide may be divided into three main phases:

e Initial failure and break-up of blocks and slumps.

e Transformation of the released material having a viscoplastic fluid and the
development of a debris flow.

e Generation of a turbidity current due to the shear stresses on top of the debris
flow producing a “cloud” of suspended matter (see also Figure 9.2).

The initial failure and break-up is illustrated by the Storegga slide (Bryn et al., 2003)
as shown in Figure 9.4. It shows a retrogressive mechanism in the escarpment area
(Figure 9.4(a, b)) which took place near the end of the event (Bryn et al., 2003) but is
still showing a significant disintegration of the mass in the downstream direction.
The extreme mobility of large portions of the Storegga sliding mass implies that it
disintegrated quite rapidly and at a rate fast enough to maintain instability at the
sliding front until it stabilized itself (Figure 9.4(d,e)). For the Storegga slide, the
disintegration was such that the debris travelled over 400 km on a slope less than 1°
(De Blasio et al., 2003).

During the course of a subaqueous slide event (or also a subaerial slide), there
appears to be a process by which there are some changes in the solid-to-water ratio
which provides a sufficiently low strength to allow flow to take place (Figure 9.5). If
the nature of the material involved and the environmental conditions are favourable,
the sliding mass will evolve and transform itself into a flowing mass. An important
aspect of debris-flow initiation is the break-up mechanism by which the failing mass
is shattered. As this takes place, the whole mass absorbs water with a resulting
decrease in the bulk density. This is illustrated in Figure 9.5, which conceptually
shows the evolution of the strength, the water content, and the density with shearing
and time until it transforms into a flowing material with fluid-like characteristics. It
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Figure 9.4. Mechanics involved in a lateral spread failure. (a) Example of a spread failure
along the headwall of the Storegga slide with a view of the seismic line across several sliding
blocks (location shown in (c)). (b) Seismic line along point 1, 2, and 3 in (a). (d) Schematic view
of a typical spread failure on land with a well identified remolded layer over which the retro-
gression has taken place. (e) Cartoon of the mechanics involved in the process of retrogression
showing the relative displacement of the various compartments after the lateral movements of
blocks 1, 2, and 3.

(a), (b), and (c) are from Norsk-Hydro and Statoil.

is worth pointing out here that for the case of quick clays, the remoulding process
reaches the lowest strength at a constant water content.

Whatever the exact nature of the phenomenon, it can be embedded here in the
remoulding energy (E,). Many hypotheses are proposed to explain the development
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Figure 9.5. Schematic view of strength evolution with strain rate (displacement or
deformation) and the corresponding state of the sediment and its transformation into a
fluidized sediment by an increase in water content.

of flows, including: (1) they must take place at the time of, or soon after, failure;
(2) the transformation of the original mass can result from fragmentation associated
with inter-collision in rock masses (Leroueil et al., 1996; Davies et al., 2000); and (3)
it may include the effects of impact with the sea floor of the rock mass (e.g., the case
of chalk along the coast of England; Hutchinson, 1988) or sediments (Flon, 1982;
Tavenas et al., 1983).

9.3 PARAMETERS AND PROPERTIES OF DEBRIS FLOWS

In order to conduct a debris-flow analysis, one has to know, estimate, or back-
calculate the various necessary parameters as will be illustrated in the examples at
the end of this chapter. The overall approach is shown in Figure 9.6 which has been
used for the case of the Palos Verdes debris avalanche (Locat et al., 2004) which is
presented in Section 9.6.2. To achieve the final analysis of a debris flow, one may also
need to consider the more or less standard failure analysis using, for example, Mohr—
Coulomb failure criteria. This analysis may require the knowledge of specific param-
eters that are listed in Table 9.1 but will not be described here. The focus here is on
identifying the relevant parameters for the post-failure analysis of mass movement.
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Figure 9.6. Overall approach to the analysis of subaqueous debris flows and their conse-
quences. Symbols are listed in Table 9.1 (except for LR — run-out distance, Hi — initial
height, E — energy).

9.3.1 Direct measurements

There is no data on the direct measurement of the flow properties of subaqueous
debris flows, although some unsuccessful attempts were made (Syvitski and Schafer,
1989; Locat et al., 1990b; Syvitski, 1992; Couture et al., 1995). The closest to direct
measurement can be derived from physical modelling of debris flows as done by
Marr et al. (2001) in a large flume. But, as we will see, these are mostly used to
understand the behavior and not so much to define the actual mobilized properties of
a debris flow.

There is a large collection of laboratory measurements which have been carried
out to measure the rheological properties of muddy debris flows (e.g., Coussot and
Piau, 1994; Locat, 1997). In most cases, measurements are carried out using various
types of viscometer, the Couette type being the most popular (Locat and Demers,
1988). So far, the yield strength calculated using the viscometer is quite close to what
can be derived from the geometrical characteristics of the flow. Still, the viscosity
measured in the lab is often one or two orders of magnitude lower than the field
back-calculated values and this, according to Locat and Demers (1988), may be due
to the difference in the shear rate in the lab compared to that in the field (Locat and
Lee, 2002). As will be shown below, the extensive existing database on laboratory
rheological measurement of muddy debris-flow material has been put together to
develop useful empirical relationships.
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Table 9.1. List of parameters required in various slope failure and post-failure analysis
(X — primary; x — secondary relevance; RO — run out analysis; Tur — turbidity currents;
Sub. — subsidence analysis; D — drained case; U — undrained case).

Sub failure Circular
(infinite slope)  failure
Retrogressive

Parameters Symbol D U D U  failure RO Tur
Slope angle (°) 8 X X X X X X x
Slope height (m) H X X X X X X  x
Geotechnical stratigraphy - X X X X X X -
Seafloor morphology - X X X X X X X
Water content (%) w X X X X X X -
Plastic limit (%) wp X X X X X X -
Liquid limit (%) wy X X X X X X -
Liquidity index I, X X X X X X -
Undrained strength (kPa) Cu X X X X X X -
Remolded undrained strength (kPa) Cu, - X - X X X -
Sensitivity Sy X X X X X X -
In situ effective stress (kPa) o, X - X - X - -
Pre-consolidation pressure (kPa) o;, X X X X X -
Overconsolidation ratio OCR X X X X X - -
Sensitivity Sy X X X X X X -
Friction angle (°) @’ X - X - - X -
Cohesion (kPa) I X - X - - - -
Pore pressure (kPa) u X - X - X X -
Excess pore pressure (kPa) U, X X X X

Gas pressure (hydrates) (kPa) Ug X X X X X X -
Pore pressure ratio Iy X - X - - X -
Earthquake acceleration @ X X X X - - -
Viscosity (Pa.s) I - - - - X X X
Yield strength (Pa) Te - - - - X X X
External loads (kN) o X X X X X - -
Hydraulic conductivity (cm/s) k X - X - - X -

9.3.2 Back analyses

Indirect measurements are often obtained from the observation or back analysis of a
given event, its local morphology, and the signature left by the event along its path
toward a final deposit. A fairly complete example of such an approach can be found
in Schwab et al. (1996) and Locat et al. (1996) for debris flows in the Mississippi fan
and by Locat et al. (2004) on the Palos Verdes slide (see Section 9.6.2). The basic idea
is to derive as much information as possible from knowledge of the geomorphology
and stratigraphy in all segments of the area involved in the debris-flow event as
indicated in Table 9.2.
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Table 9.2. Example of parameters and properties which can be derived from various field and
laboratory observations.

Elements Parameter or property

Flow thickness and slope angle Yield strength

Run up Local velocity

Departure zone Volume

Accumulation zone Validate energy versus volume

Channel depth Maximum flow height

Clast size in clay matrix Yield strength, liquidity index of flow mixture
matrix

Core samples Liquidity index, strength parameters

9.3.3 Empirical relationships

In many cases, we consider the mixture to be a yield stress fluid so that the rheolo-
gical behavior of the matrix can be represented by a yield strength and a viscosity
parameter. It has been proposed that the yield strength and viscosity of cohesive
(macro-viscous) mixtures could be related to the liquidity index (I;; Locat and
Demers, 1988; Locat, 1997; Locat and Lee, 2002) for as long as the liquidity index
is greater than 0 (i.e., for a water content above the plastic limit). Explanations are
provided in Figure 9.7 which will help make the comparison between the termin-
ology used in fluid mechanics and in soil mechanics. The various phases of soils are
shown in Figure 9.7(a) while the concept of the liquidity index is introduced in
Figure 9.7(b). The liquidity index (/) is defined as:
w— Wp

IL_

= 9.1
w; — Wwp ®-1)

where w is the water content (assuming 100% saturation), w; and wp, the liquid and
plastic limits, respectively. Figure 9.7(b) shows the laboratory data for three different
clay soils in terms of their solid concentration and water contents. It can be readily
seen that when the data are portrayed using the liquidity index, all values fall along
more or less the same line. This strong normalizing power of the liquidity index is
now largely used to estimate many properties including rheological properties of
muddy debris flows (Locat, 1997).

Many laboratory experiments reported by Locat (1997) have shown that the
rheological measurements can be partly influenced by the floc size and also by
salinity in the case of the yield strength 7.. An interesting observation reported by
Locat and Demers (1988) is that the yield strength, for most clayey mixtures, con-
tributes about 1,000 times more than the viscosity () to the resistance to flow of the
fluid; this ratio can decrease to 100 for silty mixtures (Jeong et al., 2004). The
following relationships between liquidity index and rheological parameters were
proposed by Locat (1997) for both fresh and marine water conditions:
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Figure 9.7. Soil phases and the use of the liquidity index and the illustration of the normal-
isation potential of the liquidity index in comparing the remoulded strength profile for three
different clayey soils in terms of their sediment concentration (c¢,) and water content (w).
Locat (1997).
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These relationships have successfully been used by Elverhoi et al. (1997) to analyse
the behavior of debris flows along the coast of Norway and by Gauer et al. (2004) for
the Storegga slide. For mudflow or matrix controlled debris flows, Hampton (1972)
has shown that the minimum thickness of the flowing material (H,, in metres) for a
flow to take place can be defined by the following relationship:

T,
H =~
¢ <’y’sinﬁ)

where 7 (in kN/m?; not to be confused here with the shear rate in fluid mechanics) is
the submerged unit weight and 3 is the slope angle (note that here the unit of 7, is
given in kPa). By modifying Eq. (9.4), for seawater, and considering the units of 7, in
kPa so that:

(9.6)
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T, = 242071 (9.7)
we can rewrite Eq. (9.6) partly as a function of the liquidity index:

2421731

He= (Py - "Yw) sin ﬂ

P (9.8)
where v and ~,, are respectively, the total unit weight of the sediment and the unit
weight of water. Equation (9.8) is a generalization of the approach proposed by
Schwab et al. (1996) for debris flows in the Gulf of Mexico to estimate the critical
flow height from easily determined physical parameters. In Eq. (9.8), all parameters
can be obtained easily from intact cores or even remoulded ones.

The liquidity index—yield strength relationship can also be used to back-calculate
the yield strength of a debris flow at the time of the event as long as the water content
of the clast is greater than that of the matrix (Figure 9.8). This assumes that no
consolidation of the clast took place since deposition. Such an approach, based on
the work of Hampton (1975), has been used successfully by Schwab et al. (1996) to
analyse the mobility of debris flows on the Gulf of Mexico fan. Hampton (1975)
considered the mixture to behave like a Bingham fluid so that the largest diameter of
the clast (D,,,,) which can be supported by the clay—water slurry is calculated with
the following relationship:

Matrix: wp = 56%, wy = 183%, G, = 2.7
Clast: w, = 230%

Upper

Lower

Liquidity index

Clast diameter (cm): lem 5em 10em 15 om]
I.(] 1 1 A

1 10 100 1000 10000
Yield strength (Pa)

Figure 9.8. Using the liquidity index—yield strength relationship to estimate rheological
properties at the time of debris flow formation. Index properties of the soil tested for this
computation are given in the figure (wp — plastic limit; w; — liquid limit; G; — grain density,
w, — natural water content of the clast).
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8.87,
g(ve = vm)
where g is the acceleration due to gravity, and ~. and v/, are the submerged unit
weight of the clast and the matrix, respectively (adapted from Schwab et al., 1996).
The use of Eq. (9.9) could also be another way of estimating the liquidity index, at
the time of the mudflow event, using Eqs (9.3) and (9.4).

Coupling many of the above relationships, we analysed muddy sediments con-
taining clay clasts in order to develop a nomogram which can be used to restrain the
rheological parameters at the time of the mudflow event. This is illustrated by the
results displayed in Figure 9.8, for sediments from the Black Sea with their physical
properties as indicated on the figure. We show two extreme curves relating the
liquidity index and the yield strength (from Eqs (9.3) and (9.4)), which provide a
realistic range of values for both liquidity index and yield strength. Also shown in
Figure 9.8 is the computation of Eq. (9.9) for different values of D,,,, (here given in
centimetres). For example, if the maximum observed clast diameter is 10 cm (with
physical properties as indicated in the figure), the only possible ranges of liquidity
index and yield strength values of the matrix would have to fall inside the area
bounded by the so-called upper and lower curves. So, for a maximum clast size of
10 cm, the rheological properties of the matrix were a value of 300-500 Pa for the
yield strength and a viscosity between 270 and 370mPa.s (using Eq. (9.2)).
Moreover, if for a given sediment the relationship between I; and 7, has been
obtained directly using a viscometer, then the potential range of values can be
greatly reduced. The end result can be quite useful in trying to determine the
rheological conditions under which a mudflow or a debris flow has taken place
(provided that the water content of the clast has not changed since deposition, or
could be estimated properly).

(9.9)

max —

9.4 PHYSICAL ASPECTS OF SUBAQUEOUS DEBRIS FLOWS

There are many authors who have reviewed the physics of debris flows including
Johnson (1970) and more recently Iverson (1997; see also Chapter 6). What follows
are basic considerations on boundary conditions as we see it for subaqueous debris
flows, and the type of flow to be modelled in order to reproduce or predict the
velocity and run out distances of subaqueous mass flows. We will concentrate on
aspects that are concerned with boundary conditions, fluid models, and mobility.

9.4.1 Boundary conditions

Possible boundary conditions during a flow event are illustrated in Figure 9.2. As for
snow avalanches (Norem et al., 1990), the flowing material is divided into two
components: dense and suspension flows. This phenomenon can take place on
slopes as shallow as 0.1° (Schwab et al., 1996). Recently, Mohrig et al. (1999)
have shown that once a critical velocity is reached, around 5-6 m/s, hydroplaning
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could also induce added mobility by reducing the shearing resistance at the base of
the frontal part of the flowing mass (Figure 9.2). This process of hydroplaning is
analogous to what has been observed by Laval et al. (1988) for density surges and
turbidity currents. Hydroplaning debris flows can lead to stretching of the flowing
mass resulting from higher velocities in the frontal part which could lead to a
segmentation (or partitioning) of the debris. Recent modelling using a Computa-
tional Fluid Dynamics (CFX") solver were able to reproduce the generation of “out
runner’’ blocks (Gauer et al., 2004). At the upper surface, drag forces may lead to the
re-suspension of sediments which can develop into a turbidity current (Norem et al.,
1990; Figure 9.2).

During the flow, we should expect some erosion or sedimentation to take place
but these phenomena still remain to be described more fully and integrated into
numerical models. In some environments (e.g., the Gulf of Mexico), the flow will
be channelled and, if the channel is filled and the flow height is in excess of the critical
flow height, flow can proceed over long distances (Johnson, 1970; Schwab et al.,
1996).

9.4.2 Fluid types

Once a mudflow or a debris flow is generated, the velocity of the flowing mass is
considered to be such that the flowing material remains under undrained conditions.
In this case, and considering the high rate of movement, the phenomenon is best
described by means of fluid mechanics rather than soil mechanics. In the case of
mudflows or muddy debris flows, the flow behavior could be represented by three
types of fluids (Locat, 1997):

(1) A Bingham fluid (see also Johnson, 1970; Huang and Garcia, 1999):

T=7,+my" (9.10)
(2) A Herschel-Bulkley fluid (see also Coussot and Piau, 1994):
(r—7) = Ky" ©.11)

(3) A bilinear fluid (see also O’Brien and Julien, 1988; Locat, 1997; Imran et al.,
2001):

Tya’Yo

Y+ %

where 7 is the flow resistance, 7,, the yield strength, j4, the viscosity, + the shear rate,
and ~, the shear rate at the transition from Newtonian to Bingham behavior (Figure
9.9). K has units equivalent to the viscosity once the mixture is analysed as a non-
yield-stress fluid using Eqs (9.11) and (9.12). The exponent n qualifies the state of the
mixture, either as pseudo-plastic for n < 1, as a dilatant fluid for n > 1, or as a
Bingham fluid for » = 1. The bi-linear model has been successfully tested against

T = Tya + Han™y — (912)

I'A CFX solver is software used in computational fluid dynamics marketed by Ansys Inc. and is oriented
towards solving various problems in fluid mechanics including multiphase flow.
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Figure 9.9. Bilinear model of Locat (1997) with the boundary conditions used for BING (1-D
numerical model (Imran et al., 2001)), see the text for an explanation of the symbols.

experimental data and provides a good prediction of the movements in the run out
zone (Imran et al. 2001).

In addition to the above rheological models, Norem et al. (1990) proposed to
analyse the mobility of subaqueous mass movements by using a viscoplastic model
described by:

=1, +0(l —r,)tang' + uy" (9.13)

where o is the total stress, r, the pore-pressure ratio (u/'h) and ¢’ the friction angle.
This constitutive equation is a sort of hybrid model, similar to what has been
proposed by Suhayada and Prior (1978). The first and third terms of the equation
are related to the viscous components of the flow, as in Eqs (9.11), (9.12), and (9.13).
The second term is a plasticity term described by the effective stress and the friction
angle. An interesting aspect of such an approach is that it can be adjusted to various
flow conditions. For example, if we consider a rapidly (undrained) flowing granular
flow we would be mostly using the third term of Eq. (9.13) with a value of “n”
greater than 1. In the case of a mudflow (undrained), terms one and two of Eq. (9.13)
would be used but the value of “»”” in Eq. (9.13) would be less than or equal to 1. For
flows where the velocity and the material properties are such that excess pore
pressures can dissipate, the second term would dominate and the equation would
approach the sliding-consolidation model proposed by Hutchinson (1986) who used
a soil mechanics numerical model. For rock avalanches, the last two terms of Eq.
(9.13) would be considered.

9.4.3 Mobility

In considering the mobility of a mass movement (Figure 9.10), we can distinguish
two components: the retrogression (R) and the run-out distance (L). Heim (1932)
first proposed looking at the mobility of a given mass involved in a landslide in terms
of the geometry of the deposits before and after the slide event and he proposed the
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Figure 9.10. The mobility of a mass movement. (a) Basic geometry of a mass movement
resulting in a debris flow. Examples for (b) Palos Verdes, and (c) Storegga slides. (d) The
compilation of various mobile mass movements.

use of the term Farbdschung (F = AH/L), which represents the angle of the
line joining the escarpment to the maximum distance reached by the debris. The
Farboschung is commonly used to characterize the mobility of a mass movement. In
such a definition, the term L (see Figure 9.10(b)), would also include R. The R
parameter has also been linked to the liquidity index (/;) by Lebuis et al. (1983).
The term R becomes negligible for long travel distances but still remains a critical
element for the safe positioning of sea floor structures.

Heim (1932) observed that for subaerial slides, the value of F was inversely
proportional to the initial volume (V') of the sliding mass. Edgers and Karlsrud
(1982) first reviewed the extent of subaqueous slides and compiled data on values
of F and V for subaqueous landslides. This compilation has been updated by
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Hampton et al. (1996). Figure 9.10(d) does not distinguish channelled flows, for
which cases it would tend to provide much greater run-out distances. In comparison
with subaerial slides, subaqueous landslides are much more mobile and tend to
involve larger volumes (Figure 9.10(d)). This energy consideration is quite
important because it provides a first simple control for the modelling on open
slopes: a large run-out distance requires a large volume. This will prove to be
important when answering the following question: is the observed mass flow
deposit the result of a single event or not?

9.5 MODELLING TOOLS

The modelling of potential or old subaqueous debris flows is mostly done by using
numerical models. This is useful for predicting impact pressure and run-out
distances, which are the two most critical aspects of subaqueous debris flows.

9.5.1 Physical modelling

In some cases, one must rely on physical modelling in order to get a better idea of
the phenomena (i.e., its physics), and also a feeling for some of the rheological
parameters. Physical modelling of subaqueous debris flows and mudflows, as for
turbidity currents, is typically carried in flumes. Flumes are of various dimensions
and shapes. In most instances, they are about 10-20m long, 1 m wide, and about
I-2m deep. A recent example of work using such a technique can be found in
Mohrig et al. (1998) who illustrated the onset of hydroplaning, and the work of
Marr et al. (2001) on the role of a clay matrix on sandy gravity flows (Figure 9.11).

Centrifuge modelling, although quite popular for the initiation of submarine
mass movements (Coulter and Phillips, 2003; Phillips et al., 2004), is not yet well
designed for run-out simulations.

9.5.2 Numerical modelling

Numerical modelling of debris flows has been initated by Edgers and Karlsrud
(1981) who used a simple 1-D Bingham flow model called VIFLOW. Subsequently,
significant development has taken place not only on the complexity of the model but
also on the types of fluids which can be modelled.

Viscous models

Imran et al. (2001) proposed a pseudo 2-D numerical model called BING which can
consider three types of fluids: Bingham, Herschel-Bulkley, and bilinear. The bilinear
model described by Locat (1997) (i.e., Eq. (9.12)), has been adapted for numerical
modelling by Imran et al. (2001) in the following manner:
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turbidity current

(a) Strongly Coherent Gravity Flow

33

Figure 9.11. Example of flume modelling of debris flows using kaolin and fine sand mixtures

(scale is in metres).
Marr et al. (2001).

1
=14l — (9.14)
Tya Vr 14+ r—
Yr
where 7, is the strain rate defined as:
Tya
Y= (915)
Hn
and r is the ratio of the strain rates written as
p=2r (9.16)

Yo

One of the main parameters used in this analysis, the yield strength 7,,,, can be
estimated from field observations of the failed mass in the accumulation zone. The
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values related to the viscosity (i.e., the strain rate ~,, and the ratio of strain rates r)
are estimated from a parametric analysis to find the best values which can fit the
observed geometric characteristics in the runout zone.

VIFLOW, used for the study on the Mississippi fan for debris-flow analysis
(Locat et al., 1990a, 1996), is a an earlier 1-D numerical model used to estimate
and evaluate the steady-state velocity of debris flow as a function of slope angle,
assuming a flow thickness equivalent to the channel depth (or the levee height). The
model uses the following constitutive equation (Edgers and Karlsrud, 1981):

T="1.+ pp(dv/dy) + D (9.17)

where 7 is the resistance to flow; 7. the yield strength; u, the plastic viscosity; D the
drag component of the shear resistance; and (dv/dy) the velocity gradient in the y
direction. It is analogous to the Bingham portion of BING.

Viscoplastic models

As reported above, submarine debris flows were analysed by Norem et al. (1990)
using a viscoplastic model, initially developed for snow avalanches, and who
proposed Eq. (9.13) to describe the resistance to flow. The model is named NIS
(old name is SKRED, which means “‘slide” in Norwegian) and works as a 2-D
finite-difference model which outputs the shape of the flowing mass and its
position in time and space (Norem et al., 1990). It is considered a 2-D model since
it provides the evolution of the shape of the moving mass during the event. When
applied to submarine mass movements, Norem et al. (1990) concluded that NIS
could overestimate the velocity and run-out values of submarine debris flows by
as much as 25% because it does not yet take into account the drag resistance
from water overlying the debris flow.

Model using two phase fluids with a CFX flow solver

The CFX modelling tool has been successfully adapted recently for post-failure
analysis of submarine mass movements (Gauer et al.,, 2004). It considers the
sliding mass and the ambient water as a two-phase flow model, and for both
phases the continuity equations are solved. The water is considered to be a
turbulent flow and the sliding mass is described as a generalized Newtonian fluid
(Balmforth and Craster, 2001) (i.e., the slide is treated as a Bingham fluid with a
history-dependent yield strength and viscosity). This is the only numerical model
that introduces a decay function that could more or less reproduce the reduction in
the yield strength during remolding. Still it does not incorporate a space and time
variation in the yield strength due to a water content increase (it assumes a constant
density). There are three basic momentum equations used in the model (Gauer et al.
2004): One for the water body (,,):
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8‘)11‘ w VW
# + V- (prw Vw ® Vw) = _vap + V- [Vw;u'w(VVW) T] + VwPw8 — DWS
(9.18)
one for the sliding mass (;):
vV
% +V- (vxps Vs ® VY) = _V‘VVP +V- [VSNS(V Vv) T} + V058 + DWS (919)
and one for the drag force D, at the interface between the two phases:
Dw‘\' = C’lﬁ)(vsps + prn‘)vsvw| Vw - VS|(VW - V\) (920)

where V is the velocity; p the intrinsic density; v,, and v, the volume fraction of the
water and slide, respectively; p the pressure; and g the gravitational acceleration.
This approach, like NIS, uses a finite volume approach, but provides a full 2-D
modelling of the slide. Examples are available in the paper by Gauer et al. (2004).

9.6 EXAMPLES

In order to predict or back-analyse subaqueous debris flows, we propose an overall
scenario which has recently been used for an analysis of the Palos Verdes debris
avalanche (see Section 9.6.2). This overall approach is presented in Figure 9.6 and
illustrates how we can use field (e.g., geomorphology), laboratory, and numerical
analyses to get at the various parameters (e.g., Table 9.1) which are useful in the
analysis. This approach also shows how the various stages of a mass movement can
be used to ascertain parameters which are sometimes more difficult to obtain
directly.

9.6.1 Debris flows on the Mississippi fan, Gulf of Mexico
Feature

The Mississippi fan is one of the most studied deep sea fan systems in the world
(Bouma et al., 1985; Weimer and Link, 1991). The sedimentary features revealed on
the surface and in the shallow subsurface of the fan are the result of various
transport and depositional processes, which occurred during much of the Pleistocene
until about 11,000 years B.P. (Schwab et al., 1996). Large parts of the sedimentary
deposits making up the Mississippi fan originated from deep erosion of the Mis-
sissippi slope, delta front failures, and large mass movements on adjacent slopes
(Walker and Massingill, 1970; Goodwin and Prior, 1989). Twichell et al. (1991)
used GLORIA images and high-resolution acoustic reflection profiles to more
precisely define the surface and shallow subsurface of the Mississippi fan. They
defined a series of nine lobes (Figure 9.12(a)). The Mississippi canyon is seen as
the source of material as revealed by buried scars reaching slope angles as steep as
23° with failure planes at about 0.3°, indicative of a low remolded shear strength
(Goodwin and Prior, 1989).
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Figure 9.12. (a) Location of the distal Missippi fan showing the lobe that was selected for a
study of the far-reaching debris flows. Florida is to the east and the mouth of the Mississippi
River is to the north-west. (b) Relationship between the initial flow thickness and the average
flow thickness (modelled using SKRED).

From Locat et al. (1996).

For a debris-flow back-analysis, we selected a portion of the youngest channel
(Weimer and Link, 1991). This channel extends approximately 600km from the
lower part of Mississippi canyon, at a water depth of about 1,800 m, to the distal
part of the fan at a water depth of 3,225 m. The bottom steepness starts at an initial
value of 0.3° and ends at 0.06° in the distal part of the fan. The initial slope angle is
based on observations of buried failure planes observed in large failures along the
canyon by Goodwin and Prior (1989). Levee height information is sparsely distrib-
uted but indicates that the height ranges from 174-109 m near the mouth of the
canyon to 20-1.5m in the distal part of the fan (Bouma et al., 1985; Twichell
et al., 1991).

Sediment properties

Properties must be inferred from known properties of the sediment in the source and
depositional areas (Schwab et al., 1996; Locat et al., 1996) and the results are given in
Table 9.3 as an average value for the index properties. Rheological properties were
derived from laboratory tests (Schwab et al., 1996) and from existing relationships
for soft sediment (Locat and Demers, 1988). The yield strength used for debris-flow
analysis was also calibrated by using muddy clasts up to 5cm in diameter found in
the deposit. The coefficient of consolidation (¢,) was not measured but estimated, by
considering a remolded sediment with a liquid limit of about 30%, at 1 x 10> mz/s
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Table 9.3. Rheological and geotechnical properties
of sediment, at flow conditions, used for numerical
models of debris flows on the Mississippi fan.

Property Value
Liquid limit (%) 33
Plastic limit (%) 19
Plasticity index (%) 14
Water content (%) 90
Liquidity index (%) 5.1
Void ratio 2.5
Buoyant unit weight (kN/m?) 5.0
Sand/mud ratio 0.47
Yield strength (kPa) 0.05
Dynamic viscosity (kPa.s) 0.00002
Coefficient of consolidation ¢, (m?/s) 1x1073
Coefficient of friction ¢ (°) 24
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(Lambe and Whitman, 1969). The coefficient of friction of 24° is from Hooper and

Dunlap (1989).

Analysis of the mobility

The first point to consider is whether or not the failure sizes observed along the
canyon wall are of significant thicknesses to produce a debris flow with a flow
thickness in the range of the observed levee heights? To approach this question, a
parametric analysis (NIS) was carried out with the values indicated in Table 9.4 and
for different thicknesses of the initial failing mass. The simulation was carried out for
a range of thicknesses between 2 and 300m, the latter simulating a canyon wall

Table 9.4. Parameters used for modelling the debris flows on the Mississippi fan.

Parameters Symbol VIFLOW SKRED Consolidation
Friction angle w(®) - 24 -
Apparent friction angle () — 0.06 -
Pore-pressure ratio Ty - - 0.9976
Coefficient of consolidation ¢y (m?/s) - - 1073
Diffusion coefficient Cy(m?/s?)b  — - 1073
Drag coefficient D, - - 0.01
Specific weight ~v* (kN/m?) 5.0 5.0 5.0
Plastic viscosity 1y (kPa.s) 0.00002 0.00002 -
Yield strength 7. (kPa) 0.005 - -

Bed friction angle w(®) - 24 -

“ Apparent friction angle, tan p* = (1 — r,) tan .
b As specified in Locat et al. (1996).
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Figure 9.13. (a) Flow thickness and steady-state velocity reached for various slope angles
corresponding to those along the slope profile obtained using VIFLOW. (b) Velocity run-
out distance simulation using SKRED with an initial thickness varying from 5-50 m.

From Locat et al. (1996).

failure and the former, a pro-delta failure. The total length of the failure plane, in all
cases, was set at 5,000 m, which is what has been observed for many large landslide
scars along the canyon (Goodwin and Prior, 1989). Results are shown in Figure
9.12(b) for values integrated and averaged over the full run-out distance (maximum
of 600 km). For an initial failing mass that is about 100 m thick, the average flow
thickness is about 15 m, which is less than the channel depth in most of the proximal
part of the fan. The spreading coefficient S (S = H,/H;; where H, and H; are the
flow and initial flow thickness respectively) for an initial thickness greater than 10 m
can be as low as 0.1. Therefore, a failure in the canyon would have to be about 250 m
deep in order to fill the channel at the exit from the canyon and overbank signifi-
cantly in the proximal part of the fan. Such a large failure has been described within
the canyon by Goodwin and Prior (1989) who found displaced blocks about 150 m
thick and mapped buried back scarps about 200-300 m high.

Run-out velocities were simulated with VIFLOW (Figure 9.13(a)) and NIS
(Figure 9.13(b)). In the latter case, results are given for the frontal velocity.
VIFLOW results indicate that an initial flow thickness of 40 m on a slope of 0.3°
could reach a steady-state velocity of about 40 m/s. A flow thickness of 10 m, on the
same slope, would reach a velocity of about 20 m/s. As most of the profile in the
lower fan area is below 0.1°, and levee height is less than 20 m, the velocity would be
less than 15m/s. The flow will cease when the remaining apparent friction angle of
the flowing mass is equal to the slope angle. The flow slows when the flow thickness
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reaches a critical value H,, estimated using Eq. (9.6), which for this sample is 1.5m
(Schwab et al., 1996).

These results provide a first approximation of the expected flow velocities along
the slope profile, assuming that the steady-state velocity can be reached. These
velocities are high and could produce some turbulence at the base of the flow under-
neath the plug zone (Locat et al., 1996).

NIS numerical results are shown in Figure 9.13(b) for a range of flow thickness
from 5-50 m. Figure 9.13(b) indicates that the peak velocity varies from 5 to 18 m/s
for an initial average flow thickness that varies from 5 to 50m. For most of the
proximal part of the fan, a flow thickness between 5m and 10 m would provide a
range of velocities between 5 and 10 m/s and, for the more distal part of the fan, a
velocity less than Smy/s. Such velocities are within the range measured or estimated
for other submarine debris flows (Norem et al., 1990; Hampton et al., 1996). With a
flow thickness above 5m, these velocities would apply to the Mississippi channel and
the upper portions of the depositional lobes. This numerical simulation also indicates
that, as the distal part of the fan is reached, the average velocity for most initial
conditions reaches a value between 2 and Sm/s. Such values are similar to those
estimated for that part of the fan by Schwab et al. (1996).

Locat et al. (1996) have also shown that, considering the fine grained nature of
the sediments and the mass flow velocity, the duration (about 0.6 day) was short
enough to allow us to neglect any consolidation effect during the flow (i.e., no
significant increase in the yield strength or viscosity).

9.6.2 The Palos Verdes debris avalanche, California
Features

The Palos Verdes slide (Bohanon and Gardner, 2004; Lee et al., 2003; Figure 9.14) is
located along the San Pedro escarpment just offshore of Los Angeles. The seafloor
lying at the base of the escarpment is the San Pedro basin. The slope itself is formed
of sedimentary rocks dipping between 10 and 15°. The slope is eroded by a series of
gullies which are 2—4 km apart. The base of the slope more or less coincides with the
trace of the San Pedro fault (Bohannon and Gardner, 2004). The slide took place
along a steep escarpment, mobilized into a debris avalanche and travelled a distance
of about 8 km out onto the adjacent basin floor (Figure 9.14(b)). The head scarp is
about 600 m high and the slope varies between 10-20°. The debris was dispersed over
a wide area shown in Figure 9.14(a). From seismic records the thickness of the debris
deposit varies from about 20 m in the lower part of the slope to less than 1 m at a
distance of 8 km away from the base of the slope, with an average thickness of
5-10m (Figure 9.14(b)). The slide occurred about 7,000 years ago (Normark et
al., 2004). The coupling of both the seismic survey and the multibeam survey
provides a comprehensive picture of the nature of this slide and its extent. An
analysis of the run-out distance of the debris, indicates that the initial sliding mass
was large enough and had sufficient potential energy to trigger a tsunami and reach
the observed run-out distance (Locat et al., 2004).
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N

Figure 9.14. (a) Shaded relief multibeam imagery of the Palos Verdes margin near Los
Angeles, California, showing landslide features. (b) An oblique view of the slide.
From Lee et al. (2003).

Selecting the parameters

Before using BING, we needed to evaluate the required parameters, in particular, the
yield strength (7,,,). This was achieved by observing the morphology in the deposi-
tional zone. As proposed by Johnson (1984), and using Eq. (9.6), with a buoyant unit
weight of 15kN/m?, and assuming that the debris-flow rheology can be approxi-
mated by a Bingham fluid, we can use field observations to evaluate the yield
strength. Results of such a parametric analysis are shown in Figure 9.15. Here, we
have calculated yield strength 7,,, for various slope angles 3, and thicknesses H;. The
gray zone in Figure 9.15 delineates the range of the yield strength for the observed
field thickness varying between 10m and 15m. Based on this analysis, a yield
strength of 5,000 Pa is used in most of the following computations. We do not
know of published values for the yield strength of debris avalanche materials.
However, a value of 5,000Pa is comparable to measured values obtained for
bouldery debris flows in China, where the value of 7,, was measured at 2,500 Pa
for a flow thickness of about 3 m.

The next step is to determine terms related to rheology (v, and r, Egs. (9.16) and
(9.17)) using the run-out distance as a way of calibrating the computations. This is
done using BING with the following conditions: H; =70m, 7, = 5,000 Pa, and
W;=1,000m with a slope profile corresponding to 3 = 10° in the starting zone.
The shape of the mass involved at the onset of the slide is given a parabolic form,
a default geometry in BING. According to Imran et al. (2001), one could build in a
rectangular shape, but the overall impact is minimal, considering the length of the
sliding mass relative to its average thickness. First, we looked at the strain rate -, by
assuming a value of 1,000 for ». Results are given in Figure 9.16(a) which shows that
if the value of ~, exceeds 10, the computed run-out distance becomes much larger
than the observed range. A value of 1 was selected.

A similar approach was used for estimating the value of r. Assuming a value of
v, equal to 1.0, we found that a value of r smaller than 1,000 would quickly result in
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Figure 9.16. Parametric analysis on the values of the strain rate (v,) and the ratio of strain
rates r, using the run-out distance Ly for calibration for the Palos Verdes debris avalanche.
From Locat et al. (2004).

very high computed values of run-out distances (Figure 9.16(b)). In summary, and
for the rest of the analysis, we will use a value for +, of 1.0 and a value for r of 1,000.

Before completing the final selection of parameters, we applied the above values
for viscosity in an analysis to show the effect of both the slope angle 3 in the starting
zone and the selected yield strength 7,,, on the computed values of the run-out
distance Lp.

Results are given in Figure 9.17(a) with the grey zone delimiting the most
probable values. From the results shown in Figure 9.17(a), it appears that, for the
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the run-out distance (L) for the Palos Verdes debris avalanche.
From Locat et al. (2004).

model used here, the selection of the yield strength has a significant effect on the
computed value of the run-out distance. On the other hand, with the same value of
yield strength, the value of slope angle § in the starting zone has little influence on
the overall run-out distance.

Finally, using the mid-point value, shown as a large dot in Figure 9.17(a), we
investigated the effect of the initial size W, of the failed mass on the computed run-
out distance (Figure 9.17(b)). Results indicate that the range of observed run-out
distances could be reached for an initial width between 1,000 m and 1,500 m.

From an analysis of Figure 9.17, we make an important observation: in order for
the failed mass to reach the observed run-out distances, the initial size has to be
equivalent to that deduced in the failure analysis and, moreover, it has to more or
less move as a single mass and in a single event.

Mobility analysis

The mobility of the Palos Verdes slide will be investigated with the parameters
selected from the above scenario. The conditions used are: W; = 1,000m,
H; =70m, § = 10°, 7,, = 5,000 Pa, v, = 1.0, and r = 1,000.

For post-failure analysis of the failed mass, we used BING (Imran et al., 2001).
In our analysis, we assumed that the rheological properties of the Palos Verdes
debris avalanche could be described by a bilinear rheological model. The bilinear
model assumes that the initial phase of the flow is Newtonian (1 in Figure 9.9) and
evolves, after reaching a threshold shear rate value (v,), into a Bingham-type flow (2
in Figure 9.9).

The velocity of the frontal element is shown in Figure 9.18(a). The peak velocity
predicted by BING reaches a peak value of about 45 m/s after only about 1,000 m of
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Figure 9.18. Evolution of (a) the velocity of the frontal element and (b) shape of the flowing
mass during the flow event for the Palos Verdes debris avalanche.
From Locat et al. (2004).

movement (Figure 9.18(a)). Then it decreases regularly until the flow reaches a
distance of about 6,000 m (measured from the crest of the slope). After this point,
the velocity diminishes very slowly until the flow stops at a distance of about
8,000 m.

As the flow takes place, the initial mass evolves from a parabolic shape into a
stretched mass with an average final thickness (H,) that is 7-8 times less than the
average initial value (Figure 9.18(b)). The final thickness of about 10m has been
more or less pre-built into the computation given that we used the final thickness to
estimate yield strength. When using the BING model, the flowing mass must still be
anchored to the initial point so that it is not possible for it to split during the flow.
The final thickness is more or less reached only 5 minutes after the start of the flow
event.

It is interesting to follow the mobility of the frontal and middle elements as a
function of time (Figure 9.19). As observed by others (e.g., Norem et al., 1990), the
flowing mass stretches. To do so, the acceleration of each individual element must
gradually decrease as we move back into the flowing mass. Therefore, the frontal
element must move much faster and farther than an element at the middle (Figure
9.19(a)). From a point of view of the acceleration, the same will apply (i.e., the
frontal element will experience a much more rapid acceleration than those in the
back). Here, the initial peak acceleration of the frontal element is at about 2.5m/s?,
while it is about 0.75m/s> for the middle element.

In summary, to reach the observed run-out distances, the flowing mass must be
large and the mass must move more or less as a single mass. The initial geometry of
the sliding mass, as determined from the 2-D limit equilibrium analysis, provides a
good estimate of the conditions under which this sliding event took place, and shows
that the final debris avalanche deposits resulted from a single event.
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Figure 9.19. Velocity (a) and acceleration (b) of the flowing mass for the conditions given in
Figure 9.16 for the Palos Verdes debris avalanche.
From Locat et al. (2004).

9.7 SUBAQUEOUS DEBRIS FLOWS HAZARDS AND CONSEQUENCES

With the recent development of improved sea-floor mapping techniques (Prior and
Doyle, 1993; Locat et al., 1999; Locat and Sanfagon, 2002) numerous subaqueous
mass movements and their deposits have been mapped all around the world (Locat
and Mienert, 2003; Mienert and Weaver, 2003; McAdoo et al., 2000). For example,
on the Atlantic seaboard of the USA, Booth et al. (1993) reported more than 120
mass movements signatures ranging in aerial extents from less than 1 km? to more
than 1,000km? with more than 60% on slopes inclined at less than 4°. In many
areas, such as in the Gulf of Mexico, they pose a threat to offshore facilities (Silva et
al., 2004; Orange et al., 2003; Young et al., 2003). What is at risk are coastal
populations (e.g., effect of tsunamogenic landslides), coastal infrastructure,
offshore facilities related to resources development and exploitation, and transport
facilities like pipelines and communication cables.

As shown below, recent events can be used to illustrate the type of risk
undergone by coastal infrastructures and communities.

9.7.1 Subaqueous debris-flow hazards

Interest for hazard and risk assessment for submarine mass movements is quite
recent, the first known detailed analysis being the work done by Favre et al.
(1992). Many of the approaches proposed by Cruden and Fell (1997) for subaerial
mass movements would apply here also. The same is true for post-failure behavior
(Leroueil et al., 2003; Hungr, 2004). Varnes et al. (1984) defined the total risk Ry as
the set of damages resulting from the occurrence of a phenomenon. It can be
described by the following equation:
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in which H is the hazard or the phenomenon occurrence probability within a given
area (i.e., that can have an impact on the area, similar to the meaning of ““danger” in
French) and a given time period; R; (for i = 1 to n) are the elements at risk, poten-
tially damaged by the phenomenon; V; is the vulnerability of each element repre-
sented by a damage degree ranging from 0 (no loss) to 1 (total loss). As indicated by
Leroueil et al. (2003) and Hungr (2004) for the case of debris-flow hazard (H,, of
Leroueil et al., 2003), the hazard is not only related to the initial slide event (), but
also to the encounter probabilities:

H=H; Hy (9.23)

If the possibility of a tsunami is considered, the probability that a given coast be
struck by a tsunami (H,,) of a given amplitude is:

H=H; Hy-H, (9.24)

A major issue here relates both to the frequency of a potential slide event in the
context of the geological evolution of the area (Locat, 2001), and to the likelihood of
evolving into a debris flow. To consider the geological evolution of a given area
requires that some knowledge must be acquired that can evaluate in which direction
the triggering factors and site morphology are evolving. For example, a canyon
which is being infilled should be evolving in an increased stability mode rather
than when it is forming.

Resolving the above issues requires the establishment of a database with well
documented case histories which, if possible, need to have been dated. In some cases,
if the frequency is difficult to evaluate, one can also carry a regional analysis leading
to the development of a landslide susceptibility map, as was done by Lee et al. (1999)
for the area offshore of Los Angeles.

For ocean margins, the hazard component lacks data on frequencies and
magnitude. To achieve this component, one may have to rely on detailed studies
of the sediment record (e.g., turbidites, seismites, debrites) which can be dated
according to various methods. Still, in most cases, we know only the intensity but
little about the timing. Much more effort is required for this aspect.

Leroueil et al. (2003) have proposed an approach to evaluate the hazards and
risk associated with submarine mass movements and their consequences which is
illustrated in Figure 9.20. Such an approach incorporates knowledge of the geolo-
gical setting, the environmental forcing, the hazard evaluation, the elements at risk,
and the risk assessment itself. Some elements of this approach have been used for the
Hudson-Apron post-failure analysis by Desgagnés et al. (2001). For the Hudson-
Apron, the debris-flow mechanics was analysed using a Bingham and a bilinear fluid
model. The predisposition factors were related to the presence of weak layers and
possibly the presence of excess pore pressures in the underlying formation and of gas
hydrates which may have helped provide a rapid acceleration of the flowing mass.
The revealing factors were the presence of many debris flows. Since these events
occurred a few thousand years ago, their consequences were limited to the destruc-
tion of marine habitats. In today’s situation it could result in the destruction of a
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seafloor structure, erosion, and possibly the generation of a tsunami along coastal
areas.

9.7.2 Consequences of debris flows

The consequence or risk associated with submarine mass movements and their
related debris flows are briefly illustrated by three cases: Nice Airport (1979),
Skagway terminal in Alaska (1994), and Papua New Guinea (1998).

Nice, France

This event took place offshore of Nice in France in 1979 and involved a portion of
the Var delta and airport runway fill under construction (Seed et al., 1988). The slide
contained about 10 million m® of fill and native material and occurred over a period
of about 4 minutes. The debris flow moved down the sloping face of the delta
deposit, along an offshore canyon and finally out onto an abyssal plain, eventually
rupturing 2 sets of cables as far as 120km offshore from Nice. Investigators
estimated that several hundred million m® of material were involved in the event,
much more than the amount that failed near the construction area. A tsunami struck
120 km of coastline with a maximum amplitude of 3 m. Several lives were lost and
considerable damage was done to local communities and harbours. Two hypotheses
were advanced to explain the failure at Nice: (1) the construction area failed first,
perhaps because of the construction activity, the sliding mass transformed into a
debris flow which moved downslope, undercutting canyon walls and causing
continued failure of considerably more natural material. (2) There was a large
natural underwater landslide that caused a tsunami. The tsunami caused a “‘rapid
drawdown” condition, as discussed above, and this produced a failure in the newly
constructed fill. Seed et al. (1988) presented evidence supporting the second explana-
tion. Many others supported the first explanation, and considerable debate has
followed both in the scientific literature and in court.

Skagway, Alaska

The second case is similar in that it involved a coastal landslide, a death, and legal
action. This case occurred in Skagway, Alaska, in 1994, when a dock that was under
construction slid into a fjord (Cornforth and Lowell, 1996). The event occurred
during a particularly low tide and was accompanied by a series of tsunami waves
estimated to be as high as 11 m. Subsequent surveys showed that a submarine
landslide had occurred. Again the debate concerned whether the dock construction
caused the landslide or if a large natural landslide caused the dock to fail. Rabino-
vich et al. (1999) developed a model that appeared to show that the tsunami was
caused by the dock failure and not by an external submarine landslide. Others (e.g.,
Mader, 1997) have argued to the contrary. As part of the run-out, little damage was
observed, with the potential of destroying or disrupting fishing habitats.
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Seattle, USA

A final example of a human-induced submarine landslide occurred in 1985 near
Duwamish Head in Seattle, Washington (Kraft et al., 1992). The landslide
occurred during dredging operations that were undertaken to extend a sewage
effluent pipe about 3km out into Puget Sound. The slide occurred during low
tide, involving 400,000 m® of sediment. The slide was attributed to a collapse
mechanism in the sediment, causing static liquefaction. The landslide was clearly
triggered by the low tide, but the dredging operation was an underlying cause.

Of great importance for risk assessment of debris flows is there potential long
run-outs (i.e., a few hundred of kilometres). This alone requires that for some
projects, the size of the investigated area has to be quite wide in order to properly
assess the risk.

9.8 CONCLUSIONS

Subaqueous debris flows have many similarities with their terrestrial equivalent,
mostly in terms of the basic flow mechanics:

e The same types of fluid can be used to model the flow (Bingham, Herchel-
Bulkley, and bilinear).

e Empirical relationships using the liquidity index to estimate the rheological
properties can be used successfully.

Still, the subaqueous environment provides particular conditions that make their
study different on many aspects, including:

e the triggering mechanism can include the role of waves, tides, and gas hydrates;

e the role of water during the transition from failure to post-failure as a
mechanism to reduce the strength;

e the presence of strong sediment layering favours the formation of a weak layer

resulting from the generation of a film of water at the interface of layers of

contrasting hydraulic conductivity;

the role of water for providing high mobility and long run-out (hydroplaning);

they can flow on slopes with an angle often less than 1°;

they can reach very long distances, in some cases in excess of 500 km.

numerical models must incorporate a two-phase flow or at least take into

account the drag forces on the top and buoyancy;

e reflection seismic and multibeam surveys are particularly relevant to the study of
architecture and morphology of debris-flow deposits; and

e there has not yet been any real-time observation of subaqueous debris flows
in nature and our vision of the process relies largely on the use of flume
experiments.
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With these above considerations, it is clear that the evaluation of a subaqueous
debris-flow hazard and the associated risk is not easy and requires the mobilization
of significant equipment often over a very large area. The field of submarine mass
movements and their consequences is growing rapidly and this is largely due to an
increase in economic pressure to develop the natural resources along the margins, the
need for improve communication cable deployment, the need to minimize risk to
coastal communities, and the protection of marine habitats.
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Volcanic debris flows

James W. Vallance

10.1 INTRODUCTION

Volcanic debris flows, more commonly known as lahars, behave similarly to debris
flows in other settings, but can most strikingly differ in origin and size. Whereas
debris flows in other settings commonly range in size from about 10°m?® to 10’ m?,
volcanic debris flows range in size from 10*m® to more than 10°m?®. This size
difference can be explained by the abundance of loose debris on the steep slopes
and aprons of volcanoes; the presence of weakened hydrothermally altered rock
within some volcanic edifices; the abundance of water stored in glaciers, crater
lakes, and hydrothermal systems; rainfall that washes over denuded slopes after
eruptions; and the potential for releasing both water and sediment during and
immediately after eruptions.

Origins of debris flows at volcanoes include the direct and indirect effects of
eruptions, as well those typical of other environments. Volcanic eruptions can
generate avalanches of hot rock and ash (pyroclastic flows) that move across
glacial ice or snow, melt it, and generate debris flows. Volcanic eruptions through
crater lakes sometimes generate floods of water that subsequently entrain sediment
and generate lahars. Eruptions or earthquakes associated with eruptions can cause
volcanic edifices to collapse. If the resulting debris avalanches contain sufficient
volumes of weakened, altered rock and water, they can evolve to form debris
flows. Explosive eruptions coat volcano slopes with voluminous easily erodible
deposits of volcanic debris that form lahars during periods of heavy rain.

Because of their large sizes and propensity for long-distance transport, volcanic
debris flows show downstream evolutions less commonly observed in debris flows
from other environments. Many volcanic debris flows evolve from water floods.
Those that move down rivers tend to incorporate river water with distance down-
stream and evolve over river reaches of tens of kilometres to more dilute flow types
(see Chapter 8). Volcanic edifice collapses generate debris avalanches that sometimes
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evolve partially or completely to debris flows. There is a complete spectrum of
behavior between unsaturated debris avalanche and water-saturated debris flow in
volcanic settings (see Chapter 27).

Because the precise timing of lahar events is unpredictable and working with
active flows can be hazardous, much of our present knowledge of flow behavior is
inferred from study of lahar deposits. Nonetheless, a few key observational studies
have improved understanding of debris-flow processes. The chief purpose of this
chapter is to summarize what is known about the causes and behavior of volcanic
debris flows on the basis of observations and careful examination of deposits, and to
further describe carefully the nature of hazards that derive from such events.

10.2 DEFINITIONS

Lahar is an Indonesian (Javanese) word used in that country to describe highly
concentrated flowing mixtures of rock debris, mud, and water coming from
volcanoes, and was introduced into the volcanological literature through the work
of Schmidt (1934) and van Bemmelen (1949). The term has wide usage in the
volcanological and geological literature as a synonym for ‘“volcanic mudflow or
debris flow” (e.g., Crandell, 1971; Fisher and Schmincke, 1984; Pierson and Scott,
1985; Smith, 1986). A rheologically specific definition causes confusion, however,
because some sediment-water flows from volcanoes transform from water flood, to
hyperconcentrated flow, to debris flow, and back again to more dilute phases during
a single event sequence (Pierson and Scott, 1985; see also Chapters 8 and 27) and
other sediment-water flows evolve wholly or partly from debris avalanches (e.g.,
Crandell, 1971; Vallance and Scott, 1997).

A rheologically non-specific definition adopted by the 1988 Geological Society
of America Penrose Conference on Volcanic Influences on Terrestrial Sedimentation
(Smith and Fritz, 1989) is: lahar, a general term for a rapidly flowing, gravity-driven
mixture of rock debris and water (other than normal streamflow) from a volcano. A
lahar event can vary in character with time and distance downstream. It may
comprise one or more flow phases, which include a debris-flow phase, transitional
or hyperconcentrated-flow phase, and streamflow phase (Vallance, 2000). A debris-
flow phase is one in which the solid and liquid fractions are approximately equal
volumetrically and in which the two fractions in a vertical section move downstream
approximately in unison. A streamflow phase is one in which fine-grained sediment
moves in suspension with the fluid (suspended load) and coarse-grained sediment
moves along the bed at discrete intervals (bedload). It is useful to define a transitional
flow phase, commonly known as hyperconcentrated flow, intermediate between that
of debris flow and streamflow. Unlike streamflow, this transitional phase carries very
high sediment loads, and unlike the debris-flow phase coarse-grained solids tend to
separate vertically from the liquid-and-fine-solids mixture. Although the literature
distinguishes the hyperconcentrated-flow phase from more dilute and more concen-
trated phases in terms of solids fraction, transitions are gradational and dependent
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on other factors like sediment-size distribution and energy of the flow. Thus, flow-
phase transitions cannot be defined precisely. Following common usage in the
volcanologic literature, the term lahar includes high-sediment-fraction volcanic
debris flows, low-sediment-fraction hyperconcentrated flows, and gradational flows
in between, but does not include unsaturated parts of debris avalanches or sediment-
water floods. Readers should note that this usage contrasts somewhat to that of
Chapter 2.

Lahar events can include processes, such as debris avalanches, flood flows, and
pyroclastic flows, not normally encompassed by the terms lahar and debris flow. A
debris avalanche here is a flowing mixture of debris, rock, and moisture that moves
downslope under the influence of gravity. Debris avalanches differ from debris flows
in that they are not water saturated and in that the load is entirely supported by
particle—particle interactions.

In this chapter, the phase is the flow type in a lahar event at some time and place.
Phases associated with lahars include debris avalanche, debris flow, hyperconcen-
trated flow, flood flow, and streamflow. The height above the channel bottom of the
flowing lahar is the stage. Examples of lahar stages include the initial rising or
waxing stage, the peak-inundation stage, and the final long-duration falling or
waning stage.

A pyroclastic flow is a mixture of hot rock, ash, and gas with roughly equal
proportions of solids and gas that move rapidly (10s to 100s of m/s) away from
source during eruptions. Pyroclastic surges are more dilute. The temperature of
these flows is invariably greater than 100°C and is usually greater than 500°C
thus they are completely dry. The hot gas and ash mixture is highly fluid,
supports sand and gravel-size particles, and makes pyroclastic flows more
mobile than normal dry avalanches. The interactions of such flows with ice and
snow cause lahars. There is much argument in the literature (c.f. Scott, 1988;
Waitt, 1989) about whether pyroclastic flows and more dilute surges transform
directly to lahars but no well-documented examples. The passage of these hot
energetic flows across glaciers and snow pack causes water floods that generate
lahars (Table 10.1).

For certain types of primary lahars, size and frequency are influenced by volcano
explosivity, a measure of the power of volcanic eruptions and production of pyr-
oclastic debris at a volcano. The volcanic explosivity index (VEI) is a measure of
eruption size and duration as well as explosivity (Newhall and Self, 1982). Values of
VEI range from 0 to 8 with each interval indicating an increase of about a factor of
ten. A VEI of 0 means non-explosive and gentle, 1 means effusive with small explo-
sions, 2-3 mean explosive and moderate in size, 4-5 mean large and severe to
cataclysmic, and 6-8 are paroxysmal and rare. Recent eruptions of Kilauea from
the south-west rift zone and that of Manua Loa, USA in 1984 have VEI = 0.
Eruptions of Stromboli in Italy are commonly VEI = 2. Mount Lassen in 1914
produced a VEI 3 eruption and Cotopaxi, Ecuador, in 1877 produced a VEI 4
eruption. Well-known eruptions of Mount St. Helens on 18 May, 1980 and
Pinatubo on 15 June, 1991 were VEI 5 and 6 respectively. Although there is some
tendency for large explosive eruptions to produce large lahars, in many cases,
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Figure 10.1. Plot of VEI vs. volume of primary lahars having three diverse origins. The plot
shows poor correlation between explosivity and lahar volume, thus indicating that small
explosive eruptions can potentially trigger devastating primary lahars.

especially at ice-clad volcanoes, small to moderate eruptions can produce huge lahars
(Figure 10.1).

10.3 ORIGINS AND DOWNSTREAM BEHAVIOR

At volcanoes lahars may be syneruptive (primary), posteruptive (secondary), or
unrelated to eruptions (Table 10.1). Genesis requires: (1) an adequate water
source; (2) abundant unconsolidated debris; (3) steep slopes and substantial relief
at the source; and (4) a triggering mechanism. Water sources include pore water,
rapidly melted snow and ice, subglacially trapped water, crater or other lake water,
and rainfall runoff. Triggering mechanisms that derive from volcanic unrest include
volcanigenic earthquakes and explosions. The shallow intrusion of hot rock and
gases prior to the onset of an eruption drives water of the hydrothermal system
toward edifice flanks, and the resultant outwardly directed pore-pressure gradient
contributes to edifice instability and debris avalanches that sometimes evolve to
lahars. Sudden melting of snow and ice during eruptions by voluminous flows of
hot rock and ash that sweep down steep slopes cause water floods that incorporate
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debris and form lahars. Sudden release of crater lakes, other lakes adjacent to
volcanoes, and subglacially stored water can also generate lahars. Lake-breakout-
induced lahars occur during eruptions but can also occur months or years after
eruptions.

Their temperature and fines content can help to delineate lahar origins.
Admixing of hot pyroclastic debris and water results in hot lahars. Such mixtures
are necessarily below the boiling point, but can contain individual clasts that are
hotter. Hot lahars also derive from the release of water heated during volcanic unrest
or eruptions. The hot water can derive from subglacial lakes, crater lakes, and
hydrothermal systems. As observed at Mount Rainier (Crandell, 1971), lahar
deposits can have clay-rich matrix (>5% clay/sand +silt+clay) or clay-poor
matrix (<5% clay). An empirical observation is that clay-rich lahars commonly
initiate as flank failures of hydrothermally altered, weakened rock, whereas clay-
poor lahars commonly originate as floods of water that entrain gravel, sand, and
fines. Flood waters leading to the formation of clay-poor lahars have been produced
during lake breakout (Pierson, 1999), intense rainfall (Rodolfo and Arguden, 1991,
Hodgson and Manville, 1999; Lavigne et al., 2000; Lavigne and Thouret, 2003), and
from melting of snow and ice by hot pyroclastic flows (Scott, 1988; Major and
Newhall, 1989; Pierson et al., 1990).

10.3.1 Lahars induced by sudden melting of snow and ice, voluminous floods, or
torrential rains

Floods of water moving across the easily erodible loose clastic sediment common on
the flanks and aprons of volcanoes easily incorporate that debris and may quickly
form lahars. Erosion and incorporation of sediment (bulking) is critical to all lahars
that begin with sudden water releases. Lahar formation depends on the right mix of
readily available sediment and water discharge.

At volcanoes, lahars induced by sudden water release can occur by four
principal means. (1) Pyroclastic flows and surges mix with and rapidly melt glacial
ice and firn. Generally, such pyroclastic flows come to rest or nearly do, form
meltwater which then runs off, coalesces, and erodes the pyroclastic debris to form
water-rich lahars. The lahars continue to bulk up with volcaniclastic debris, glacial
drift, alluvium, and colluvium as they flow downstream so that within a few to
several tens of kilometers they become debris flows. Lahars of this type are con-
sidered primary. (2) Eruptions can displace large volumes of crater-lake water that
form lahars downstream. Crater lakes, caldera lakes, and volcanically debris-
dammed lakes can also break out months to years after eruptions. Such delayed
breakouts occur when water levels gradually rise, then overtop and rapidly incise
fragile debris dams. (3) Subglacial eruptions can form subglacial lakes that even-
tually break out when a section of the ice cap becomes buoyant and releases the
trapped water. Small-scale outburst floods occur as normal glacial processes during
periods of ablation. Although huge eruption-driven outbursts cause sediment-rich,
water floods called jokulhlaups, small secondary floods commonly bulk up to form
lahars. (4) Lahars owing to intense rainfall often occur after pyroclastic eruptions
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Figure 10.2. Schematic model of a lahar moving down a river undergoing downstream
dilution from debris-flow phase to hyperconcentrated-flow phase and deposit facies derived
from it. The idealized model shows erosion and deposition of hyperconcentrated-flow facies
from A to B; deposition of debris flow facies from B to C; and deposition of hyperconcentrated
flow facies and subsequent erosion from C to D.

that deposit abundant loose debris in the form of pyroclastic-flow or fall deposits.
Lahars of this type are commonly small but frequent in occurrence during rainy
periods. Size and frequency of rain-induced lahars may increase in the months or
years following the primary pyroclastic eruption, then slowly decrease as drainage
networks and vegetation re-establish themselves (e.g., Mount Pinatubo after its 1991
pyroclastic eruption).

Debris-flow or hyperconcentrated-flow phases that bulk up and evolve rapidly
from water floods can deposit rapidly on low gradients or slowly become more dilute
downstream as they overrun rivers (Vallance, 2000). Sediment-rich lahars that move
down active river channels will push river water in front of them, gradually incor-
porate that water, become progressively dilute, and undergo transformations to
hyperconcentrated-flow and muddy-streamflow phases (Figure 10.2). The flow trans-
formation begins at the flow front and migrates back through the lahar wave as it
travels downstream. If lahars of this type occur in arid regions without perennial
streamflow, they will bulk up to become debris flows, not undergo significant
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downstream transformation, and remain debris flows to their termini. Such debris
flows will typically develop relatively dry bouldery flow fronts that surround more
liquefied interiors (Iverson, 1997).

10.3.2 Edifice or flank-collapse-induced lahars

Although most edifice collapses behave as debris avalanches, those with sufficient,
widely dispersed pore and hydrothermal water in the pre-collapse rock liquefy as the
material deforms during collapse. A shallow intrusion of magma within an edifice is
the likeliest trigger of collapse-induced lahars larger than about 0.2 km?>. Smaller
collapse-induced lahars may have various triggers, including magmatic or phreatic
volcanism and volcanic or tectonic earthquakes.

Hydrothermal alteration, especially at glaciated volcanoes, increases the prob-
ability of edifice-collapse lahars. Acid-sulfate leaching in hydrothermal systems
removes mobile elements, adds sulfate, and breaks down framework silicates to
form silica phases such as cristobalite and opal, and clay minerals such as
kaolinite and smectite. This process weakens the rock so that it more readily disin-
tegrates during deformation after collapse. Thus, huge coherent blocks typical of
debris avalanches are less common in lahars of this type even though their origin is
the same. Abundant alteration minerals, especially clay minerals, increase porosity
and decrease permeability of the rock and thus, in combination with a hydrothermal
system, trap a widely dispersed reservoir of water within the pre-collapse mass.
Because of its water content and its tendency to disintegrate, hydrothermally
altered rock, unlike fresh rock, easily liquefies as it deforms. Collapse-induced
lahars are typically clay-rich, and most are observed to have greater than 5% clay
in the matrix.

Clay-rich, collapse-induced lahars appear to be more common at ice-clad
volcanoes than at volcanoes that are ice-free. Glacial erosion tends to expose
deeper and potentially more altered parts of volcanoes than does surface-water
erosion alone. Furthermore, slopes incised in altered rock are more susceptible to
failure not only because the rock is weak but also because it is commonly over-
steepened. Lastly, melting glacial ice provides a slow-release source of water that is
important to the efficient operation of the acid-sulfate leaching process.

At and near some volcanoes, especially tropical ones, tectonic earthquakes cause
multiple slope failures that ultimately coalesce and form collapse-induced lahars.
Such lahars are unrelated to volcanism but, owing to characteristics of their
deposits (commonly clay-rich, hummocky, and voluminous), can be mistaken for
lahars generated by major edifice collapse of hydrothermally altered sectors of
volcanoes (Scott et al., 2001).

Collapse-induced lahars are debris flows that transform directly from avalanch-
ing debris that contains enough water to be water-saturated upon deformation. Such
lahars commonly contain huge fragments composed of relatively fresh volcanic rock
from the edifice. As they migrate downstream, they incorporate exotic debris,
especially at their flow fronts. Because of their size, avalanche-induced lahars
rarely undergo transformation to more dilute phases as they migrate downstream.
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10.4 DOWNSTREAM PROCESSES AND BEHAVIOR

Like debris flows in other environments, lahars can change character as they move
downstream; however, because of their large sizes and propensity for long-distance
transport, some lahars can show much more pronounced changes with distance
downstream than other debris flows. Small lahars (those less than ~10°m?), like
many non-volcanic debris flows, commonly coalesce quickly, form bouldery fronts
through size-segregation processes (Chapter 6), and come to a halt once they reach
low-gradient reaches of the drainage. Lahars larger than ~10°m® commonly don’t
fit the mold of typical debris flows. In the case of huge lahars that travel tens of
kilometers, size-segregation processes can become relatively less important and
downstream erosion and dilution processes become more important (Scott, 1988;
see also Chapter 27). In medial or distal reaches, such large lahars can also transform
from a sediment-rich debris-flow phase to water-rich hyperconcentrated-flow or
streamflow phases. Another class of lahars rare in other environments comprises
those that begin as huge (10® to >10° m?®) debris avalanches proximal to volcanoes
and which transform to debris flows as they move downstream (Carrasco-Nufez et
al., 1994; Vallance and Scott, 1997; see also Section 10.5.4).

10.4.1 FErosion and bulking

Lahars cause erosion by undercutting steep slopes and terrace scarps and by scouring
their beds. Erosion is strongest along steep reaches underlain by loose clastic
sediment and weakest either along reaches underlain by highly resistant bedrock
or reaches with very gentle gradients. Along any particular reach, water-rich, hyper-
concentrated-flow phases are typically more erosive than sediment-rich debris-flow
phases (Figure 10.2), but local erosion can occur during any flow phase. Water-rich
phases are more turbulent and agitated than equivalent-stage debris-flow phases and
thus more effectively erode sediment (Dolan, 2004). In particular, turbulence along
the boundary layer of water-rich phases allows more effective sediment entrainment.
Fully bulked debris-flow phases entrain additional sediment less easily because they
less readily undercut banks and less readily pluck particles from their beds.
Erosion at the base of a lahar occurs by piecemeal dislodgment of particles, by
undercutting at upstream migrating knick points, and by rip up of sediment owing to
root heave of falling trees. Piecemeal erosion occurs chiefly during more water-rich
hyperconcentrated phases and is probably not an important process outside of active
channels. If channel beds comprise erodible sediment, sequences of upstream
migrating knick points are common during hyperconcentrated-flow phases (Dolan,
2004). Typically knick-point steps are several tens of centimetres to a metre high and
spaced on the order of tens to hundreds of metres apart. During more sediment-rich
flows, knick points become higher and more widely spaced. Knick points may
disappear during debris-flow phases, which commonly aggrade rather than erode
their beds. Lahars voluminous enough to escape channels knock trees down and
incorporate them. Root balls of falling trees drag considerable sediment into
the active flow and loosen even more sediment that is then available for erosion.
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Voluminous lahars that inundate large areas of forested terrain can incorporate
considerable quantities of sediment and huge amounts of wood in this way.

Undercutting of steep slopes, fluvial terrace scarps, and active stream banks is
probably the most important way in which lahars erode and incorporate sediment.
Undercutting is active during both debris-flow and hyperconcentrated-flow phases.
Large lahars are capable of incorporating huge blocks (>10m in dimension) of
unconsolidated sediment, and sometimes even of bedrock, in this way. These huge
clastic blocks may move tens of kilometers downstream before they deform and
ultimately break up into individual fragments.

Progressive bulking imposes downstream changes of character on lahars.
Bulking transforms flood flows and hyperconcentrated flows to more sediment-
rich phases (Figure 10.2). If the process continues, both waxing and waning stages
of flow ultimately become debris-flow phases. With continued entrainment, lahars
become richer in exotic sediment, like alluvium, colluvium, and glacial drift. Because
the waxing flow-front and following peak stages of the flow are the most erosive,
these stages most readily incorporate exotic sediment. The sediment-rich falling flow
that follows peak flow is less erosive and commonly actively deposits sediment rather
than erodes it. The final waning-stage flow is typically more watery, and more
erosive, but less voluminous in discharge than the preceding stage. Final waning
stages of lahars incise previously deposited laharic sediment.

10.4.2 Particle-size and particle-density segregation processes

Particles in lahars can effectively segregate by density or size, but the most important
segregation processes are mediated by solids fraction, proportion of coarse particles,
and fluid density, the latter being determined by the proportion of fine-grained
particles in suspension (Vallance, 2000). More dilute flow favours particle settling
or buoyant rise because there are fewer particles to hinder these processes (Dolan,
2004). Greater solids fractions hinder these processes and may favour percolation, a
process that counteracts preferential settling of large particles (Vallance, 1994).
Percolation occurs when particles, under the influence of gravitational body
forces, move downward into gaps that open beneath them (Savage and Lun,
1988). The process occurs chiefly when individual particles influenced by body
forces like gravity rub or collide in vibrating or shearing mixtures (Savage and
Lun, 1988).

The net result of percolation is that small particles migrate downward and
displace large ones, and large ones gradually migrate upward. The large particles
then migrate forward toward the margins of the flow because velocities are greatest
near the surface (Figure 10.3). Such a kinetic-sieve process can not only cause the
inverse vertical grading that is common in moving debris flows, but it can also cause
the accretion of large particles at flow perimeters (Figure 10.3).

Low-density particles commonly collect at the surface of lahars and form rafts of
material that appear to move en masse (Dolan, 2004). Particles that are less dense
than water, like pumice, rise buoyantly. In addition, particles slightly more dense
than water rise to the surfaces of lahars whose fluid phases suspend sufficient
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Figure 10.3. Schematic diagram showing how segregation of coarse particles to the surface of
a debris flow results in segregation of the coarse particles to the front (a) and margins (b) of the
flow. Note that the frame of reference is shown moving at the average speed of the flow.

quantities of fines (generally clay and silt but in some cases fine grained sand) to
increase the effective fluid density. Friction at the bed retards lahars and causes
vertical profiles in which velocities are smallest at the base and gradually increase
upward. Low-density particles will migrate upward toward the flow surface to form
rafts. Velocities are greater than average at the surface and these rafts (commonly of
pumice) will then migrate toward flow margins.

10.4.3 Downstream dilution and transformation

The gradual incorporation of water at the front of a lahar flowing down an active
stream channel causes progressive loss of carrying capacity and an eventual change
in the nature of the flow with distance downstream (Figure 10.2) (Pierson and Scott,
1985; Scott, 1988). This process is important only in lahars that follow active rivers
or other bodies of water. Though dilution of large lahars can occur, the process has
little effect on the behavior of lahars so huge that their volumes are significantly
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greater than that of the water in the river being overrun (Vallance and Scott, 1997,
Mothes et al., 1998).

Once off the flanks of the volcano and confined in river channels, lahars, which
typically move faster than normal streamflow, push river water ahead of them and
gradually, with distance downstream, begin to mix with that water (Cronin et al.,
1997; Scott, 1988). As the flow front becomes progressively more watery, it loses its
capacity to carry large gravel particles, and these progressively lag behind the flow
front. With time and distance downstream, a dilution front progresses from the front
of the lahar to its middle, and eventually the entire lahar becomes more dilute. In
lahars that occurred at Mount St. Helens in 1980 and 1982, downstream dilution
occurred over the course of tens of kilometres and caused a complete transformation
from debris-flow phase to hyperconcentrated-flow phase. In medial reaches, the
hyperconcentrated-flow phase preceded the debris-flow phase of the lahar because
the dilution process began at the flow front then gradually worked backward toward
the tail as the flow migrated downstream (see Chapter 27).

10.4.4 Depositional processes

Emplacement of lahar deposits can occur rapidly, by steady incremental accretion
or, most likely, by some intermediate process, in which accretion begins then accel-
erates, wanes, or does both alternately. Debris-flow-phase deposits are poorly sorted,
generally massive, and unstratified. It is common to infer that such massive deposits
are emplaced en masse and that they represent a frozen portion of the moving debris
flow. Debris-flowdeposits may accrete very rapidly; however, they do not freeze from
the top down as Bingham models of debris-flow behavior suggest. In contrast,
hyperconcentrated-flow deposits are better sorted, commonly show faint stratifica-
tion, and hence are assumed to accrete during significant time intervals.

An increasing body of evidence suggests that deposits of both hyperconcentrated
flows and debris flows accrete incrementally (Vallance and Scott, 1997; Vallance,
2000). Such evidence includes: (1) strong alignment of elongate clasts parallel to flow
directions or imbrication of such clasts in upstream directions; (2) strong changes in
composition of particles with vertical position in outcrops, especially those which are
graded; (3) marks of peak-flow levels in upland valleys that indicate flow depths 5-10
times greater than deposit thicknesses; and (4) stratification in deposits of transi-
tional or hyperconcentrated flows. Stratification in deposits indicates piecemeal
accretion but many debris flows have a massive appearance. Nonetheless, careful
measurements show that most debris-flow deposits exhibit alignment and imbrica-
tion of elongate clasts. This evidence strongly suggests piecemeal emplacement of
particles and thus incremental accretion. Vertical compositional change of particles
in outcrop suggests incremental accretion from a flow with compositional changes
from peak-flow through waning-flow stage. For example, the peak-flow deposits of
the Osceola Mudflow had proportions of exotic particles of up 90%, whereas
waning-flow deposits had exotic contents of 20% to 50%. In thick vertical
sections proportions of exotic particles at the base were similar to those of peak
flow and those at the top were similar to those of waning flow. Vallance and Scott



Sec. 10.5] Selected case studies 261

(1997) concluded that these observations were not consistent with sudden emplace-
ment and thus implied accretion during significant time intervals. They also
suggested that deposit thicknesses significantly less than those of inundation
depths were a common indicator of incremental accretion.

Although rapid deposition of a vertically size-segregated flow can generate
normally and inversely graded deposits, incremental accretion of longitudinally
size-segregated flow can also be responsible. Because lateral and longitudinal varia-
tions in both sizes and compositions of particles commonly occur in moving lahars,
accretion from such laterally graded systems during significant time intervals can
cause vertically graded deposits. Deposits in positions higher in the valley may also
be graded, but often less obviously so.

Debris flows that do not undergo downstream dilution commonly form cobble-
boulder-rich perimeters owing to the size segregation process described above
(Figure 10.3). The surface of the flow with its concentration of large particles
moves faster than the rest of the flow so that cobbles and boulders migrate to the
flow front. Once the flow peak has passed at any particular cross section, boulders
begin to accrete at flow margins to form coarse levees. Flow fronts, with concentra-
tions of large angular particles, that move onto gentle slopes become progressively
drier because water can more easily escape from more permeable coarse-grained flow
perimeters than from fines-rich interior flows. The net result is a dry, frictional,
resistant flow perimeter that surrounds a liquefied interior (c¢f., Iverson, 1997).
When flows of this type reach sufficiently gentle slopes, the frictional perimeter
slows to a stop and leaves behind a steep-fronted fines-poor margin and a partly
liquefied fines-rich interior. Because resistance to flow is greater at the margin than
the interior of the flow, bifurcation of the flow into fingers can result as the more
mobile fines-rich interior diverts around the more static perimeter.

Avulsion can occur in lowland areas with gentle slopes where sediment-rich
portions of lahars accrete and fill the active channel so that its cross-sectional
capacity is diminished. When channel capacity is sufficiently diminished, the flow
overtops this channel and cuts a new one. In the strict sense, the term applies only to
the breaking away and establishment of the new channel, although a pre-condition
for avulsion is accretion during debris-flow phases of lahars.

10.5 SELECTED CASE STUDIES

10.5.1 Lahars related to crater lakes

Explosive eruptions at volcanoes with crater lakes commonly expel the water or
breach the outlet dam and cause floods of water that generate lahars. Crater lakes
commonly contain sulfurous, highly acid water and mud that can reach temperatures
of more than 40°C during the unrest that presages eruptions. When explosive
eruptions or outlet collapses release huge volumes of this nasty brew, it rushes
downstream, picks up abundant loose debris along the way, and becomes a particu-
larly unpleasant variety of lahar comprising scalding hot acidic water, mud, and
debris.
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Kelut volcano, on the island of Java in Indonesia, is notorious for producing
lahars in this fashion, and its lahars are notorious for killing people who live on its
fertile slopes and for destroying villages within a 40-km radius. Of more than 30
eruptions in the past 1000 years at Kelut, half or more are thought to have produced
disastrous lahars (Simkin and Siebert, 1994; Bourdier et al., 1997). Since 1848, the
volcano has erupted 10 times. Of these eruptions, seven have blown out the crater
lake, and five have produced devastating primary lahars. The most devastating of
these lahars occurred when the largest volumes of water were expelled from the lake
(Table 10.1). In 1919, an eruption blew 4 x 10" m? of water out of Kelut’s lake and
produced lahars that swept downstream as far as 37 km. These lahars covered more
than 130km? and killed more than 5,000 people (Scrivenor, 1929).

Kelut volcano offers a spectacular example of lahar hazard mitigation because
of tunnels designed to lower its crater-lake level and check-dam installations
designed to reduce downstream hazards. In 1905, an earthen sediment-retention
dam was built about 10 km downstream in an initial effort to protect the town of
Bitur, about 20 km south of Kelut. This effort proved futile, however, when the 1919
lahars overwhelmed the dam and destroyed the town (Zen and Hadikusumo, 1965).
The dam was rebuilt but was nearly full by 1925 (Blong, 1986). The 1919 tragedy
prompted the Dutch colonial government to build a sequence of tunnels that lowered
lake level by about 50 m and reduced the volume of the lake to about 2 x 10®m?
(Scrivenor, 1929; Zen and Hadikusumo, 1965). When the volcano erupted again in
1951, it produced only small lahars and few lives were lost. Unfortunately, the 1951
eruption damaged the drainage tunnels, reamed out the crater, and lowered the lake
bottom by 50 meters. When the old drainage tunnels were repaired the lake still
contained 2 x 10’ m? of water. In 1965, two Indonesian geologists recognized the
threat posed by the inadequate drainage system and predicted another eruption
within 5 years (Zen and Hadikusumo, 1965). Less than two years later, the
volcano erupted again and lahars caused by ejection of lake water killed hundreds
of people. This needless disaster prompted authorities to dig new drainage tunnels,
and to build more diversion and sediment retention structures. The new drainage
tunnels and a fortuitous shallowing of the lake bottom reduced lake volume to less
than 2 x 10°m?, and no primary lahars occurred during the 1990 eruption of Kelut
(Bourdier et al., 1997). Sediment retention and diversion structures have been less
effective. The sedimentation following the 1966 and 1990 eruptions have filled most
of these structures to or near capacity and resulted in the threats of flooding to farms
and towns from rivers flowing in channels at levels of 1-2m above their surround-
ings (Blong, 1986: Rodolfo, 2000).

Crater-lake dams can fail during dormant periods owing to overflow and rapid
incision, sapping and undermining, or collapse caused by weakening or earthquakes.
At Kelut in 1875, a failure of the west crater wall during a dormant interval caused
lahars that destroyed 30 villages and cost numerous lives (Escher, 1922). An
infamous example is the Tangiwai disaster that occurred in 1953 when sapping
and undercutting caused the crater-lake dam at Ruapehu, New Zealand to fail
(Neall, 1976). Water gushed out of the lake, lowering it by 6 m, and caused a
lahar downstream. Tragically, the resultant lahar destroyed a railroad bridge just
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minutes before the arrival of a passenger train, and the train could not be stopped in
time to prevent it and its passengers from plunging into the valley below; 151 fatal-
ities resulted (Neall, 1976). A lahar detection system that detects acidic high water
upstream was implemented after 1953. The system now automatically triggers
warning signals for passing trains.

10.5.2 Lahars caused by melting of ice and snow

Explosive eruptions of hot debris at ice and snow-clad volcanoes have caused some
of the largest known and most catastrophic primary lahars. The most voluminous of
these occur when rapidly moving (10-200m/s) hot (typically >500°C) pyroclastic
flows and surges sweep across steep glaciated slopes. The hot flows are energetic,
erosive and very efficiently mix hot debris with ice and snow. The pyroclastic flows
typically come to rest or nearly do before floods of water pour out of the deposits
and adjacent snow pack, picking up sediment from the pyroclastic-flow deposits
themselves and from other loose debris downstream. Water floods formed in this
way bulk up rapidly by several fold near source and form debris-flow phases down-
stream (Pierson et al., 1990). The steep incised valleys that typically radiate away
from large glaciated volcanoes serve as efficient conduits for lahars to travel tens or
even hundreds of kilometres before spreading widely over hundreds of square kilo-
metres in lowlands (Crandell, 1971). Moderate and large lahars can thus inundate
unsuspecting populations with lethal effect in distal areas far from the source
volcano.

Historically, Cotopaxi volcano, at 5,897 m and clad by 20 km? of glacier ice, has
been the one of the world’s most prolific producers of lahars that derive from
pyroclastic flows sweeping across glaciers; furthermore, in prehistoric time, it
produced one of the largest known lahars (Mothes, 1992). From 1532 until 1902,
lahars had occurred on 27 occasions during explosive eruptions (Simkin and Siebert,
1994). The most widespread and destructive lahars occurred in 1744, 1768, and 1877
during explosive eruptions with VEI = 4 (Table 10.1). In 1877, lahars extended more
than 200 km down valleys, destroyed towns, and killed hundreds of people and
thousands of animals (Wolf, 1878). About 4,500 years ago, a huge pyroclastic
flow caused a lahar much larger than those of the historical time (Chillos valley
lahar). The Chillos valley lahar had a volume of almost 4km?, covered 440km?
and flowed 330 km to the Pacific Ocean (Mothes et al., 1998). On the basis of past
lahar inundations at Cotopaxi, Hall and von Hillebrant (1988) have mapped a
smaller higher lahar hazard zone and larger lower lahar hazard zone (Figure 10.4,
see color section). Almost 50,000 people live in the higher hazard zone and almost
90,000 people live in the more extensive lower hazard zone (Figure 10.4).

The most tragic historical lahar event occurred in 1985 when pyroclastic flows
swept across the ice cap of Nevado del Ruiz (5,321 m), Columbia, and produced
deadly lahars. Shortly after 9 p.m. on 13 November a rather small (5 x 108 m3) but
explosive (VEI 3) pyroclastic eruption produced 2 x 107 m?® of melt water (Pierson et
al., 1990; Thouret, 1990). The resultant floods, augmented by eroded debris and
overrun streamflow produced lahars with a total volume of nearly 10®m? in four
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valleys (Pierson et al., 1990). Within four hours these lahars had descended 5,100 m,
travelled 100 km, and inundated more than 50km?. Two and half to three hours
after the explosive eruption, the Lagunillas and Azufrado River lahars had flowed
about 70 km and debouched onto the flood plain near the town of Armero. The
lahars destroyed Armero (Figure 10.5, see color section) and killed more than 23,000
of its residents.

The tragedy at Nevado del Ruiz provided both scientific and socio-political
lessons. First, relatively small pyroclastic eruptions can generate large, destructive
lahars, especially at ice-clad volcanoes (Figure 10.1). Second, steep narrow valleys
can focus lahars so that they flow tens of kilometres with little attenuation. In fact
such lahars are apt to grow within 10-20 km of the volcano. Third, land-use planning
could have mitigated the disaster: the previous eruptions of Nevado del Ruiz in 1595
and 1845 had inundated the same valleys and produced lahars that were larger than
those of 1985 (Thouret et al., 1990). Armero was built on a lahar plain constructed of
deposits from these past two eruptions. Furthermore, fatalities were recorded in the
same places during the previous eruptions (Simkin and Siebert, 1994). A land-use
plan preventing construction in areas at risk could have saved many lives. Fourth,
information about hazardous phenomena has little value if it is not shared in timely
fashion with those in harm’s way. A better understanding of the risk from lahars and
an evacuation plan could have helped many to escape. The eruption sequence began
at 15:06; by 17:00 ash began to fall in Armero; at 19:00 the Red Cross in Ibagué
ordered evacuation of Armero, but this information was not communicated to the
residents; at 21:08 the climactic eruption began; at 22:40 lahars arrived in Chinchina,
sweeping away hundreds of homes and perhaps 1,000 people; finally, at 22:35 lahars
arrived in Armero. Residents of Armero were not told to evacuate, had little idea
where to go, and did not understand the risk that confronted them (Hall, 1990).
Fifth, even a rudimentary alarm system could have provided warning (Rodolfo,
2000). Lahars did not arrive until 4.5 hours after ash began to fall in Armero, 2.5
hours after the onset of the climactic eruption, and 55 minutes after the disaster at
Chinchina.

10.5.3 Lahars derived from rain after eruptions

Large explosive eruptions emplace voluminous unconsolidated debris deposits
(pyroclastics) that, because they are loose and unvegetated, are easily remobilized
as lahars during heavy rains. Explosive eruptions can produce voluminous fills of
pyroclastic flow and fall deposits. Initially, these deposits have no established
drainage network and are easily eroded to form lahars. During rainy periods after
eruptions, such lahars are typically small (<10°m?) but common, in some cases
occurring for many years after the eruption. Furthermore, pyroclastic and subse-
quent lahar deposits commonly dam tributary drainages to form lakes that later
break out to form lahars that can be moderate or even large in size (~107, 108 m3).

Since 1991, when the cataclysmic (VEI 5-6) 9 June to 15 June eruptions of
Mount Pinatubo, Philippines, generated about 5.5km?* of unconsolidated pyroclastic-
flow deposits (Scott et al., 1996b), monsoon rains on loose unconsolidated debris
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Mapanuepe
Lake

Figure 10.6. Shuttle image of Pinatubo (NASA, 1996). The white lines approximately
delineate the extent of the 1991 pyroclastic flows. The dashed line indicates the approximate
extent of pyroclastic surges. The light gray in the drainages downstream are largely lahar
deposits.

have remobilized 2.5km? of that debris and generated hundreds of lahars (Umbal,
1997; written commun., Phivolcs staff, 2004) (Figure 10.6). Those lahars inundated
villages, towns, and once fertile farmland, killed tens of people and displaced
thousands of others, and caused millions of dollars in damage to the local infra-
structure (Bautista, 1996). Lahars began 12 June, 1991 when rains eroded and mixed
with tephra-fall deposits and also remobilized pre-existing channel material. Large
numbers of lahars occurred during the cataclysmic eruptions of 14—15 June when
rainfall runoff from coeval Typhoon Yunya incorporated tephra and eroded fresh
pyroclastic deposits. These syneruptive lahars inundated all of the major drainages,
destroyed bridges, eroded channels, and buried houses. Heavy rains during the 1991
monsoon season initiated all subsequent large lahars, and lahars had inundated
360km? of residential arable land by the end of 1991 (Rudolfo, 2000). Since the
cataclysmic eruptions of June 1991, nearly all lahars at Pinatubo have resulted from
torrential rains on loose unconsolidated pyroclastic debris (Scott et al., 1996a).
Water torrents running across huge fans of pyroclastic-flow deposits and through
narrow proximal barrancas bulk up in very short distances to become debris flows.
Floods during typhoons have breached ephemeral lakes in a few cases. The resulting
water floods have also bulked up and caused a small number of post-1991 lahars,
which have been up to an order of magnitude larger than rain-induced lahars
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Figure 10.7. Plots of sediment yield vs. time for 1991-1997 at Mount Pinatubo and
surrounding drainages. During the period from 1991-1997 the bulk of sediment transport
was by lahars.

(Rudolfo, 2000). Lake breakouts from the lahar-dammed Mapanuepe Lake severely
affected the Santo Tomas River downstream (Rodolfo et al., 1996; Umbal, 1997). A
lake breakout along the Pasig-Potrero River in 1994 generated lahars that over-
whelmed an earthen dike system and buried the town of Bacolor under several
meters of sediment.

Overall, the sedimentary response to the huge influx of pyroclastic debris was
large in 1991 and diminished exponentially through 1997 (Figure 10.7), but the
response in individual drainages was more complex owing to factors such as re-
establishment of new drainage networks and stream capture. Most of this sedimen-
tary transport was by lahars (Montgomery et al., 1999; Hayes et al., 2002). In
drainages with the largest proportions of pyroclastic deposits, the sedimentary
transport increased in the first year or two as the drainage network developed
(Figure 10.7). In other watersheds, the drainage pattern established itself within
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the first monsoon season. In February 1992, secondary explosions blocked the
Abacan River and rerouted its lahars into the Sacobia drainage. Owing to a
similar event in October 1993, the Pasig-Potrero River, which until then had been
relatively unaffected by lahars, captured a large portion of the Sacobia River
watershed as well as most of its lahar transport (Umbal, 1997; Hayes et al., 2002).

In the first few years after 1991, the immense scale of the sedimentary response
overwhelmed efforts to protect property and communities downstream. Dikes,
typically constructed of laharic debris eroded easily (Rudolfo, 2000). Sediment
retention structures were ineffective because they rapidly filled up. Efforts to
remove material from sediment-choked drainages simply could not keep pace.
Diversion dams typically rerouted the threat of lahars from one populated area to
another. It was nearly impossible to protect communities from large lake-breakout
events or rerouting of sediment owing to stream capture.

Torrential rain can also cause lahars at dormant volcanoes as happened at
Casita, Nicaragua, in 1998 (Vallance et al., 2004). On 30 October, 1998, five days
of heavy rain from Hurricane Mitch triggered a slope failure and lahar high on the
south slopes of Casita volcano. Between 10:30 and 11:00 a.m., survivors who lived
downslope on the apron of the volcano reported a roaring noise like helicopters or
thunder (Scott et al., 2004). Shortly thereafter, a debris-flow wave several metres
deep and more than 1 km wide swept off the volcano and obliterated all traces of two
towns in its path. Those who saw the flow on the volcano’s slopes described it as
water, but those who saw it near the town or below described it as mud — “‘an
infernal wave of mud, rocks, and trees” (Barreto, 1998).

Examination of deposits in lahar pathways at Casita and other Central
American volcanoes show that such events occur periodically (Scott et al., 2004).
In 1541, several days of heavy rain toward the end of the rainy season, when soils
were saturated, caused a lahar that swept down the slopes of Agua volcano and
destroyed the capital of Guatemala, Cuidad Vieja (Schilling et al., 2001). Original
accounts (Feldman, 1993) show that this was a rain-induced lahar not a lake
breakout as is commonly believed.

10.5.4 Lahars that derive from debris avalanches

Some debris avalanches contain sufficient water and weakened rock that they
transform to water-saturated flows as they deform and move downslope. Lahars
of this type are most common at glaciated volcanoes whose rocks have been
severely weakened by hydrothermal alteration and seem to be uncommon
elsewhere. Such lahars are among the largest documented. Even at glaciated
volcanoes, lahars having this origin do not occur often, and our knowledge of
such events is based almost entirely on examination of prehistoric deposits.

Mount Rainier in Washington State has produced seven such lahars in the past
10,000 years, one of which, the Osceola Mudflow, is one of the largest lahars yet
discovered worldwide (Figure 10.8, see color section). The ~4-km® Osceola
Mudflow began as a water-saturated avalanche during eruptions at the summit of
Mount Rainier about 5,600 years ago. It filled valleys of the White River system
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north and north-east of Mount Rainier to depths of 80-150m, flowed northward
and westward more than 120 km, covered more than 240 km? of the Puget Sound
lowland, covered another 160 km? under the water of Puget Sound, and extended up
to 20 km under the water (Dragovich et al., 1994; Vallance and Scott, 1997). About
10km from its source the lahar had a velocity of about 160 km/hr and a peak
discharge of 10-20 million m?/s; about 50 km from source the velocity was about
70 km/hr and peak discharge was 2-3 million m?/s (Vallance and Scott, 1997).

The Osceola Mudflow transformed completely from debris avalanche to clay-
rich lahar within 2 km of its source because of the presence within the pre-avalanche
mass of large volumes of pore water and abundant weak hydrothermally altered
rock (Vallance and Scott, 1997). A survey of clay-rich lahars suggests that the
amount of hydrothermally altered rock in the pre-avalanche mass determines
whether a debris avalanche will transform into a clay-rich debris flow or remain a
largely unsaturated debris avalanche. The potential for transformation has
important implications for hazards because lahars are more mobile than debris
avalanches, and therefore spread more widely and travel much greater distances
down-valley. Furthermore, rather small eruptions can produce very large lahars of
this type (Figure 10.1).

10.6 LAHAR-HAZARD ASSESSMENTS

The paradigm most commonly applied to assess lahar hazards at an individual
volcano is that past events are the best indicators of what might potentially
happen in the future. Lahar-hazard zones are readily delineated at volcanoes for
which long historical records exist. Because many volcanoes lack such a detailed
historical record, field mapping and reconstructions of relations between lahars and
primary volcanic deposits such as ash fallout, pyroclastic flows, and lava flows must
serve to delineate temporal and spatial distributions of lahars (a detailed hazard and
risk analysis for non-volcanic debris flows is given in Chapter 17).

10.6.1 Rationale for lahar-hazard assessments

A lahar-hazard appraisal includes a forecast of the kinds of events that cause lahars
at a volcano and of lahar genesis; anticipation of the timing of such lahar events and
the resulting deposits that might endanger people living downstream; and the
location of areas that might be inundated by lahars. The information necessary to
achieve these objectives derives from four closely related kinds of studies, character-
ized here as genetic, stratigraphic, chronologic, and cartographic (Crandell and
Mullineaux, 1975). Studies of lahar genesis and order of succession (stratigraphy)
are generally undertaken together because correlation of individual lahar deposits to
eruptive products like pyroclastic flows and tephra-fall deposits aids in the inter-
pretation of lahar origin. Not all lahars at active volcanoes are related to volcanism,
and many small to moderate sized lahars have causes similar to debris flows in other
environments (Table 10.1).
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Both relative and absolute dating methods can help to establish a chronology at
a given volcano. Stratigraphic relation of lahars to one another, weathering profiles
between deposits, and geomorphic relations where deposits form successive terraces
within a valley provide relative age determinations. Stratigraphic units can also be
dated absolutely through radiometric dating, especially radiocarbon dating.
Accurate chronologies are essential for evaluating frequency—magnitude relation-
ships and statistical patterns of lahar production.

Distribution of deposits is critical for delineating lahar-hazard zones. Future
lahars may not inundate exactly the same areas, but a map of areas inundated in
the past can nonetheless be used in a general way as a rough guide. Inferences about
lahar distribution at a volcano lead to the preparation of a map on which zones of
relative risk are defined.

At Mount Rainier, a high-profile volcano because of its large nearby population,
more than 60 Holocene lahars have been identified and mapped (Crandell, 1971;
Scott et al. (1995), and the lahar chronology and distribution allow excellent delinea-
tion of lahar hazards related to volcanism (Scott and Vallance, 1995) (Figure 10.9,
see color section). Debris flows unrelated to volcanism occur on almost a yearly basis
at Mount Rainier. Common causes of these generic debris flows at volcanoes might
include glacial outburst floods, heavy precipitation events, and tectonic earthquakes.
Because non-volcanic debris flows are much more common and much smaller than
those related to volcanism a separate debris-flow hazard map has been prepared for
Mount Rainier (Vallance et al., 2003; http.//vulcan.wr.usgs.gov/Volcanoes/Rainier/|
Publications/| O FR03-368/framework.html).

10.6.2 An automated method of lahar-hazard delineation

Because the time-consuming and expensive investigations that allow lahar-hazard
assessments are not done at many volcanoes, alternative methods are needed.
Iverson et al. (1998) have developed a method of delineating lahar-hazard zones
based on inundation and size data for well-documented lahars worldwide. Their
method depends on empirical relationships:

A=005V>? and B=200V??

where A is the cross-sectional area of the valley that is inundated, B is the planimetric
area that is inundated, and V" is the volume of the lahar. Using these relationships
and GIS-based topography, computer-generated lahar-inundation zones can be cal-
culated for given lahar volumes using a routine called LAHARZ (Figure 10.10, see
color section). Iverson et al. (1998) suggest using a geometric progression of volumes
to delineate hazard zones in potentially affected valleys. The smallest volume simula-
tions delineate the areas that lahars are most likely to inundate and represent areas
having the greatest risk. In contrast, largest volume simulations delineate the
broadest areas that might be inundated but represent areas least at risk. When
combined with reconnaissance geology, the method allows expeditious generation
of lahar-hazards maps. At Mount Rainier, for example, a reasonable range of
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potential lahar volumes would be from 10’-10° m?, progressing geometrically as a
factor of v/10 (1 x 107,3 x 107, 1 x 10%, 3 x 10%, and 1 x 10° m?) (Figure 10.11, see
color section). Given information about size and recurrence these hazard simulations
yield a reasonable approximation of lahar-hazard zones (Figures 10.9 and 10.11, see
color section).

10.6.3 Mitigation of lahar hazards

Lahar hazards can be mitigated through land-use planning, engineering, or evacua-
tion in time of crisis. Engineering strategies include sediment-retention dams,
diversion dams and dikes, and draining of dangerous crater lakes as at Kelut.
Draining crater lakes and other dangerous dammed lakes as at Mount St. Helens
(Chapter 27) has proved to be effective in mitigating lahar hazards. Dams, diversions
and dikes work well for lahars of modest volume. Unfortunately, structures of these
types cannot always cope with the huge volume of volcanic debris that is transported
downstream during and after eruptions. In such cases, lahar-warning systems can
give residents downstream time to escape; however, such systems do not protect
property and work only when there is sufficient distance and time between source
areas and population centres. Warning systems include those in which an observer is
posted upstream with a radio, those in which a connection or series of connections
are broken, and those in which a seismic sensor sends a signal to emergency response
personnel (Chapter 12).

The surest way to avoid risk from lahars is through strict land-use regulation.
Once lahar-hazard maps are prepared, federal and local agencies can prohibit resi-
dential and commercial building in areas potentially at risk. Unfortunately, dense
populations that are already established in some threatened areas make land-use
planning impractical from a political point of view. In many countries, people will
choose to tolerate moderately high risk from lahars and other volcanic processes
because the most fertile land and most healthy climates are located on or near
volcano flanks.

In many cases, evacuation is the only mitigation option. At volcanoes, lahars are
considerably more likely during or immediately following eruptions. Furthermore,
the most voluminous lahars are associated with explosive eruptions. Fortunately,
volcanoes most commonly give advanced warning of a few days to a few weeks prior
to eruption and allow time for orderly evacuation of residents at risk. In the past 25
years, tens of thousands of people have successfully been evacuated from areas at
risk owing to lahars and other volcanic hazards (Simkin and Siebert, 1994).

Volcanic debris flows pose a grave risk to people and property downstream
because eruptions can suddenly release water and debris on steep slopes that
coalesce to flow tens of kilometres downstream and because they disturb landscapes
thereby facilitating post-eruption debris-flow production. Debris flows related to
eruptions can occur suddenly and can be much larger in size than those occurring
in other environments. Volcanic debris flows not directly related to eruptions are
smaller but can occur more often and less predictably than primary volcanic debris
flows. Such secondary debris flows can occur during rainstorms for years after a
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major volcanic disturbance. Abundant liquid and huge quantities of available
sediment allow volcanic debris flows to flow over gentle gradients and inundate
areas far away from their sources. The flows can severely damage or destroy struc-
tures in their paths and can potentially injure or kill unwary people. It is therefore
critical to assess hazards owing to such debris flows and to adopt mitigation strate-
gies for dealing with the hazards that derive from them.
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11

Application of airborne and spaceborne remote
sensing methods
Robert T. Pack

11.1 INTRODUCTION

This chapter focuses on the use of electromagnetic remote sensing methods for the
quantification of debris flow and debris avalanche hazard and risk. First, various
remote sensing methods in common use will be introduced. These include passive
systems (i.e., systems that collect light energy reflected from the sun or some other
natural source of energy). Examples of passive systems include color film photo-
graphy, satellite imagery such as IKONOS, and digital infrared imagers that sense
thermal energy. Active systems transmit electromagnetic energy that interacts with
the environment and then returns back to the instrument. These include synthetic
aperture radars and laser radars (lidars) where either radio or light radiation is
emitted then received back into the aperture.

11.2 DEFINITIONS

In this chapter, precise definitions of what is meant by spatial resolution and spectral
range will first be reviewed as these terms are used throughout the chapter.

Spatial resolution is a quality measure that affects the utility of imagery for
landslide evaluation. Common measures of spatial resolution include the resolving
power (RP), modulation transfer function (MTF), or the optical transfer function
(OTF). The most intuitive of the measures is the RP. It is determined by projecting a
standard three-bar square-wave test pattern, with a range of spatial frequencies, onto
a film specimen and exposing it (ISO, 1982; see Figure 11.1). The RP of a camera
system is a measure of the sensors ability to transfer the test image to a photograph
or image and is influenced by the lens, film, filter, and processing (film or digital). It is
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Figure 11.1. US Air Force 1951 lens test chart illustrating black and white line pairs used in
defining the resolving power of an imager.

often expressed as line pairs per millimeter (Ip/mm). In this chapter, the spatial
resolution is defined (in microns) as:

1
SR= (11.1)

(moo)xf

This is roughly equivalent to a spread function that is the Fourier transform of the
MTF (Kolbl et al., 1996). Thus an RP of 500 Ip/mm, a common specification for
aerial film, is equivalent to a spatial resolution of approximately 1.4 pm on the film.
Given a resolution i on the focal plane of a sensor, the resolvable object size can be
calculated by the formula o = i/S where o is the resolvable object size and S is the
scale of the photography (Wolf and Dewitt, 2000). For example, given aerial photo-
graphy with a scale of 1:20,000 and a film resolution of 1.4 um, the resolvable object
size on the ground would theoretically be 28 mm (gravel size particles).

Another important remote sensing concept is spectral range. Suites of spectral
ranges sensed by an instrument are described by terms such as color, panchromatic,
multispectral, hyperspectral, etc. Figure 11.2 (see color section) shows the full span
of spectral ranges, from cosmic rays through radio waves, that can be sensed. The
most common ranges used in landslide studies include: (1) visible (VIS)
400-700 pm, (2) near-infrared (NIR) 700-3,000 um, (3) mid-infrared (MIR)
3,000 nm—30 um, (4) far-infrared (FIR) 30 um—0.1 mm, millimetre wave (MMW)
0.1-10 mm, and radio frequency (RF) >10mm. Other terms for spectral range in
common usage include visible/near-infrared (VNIR) 400-1,000 nm, color infrared
(CIR) also in the 400-1,000 nm range, and short-wave infrared (SWIR) 1,000-
2,500 nm. The MIR spectral range spans thermally emitted energy that peaks at
10pum (Clark, 1999). Panchromatic (sometimes called monochromatic or black
and white imagers) collect data for only one spectral range in VIS through IR.
Color imagers collect three fairly broad ranges in VIS, usually red, green, and
blue. Multispectral imagers collect two or more narrow spectral ranges with VIS
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and IR. Hyperspectral imagers or imaging spectrometers collect 10s to 100s of
narrow spectral ranges in VIS and IR.

Radar systems used in landslide studies use radio waves in three common wave-
length bands: X-band (3 cm), C-band (6cm), and L-band (24 cm) (Henderson and
Lewis, 1998).

11.3 REMOTE SENSING METHODS

11.3.1 Aerial cameras
Instruments and film

The highest spatial resolution in imagery for landslide inventories comes from
panchromatic (black and white) film taken by a quality aerial camera. This is the
product that has been most commonly used for qualitative or interpretive evalua-
tion. This film typically has a spatial resolution of about 1-2 um on the focal plane of
the camera which means that, at a photography scale of 1:20,000, a high-contrast
object (e.g., gravel-size rocks) would theoretically be visible. This assumes that the
camera is of high enough quality (including a large enough aperture) to project an
image of that detail onto the film. It also assumes one uses a zoom stereoscope to
view the pm-level detail of the film. Color film typically has a resolution of 4 um or
more, which would resolve a cobble size larger than 8cm given a photo scale of
1:20,000. This lower resolution is compensated by the fact that photo interpreters
can distinguish more variations of color on color photography than shades of gray
on panchromatic photography. If photos are to be used for measuring landslide
geometry or morphology using photogrammetry, panchromatic photography is
usually the better choice.

Panchromatic or color film is often scanned into digital format for use in stereo
photogrammetry or orthorectification. In this case, the resolution of the image is
limited by the resolution of the scanner, which is typically limited to 7-20 um (Kolbl
et al., 1996). For example, resolvable objects in scanned 1 :20,000 scale photography
would be approximately 14—40cm in size on the ground. For this reason, photo
interpreters often prefer the use of original film prints or diapositives. However,
digital imagery is preferred for photogrammetry where image orthorectification
and incorporation into GIS databases is necessary. Figure 11.3 shows a scanned
panchromatic photograph of a debris avalanche and debris-flow terrain near
Lowman Idaho (Pack, 2003). This data set comes from the commonly available
US Geological Survey Digital Orthophoto Quadrangle (DOQ) product that covers
most of the USA. Note that at a ground resolution of only 3m, the 3-4m wide
debris-flow path is barely discernable. Debris levees and other morphologic features
that distinguish debris flow from hyperconcentrated flow or flood erosion would be
difficult to identify with this photography. Figures 11.3 and 11.4 show an orthophoto
with a 1-m ground resolution. Note that debris levees are recognizable in this case.

As illustrated above, an important rule when choosing film photography for
landslide studies is to choose a spatial resolution greater than half the size of the



278 Application of airborne and spaceborne remote sensing methods [Ch. 11

Debris
Flow Path

Figure 11.3. Trace of debris flow near Lowman, Idaho, shown on a panchromatic
photograph. The image on the right is a blow-up of a short portion of the debris path.
Note that the DOQ spatial resolution of approximately 3m on the ground just enables
tracing of the debris flow path.
Data is from the US Geological Survey.

Debris
Levees

Figure 11.4. Trace of debris flow showing remnant levees in the Chetwynd area of British
Columbia. Note that the spatial resolution of 1 m on the ground allows the recognition of
debris flow levees.

Data is from Canadian Forest Products.

landform to be observed. Thus, if the expected minimum dimension of the surface
process (in this case a debris-flow levee) is expected to be 1 m, at least 0.5 m should be
resolved in the photography. This becomes especially important when considering
the use of satellite imagery and orthorectified aerial imagery.



Sec. 11.3] Remote sensing methods 279

Infrared film used in landslide studies includes black and white IR and false-
CIR. These films are sensitive to the green, red, and NIR wavelengths. IR and CIR is
especially useful in differentiating vegetation species and soil moisture conditions
that might be useful in identifying potential debris-flow initiation areas. With IR,
moist soil appears darker gray than in a panchromatic image. Also, young deciduous
vegetation that often grows in landslide scars will appear light gray in contrast to
dark gray coniferous vegetation. Similarly with CIR, damp ground where seepage
prevails is distinctly darker compared to dry ground and coniferous vegetation is
bright red compared with the brownish red associated with conifers. Figure 11.5 (see
color section) shows a CIR photograph of debris slide scar showing seepage areas as
dark grayish-blue patches within the scar.

The recognition and mapping of debris avalanches and debris flows requires the
interpretation of geomorphic expression and vegetative patterns. Difficulties in doing
this are amplified in heavily forested terrain where not only photo interpretation is
adversely affected but where the topography derived from photogrammetry can be in
error. Some studies have been completed that analyse the relative influence of forest
obscuration on the statistics of landslide inventories based on photos. When
comparing aerial photo-based reconnaissance mapping with detailed field mapping
in the Santa Cruz Mountains, California, Wills and McCrink (2002) found that
reconnaissance mapping consistently underestimates the percentage of shallow
debris slides and debris flows. This is important in studies that aim to develop
cumulative frequency—magnitude relationships and base management decisions on
a power function fitted to the statistical distribution, because the distribution may
not reflect the true occurrence of landslides in an area (Pelletier et al., 1997; Hovius et
al., 2000; Dai and Lee, 2003; Stark and Hovius, 2001). Identification of landslide
morphology from the air can be improved through the use of lidar technology that
has the ability to penetrate through holes in the vegetation. This relatively new
technology is discussed in Section 11.2.3.

Landslide studies sometimes require the acquisition of static and quasi-dynamic
variables that enable the prediction of the spatiotemporal probabilities. In combina-
tion with field studies, many of these data can be collected from aerial photographs.
Multi-temporal aerial photographs have been particularly useful in estimating
temporal probabilities in many studies. For example, Dai and Lee (2003)
completed a study of landslides in North Lantau, Hong Kong, where data for
spatial variables including geology, topography, and geomorphology were qualita-
tively combined with data for temporal variables including rainfall records and
landslide occurrence periods. A predictive logistic regression model was developed
that achieved an overall accuracy of 87.2%. The model was then applied to rainfalls
of a variety of return periods to predict the spatiotemporal probability of landsliding
on natural slopes.

Multi-temporal digital aerial imagery has been used to automatically map and
monitor landslide recurrence intervals. Hervas et al. (2003) have used digital VNIR
(see Section 11.1) aerial imagery acquired at different dates and at high spatial
resolution to perform automatic change detection. The method requires that the
imagery first be geometrically registered and radiometrically normalized. This is
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followed by the thresholding of multiple images to create landslide-related change
pixels. Subsequent filtering based on the degree of rectangularity of regions was also
used to eliminate pixel clusters corresponding to man-made land use changes. This
method was used in the eastern Italian Alps with scanned aerial diapositives with a
I-m pixel resolution.

11.3.2 Digital imagers
Instruments

Airborne and spaceborne digital imagers use an array of solid state detectors, either
charge-coupled devices (CCDs) or complementary metal oxide semiconductors
(CMOSs). The array is arranged in a matrix and is placed on the image focal
plane. They have the advantage of being able to provide rich multispectral or
hyperspectral data sets that may assist in the interpretation of landslide hazards.
Multispectral imagers usually sense 3-8 spectral bands. Hyperspectral imagers can
have up to several hundred spectral bands. Operators of a digital imager can adjust
the radiometry to fit changing conditions thus ensuring maximum dynamic range
and contrast to reveal more details in images.

When compared to aerial film, the added spectral information comes at the
expense of spatial detail. To duplicate the spatial resolution of a 9” x 9” aerial
camera having film with a 2 um spatial resolution, an array of 115,000 x 115,000
pixels (13.2 gigapixels) is necessary. Such cameras do not exist. Alternatively, to
match film subsequently scanned to a 15-pum resolution, a 15,240 x 15,240 pixel
(0.232 gigapixel) digital camera would be required. Recently developed aerial
digital aerial cameras such as the Leica ADS40 and Zeiss DMC have pixel dimen-
sions of 12,000 and 13,000 respectively, and are close to achieving this standard
(Heier and Alexander, 1999; Fricker et al., 2001). Smaller format cameras used
from aircraft typically have 16 megapixels or less and are obviously less comparable
to aerial film in spatial resolution.

Spaceborne multispectral digital imagers applied to landslide studies include
Landsat TM (30m),"' SPOT (20m), IRS (23m), and IKONOS (4m) (Jadkowski,
1987; Rosenqvist et al., 1990; Kasa et al., 1992; Hervas, 2000). As imagers with
spatial resolutions of only a few metres have recently been launched, satellite data
has become increasingly useful for debris avalanche and debris-flow delineation.
Airborne multispectral imagers including the Daedelus Airborne Thematic
Mapper (2m) are also being used in landslide studies (Whitworth et al., 2002).

Analysis techniques

Spectral bands associated with digital cameras can be used for image rectification
and restoration, image enhancement, image classification, data merging, and Geo-
graphic Information System (GIS) integration. Restored, enhanced, or classified
images facilitate landslide identification and characterization in hazard studies. An

' The number in parentheses is the associated spatial resolution of the sensor.
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image analyst can use these products, in combination with field studies, to assist in
the landslide interpretive process as with film imagery.

Various statistical methods are used to choose the spectral band combination
containing the most information for landslide studies. Methods might include the
optimum index factor, maximum variance—covariance determinant, and principal
component analysis. In order to evaluate the applicability of these methods to
landslide studies, one study used 1l-band Airborne Thematic Mapper (ATM)
imagery of the inland slopes of Stonebarrow Hill in West Dorset, England
(Ramli et al., 2002). These slopes are extensively mantled with relict landslide
features. The best band combination results obtained from these methods are
evaluated against the visually checked imagery, where all possible bands are
generated and classified in terms of texture and color. It was found that, for this
area, two combinations of three bands produced the best result. A similar study by
Whitworth et al. (2002) in Worcestershire, England, found that the most useful
bands are the NIR and MIR, possibly owing to the relatively higher moisture
contents of the landslides.

11.3.3 Passive microwave sensors

Passive microwave sensors operate in the same spectral range as radar (30cm),
except that they sense the naturally available microwave energy within the field of
view rather than emitted energy. All objects in the natural environment emit
microwave radiation, albeit faintly (e.g., Lillesand et al., 2004). For a given object,
a microwave signal would include: (1) an emitted component related to surface
temperature, moisture and other attributes; (2) an emitted component coming
from the atmosphere; (3) a surface-reflected component from sunlight and
skylight; and (4) a transmitted component having a subsurface origin. By appro-
priate selection of wavelength, passive microwave systems can either look through or
look at the atmosphere. An important capability of importance in landslide studies is
the ability to measure soil temperature and soil moisture, properties often indicative
of potentially unstable areas. Another capability yet to be fully exploited is the
ability of multispectral microwave radiometry to peer through overburden to
detect geologic structure, material type, and subsurface voids.

Pelletier et al. (1997) investigated the use of passive microwave remote sensing in
studying the cumulative frequency-size distributions of shallow landslides induced
by precipitation in Japan and Bolivia as well as landslides triggered by the 1994
Northridge California earthquake. The soil moisture field was used with slope
stability analysis to model the frequency—size distribution. The study depended on
the fact that soil shear strength, as governed by soil cohesion, soil pore water
pressure, and internal friction angle, is primarily affected by soil moisture measur-
able by a microwave sensor. An interesting result of the study was the observation
that strong ground motion from earthquakes lowers the shear stress necessary for
failure, but does not change the frequency-size distribution of failed areas.
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11.3.4 Lidar sensors

The term lidar is an acronym for light detection and ranging and is the optical
equivalent to radar. Lidars designed for sensing terrain are typically of the energy
detection type and transmit a laser pulse that travels to the ground, reflects off rocks
and bushes, then returns to the sensor. The time it takes for the light to make the
round trip is precisely timed, then converted into the distance or range to the objects.
Short laser pulses in the order of a few nanoseconds (ns) enable measurement of the
surface geometry of an object with an accuracy of a few centimetres. The resulting
lidar data is displayed as either a cloud of 3-D plotted points or as a range image. A
range image is similar to a digital image except that each pixel represents the exact
distance or range to the target from the camera. The spatial resolution is determined
by the beam divergence of the laser. Typical divergence values range from 5 mrad to
100 prad, which, at a range of 1,000m is a pixel size of between Sm and 10cm
respectively.

Figure 11.6 (see color section) shows a lidar range image of a hillside subject to
debris slides and ravelling (Pack, 2002). Figure 11.7 (see color section) shows the
same hillside rendered in 3-D on a computer graphics system. Color digital imagery
from a separate camera has been draped onto the surface generated by the lidar.
Even though it was acquired from a tripod, the 3-D image is displayed from the
perspective of a helicopter. These data enable the direct evaluation of the surface
attributes and morphology of potential debris source areas. These data also are of
sufficient precision to form the basis for engineering design of stabilization measures,
protection berms, or other types of rehabilitation.

Lidar has proven useful for the monitoring of ground movements. A ground-
based lidar system with a 2-km range has been used to monitor debris/rock slide
movement in the Alps (Paar et al., 2000). This system has a beam divergence of
0.5mrad, a range accuracy of 2cm, and a maximum range of 2km and was used to
map the surface of the scarp face of the Schwaz Landslide, Austria (see Figure 11.8,
color section). A measurement interval of every hour for regions of interest and twice
a day for the entire face was used to detect slope movements. Isoline plots were then
made and overlaid with imagery to visualize the slide dynamics. Figure 11.9 (see
color section) shows movement isolines plotted on top of an image. It shows several
zones where boulder movements were detected suggesting that the scarp face is still
active. Similar work was completed in Austria by Scheikl et al. (2000) and in
England by Rowlands et al. (2003).

An advantage of lidar is its ability to detect the ground surface under a fairly
dense tree canopy. A series of tests conducted by Carter et al. (2001) have demon-
strated the ability of airborne lidar to detect landslide scarps beneath a tree canopy.
An area near the Oahe Dam, South Dakota (USA) was chosen for a comparative
study because it contains landslides that have been mapped in detail by classical
ground surveying and photogrammetric techniques. Three lidar shot densities were
obtained by an airborne lidar flying at 500 m above ground level and at a speed of
60 m/s. Distances between lidar shots for swath mapping varied from 0.7-2.0 m.
Also, a profiling mode was used with a linear spacing of less than 1cm. As one
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would expect, the greatest penetration to ground was achieved by the profiling mode.
This work verified the ability of lidar to closely match ground measurements and
detect detailed landslide features that would otherwise remain undetected.

11.3.5 Synthetic aperture radar (SAR) sensors

Radar imagers such as the SAR scatter millimetre wave or radio wave energy off
objects in the scene, then sense the amplitude and phase of return energy to
determine the object reflectivity and range. Unlike lidar, SAR does not directly
observe the power of each individual echo. Many echoes are received simultaneously
from which both the geometric and radiometric response are calculated through
post-mission processing. A SAR image can be thought of as a panchromatic photo-
graphic print with an oblique illumination, but where the brightness is a measure of
the scene reflectivity. Because of constructive and destructive interference between
members of a signal ensemble, speckle is seen in most SAR imagery (e.g., Raney,
1998). Many SAR images are 2-D and are used for qualitative interpretation. The
3-D geometry of objects can be determined by the use of radargrammetry with
multiple SAR images (Liberl, 1998) or interferometric SAR, sometimes referred to
as InSAR, IfSAR, or ISAR. Delta-R interferometry uses two antennae on the same
platform and allows automatic computation of the third dimension. Two-pass delta-
R interferometry (D-InSAR or Delta-t InNSAR) enables small soil or rock displace-
ments, of the order of a few centimetres, to be resolved over a time interval, even
from a satellite platform (Raney, 1998; Leva et al., 2003; Dzurisin, 2004).

The utility of the use of D-InSAR techniques with the ERS-1 and the JERS-1
L-band satellites in the study of landslide dynamics has been demonstrated (Fruneau
et al., 1996; Rott et al., 1999; Kimura and Yamaguchi, 2000; Rizo and Tesauro,
2000). However, relatively large displacements are needed for this approach to
work. Rott (2000) suggests that for ERS-1 SAR to detect slope movements, the
slide should be at least of the order of several pixels in size which in this case is
about 200 m.

Alternatively, airborne or ground-based SAR provides much higher resolution
and a capability of measuring fine movement. Some of the earliest ground-based
work on landslides was completed by Tarchi et al. (2000). More recently, Leva et al.
(2003) used a ground-based D-InSAR to study the dynamics of the same debris
avalanche headscarp studied by Paar et al. (2000). This work enabled the production
of a velocity field map that is in agreement with field GPS measurements. Figure
11.10 (see color section) shows their ground deformation image where movements of
between 0.5 and 5cm are detected. The central zone is characterized by fast slope
deformation of the order of a few centimetres per week while the scarp areas
experience slow deformations of a few millimetres per week.

11.4 REMOTE SENSING METHODS IN HAZARD/RISK ASSESSMENT

The various remote sensing methods can contribute to the primary goal of the
landslide investigator to understand and mitigate landslide risks. The means to
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achieve this usually first requires event inventories and landslide characterization.
This step is essential to the understanding of the phenomena and is the first step to
avoidance or mitigation. The next step typically involves terrain mapping that helps
in the understanding of the natural setting and geomorphic history that provides a
context for past events. The final step combines the previous two studies to predict
spatial and temporal probabilities of occurrence and the expected consequences. The
final product is a hazard and/or risk map that provides useful information to the
land manager, engineer, or other persons responsible for hazard mitigation.

11.4.1 Event inventories and characterization

The visual interpretation of stereo aerial photographs is probably the most common
tool for inventories of debris avalanches and debris flows. Through the use of a
magnifying stereoscope, superior 3-D observations can be made at this highest of
spatial resolutions. The other remote sensing methods reviewed in this chapter
universally suffer from inferior spatial resolution. Table 11.1 is a summary of
terrain features frequently associated with slope movements, the relationship of
these features to debris avalanches and debris flows, and their characterization on
aerial photographs. These elements can then be used to develop an interpretation
and classification of debris avalanches and debris flows according to the character-
istics in Table 11.2 (adapted from Soeters and Westen, 1996).

Multi-temporal aerial photographs enable estimates of landslide recurrence
intervals. In the absence of historical information, estimates of landslide dates are
limited to intervals between photographic missions. However, in some cases it is
possible to correlate debris flows in a given time period if a significant hydroclimatic
event falls within the period of aerial photography.

Multispectral digital imagery has a place in facilitating the identification of bare
soil and seepage associated with landslides in heavily vegetated areas. The advan-
tages of the spectral information in this product must be carefully weighed against
the inferior spatial resolution compared to film photography.

It has been shown that lidar is a helpful technology in situations where is it
known that forest vegetation is obscuring significant portions of smaller debris
avalanches and debris flows. Depending on the thickness, type, and density of
cover, the ability of lidar to penetrate vegetation and discover debris avalanche
morphology could help avoid the inventory bias described by Wills and McCrink
(2002) and others. A side benefit of lidar is the automatic production of contour
maps of use in terrain mapping.

D-InSAR techniques have been shown to enable automatic landslide change
detection over time intervals between InSAR missions. However, the greatest
strength of this remote sensing technology has been associated with the characteriza-
tion of the complex movements of relatively slow-moving earth flows.

The use of passive microwave sensors for landslide inventory work is relatively
rare due to poor instrument availability and the difficulties in processing this data.
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Table 11.1. Morphologic, vegetation, and drainage features characteristic of debris ava-
lanches and debris flows, and their photographic characteristics.

Terrain features Relation to slope stability Photographic characteristics
Morphology

Semicircular backscarp Head part of slide with Light-toned scarp, associated with
and steps outcrop of failure plane small slightly curved lineaments
Hummocky and Microrelief associated with Coarse surface texture,

irregular slope shallow movements or small contrasting with smooth
morphology retrogressive slide blocks surroundings

Berms or levees parallel Microrelief associated with the Raised ridges immediately
to a stream channel in  deposition of debris during a  adjacent to and on one or both

a gully or canyon debris flow sides of a stream (see Figure 11.4)
Concave/convex slope  Landslide scar and associated Concave/convex anomalies in
features deposit stereo model
Step-like morphology Retrogressive sliding Step-like appearance of slope
Vegetation
Lack of vegetation Removal of vegetation by Light-toned elongated areas at the
immediately below translational sliding at debris  head of gullies or just below
breaks in slope avalanche headscarps breaks in slope
Irregular linear swaths  Slip surface of debris Light-toned bare soil tracing a
of denuded vegetation  avalanches and the path of path down the fall-line of the slope
or new regrowth debris flows
Drainage
Areas of stagnated Landslide hollow, back-tilting Tonal differences and darker
drainage landslide blocks, and tones associated with ponds or
hummocky landslide wet areas
topography
Seepage and springs in  Naturally wet areas on slopes  Dark patches in hollows
hillslope hollows sometimes naturally occur at ~ sometimes enhanced by
debris slide headscarps differential vegetation
Interruption in drainage Drainage anomaly caused by a Drainage line abruptly broken by
lines headscarp a break in slope
Anomalous drainage Streams curving around the Stream disruption by a debris fan
pattern lobe of a debris deposit deposit

However, their ability to sense soil moisture and subsurface structures is intriguing
and will likely entice more pilot studies in the future.

11.4.2 Terrain mapping

Spatiotemporal landslide analysis requires the use of natural terrain features for the
prediction of landslides in areas where they have not yet occurred. Geomorphologic



286 Application of airborne and spaceborne remote sensing methods [Ch. 11

Table 11.2. Photo interpretable characteristics of debris avalanches and debris flows.

Type of movement Characterization

Debris avalanche Morphology: Small shallow denuded spoon-shaped scars on steep
slopes (>30°) with a clear linear path downslope; debris
frequently absent due to erosion

Vegetation:  Head and path are denuded or covered by secondary

vegetation
Drainage: Seepage can appear at headscarp, channel or gully head
frequently starts at the headscarp
Debris flow Morphology: Linear denuded paths that follow gullies or streams;

evidence of aggressive scouring and vegetation removal,
sometimes marked by depositional levees; debris
distribution area (debris fan) showing subtle flow paths
and structure

Vegetation:  Recent flows show complete absence of vegetation;
older flows are covered by secondary vegetation
Drainage: Stream flow along debris path common, sometimes

originating at the head; bifurcation evidence on debris
fan; evidence of temporary stream blockage by fans
deposited at the junction with tributary channels.

mapping of terrain features typically involves manual delineation of homogeneous
areas or polygons on aerial photographs using a stereoscope. The delineations are
then transferred to a base map using photogrammetric techniques.

If digital photography is available, stereo viewing on a 3-D-enabled computer
workstation is possible. In the 3-D stereo environment of the computer (using stereo
glasses), geomorphic interpretations can be directly input into a georeferenced
database. Moreover, because the photos are set up photogrammetrically, 3-D
surface mapping is possible within this environment. Thus contour and slope
maps can be created.

The creation of slope maps is an important aspect of terrain mapping as this is a
required parameter in landslide prediction. Such maps have traditionally been
prepared using analogue or analytic stereoplotters that capture elevation points in
a specific pattern and along breaklines in the map area. These data are then input
into a computer mapping system that uses these points to interpolate a digital
elevation model (DEM) surface. Depending on the quality of the stereocompilation,
the quality of the resulting slope map can drastically vary; especially considering that
surface differentiation inherently magnifies errors. This is particularly true in heavily
forested areas.

As an alternative to DEM production using aerial photography, lidar sensors
can produce densely spaced elevation points, can penetrate trees, and can therefore
produce high-quality DEMs. However, the ability to filter out the effects of vegeta-
tion to create a “‘bare earth model” is critical to the resulting data quality. Otherwise
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bushes or half-removed trees could be mistaken for landslide hummocks, large
boulders, or other geomorphic features.

11.4.3 Hazard/risk assessment

Once the landslide inventory and terrain mapping is complete (with sufficient
amount of ground truthing) the data are then used with a chosen hazard/risk
prediction model which produces hazard/risk maps that are of use to decision
makers. Where the rate of soil deformation at a headscarp requires monitoring for
hazard warning purposes, it has been shown that lidar or InSAR methods can be
quite helpful. These methods are capable of detecting centimetre-level deformations
and can replace or nicely supplement ground survey methods including GPS. Their
use in year-round continuous slope hazard monitoring has not yet been reported.
However, as these instruments become cheaper to operate, such use in the future
should be anticipated.
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Debris-flow instrumentation

Richard LaHusen

Risk to people and property from debris flows may be mitigated by active measures
such as deflection structures, debris basins, or passive measures such as land-use
zoning. Where such measures are impractical, it may be necessary to use field
instrumentation to detect and warn of debris flows in progress or conditions that
might initiate debris flows. In response to such warnings, roads can be closed, people
can be evacuated and other avoidance measures can be taken. Importantly, instru-
mentation systems to detect flows and warn people at risk are only effective when
used as one part of a more comprehensive civil defense programme.

Instrumentation systems are also applied to scientific studies of debris-flow
mechanics and behaviour. Scientific study of debris flow is undertaken in field
settings as well as small-scale and large-scale experimental flumes. Although
immediate short-term goals may differ, the ultimate justification for any instrumen-
tation application is the reduction of hazards from debris flows.

12.1 SENSORS

Although many characteristics of debris flows can be instrumented, the essential
parameters to be measured to meet specific objectives must be identified before
appropriate sensors and other instruments are specified. In addition, project
budget and duration, site access, and available expertise in the use and installation
of monitoring equipment influence the design of a suitable instrumentation scheme.
For example, a long-term warning system intended to reliably detect and commun-
icate the occurrence of debris flows in real time has very different design criteria than
a short-term study to test hypotheses of debris-flow dynamics. Whatever the
application, specific sensors must not only meet scientific objectives, they must be
compatible with the data acquisition system (DAS) to which they will interface.
Ongoing technological development of sensors, data acquisition systems, and
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communications equipment for consumer markets enable the design and application
of powerful, yet cost-effective instrumentation systems for debris-flow investigation.

12.1.1 Sensing debris-flow antecedents

Most debris flows are triggered by intense rainfall or rapid snowmelt (Couture and
Evans, 2000) therefore monitoring antecedent hydrologic conditions can provide
advance knowledge of hazardous conditions so advisory watches and warnings
can be given. Precursory hydrologic monitoring may be limited to simple observa-
tions of rainfall or may include more intensive instrumentation systems to measure
subsurface responses to rain or snowmelt.

Precipitation monitoring

Precipitation is often an essential parameter of interest for both research and
warning applications. Rainfall is most often directly measured with tipping bucket
rain gauges that have resolutions of 0.25 mm per tip. Such gauges can be equipped
with electric or propane-fueled heating systems that can accommodate limited
amounts of snowfall. More elaborate gauges filled with antifreeze solution can be
installed to collect precipitation that falls as rain or snow. Accumulated precipitation
in these gauges may be sensed by directly measuring the level of accumulation in the
gauge or by measuring overflow with a tipping bucket mechanism.

Indirect estimates of rainfall rates can be made from radar reflectivity measure-
ments. Meteorological radar data can be obtained in near real time from public
agencies and commercial services or complete stand-alone systems can be
purchased. Estimates of rainfall rates made from radar reflectivity measurements
have variable accuracy and can be greatly affected by the presence of frozen or
partially frozen precipitation. Accuracy can be improved with calibration using
telemetered rain gauges. Meteorological radar data is particularly useful for
tracking high-intensity rainfall over large areas with a single instrument. This cap-
ability allows greater lead-time for warning in areas where debris flows are triggered
by short-duration high-intensity rainfall. Debris-flow warning systems based radar
data and telemetered rain gauges were successfully implemented in the San Francisco
area (Keefer et al., 1987).

Precipitation can be measured using rain gauges and changes in snow-pack
water equivalent with snow pillows and calculate the resultant water release to the
soil surface. However, it is simpler to directly measure the water delivered to the soil
surface with a snowmelt lysimeter. Details of lysimeter construction vary but they
generally consist of a large (1-100 m?) shallow pan on the soil surface with a drain
that routes meltwater to an underground tipping bucket. The tipping bucket
mechanism should be buried to a depth sufficient to avoid freezing and adequate
drainage should be insured. Relatively large lysimeter areas minimize effects of
non-uniform water flow through the snow pack.
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Figure 12.1. Cross-section diagram of a snowmelt lysimeter showing collection pan and
tipping bucket flowmeter that is buried in a well-drained pit to avoid freezing.

Pore pressure, soil moisture, and water levels

After precipitation infiltrates the soil surface, it moves through the soil as both
unsaturated and saturated subsurface flow. A variety of instrumentation may be
used to monitor subsurface hydrologic conditions that are antecedent to debris-
flow initiation. However, because the ultimate trigger for many debris flows is
elevated pore-water pressure gradients, nests of piezometers are an obvious first
choice for instrumentation in source areas. Most soils that are susceptible to mobi-
lization into debris flows have relatively high permeability and therefore allow the
use of standpipe or Casagrande piezometers with small diameters, which have suffi-
ciently rapid responses to changes in pore pressures. Such piezometers are econom-
ical and have excellent long-term reliability.

Open standpipe piezometers can be installed by directly driving a small diameter
metal pipe with a screened drive point into the ground with a fence post driver or
with mechanized equipment such as a percussion hammer. Alternatively, piezo-
meters can be installed in boreholes, typically as a small-diameter PVC pipe with
a screened tip section. The tip should be placed in a pocket of clean sand at the
bottom of the hole and then backfilled with bentonite granules down the space
between the pipe and borehole to create an expansive seal above the sand pocket.
Bentonite granules are dense enough to sink through standing water and small
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enough to effectively flow into the annulus. Hydraulic potential gradients can be
determined by installing piezometers at multiple depths. After installation, fill the
standpipe and observe the water level drop to confirm an acceptable response time
for each piezometer. Water levels can be measured manually with a sounding weight
or electrical continuity sensor or automated measurements can be made with an
electronic pressure transducer installed near the bottom of the standpipe. An
advantage of using open standpipes with pressure transducers is the ability to
easily replace a failed sensor.

Alternatively, pressure transducers can be directly buried in boreholes without a
standpipe. Nested piezometric sensors can be situated in a single borehole by placing
each transducer in its own separate sand pocket at successive depths then sealing
intervening sections of the hole with granular bentonite. Although sensors buried in
this manner are not easily replaceable, the scheme has the advantages of easy
installation in a single hole and buried sensors have a rapid response to pore
pressure changes in soils with relatively lower permeability.

Some hillslope soils may intermittently approach saturated conditions, but only
rarely become saturated and experience positive pore pressures that can be measured
with piezometers. Consequently, soil moisture tensiometers may be installed to
complement piezometers as soils approach saturation because they sense hydraulic
potential under both saturated and unsaturated conditions. Tensiometers are
installed as closed, rigid water-filled tubes with a porous ceramic bottom cup in
direct contact with the soil. They require protection from freezing and periodic
maintenance to remove accumulated air, thus maintaining a rapid response.
Hydraulic potential gradients can also be determined from measurements of
multiple tensiometers placed at different depths. Manual measurements are made
with vacuum gauges or pressure transducers can be installed for automated measure-
ments (Richards, 1965).

Selecting a suitable pressure transducer for field use from the vast array of
commercially available sensors can be a daunting task. Minimum performance
requirements for an application should be defined including fluid compatibility,
range, resolution, and accuracy because costs increase with increasing resolution
and accuracy. Absolute pressure transducers have an internal vacuum reference so
changes in barometric pressure must also be monitored, whereas, differential trans-
ducers have two open ports so one port is vented to the atmosphere to automatically
compensate for barometric pressure changes. Level and type of electrical output
should be compatible with the capability of the DAS being used. Where long
cable runs are needed, current, frequency, or differential signals are superior to
single-ended voltage outputs.

Time domain reflectometry (TDR) has recently been used in field studies to
measure soil moisture and earth deformation. TDR uses sophisticated electronics
to accurately measure the travel time of an electromagnetic pulse as it travels down a
transmission line and reflects back from discontinuities in the line. Pulse velocity,
hence travel time, varies with the dielectric constant of the path. When part of the
transmission path is a waveguide consisting of parallel conductors placed in soil,
presence of pore water in the soil increases the travel time of the pulse. Cable testing
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instruments were the first instruments used to measure volumetric soil moisture using
this technique, but dedicated soil moisture instruments are now available. Although
the electronics are expensive, many inexpensive probes can be connected to a single
instrument. TDR can rapidly perform accurate measurements of soil moisture
ranging from completely dry to fully saturated, however, no measure of hydraulic
potential or gradients can be made from these instruments (Topp et al., 1988).

Sensing complementary parameters

For robust debris-flow warning systems, it is not enough to only detect debris-flow
occurrence but it is prudent to sense complementary parameters that can confirm
hazardous conditions and help prevent false alarms. Some of the world’s largest
debris flows have occurred during or following volcanic eruptions (Chapter 10).
Also known as lahars, debris flows originating on volcanoes are formed in several
ways. Primary lahars form during eruptions as hot ash and eruptive products scour
and melt snow and ice. Secondary lahars that follow eruptions are often generated
by rainfall and surface runoff mobilizing loose ash or pyroclastic deposits. Some
extremely large lahars have occurred when lakes dammed by volcanic deposits
catastrophically failed. Complementary parameters in a lahar-warning program
would be those that confirm these triggering events. For example, confirmation of
volcanic eruptive activity is typically accomplished with seismic monitoring
networks, whereas conditions that trigger secondary lahars may be measured with
precipitation or lake level gauges as appropriate (Anonymous, 2004).

Some slow-moving landslides spawn debris flows, either when a portion of a
slide breaks loose or when an entire landslide mass accelerates catastrophically and
mobilizes into a debris flow (Reid et al., 2003). Therefore, monitoring landslide
movements can be an integral part of some debris-flow studies. In addition to the
hydrologic monitoring previously discussed, ground deformation measurements are
often desired. Cable extensometers can be used to measure extension or contraction
across lateral or transverse scarps, tension cracks, or advancing lobes. They can also
be mounted with a cable extended down a borehole and through the failure zone to
stable ground beneath a slide. Subsequent downslope movement of the slide extends
the cable as the borehole is distended.

Inclinometers can be used to make intermittent or manual measurements of a
minor deformation of a plastic or aluminum casing that is installed in a borehole.
Alternatively, tilt meters can be permanently installed to make continuous measure-
ments when interfaced to a DAS.

Ground deformation can also be intermittently or continuously measured using
geospatial positioning systems (GPS). GPS receivers collect precisely timed messages
that are broadcast from a constellation of orbiting satellites. To obtain high-
precision locations, raw GPS data are logged in the receiver for subsequent
retrieval or telemetered in real time to a personal computer (PC) for processing.
Short-term (<20 minute) GPS position solutions are inherently noisy so high-
accuracy positions require extended periods to accumulate data and filter results.
Nevertheless, measurements with sub-centimeter accuracy can be made without
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long-term drift that plagues some other deformation sensors. On the Mission Peak
Landslide near Fremont, California, a system using inexpensive consumer-grade
receivers, telemetry, and near-real-time data processing on a PC has tracked
seasonal landslide movements with sub-centimeter accuracy for more than four
years. High accuracy differential measurements between receivers located up to
10km apart using static post-processing methods is a technique well suited to
landslide investigations where a clear view of the sky is possible.

12.1.2 Measuring debris-flow dynamics
Sensing ground vibrations

Installation and maintenance of sensors that require contact or close proximity to
unstable channels where debris flows occur is problematic. Alternatively, sensors
that can detect debris-flow occurrence and do not require close proximity to the
channel are preferred for long-term reliable operation. Ground vibration sensors
have proven to be such an option. Eyewitness accounts of debris flows have
described the roaring noise and strong ground vibrations that accompany debris
flow. Seismic systems intended to monitor volcanic eruptions have incidentally
recorded the strong ground vibrations of passing lahars. Consequently, some
seismic networks for volcano hazard monitoring now include seismometers deliber-
ately located near channels to detect the distinctive sustained seismic signal that is
characteristic of debris flow.

Debris-flow researchers in China and Japan installed broad-spectrum acceler-
ometers to investigate the character of ground vibrations caused by debris flows
(Suwa and Okuda, 1985). Although the channel and flow characteristics in the
two studies differed greatly, both studies showed that debris flows generate broad-
spectrum vibrations with the strongest vibrations occurring in the range 20-50 Hz.
This finding has important significance to debris-flow vibration monitoring because
geophones sensitive to this dominant frequency range are readily available and are
much more rugged and cost one-tenth as much as lower frequency seismometers
used for earthquake monitoring. Furthermore, because higher frequency ground
vibrations rapidly attenuate with distance, high-frequency geophones are most
sensitive to vibration sources near a channel where they are installed and are not
as responsive to low-frequency signals such as earthquakes and eruptive explosions
from more distant sources. The Acoustic Flow Monitor (AFM) is a debris-flow
warning system responding to frequencies at the low end of the acoustic range
(20200 Hz) developed by the US Geological Survey. It contrasts sub-acoustic
systems used for earthquake seismology (Brantley, 1990; LaHusen, 1996;
Arattano, 1999; Berti et al., 2000).

Vibration sensors output signals proportional either to ground velocity or accel-
eration. Both parameters have proven useful for debris-flow detection in both
vertical and horizontal orientations. Moving-coil geophones generate millivolt
level AC voltages proportional to ground velocity and are sensitive to a somewhat
limited frequency range. In contrast, accelerometers commonly use a piezoelectric
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Figure 12.2. Loowit AFM station (Acoustic Flow Monitor, in housing centre) and precipita-
tion gauge (on right), looking upstream towards Mount St. Helens’ crater. Levee from a 1997
lahar is visible along the channel. Mount St. Helens’ east crater wall is visible in the
background.

USGS photograph taken on 30 August, 2004 by Kurt Spicer.

element that responds to a broad range of frequencies and requires electronic signal-
conditioning circuitry to produce a signal that can connect to a DAS. Regardless of
the sensor selected, interference from surface environmental noise can be avoided by
burial of the sensor as deep as is practical, away from trees and poles that cause
ground vibrations in response to wind.

Flow height sensing with ultrasonic range finders

Where debris flow is channelized and it is possible to install an overhead boom or
cable, distance between a range finder and the flow surface can be sensed. Ultrasonic
range finders, also known as distance meters, can measure distances up to 20 m or
more by emitting ultrasonic or microwave bursts and measuring the round-trip
travel time of the emissions that reflect back off the flow surface. The sensors
should be oriented vertically so the beams meet the flow surface perpendicularly
and obtain a strong reflection. High-speed, high-precision range finders that are
useful for distances up to 2m use optical triangulation of an infrared laser beam.
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Figure 12.3. Graph of rainfall and AFM ground vibration showing characteristic signal of a
debris flow with a rapid rise to more than 10 times background storm flow levels and a more
gradual cessation of flow. Subsequent sediment-laden flow is evident as channel was flushed by
additional rain.

These short-range sensors are best suited for experimental studies where flow depths
will not be unexpectedly large and damage the instrument (Berti et al., 2000). New
developments in laser range finders offer additional opportunities for flow height
measurement (Iverson et al., 1992).

Surface velocity sensing with Doppler radar

Velocity measuring systems similar to those used for traffic law enforcement or
sporting events have been used to measure the surface velocity of flows. The
systems work by emitting microwaves at a fixed frequency towards an advancing
or retreating flow. The Doppler shift in the frequency of the reflected waves is
calculated and translated into a velocity measurement. Sensors may have analogue
(voltage) or serial digital outputs that can be interfaced to a DAS.

Video imaging techniques

Video cameras and recorders have been used to record debris flows and later extract
measurements of flow velocity, depth, superelevation, and even track the motion of
individual clasts. Portable video recording systems can be activated by other sensors
to conserve power and allocate storage media (Berti et al., 2000). Video telemetry
requires considerable power and specialized equipment so it is not practical for most
applications. Automated imaging analysis has been experimentally applied in a
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system to detect debris flows and trigger traffic-warning devices (Chang, 2000).
Commercial equipment designed for real-time motion detection from video images
is available for security systems and traffic-control systems. The utility of video and
other optical imaging techniques is limited during periods of low visibility such as
darkness, fog, heavy rain, or snowfall. Because of these limitations, optical monitor-
ing systems have chiefly been used in scientific studies of flow behaviour and
mechanics.

Force[load|pressure; contacting sensors

Knowledge of impact forces and loads are needed to design engineered structures
strong enough to withstand the forces of debris flows. The greatest challenge in
instrumentation of debris flows is measurement of forces that require direct sensor
contact with a flow. Not only do such sensors need to survive extreme forces
experienced during debris flow, they must be installed in such a manner that
insures they measure only the forces they are intended to sense. For example,
measurement of fluid pressure at the base or interior of a debris flow has been
accomplished with pressure transducers that have rigid porous plates to isolate the
sensors from the loads carried by solids in the flow (Iverson and LaHusen, 1989). In
contrast, pressure transducers that are connected to a fluid-filled bladder or earth
pressure cell measure the total load exerted by both solid and fluid phases of a flow.
Total basal load has also been sensed with rigid plates and load cells mounted in a
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Figure 12.4. Illustration of a multiparameter debris-flow monitoring station at Acquabona
channel, Italy. The system includes multiple geophones for debris-flow detection and velocity
determination, over head video camera, ultrasonic depth sensor, basal pressure and load cells,
as well as telemetry and on-site high-speed data logging.
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rigid channel bed (Berti et al., 2000). Channel sections with rock or concrete beds are
preferred sites for installation of basal force or pressure sensors because it is easier
to install a sensor that will not be scoured away. Forces in a debris flow can fluctuate
rapidly and the frequency response of a sensor can be severely reduced by the
physical manner by which it is installed. Therefore, in situ measurement of the
frequency response of sensors should be performed when possible to determine
the resultant sensitivity and frequency response of the installed sensing assemblies.

12.2 DATA ACQUISITION SYSTEMS

12.2.1 Data loggers and other devices

After identifying parameters to measure and select corresponding sensors, a suitable
DAS is needed to record or transmit measurements. An easy-to-use data logger that
simply records measurements at regular intervals may suffice for many investiga-
tions, whereas more complex or power consumptive instruments may require a more
versatile data logger for instrument control and power management. For example, a
programmable DAS with both inputs and outputs would be needed to start a video
recorder whenever a specific geophone level is exceeded. Anywhere adequate power
and shelter are available close to a monitoring site, a PC with a data acquisition card
or other device may be used as a complete and powerful DAS. Finally, where real-
time telemetry is desired, a remote terminal unit (RTU) designed for supervisory
control and data acquisition (SCADA) can be selected to control, measure, and
transmit data. An Internet search for these devices will result in numerous suitable
DAS devices and their availability and capabilities may be overwhelming. Evalua-
tion of the following critical specifications will help select a suitable instrument for
application to a debris-flow study.

The number and type of inputs of a DAS must be compatible with the number
and type of sensors selected. Common types of inputs are analogue (voltage), digital,
and serial (RS232). Analogue inputs are most prevalent, but the analogue range of
the sensors and DAS should correspond. Analogue inputs can be of single-ended or
differential type. A single-ended input is measured with reference to a common
system ground whereas a differential signal measurement is a comparison of one
signal to the other. Differential measurements are useful to minimize the offsets
caused by long cable distances between the DAS and sensors. Another useful
technique to handle long cable runs is the use of sensors with current outputs.
The current can be sensed on an analogue input with the use of a quality resistor.
Be sure that a current output transducer can operate with the systems supply voltage
because many such sensors need higher supply voltages for operation.

Power consumption can be a critical specification for remote sites where long-
term installation is needed to monitor infrequent flows. Memory size of a data logger
should be evaluated in terms of the number of measurements that can be recorded so
the interval between site visits can be considered. Resolution of signal magnitude is
often specified in units of volts, % of the full-scale measurement range, or bits.
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Low-resolution devices offer 8-bit resolution, equivalent to 0.4% of full scale range
(F.S.). More commonly, DAS systems have 12-bit resolution (0.025% F.S.), but 16-
bit (0.00015% F.S.) and 24-bit devices are increasingly available. Notably, typical
noise levels and sensor inaccuracies limit the advantage of high-resolution systems.
Only the most carefully engineered instrumentation systems benefit from device
resolutions over 12—16 bits without over sampling and signal averaging. Temporal
resolution is typically expressed as sampling frequency and can be very important for
dynamic measurements of debris-flow processes.

Basic signal conditioning such as power supply regulation and amplification may
be accomplished as part of a transducer electronics package or the DAS may need to
supply regulated excitation voltage and amplify the low-level outputs of a sensor.
Therefore, data acquisition hardware and software should be capable of capturing
signal frequencies of interest such as impact forces or ground velocity. Anti-aliasing
filters are typically needed when making AC measurements to prevent erroneous
frequency analysis of recorded data. In order to simplify data acquisition and reduce
telemetry data-rate requirements, simple electronic circuits have been used to rectify,
integrate, capture, and hold transient signals. Such signal conditioning techniques
can be used for measurements of mean and/or peak ground vibration or impact
forces without needing high-powered and complex DASs.

Finally, one of the most important factors to consider when selecting a DAS is
its ease of programming compared to the abilities of personnel involved in the
project. Although many systems are quite versatile and powerful, their use may
require an accomplished programmer and/or electronics expert to successfully
connect, program, and maintain the equipment.

12.2.2 Real-time monitoring from remote sites

Real-time data acquisition from remote sites is a requisite for some debris-flow
warning schemes to provide ample time to evacuate people or close access to
hazardous roads or other sites. However, real-time or near-real-time monitoring is
also useful for other reasons. It can help maximize data continuity through early
detection of instrument malfunctions without the expense and inconvenience of
unnecessary site visits. Another benefit is enhanced personnel safety resulting from
fewer visits to hazardous field sites to retrieve data. Incorporating real-time capabil-
ities in an instrumentation system requires additional system components including
telemetry equipment and real-time data-management software.

Telemetry

Proliferation of wireless technology in the consumer market has produced numerous
options for digital data telemetry from remote sites. Although most radio frequen-
cies require a government issued license, there are several frequency bands now
available for unlicensed (but restricted) use in industrial, scientific, and medical
applications. These so-called ISM bands avoid interference on the shared frequencies
through spread-spectrum techniques. Depending on the country of installation,
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telemetry may be authorized in 900, 2,400, and 5,800-MHz bands. Allowable
frequencies, transmit power levels, and antenna gain restrictions vary, so consult
regulations for the country of interest. Importantly, radio waves at these frequencies
propagate in a straight line with minimal refraction or reflection; therefore, a clear
line-of-sight is needed between telemetry links. Fortunately, implementing data
repeaters is a straightforward task with many of these ISM spread-spectrum
radios. Most radios of this type easily connect to DAS systems with a standard
RS232 serial data connection. Telemetry distances up to 100 km can be achieved
between elevated high-gain antennas.

Satellite telemetry is now a viable technique for data transmission from remote
sites. Consumer oriented Internet service and equipment is offered by many satellite
television providers for modest monthly charges. These very small aperture terminals
(VSAT) consist of a dish and a satellite modem with an ethernet port that connects
to the Internet. Serial device servers, also called serial-to-ethernet converters, are
useful in such applications to convert data streams from a DAS or digital radio
into an ethernet format for direct connection to a VSAT terminal.

Real-time data management software

Custom software expressly developed for specific real-time monitoring systems is a
considerable undertaking. Alternatively, proprietary software is offered by manu-
facturers of SCADA equipment, but features may be quite limited. In 1996, an
international industrial consortium was formed to define and support an open
standard for interoperability of sensors and real-time plant operation software.
The OPC Foundation (http://opcfoundation.org) now constitutes over 300 member
companies. As a result of this effort, numerous compatible software packages that
feature real-time data acquisition, graphing, logging, alarming, and web services are
all available that conform to the standard. OPC data servers and clients are being
deployed by the US Geological Survey Volcano Disaster Assistance Program as part
of real-time debris-flow warning systems for international crisis responses.

12.2.3 Power systems

Where AC line power is available at a monitoring site, power consumption of
instrumentation is not an important issue. However, lightning surge protection
should be installed and an uninterruptible power supply is needed to insure data
continuity during power outages. More likely, line power is not available at debris-
flow monitoring sites so system designs should minimize power consumption so that
battery powered operation is possible. A common power configuration for remote
instruments is a deep-cycle lead-acid battery bank that is recharged by photovoltaic
panels. Panel size can be estimated by summing the average current consumption of
the system components then multiplying by 10-20 depending on the availability of
solar energy at the site. For example, a system that consumes an average of 2 watts
will require 2040 watts of photovoltaic panel output. Battery capacity is determined
by selecting the number of days the system might need to operate with insufficient
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solar input for battery charging. Wind generators are an effective option in some
areas and should be considered, especially for higher power systems. Thermoelectric
generators that burn liquefied petroleum gas and produce 10-100 watts with no noise
or moving parts are also useful as a power source.

In special situations where excessive snow or ash precludes use of solar panels or
where an instrument needs to be hidden to reduce risk of vandalism, non-recharge-
able or primary batteries are useful. Small power demands can be met with lithium
batteries but for larger systems, air-alkaline batteries are preferred because they have
exceptionally high energy density and very low self-discharge rates so they excel in
extended operation at remote sites. Air-alkaline batteries are typically used in
railroad signalling or marine navigation buoys, with outputs of 1.5 volts per cell
and capacities in excess of 1,000 amp hours.

12.3 SUMMARY

Design of debris-flow instrumentation for research or warning purposes involves
specification and application of sensors, data acquisition electronics, telemetry,
power supplies, and software for acquisition and management of data. Some
sensing instruments are well known such as rain gauges, however, newer tech-
nologies such as meteorological radar greatly enhances our abilities to monitor
hazardous conditions. In fact, some of the most promising system components
might be borrowed from other disciplines. Geophones for geophysical exploration
have proven to be rugged, inexpensive sensors for detection of debris flows for
warning and monitoring. Products mass-produced for consumer markets such as
automotive pressure sensors or digital telemetry equipment are readily available
and surprisingly affordable. Even software products developed for industrial plant
operations and monitoring are useful out-of-the-box in debris-flow research or
warning systems. Application of traditional instruments and using technologies
from other sources offers the greatest potential to creating affordable and effective
debris-flow monitoring systems.
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Runout prediction methods

Dieter Rickenmann

13.1 INTRODUCTION

Runout prediction of natural hazards is important for determining affected areas
and flow intensity parameters, which are essential elements for producing hazard
maps (Petrascheck and Kienholz, 2003). A discussion of methods for runout assess-
ment of debris flows is given, for example, in Hungr et al. (1984), Cannon (1989),
Bathurst et al. (1997), Fannin and Wise (2001), and McDougall and Hungr (2003).
Deposition and runout of debris flows are governed by several factors, especially a
decrease in slope and a lack of flow confinement in the runout zone (e.g., Hungr et
al., 1984; Corominas, 1996). For example, a Japanese rule of thumb claims that for
debris fan slopes less than 10°, deposition occurs if the slope angle is reduced by a
factor of two or if the flow widens out two or three times the flow width (Ikeya,
1979). Other influences on runout distances include momentum loss in bends (Benda
and Cundy, 1990; Fannin and Wise, 2001; Lancaster et al., 2003), the presence of
large organic debris in the debris-flow front (Lancaster et al., 2003), and the presence
of trees or other obstacles in the runout zone (Corominas, 1996).

For specific debris-flow types, typical slope ranges can be defined where erosion
and entrainment, transport, or deposition of sediments predominates (e.g., VanDine,
1996; Fannin and Wise, 2001). Considering the large variability of material composi-
tion and water content of debris flows, these ranges may differ considerably. Very
coarse-grained debris flows, typically originating in small watersheds, may start to
deposit at gradients as high as 27° (Rickenmann and Zimmermann, 1993), while
lahars may travel several tens of kilometres, arresting at gradients of only a few
degrees (Pierson, 1995).

Prediction of runout distance may be divided into empirical-statistical and
dynamic methods. Though empirical-statistical approaches are often easy to use,
they should only be applied to conditions similar to those on which their develop-
ment is based. Dynamic models are physically based and consider the momentum or

M. Jakob and O. Hungr (eds), Debris-flow Hazards and Related Phenomena.
© Praxis. Springer Berlin Heidelberg 2005.
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Table 13.1. Overview of runout prediction methods discussed in the text.

General approach

Keywords to characterize
method

Main references

Total travel distance (entire path length)

Travel distance and event
magnitude
Volume balance

Mass point models

Limiting criteria

Travel angle

Volume and descent height
Without entrainment

With entrainment

Voellmy approach

Iverson approach

Critical slope and junction angle

Runout length (depositional part of flow)

Critical slope and deposition

on fan
Volume balance

Analytical approaches

Several empirical methods
Deposition area and flow cross
section

Mass point models

Constant discharge model

Corominas (1996)
Rickenmann (1999)
Cannon (1993)

Fannin and Wise (2001)
Zimmermann et al. (1997)
Lancaster et al. (2003)
Benda and Cundy (1990)

VanDine (1996);
Bathurst et al. (1997)
Iverson et al. (1988);
Crosta et al. (2003)
Korner (1980);

Perla et al. (1980)
Hungr et al. (1984);

Takahashi (1991)

Runout distance (entire path or depositional part only)
Continuum based simulation Various constitutive equations
models

Iverson (1997); McDougall
and Hungr (2003)

energy conservation of the flow. Such approaches for predicting runout of mass
movements have been developed either for mass point or lumped mass models, or
for continuum based models which also simulate the deformation of the moving
mass along the flow path. A major difficulty in developing dynamic models for
debris-flow runout prediction is the choice of appropriate friction parameters or
material rheologies (e.g., Hungr, 1995; Iverson, 1997). Similar approaches have
been originally developed for snow avalanches (Voellmy, 1955; Salm, 1966) and
for landslides or rock avalanches (Cannon, 1989; Hungr, 1992).

In this chapter, travel distance refers to the entire (horizontal) path length, runout
length is used for the depositional part or terminal flow path downstream of a
defined point, and runout distance is used generally and may refer to either of the
first two cases. An overview of the methods discussed below is given in Table 13.1
which also reflects the structure of the chapter.

13.2 TOTAL TRAVEL DISTANCE

13.2.1 Travel distance and event magnitude

The total travel distance of a debris flow is useful for rough delineations of potential
hazard areas. For rock avalanches or landslides, the ‘‘travel angle” or
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Figure 13.1. Travel angle vs. volume of mass movement. Data include 140 debris flows from
the Swiss Alps and 51 large landslides/rock avalanches (for data sources see Rickenmann
1999). Also shown is the approximate range for 101 data points of unobstructed landslides
plus unobstructed and channelized debris flows discussed in Corominas (1996).

“Fahrboschung” depends to some extent on the volume V' of the mass movement
(e.g., Scheidegger, 1973; Corominas, 1996; Legros, 2002). The travel angle 3 is
defined here as tan (3= H/L, where H is the elevation difference between the
starting point and the lowest point of deposition of the mass movement and L is
the corresponding horizontal distance. In a physically based approach of runout
analysis, the centers of mass both of the failing mass and the deposits should be
considered. However, L and H are easily measured parameters, and the relative error
to the horizontal and vertical distances related to the center of mass is estimated to
be less than 20% in most cases (Legros, 2002). For many (larger) debris flows, this
error is much smaller.

For a given volume, debris flows usually show a larger mobility, or lower travel
angles, than landslides and rock falls (Figure 13.1; see also Corominas, 1996;
Iverson, 1997; Rickenmann, 1999; Legros, 2002). In a study of the mobility of 204
landslides, Corominas (1996) concluded that the scattering in the plots of tan 5 v. V'
is partly due to effects of obstacles and topographic constraints, which generally tend
to reduce the landslide mobility. For a subset of 71 debris flows, including debris
slides and debris avalanches but excluding mudflows and mudslides, he developed
the following empirical relationship:

log(H/L) = —1.05log V' — 0.012 (13.1a)
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where H and L are in m and V varies between 10 and 10'°m?*. Equation (13.1a) has
a correlation coefficient r> = 0.76 for this data set, and can be transformed into:

L=1037""%gH (13.1b)

Both unobstructed and channelized debris flows show a similar mobility,
although the latter ones are reported to be slightly more mobile. Unobstructed
flows refer to mass displacements over a regular topographic surface without
obstacles or lateral restrictions. For volumes smaller than 10*m?, debris flows
occurring in dense forests appear to be clearly less mobile than channelized or
unobstructed flows.

A regression analysis using mainly debris-flow data from the Swiss Alps
produced the following equation (Rickenmann, 1999):

L=1.9y%16 08 (13.2)

where L and H are in m and V is in m®, Equation (13.2) has a correlation coefficient
r? = 0.75 for the dataset which includes 160 debris-flow events with L ranging from
300 to 12,600m, M from 7 x 10? to 10°m?, and H from 110 to 1,820 m.

A comparison of (13.1b) and (13.2) with debris flows data (Figures 13.2(a) and
13.2(b)) show similar scatter of the data in relation to the two equations. In these
figures, additional data on rock avalanches follow a similar trend but have compara-
tively shorter travel distances than the debris flows, which may be explained by lower
water concentrations in the flowing masses. The Mount St. Helens lahars and the
Nevado del Ruiz mudflow, on the other hand, have comparatively high L values,
possibly reflecting either larger water concentrations in the flowing mixtures or
higher clay and silt contents compared to the majority of the mostly alpine-type
debris-flow data.

When applying (13.1) or (13.2) for predictive purposes, a debris-flow starting
point and the longitudinal profile of the expected flow path must also be defined. For
a given estimate of 7, a solution for L can then be determined either graphically or
mathematically. A similar procedure has been proposed by Iverson et al. (1998) to
predict the depositional extent of lahars (see Section 13.3.2).

Based on almost the same data set as used by Rickenmann (1999), including 144
debris flows from the Swiss Alps, Zimmermann et al. (1997) defined a lower envelope
of tan 3 as a function of the catchment area A4, [km®]:

tan 3,,, = 0.20 4% (13.3)

Equation (13.3) may be used to determine a probable maximum travel distance
(Figure 13.3). Including eight additional observations from the Canadian Cordillera,
the lowest travel angles (lowest value tan (3,,;,, = 0.07) observed for the Swiss data are
associated with debris flows with a high proportion of fine material (data points
labeled “matrix supported”). For coarser-grained debris flows (data points labeled
“clast supported” or “sand and gravel”), the minimum observed travel angle is
tan 3,,;, = 0.19 (Rickenmann and Zimmermann, 1993).



Sec. 13.2] Total travel distance 309

Travel distance L [m]

100000 ¢ T,
]
“ * X %
- x x
10000 ¢ *
i * # i k'S
+*
B S
*
D.ﬂ " ; *:3” ﬁ I
X
ORI el
. ahor XTg X ~— equation (13.1b) derived for debris flows
1'000 PR <4 ~ ’ + Swiss debris flows
b ¢ ptFhe, o Kamikamihori (Japan)
. x @ Canadian Cordillera
. : o B Mt. St. Helens (Washington)
* * © Mevado del Ruiz {Columbia)
+ Mt. Rainier
* Rock avalanches (Abele, Hsd, LiTianchi)
100 [ . ]
100 1'000 10'000 100'000
VD.iDE» H [m1.31]
(a)
Travel distance L [m]
100000 5 .
-]
e kK X * x
* * x
10'000 x
Ty e
4
® X
x

— equation (13.2) derived for debris flows
* Swiss debris flows

o Kamikamihori (Japan)

< Canadian Cordillera

= Mt. St. Helens (Washington)

© Nevado del Ruiz (Columbia)

1'000

+ Mt. Rainier
* Rock lanches (Abele, Hsd, LiTianchi)
100 ! ——]
100 1'000 10'000 100000

VD.IG HD.SB [m|.31]

(b)

Figure 13.2. (a) Observed runout distance of debris flows and rock avalanches compared to
predictions with (13.1b), which was derived for debris flows. Data include 140 debris flows
from the Swiss Alps and 51 large landslides/rock avalanches. (b) Observed runout distance of
debris flows and rock avalanches compared to predictions with (13.2), which was derived for
debris flows. Data include 140 debris flows from the Swiss Alps and 51 large landslides/rock
avalanches (for data sources see Rickenmann, 1999).
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Figure 13.3. Travel angle of debris flows vs. watershed area. Data include 144 debris flows
from the Swiss Alps, where the deposits are characterized as ‘“‘cs” = clast supported,
“sg” = sand and gravel, and “ms” = matrix supported.

Data from Zimmermann et al. (1997).

13.2.2 Volume balance approach

Debris flows can erode and entrain material in the steep channel reaches and
typically start to deposit sediment below some critical gradient. If a sediment
budget is established along the flow path, the terminal deposition location can be
estimated. Hungr et al. (1984) introduced the concept of a debris yield rate which
depends on the characteristics of the channel and ranges from zero to about 50 m*
per metre of channel length. An estimate of the debris-flow magnitude can be made
by multiplying the mean yield rate with the length of the channel. Then the deposit
area may be derived by the dividing the expected volume by a typical average
thickness (Hungr et al., 1987).

Cannon (1993) developed an empirical model for the volume-change behavior of
debris flows, based on 26 debris flows in Hawaii. The initial debris-flow volume must
be known or assumed, and no material entrainment is considered. The average
volume change is assumed to be a function of the slope angle 6 along the flow
path and the degree of flow confinement by the channel. Consideration of vegetation
type through which the flow travelled did not significantly improve the model. Flow
confinement is defined by the radius of a circle R in the vertical plane, perpendicular
to the flow direction. Initial volumes ranged from 25-938 m?, travel distances L from
19-220 m, slope angles 6 from 47-26°, and radii R from 14-2,000 m (as upper limit
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also for planar and convex hillsides). The regression analysis resulted in the
equation:
log[(V; — V;)/D] = 0.14log R — 1.40log 6§ + 2.16 (13.4)

where V; and V; are the volumes [m?] entering and leaving a segment, and D [m] is
the length of the segment. As expected, volume loss is promoted by lack of confine-
ment (large R, in m) and small gradients (6, in degrees).

A similar but more comprehensive approach used 449 landslide/debris-flow
events from Queen Charlotte Island, Canada, on clear-cut, glaciated hillslopes
(Fannin and Wise, 2001). Both entrainment and deposition are considered for the
volume balance. Most initial failures volumes are less than 500m?, with peak
volumes less than 4,000m°, and travel distances less than 600m (Wise, 1997).
Model development is based on 131 debris-flow events comprising morphological
information on 533 reaches. Five different regression equations describing the
volume change were developed, considering separately three typical flow modes
(unconfined, confined, and transition flow). Entrainment and/or deposition
functions are specified for different slope ranges, and depend on several of the
following geometric and derived parameters for each reach: slope angle 6, reach
length D, width W of entrainment or deposition, entering flow volume V;, and a
bend-angle function (BAF) (which depends on vertical and horizontal change in flow
direction and on V;). As an example, the regression equation describing deposition
(—4V;) is given for transition-flow reaches (defined as open slope reaches immedi-
ately downstream of a gully channel):

In(—AV;) = —1.54In W — 0.90In D + 0.123 BAF (13.5)

where AV; is in m® and W and D are in m. Equation (13.5) is based on 39 reaches
and has a correlation coefficient r>= 0.95 for this data set. A further model devel-
opment includes a probabilistic formulation where both entrainment and deposition
may occur for unconfined flows in a critical slope range of 19-24° (Fannin and Wise,
2001).

13.2.3 Mass point models (dynamic models)

In snow avalanche modelling, the two-parameter model by Voellmy (1955) is often
used. This model has a turbulent and a sliding friction component. The basic
equation for a mass point formulation is given as (K6rner, 1980; Perla et al., 1980):

%: g(sin @ — pu,, cos 0) — (1/k)v* (13.6)
where v is the flow velocity, ¢ is the time, ¢ is the gravitational acceleration, p,, is the
sliding friction coefficient, and k is the turbulent friction coefficient. An analytical
solution for velocity is possible if the path is approximated by discrete segments. The
two friction parameters can be varied from segment to segment. Kérner (1980)
shows that (13.6) may also be related to a unit element of the flow with a given
thickness h, and that k is then related to the flow depth / and a Chezy-like friction
coefficient C. If k becomes very large, (13.6) becomes identical with the simple sliding
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block or sled model (see also (13.14) below). The runout distance can only be
modelled if the p,, value is larger than the actual terrain slope tan 6 of the deposi-
tional reach. If u,, approaches this slope, the computed runout distance is very
sensitive to small changes in p,,.

This model has also been applied to rock avalanches at Huascaran in Peru
(Ko6rner, 1980), Mount Ontake (Moriwaki et al., 1985; Voight and Sousa, 1994),
and Mount Tombi (Ouchi and Mizuyama, 1989) in Japan, and to debris flows in
Switzerland (Rickenmann, 1990). This latter application was extended by Zimmer-
mann et al. (1997) and Gamma (2000) to 54 Swiss debris flows, with event volumes
ranging from 3,000 to 450,000 m>, and by Genolet (2002) to another 21 Swiss debris
flows. In these studies, back-calibrations of the two model parameters were made
based on travel distance information and in some cases also on flow velocity
(estimated from superelevation). In principle, there are many possible combinations
of u,, and k that satisfy the relatively poor field data. Therefore, an additional
restriction has been introduced by limiting the maximum velocity, for example, to
15m/s for slope reaches not steeper than 25° (Gamma, 2000). For all 75 Swiss events,
the optimized parameters were found to be in the following range: p,, = 0.02-0.32,
k =20-120m. There is a tendency for fine-grained debris flows to have smaller p,,
values for given k values than coarser grained (or “‘clast supported”) debris flows.
Genolet (2002) showed that p,, is strongly correlated with the terrain slope at
terminal deposition of the debris flow. According to the simulation results, u,,
values tend to decrease with increasing watershed area (Gamma, 2000; Genolet,
2002), which may be related to the observation that larger basins generally have
larger fans with flatter slopes.

Iverson (1997) developed a two-phase mixture model that generalized the
Savage-Hutter (1989) granular avalanche model, and Iverson and Denlinger
(2001) extended the 1-D Iverson (1997) model to multidimensional flow (see also
Section 13.4). In the context of assessing the effect of organic debris on debris-flow
runout at the watershed scale, Lancaster et al. (2003) use a simplified form of the
Iverson and Denlinger (2001) equation:

d .
Ephv = —sgnv(phgcosd — py)f, tan ¢, + phgsin 6 (13.7)

where /4 is the slope normal debris-flow depth, v is the slope-parallel velocity, p, is
pore pressure at the bed, £, is a velocity-dependent expression to modify the normal
stress by centripetal acceleration due to changes in slope angle, ¢, is the bed friction
angle, and —sgn v indicates the direction opposite to that of the debris-flow velocity.
The debris flow is treated here as a 1-D point process, and the velocity and depth are
functions only of time. Changes in density and depth are prescribed by entrainment
of sediment, wood, and water and by changes in channel and valley geometry. Then
(13.7) is solved for the change in velocity. The effect of wood on debris-flow runout is
considered by accounting for the momentum needed to accelerate entrained wood
and its effect on bulk density and flow depth.

The Lancaster model was calibrated by adjusting the pore-pressure term p; such
that the simulated debris-flow travel distance distribution best matched the observed
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distribution. A pore pressure of 1.8 times the hydrostatic pressure (a similar value as
used by Denlinger and Iverson, 2001) resulted in a satisfactory calibration. The
calibration procedure included 29 debris flows mapped in a study area in the
Oregon Coast Range, which have travel distances of 30-680 m and known deposit
volumes of 35-2,500m>. The average wood fraction in the deposits was 60% by
volume. Disregarding wood effects substantially increased modelled runout distances
for flow conditions associated with larger travel distances including wood effects
(Lancaster et al., 2003).

13.2.4 Limiting criteria method

Another empirical approach was developed based on 14 channel-confined debris
flows in the Pacific North-west, USA (Benda and Cundy, 1990). The travel
distance is determined by two criteria which postulate that deposition occurs if the
channel gradient drops below 0.06 or the tributary junction angle is greater than 70°.
The main implicit assumptions are momentum loss at bends and on flat slopes,
where the relative loss of material is probably also significant. The model was
tested using 65 debris-flow events from the same basin where the frontal part of
the deposits, which had volumes up to several 1,000m?, typically contained a con-
siderable amount of woody debris.

13.3 RUNOUT LENGTH IN THE DEPOSITIONAL ZONE

13.3.1 Critical slope and deposition on the fan

For a more detailed delineation of potentially endangered areas, the runout length
on the debris-flow fan, or more generally, the runout length downstream of the point
where major deposition occurs should be known.

Observations from different catchments indicate that for many (larger) debris
flows deposition starts once the channel gradient becomes smaller than 6-12° (Ikeya,
1989; Rickenmann and Zimmermann, 1993; Bathurst et al., 1997). However, for
smaller and unconfined debris flows the critical deposition slope may be as high as
27° (Rickenmann and Zimmermann, 1993) or about 35° (Fannin and Wise, 2001).
The critical slope also depends on the characteristics of the debris flow (Scott et al.,
1992; Jordan, 1994).

Several empirical approaches to estimate debris-flow and landslide runout
distance are discussed by Bathurst et al. (1997). It is often assumed that debris-
flow deposition begins at slopes of 10°. These approaches estimate runout distance
using one or a combination of the following factors: flow volume, mean slope of the
transportation zone, elevation difference from the starting point to the point where
deposition begins, or travel angle. Bathurst et al. (1997) tested various approaches
with landslide and hillslope debris-flow data from Idaho and found that none of the
approaches are accurate over the full range of their field data. To estimate sediment
delivery into streams at a watershed scale, they recommended using at least two
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approaches in parallel, thus providing information on the uncertainty of the
prediction.

From geometric considerations the runout length on the fan L, depends to some
extent on the volume of the mass movement. This is partly supported by data on
debris flows and rock avalanches covering several orders of magnitude (Ricken-
mann, 1999). However, for any tested empirical relationship the scatter is quite
large between predicted and observed values of L, for the debris-flow field data
from different sites. Ikeya (1981, 1989) reports empirical equations from Japan
where L, depends on the event volume and the average gradient of the transporta-
tion zone, without providing information on the background and performance of the
equations.

13.3.2 Volume balance approach

The empirical-statistical LAHARZ model (Iverson et al., 1998) predicts runout
lengths and areas affected by lahars, and is based on a scaling analysis of key
parameters and a statistical analysis using data from 27 lahars at 9 volcanoes. The
following two semi-empirical relationships are used in the model:

A =0.051%3 (13.8a)
and
B =2001?/3 (13.8b)

where A[m?] is the cross-sectional area, B[m?] is the planimetric area of the
inundated valley, and ¥[m’] is the lahar volume. The model calculations are most
easily accomplished using a digital elevation model (DEM) implemented in a geo-
graphic information system (GIS) but may also conducted manually. Input param-
eters include lahar volume, starting position and an appropriate travel angle defining
the upstream limit of the deposits. For the given lahar volume V/, the inundation
cross-sectional area A4 is given by (13.8a) and assumed constant for any location
along the depositional reach. The calculation proceeds downstream for a defined
segment length, determining innundation width at each location and summing the
planimetric area of the inundated valley until it equals the final value B given by
(13.8b).

In the analysis leading to (13.8a) and (13.8b), a limited number of data on non-
volcanic debris flows were included by Iverson et al. (1998). These show a slight
systematic deviation from the trends defined by the lahar data, indicating that non-
volcanic debris flows move less fluidly and form appropriately thicker deposits than
most lahars. A similar conclusion is made by Crosta et al. (2003) who derived the
following relationship based on 116 granular debris flows in the Italian Alps:

B=62V?3 (13.9)

where the units are as in (13.8b), the volumes range between about 10 and
100,000m*, and (13.9) has a correlation coefficient r> = 0.97. The approach of
Iverson et al. (1998) has been implemented by Hofmeister and Miller (2003) in a
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GIS-based model of debris-flow deposition zones for regional hazard assessments in
Oregon. Iverson and colleagues have also expanded their methodology successfully
to smaller debris flows in non-volcanic environments (written commun., R.M.
Iverson, 2003).

13.3.3 Analytical approches

For a given torrent channel and fan topography, larger flows tend to result in longer
runout lengths than smaller flows having similar material properties. Empirical
evidence shows that larger debris-flow volumes also result in higher peak discharges
(Mizuyama et al., 1992; Jakob and Bovis, 1996; Rickenmann, 1999) which in turn
are associated with higher flow velocities and/or larger flow cross sections and flow
depths.

Based on a momentum consideration for a flow travelling over a surface with a
constant slope, the runout length s can be described by the following theoretical
equation (Hungr et al., 1984; Takahashi, 1991):

sp = A} /G (13.10)
Ay = v,c08(0, — 0)[1 + gh, cosb,)/(2v})] (13.11)
G = g(Sycosf —sin0) (13.12)

where 6 = runout slope angle, 6, = entry channel slope angle, v, = entry velocity,
h, = entry flow depth, and S, = friction slope which is assumed to be constant along
the runout path and accounts only for sliding friction. The model assumes a constant
discharge from upstream and that there is no change in flow width after the break in
slope.

For given values of slopes and entry flow depth, (13.10) can be differentiated for
v,, to find an expression for v, for which s assumes a minimum value:

v, = [(1/2)(gh, cos 6,)]'/? (13.13)

For typical runout conditions on alpine torrential fans (i.e., 4, = 1-3m and
6 = 3-10°), the runout length calculated by (13.10-13.12) assumes a minimum
value for flow velocities v, ranging between about 2m/s and 4m/s, according to
(13.13).

Hungr et al. (1984) assumed S, = 10° and report good agreement between
observed values of s; and those predicted by (13.10) for five debris flows in
western Canada. However, when (13.10) is applied to 14 debris flows at the Kami-
kamihori valley in Japan using measured flow parameters (Okuda and Suwa, 1984),
better predictions of sy are obtained if Sy = 1.12tan 6 is used instead of S, = 10°
(Figure 13.4). Application of (13.10) to 12 Swiss debris flows of 1987 (VAW, 1992)
also results in reasonable predictions of runout length, by using Sy = 1.08 tan ¥,
when observed flow depths are used to estimate the entry velocity v, (Figure 13.5).
For the analysis of both the Japanese and the Swiss data, it has been assumed that
the main surge travelled in the existing channel on the fan to the lowest point of
deposition with essentially no change in flow width.
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Figure 13.4. Comparison between observed and calculated runout lengths for 14 debris flows
at the fan of the Kamikamihori valley in Japan, using measured flow depth and velocity (data
from Okuda and Suwa, 1984). Calculations were made with (13.10) and S; = 1.12 tan ¢, with
(13.14) and p, = 1.012tan @, and with (13.16) and g, = 1.01tanf, C = 100m"°/s (C is a
turbulent friction coefficient).
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Figure 13.5. Comparison between observed and calculated runout lengths for 12 debris flows
in Switzerland, using observed flow depths £, (data from VAW, 1992) and entry flow velocities
estimated with v, = (1/0.16) 1% (sin6,)" (Rickenmann and Weber, 2000). Calculations
were made with (13.10) and Sy = 1.09tan 6, with (13.14) and p, = 1.028tan6, and with
(13.16) and p,, = 1.01tan b, C = 40 mo's/s (C is a turbulent friction coefficient).
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A similar model as given by (13.10-13.12) had earlier been developed for dyna-
mically similar snow avalanches (Salm, 1966). It is worthwhile considering other
analytical expressions proposed for the estimation of the runout length s of ava-
lanches, landslides, or debris flows for comparison:

sy = v2/[2g( 15 cos 0 — sin )] (13.14)
Sy = V2/[2g( 11y cOs 0 — sin 6 + (v2/2C*h))] (13.15)
Sm = (C*h/2g) In[1 + v2/(C*h(p1,y, cos O — sin )] (13.16)

where (13.14) refers to the sliding block model (e.g., Sassa, 1988; Van Gassen and
Cruden, 1989), and (13.15) and (13.16) additionally include a turbulent friction term.
Equation (13.15) is given by Voellmy (1955) for a block element, and (13.16) repre-
sents the mass point model given by (13.6) and a solution for the last segment
(Kérner, 1980; Perla et al., 1980), where k = (C*h)/g. Here, C[m®?/s] is a Chezy-
like turbulent friction coefficient, and A[m] is the flow depth in the runout zone.
Similar parameters appear in (13.10) and (13.14-13.16), but the sliding friction
coefficients are defined differently.

A comparison of the Takahashi-Hungr model (equation 13.10), the sliding
friction model (equation 13.14) and the Korner-Perla model (equation 13.16)
applied to the Kamikamihori data with a relatively flat deposition slope (6 = 5.4°)
suggests that the two latter models produce a systematic deviation from observed
values of runout length for debris flows with higher entry velocities (Figure 13.4).
When applied to the limited Swiss data with generally steeper deposition slopes
(6 =7-19°), all models show a similar scatter (Figure 13.5). If, for the same
data set, v, is estimated via the surge volume and maximum discharge according
to Rickenmann (1999), the back-calculated best” friction parameters are
S;=1.12tan6, pu,=1.04tand, p, =1.01tand, and C=35m"’/s, to obtain
similar predictions and scatter as in Figure 13.5. The Korner-Perla model
(equation 13.16) requires u,, values very close to tanf, otherwise calculated
runout lengths are far too small for the two data sets. Chezy C values back-
calculated here with (13.16) are unrealistically large when compared to the
Korner-Perla model (equation 13.6) applied over the entire flow path to a subset
of the Swiss events used in Figure 13.5 (Rickenmann, 1990), or when compared to
simulations of the continuum based Voellmy model in the Kamikamihori valley
(Rickenmann and Koch, 1997).

In the idealized case of a mass point displacement described by the sliding block
model (equation 13.14), the friction slope p; is equal to the slope of the energy line
defined by the travel angle § if the velocity height 03/29 is equal to the vertical
distance between the energy line and the ground surface at that point (K6rner, 1980).

Equations (13.15) and (13.16) represent essentially the same model, and for
typical parameter values for debris flows at the fan, differences in the calculated
runout lengths are relatively small; differences increase if pu, ~ u,, becomes very
close to tanfd. Equations (13.10), (13.14), and (13.16) may be compared by



318 Runout prediction methods [Ch. 13

assuming cos(6, — ) ~ 1 (which is true for (6, — 6) smaller than about 10°), and by
first setting Sy = pg = p1,,, which yields:

ST/Sm = (BTS&)/(Bis) = [2 + gh, cos eu/vi]/[(Am/Ui) ln(l + Uzzl/Am” (13'17)
with
A, = C*h(ju,, cos 0 — sin 6) (13.18)

It can be shown that By is always greater than 2 and B,, is always smaller than 1.
For typical Alpine-type debris flows, By is about one order of magnitude larger than
B,,. If the three models are applied to the same case, this implies that the friction
slopes satisfy the condition: Sy > p; > p,,. This is an indirect confirmation of the
empirical observation made here that for the mass point model (i.e., equations 13.6
and 13.16) p,, values are very close to the depositional terrain slope tan 6, whereas a
limited number of applications of equation (13.10) suggests to select values of Sy
which are somewhat larger than tan 6.

For the examined cases, the friction slope S, in (13.10) appears to be close to
Sy ~ 1.1tan ¢. The friction slope reflects the characteristics of the flowing material. A
torrential fan has been constructed by similar flows in the past, and therefore the fan
slope at the expected location of deposition (tan #) may be be used to estimate the
friction slope S;.

13.4 CONTINUUM BASED DYNAMIC SIMULATION MODELS

Continuum based simulation models allow determination of the flow parameters and
deformation of the mass along the entire track, including deposition. In many
numerical debris-flow simulation models, the solid—fluid mixture is considered as a
quasi-homogeneous fluid. A number of models are partly or fully based on a
rheologic formulation for a Bingham or viscoplastic fluid (e.g., Fraccarollo and
Papa, 2000; Imran et al., 2001; Laigle et al., 2003). Several applications to natural
debris flows modified the pure Bingham model by adding a friction term accounting
for channel roughness and turbulence (O Brien et al., 1993; Han and Wang, 1996; Jin
and Fread, 1999). Others assume that inertial grain flow determines the flow
behavior. Most of these models closely follow the approach of Takahashi et al.
(Takahashi, 1991; Takahashi et al., 1992; Nakagawa et al., 2000; Ghilardi et al.,
2003). In general, these two-phase models allow for a variation in sediment concen-
tration and can also calculate bed level changes.

Iverson and Denlinger (2001) extended the 1-D Iverson (1997) model to multi-
dimensional flow (see also Section 13.2.3). Mixture theory is used to develop the two-
phase flow equations. The approach assumes that the apparent debris rheology can
evolve as debris-flow motion evolves. Constitutive equations (or rheologic “laws”)
are specified for the solid and fluid phases independently of one another, and the
solid and fluid phases interact through coupling stresses. Iverson and Denlinger
(2001) assume that the coupling stresses result from Darcian flow of fluid relative
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to the solid grains, and that this flow evolves with time and position. In their
approach pore pressure may vary within the solid—fluid mixture. The model is
reported to require little or no calibration because model parameters like basal
and internal friction angles of solid grains, fluid viscosity, and mixture diffusivity
can be constrained by independent measurements. The model appears to perform
quite well in predicting runout distance (written commun., R. M. Iverson, 2003).

Hungr (1995) proposed a one-phase model for rapid flow slides and debris flows
that better represents some soil mechanics properties of the fluid—solid mixture.
Different rheologic laws can be selected. The model has been applied to several
field cases (Ayotte and Hungr, 2000), and an extended version is under development
(McDougall and Hungr, 2003). A similar one-phase model was applied by Rick-
enmann and Koch (1997) to compare different flow resistance equations for debris
flows at the Kamikamihori valley in Japan.

A comparison of different modelling approaches with field observations in the
European Alps (McArdell et al., 2003; Rickenmann et al., 2003) used the following
flow laws (or constitutive equations) in the simulation models: turbulent laws (e.g.,
Manning, Chézy), some having also a stop term (e.g., Voellmy), laminar (Bingham,
Newtonian laminar, Generalized Viscoplatic Fluid), and inertial formulations
(dilatant/grain shearing), as well as combinations of flow laws when appropriate.
If the correct stopping location was simulated in the 1-D applications, it was possible
to approximately match the velocity observations in most cases. However, in this
case there is a general trend of under-prediction of flow depth or flow area. A general
conclusion from the 2-D simulations is that the topography (for given input con-
ditions) plays a key role with regard to the deposition pattern. A more detailed
spatial resolution of the channel and fan topography strongly improves the model
results in many cases. In comparison, the choice of a particular constitutive equation
appears to be relatively less important.

For several 1-D and 2-D simulations, a comparison was also made of the relative
importance of the three friction terms of the hybrid FLO-2D flow law approach
(O’Brien et al., 1993). In this approach, the total friction is determined as a combina-
tion of yield, viscous, collisional, and turbulent stress components where the latter
two are represented by one single coefficient. The comparison indicates that in many
cases the turbulent-collisional friction term dominates for faster moving flow in
channelized reaches; at slower velocities and in particular for depositional flows
on the fan outside the channel, a yield strength or stopping term becomes more
important as well (Rickenmann et al., 2003). As a relatively simple model, the
Voellmy fluid approach was found to be rather robust in terms of numerical
stability of the simulations, and the back-calculated Voellmy parameters are con-
sistent between the 1-D and the 2-D simulations.

For many of these continuum based models, application to a real debris-flow
event produced reasonable agreement with the observed deposition pattern.
However, for reliable runout prediction, the models should be first tested rigorously
against several field events. The simple friction law approaches in many of these
models require either estimation of the magnitudes of the friction parameters or
calibration of the models to match previous events.
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13.5 SUMMARY AND CONCLUSIONS

A variety of approaches are presented for estimating the total travel distance L or
runout length s of debris flows. The majority of the simpler approaches are
empirical-statistical methods which should only be applied for predictive purposes
to similar conditions as those on which their development is based. In general, these
models appear to be more useful for prediction of L than of s.

Topography and volume of mass movement control runout distance to a con-
siderable extent. If an analysis similar to the LAHARZ method by Iverson et al.
(1988) can be made for debris flows based on detailed data from the runout zone
topography, this method can potentially improve the success of empirical-statistical
methods for the prediction of the runout length. However, the assumption of a
constant inundation cross-sectional area along the depositional reach may have to
be modified for example on the fan.

The two parameter mass point model incorporating a Voellmy fluid approach
has been applied to 75 debris-flow events in Switzerland to back-calibrate model
parameters, and has been used for preliminary hazard assessments. A mass point
model based on the approach of Iverson and Denlinger (2001) has been successfully
applied to a study area in Oregon. These dynamic models are more physically based
but they also require some prior parameter calibration.

Among the analytical approaches, the comparison of the Takahashi-Hungr
model (equation 13.10), the sliding friction model (equation 13.14) and the
Korner-Perla model (equation 13.16) with two limited data sets suggests that
(13.10) is possibly more suitable for runout length predictions of debris flows than
the other two models. According to the limited number of applications, suitable
values of the friction slope S, in (13.10) may be around S, ~ 1.1tan 6, possibly
reflecting the characteristics of the flowing material that form the fan.

The most complete description of debris-flow behavior can be provided by
continuum based dynamic simulation models. Only for some model applications
were exact values of model parameters known or determined a priori. Typically,
appropriate values for the rheologic or friction parameters were assumed or back-
estimated from field observations. However, most of these models have not yet
undergone rigorous testing with field events, which is necessary before they can be
reliably used for predictive purposes. When comparing model simulation results with
observations of natural debris flows, some general debris-flow characteristics needed
for hazard assessment can be reasonably well simulated with simple dynamic models
if prior calibration of the model parameters is possible.

For the empirical-statistical methods, experience applying one method to
different settings is still limited; however, potential exists for applying them in pre-
liminary hazard assessments.

Analytic approaches may be better suited for reliable runout predictions for
detailed hazard assessments. In general, more systematic applications using compre-
hensive data sets are necessary to determine appropriate model parameters which
often cannot be assessed independently of a previous model calibration for similar
conditions.
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