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ABSTRACT

‘ <
o |

Mobile soil and rock avalanches arise from slope
& failuré in a variety of geological” and geomorphological
settings. |

In this thesis the mobility of ' soil and rock avalanches
1s examined on the basig of the concepts of liquefact%on and
steady “state of deformation. Comminution theories are
referred to for understanding the disintegration of rock ana

. . ]
-the formation .of fine-grained materials. Liquefaction 1is

proposed to e;count for the reduction of shearing resistance

§ s
of the fine-grained debris, thus, leading to mobility.

A sliding-consolidation mogel “is @evélopéd to predict

the characteristics of movements (run out distance, Velocity
T . 4 . 2 . .
distribution etc.); The factors that control mobility are

identified. It was shown that consolidation isbunimportant.
N - T -—

Slope reduction dlone then, accounts for movement

deceleration,

L

Liquefaction is found to play a fundamental role in the

mobility of the landslides. Experimental work is c¢onducted

-

to explore some ;elevant\aspect.s‘ of liquefacsion concerning

the Steady State Line. 'It is shown "that~—§§: soils with
grains of the same nature the relative position of the SSL
is g function of the coefficienfy of uniformity with all

SEL's parallel,.

E

iv



Parametric analyses are conducted with the main purpose
of identifyiAg  the relevant parameters controlling the
mobility of the sliding mass.
ﬂ Matching of movement history of real cases is used to
show the validity of the model. Data concerning the history
of movement published in the literature are analysed and
compared with. those determined by the application of the
present model. The remarkable agreement between the
predicted values” and ‘those' recorded in the literature
illustrates the validity of the model and giQes support for
its utilization as a predictive tqylﬂ}or the detérmination

. .

of the characsgristics of the dynamics of flows.,
: ¢
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1. INTRODUCTION

1.1 NATURE OF PROBLEM

When slope failure takes place the slide debris may
move from a fraction of a metre to“ several tens of
kilometers. Mobility of debr}s“depends-on several factors,
but the geometry of the slope and the material
characteristics are the most important. Very mobile
movements such as rock debris avalanche;, flow of tailings

and mine waste and submarine;debris flows are the subject oﬁQ
S

this thesis.
Soil and rock . debris- ayalanches) occur in many

geological and geomorphological ttings. Cyses are reported

Y
b

from mountainous regions, from n 'floof and
elsewhere. The main attrfbutes of thése mass movements are
the ; iarge volifines of material that are involved and the
g:eaEE mobility that they exhibit. Materials rénge from
) clayey soils to boulders and‘hard rock. °

Lafge debris avalgnches occur#ing in  mountainous
regions are. particularl} mobjle, moving at very large
velocities and reacﬁin§ co;siderable distances. These
avalanches are some of the most dest;uctivé natural hazards
encountered by man." They have been reported for centuries.
To mention just a few of the recent examples: o s

o I . 5 .
a) The Nevados Huascaran Mountain avalanche that occurred in
Peru inﬁgpril,'1970 involved around 70 X 106m3 Qf dgbris

o3 ’ N

- 1.



that travelled about 16 km in.only 3 migutes. An area of 23
km2 was devastateé. Small villages were covered by the
debris and about - 18,000 -'people were killed by this

disastrous mass movement (Plafker and Ericksen, 1978).

b) The Mt. St. Helens avalanche (1980) in the United States
occurred in a sparsely populated area and few people were

killed. Nevertheless an area of approximately 60 km2 was

completely dgvastated by 2.8 «x 109m3 of debris that
travelled for 23 km in about 10 minutes (Voight et al,
1983). ﬁ

In marine environments, landslides may be transformed
into large mobile debris flows that move for hundreds of
kilometers. Velocity records occasionally come from the
timing. of cable breakages on the sea floor. Such 1is the
case, for instghgé, gf the "Grand Banks Slide, 6ff the coast
of Newfoundland which involved 760 X 10°m> of debris and
moved for 800 km in about 13 hours (Heezen and Ewing, 1952).

A less mobilev type of movement, “involving‘ a
co;siderably ;maller volume of material results from tpe
~failure of tailings dams or waste tips. Masses often move
for hundreds of_ metres and the effects can be extremely
hazardous. Failure ;f the Aberfan tip of loose coal mine

3

waste produced a movement of about 60,000 m~ of material

that travelled around 600m in about 1 minute, entering the

-

village of Aberfan and resulting in 144 casualties.



Many other examples have been encountered all over the
world with comparable magnitudes and destructiveness. They
all have in common great mobility and, generally sp;aking,
involve large volumes. Even if lives are not involved, the
hazard to the environment is still immense.

Major catastrophic landslides claiming the wgreatest
number ofe lives and causing great damagé to property come
mostly from natural slopes. Failure 6f man-made slopes or
cut slopes tend to be less disastrous. Large - natural
landslides, caused by. naturai forces without the
intervention of man include cases such as Huascaran, Armero
(very recently), and St. Helens. Man-made landslides refer
to problems éuch as failure of- tailings dams and mine waste

C e

tips. Chapter 7 discusses several of these,cases.

Although rdre, major rock debris flows are mainly
associated with major mountainous areas: Rocky Mountainsg of
North America, Andes of South America, Alps in Europe. Other

minor and more common, problems originating from failures of

tailings dams occur héhrbughogt the »worla, generally
speaking, due to a,lack.of good engineering practice. )
Natural events tend to.show 3ome degrge of periodicity:.
Landsiidés may occur more than once ip the same glace, since
an associated cause, for iﬁstance, an earthquake, is likely
to happen again.UThis is the case of Huascaran, for;ex;mple.
Periodicity of} events may lead to ‘é probabilistic
-.approach ;nd the establishment of risk maps, reiafed tolfhé
detection and utilization of uristable terrains. Such -an

L &
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approach, for example, has been used in Switzerland. ?
Perhaps the most intriguing problem is the charact;?'of
inexorability behind natural slope failures. Man-made
structures can be made safer or placed in an area of
controlled risk t?_property and life. Natural slope failures
are less predictable. Therefore, if location of population
and occupation of land is concerned, attention must be drawn

to the mobility of landslides.

Predictive tools are still 1limited in number and
[ 4

_pbtential. This thesis offers a predicfive tool, based on

the mechanics of mobility postulated in Chapter 5, and,
~
therefore, is more deterministic and less empirical. |
A basic problem in relation to Athis class 6f mass
movements is the need to account for their extreme mobility.
As pointed out by Morgenstern "(1985), }the ﬁéed to
uﬁderstand the mechanics of fast "movements of earth and
disintegrated rock is of more than academié interest, since
they remain among the most cétastrophic of landslides
hazards. Structures hav? been designed to cope with this
class of problem. They include structures to retain or to:
deflect the flowing mésses which must also be able to
withstand thé rimpinging loads. The dgsigﬁ of. these

structures requires a knowledge of the velocity and internal

structure of the‘landslide mass.
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1.2 THEORIES OF MOBILITY
Many investigators have been concerned with the problem
and many theories have been formulated to explain mobility. "’

None of them, . h0wevef, have Aproved to be consistent or
applicable to more thanoone case (Hungr, 1981).

‘ As pointed out biiHeim (1932), 1large, apparéntly dry,
rapidly moving masses of fragmented rock sustain velocities
on slopes far flatter than consistent with any reasonably
assumed dynamic friction angle.

V§ri0us competing theories of mobility are almost
totall§ devoted to seeking a meéns to justify a reductig; in’
frictidn. They include lubrication by mud (Heim, 1932), air

fluidization (Kent, 1966), entrapped air tushion (Schreve,

ﬁ968), vapour fluiaizétio% (ﬁabib, 1975) and dissociation
//due to rock melting (Erismann, 1979). .They are all open to
criticism, given the limited available evidence (Hungg!
1981). Moreover, they do. not provide any reasonable
preéictiVe tool. ’ '
Mechénicé; fluidization (McSaveney, 1978) has been
. postulatedd to explain a reduction of friétion at high
~shearing fates,' on the basis of changesV from simple
frictipnél to complex velocity—dependgnt flow behaviQur;

e

According5to-Hungr and Morgenstern (1984), however, .tests

with high shear strain rates showed that friction remained
FREantri 7 -

essentially unchanged. )
. , , : ‘
Empirical and semi-empirical models have evolved. These

[ . . : - °
models, ranging f{om) linear - viscous .to Bingham viscous
. L ;

13



~limitations, as discugsed in Chapter 2.

0
. .

- . ! J
. .

plastic models; are analogous to a total stress approach of
the problem. Again, ; these . models present several

3

~

-~

1.3 SCOPE OF THE THESIS

B

In this thesis the concepts of liguefaction and the
steady state of deformation are used to . interpret the

mechanics of mobility. @& sliding-consolida®ion model Iis

édopted as a basis for explaining many examples of movement.

The app}icatién]of the model to some case histories showsg a °
remarkable agreement with the/{ew records of runout distance

“and timing th t are available. The sliding—consolidetioh

model is applicable to "a wide  variety of materials in
different geolobical settings.

This theslis offers an alternative approach to the

analysis of mpbility. It first postulates a conceptuaf
framework- utiljzing standard geotechnical 'ptincfples and
concepts to establish the physics of mobility This is then

applied, followi g the several stages, from slope failure to

'Amobflityvand ceséition of movement ’ . .

Chapter 2 presgnts the types of movements under concern

in this thesis, their characceristics and discusses some

N\

basic definitions in ah attempt to eliminate any possible-

cenfusion. _ . I~
One stage of move ent dié@ntegration, is focussed in

Chapter 37 under the moke general heading of Comminution of

Rock. This chapter offers only a brief account of the

v,
‘
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processes involved to produce the required grain size -
-

distribution, understood to be one of the imporfaﬁ%-aspect

3

of mobility.

Chaptér 4 presents a detailed accouynt of liquefaction.

This is the basis for'pore pressure generation and reduction

of shearing resistance of granular material. The factors

that account for liquefaction are.descrfbed, such as stress

state, density states of sands, grain- size distribution,

7

grain type and shape and grain angularity.

A research program was undertaken to determine the

-

-
liguefaction properties of granular materials as a function

of their gradé%ioﬂ{ﬂéands used were made of angular grains,

For these tests three different gradation curves,’ several

different soil conditions and different consolidation

pressures were used. Results of this research program are

presented in Chapter 4. '
Chapter 5 detai&s the physicS*of mébility. The stages
involved are discussed using the concepts -developed in the

prev1ous chapters.

.i

In Chapter 6 a mathematical model is developed as a

[

basis of, pred1ct1on of the dynamlcv characteristics of

mogements.

-
'g‘

' Parametrrc analyses are conducted in order to 1dent1fy

the most 1mportant parameters govern1ng the mob111ty of

arth masses. Spec1al1zat1on of the equat1ons are carrled

- out for rock debris avalanches, flow of ta111ngs and mine

<

waste and submarine debris flows. ; o .
) I o .
. 1 A\ . A . . . . c
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To show the adequacy and consistency of the model

developed 1n this thesis, case histories are analysed 1n
Chapter 7. Hilstory matching of the movement 1S used to
support the validity of the model.

Chapter B8 summarizes the major conclusions of this
thesis and sets forth the basis for further research in this

area. .



2. MOBILITY OF SOIL AND ROCK MASSES

2.1 INTRODUCTION
Research efforts withi respect to the stability of

slopes have been mostly difécted'to two qreas:

.

1) methods of slope stability analysis
2) the wunderstanding of the causes and processes of
failure

The results from these investigations have Dbeen
incorporated in methods ot design for cut-slopes or man-made
slopes (embankments) where both investigations and control
are carried out in order to establish vthe appropriate
measures that must be taken to ensure safety.

Problems still exist concerning the stability of
natural slopes. In spite of all the efférts a great deal of
‘uncertainwy still prevails in Geotechnical £ngineering.
Slope failures ogcur bringing a different type of concegn tb
the people involved with this problem: how will properties
and aives be affected if a slope failure occurs?

This bésic guestion reflects the inexorable charactef
associated with slope failures aﬁd introdces a new aspect
of the problem related to the mobility of the failed masses.

Wherever there - are unfavourable fbpographic
irregulariiies, natural tor man made, and unfavourable
material condigi‘Ps coupled with som@. external agents
(earthquakes, for instance) beyond man's control, failures

L&

may take place.
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We are still unable to address satisfactorily such
problems concerning the safety of a slope. Will it fail?

.

When will it fail? What measures should we take toc prevent
slope instability? If areas of risk or unfavourable
conditions are to be occupied, some risk will have to be
accepted. How can the risk be ascertained?

It has been discussed in Chapter 1 that catastrophic
slope failures have occurred and are likely to occur again.
Even théugh slope failures may th;Eaten lives and” property,
not all of them present the same degree of danger. It 1is
clear that further knowledge regarding this class of problem
is still to be desired. Bjerrum (1966) stated that "a devil
of landglide seems to laugh at human incompetency”. Changing
that still belongs to the future.

Knowledge concerning the stability of a natural slope
is limited due to the unknown characger of the materials
involved and their behaviour. Acceptingathe likelihogd of a
movement to occur, how can we assess its destructiveness and

how far and how fast will materials move?

The threat to lives and property” is related to these

——

basic gQuestions. The nature of the problem would be
completely differeng if warnings could be -made and time
allowed for relocation of people énd property, even though a
great deal of inconvenience would still exist.

The main object of this chapter is to asseés the’
problem of mobility and to review a possible explanation. We

are particularly concerned with the degree of mobility, the
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search for plausible explanations and the development of a
predictive model. |
To follow a more systematic approach, even though a
discussion of classification'éystems is not to be pursued
here, some badic differences in movement characteristics, in

material properties and behaviour and environment should be

appreciated.

2.2 CHARACTERIZATION OF\ MOVEMENTS

The distiﬁguishing‘ features of the various types of
movements will be explored here in order to systematically
evaluate their mobility. Vechity,‘type of material involved
or environmental conditions may all be used to define
classification groups. An important aspect of classification
systems is that some important common features. are always
emphasized and problems. with terminology are avoidég. The
mass movement problem, for instance, has attracted many
debates with respect to the significance and appropriateness
of names such as landslidé, slide and fiéw.

The moré‘traditiohal names in the literature‘will be
retained here if their meaning is not ambigwous. Others will
have to be redefined as convenient. : ¢

The term slide is usGally reserved for movements of
materials along. recognizable shear squ?ces. Differences in
strepgth between‘the basal or bottom layer and tﬁq upper
material defines the qohdition for slide as a rigid block

which ie also referred to as a "plug flow". The upper



material rides over the bottom layer. N

Flows, peculiar to mass movements as well as to mass
trgnsport, are better represented by the conditions where
material moves like a "viscous mass”, whereby intergranular
movements predoﬁinate over shear surface movements. Earth
materials ;hat are uniformly weak 1in resisting internal
distortion move as flows.

Approximate velocity distribution for these two cases

are i1llustrated in Figufe 2.1.

Distinction will be made 1in this thesis between
subaerial and subagueous movements. Although this
_characterization seems to be ﬁoo broad and may embrace all
kinds of movements, mobile movements are markedly affected
by the medium in which they take place.

Supaerial movements to be studied here incorporate rock
debris avalanche§ and flow of tailings or of mine Qaste-
origin&ting from the breakage of tailings dams or of waste
tips, respectiQely. Subaqueous. movements of concern will be
submarine debris flows. Turbidity currents are discussed 1in
association with the submarine debris fiows. |

A major difference between subagriél and * submarine
slides is the medium in which slide ‘takés piaée. A
consequence of this is the néture of the resisting force
oéposing the movement. In the first“case the drag resistance
exerted by the air 1is negligible 1in relation to th;?

magnitude of all the other forces involved (e.g, weight) and

the resisting force 1is the frictional resistance. For



Sllde F"plug flOwn)

_Figure 2.1 Velocity Distribution for Slide and Flow
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submarine debris flows the. drag resistance exerted by the
water assumes a relevant magnitude. The different nature of
these resistances imparis to the movements different

characteristics as well. Another 1important difference

between both groups of movements is related to the magnitude.

of the shearing stresses along the interface between the
medium and the debris, again with great implications on the

resulting behaviour of the moving debris. ..

2.2.1 Solid and Fluid Flows

Figure 2.2 adapted from Morgenstern (1985) illustrates

the association of Geotechnical Engineering  with
environmental haéargs with.emphasis on movgmen;s of eartﬁ
materials. The earth materials involved incopéorate g&ils
(éiay, silt, sand) to gravels, for submarine debris flows
and to rock boulders, for sﬁbaerial slides, and water. The
tw&jgbmponents,'solids and, water, may also be present in
different propértions and, depending on the concentration of
solids with respéct to water, moyements can Se considered
solid or ligquid. » N

It may be difficult to draw a fine line of distinction
between the two when one group merges imperceptibly-into the
next as water content increases. |

v

Penck (1894) distinguishes between mass movement and

g . -~
mass transport. The first term describes movement under the

influence of gravity and without a trénsportation medium,

Mass transport tallows material to be carried in a moving

-
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&
medium such as water, air or ice and will not be considered
here.

On the basis of Figure 2.2 only the movements of earth

materials (solid flows) are of concern in the present study.

°2.2.2 Speed of Movements

A failing 'siope undergoes deformations that can be
related to time. Deformatién rate can be eyaluafed and, at
least for slow movement, can be used as a basis for warning
and prevention.

Since our major concern is the incredible mobility of
some soil and rock masses, it is of interest to define how
fast-a movement must be to be considered mobile. Figure 2.3
(Varnes, 1978) shows a diversity of movements and their
ratles on a relative basis. Although it may be difficult to.
define rupture on the basis of déformation rate, fhe scale
of Figure 2.3 must be apprec%ated under thisqaspect. It is
relevént to indicate at least qualitatively that two
different considerations of movement are ‘presented there:
deformation rates for slopes during khg process of failure

and movements&of~ma£e:jals after slope failure has. taken
place and the debriéﬁ)is undefgoing a mobile stagé_;and,
therefore, is "fiowing".

The d;formation.rate is also related to the reach of
the debris. The failed mass may remain in place aftef a

slope failure, on the slip surface, or move very littPe.

_Generally speakillg this 'is' basically characteristic of

>

-



extremely
rapid
v 3 m/sec
very '
rapid “
. 0.3 m/min
rapid :
1.5 m/day ,
moderate
1.5 m/mo.
slow
1.5 m/yr.
very ’
slow .
0.06 m/yr.
éxtremely
slow

'Figure 2.3 Classification of Movements Accoréing~to their

Speed (modified after. Varnes, 1978)
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movement with very low deformation rates. Conversely, the
debris may move considerably aféer slope failure, reaching a
travel distance of the order of several kilometers. This is
certainly the caseéforqvery fast movements. The movements we
are concerned with are very mobile and exhibit average‘

speeds over Im/s up to the incredible speed of the order of

100m/s.

2.2.3 Triggering Mechanisms of Failure
According to Terzaghi (1950) there are two ways
l@naslides can be set in motion:
1) external causes resulting in increase in stress
2) internal causes that result in a decrease in the
shearing resistance of the material. \
There could also be a third category where a

combination of the above causes would lead to instability.

-

N *
The mobility of the mass is not dependent on  the

triggering mechanism. Even the effect of an earthquake
‘causing a slope failure seems to . be irrelevant in

controlling the mobility of the moving debris.
2.3 SUBAERIAL MOVEMENTS{

< 2.3.1 Rock Debris Avalanchep
516pe failures occur, characterized by type of rock
movement, for instance, as rock fall or rock topple (Varnes,

1978). Although these terms imply some movement, they do not

4 A

e”
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characterize the mobility of rock debris masses.

Further mobility appears associated with a succession

of events suc ope failure (rock topple or fall or any
other grafvitational movemeht);' breakage of ?ock as’ a
consequence of energy changes; formation of well graded
debris from siif to boulde?s; mixing with water; pore
pressure generation and strength reductién. Movement then
proceedé as a conseguence of a reduced strength of the
debris. | |

A revie@ of the initiation mechanisms is presented by

Hungr (1981). Disintegration mainly occurs at a major change

of slope or from a rockfall in such a way that  pbtential
f ‘t‘;'

~

energy is spent to break the rock.

Mobility ;as;been shown to be‘a function of the-volﬁme
of the failed mass (Heim, 1932; Scheidegger, ]973; Hsu,
1975; Eisbacher, 1979). Therefore, mobility, seems to follow
a transitional behaviour. Minor rock falls do not generally‘
form flows, and their debris may only spreag out over the
surface of 'a slope toe forming a talus slope.ae‘

It appeafs that mobi}jty is also.related to the degree

" of breakage, which in tgfh also reflects the rock type and

the helght of fall.

‘One very’ much debated aspect of this class of movemen"
is the term1nology. Skermer (1984) quest1ons the usage of
names such’ as rockslide since these events 1nvolve lxtg;ﬁ/
true 511d1ngs Varnes (1978) has used the term rockfall

avalanche. Skermer (1984) suggests that. this term_1mp11es
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small-scale events. In our view it also suggests a type of
initiation of movement. |

‘Voight et al (1983) uses the term rockslide avalanche
and as a compromi;e Skefm%r follows Eisbacher (1979) and Hsu
(1975) in adopting the German term suggested by Heim,
"sturzstrom”.

In this thesis we use the term rock. debris avalanché
adopted by Morgenstern (1985). Although the term is more
cumbersome, it 1is les% biased compared with theuother terms
above and more suggestive of - the Anature of vmovemeht and
materialywe are dealing with,

Borréwing froﬁ Johnson (1970), rock debris avalanches
could, therefore, be defined as _ large movements of
admixpures> of bfbken rock, coarge partiéies and fine
péfgicles, with water (from any source) 'invoiving large
,Avoldﬁés df\éebris ahd attaining high velocities; Coﬁsideringf
the large volumes involved and Khe,lérée/velocities,\it is
possible to evaluate how cg;asfrqphiq thése movements afé; )

According to Varnes (1978), rock avaianches are
classified as complex mass ﬁovements; consisting of ‘three
.distinct stages: initial movement, disintegration and flow.

Tke'initiai movement (fall, topple, collapse from steep
cliffs) and the second _stage (disintegration) are dhite well
understood. The third stage, flow, as referred té'by Varnes

(1978) is of main interest in this thesis and chargcterizes

the mpbility of the rock debris.
5 s
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Sin;e the Elm Avalanche in 1881 (Buss and Heim, 1881)
investigators have> been puzzled by the mobility of the
debris. | O

Large rock debris avalénches tend to move much further
than could be predicted using frictional models without pofe

pressure, Questions have been raised, then, whether a large

volume of material would correspond to a decreased friction

angle or 'whether a reduction of the dynamic friction
coefficient occurs in ; granular material, when sheared at
extremely high rat;s (McSaveney, 1978).‘

According toHHungr and Morgenstern (1984), experiments
including flume flow tests with velocities of up to 600 cm/é
and ring shear tests with peripheral velgc{ties of up to 100
om/s indicated no significant:'ratefdependenf reduction of
the frictional strength, at these rates and over a range of

normal stress 'levels. These tests were conducted for various

materials, including rounded -and angular uniform sand, dry

" or wet,sand and rock dust mixtures and polystyrene beads.

Sassa (1985) provides confirmation of the ahove findingsg §ﬁ

the basis of high'§peed ring shear tests.
. - ' < ) .
» . Let us explore some -properties ofJEhe‘debris and of
. ’/ 3

¢

their movement.

]

The thickness of the debris sheet is certainYy related

a

to. the volume of the debris but also- depends very much on

the topographic cdnfigqratidn of the valley along which

'movement, takes place. This thickness increases when the

valley narrows down and flow i$ channelled\{n narrov gorges,

t
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The thickness also decreases as the valley opens up. The

debris sheet ot the Huascaran Mountaln avalanche, for
ate ’

instance, exhibited a variable thickness of 80 to 160m 1n

the movement along the irregular channel (Korner, 19847.
Hungr® (1981) correlates the thickness of the debris sheet
with the volume of the material, although with great

_ A\
scatter. The thickness considered by Hungr, however, 1s that

after movement has ceased. As debris’opens up at fans at the
end of movement, its thickness 1s sti1ll dependent on "the

width and shape of the valley. Therefore, debris moves

fitting the valley it travels on and spreads 1nto a tah-like

lobe when 1t reaches Open terrain.
: M
Not wuncommonly the irregular and tortuous topography
along movement creates obstacles to the debris. Movement may
ny

come to a stop or the debris eilther are divéff@dgby a rock

O
wall or climb it to a height referred to as run up. Debris
also superelevate as flow proceeds around bends apd t he
surface of the debris tilts.

Several investigators (Voight et al, 1983; Plafker and
Ericksen; 1978; Korner, 1984) have used the'superelevation
of flows around bends as well as run ups to determine the

velocity of movement at these characteristic points. Their

. . 9 . )
analyses based totally on Fluid Mechanics considerations and

without attention to any flow resistance lead to the

» velotity V as: :

V=VvV2ghg [2.1])
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g

determined on the basis of run up measur €4 by the vertical
”n

distance h, or as:

V =y g R tanf cosg . [2.2]

determined as a function of the superelevation tilt angle €,
the 1inclination B and the radius of curvature R of the
channel. In both eguations g 1s the acceleration due ‘to
gravity.

The rundut distance of the debris has been shown to be
related directly to the volume of /the material 1nvolved,
although with great scatter. Heim (1932) was the first to
note such a relation. He défined the inclination of the line
connecting the highest point of the landslide crown with the

L
most distant point of the toe of the debris as the

"fahrboschung” (travel angle). Heinm, then, wused the
"fahrboschung” to characterize the mobility of the debris. A
small value of this travel angle indicates great mobility‘or
a large travel distance.

Table 2.3 indicates his correlation betyeen the travel
angle and the the volume of the debris. Almqst all the cases
he used are avalanches that occurred in the ‘Swiss Alps,
bearing many similarities and, therefore, justifying such a
remarkable correlation.

Other correlations of the same type appeared
(Scheidegger,1973; Hsu,1975; Eisbacher,1978) , with little

modification of the basic definition of Heim such as

.



24

SIS ; &
T o 11
v - w2 21
o7 B vl
» n 91
-y
- S o 4
S T , €¢
- . T, sasibap ‘D)
3¢ Am”uu.;. .
P TE TLeYl i Ll 8 1bue
Jop e~ TGy sunyosoqaey
>
L]
%

(HTOH 183j® pPaTJIpoOw) SISSeW [[Bj;ni0d JO 321§ O3 adueisig

(4in3 ,06)
sutTd

(van3y ,0¢)
1e31apuey

nep1oY
Nueaiq

(uansy
,09) w13l

19TQUOW

o101y

113 x>0y

‘ (CEBL ~

T9a€1l jO uoT3IeTdY |'Z ajqel



25

considering the line joining the centers of gravity of the
-~

masses invoived (Eisbacher, 1978) or c¢onsidering the
excessive travel distance. This is the distance reached by
the debris 1in excess to that obtained by a nqrmal friction
analysis. Nevertheless this correlation has not been
improved. Since many other cases were incorporated,
involving different materials and environments, the scatter
of these comrelations has increased.

Due to common large irregularities and tortuosity of
mountalnous channels, debris qundergoes. considerable
differential straining, normally leaving longitudinal
deposits. 1f soft deposits are also crossed, incorporation
of material may occur as well due to the eros{ve‘action of
the moving debris.

Inaccuracies 1in the determiﬁation of the centres of
gravity of the masses involved, “Nowever, exist and
contribute to the poor correlationsL notéd above when the
line joining the centres - 0f mass is considered.
Additionally, differential straining along the debris during
movement as a consequence of slope irregularities, as well
as the uncertainty with regard to any volume of debris left
behind worsen the above correlations. The main ‘reason for
this scatter comes from the fact that some controlling

A
factors to be explored 'in this thesis are not being
addressed properly. These are mainly related to- thg’

properties of the materials, the geometry of  the debris

sheet and the geometry of the slope profile along movement.
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What 1s also imprei§ive is the amount of disintegration
undergone by rock after slope fa{}ure, as 1t experiences
fall, impact and subsequent movement (Plafker and
Ericksen,1978). As a result the debris are in general
comprised of well-graded material ranging from silt size to
boulders up to tehs of metres in diameter. Véight et al
(1983) determined for samples of thé‘debris of the Mount St.
Helens Avalanche, excluding boulders, a coefficient of
uniformity ranging from 13 to 300. Such high values for the
coefficient of wuniformity have great implications to our
study as we shall see in Chapter 4.

~ Another particular feature of the grain size
distribution is the large concentration of fine grained
material at the lower zones of_Ehe debris sheet with the
coarser particles and boulders at a higher elevation.
Boulders in fact are carried by the debris.

Such an "inverse grading” as noted by Heim (1932) hés
also been seen in connectieon with a great number of sliaes,
as indicated by Hungr (1981), observed at Goldau and
Saidmarreh (Watson and w}ight, 1967), Frank (Cruden and
Hunér; 3986) and yadison,kHadlej, 1964) . Evéns-(1985) Tas
also observed invéféé grading at Mistery Creek, Hope Slide
and Devastation Glacier in Western Canada. N

Many other cases were composed of a large percentag;'of
fines and,) therefore, the 'inverse grading could not be
properly identified. Fine-grained material was distributed

throughout the thickness of the debris but, again, mostly

?:}
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concentrated at ghe bottom layer. This was observed at
Rubble Creek (Moore and Mathews, 1978), St.Helens (Voight et
al, 1983), and Huascaran (Plafker and Ericksen, 1978).
Boulders occupied the upper surface of the debris sheet and
were carried by the fine matrix.

Inverse grading had been credited to "kinetic sieving”,
where the fine particles are sieved duringwmovement through
the open voids left by the coarse particles. In this thesis
a different proposition is put forward to account for the
inverse grading. It is also our view that some sigying could
occur as well 1in cases wher? the coarse ©particles

predominate. : :

2.3.2 Flow of Tailings and Mine Waste

Movement of tailings and mine waste present some basic
differences in comparison witﬁ rock debris . avalanches.
Tailings are in general finé grained mater}als, mainly sil}
and _sand, that result from the grinding processss for
mineral extraction. Therefore, breakage does no£ také place
as was described in connection with rock debris.

Tailings are often saturated. According to Jeyapalan
(1983) a characteristic common to most tailings dam failures
is that mine tailings tefid to liquefy and flow. over
substantial distances with potential for extensive dam&ée to
property - and life. Although this can be true for séme

movements, others show very'small runouts in spite of the

reasonably largg¢ velocities attained.
K " \
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Mine waste 1is wusually well graded. Although not 1in
general saturated 1t does not need much water for
saturation. High pore pressure can be generated under
undrained loading.

S

Flow of tailings and mine waste under these conditions
may be expected to travel- extensive distances in case a
large topographic gradient exists.

Movement of liquefied tailings and mine waste has also
been extensive 1in somi/flat areas. Runout and velécity are
usually related and dépend on the slope inclination. - Failure
of a coal stockpile in Australia (Eckersley, 1984) has led
to movement of debris'bn a horizontal surface, of 60m 1in
15s. The rupture of the Aberfan cogl waste (Bish&p, 1973)
produced ; movement of 600m along a slope of 12°, in about 1
min Talmost 9m/s) .

These movement are in general of short duration,
extremely rapid and are among some of the most dangerous
types of slope movements, when occurring close to
communities.

~ These movements will all be analysed by the model
developed in this thesis, although some of theirrrpasic
charactéristié attributes may be different.

Some movements involving.sfher materials may, however,
bear éimilarities~with the flow of tailings and mine, waste,
such as occuf-in the residual soils of Hong Kong (Lumb,
1975), and-of Rio de Jgneiro‘(Barata, 1969; Costa Nunes,

1969; de Matos, " 1974). In these .areas, the collapse of
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residual soil (mainly silty)'and further disaggregation by
water leads to periodic catastrophes during the intense
rainfall of the rainy seasons. ’

"Morgenstern (1978) reports cases in Hong Kong and
Brazil associated with the instability of slopes in residual
soils, attributing the high mobility of these masses to a
collapsibie state of the original material. Su¢ch a state is
characterized by the ability to generate pore pressure and,
therefore, flow Jith a reduced shear strength of the
material.

Tailimgs, in general, consist of sﬁlt and sand.,Mine
wasté is somewhat more unsorted debris, comprising clay agé
silt to small boulders. Nevertheless, they all exhilt
Similar behaviour as fif,as mobility 1is concerned. Flows
start after a tailings dam breakage or after a mine wasbte.
dump failure (Jeyapalan, 1980; Lucia, 1981).

N Volumes,invoived are usually small in comparison with
rock debris avalanches. Nevertheless they have Dbeen

hY

responsible for some impressive disasters as Qell.
2.4 SUBMARINE SLIDES

The intense geologic pfocesses ‘active on the "océan
floor have been appreciated, for a long time, in connection
wigh erosion ana sedimentation‘or even volcanic activities.
and earthquékes. For example, Milne (1897) was perhaps thé
fiiét to associate‘the problem of cable breakage with slope

instability caused by earthquakes.
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Modern investigations of the continental shelf in
connection with engineering activities have indicated that
sea floor instability can occur on such flat slopes with
angles ‘as mall as “1° or 1less, due to extremely low
strengths/iji}hited by the sédiments. In areas such as the
Gulf of Mexico, off the delta of the Mississippi River,
where a heavy load of sedime;ts is brought continuously
(McClelland, 1967), the sediment is in a state of
underconsolidation leadlng to periodicél slope instability.

‘ A ¢
2.4.1 Instability of the Ocean Floor

Submarine slope movements have been the cause of
breakage of communication cables (Milne, 1897;'Heezen and
Ewing, 1952; Terzaghi, 1956) adp of damage to offshore
plg;forms (Bea, 1971; Sterling and Str&hbeck, 1973).

Prior and Coleman (1984) discuss four types of
instability processes: submarine falls; SIides or slumps;
flows andifurbidity flows.

Leaving aside some pfoblems of terminology as,6 also
indicated for subaerial landslides, it suffices t§ say that
falls, slides or slumps, irrespective of théir magnitude
tend to be localized or show littig displacement relatively
to their magnitude (Terzaghi, 1é56; Pfﬁor and C&leman,
1984) . | | |

Mobility is exhibiteq‘by the submarine debris flow and
turbidity curreuts (or flows) which are discussed in more

detail here.

-~
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2t4'2 Submarine Debris Flow

According to Hampton (1972), lahdsliding, éebris floﬁ
énd turbidity currents are all mass transport processes that
involve gravity-driven movement of mixtures of solid
particqu and water.

Debris flows can be mobile at high densities and low
water contents (Hampton, 1972). In contrast a turbidity
current is a dilute turbulent cloud with density as low ag
1.1 t/m3, that moves downslope because its density exéeeds
that of the surrounding water; These two mobile forms of
submarine movements age of concern here. ‘

Turbidity currents generally exist in connection with
estuarine areas where particles are tranéportéd by the flow
of water angd, therefore, are nbt treated ' here 1in this
context.

Hampton (1972) states that turbidity currents may be
generated in the oceans as part of *the sequence from
landsliding through debrisAflow to turbidity current.

Morgenstern (1967) calculated that -submarine slumps can
be expected to accelerate to'high vglocitieé‘if streﬁgth is&

redhc;d significantly at failure and if expulsion of water
is sufficiently slow. Terzaghi (1956) states that submarine
sediments are very loose, in a metastablé state. If a slide
or slump is triggeféd, ¢ollapse of the structure and
undraian loading under the self-weight - of the sediments

generates high pore pressure, thus reducing the sfrength and

accelerating the sediments.
4
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This 1is basicélly the formation of the debris flow, to
be developed in more detail in the, following chapters.

Hampton (1972) conducted gxperiments to determine how
water mixes with the sediment og a subagueous debris flow to
initiate a dilute turbidity-current flow. The experiments"
were performed in a glass-sided tank G.bOm long, 0.90m wide

and 0.90m deep. A tfansparent semicircular channel, 5.40m

[~ 4 L T a » . . "
10ng-a&dfﬂ'1§ﬁ in diameter, was placed on a tilted plywood
7 gd “hE
floor “wieB¥b the tank. The tilt of the floor was 7°.
gt A

Kaolinite-water slurries were mixed and pumped into a lock
at the upper end of the channel.

As the lock wa; opened and slurry entered the channel,
the front, or snout, of the fiow typically assumed a rounded
shape. Erosion along the rounded surface of the snout took
place taking matgrial and forming a low density cloud. The
cloud continued to form as the front of the slu:fy flow
* travelled the entire length of the channel, as illustratgd
in Figure 5.2, |

Qccagionally, a coherent chunk of slurry was changed
back and forth from a wedge-shaped to a blunt profile
(Figure 5.2). -

Hambton (1972) states that, although the exact location
o} the‘poinb of sepa?ationAwas not easy to .define in'éll
instances, three diétinct zones always exisfed: the debris
flow proper, the zone of reverse shear and the dilute

turbulent cloud.w

pors
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Instability, as a process of mifng water into the body
"of a subaqueous debr@s flow is known to occur in turbidity
‘currents under some conditions  (Middleton, 1966b) .
MorggnstErn (1967) ﬁentions it as a mechanism of
transforming subagueous slumps into turbidity currents.
Another possibility for mixing across the interface  is by
momentum transfer due to turbulehce, itself a form of
instability. _ , s

il
A

A

2.5 THE. PARADOX OF MOBILITY QND ACCOUNTING THEORIES
‘Since the first'analysis'of the mobility of .rock debris
avalanches in cbnnection with the Elm avalanche in 1881,
performed by Heim (Buss énd Heim, 1881) and after the many
events that followed until today, investigators have been
impressed with the’ extraor@inary mobility of these

avalanches. .
Frictional dynamic analysis, and énergy - balance
equations have been used as a basis to fnﬂerprgt these
movements. It has been concluded that mofément could never
\be possible and sustain large J@locities in flat areas with
the mobilization of ;reasonable values of frict{on (Hsu,

1975).

" Accounts have appeared to possibly explain - the

pheénomena involved. Each investigator would advocate a new,

‘hypothesis and. at the same time criticize previous thqé?%es,
to a point that the question still reméins one of the least

understéod and much debated geotechnical problems

4

. B .
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(Mofgenstern, 1985).
As mentioned in Chapter 1 mobile movements occur in

many different geological and environmental settings and

incorporate a diversity of materials, from flows of loose

o»

‘sands, residual Soils, collyvium and mine waste to rock
»

avalanches. They occur at the surface of the continents

-

N ) . . .
(subaerial movements) and under the water, in the form of
» : A\
\
submarine debris flows.

Although some of the movements involved. much water such

as Huascaraﬁ (Plafker and’ éricksen, 1978), Rubble Creek
]

\ . 5\ |
(Moore and Mathews, 1978), others, apparently dry, such as
\ s .

. ) \
Elm (Heim, 19?2) and Frank (Cruden and" Hungr, 1986) were

\‘ \ )
equally mobile. Even St. Helens had its surface in an

apparently dry state, as indicated b; thé results of tests
given by Voight et 5; (1983), making it morq difficult to

explain mobility in this case. .

Table 2.2 from Voight et“ai (1984) illustrates several

of these accounts.

[

Hungr (1981) also conducted a review of the available

R . a« Y L

theories and concluded that none of them weré of general
‘application. All of them were of limited appiicétion and’
could not provide satisfactory answers. The problem was

further complicated by the idehtificatiqﬁ of some. extensive

N

N . A

movements on the Moon, certainly known to be free of both

water and air.
The basic theories postulated a reduction of friction®

to explain the mobility and account for such a reductign in

3

> - - >
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Table 2.2 Mechanisms for Highly Mobile Rock and Debris Mass

Movements (modified after Voight et al, 1984)

Proponents

Mecchanical Auidization

(a) variations on the theme of

agitated dust 1

Air fluiduation
Au layer lubrication

Water- or mud-saturated
debris (lubrication,
fluidization)

Frictional heat

hot water)

(lubrication due to
melting or vaporization)
(c), applied .to rock
(lubrication due 10 -
melting, disassociation)
Decpressurization of hydro-

. Weak layers

‘IRolling particles
in shear zone °

’

(b)Y emphasin on vibrafion

cflective stress reduction,

(a) applied to pore fluids
(lubrication due 1o steam/

(b) applied 10 snow or .ice

thermal-magmatic systems

-

Heim, 1932; Howard, 1973;
_ Scheidegger. 1975

Mcfavency, 1978; Mclosh, 1979,

_ Vagpes. 1958; Kent, 1966

Shreve; 1966

Heim, 1932; Johnson, 1970

Habib, 1975; Goguel, 1978;
Voight & Faust, 1982

) Ragle, Sater & Field. 19(;5;

Pautre, Sabarly

& Schneider, 1974
Erismann, 1979; Voight

& Faust, 1982

*Voight, Janda, Glicken

& DougJass. 1983 Ui. 1983

* Cruden, 1976; Cruden & Kr_,ahﬂ.

1978 -

Pariseau & Voight. 1978:
Eisbacher, 1979

-
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7approaches have been used in an attempt to model the

s
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various ways. -Theoriles of fluidization and lubrication to

explain reduction of friction were postulated such as air

fluidization (Kent , 1966),‘. mechanical fluidization
(McSaveney, 1978), lubrication by mud (Heim, 1932),
entrapped air cushion (Schreve, 1968) and vapour
fluidization (Habib, 19755. All these theories have been
proved tc be weak accounts of mobility and, therefore,
discarded (Hungr ~and Morgenstern, 1984). This 1s in a

certain way understood, since the first account by Heim was
proposed before Terzaghi i1ntroduced the concept of effective
stress. 1t has even taken a few decades for the perception
of the effective stress as controlling the behaviour of
geotechnical materilels to be generally understood. Even

today, for simplicity, on one side, and for lack cf

knowledge of pore pressure on the other, total stress

ﬁobility of earth materials.

Rheological models were adopted 1in this regard and
their parameters determined to match the movéments. These
models, all of the type of total stress approach, did not
really advance the knowledge concerning mobility. Among the
rheological models were a wtonian fluid used by Metzner
and Whitlock (1958) for gj:;ﬁiar dispersion in fluids; a

Bingham viscous plastic model, used by Jeyapalan et al

*(1982a, b) and the two frictional parameter model of Korner

(1976).
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-

Terzaghi (1956) was the first to recognize the role of
pore pressures and liquefaction 1in accounting fci  the
mobility of flow slides.

In this thesis the presence of 1liguefied saturated
debris 1is explored to explain many fast movements, although
it is understood not to be the sole mechanism to explain
such movements. ‘

The identification of "mobile flows"™ on the Moon has
brought new questions on mobility. For these dry movements,
perhaps, the acoustic fluidization proposed by Melosh (1979)

1s worth further investigation. . . -



3. COMMINUTION OF ROEX

3.1 INTRODUCTION

A s&riking aspect, related to the mobility of rock
debris avalanches, is the tremendous transformation
undergone by the material 1involved, fram solid, sound, hard
rock that forms the slope to the disintegrated mass flowing
down the valley and resgmbling the movement of a fluid. The
change 1s so dramatic that the moving dehris seems to have
no relation to the parent rock. For instance, the sound
granodiorite of Huascaran Mountain after disintegration
moved as a gfavelly mud made of gravel, sand, silt and clay
(Plafker and Ericksen, 1978). The debris‘frdm the avaianche
produced at Mount St. Helens that originated from the
volcanic rock had about 57% of the material with diameter
smaller than 2mm. The total material ranged from clay to
blocks over 100m long. It is interesting to note that the
coefficient of uniformity of samples of this debris ranged
from 13 to 300 (Voight et al, 1983).

Baﬁed on these and other similar examples encountered
throughout the world and published in the literature, it
appears that the disintegration of the rock is one of the
characteristic aspects of the mechanics of movement of soil
and rock debris. ‘

In this chapter the physical” basis of the mobility of
soil and rpck avalanches will be explored. In particular,

the disintegration of rock is discussed in detail here.

38
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Another fundamental aspect of the mobility of the debris,
liquefaction will be treated in detail 1in Chapter 4. Ophﬁi
relevant aspects of this topic are discussed in Chapter 5.

3.2 COMMINUTION OF ROCK

3.2.1 Introduction

Fine grained materials result from the disintegration.
of rocks. Upon slope failure and subseguent movements, rock
undergoes a pronounced energy change. Potential ehergy 1is
transferred to the rock that subsequeqtly undergoes breakage b
during movement.

In this seation some basic aspects of comminution that
are relevant to the understanding of the breakage of rocks
with the conseguent formation of fihes‘aré discussed. It ¥
will be shown that the disintegration prodéss is‘considered
a fundamental part of the mechanics of mobility.

The following is based on Beke (1981) and Lowrison

(1975).

3.2.2 Concepts
N Comminution can be defined as an operation involving
the application of mechanical energy to promote /ﬁqze
reduction of a solid particle., It is a? important 1ndustr1al
operation. According to Rumpf (1962), about 20% of the totaf__“\.
i~artificial energy in the world is applied to'comminution

-~ -

processes.
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The natural comminution of rocks, produced following a
slope failure is of interest here.

Depending on the size of the final product two basic
processes of comminution are defined: crushing and grinding.

Crushing 1s the coarse stage of comminution, where
particles of mm-cm size are produced. This operation
embraces two orders of magnitude.

Grinding ig the fine phase Qf comminution and produces
particles of the micron-mm sizer/therefore embracing four
orders of magnitude.

These two phases of comminution are present in the
formation of the rock debris, as occurred, for example, with

)
the avalanches of Huascqran and of Mount St. Helens

mentioned before. .

N
3

In the miheral industry, comminution of mineral ore
produces grains of practically the same size range, from
silt to fine sand. Crushing and grinding here are

9

accomplished by artificial mechanical means. ~

Experience indicates that the larger ihe mechanical
energy applied for the?1:omminution of solids,, the finer
grained is the product.IComminution is also time-dependent,
in the sense that finer grained material is produced in a
longer time, although there is a 1limit of crushing and '
grinding that can be~achieved for a certain energy or stress
levea. These experimental findings will be discussed later
in this section, and their implication for the mobility of

the aebris explored.

W,
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3.2.3 Physics of Single Particle Breakage

When dealing with natural or artificial comminution a
large number of particles are involved and the interaction -
between them\and the means that produce breé}age leads to
another distribution ofiparticles. The basic understanding
of the physics of particle breakage, however, can be
appreciated upoh examination of a single particle.

According to  Beke (1981), the development  of
éomminution’physics can be attributed to seQeral scientists.
Beke, however, calls attention to ahe follbwing important
papers: Griffith (7921), Smekal (1937) and Rumpf (1962). It
is Griffith (1921), however, who provides the insight into
particle breakage. |

.1t must first be pointed out that a rock material
confains a large number of randomly oriented zones of
potential failure in the form of grain boundaries, flaws aﬁd
défects. Also présent s are | fissures, shegred zones,'
schistosity and other defects, al} leading to a distribution
of weak zones that pervade the réck medium.

I1f a gradually increasing load is imposed upon a body,
it can be expected to break first at such points of weakness
because stresses concentrate at these areas.

Brittle fracture occurs always 1in consequence of
tension. Ev;n“in the case ofw compressive load tensile
stresses develop (Griffith,'192i; Hoek, 1968).

According to Griffith (1921) very high.ténsile stresses

) . . . . '
“ occur at the tip of a suitably oriented minute opening, even ..
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under compressive stress conditions. Fracture, therefore,
initiates from the boundary of an open flaw when the tensile
stress on this boundary exceeds the local tensile strength
: ) #
of the material.

Hoek (1968) states that, under conditions of uniaxial
tensile stress to which the crack is perpendicular, a crack
is initiated at the tip of the elliptical flaw and it will
propagate in the plane of the 1nitial flaw. Therefore,
tensile ruthre occurs in a plane which is perpendicular to
the direction of the applied tensile stress.

In practice the existence of a great number of cracks

makes the propagating cracks coalesce leading to a shear

surface or splitting of the rock body (Hoek, 1968).

3.2.4 Energy ﬁelation for Single Particle Breakage

Several phases are involved in the breakage of a single
particle: elastié deformation, separation of ©particles,
cutting into pieces and dispersing the particles.

Relations exist between the initial size of a single
particle, the final product, the stress level and the energy
required for surface separation.

_ Several theories exist regarding the geometric aspects
and the energy relations of single particle breakage.
Althéugh they are approximete, they offer great insight into
the comminution problem,

Comminution can be seen as:

1) a reduction of large, irregularly shaped solid
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particles to smaller particlés
2) the creation of new free surfaces
3) the changing of the number and size of the particlesk
and surface of the mass. .

Rittinger's theoryvCBeke, 1981; Lowrison, 1975) deals
with comminution by assuming slicing of a solid particle.
Rittinger in 1867 suggested that the energy consumed in the
size reduction of solids was proportional to the newly
developed surfaces. He assumes an initiél homogeneous®
material, of cubical form-and of size a,. Upon slicing 1n
the three main directions a set of cubic elements of size a,
will be formed.

If r=a,/a, is the reduction ratio then, r3 smaller

cubes will be formed. The increase in specific surface is:

6['38; 68? 6 ( 1 1 ) [3 1]
as = - = -— - - g .
oY rjag a? a, a, _

The required energy per unit volume is then:

J_ 1,
wuv =K (‘az 81) ' [3.2]
or ‘ ) e - > . oy
Wy = 2= (r - 1) ‘ o 13.3]
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W = g— (r - 1) a, =K a: (£ - 1) [3.4]

w
and therefore the required energy increases with the
reduction ratio. The usual case is for —r>>> 1 and,

therefore:
W=ZKa'r (3.5]
or

W, a, = K ' [3.6]
and the energy W per unit volume is 1nversely proportionaf
to the product size.

Severa{ investigators (Martin et al, 1926 Kwoég et al,
194§; Fairs,1953) have shown the validityi of Rittinger'é
theory in certain controlled circumstances, for small ranges
of energy and mostly in connection with very brittle
materials. For more extended ranges of energy input Adams et
al (1949) and Johnson et al° (1949) found that the
relationship was not linear. Results were aléo'dependent on
the length of the sample.

The basic fallacy of’Rittinger'é theory is that it does
not consider the “work of elastic deformathgr preceding the
fracture. This was incorporated in Kick's volume theory.

According to Lowrison (1974), Kick in 1885. postulated

that the energy required for producing analogoué changes in
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configuration in geometrically similar bodies of equal
technological state varied as the volume or weight of those
bddies. Deformation energy of a body is proportional to its
volume and that holds true jusf prior to rupture of a
brittle body.

Let ds consider a cuﬁe of briftle material of size a
subjected to an ‘increasing stress o up to rupture. The
energy of deformation 1is proportional to the volume of the

body: ‘ ' .

(3.7]

= 9_
W = a o
This energy per ‘unit volume 1is )
o’ '
W, = 3% | [3.8]

" Bond and Wang (1950) suggested that consideration be given
to the reduction of size from a, to a, as the application of
multiple energy increments.

Assuming that each energy increment brings‘'an average

reduction ratio r, and the operation is repeated n times,

then:
r = r, _ [3.9]

or

[
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logr
n = m [3.19]
The total energy demand then is:
* L.
logr
W= on W, = W, Togr, [3.11]
or
Wo kL log - [3.12
= K >E 109 a, 3.12]

Bond's third theory in 1952 is developed based upon the
results of Rittingéf's and Kick's theories. He first défines
a state of energy that is characteristic of a certain size
a, this being an artificial level of energy required to
reduce the. particle from being non finite to a. Two
components of energy are associated: one is proportional to
a, according to Kick, to bring the particle to a state short
to fracture. The other is proportional to a, accofding to
Rittinger, to generate a surface:

wl [3.138]

]
=
o

W, = K, a’ - [3.13b]

1}

Bond }1952) considers an energy consumption Bétween

these two values and arbitrarily defined by:

.-
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W, =K a o . [3.14]

or, per unit volume, as

.15]

0 1 1 : '
W T K'('éln T ) [3.16]
The coefficient K is*replacéd by 10W,- wheré W, is the
2 ! .
Bond index, characteristic of eagh material, so that:
.1 ¥

W,, = 10 W (—7* - —77r—) . [3.17].

uv

Y
The very many test resblts;gnd the constancy “of Wi for

each material demonstrate the suitability of , the third ‘

theory.

£

Hukki (1962) suggests that the relationship between
. ‘ . o .

energy anﬁ particle'“size is a composlte form of the

%

thtlnger, Bond anq K1ck laws, as 111ustrated 1n Figure 3/1.

* The g;eét dlff1culty for the app11cat1on of these

& L3

o ¢

theor1es 15 theu61££rculty of measurement' meaéurement of
change of. surface area froﬁvthe paint of view of methods and

1nstr0ments and of vhat sutface area has acgually been

o~

' created rather than discovered or erevealed by the size

- ’ ! ’
L —t A .
Y
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reductxon, and measurement of energy 1mparted top the solid
4 .
*rather tha«n consumed by the equ1pment. o ¥
Natural commmu;ion of movu\sg 'debri‘s, tﬁ‘ock etc.

, presents more formldable dlfflcultles due “to the complete
. - A
absence of cqntrol. : Therefore, we continue Borrowmg
. ' 2 w € *
*conclusions _from. the more controlled environment of

e
&

indu’strial comminutiongfor thg purpose of this wotk. P
p ' > : . € S

! . - e % Sf @
* 3,2.5 Grindability of Materials ‘

®

Grondability is a mdterial charaC‘teéistic that

&
* R - . . | .
indicates its suitability or easiness for size reduction:
L} Q e “

size dlstrxbutlon whlch cann\o\be descrlbed by a_smgle

value. That leads to the definition of gr1ndab111ty as. the
- o °
relation of specific surface mcrease_ "go. energy mxpensé
. .oe e -
(Beke, 1981). AR o n
L -8 .

g . ’, .r' . - &) . . & X . '
. Measurementss on grindability tome from determinatiops

cartied 8ut. in the. laboratory under very cdntrolied:

® L e )

conditions and th’g@ir results require empirical corrections.

- - ) &
for application.m commerciaL opetation's. 'Even in the
1ndustr1a1 operatlon the grlndang equxpment 1nfluences the
values of grmdabrhty. . ' %
®

Our- major concern is w1th resﬁect to the comm1nut1on 1n N,

@

Y w0 £
the f1e1d and it ‘must. be sa1d that natural observatmns on

comminution are pfactxcally non-existent. The. existing
: %
theories on commmutmn, however, can explain- the physms of

~

particle breakage and sugges,t how the processes take place.

-] ‘, Wt ~ R 49‘

The, restflt of "tbe operatlon of "commpnution i‘s a new par@icloe_

L]

‘aw
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Theretore, 1in this study we follow the available theories
only with the purpose of explaining the processes and ot
identifying the main governiny parameters.

Grindability is not an absolute value but a fineness

'
dependent characteristic. With growing fineness,
grindability decreases. Beke (1981) states that t he
probability of fur size reduction decreases with smaller
particle sizeb.- Moi!'er, the guantity of bigger particles
run out because the supply of material ceases. That 1s
typical of the displaced material frém a slope failure.

These considerations imply that there 1s‘a limit of
comminut ion that can be achieved for a particular level wt
appli1ed energy.

One basic way of determining the grindability of a
material is to determine the energy expense to produce a
certain amount of material. Methods to determine this
consist of grindin@ 1in rigorously prescribed laboratory
conditions which attempt to simuiate commercial condi;ipns.

Based on the considerations of the previous Section the
Bond index is a parameter that offers a measurement . of
grindebility. As given‘by egquation 3.17, the energy demand

for the size reduction from a, to a, 1is

' 1
W_ = 10 W ( - ) [3.17]
uv i a;/z a:ﬁ

where W is the Bond index.
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The Bond 1ndex as well as the other 1ndices used to
determine the grindability of a material 1is normally
determined for small particles of the order of 1mm before
comminut{on and, therefore, uses more energy than would
normally be required in nature.. As we shall discuss, in
nature the effect of the structural defects and weaknesses
present in the rock facilitate breakage.

Well-graded material -requires more energy feor
comminution and, therefore, for a given initial energy or
stress level, comminution comes to a stable condition. For
our purpose we distinguish two aspects of grindability,
microscopic and macroscopic, 1n relation to the original
size of the particles to be‘;omminuted. It 1s a problem cf
scale where the size of the flaws present in the material
related to the size of the particles 1s important,

This reflects the level of energy to be applied at each
stage of comminution, as was illustrated in Figure 3.1. Fine
grinding takes considerable more eﬁergy than coarse
crushing.

3.2.5.1 Microscopic aspects of grindability ’

-

" Let us explore the breakage of small particles.
According to widespread views grindability is governed
by hardness, strength, elasticity and porosity (Beke,
1981; Lowrison, 1975). This‘can be understood from the’

previous sections on the theories of comminution that

ductile materials undergk pronounced deformation without

breaking, Conditions for breakage are cfbsel{ related to
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brittle material.

It must be pointed out, however, that the structure
of the material also has a pronounced effect and ﬁay
even override the factors above. For instance, if the
structure allows the free movement of crystals side by
side and the range of crystal size 1s great, such as
with limestone, the initial grindability 1s good (Beke;
1981). On the other hand, 1f the crystals are nearly
uniform in size but angularity does not permit free
movement, crystal breakage 1s unavoidable in the initial
phase. Such 1s the case with qua;tzite.

As an example, the role of strength and elasticity
can be illustrated by the behaviour of basal; with an
en@rgy of deformation of 3.3 and andesite with an energy
of deformation of 4.5. As a consequence, basalt 1s
broken more easily than andesite with jaw crushers.
These rocks, however, behave differently with respect to
g;inding. Andesite grinding has lower energy
expenditure. According to Beke (1981), the reason for
the difference 1in behaviéur is that the crystals of
basalt are closely packed while crystéls of andesite are
less densely packed, can move more easily and are of
s;attered sizes.

The effect of porosity is related to the stage of
comminution. ‘According to Deckers (1972) the
grindability in the <coarser range improves with

»
increasing porosity, whereas for fine grinding there is
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no influence of porosity upon grindability. It 1s not
the whole pore volume but the size of the individual
pores that will determine the effect of porosity: higher

microporosity will facilitate the grinding process

(Opoczky and Mrakovics, 1976) ,

3.2.5.2 Macroscopic aspects of grindability

We are more interested in the coarse stage of
comminution. - crushing. At this .stage the zones of
weaknesses present 1n the rock will facilitate
comminytion, 1e, crué%ing will happen- with less expense
of energy.

A great number of rock defects and geological
structures influence the breakage of rock. These are:
fractures, joints, flaws, contacts between grains,
openings, veéicles, and weak mineralsf among others, all
points where breakage can start with minimel amounts of
energy.

Even during the phase of crushing when particles of
mm-cm size are being fbrmed, some small particles
(um-mm) also occﬁr. Continued comminution leads tq}the
formatjon of finer particles at the expense of more
energy. ~

" What must be borne in ‘mind in all these
considerations is that most natural materials are not
hdmogeneous mechanically. A coarse sandstone can break

into grains which are mechanically as different as

entirely new substances (Lowrison, 1975).

N
T
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3.2.6 Results of Comminution

The products of comminution of a rock depend on several
natural factors, such as differences in the minerals that
constitute the rock, mineral g)ain size distrihution, degree
of interlocking of the minerals and the initial grain éize
distribution of the material to be comminUted. Therefore,
the establishment of a formula of general validity regarding
the grain size distribution of the product seeméh to be
almost 1mpossible.

Several researchers have worked on the grain size
distribution of the product of comminution, mainly in the
comminution industry and several laws have been established.
Althofigh the laws are all empirical and appgoximate, some oOf
them prove that the distribution can be described with an
accuracy satisfying demands in practical use by functions
containing two constant parameters. Among them are the work
of Gaudin and Schumann in the USA and theowork of Rosin and
Rammler in Europe.

Rosin's Law, after Rosin and Rammler (1934), has proved
to give the best estimaﬁe of’the particle size distribution
by weight of ground industrial products,; espécially in

cement manufacturing processes. It is formulated as
R(x) = ™ [3.18]

where R{x) is the fraction with diameter smaller than x.
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. ¢
Representing the grajm size distribution in a special

system of coordinates where the abscissa 1is

In x

and the ordinate is

Inln(1/R)

the distribution R(x) plots as a straight 1line having a
slope n.

Figure 3.2 shows the graphical representation of the
particle size distribution of a cement sample in the Rosin's
“plot, ’

The slope of the straight line offers an indication of
how uniform the particles sizes are and, therefore, 1is
defined as the coefficieat of uniformity. The larger this
coefficient, the more uniform is the material It must be
noted that in Soil Mechanics the‘coefficient of uniformity

b
is defined as

;

Dgo

[3.19]

»

and the larger the value of ¢, the less uniform (more well
graded) is the soil. To maintain akcergain cons}stency some
investigators have preferred to call it a coefficient of non
uniformity. |

Grinding is a function;o! en¥rgy and of the time the
material will be subjected to that energy. The progress of

grinding as a function of time can be described by the

function R(x,t) with ¢two wvariables. 1In spite of the

-~
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. . . . . .3
investigations concerning this problem no practicable

°

formula for industrial use has resulted. Furuya et al (1971)

~arrived at the formula
R(x,t) = R(x,0) e """ [3.20]

similar to the original Rosin's equation, although of no
general validity.

Alyavdin (1938) proposed the semiempirica{ formula

-ctn

R(t) = R, e [3.21)

on the assumption that the grinding velocity is higher the
more coarse fraction present in the mill.

Figure 3.3 shows the results of grinding of sand with

, time. The first part of the figure gws the grain size
L ;
n

\\\iurves as function of time. It is see hat as time elapses

the curves become close to each other, therefore, implying

-~

. , . { _ K
the teﬁ?ency for a stable final product. Some agglomeration

can ocsﬂr for very fipe particles as they are obtained along

e
gfinding.

This figure was obtained for the grinaing stage, for
particles with diameter smallerf than imm, fherefofe
consuming large energy? The times invélved reflect _the
energy demand for such cases. It is'ekpected that ‘results

should be similar for coarser particles, although consuming

much less energy and, therefore, less time.
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Figure 3.1 on the energy - particle size relationship
indicates that the energy involved in the comminution of a
particle from 100mm to 1mm, therefore, embracing 3 orders of
magnitude, is about 0.3 kWh/tonne. It is of interest to note
that this value is equivalent to the energy of a block of 1
tonne freefalling from a height of 100m.'fhis may imply that
donsiderable comminution is éccomplished during the first
stage of movement of rock foilo#ing a rockfall, for
instance, due to the large amount of energy involved. To
gj}nd a particle of 'mm to 10um (also .3 orders of magnitude)
aé energy hundreds of times larger than that value may be
required. Comminution could also occur during subsequent
movement, although, to a lesser degree.

3.2.7 Field Observations

Studies on natural materials that have naturally
disintegrated show that they tend to obey laws like Rosin's
law (Dapples, 1975).

Pettijohn (1949) suégested that «clastic materials
derived through mecha'n‘al‘ disintegi‘ation, crushing or
volcanic explo;ion might be described in terms of Rosin's
law. of crushing. . | ¢ 9

Kittlema® (1964), using statistical analysis, provides
evidence that size-frequency distribution' of ‘artificialiy
crushed material fjh Rosin's distribution and “that

distribution of some regolithig, roclastic and glacial

debris fit Rosin's distribution. with various degrees of

‘ .
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approximation.

Dapples (1975) studied sand transported by long streams
and concluded that they develop a steady state distribueion,
apparently related to a crushing law. According to him,
Rosin's distribution is not to be regarded as representing
an extraordinary condition among sedi?ents, but rather to
represent the expected size frequency of well-disintegrated
soxl This is the distribution of the relative sizes of
particles fed to the headwaters of. streams, where the
peimarx sediment is the product ef disinﬁegration.

Ibbeken (1983) investigated the grain-size
distributions of the_ jointed and weathered source rocks and
the river-mouth sediments of 19 rivers in an 1800 km® area
of Cajabria (Italy), eeming' to the conclusion that 94%
follow the Rosin distribution!

Field observations of grain size of debris of some rock

“ debris avalanches have “shown an inverse grading along the

vertical profile (Hungr, 10981). It must be noted, however,
¥ - : s & '

that for caseSo‘ﬁe}e the debris had a very iargexpercentage

of fines, the inverse grading would not be iglentified. Such

-

is the case of some large avalanches "discusged in this

- - 2

thesis, lor instance,- Mount St. Helens (Voight et al, 1983)

and Hu®scaran (Plafker and Er:cksen, 1978)-. |

The postulates of k1n|t1c 51ev1ng g§ed tp explain the

®

presence of f1ner gralned mater1a1 in the bottom*part of the

.
<@

debris sheet, the(efore, does not seem to be partxcularly

relevant, although 1t could occur as‘Well Accord;ng to the

-
L]

SV
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kinetic sieving concePt fine-grained particles would be
N . © S

sieved through the ldrge xvoids left by the coarse particles.

It mey be said that sfeviné may not be excluded as part of
> . A ’ 6'0
the process. Certainly it would be more important in cases

k3

where the pertentage of fines is‘smAQJ in compafison togthe

]

percentage of coarse pagticlgs.p
. £
LA 3 &

@ P

. ki

3.2.8 Testing for the Degree o6f Comminution - . @‘

]

In industrial comminution one of- the main interests is

the determination of the amount of energy -requited to bring’
oo K .

material from a size a, to a size a,. N

o s ©

. A - . :

As we shall be seeing in 'Chapters. 4 and 5 the
. : - o

percentage of fines present in the'dgbris are of fundamental

importance for the mobility of the debris. We ~are,’

therefore, mainly interested in the 'détermination of tﬁe
fine—grained product for any partitular type of rock and on
the.di"%rences of the proauct of comminution from different
rocks. -

. In this context, it would be important to have a means
of judging what chafacteristics of the Tocks control. the
degree of disintegration produced by natural comﬁinution.

Some mechanicéi tests can be;suggested for this purpose
to be used on a compafative basis for evaluation "of the
susceptibility to disintgéfatign. This evaluation would also
requére a knowledge of 'thé' structure and'_ of the

<

mineralogical composition of the rock.

. /
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? Natural comminution of the . material produced in
connect?on with the failure of a rock slope, after a fock
" fall, for instance, appears to occur as the ;ombined action
~of several physical processes such as loading, impact and
hbr;sion.

;fter Griffith (1921),‘it can be concluded that rock
defects associated with the rock type control the breakage
‘of the rock and so does the mineralogical composition. For
instance, as.volcanic roeks weather clay minerals are formed
and the debris become more similar to a fine-grained
mafe;ial.¢f

There is no single test that could be performed for the
evalua\ion of the sugceptibility to disintegration of rock,
even on}Qualitative compafativé basis. Several tests can be
suggestéd for this evaluation. A conventional unconfined
compression test should be part of the evaluation. This test
would’not only provide the parameters for‘the determination
of the energy of deformation of the rock at failure but its
failure characteristics - and residues after failure would
qualitativély reflect the structure of the rock. ;
Qn impact‘test can use thé same type'of samples as for
the unconfined compression test. The main objective of the
test would be the determination of the comminuted product
after épplication of an impactingtload.._ ’ > |

Ex{sting abrasion tests measure the \peréentage of

wearing of fock (Lowrison, 1975). Also important would be

the deétermination of the percentage of wearing with time.

e
W
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Los Angeles abrasion test subjects-_a graded sample to
attrition due to wear between rock pieces and also to impact
forces produced by an abrasive charge'éf steel spheres. The
percentage of wear is the difference between the original
weight and the final weight of the test gample (ISRM, 1981).

Determination of the mineralogical composition of the
rock as well as ©of its structure would provide the reguired
information for the appropriatg understanding of the results

ve -

of the mechanical tests. o : 37
» . R

An experimental data base system of application 8f the

above ‘tests could be built. A comparative procedurerwould\'

N

lead to the establishment °of a scale for quantitative
evaluatlon of the susceptibility of the rock to comm1nut10n
3.2.9 Corgudmg Bemarks

To conclude (it must Qe said that grinding occurs durlng

L4

movement of debﬂas\ander the influence of stress. produced by
their own weight aad! therefore, throughout the éentire depth
of the debris. Other physical interactions aiso take ‘part:
frictiom, abrasioa, impact and 6ther dynamic interactions.
Water also increasas the efficiency of comminution according
to Bond (1952). ‘

The matarial in the botfom layer suffers more intenae
comm1nut1on since it is subjected to h1gher stresses.

The.product of the process of natural camminution is
fanctlon of the magnitude of the avalanche since its volume

dictates the thicknaSs\of the debrisﬂfhegg and, %herefore,f
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the level -of stress that ~prevaills for that particular
movement . 1t 1s, therefore, clear thathlarge avalanches are
likely te develop a thicker debr ™ sheet with a thicker

layer of finer grained materiais since their debris are

< _ . .
sihjectred. to a more intense comminution.



4. LIQUEFACTION

4.1 INTRODUCTION

The simple dgservation of movement of debris after‘}
slope failure or a breakage of a tailings dam demonstrates
how mobile these movements can be. Examples exist of rock
debris avalanches that moved at an average speed of over 300
km/h for more than 10 km 1n steep areas and of flow of
tailings in reasonably flat areas with an average speed over
30 km/h. They all 1indicate the extraordinary mobility a
moving mass of soi1l and/or rock can have under conditigns
that will be explored in this th&sis. |

Such high speeds 1impart to the :mwing debris a
liquid-like behavidur. Indeed, one would expect that only a
ligquid or a fluid with small viscosity could move with such
high wvelocities under the 1influence of gravity. It |is
therefore only natural that man; investigators have come up
with fluidization theories to explain’ the physics of the
mobility. Even so, the fluidization prdcess )has been
attributed to many different agents and-in‘various forms:

]

water, air, repuléive préessure  &tc.. All these theories

~

found strong proponents even though some explanatibns were
very limited and could not be applied to more than a single
case (Hungr, 1981). Moreover, the dcveiqpment' of a'

mathematicalimodel based on some of these exgjbnations was

not -fo-w&ng, thus limiting the potential of tfesg
A M ’ ' ~

v+ . . v v
e AT e L. .

F'-”‘;{J %Kw Mheories % ¥ . S
& i u .

& i .
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\The term fluidization has been used loosely 1in most

A
\
\

cases\ be it to explain a physical process, or to simply
\

imply & resemblance of the mobility of the moving debris to

\

a normaP{fluid or liguid. In the following a comprehensive
‘bhysical quis for the mobility and therefore the fluid-like

appearance w}gl\be expldred.

N
\

‘As was'diégussed before, the term fluidization 1mplied

an absence of friction. However, studies have shown that
moving granular materials still possess frictional behaviour
in spite of the velocities attained. Experimental evidence

for the relatively constancy of the friction angle with

velocity iv/z;;wn, for exampie,by Hungr and Morgenstern
(1984) and Sassa (1985). |

Reduction of the frictiomal resistance 'by pore pressure
generated upon liguefaction of cohesionless material can

explain the mobility of the debris. Since ligquefaction plays

LY

an impoftant role in the mobility of the debris, the concept

will be explored in detail in this Chapter.

~»

v

4.2 STRESS-STRAIN RELATIONSHIP FOR SANDS AND CRITICAL VOiD
RATIO
It is well-known that, in the laboratory, drained
triaxial tests on saturated sand display the behaviour
illustrated in Fiqure 4.1,
The strength of loose sand increases monotonically with

deformation to a maximum while a dense sand exhibits a peak

3
strength decr&gging afterwards and tending to the same

1
3 * .

(=3
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maximum strength Qf a lobse sand for the same confining
pressure.

Volume changes of these specimens are sﬁch that, for
the same confining pressure both samples will tend to the
same void ratio. Therefére, a dense sand will dilate while a
loose sand will contract. The common-void ratiq,a&’large
strain 1s the critical void ratio which,isﬂa/fﬁéction only
of the confining pressure.

‘ This condition can be easily determined as long as the

-
volume change experienced by the sample (dilation or
contraction) is uniformly distributed throughout the sample.

The «critical wvoid ratio was aefined by Casagrande
(1936) as the void ratio at yhich, under a constant shear
stress, cohesionless soil can undergo‘ﬂany amount of
deformation or actually flow without volume cﬁange,

For undrained triaxial tests on samples of the same
saturated sand, volume changes cannot take place and this,
resulfs in:ApOre pressure generation. This behavidur is
illustrated in Figure 4.2. It can be seen that the géndéncy
for dilation of dense sand results 1in. negative pore
pressure. Loose sand tends to con%ract. Since this is not
pogsible }msitive pore pressure is generated.

The strength of dense sand increases monotonically to a
maximum value much higher than the one tﬁat corresponds ¢o
drained tests because of the negative pork pressure. “

The strength of loose sand increases to a peaQ.A The

N L3
high pore pressure then generated causes the strength to.

i
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drop considerably. It is interesting to note that the peak
strength otcurs at a very low strain, aroun‘ 1 to 2%. After
this strain the drop in strength Car.be so pronounced that
the material flows in a manner that resembles a liquid. This
reduction in strength ys calledxliquefaction.

Q”“w The concept of liguefaction dates from 1936, with
éésagranda using direct shear tests, of course, with great
experimental difficulties. Bjerrum et al (1961) also
explored the liguefaction of loose fine sands. They found
that the pore pressure generated was very high indeed,
leading to veues of'Skempton‘s A, parameter of the order of

2.7 and higher.

4.3 tIQUEFACTION AND STEADY STATE LINE
M 4

'High pore pressures can be generated under undrained

loading,'depehding on }he‘magnitude of stress change and on
the initial characteristics of the material. In géneral, a
large stress change 1is required for séturated dense
matériai. ‘Saturated loose material, however, may: requife

dnly small stress changes.

»

.

saturated loose granular materials is given by Castro (1969,
1975) and Poulos (1971, 1981) in their development of the

steady state line concept.

i ) ;
Caitro (1975) defined 1ligquefaction as Dbeing "a

phenomenon wherein a mass of soil loses:a large percentage

f its shearing resistance when subjected to undrained
$

N\
> ulk

The physical description of pore. pressure generation in
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monotonic, cyclic or shock loading and flows id a manner
resembling a liquid until the shear stresses.acting:on the
mass are as low as the reduced shearing resistance”

Poulos (1981) introduced the conoept of Steasly State of
Deformation as being . "that ’'state when the mass is
continuously deforming at constant volume, constant normal
effective stresé, constant shear stress _and constant
velocity". 1In connection with this definition, a steady
state line (SSL) is found to exist relating the steady void
ratio, the effective normal stress and the shear stress at .
the steady state. Castro et al (1982) ‘also found this
relationship to be independent of stress history or Stress
path prior to reaching the steady state.of deformatioh, as

.
long as particle breakage is not occurring.

- .  Since 1iquefaction involves large . unidirectional

undrained shear deformation, during liquefaction the soil
tends to‘warc}s the steady state of deformation, §xpressed in
1

terms of the steady state line. In‘'Figure 4.3, "‘a'specimen
hd ¥

of loose . sand consol1dated to the vo1d rat1o and normal

4 -

‘stress represented by. point P is .sheared with no volume

change, the sand tries to reduce its volume. ‘Since this is
not posszble the sand- wzll respond by transfeﬂigng ?nmess

from the graln structure . to the pore water, generating pore_

pressure and decreasing the effective normal s%;ess unt;l;

'the-steady state is reached .at poin£ S.

The pore pressure generated durrng the llquefactzon

. \) 81
process when the’ steady state of deformatzon 1s.reaqhed 1s,
) -s¥' LT

‘ i
- S e . _—z

. .
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therefore the variation of effective normal stress from
point P to point S on the steady state line.

Ligquefaction depends on the density .condition of the
sample and on the state c¢f stress. The SSL defines two
" regions in Figure 4.3 in connection with mthe state of
stress: a ®ontractant zone gpd a dilatant zone.

Samples consolidated to a point in the contractant zone
such as point P will generate positive pore pregsure to an
amount ' depending on ’the horizontal distance between the
poiht and the SSL. Liquefaction can then take place.

Points guch as Q in the dilatant zone indicate dilation
and thus an increase in strength until failure. The
corresponding pore - ‘pressure would be negative. Its value at
steady state is al%o the horizontal distance from peint Q to
the SSL. If dilation occurs throughout the sample ﬁhis po:e

pressure is eQUally diStributed throughoﬁt the sample as,
lwell although locallzat1on of shear is more common . |

Some intermediate cond1t1ons also ex1st quuefaction
_-depends en how far p01nt P (in the contractant zone) is from
the SSL A closer po1nt would only 1nd1cate a part1 1
contraction and therefore would only partxally liquefy. The:i
stgess‘stra1n curve fof this s1tuat1on is 1nd1cated in:'>
Figure 4. 4'41t islseen that after peak,. the strength drops
‘and then starts 1ncreasxng agaln. Thxs)ituatmn is found,
for example, by Castro (1969) and Mohamad and Dobry (1986)

Although for drained tests the po1nts -of vmanypm
deviatoric st;essf:(o,—oa)max coincide with 'the points pf'

¢ ¢

>
.
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e maximum principal stress ratio (o,/0,)max, this is not the

- ot -

o . case for undrained tests as illustrated in Figure 4.5 from

“"‘.‘Bje}r‘rum et al (1961). "

) ~ -\I:tfcan be seen (Figure 4,5) that ‘for dense sand the
. gpoint. of maximum principal stress ratio occurs Before the

point i'of f:ilure. This max';mum' principa1> stress Arva‘tio'
reo_reser:_ts sthe condition of maximum obliquity of " t_'he

| resultant  force on the fallure plane and, therefore, the

full -mobilization of frxct1on At this pomt' the - frlctxon
®

angle reaches a. ma"xlmum value befdre failure. The contlnued

ﬁx,cl;ease .in. strength is accompllshed by wvirtue of ‘the

#

-

€ontinued decr%ase of pore pressure due to the dilatangy,of . _

2
theytructure of the dense sand

’

'I‘he obposme holq,s true for loose sand The point of
¥ failure characterlzed by (o0,-o0, )max occurs much before the
p‘oint of (6 /;73)‘max.' A rapld increase. in pore:; tSressure vnth

.strain causes amreductalon in effectwe stress on the fallure

3 p.lqne ;nth the resul't that o,-0, decreases. As a. consequence
E t}:e fr;ctlon anﬂe at (o, - o )max is much smalletur than t.he
M max1mum value observed at (o,/a )max which "corresponds® to

¥ .

ﬁxs condltlon of «l1quefact1on.

[

e These facts can be explored by the analyszS' of the

a -
.

correspond1ng stress paths shown in Flgure 4. 6 This f1gure
also shows what friction angle is mob1lxzed at each stage of
the behavxour of the sand, in part1cular at the lxquefactxon

stag'e, indicated ‘by the strength env!elope..

.
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As mentioned previously, a point located at the Contractant
zone would 1indicate an ability of the sané to lique{y,
reqaraless of 1ts init§a1 void ratio. It 1s trge, howdver,
that the lower the void ratio of the sand, the larger 1s the
stress change to bring the material to liQuefy. Previous
concepts, that only loose sands liguefy, therefore, do not
apply.-

P
It is observed that a soil consolidated to a point in

the» contractant zone but close to the SSL will lead only to ~

partial liquefaction as shown 1n Figuré 4.4 and by the:
stress path in Figure 4.6 for the medium sand as indicated.

Mohamad and Dobry (1986) point out that the condition
of partial contraction resultirg from the proximity of the
consolidation point to the SSL, 1is characterized by a
strength drop (liguefaction) and subseguent strength
incrépse. The stress path for this condition is
characterized by an inflection and an elbow:

Finally it must be pointed out that, as seen in Figure
4.6, the friction éngle for the condition of liquefaction -
(0,/0,)max - is much larger than for the condition of

failure - (o0,-0,)max.,

-

4.4 DETERMINATION OF THE SSL R

If a triaxial compression test is conducted with the

sand at the critical void ratio, for that particular

confining pressure, then, no volume change takes place. The

locus of points defined by critical void ratios and
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confining pressures 1s the e_ - curve of Castro (1969). The

accuracy of the determination of the critical void ratio 1is

very much dependent on how accurately the volume change 1is’
!
measured. <«
In an undrained test the void ratia is constant. Pore

pressure is measured more easily and allows determination of
-

the effective confining pressure thus giving the same

relation e - a',. Undrained tests, therefore , are carried

AN

out for this purpose.
\J
Both types of tests: drained ond undrained thave been

carried ,out by Castro (1969) and Chen (1984) and shown to

give the same result, 1e, the e, - curve of Castro (1969)

obtained through drained tests <coincides with the SSL
. . . ' . 12}
obtained from undrained tests (liquefaction tests).

Results of tests conducted by Chen (1984) as

illustrated 1in Figure 4.7 show the agreement between

<

. ‘ N )
Castro's e, - curve and the SSL line. Also to be noted 1in

that figune is the very close agreement betwe;;\ngults from

load cqntrolled and strain controlled tests.'

\

4.5 UNIQUENESS OF THE STEADY SfATE LINE
Castro et al (1982) have demonstrated that the SSL is
unigue for a given sand. Thef also found the SSL to be
independent of the loading path and stress history.
Castro et al (1982) can&ied out undrained tests with
- / \

cyclic and monotonic loading on isotropic and anisotropic

consolidated undrained tests with different stress ratios.
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These tests all led to the same SSL within the limits of
accuracy of the triaxial tests.

‘ Figure 4.8 , with results adapted from Castro et al
(1982) shows the range of SSL for their several teéts.

It must be noted that several factors inherent to the
measurements in the triaxial test give rise to some scatter
df'the results and, therefore, to a certain range of data
points of the SSL's.

Among, these factors are errors in the measurement of
load, pore pressure, volume change during the initial stages
of the test before the undrained shear and errors due to non
uniformity of an individual sample. -

. Castro et al (1982) credit theo observed variations to
five principal reasons: ¢
<%

1) Variations 1in grain size distributions among the

specimens (ie, minor differences among the soils being

tested).

2) Inaccuracies in the measurements of void ratio.T 

5 3) Inaccuracies 1in the Qeasurementé of shear stress.

4) Inaccuracies in the measurements of'effeciivé minor

principal stress. .

5) Strain limitations in the tria#ial test.

These inaccuracies will be referred to in Section 4.8

in connection with the results of the testing  program

presented here.
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1y is felt, and Castro et al (1982) show, that with the
above innacuracies a deviation in void ratio of thejérder°of'
0.05 is to be expectqh as normal. Such a deviktion in

comparison ‘with the range b%tween ‘the -minimum and the
maxﬂTum void’ ratios (e, -e,,,) of the order ‘of 0.50 is quite

smgﬁf and acceptable. ‘ .

4.6 TYPICAL RESULTS .

—

If the SSL is unique for a g;énular soil and therefore
constitutes a so;H properFy it is‘%hen’relevanf to kqfw how
this property varies from soil to so}l.ﬁ

~ Qualitatively{}one c‘oul'd asdv,ance that a "loose" f;ne
grained soil contracts more-than a "loose".coarse grained

k)

soil and, therefore, the former mus&'generate higher pore
pressure under the same load. It is, therefore, mgre\
‘liquefiable. The same'~cpu1d_; also be sald of a soil with
‘rounded graing as opposed to a Sbil with gnguiaf grains.'A
s0il with rounded grains might be .more liquefiable.

In thispsgction the»influence of several basic aspects
related to the nature of soil grains (shape; ;urfacem
texture) and of soil gfadation (coarsehess-fineness:
percentage of fines;: céefficient -of uniformityzs on ﬂ;he
position and sjope of‘SSL lines will be analysedi‘“\
4.6.1 Influence of Soil Gradation / :
Two basic parameters aré norma .y useé#to'descriﬁe the

-

grain size distribution of a spil: the coefficient of
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uniformity\ and either the effective diameter D,, or the
percentage of fines. l

- In order to better undefstand the effect of these
" parameters on the liquefaction of sands, it is necessary to
isdlate them and evaluate their influence independently.
Therefore, two cases should be considered. In one case so0ils
with the game coefficient of wuniformity and varying
perc;;Zage of fines woula be considered. In this case the
soil wifh the larger pefcentage of fines would also be finer
than the other (part a of Figure 4.9). .

In a second case. soils would have the same percentage
of fines but differgnt coefficients of uniformity (part b of
Figure 4.9). .

‘ The following fy@ures (Flgures 4. 10%to . 4.12) present
the reéults of -:gSts by Poulos et al ,(19%5), ‘grouped

according;to the type of grains.(subrounded, subangular &nd

angular).

- The first thing that can be observed is that, for each
gkoup, the SSL's are  reasonably parallel, with® a slope .
varyfng'from one group to the other, ranging from a flat
‘slgpe for soils with subrounded grains to a very steep slope
for soils with ahgular grains.

J .
A second observat1on %y/ each group relates to the

'

.

position of the SSL's as a funct1on of the coe££1c1ent of
‘1un1form1ty. ‘
bFigurélw4.1n for subangular grains shows a definite

— . . .
. .

influence of the coefficient of uniformity on the position
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Figure 4.9 Criteria for the Anaiysis of the Influence of

Gradation on the SSL of Sands
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of the'§SL's. The mqre well graded (higher coefficient of
uniformity) the soil, the more liquéfiable it is, occupying
a lower position. Here it 1is véry important to recall that
the soils with a higher coefficient of uniformity are also
coarser. The peréentage of fines ;n .soils 19, 12 and 14
-decrease in this order. Notwithstanding, their liquefaction
susceptibility incrgasés. It is seen that the paramete;_that
offers.an indication of the susceptibility of lique}action
is the eoefficient of Uniformityt'Soil‘18 is in general much

coarset than soil U9 and their! percentages of fines are

_approximately equal. Soil 18, however, has a muchk higher
“coefficient of uhﬁformity and is pronouncedly more
liguefiable.

Figures 4.10- and 4.%1! for subrounded and angular

grains, respectively, indicate ,the same tendency. Here, -

however, there seems to be only a trend since the

coefficients of uniformity are all approximately equal.

Figure 4.10 shows that the coefficient of uniformity-

increases oniy slightly in the order of soils 5, 9, 6 and 4

and the liguefiability increases in the same manner. All .

<

these soils contaiﬁ précticall& no fines. Considering that
thef_soils become"- co;rser in the;'same order we must then
conclude that the coefficient of uniformity must dominate.
Soils 1 and '20;:are coarser but the. poéition of their

corresponding 'SSL's are dictated ‘by the value of their

coefficient of uniformity. ,
. mity .

o
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W?Egnte,4.12 sHowe again that the percentage of'ﬁines is
less iﬁdicativé of the liquefiability of a sand and confirm;
the more_égménant’role of the coefficient.ef uniformity.

Sert}on% 4.6.3 contains another,  systematic way of
analysing theSe results in order to eliminate any amblgu1ty
Results p\bllshed by Troncoso (1986) and Sladen et al
(1985) also confirm the close parallelllsm between the SSLrs

for different coefficients ¢f uniformity, even though their

. results areuexpresse“d in terms of percentagz‘eb of fines.

\ WellAgraded_soils‘with large coefficient of uniformity
sﬁow a peculiar‘behaviour The1r structure is such that the
fine part}cies accupy the VOld created by the «coarser
particles, thus ‘ resulting in very bécke# strﬁctures
characterieed by small void ratios. _Such "soils might be
thought not to liquefy_but they certainly do!

- Some'interesting exampleerare sHown in Figure$ 4.13iand‘
4.14. Figureﬁ 4,13 1illustrates ‘' the liquefaction_’of groend:
coal with é wellAgraded graiﬁ,size distribution sho@ing 5'
coefficient of uniformity of ebeut 40. This soil eihibiqad a
liqujl!ttion’behaviour at void ratios .as low as 0.3 ﬁndef'a

conf1n1ng pressure as low as 50 kPa (Ecker%ley, 1984)

L ?

/ . — -~
Bologne51 and Micucci (1987)  show results of

l1quefactxon tests on well. g:aded gravels with a coeffxc1ent

of ‘uniformity equal to 48, as’ 111ustrated 1n F1gure 4,14,

w

Ligquefaction occurred for this material at gg1d-rat;os_o£

0.27} corresponding to é relptive Adensityc’of _over 60%?

-4

°
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4.6.2 Influence of Grain Type

Sands as found 1n nature display a great variation of
grain shape that ranges from very rounded to very angular.
Thus, sands from coastal areas and alluvial sands that have
"been subjected to intense abrasion produced by waves or
river currents tend to have very rounded grains. Conversely,
sands that result from the weathering of rocks as well as
sands that originate from the natural or industrial
comminution of rocks are usually very angular.

Section 4.6.1 presented typical SSL's for several sands
with 5ubroundéd,’subangular and angqular grains. They showed
evidence that sands with angular grains have very steep
SSL's while those with rounded grains have flat SSL's.
Another very interesting point is that sands with the same
type of grains but differing only in grain size distribution

P S

exhibit parallel SSL's. -

It must be pointed out that close parallellism between
SSL's exists only for soils which have grains of the same
nature with only different coefficients of uniformity. In
this context rounded particles lead to flat SSL's and the
SSL becomes steeper fO{ angular grains. |

Results of tests on sands made of mixtures of different
types of grains (eg.,_rounéed guartz grains "and platelike
particles of mica) will reflect the occurrence of one or

more predominant types of particle. Im this context the

results of the tests of Hird and Hasson (1985) on mixiure

n

of quartz sand and particles of mica should be appreciated.
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Mica in this case introd%ces a great angularity to'the fiqal
soil and, as i1ts percentage increases, the corresponding SSL
becomes steeper. ‘

In general t;ilings materials are composed of very
angular grains due to the operations of crushing and

. grinding for mineral extraction. Tailings materilals may &also
be well-graded and show a high percentage- of fines. Chen
(1984), therefore, «concentrated his attention on the
liquefaction properties of silty sand téilingsAydth 37% by
welght passihg the No.200 sieve and having grains that are
very angular with a rough surface texture.

Castro et al (1982) report that except for soils with
high void ratios, those with more angular grains gehd to
have smaller differences between .the peak shear stréﬁgth and.

.A‘the steady state strength than do soils with more rounded

. particles. In this context two parameters,can be used to
characterize the results of the undrained‘triaxial test: the
brittleneés factor of Bishop and the liquefaction potential

. of Casagrande (1976).

The undrained brittleness index was defined ‘by Bjshop

et al (1968) and Bishop (1973) as:
/

—

L

(c,)-(C,),
I, (undrained) = —¢ 7= x 100 % [4.1)

vhere c, is the undrained cohesion for ¢=0 analyg?s and the
subscripts p and s refer to peak and residual state,

respectively, in relation to the stress - strain curve.
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Adapting this definition to the undrained liquefaction
test, the deviatoric stress should be used for the undrained
cohesion. ThJs, the higher the I, value; the more ltikely 1is
the soil to liquefy. g ’

Liquefaction potential is the other index that can be

used to indicate a soil's susceptibility to liquefaction.

Introduced by Casagrande (1976), it ig defined as:

g’ -0, :
T [4.2])
03¢

&
where o' is the effective consolidation stress, o is the
effective confining stress at the steady state. Basically
this relation répresents in a normalized way (normalized
with respect to o,, the distance from point P to point S in
Figqure 4.3, or the pore pressure that will be generated
during failure. It must be noted as discussed in connection
with Figure 4.4-that a point close to the SSL will only
éartially liguefy. B | |

An important shortcoming of these two indices is that
they do not provide any indication of the susceptibility of
the soil to 1liquefaction before ligquefaction tests are

~

actually carried out?fTheif values are also dependent on the

consolidation pressure, since the 1ligquefaction potential

increases with this pressiure.
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4.6.3 Influence of Compressibility .

Under unﬂrained condi}ions, due to the very large
differenge between the compressibili" of watér and soil )
skeleton, the tendency of the soil to contract will lead to'§j
pore pressure generation. The amgunt of pore pressure
generatgd depends on how large the mso\ilx'ompressibility is
with r;;pect to that of water.

The compressibility of the §oil skeleton depeﬂds on ;he
nature of the érains of the soil and on the initial state or
the state of packing of the soil éa;ticles.*

7 Sevéral aspects~ related to the nature of the soil
grai;s influence the soil compfessibility. They are:

1) grain type - soil particie§ type range from very

rounded to very angular, the tompressibility increasing
with roundness.
2) grain surface texture - fough surface texture
decreases th; compressibility while smooth particles
increéses it. | . -
3) g}ain size - by itself it is‘'not a very Jmpoftant
parameter but it appears combined with other aspects dt
the particle surface. * o>

AN 4) size distribution - soil ranges from uniform_to/well
graded, the later -diéplaying a greater ability to
generate pore pressure. .7 |

It is of interest to note thatlthe aspects that control
the‘compréssibility of the granular soils and also their.

ability® to generéte pore pressure - upon undrainedyioading,

'
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are exactly those related to the state of packing of these
soils. Extensive research has been conducfed on the packing
of granular- soils concefning their' maximum and minimum
densities, or minimum and maximum void ratios, respectively. .

Experimental studies by Youd (1973), Dickin (1973) and
Johnston (1973) all discuss the above aspects reiated to the
‘hature of the soil grains, directly influencfng two basic
soil indices: the maximum and minimum void ratios.

Youd (1973) conducted maximum and minimum density tests
on a variety of clean sands. He shows that the minimum and
maximuﬁ void ratio limits are controlled primarily by
particle shape, pérticle size range and variation; in the
gradational - curve shape, and that the effect of particle
size is negligible. Some of Youd's results are shown in
Figures 4.15 and 4.16. Figure 4.15 presents the grain size
distribution curves for. artificially propprtioned sand
mixtures. Figure 4.16 shows densit® limits as a function of
grain shapelfor laboratory fractions with c, = 1.4.

It is seen that as particles become more apgular, both
e

and e,,, grow dramatically, with the difference e, -e,,,

max n

growing accordingly. ) .

Figqure 4.17 shows density limits as a function of
gradation (coefficient of uniformity) for the same tybe of
sands. Both e,,, and e, decrease with the coefficient of
uniformity. The diffegénce €,ax"€nin+  hoOWever, :remaigs

practically constant, decreasing only slightly. ~ .
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, @
We shall be discussing the implication of this stugg further

~

in this section.

' Johnston (1973) and Dickin (1973) come bractically to

the same results. It 1is interestiné, however, that they all
\/ use different methods for the determination of the maximum
and minimum densities. ‘

The cdmpressibility 1s also. dependent on the initial
state of the so&l. This state can be characterized by a void
ratio, as illdstrated in Figure 4.18 from Hilfd(1975). A
.soil with a smaller void ratio 1is certainly much  less
compressiblé.ﬁ N ~

The characterization "of a statg'on_the basis of a v;id
ratio alone is insufficient. The state is bettér defined by

its relative position with respect to e, and e, .through

the relative density, D, definéd by Terzaghi (1925):

e ' Co "
D = - ) ['4-3]“

- —

This relation alone also suffers by not giving any
indication of the nature of soil particles, the degree of

packing and the soil compressibility.

v

Therefore, even though Terzaghi (1925) defined the

ranges of relative denseness as follows:

0 <D, < 1/3 loose sand o C e
[ I ) [ ¢
- Ao .

ool

¢

1/3 < D, < 2/3 medium compact sand
[
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@

2/3 < D, §A1 dense sand
these values offer no clue to the susceptibility of the soil
to liquefaction. -

Of course, all these values are oé a relative nature
and, as stated before, . the concept ©of loose and dense, as
far as liguefaction susceptibilityv 1s concerned, is

dependent on the‘pdsitién of a’ state of consolidat¥on with

respect to the SSL. Therefore, a soil in a 1loogse state.

characterized by a relative density of 30% could not.liqdefy
while another soil with a }plative density of 60% would. In
' any case, however, a soil in a dense state'would feqhire a
~.larger sfress;change to beb}iquefieé. ’
It wéuld be highly desirable to know in advance the
susceptibility of a soil to liquefaction based o; simple
parameters. Although there are many factors involved in this

type of judgment it is true that certain soils are more

susceptible. than. others- as indicated throughout this-_

chapter. An' indication of that could be offered bj a simple -

<

parameter called compactibility. This parameter, not-in mugh -

use today, was defined-by Terzaghi (1925) as:

r |

F = max mi'n ‘ : [4 .4]

~and it was introduced to predict  the compaction

characteristics of grariular materials.

v
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~ As seen through eqguation 4.4 this'parameter  involves
€oax ' €mn, and the difference e, -e, , all related to the

o ) .
*nature of the soil particles (shape, texture, size etc.) as

discussed previously. Therefore, it-.gives an indication of

-

the '~ compressibility of the soil and its liguefaction

sUsceptibility, both characterized by a large e, -e ., and a

mgn
small e, .
Table 4.1 from 'Hilf (1975) 1lists the values of

compactibility for a variety of soils. It can be seen that

-

emin

for well-graded cohesionless soils such as SW or GW, e,,,

is large and e, , 1s small; hence F is large.

It is apparent that the correlation between F and the
coefficientpof(uniformity (c,) is not very strong since it
is a uore erratic parameter and_doe%-not reflect the type of
grains. A trend, however, -is suggested that F increases with“
c.. This is due to the fact that for well—graded 30115

u

smaller parttcle& tend to occupy the v01ds formed by the_

coarser partlcles, resultlng in a more packed structure. it

\ B

~must be born in #ingd that 51nreuF depends™én the Mminimum

r

.;and max1mum vozd rat1os and they depend-~6h the type of

< -

~-grains; the correlatlon above would ‘be nean;n ful only if

- the same type of grains is 1nvolved Table 4 1 al helps to

s

illustrate such Q\trend. For soils with the same type of

grains aﬁd the same void ratio the one with the larger F is . -

more compactible ehdbf tyerefcre, capab}e of _generating

!
. ;
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At this point perhaps, as an 1introduction tb some of the
ideas that will be advanced in this thesis it is convenient
to say that in a process where soil particles aré undergoing
physical breakage and fines are being formed, the
coefficient F 1s increasing and so is the susceptibility of
the soil to liguefaction.

Some interesting results on liquefaction worth
examination are presented by Been and Jefferies (1985). They
condqéted tests on a clean wuniform sand with subrounded
grains to which they added differen? propbr{ions of fines.
Figure 4.19a shows the grain size distributionAof the clean
sand and Table 4.2 pggsents some index properties of the
sana and sand-silt mix;b{SE: Added to that table 1s the
compactibility coefficient F.

This paraﬁeter increases 1in the same order as the
coefficient of ‘uniformity and the percentage of fines and,
therefore, in the , order of increased ligquefaction
susceptibility. Figure 4.19b illustrates the- SSL's for those
soils and ;shows the increased liquefaction susceptibility
with F and with the percentage of fines. The increased slope
of tﬁe SSL's with the percentage of fineskmﬁsv be noted.
Qery probably the fines used were more angular than the
original sand thus, conferring to the sand a beﬁavfour of a
soil with more éngylar grains. This could be inferred from
the comparison of Figures 4.10 to 4.12.

In any case 'the expected parallellism of the SSL's for

a soil with different c 's Qr.aifferent percentage of fines



Tabtle 4.0 Index Propertaes of Kogyuk Sands (moditied afte:

Been and Jefferies, 1985)

&y
\
Sand - silt mixtures 350/0 3950/2 150/9 350710
Median pgratn sise
i (mm) 0. 350 0. 350 0. 300 B SAR
S8
Sosmaller #2200 0 A 9 0 * G i
- .
tniformity coetficient 1.7 1.8 2.0 23
Maximum void ratio ().783 0.829 (). 8686 0.9°7
Minimum void ratio 0.523 0.470 0.487 0.465
Void ratio at SSL
for Il=l()k}’a 0.77 0.78 0.82 o 0.89

Compactibility F 0.6497 0.764 0.778 0.994
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must be further investigated in order to nambiguousiy imply
a higher pore pressure for the soil with ldgger c,.
It must be stressed that the coéfficient of uniformity
is a very erratic parameter &nd it, alone, does not provide
“any insigh¥ to the éharacter of the soil particles and on
the agility of the sofl to liquefy. The relative density
also shows a degree of packing but does not reflect the
nature of particles and the grain size. The compactibility
parameter, however, seems to be more encompassing and, 1if
used in connection with the others will certainly provide
more understgnding of the behaviour of granular material
with respect to liquefaction.

Since tailings in general have a large coefficient of
uniformity ‘apd also a large percentage of~ fines, the
iQFreased liquefaction potential with the coefficient of
uniformity (corresponding to a larger compactiﬁility F)
explains the modern trend in the-.design and construction of
tailings dams, using rather flat downstreém slopes,

compacted retaihing dikes and 1low-silt sands (Troncoso,
1986) .

Cémparing soils with grains of the same nature, the
‘materials with high coefficient of uniforﬁity have appeared
"to be more liquefiable. As discussed, they have a closely
packed structure -, .They also present high values for the

;

difference between the maximum and the minimum void ratios

€nax"€nyy and a small value for the minimum void ratio e,,,

and, consequently, a high F value, tﬁusv explaining the
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higher susceptibility to ligquefaction.

4.7 STRAIN AT_?HE STEADY STATE

It Ras been observed (Castro et al, 1982; Chen, 1984)
that undrained g>§axial tests on sampleg of loose saturated
sands (ligquefaction tesEs): exhibit a peculirar stress -
strain relationship. As discu§s;d in Section 4.2, the
strength increases with deformation to = peak and then drops
considerably. A particular aspect of these tests is that the
strain at peak stress is ;efy small. Strains at maximum
'shear stresses are iﬁvariably less than 5% being mainly
between 1 and 2%. After failure, shear stresses decrease

r

very rapidly but Fhe constant reduced stress (steady state

condition) 1is attai?ed only after very large strains,
usually over 20 or 30%,Adepending on the initial condition
Ewihe soil. ' : .

The large'gtrain normally required for the steady state
to be achieved usually creates a problem for experiments due
to straiﬁ limitations of mbst equipment. Cast?S et al (1982)
repért. that one of the causes for the scattering of the
resU%ff;/bt SSL's "is the sﬁrain limitation: steady state
sometimes could not be attaine8 at a strain lower than 30%.

Although workiné with compacted soils, - Lowe (1969)
already called attention to the problem of defining strength

with regard to the strain required for this definition, He

indicates that in the analysis of -the stdbility of earth

‘4

Q.

dams it is more reasonable to consider the undrained shear

h
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strength at strains of the order of 15 to 20%.

Bolognesi and Micucci (1987) conducting isotropically
consolidated undraihed triaxial tests on gravel report the
need to conduct the tests at strains up to 30% in order to
obtain the SSL.

Analysis of the results of tests by Castro et al‘(1982)
and of the tests carried out 1in connection with this
research show that the stéady state is obtainedsat strains
that depends on the nature of the_spil and on the initial

state of the soil. A loose sample would reach the stead{
state at around 10% strain. Dense samplés could require even
more than 30% for the steady state to be reached.

It is also observed that a sand aéﬁsolidétedzrto a
stress level indicated by a point close to the SSL ‘requires
more strain than if the initial condition was represented by
a point far* from the SSL. ﬂﬁgggiess 40 say that we are
considering points in°the contraétant zone,

| ‘Another qualitative finding 1is that a"coarse soil
. : -

v ) ) : R e )
requires more strain than a finer greined soil. Therefore,

1

under similar . conditions of density and consolidation

\

pressure, if a fine sand requires a strain of 10%, a coarse

. ;
sand may require 30% or more. ‘

‘

In other words, it seems that thé,strain at the steady
state is als; dictated by the conditions that define tEe
liquefaction susceptibility of“‘the soil.. ﬁﬁre liquefiable
sands reach the steady state condition at much lower strain

than is réquired for less liquefiable soils.
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4.8 LIQUEFACTION OF UNSATURATED SANDS

Liguefaction has always been associated with saturated
‘'sands. However, it is known that .an unsaturated soil in
general, under undrained loading, will <contract upon
compression of the air in the pores.

For an unsaturated soil there is a certain load after
which the soil could be considered saturategnxlﬁus leading
to a parameter B close to unity. Two aspects must be pointed

\
out:

1) the smaller the initial degree of saturation, the
larger the load necessary to saturate it.

2) the more compressible the soil skeleton,  the smallgr
the load required.

As pointed out, liguefaction 1is the reduction of
strength due’ to pore pressure generaxlen under undrained
loading. Undrained loading of an unsaturatéa/lapd results in
pore’ pressure generation as well. The queSt1on is only
whether at a certain degree of saturation the applied load
will bring the pore pressure to.a level to liquef;-zgafsand.
Tkis\ condition can be seen in Figure 4.20 whé;e several
p§ssibeities are illustrated for the results of undrained

o

tests. In that figure the SSL for the sand iS‘¥ndicéted
Also shown are several stress volume change paths,~star%333
at the same point, believed to exist for unsaturated sands

as a function of the degree of saturation, ,
| Liqueféctioﬁ of - an unsaturated sand . should be

accomplished through a path -such as S1. After a certain load
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Figure 4.20 Stress - Volume bhange Paths for Liquefaction of

Unsatqrated Sands .
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the sand would be saturaﬁed. Upon continuation of load,
liquefaétion would be attained as well.

The degree of saturation S3 is tgo low to Qenera;e the
required positive pore pressure. Upon continuation of loaa
contraction.of the sand occurs due to compression ofhﬁhe air
and of the soil skeleton but.the positive pere presSurevis
not high enough to create a §aturation of thé sand before
the SSL is reached.

Path S2 indicates that the sand either failed before
saturation or loading was interrupted before saturation was
reached.

There 1is not evidence of all these paihs but a few
tests by Sassa i1985) indicate that 4iquefaction of
unsaturated sands occurred for é degree of saturation of

85%. T

4.9 LABORATORY TESTING

A labbratory pfogram wvas set up: with_ the purpose of
exploring some details of liquéfac;ion. Many aspects
required further exploration. The moré important were

-~

basically a relation between the liquefaction‘péteﬁtial and
compactibility, and thé ;earch for a better understanding of
the influence of the nature of sand grains on the
susceptibility to liquefaction ~6£ séhds. of éoncern‘ were

pr1nc1pally the influence of the coefficient of un1form1ty

¢

on the. Steady State L1ne and the determ1natxon of .the

friction angle of the material at the steady state.

S
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4.9.1 Material Tested

Upon examination of some laboratory data presented in
the litegature it was found that the liguefaction potential
increases wlt2 the coefficient of uniformity of the synds_
and to a lesser degree with the percentage of fines. Some of
the published data in. the literature (Been and jéfferies,
1985; Hird and Hasson, 1985), however, indicate some
ambiguit& of tﬁe interpretation of the -susceptibility to
liquefaction of soils containing fines. Therefore, questions
on this aspect still exist. To help elucidate this topic and
also to provide data on angular soils three series of tests
were performed involving sand;#with the same mineralogical
composition and the same grain type and shape. Three
différept gradations were .used. The diameter D,, was képt
consfant and the coefficient of uniformity made to vary.

The sands were mainly made of crushed quartz grains .
With varying coefficient of uniformity and, therefore, with$“
different percentages of fines. Some grains ofbfeldspar were
also present. The idea of crushed sand came from the fact
that tailings 'materials resulting from miilihg operations
are vefy éngula;. Also .the ‘components of rock debris
avalanches are very angular. o |

Table 4.3 givgs‘the basic indices of the sands used in
this- research. The grain size distributions of the three
saﬁds'are shown in Figure 4.21. The pér;iéies of sands can

bé' appreciated through their ;ﬁicrqphotogtaphs‘ in Figures

4.22 to 4.24, for soilsfl, 3 and 6, respectively.

k3 e

¢

b
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Table 4.3 Physical Indices of the Sands of the Present
Résearch
Physical Index Soil 1 Soil 3 Soil 6
Uniformity coefficient 24.6 13.4 3.0
Percentage of fines x t  38.8 33.7 16.8
Min. dry unit weight, g/cm® | 1.430 1.399 1.326
Max. void ratio 0.867 0.908 1.013
Max. dry unit weight, g/cm3 - _ -
’ "‘:\vi"
o(vibration) .1.960 - 1.904 r.627
Min. void ratio 0.362 0.403 0.641
Compactibility F 1.39 1.26 0.58°
Max. dry unit weight; g/cm3 »
(Proctor) 1.885 1.780 1.519
Min. void ratio 0.4116 | PL500 0.708
Compactibility F . 1.08 10.82 |  0.43
Specific weight of solids 2.67 2,67 | ™ 2.67
Diameter D 015 0.15 |  0.15

50. mm
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Figure 4.22 Microphotographs of Soil 1
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Figure 4.23 Micropkbtographs of Soil 3 *
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Figure 4.24 Microphotographs of Soil 6
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4.9.2 Testing Program
Each of the sands were subjected to a set of
characterization tests including grain density, grain size
distribution and minimum and ma§imum densities.
| Isotr?pically—consolidated undrained triaxial tests
were performed for each sand using different Consoliaation

pressures and different relative densities.

4.9.3 Triaxial Tests

o
Triaxial tests were conducted using strairf controlled

techniques for ease of operation. Castro et al (1982) and
Chen (1984) <conducted both strain controlled and load
controlled tests. According to them, peak strength 1is
reached in about 10 min atvan axlial strain of ' to 2%

After this, aiquefaction at strains over 20% 1s obtained 1n
a fraction of a second. Strain controlled tests do not allow
the real time determination of the tcst since strain
proceeds at a constant speed. Results are nevertheless
equivalent as pointed out by Castro et al (1982). Chen also
reports the comparison between the two types of triaxial

tests indicating that the results are within the range of
/

accuracy of the tests.

4.9.3.1 Test Apparatus

The triaxial compression test appa;atus consisted
méinly of a Wykeham - Farfance loading press.
/ The major components of the—=system used were:

1) Triaxial -ell

«
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2) Constant pressure line

3) Lgading press Wykehabt%arrance

4) Data acquisition system

5) Cell volume change

6) ﬁack—pressure change

7) Load, cell, pore pressure transducers, lvdt's,
pressure gauges |

Figure 4.25 illustrates the laboratory setup used

©

to conduct the tests of this research. The triaxial cell{
was a conventional large unit to acqémmodate samples as'
large as 10.0cm diameter. A metal pedestal was used
specially for this studf. Two drainage lines lead from
the tob of the pedestal throygh the bottom plate 'to the
outside of the cell. A third drainage line leads from
the t§p plexiglass loading head to the bottom plate and
.. then through the plate to the outside of theiéell.

The triaxial cell does not contain any rotating

bush for minimization of the friction. It was decided to

use an internal load cell (Figure 4.26) for measuremeént

NN

of the load and, therefore, overcome that inconVenieﬁcél
A constant preésure line is supplied throughout the
laboréfory and could be used éirectlycacc?rding to need,
through regulating gauges. ‘
The loadfng préss is shown in Figﬁre 4.25. A
éonstant rate of strain is obtained by a scre{;}ype
press driven by a variable speed gear drive unif. By

‘changing the gear combinations, the rate of strain could

*
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be varied.. It was decided to use the higheést rate
available (1.5cm/min) in order to follow the deformation
of the sample as fast as possible and to have a total
time failure less than 20min for these undrained tésts.

Pore pressure was measuredVIthrough precision
transducers.

Cell volume change (Figure 4.27) was measured
through a unit developed by the laboratory personnel. It
basically consists of a cylinder with a moving.diaphragm
to which a 1lvdt is attached. Volume change is measured
by the displacement of the cursor of the 1lvdt.
Determination of any volume change of the sample was
made by difference between the total volume change (cell
piﬁs sample) and the volume change of the cell (cell.
plus @ dummy sample).

An electronic data acquisition system (Figure 4.28)
was used for the automatic recording of the reading of
all t&e devices., It was basically a microcomputer with a
datalogger board. A swiching and control box with the
necessary amplifier for the low signal output of the
transducers was attached °‘to the - terminal of the
datalogger. The terminals of the 1lvdt's, pressu;e
transducers and load cell were connected to the control
béx.

gbil specimens used were 75mm diameter. Since large
deformations were expected, large diameter lubricated

end platens were used (Figure 4.29).
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Three sands were used having different gradations.
The physical indices are presented,in Table 4.3.

Maximum density of these gands was determined by
two methods: vibrating table (ASTM D 2049-69), normally
suggested for sands with less than 10% fines and Proctor
compaction test (ASTM b 698-70). Results are also given
in Table 4.3. It must be noted that the higher values
were 6:£§tﬁé§j&o; the Vibratfﬁg table, p;obabLy due to

o e

the high ¥Mefficient of uniformity of the sands.
poe

4.9.3.2 Sample Preparation

A predetermined amount of oven-dried sand and water
were thoroughly mixed before being compacted in layers
in a split aluminﬁm mould wusing a small drop hammer

(Figure 4.30). The weight and the drop of the hammer ram

were systematically varied in order to produce groups of .

test specimens with different 1initial densities. The
amount. of water used in mixing was low enough to create

capillary pressure to confer stability to the sample.

4.9.3.3 Saturation of the Sample
Once the sample was mounted in the triaxial cell, a
suction pressure of'about 10 kPa was applied to make

possible the extraétion of the split mold.

Saturation of the sample was carried out by two

procedures. First percolation of water was carried out
to expel most of the air bubbles and and bring the

sample close to saturation. Back-pressure was ‘then
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apj'lied to saturate the sample.

The initial void ratio of the sample was basically
determined from the internal dimensions of the split
mold. S{nce du;ing .the ‘operations. of set up volume
changes could occur for tﬁE looser samples, several
meaSurements were made of‘the diameter and height of the
sample for the determinaé@on ékz:its vo{al ratio after
sample set up. Volume chéqge éahld be accomplishea

throughout the test, during saturation and consolidation

for the final determination of the void ratio.onlume

A
change determinations were taken with the utilization of

\ A}
. . \
the device of Figure 4.27, g \

-~ ‘\‘ " \
\‘ Y
".
N\ \
%,
Back-pressure was applied in increments of 10 or 20

\

4.9.3.4 Consolidation

-

kPa. Cell- pressure was increased accordingly' and an

excess pressure of 10 kPa was maintained with redpect to
back-pressure. .

Moﬁi€0ring of sample . pore pressure and cell’

pressure &imultaneously allowed the corttinuous

\

determination of Skempton's B parameter. When _this

parameter reached :0.99 or greater, the, sample was

P

congidered to be fully saturated and consolidation

proceeded under the desired pressure.

4.9.3.5 Shearing

After consolidation was completed, the drainage

valve was closedladd the specimen was loaded. at constant \

I3

3
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strain rate.
" The magnitudes of axial load, axial deformation and
e _
sample pore pressure were recorded for each 2 sec time

interval.

4.9.3.6 Computations = = R ©
Computations of the deviator gtress during axial
loading were based on an area corrected according'to:the

‘ormula

- [4.5])

where
A = corrected cross-sectional area

A,.= area at the start of axial loading

.
o -

e = axial strain BN
‘A correction to the deviator stress to account for
rubber membrane confinement was made according to Bishop

"and Henkel (1962): - ‘ .

p‘ '/ * - ‘
' ) TDMe ¢ Vo
Ogc = 0q = T3 , ' [4.6]
where  ©.iC

@, = corrected deviator stress )

= 04 = deviator stress before membrane correction

D, = sample diaﬁéter beforevaxial’loading U

-

"M = compression mo¢dylus of -the rubber membr;ne perfunit

‘width .. T B
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4.9.3.7 Test Results

‘ ) Three different types of sands, at four different
initial relative densities, consolidated at three
different consolidatidn pressures were tested. A total
"of 36 triaxial tests were then conducted. The main
objective was to analyse the influence of fhe grain size
distribution on the steady state 6f these sands. Since
the diameter D,, was kept constant for all the sands and
they had the same type of grains, the coefficient of
uniformity was an important parameter for the analysis
R of the results. The results of the individual triaxial
’tests are presented.in Appendix B. The results from this
program are presented in the form ot Steady State Lines

showing the correspondence between the void ratio after
Aconsolidation and the log of the effective confining
A pressure or the log of the deviatoric stress. These
results are shown in Figures 4.31 and 4.32. Some

A

interesting observations can be made on the basis of

s

these figures:

}) As the coefficient ©f uniformity increases,Aand as
was expected, the pore pressure generated upon loading
incréases very pronouncedly. This is appreciated through
the relative positions of the L's. fﬁe SSL for soil 1
(larger coefficient of uniformity) is far displaced with
respect'to the others,.pherefore, indicating a greater

susceptibility to liquefaction.

2) The remarkable parallellism discussed 1in Section

.
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qQ

4.6.1 1is clearly defined here, since the same type of

grain was used, regardless the size distribution. /

’
—

3) It does not seem to be fortuitous that the more

liguefiable the soil 1is, the smaller 1is the scatter

observed.



5. PHYSICS OF MOBILITY

5.1 INTRODUCTION

In this chapter the physical basis of the mobility of
soil and rock avalanches will be explored. In particular the
disintegration of rock will be <considered, which was
discussed in detail in Chapter 3. A fundamental aspect»of
the mobility of the debris, {équefaction, and other relevant
aspects of this topic are ev?ﬂuated.'

When a slope failure takes place the slide debris may
move from a fraction of a meter to several tens or hundreds
of kilometers. Mobility of debris depends on several factors
but the geometry ’of the slope and the material
characteristics are the most important.

3

Several processes are associated, starting from the

slope failure itself. Here, many triggering agents may lead

to instability. In’ general slope failure occurs duF to
5
either an ingrease in loading or a decrease in strength of
the slope forming material.
It can be sai? that different -triggering agents may
contribute different levels of energy to the failed mass,
some being responsible for more disintedration at the

beginning of the process (e.g, earthqguake).

-
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5.2 STAGES OF MOVEMENT AND PHYSICS OF MOBILITY

5.2.1 Disintegration

Fol?owing slope failure, the geometry of the slope
combined with the material type govern most of the following
movement as far as the type of failure is concerned. As
illustrated by Hungr (1981), and Varnes (1978), many types
of movements are associated with the slope geometry and type
of material. What }s important here is that the subseguent
movement process involved will lead to the disintegration of
the rock. .

Some rocgs disintegrate _more than ©others, thus
generating more fines. This is mainly associated with the
presence ofsmore fissures, fractures, joints and other we;k
structures ;n one rock than in the other but 1s also
associated with the mineralogical composition of the ‘rock.
Volcanic rocks in general disin?egrate more than‘granitic
rock and therefore generate more fines.

The characteristic of the debris that will be produced -
is, therefore, a function of the type of rock and of its
degree of soundness and of the presence of  -weak zones and
the degree of fracturing of the rock.

Two different situations ma& occur in consection with
rock debris avalanches, depending onh the amount of
disintegration the slope material has suffered and,

therefore, on the concentration of boulders and rock in the

debris. For large concentrations, boulders would be riding a
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N
relatively thin layer of fine grained material. Conversely,

for small concentrations, the boulders would be carried in a
fine grained matrix of debris.

Figure 5.1 illustrates a section of the moving debris.
Although the fines may be distributed throughout the entire
thickness of the‘debris sheet, their concentration is more
dominant at the bottom. Coarser material is riding over the
layer of fine grained material or is immersed in it.

Such a structure has been observed, for example, by
Hungr (1980) in the debris of Frénk Slide and by Evans
(1985) in connection with the rock debris avalanches of
Mistery Creek, Hope Slide, and Devastation Glacier in the
Southwest Cordillera (Canada). Eisbacher (1979) and Erismann
(1978) also observed that the original stratigraphy of the
failed mass was preserved during movement. These were, in
general, avalanches of smaller volgme, where comminution was
less evident ‘and where the percentage of fines was
accordingly also smaller.-

As pointed out 1in Chapter 3, avélanches of 1larger
volume will develop much more fines throughout the debris”

although more concentrated at the bottom.

5.2.2 Water

Water present in the debris may come from several
sources. According to its origin water may be classified as
existing or incorporated water. Existing water may saturate

the slope-forming material before any movement takes place.-
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This includes water from wnderground seepage and rainfall
water that infiltrates into the slope. Incorporated¥water is
picked up during movement and may originate in ponds, from

snow melt or be picked up from saturated alluvium.

5.2.3 Liquefaction

The presence of water in its various forms accounts for
the satdration or partial saturation of the debris, mainly
referring to the fine-grained material at the bottom of the
debris sheet.

Under the self weight of debris, ‘there is compression
of the bottom layer. 1If the material 1is not 'totally
saturated, after the compression of the air in the pores the
fines will experience undrained loading with very large pore
pressukés being generated according to the steady state
concept develﬁpedjin Chapter 3 and the bottom layer will
liquefy. "~ The reduction of strength associated with
liquefaction will‘lead to acceleration of the debris:

Two relevant points must be mentioned. First, not all
the desris must be saturated to lead to the movement of £he
debris. Ohly a fraction of the debris may contain water.
This applies to the layer of fine grained material .at the
lower portion of the debris. Second, full saturation of this
bottom 1layer is A;t necessary. As discussed before,

liquefaction may occur even if the material is not fully

saturated.
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It must be stressed that not much water 1is needed to
account for the mobility of the moving masses. This explain¥
why some rock debris avalanches seemed to be in a dry state,
at least superficially. Such is the case of Frank Slide
(McLellan, 1981) and Mount St. Helens (Voighg'et al, 1982),
for instance. A large amount of water, however, was produced
at Huascaran Mountain Avalanche (Plafker and Ericksen,
1978) . ‘

( : ‘

It is important to note that the debris from avalanches,
is well graded, wusually with a high coefficient of
uniformity. Voight (1978) .refers to a coefficient of
uniformity between 13 and 300 for samples from the debris of
the Mount St. Helens. o j

As discussed in Chapter 4 such materials are likely to“‘
ligquefy with.void ratios as low as 0.3 or even lower. The
amount of water needed to saturate soils with such void
ratios is much less than is required for a normal soil. As
an example, approximately half of watef is needed than it
would be required for a soil with a void ratio of 0.6.

.
" 5.2.4 Mobility

It was seen that high pore pressures can be generated
due to undrained loading of the debris by its own wéight.
The amount of pére presshre ‘generated depends on the
magnitude of stress change and on the initial
characteristics of the material, both dgpending, in a.

certain way, on the thickngss_(stress and comminution) of
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the debris sheet and, therefore, on the wvolume of the
material involved.

Undrained ‘loading with pore pressure generation has
already been proposed by Hutchinson and Bhandari (1971) as a
fundamental mechani;m of mudflows.

Effective stresses at the base of the debris sheet are
reduced, making the moving mass more mobile as a result of

the reduction in shearing resistance. As a conseguence, some
a

pdints can be stressed:
1. Large movements are more mobile than small movéﬁqpts.
Rock debris avalanches characteriied‘by large volumeAére
expected o show more pronouncea comminution and,
therefore, larger amount of fines. During movement there
is formation of fines to a'point correspondipg £b the
stresses produced by the self weight of the debris.
Larger stresses algg create more finer material and,
therefore, lead to higher pore pressure.
2. Debris need not be totally saturated. Even
unsauu;ated fines can also liquefy.
3. Movement is frictional. The friction angle for the
condition of liquefaction was shown to be comparable to
that prevailing for drained conditions. The frictional
resistance was decreaséd by virtue of pore pressure.
4. Varying degrees of mobility can be reflected by .the
position of the steady state line. The SSL line depends

on the material characteristics, coefficient of

uniformity and other factors. Particularly important is
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the behaviour of well graded materials, capable of

generating higher pore pressure.

5.2.5 Retardation of Movement

Retardaeion of movement occurs due to either reduction
of slope inclination or pore pressure dissipation associated
with the consolidation characteristics of the material or
both.

During movement the excess pore pressure may undergo
dissipation. Consequently the frictional resistance
increases and with reduced slope angle the acceleration of
the mass accordingly decreases until it becomes negative and
the debris mass comes to a stop.

In this context it must be pointed out that the volumes
_i?volved in these movements are normally very large and so
is the amount of fines present in the debris. Consequently,
the expected thickness of the bottom layer is accordingly
apprec1able. |

» 7 We shall see that the duration of these movements is

"ggégfy' short. The thickness of the bottom 1layer, in

ombination with the short duration of the moveément will
make c0nsol1dat10n unlmportant. This will be expléred in
Chapper 6. For- now, it must be ment1oned that for the
movement of Aberfan, where the debris sheet was 2.0m thick,
Hutchinson (1986) had to assume a thickness for the layer of
"fine gra1ned material™ of only 5 cm for Gonsolldation to

take place. Even so, for the duration of the event the total

e e



145

consolidation was less than 10%.
5.3 OTHER MOVEMENTS

5.3.1 Flow of Tailings and Mine Waste
Under this heading we include the flow of tai;iﬁgs that

are produced as a conseguence of the breakage of a tailings
dam as well as the flow of other materials such mine waste
- that occurs after the fa{lure of a waste tip.

| The basic difference betweeﬁ these movements and the
more general movement of a-rock debris avalanche 1lies in
that the tailings will lose their structure but will not
undergo any disintéération or COmﬁindtion as described
previously. Tailings are already the result of comminution
produced in the minerai industry for mineral separation.‘

Saturation of the tailings may occur mainly at the

bottom paft of thé‘tailingg dam as a consequence of seepage,
groundwater or even infiltration frpm rainfiall water, as we
shall see in connection with some case histogips in Chapter
7. . .

‘The subsequent stages of movement ﬁollow what "~ was
described in connection with the rock debris avalanches.

’ ' o

5.3.2 Submarine Slides )

.Foé this particular class oi "‘landslide, slope failure

,can be triggered by either -an earthquake of a fast rate of

seé?hentation in deltaic areas. Undrained loading upon slope
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failure leads to ligquefaction of the material involved thus
generating high pore presdures and accelerating the debris
mass. Since more uniform materials prevail the layer of fine

grained material .in this case 1is the total thickness of

debris. - : , ' L :

ey

During the debri§ flow an. additional resistance to

movement is offered by the water and is sweferred to as the

drag resistance. Tﬁis resistance arises from £our.
components; bressure draé,.friction drag, inertial drag and
water entrainment drag (Ippen, 1978 ; Sorensen, 1978). The
first two components are more dominant and»can_be added up

*

as

- ~ - -

L v? v\\\\\ ' - . ‘ !
Fa=Cqap A5 . é - [5.1]

where F, is the drag,reszstance,'pd:isvthe drag cogkfiéignt, \ -
A is the frontaliafea of thef?bv{ng body in the water, p is
fthe water mass density and V is thé'body velocity. .

Because of fricﬁion, 16 :the; debris front . aleng the
interface of the debris and the surrounding water shear
stresses develop leading to an érésion af this;suffdée.'The
erodeé ﬁatgriél is continuously left behind; W;ter;around~
the interface behind theAspgut (front) of the debris flby:és

in turbulent motion. The;efqre, mixihg‘of the eroded debris -

with water occirs and a low density turbulent -cloud is . -

formed as thef debris flow adVaﬁcésc .leaving the “dilute

turbulent c¢loud moving behind. Experimental copfiima;ian»of
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this fact has been presented by Hampton (1972). Illustration
of this behaviour 1s shown in Figure 5.2 frem Hampton.

The turbulent <cloud is tormed aiong the entire
extension of the movement of the debris flow. As the debris

L]
flow passes, however, the cloud left behind settles.
§.4 VAIONT SLIDE: A DIFFEREiT MECHANISM?

5.4.1 Introduction

In the previous sections a general mechanism was
presented for ‘the extreme mobility of rock debris
avalanches. These movements 1involve large volumes and
extremely high velocities are attained. Valont Slide, which
occurred about 24 years ago (Oct 1963) exhibits the same
characteristics: large volume and great mobility. The great

Yvdestruction and loss of 1life associated with the Vajont
Slide makes it vcnv unusual case among’ the most dramétic
landslides.

In spite of the many publ{shed papers on this slide,
many aspects regarding the failure mechanism and the
kinematics of the slide are still debatable.

Hendron anq Patton (1985) present a ﬁﬁorough treatmeﬁt

’ :
of these aspects in a recent report. Their revision and
digcussion on the failure mechanisms are particulariy of
interest. We follow many aspects.of that report here. Their

presentation of the kinematics of the slide is discussed and

an.alternative approach is included.
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reverse /7 debris flow

SR e

~ A
e

sharp—tipped ___ _ —

ce®t /{ turbulent ctoud

Fiqure 5.2 Submariné Debris Flow and Turbulent  Cloud

(modiffed after Hampton, 1972) = .
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5.4.2 Description of the Slide

Approximately 270 X 106m3 éf rock from the north side
of Mount Toc slid into the reservoir formed by the Vaiont
Dam. The rock mass was about 250m thick and.measured 300 to
400m horizontally and reached a velocity of about 20 to 30
m/s before stopping against the opposite side of Vaiont
Valley.

A wave about 100m above the crest of the dam overtopped

it and produced extensive damage downstream claiming the

lives of more than 2000 people.

5.4.3 General Geologic Setting

According to Hendron and Patton (1985) the Vaiont Slide
is located in the southeastern part of the Dolomite Reglon
of the Italian Alps, where the mountalns are characterized
by massive near-vertical cliffs consisting of Triassic and
Middle Jurassic strata.

| Very relevant are the outcrops of weaker formations,
particularly the upper and lower Cretaceous and Tertiary
units, which contain more élays and are thinly bedded.

The bedrock in the slide area consists of a thick
succession of limestone beds of Upper Jurassic and Lower and
Upper Cretaceous ages. These rocks present karstic features
characterized by the presence of solution cavities.' Clay

interbeds are common in the Lower Cretaceous rocks. The base

of the Vaiont Siide lies within the Lower Cretaceous.
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5.4.4 Water and Slope Movement

One of the most debatable aspects of the VaionE Slide
has been the role of reservoir water level. Movement of the
Vaiont Slide has always been associated with the reservoir
level (Muller, 1964, 1968B), the grouﬁdwater level being
expected to vary with the fluctuation of that level.
Corr;lations between movement and reservoir level, however,
have been very poor and inconsistent.

The average raigfall in the area of the-Vaiont Slide 1is
in the range of 1200 to 2300 mm/year. Since the terrain is
mountdinous, éignificant fluctuations 1in the\ﬁroundwater are
expected to occur. Hendron and Patton (1985) analysed.the
role of rainfall and reservoir lével and came to the
conclusion that rainfall accumulated during periods of 10
days were responsible for the movements of the slope. In
fact rates of movement were always associated with periods
of high precipitation and shown not to correspond to
reservoir levels. ‘

The presence of solution cavities is seen to facilitate

the movement of the slope by the hydraulic connections

beneath portions of the failure surface.

5.4.5 Geotechnical Characterization of the Clays
Clay layers along the surface of sliding of the 1963

slide are commonly 1 to 2cm thick but vary from 0.5 to 10cm

or more.

-
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Grain size distgibutions indicated that the clay
material contains 51% of clay, 36% of silt, 7% of sand and
6% of gravel. Kenney (1967b) repofted 52 to 70% clay.

Liquid and Plastic limits for {he clay from the failure
surface were about 35 to 81 and 19 to 26, respectively,
which indicates a moderate plastic to highly plastic
behaviour for the clay.

A wery important feature that Hendron and Patton (1985)
have identified is the fact that Vaiont corresponds to a
reactivation of an old slide. The shearing behaviour of
clay, therefore, would be governed by its residual friction
angle.

Clay mineral analysis_ indicated that some 50 to 80% of
thé whole samples obtained from the slip surface of the
Vaiont slide are clay minerals. These clay minerals are
predominantly calcium montmorillonites. According to Olson
(1974) the residual angle of shearing resistance for these
materials is of the order of 8 to 10°. The residual friction
angle as determined from laboratory tests on the clay of the
surface of sliding was 5 to 16°, with an average value of 8

to 10°.

5.4.6 Considerations of Stability Analysis

Some important structural features of the slide have
been indicated by Hendron and Patton (1985) related to the
stability of .the slope:

1) the steep back of the slide which provided the
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- ¢
driving forces

2) the pronounced eastward dip of the rest of ghe slide

3) the continuous layers of very weak clays within the

bedded rocks

4) the faults along the eastern boundary of the slide

The above facts coupled with the geometry of the slide
mass led to a three-dimensional prqblem, which was analysed
by Hendron and" Patton {1985) following a simplified
procedure.

what is important 1s that, although shear along the
clay iayer could be interpreted through its residual
friction angle, the shear across the thinly bedded 1ayérs‘
was governed by friction angles as high as 30 to/40f. These
angles would be applicable to the steep back of the \slide
and to the faults along the eastern bounhdary of the sli e.

Hendron and Patton (1985) "assumed a friction anéle of
36° for the steeply dipping planes forming the east end of
the slide. A friction angle of 40° was assumed across the
bedding,. along the steepiback of the slide and betwéén the
slices considered in their analysis. | ’

The pronounced eastward dip of the base of the slide
resulted in ;hear Being developed along the e#stern boundary
"of the slide. ' o
Figure 5.3 is a schepafic diagram which illustrates the
‘three-dimensionhl nature of the slide. Hendron~and Patton

stress that this particular landslide is especiallyr

sensitive to ‘the three-dimensional effect because the clay
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layers along the base have a very low strength and the

eastern boundary has a higher strength.

5.4.7 Kinematics of the Slidé
Many investigétors have s;own that a substantial loss
of shear strengfh was necessary to account for tﬂe mobility
ot the Waiont Slide. Romero and Molina (1974), Habib (1875),
Voight and Faust (1982) and even Hendron and Patton (1%3@)
postulate that reduction of shear strength was due to p§;e
pressure developed by heat gengration.
Accordihg to Hendron and Pattén (1985) three mechanisms
were associated to produce the unexpected mobility:
1) a displacement induced reduction 1in the friction
angle between adjacent vertical surfaces of the sl{ding
mass, especially at the back of the slide at the ab>hpt
change from a steep to'a\flat féilure plane. x
2) a reduction from peak Jto ultimate shear strength
along the eastern side of the slide where shearing-
occurred acrdss the bedding |
3) a reduction in shear strength along the basél slid{ng
Plane parallel to the bedding céused by heat-generateﬁ
pore pressure.
The friction anglés at the planes indicated by the
fi;st two items abd%e} at the onset of movement correspond,
therefote,Ato the peak.strength. AS movement took blace the

strength was reduced to its ultimate value.
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The stability analysis of Hendron and Patton (1985)
showed that the shearing resistance of the near-vertical
faces which formed the eastern boﬁndary of the slide
;ccounted for 40% of the total shearing resistance acting on
the‘slidipg mass. It must be concluded, therefore, that a
reduction in the corresponding friction angle may lead to an
increase in the total stress along the failure surface due
to stress redistributiqn. We shall return tz cthis point
later in this section.

Several approaches exist for the determination of the
heat-generated pore pressure. They all seem to indicate thaE

L 4

the amount of energy 1involved can lead .to a considerable
heating of the .existing water at the slip surface and,
therefore, generate pore pressure td‘arlevel able to pfoduce
the mobility of the slidiag maés. These énalyses, however,
are approximate and the degree of error involved appears to
lead to:erronepus interpretations as discussed later in this
section. - \ »
Some of the parameters involved may be df*é@cult to
determine and the resulis of the analyses are Quite
sensitive to .them. Voight and Faust (1982), for instance,
analyse the problem following a simple approaéh:.friction
and heat generation. The thermodynaﬁic properties of water
\’Srovﬁdg the relation ;ith the generated pressure. Their
resultbis found to be dependent on the compressibility of
the slib}zohe ané guite sensitive to it. fhis parameter is

difficult td determine for the overall slide surface and its

. > "
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value is seen to vary over many orders of magnitude,

particularly as regards shale and gouge, for which the range

-2 6 bar_1 (Voight and Faust, 1982).

is above 10 to 10

The application of the Voight and Faust analysis to
Vaiont Slide indicates that for an assumed compressibility
-3

of 10 bar_‘, the variation in temperature is 2§0°C. If

‘-4 -1

the assumed compressibility is 10 bar ', then the

variation in temperature is only 25°C and could even be
smaller.

Anderson's anal}sis presented in Hendron and Patton's
report also presents some deficiencies. Besides t\@(oblem
of determination of parameters for the overall slide
surface, from a theoretical point of view, fhe analysis is
also simplified and lacks consideration of the appropriate
eqguations for the energy.cohservation, fluid and solid mass
conservation, equilibrium and compatibility.

Assumptions regarding some of the parameters also
appear to bg deficient, such as very siall porosities and no
heatjand fluid losses. &+, |

A more complete analysis *m the point of view of .the
Continuum Mechanics ;% presented by Mase and Smith (1985),
reéarding heating on a fault surfate éuring ‘tarﬂhquake.
Their hypotheses, hdltever, are also very réstrictive,.

‘Chowdhyry (1980) comments on the paper;s by Habib (1967,

©

1975) rega_r_f'ding. pore fluid ggapourization, with. particular

.

reference to Vaiont Slide. He quest.ion@whether, should
steam be formed, it w‘_ould remain confined along the surface

B

-

4
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of the sliding, and that consideration should be given to
losses of heat and escape of steam. If steam is formed it
would escape through fissures and cracks. It must be noted
that the permeability of the medium to steam 1s at least two
orders of magnitude larger than that of water due to the
difference in viscosity.

Hendron and Patton (1985) sigte that in a large slide
there 1s enough energy available, once the ‘slidé gets
moving, to boil a considerable amount of water. Due to ‘the
many other components of energy associated, the analysis of.
an independént component may lead to an overestimate of it.
It was suggested 1in Chapfer 3 that there 1is~also enough
energy to produce comminution of rock, as well aé velocity,
Preakage, deformation and others.

The total potential energy (E_,) of the slide mass at

pot
the onset of movement produces great changes in the moving
mass that undergoes breakage (E,., ), distortion (E,, ) and
deformation. (Eg,). Kinetic energy (E,; ) increases as the
mass accelerates. Another component of energy'is spent t

overcome friction and heat (E,,,) may Céttéinly be
generated, perhaps not with the dégreé of importance that
previous investigators have postdiated. Large energy losses

(E,,,,) are also involved and@ a' substantial part of the

loss

energy may be exchanged with the environment.
In order to assess each component properly, in:

~particular, heat, the total _balance of energy should be

_explored. This approach would the necessary adjustments of
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the parameters that appear to beg dominant. Such a balance of
energy, fecognizably very complex, could be established as:

A

+ By, *Eg * E,,, * E [5.2]

dist kin heat loss

|
where each term of this equation is identified above.

The independent analysis of each individual component
may lead to its overestimation and we ma& lack the feeling
‘to appreciate the amount of enefgy thus determined. The
basic question regarding how much heat is being generated by
friction and how much is being exchanged with the
environment does not apbear to have been satisfactorily
answered at this stage. |

',Recognizing these great difficulties and, although heat
is not totally disclaimed, we present - an alternative
approach to the problem, again ’makingk use of the more

standard geot"ﬁnﬁcal concepts, discusgsed in the following.

5.4.8 Mobility éf Vaiont Siide: an Alternative Approach?

It seems quite acceptable that mobility of Vaiont Slide
has been produced by the loss. of shearing resistance along’
the sliding surface. A reduction of the stfength parameter
kbeyond that for the residual strengbh-of the clay does not
seem adequate. Therefore, pore pressure generation has beeh
invoked as a means to reduce the effective stresses and,

consequently, the shearing resistance.
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A very imbortant mechanism of pore pressure genération
is undrained loading. This has also been shown,_for~example,
to be a mechénism controlling mudflows (Hutchinson and
Bhandary, 1971).

As pointed out in the previous Section, according to
the computations of Hendron and Pattsn (1985), the shearidg
resistance along the near-vertical surfaces forming the
eastern boundary of the slide accounts foi 40% of the total
sheariﬁg resistance-that acts on the sliding mass. If the
shearing resistance along the back surface of sliding 1is
considefed, tha£ percentage increases still further.

When movement stérts, to gake place triggered by the
high pore pressures produced by the heavy rainfall, the
resistances .noted above are reduced to their ultimate
values. The reduction of shear strength along the Steeply
dipped surfaces is, then, redistributed, bringing' an
additional load to the basal failure surface where sat¢rated
clay exists. Additional pore pressure 1is theﬁ gengrated,
leading to reduﬁtion of the shearing résistéﬁce along the
sliding surface and mopili;y of the mass.

These geotechnical concepts aré'.well established and
explain in simplé terms the mobility of Vaiont Slide.

Numerical models could also be developed to show the

importance of the pore pressure generated. Such an analysis,

due to the complexity of -the geometry, would require

application of a three-dimensional Finite Element Analysis.

Unavailabililty of such programs capable of handling the

e ’
A ”{-
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strain-softening situation may - suggest a simplified

gnalysis. Analyses would be carried  out in steps. At the’
onset of movement, an initial stress distribution would be

deterpined with the assumption of the geotechnical

’

parameters corresponding to the peak . strqmgth.'.After

movement initiation, strength . reduction along the

s

near-vertical planes would be considered. The difference

-

between the two stress states along :the clay layer of the
A ) e

sliding surface provides fhe additiog;l load thét generates
the addition;l pore presure.

It must be pointed out that thg&.movement—induced
reduction of strength mentioned a@ove has, therefore, a
double role: the reduction in strength itself)’favourableugo.

mobility, also leads to a pore pressuré.incrbase, which .in

turn. increases q&?ility. C -

- N



.j .
S

. *>

v
X {_‘;"
L Y]
\
»

6. SLIDING - CONSOLIDATION MODEL

6.1 TNTRODUCTION

-

In any field of knowledge thcouiies are sought 1n order

%o explain a phenomenon or a set of phenomena. A sound

theory ~not onl brings 1insight -~into the fact$ but also
y Y g g

serves as -a basis for extrapolation and prediction and

. :
defines the boundaries unde#  which a certain event 1s_to
‘ .

develop.% .
A sound theory 1n our technological fiéﬁ&meSt explain

t he facts wilthout contradiction apd must allow the

\ »

development of a model,  either physical or mathematical,

capable of reproducing or simulating the object of study.
Therefore, it has to be conBistent and to be_bagédiqn the
premises of its field of knowledge as well as to be ablg to
define the' parameters involved ané \tAeir‘ degree of
importagge. '

. : ,

Mathematical models intended to interpret any physical

phenomenon or behaviour are frequently needed and they are

also very convenient since they provi&e an easy means for

prediction of that particular physical phenomeﬁon. Models. as
such can bé'analytical or numerical, the difference residing
on the simplifying assumptions that led to their
development, e ' .

. The preceding chapters offered a physical explanation
for the succession ofnévents inQolved in the rgpid movemente
of soil and/or rock and called attention to the fécts that

I ‘ 61 -\“

* ' - : A - -~
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are relevant for the establishment of our model.

In this chapter a mathematical model is developed based
on the theory postulated in the previous chapters. It will
be shown ‘that the theofy and the model have a very broad
r;nge of application and produce gopd results when applied
to the analysis of several case histories, |

Empirical and semi-empirical models exist with the same
purposes discussed above. It is found that wﬁen a reasonable
theery 1is unavailable, empirical methods are irvoked as a
basis for judgment, analysie and predictioni'lt 1s also true
that empirical methods do not recognize the parameters
involved aﬁd their degree of importance ;nd, therefore, the
results are subjected to a great degree of scatver. This is
the present status of this area. Empirical methods will also

. .
be discussed here under the light of the present pagtulates.

6.2 ANALYTICAL MODEL
)
6.2.1 Subaerial Slide

The development of the analytical model in this section

»

has a bearing on rock debris)évalancheg and flow of tailings.

or mine waste. Rock debris avalanches, however, are moge
general - since° more processes are involved for. the
development of fhefr‘ mobility. More attention will,

therefore, be pa1d to them. Flow of tailings or mlnqkyaste

= are alsd ing ted and w111 be regarded as sxmp11f1ed
b, :“3 : S
4& e;;—°§§m§\9f the®first. e »
u ' .
ey fai e e - — ,. .(’t‘,‘“ ‘ Ll e _ - K.le, ol
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The present analytical model follows the 1deas’
developed in Chapter 5. Fine grained material that exists at
the bottom of the debris sheet liquefies and generates high
pore ‘pressure that leads to the reduced shearing resistance
and comsequently éo the mobility of the debris.

In a previous chapter we hgve discussed the presence of
fines associated with the process of diéintegration of the
debris. Fines will be found prédominantly at the bottom of
the debris sheet *as a Conseduence of the comminution
process. If the percentage of fines is high, they are spread
throughout the entire thickness of the debris sheet. In this
case éome coarse mglterial may be immersed in a matrix ofy- --
fine particles. Behaviour of the debris 1is, therefore,
governed by the behaviour of ihe fine grained material.

Seﬁaration of the fractions of material into‘ layers

physically does.not exiéi since the debris.is a well:araded
material. Segregation may occur when coarse material
predominates and the fine particles formed at higher
elevation~are sieved through the open space left by “the
coarse particles and join those formed at the base.
: The analytical model is developed in the following.
Fine-grained material 1is aésumed to exist at the bottom.of
the debris sheet. Fine-grained material may be distributed
throughout the entire thickness bug what is important is
that a finite layer of fine grained material can be aésumed
to exist at the lower part of the debris as was indicated irn
FigOre 5.1. ‘tr - v

o
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A debris sheet of thickness H, measured vertically, is
moving along a slope formiig an angle B with respect to the
horizontal. Consider an element of the slide mass as
indicated in Figure 6.1.

A pore pressure u is generated at the base of the
debris sheet by liguefaction of the fine grained soil at the
bottom layer. ' ~ 1 -

/ If the driving force is larger than the resisting force
the element of soil will be subjected to an acceleration a

such that:

m a = WsinB - (WcosB - U) taneg' {6.1]

In this equation:

m =-mass of element

W = mg is the weight of the element

¢ = friction angle of the material at'the base of the
1]

Y

debris sheet M
U = ul i; the ug%ift force at the base the element. Here
u is the pore pfessufe‘and 1 is the length of‘the base
of the elemeﬁt. a \

Therefore:

-

) tane'|  6.2]

a=4g [sinﬁ - (cosB - yHéosﬂ

or -
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A
) . '
F?ure 6.1 Section of Debris Sheet

LA



. 166

r
) a = g |sinB - cosB(1 - —5—) tan¢'] [6.3]
’ cos B
with
u
T'v = IR . [6.4]
being the pore pressure ratio. g

Assuming a condition of rigid bady motion with all the
elements moving together, eguation 6.3 can ‘be integrated for

the entire slope profile until the condition

final

v =D ‘ - [6.5)

>

is achieved. Here the distribution of velocity V is obtained

from:
av 4
a 3t _ - - [6.6]
> : .
In equation 6.27the term u ‘is: '

' l6.7]
with u, bé}ﬂg”the initial pore‘ﬁressure and u,,. bejhé‘ﬁhe
eicess pore ‘bressﬁfe generated through ur‘w-drained}.‘_"lzoading.
During movemen_’t'- Uy,c May dissipatg ’aﬁd-phe slo_pé anglye ,
decrease until the ;éqndition expresseﬁ by'_equaéiqﬁ'G.G, is
achieved. Assuminéi:'rétzaghi's one‘-d_i.?ional theoyy of

{

. . )
& oL .- -

Y




consolidation tb hold, the exces

entire profile of the bottom laye

U,,. 15 given by:
L](Z't) = 1 MZ
—_—— = 2 = sin{(=F
UCIC né;o Mj H
with
M ='% (2n + 1)
and .
. C,t
T =
. e

. .. .
is the time factor. In this expre

of consol1dat10n and Hd is the dr
. The value of u(z t) that 5§

Lh”(t). This value occurs for z

single draina;e or Eor z = H,

‘draindge.
»:Single d;éinage occurs whe

takiné‘blaCe on an impervious surf

pervious, then double drainége woul

It must be recognized that t

generated at the bottom layer 'whe

«
placgf. Thus the upper part of

:
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s pore pressure along the
r, ul(z,t), wﬂj‘respect to

~M2T

[6.8]

[6.9]

[6.10]
sion c, is the coefficidnt
inage height.
interest is its maximum

.

t/2 in the case of double

= in the case of

h,

movement of. debris

n is

ace.’ Should the surface be

d apply.

he pore pressure is being

re shear féilure is taking’

7
. L]

the debris .is rjding the

bottom layer and acts on this lay

r by weight only.
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It 1s assumed that the upper part is free draining or
has much greater permeability than the bottom layer.

As the pore pressure dissipates and/or the slope
inclination decreases, the resisting forces increase, }hus

decreasing the acceleration (equation 6.2) until it becomes

~negative and the movement ceases. We can see that the

dominant parameters here are the pore pressure generated

through 1liquefaction, those \related to the rate of pore
> "o . .
pressure dissipation: h, and c,, the friction angle ¢' and

the slope angle B.

6.2.2 Submarine Slide
flow another component: of resistance must be added. This is
the drag resistance exerted by the water to any moving body

with velocity V. Its incorporation in equatioh 6.1 leads to:

. m a = Wsinf - (Wcosp - U) tang' - Fy ‘!.11]

As discussed previously in Chapter 5, for submarine™

Since i .
. - 2 ’ ~ - - - = - -
Fo'= Cabid 5= : g, 12!
then . . ' : ! o
. . ' 2
m a = Wsing - (WcosB - U)tan¢' - Cdp,A%— . [6.13]
& 4‘



Since W = mg we have:
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: - u__ v vy
a = g |sing (cospg yHcosB) tang CMHAng (6.T4]
/’/
or
a = g [sinﬂ - cosB(1 - co;2B tang' - gvz [6.15]
where:
- A
a = Cyp, m [6.16]

[ 4

is referred to here as the coefficient of drég resistance.

< .
With C, approximately egual to 2 for cylinders of

diameter H, from Sorensen, 1978, and

.o

mzpbA lext

2~ 20, sP—
2p,Al,, .9
Therefére
aa Tt
.gle:t Lb

"

‘ .

In equation 6.19 g is the acceleration of)graviéy, 1

’

Al

(6.17]

[6.18]

[6.19]

ext

»



170

is the longitudinal extension of the debris flow and y,‘and
Y, are respectively the specific weights of the fluid and of

the debris material. -

6.3 SOLUTION OF THE EgUATIONS OF MOVEMENT
.

6.3.1 General Solution

In a general' case the .ground surface 'a}ong Yhich
movement takes place is characterized by a variable slope
angle. As defined by equation 6.3 the acceleratiou a is also
a functien of the-slope angle. Therefore, the solution was
developed by discretizing %he slope preﬁile into a number of

straight segments, each qne defined by an inclination B, and

~a length s,. v

I

For a condition of constant pore pressure, the

acceleration would be constant (for each " segment and,

therefore, the simple equations of kinematics would be
app11ed : T ) -

With consolldat1on, pote pressure undergoes continuous

change. To apply the s1mp1e equatlons of k1nemat1cs very

small segments should be utilized, along which moVement.

could take place in such a small txme to preclude any"

,consol1dat10n. Each d1£crete segment was then divided 1nto a
number (10 to 20) of 1nf1n1tea1mal segments ‘Pere constant

_pore pressure could be warranted.

The ' cumulative txme.at the end of each infinitesimal

. ' . R B ’
segment- is determined ' and used in the equation of
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consolidation to account for the pore pressure dissipation.
Each new value of r, was then used for the movement of the

next infinitesimal segment. The velocity at the end of each’

)

of these irfinitesimal segments could then be determined and

applied as the initial velocity of the next se@ment and so

- on.

This pfocess ‘was carried out until the condition of
zero velocity was reached. The cumulative length of *all the
segments defined up to the point where the final velocity
was zero 1s the travel distance or runout of the debris. The
duration of the movement was obtained by summation of the
t ime 'speﬁt for the movement across each infing&esimal
segment.‘ ) S | .

Plots éould then be made of all the characteristics of

movement: travel distance, velocity and acceleration along

the entire slope profile.

The computer program to perform these analyses is given .

#n Appendix- A. ‘
. ) A . ‘ “‘

6.3.2 Simplified Analysis

It wag diScussed before and will be shown in detail in

. T e L R .. . , &

the next chapter in connection with the case histories that

all® movements described ‘here (and those in genetal) have
? 1 ]

small duration, of the order of a few minutes.»This small

"duration coupled with the amount of material involved (large

L)

thickness) and its charactefistics (fine grained matgrial;

usually fine sand) makes consolidation ‘to be, a some%hat

-

\
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unimportant aspect of the whole process. Therefore the main
reasbn for the deceleration of movement is the redustion in
° 5,1‘1nc1ination. .

Some- cases exist where movement is not opnly of short
duratxfn but ‘also of small magnltude. This is typlcally the
case of ‘breakage of small tailings dam- or of fallure of
spoil tips'in mining areas, with material mov1ng in flat

areas. Ta111ngs materials are usually fxne graxned (mainly

-

wsilty) and have very low. coefficients of consolidation.
Therefore, consofidationAis not at olaz.‘i ’ | \
Analysis shows that movement alongiflet ereas nould not

take place even :with the high- pore pressures that are
'generated guring liquefaction. The'slope gradient that 1is

- " needed for initietion of moveMene must,'therefore\ come from
‘the inclination of the slip surface at thejbreakage.of the
éam, where the taxllngs 11quefy Initiétion‘of'movement«now

{ is very 1mportant and dlctates how far the debris will go.

Figure 6.2 illustrates’ a ta111ngs dam fa1lure. The sllp

. N

'surface where the talllngs liquefy now prov1des the 1n1tg;1‘

geometry of the mevemerst . x ) | . .

Momement thefefore can be cons1dered to stavt along

segment ‘AB. Thzs is the region where hzgher shear stresses‘

are expected and so, also‘'the. l1quefact1#n,‘;n the case of a-

homogeneous embankment. In case a softlfone exists, ;t will
} conicol the 1ldcation of segment AB. Segment AB is,

therefore, the zone of movement lacceleration. Segment BC is

. the‘wzons; of deceleration,~ characterized by a 1,%§t slope
. - .o , ST N

‘ R

b
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B - o -
wvhere the sfall angle of inclination induces negative

v‘;

acceleration and movement comes t§ a stop at point C. Due to

o the small duration of the movement cbnsol1dat10n is _not‘

*,.' takxng place and the pore pressure in terms of the pore
pressure ratxo is, therefore, constant. ;"

< With path AB being the ‘accelerating " part and the

segment BC being the deceierating part of the movement thg'

following equations can be written: . Y -
& ‘ | A
. -, . *» is;-'
% -,
For segment AB . : o A ‘
. . - . . ‘
v, =0 T [6.20])
[ 2 « -
a,, = 9 [s1an - ,.COSB,, - ———7———)tan¢ ]
& 5B
and . . ) ) 2 B
. . G’
v\z = 2\% Y ) [6.22]
For segment’ BC _ _ | ! - )
- a . : ' . S
y ay =g [sinBBC = cosfy (1 - —-ﬂ;—).tamﬁ"] o [6.23]
U ‘~l' oo ) . ‘ MRS V & “ow
‘ ‘ I . ,_,_,. - i_ L a _\ I o
- | V= 0=Vt 28y Ly . - . [6.24])

t
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Therefore, from eguations 6.20 to 6.24 -
1 a
{ AR X
i - = - K [6.25)
AR 1§

The coefficient ‘K expresses the ratro between t he
distances 1,, and 1, or the ratio of the corresponding
accelerations for each segment, with opposite sign. For a
certaild material there 1s an expected value for r, 6 as well

as a friction angle ¢'. With a reasonable assumption for the
potential slip surface, Begment ‘QB can be chosen. The
determination of acceleration at both segments and,
therefore, of the coefficient K will allow us tc predict the
position at which the movement comes to a stop.

This procedure was adopted in connection with several

case histories to be presented in Chapter 7, to determine

the pore pressure ratilio regquired to match the movement.

.

\
Fortunately a case history efisted with complete i1nformation
Yy y p

¢>r this application and for the independent verif:icaticn of
the pore pressure ratio. The failure of coal stockpiles 1in
Australia (Eckersley, 1984), discussed in detail in section
7.2.5 provides the data for this case. In Figure 6.3 the
application of the above analyses is illustrated for this
example. With- a slip surface prgﬁiding an initial
inclination of 10°, and a material with a friction angle of
35° and capable of generating a pore pressure corresponding

to a pore pressure ratio of 0.8, we obtain a ratio K = 3,

Consequently the runout distance of the debris is 60 m,
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6.4 FLOW AROUND BENDS _AND RUNUPS

) A parliculdr condition of movement exists when flow
occurs afpuﬁd bends or when flow runs up an.ogstacle. Dﬁe to
ine}tial e‘fects, the debris tends to gontinue in its prior
direction. The restriction imposed’\by the walls of the
channel where movement occurs leads to the superélevaéion of
the debris, characterized by the ahglé 6, as illustrated in
Figure 6.4, )

Due to the curvature of the bend, ‘the wall applies to

the debri¢$ a force Fc egual to
P F. .= ma. = [6.26)

where a_ is the centripetal acceleration.

But
ma = - ma, cosf [6.27]
&
or )
a = - a_ cosé [6.28]
and

=
n
zq<
(o))
N
0
——d



Figure 6.4 Flows Around Bends

O
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As flow climbs the .wall of rthe_ channel the debris must
overcome nof only the frictional resistance but also
gravit§, characterized by the tangential component of the
weight pointing downwaréﬁ. i

1f the slope profile is inclined of an angle § with 
respect to the hogizgntal, ihe component of weight normal to

the direction of movement leads to

o= g" = g cosé [6.30)

»

Therefore, modifying equation 6.3 to incorporate this new

condition, we have

r
a = - g' sinf + cosf(1 - —‘17*)tano'] [6.31]
cos 6 b

.Consequently

. . ru . '
vV = /9 R[tanG + (1 ;;gq;)tan¢ ] [6.32]
and
rU
V = gR[tan6+(1 - ———7—)tan¢']cosﬁ [6.33]
vV cos‘é '
_ h

This is an important aspect of the flow since it

provides an independent method to determine the velocity at
X .

certain points and, therefore, gives an alternate method to

check our model.
: A
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For the particular case of frictionless movement

vV =y g R tanf coéB‘ . - [6.34]
P { .‘ ‘
as used by several investigators such as Plafker and.
i\Erickseé (1978), Eisbacher (1973) andxgthers.

It must be said that at bends the moving debris maj be
governed by a higher shearing resistance, typical of the
material at higher elevation of the debris sheet. This
maferiél hagpens to be dryer, have a highgr friction»;ngle
and smalle;."pore pressure. Consequently, the wvelocity
determined by ;equation 6.33 with the parameters of the
liguefied maé?rial of the bbttom lay%r may be lower than the
real one. ) .

For the case of runups the&%c;eleration is the same as

gi&en by eguation 6.31 since again movement must overcome

gravity and friction (Figure 6.5). Therefore:

r _
a = - g |sin6 + cosé(1 - ——ly—)tancp'] [6.35]
’ cos’ 6
»
But
vi=0=Vi+2aL - [6.36]"
Consequently .

. ‘ r ‘
Vy =y 29L[sin6 + cosf(1 - c—a—;—ye—)tan)qs']‘ [6.37]
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Many linvestigators have used similar equations for the
determination of the velocity, although without considering
the cffect of friction. Voight et al (1983), for 1instance,

have used the s%mplified expression
V=V 2qgH ' [6.38])

for the velocity at runups, with no friction, therefore

e

underestimating the value of the velocity in their analysis.

-

6. 5 PARAMETRIC ANALYSIS
>

The development of the concepts regardiﬁg the physics
of mobility and the development of the correspoﬁding'
mathematical model reveals that the mobility of a sliding
Jsnass of rock or/and soil depends on several parameters. In
this chapter' parametric analyses were conducted with the
main purpose of identifying the relevant parameters
controlling the mobility of the siiding mass as well as

thelr sensitivity.

o ©

6.5.1 Parameters Involved

In order to perform the parametric analyses, the values

L

of the parameters involved were chosen to represent those

commonly expected for the materials in guestion as found in

A}

‘the literature. .
Two groups of parameters were identified during the
development of the model: geometric and geotechnical

o
o
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parameters.

\ .
\

The égometric parameters relate’ to either the geometfy
of the sliding debris or_the geometry of the ground surface
élong which the debris moves. ’ i

The geometry of the sliding debr¥s is characterized by
the total thickness (H) of th debris sheet and thé
thickness (hf) of the bottom layer where the fine grained
rmaterial is concentrated.

The total thickness H does nhot appear directly in the
equations _of movement since it 1is incorpotated in _the

o/
definition of the pore pressure ratio r,. It is us® in

u
connection with this ratio to detarmine the pore pressure a.
This value is responsible for the reduced shearing
resistance ofjthe bottom layef_of the debris sheet and also
enters 1into the cohsofidation analysis. The reduced pore
pressure as it dissipates enters into the analygis of
movement again in the form‘of a reduced pore pressure ratilo.
This is a very important aspect since during flow when
debrfé éfe funnelled into a narfow gorge or opened‘up into a
wide valley the thickness may constantly change..The effect
of the thicknés§, however, 1is not felt since. ik was
incorporated into the pore ﬁreégdreuratio r,. This value,
although not 'a constant or .é property for aejcertain
: < e

material, does reflect the 'abifisy of the material to
gengrate pore pressure.- ‘

Table 6.1 shows several case histories of rock debris

avalanches™Wnd of flows of tailings and mine waste. Rock

. - ] s
- Q "



184

7 >
- , “ T o &
H ‘ i - n O
| " | | 598
A, . ~
: 09 Y el L U1*09¢ | 00%=0 € SAued pueld T =
S | m
- , *  pues papead TT19m ‘3I73S ys2yatyoys 5
A L ; b o
- 4 uuddaaqy ° % Q
g Ut 7 ! ~ pues-£31gs pue uejiaqy _..su.uw °
—— ¢ + " ~~
. _ w au>muw\vcmm\u:m, 2 mr o
" 29s G (ClX0i-4 i 7 papeld [1am 21 1dx%d03¢ J€0) ol
- - + 3
< UL v LUXC - \ ' sduypriel 111S pue pues s3uitiel wnsdiy ® o
o ulw | . I1}s ‘pues ‘raaead
"l 5¢ L REET L01 X gz vl=-02 1 i siapinog %3317 21qQny W
- T LS Ke1d/11Vs/pues Suaray ~
1 S @oﬂxw.m o ~7 %(y 13apInoq pue ww 7¢ *15 unoy 4
e o
152-¢ Ae1d/311s - =
CouTL-9Y pues - «
s “le | R VR IN-UE %0v-01 [2A€23 - z
206¢ pru A113avay ujeIunoOy 5
) s13pinoq ueledseny o
. L ol % ; 33319 W
R c- e Doy g wnjuowapuey
N o LS . Lo ) [ :
11327 an UoyirannT - ) JUAWIAOY
ER FABIERRe WALy duit o S auAd jy] w uoyi1dyi12saQq (ejialew L1o3stH asen jo sse()

.

Yoieasay 3IU3Sald 9yl JO SITIOISIH ase) | *9 ayqel




o U

-

\

*

P

¢ | o - 185

debris avalanches involve large volumes and, thgrefore, élso
present larée thickness, wusually over 50m, even though
dependent on the shape of the.valley.‘ln deep and narrow
gorges the thickness of the debris sheet can be as much as
200m.

Flow of tailings are orders of magnltude smaller in

-

-

volume with thickness of the order of a f?w metres,
Mpvements are also considerabi;'A-smaller. Velocities,
although smalle;: ;re still large.

The thickness h, of the:bottom layer is -an important
geometric parameter of consolidation siﬁcé it defines the
drainage height. Consolidation is dependent on ghe sguare of
h. This thickness could be . de€ined for rock debris
avalanches as a percentage of the total thickness H.

A , a
Considering, for’examéle, that the debris of the avalanche
of the Huascaran Mountain contained more than 37% of’finé
grained material{ ie, material with particles of sand
diahe}er and smaller (% ? 2mm),* then it 1is poésible to
estimate h, to be about 37% of the total thickness H. This
value ranged between B80m and 160m and therefore hf could
have been between 30m and 60m. ' et '

With the same a}gument for the avalanche of Mount .St.

Helens Avith an average total. thickness of . 45m and a-

A
\

percenta§e~g5f fines of 57%, the thickness ,of the bottom

layer would be 25m. TheSe ‘values should be kept in m1nd when . .

Ty

appréc1at1ng the results of the parametr1c analysis.

o
3
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;‘ .
. The material compos®ng the bottom layer is less
;‘ permeable than the much coarser méterial above; which is,

L

therefore, considered free-draining- with respect to the

material below. In the case of the flow of tailings or of

mine waste where the. fines are more upiformly distributed
throughout the entiré thickpeSs of aebris, differences in

permeability may not exist. The difference 1in character
“ bétween' the bo;tgm layer and the upper iayer 1s then

dictated by di%#ferences 1in moisture content and/ therefore,
.in strength.

As we shaul see in connection with the flow of taili

A
L;s
and mine waste presented in Chapter 7, the bottom layer of

the debris was saturated for .all the slides. In case a11~thé
matefial is saturated

and uniformly distributed, the
thickness hf coincides with the ‘entire thickness H.

The ground surface or slope profile is defined by a
succession of -segments characterized by slope angles (8,)

-and their corresponding length (s,). The slopé angle is very

variable, startihgﬁwith a large value at points where slope

failure thk'plaqp; say, as high as 45°, for- example, and

decregsiné ag” moyéwgntp procé;dsu.towards ‘the toe of the
;

hillside. In‘somé\bases the final slope angles are negative, .

. \ . R .
ie, indicating a sttuation where the debris crossed a valley

.and ran up the opposite hillside before stopping.

profile was- considered

For the parametYic study developed hére :the slope

onstant for each analysis. This was
selected in order to evaluate indirectly the influenée'ofo

-
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the coefficient of consolidation c,. It.must be stressed
s .
that consplidation and slope reduciion are the two Yactors

»
1

governing movement deceleration.

Several deotechnical -aspects’_ére related to the '
mobility of the slidinhg debris as can be inferred from:the
development of the equations of ﬁovemeht in this chapter.

The first aspect{is sheéring resistance. As shown in
Chapter 4, in connection with the undra&ned triaxiai tests
of saturated loose sandg, ;he‘ maximum value of the ratio-
b,7o3Aoccurs Wt liqueféction, at. which a max¥®mum value gf
the ffiction angle prevalls. Such a value,-zin‘ g;neral,
sranges from about 28°, where the percentage of'silt i§ large
to about 40:‘6: largei’whgn the“percentagevofﬂsilt 1s small.

The ‘steady state line (SSL) also yé a fundamental soil
property and a relevant geotechnical\pafameter; This line in
combination with the consolidation stress dictates thé

. : -
amount of/gore pressure that is generated upon liguefaction..
Since it is the pore preésure that enters direttty into the

B i
equation of movement’ its value will be used in the form of

athe pore pressure ratio, instead of the Sgi. Values ofitﬂé
- pore préssure ratio at liquefacg;on'réndés between O.S‘and
. _ . s
1.0.° . . g . T
T 1t _pust be stressed1;ﬁal the SSﬁ could be dgfined as
vell but analysisiof;fﬁe'fésulﬁs is easier in terms of‘a:
p;rameter such as r,. ‘ B //AJ
4yConsblidation‘ or ‘pore’ pressure d;ssgpstion ‘is '
§‘ controlled . b§. the qpeffiqiéntn'Of‘ consolidg}ibn c,. The

\ 0 - )
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vatiation of this _coeffaicrent tor the soirls encompasses
several orders ot magnitude. Scome values of the coeffilcrent
B
)

of consolidation  are ™ shown 1 Table 6.« for materials

considered typical of those we are dealing with.

6.6 RESULTS OF PARAMETRIC ANALYSIS

Analyses were carried out for infinite slopes with

. . ‘e

constant 1nv11na§10n. Having set the slope angle, runout
distance s dependént only on the 1nitial value of the pore
pressure xat}g and on the rate of dissipation of pore
pressure, aqoverned by the thickness of the lﬁye; ol tine
grained nmte{xél and 1tslcoeftlcient ¢t consolideaticon. In
this section attention 1s paid to ‘the 1dentitication of the

most dominant parameters and on theilr sensitivity.

- S

Veiocity distribution, runout distance and duration of

movement are all aspects that characterize the mobility. We
will discuss the results first 1in terms of :he runout
distance only. Attent.on will then be paid to the average
velocity attained 1n these movements.
r N .
6.6.1 Subaerial Slides
Figures 6.6 to 6.17 show results of the parametric

pnalysis. The curves presented in those figures show the

‘relation between the runout distance and the inclination of

the slope for different values of the initial pore pressure
expressed 1n terms of the pore pressure ratio r . In all the

figures the total thickness of the debris sheet was assumed
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-
t¢ be S0.0m, o value considered representative of rock
ldebxxs avalanches. Two values of t he coefficirent of
. ] -4 2
consolidation were also considered: 5.0X10 "m" /s and
32 . . ,
1.0X10 "m°/s. These values are found 1in the literature to

correspond to silty sands and sands. The figures are also
distinguished by the value of the thickness of the bottom
layer: 0.50m and 1.0m. Each set ot four filgures were
obtained with respeét to the parameters related to the pore
pressuro_@issxpation: h, and ¢ . In order to provide a basis
tor comparison the values shown in Table 6.4 were used.

Addit ional features presented in those figures are the
curves for the 'percent consolidation, the duration of ;he
movement and the average velocity. The percent consolidation
1s the degree of reduction of the maximum pore pressure at
the base of the bottom layer, to a level necessary to bring
movement to a stop.

Very small values of the bottom layer thickness were
used, first.to show that, even for a thickness h, as small
as 0.50m and a coefficient of consolidation corresponding to
that of -a sand, great mobility can be achieved,
corresponding to runout distances of the order of 20km
reached in only 4 min. Second to help appreciate the effect
of consolidation on the mobility. That would only be
possible 1f consolidation.was speeded up, for instance, with
a small drainage path. Moreover, if mobility can be shown

for such a small value, any ambiguity with respect to the

thickness of the layer of fine-grained material in the field



1O

Table 6o v Cases Analyvaed

N
. v
(’,/
i Firgure h, : ’ N Addaitronal Featurel
: ’ | {i0) ; (m* /) !
L j ) ‘ 1 )
[ SR 1 (SR S x 1 O g
| . D
T ‘ .o CAU S R Percent 1
¢/ 3 (I 1.0 ox 10 ; Consolidat ion \
§
[T Tt Aol
r . - _ ——
6.9 C0.s N N
6.10 | 1.0 5.0 x 1077 Duration of
6. 11 : 0.5% : 1.0 x lO~3 : Movement
6.12 1.0 1.0 ox 1077
- , . T
6.13 0.5 s'0 x 10~
6.14 1.0 . 5.0 x 1074 Average
| LN
6.15 0.5 1.0 x 1077 velocity
6.16 1.0 1.0 x 1073 '
i A
T . .
—— - ¢ . - . ~
RN




192

;[‘ L
h,-0O.5%m  «© S.0X10  mt
PR SIS SO .
. ( ) \\
60% ™~
AN i
N
e b7 \\
8Consolidation Contours \\\

>~

(km)
/

Runout Distance
I~ s
| ;

/
\\\\\\\\\\\\\;;//
\\\\\\\\\\\\//
= /
/
/\

5
Y
et

Slope Angle (°)

!

Figure 6.6 Parametric Ahalysis of Runout Distance - %

Consolidation Contours



193

! )

hesl.0m ¢ 5 010 'm/
40 L4 —
- (7
\\\~ 30% .
.
3o b %Consolxdatxon Contours
. r =10 09 0 e 0.7
$0
o - ™ :
U 2
5 ~ |
+ [ \\
(2}
Sl ™~ 25%
Q 9t —~ N
o A
3
O b
o
g 1 f
\ >
\\
T~
= — 208
——— —_
10 b
5 -
'0
0 — v y—t————p—
N 0 2 4 14 16 18

Slope Angle (°)

Figure 6.7 Paramétric Analysis of Runout Distance -

Consolidation Contours . \



-
P

20

- 18
b
5 14
)
0
o 12
]
+
(4]
-
Q 1o
S
2
-0
5 .
8
14
RY
6
q
il
0
Figure

¢ - - —} ‘) o
hI‘ 0. 5m b@l’OX“) mY /s

%Consolidation Contours

T

T

g

4

60%

Y

//);

ST

80%

6.8 Parametric Analysis

Consolidation Contours

M. { hAEE SR AN RN S
0 2 q 6 8 10 12 14 16 18
Slope Angle (°) .
of Runout Distance

194



195

/

h,=1.0m cy:1.ox1o'5m2/5

a0 T

3s

30

(km)

20 [

Runout Distance

15

Slope'Angle (°)

1
|
i

Figure 6.9 Parametric Analysis of Runout Distance + X%

Cw Consolidation Contours

P



136

‘ -l
N DI i ¢ o= 5.0X10 mT /s
hL it v ) / /

0 F‘

Duration Contours (seconds)

| /
A
-

220 T
E; 14 \\\1
x AN
o AN
8 ok 200\\\\\\ \\\
I
a | N
10 \
g ~
o
5
N

A
.

Slope Angle (°)

-
-

Figure 6.10 Parametric Analysis of Ruhout Distance -

R Duration Contours



Duration Contours

ho-1.0m ¢ =45.0X10 'm" /s
40 Y
o b Duration Contours (seconds)
r = 1.0 0.9 0 -8 0.7
V]

30 /
g T~
8 25 F \\\
5 N 450
o] e
] h -
;2] \\ N /
- <N —
N ~ o —
Q ot
P
3 - .
0 q T
g ~d 400
m s b \ /

. i -._____—}]’
.o _ 350
1 ¢ T T B S
6 8 10 12 14 16 18
\\
Slope Angle (°)
Figure 6.11 Parametric Analysis of 'Runout Distance



\ 198

$~o

h, O.%mn cyfl.()Xl()")m‘/:;

.20 F‘*i

18 I
DurationgContours (seconds)

)

0
[6)
c 1.
o
u -
(7] N~
-
a .,k
PV
o ] 8
0
5
s F
14
6 -
120 ) A
4k N

8 10 12 14 16 18

Slope Angle (°)

>, . 530 LT
Figure 6.12 Parametric Analysgs”® of Runout Distance

o~

Duration Contours



. .o -3 2.
he=1.0m ¢ ,~1.0X10 “m /s _

40

O

3! Duration Contours (seconds)

30

(km)

Runout Distance
N
[>)
1

15

10
-
S -
' v
0 16 18 ~

. Slope 'Aﬁgle (°)

»

Figure 6.13 Parametric Analysis of Runout Distance - .

Duration Contours '



200

: -4 2, ,
hp-0.5m ¢ =5.0X10 'm /5 )

20 <
) //7/’ —
‘80
18 |-
Average Velocity Contours (m/s)
16 °
5 14 |
0
(@]
‘: 12 F
L]
Py
)
-~
Q 10
Fe)
3 L
(0]
5
8
(14
6 -
4 +
2 F -
0 v

Slope Angle (°)

F

ped

Figure 6.14 Parametric Aﬁalysis of Runout Distance - Average

1

Velocity Contours s



L

201

Q
Y
h .- .- -bo2
" L1 0m cy__).o>'<1o m°/s
i b Average Velocity Contours (m/4)
U= 1.0 0.9 0.8 0.7 ©
N I
P agE

5 g \___’/
- 60 s,
QO ¢ |
U ‘.S
o
d
Fo
4]
-~ °
4
o}
o 1 ,
g .
& b

10

s}

0 L T R

0- 14 16 18

Figure 6.15 Parametfic_

Velocity Contours

.



K

[

1R

£
~
Q
]
c
s}
i)
o
ot

aQ
e
3
(o}
5

M
(04

s

4

Figure 6.16 Parametric Analysis of Runout Distance - Average

-

Average Velooat

y Contours (m/

s)

d b
T T T » MR R B
0 2 4 6 8 #10 12 14 16 18
w .
A Slope Ang

-~

Velocity Contours

4

le (°)



v

Average Velocity Contours«(m/s)

(km)

Q
O
[
o
)
(]
et
a |
o)
3
o) 3
[
&
15
10 -
[
5 -
f ‘ \
0 T v T T T T T T
0 2 4 6 10 12 14 16 18

Slope Angle (°)

Figure 6.17 Parametric Analysis of Runout Distance - Average
ws

Velocity Contours



204

1s eliminated.

A thickness of 1.0m for an idealized condition of an
infinite slope ;ould certainly 1imply a larger time for
dissipation of pore pressure and, Consequently,‘ larger
runouts, now of the order of 40km for only 8 min of
movement .

It must be noted that such large runouts were obtailned
by letting consolidation to take place (small h;), so that
the percent consolidation coulds be as much as 50%, for
example.

For a thickness of 0.50m and a runout of say, 20km, the
degree of consolidation 1s about 60%. A Ehickness of 1.00m
tor tugfsame rquut is obtained with a percent consolidation
of 20 to 25%. Time for dissipatioQ, however, 1s much longer,
thus leading very easily to larger runouts. Therefore, for a
thicker bottom layer corresponding to that expected 1in
nature in connection with real <cases (10 u% 20m),
~consolidation 1is practically nonexistent. It 1is expected
then, f0{ the movement to stop, that a redué?qon in slope
inclinatibn must dominate, since these "infinite" slopes of
hundreds of kilometers can only be found in the ocean floor.

Runout can be large even for a tﬂickness hf as shall as
0.50m and a high‘ coefficient of consolidation, 1if the
initial pore pressure is correspondingly large (r, = 0.9 or
1.0). The percent consolidation for the same order of

magnitude of runout as before woald be as large as 80% and

the duration of movement would be considerably reduced.
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It is of interest to observe that the average velocity
of all these cases is of the same order, up to about 80 to
90 m/s. The runout under the hypothesis of consolidation 1s
dependent on the time for consolidation (dugration of
movement ) . ‘

The duration of the movements is very small, of the
order of 200s, even for travel distances as large as 20km.

The percent consolidation is in some caseé very large
because very small values of hf were used for this purbose,
ie, to show the efféét of consolidation. It can be seen,
however ,that as hf is increased from 0.50 to 1.00m the tipe
for consolidation increases considerably, thus leading to.a
much larger travel distance.

Normal values of the bottoﬁ layer thickness can be of
the order of 10.0 and 20.0m or even more. 1f the thickness
is about 10.0m the time factor for consolidation ‘1s 100

“times smaller than for the case of 1.0m, making
consolidation irrelevant. These analyses also show that
large travel distances can be obtaineq on an infinite slope
even with small angles and small thicknesses of the bottom
layer.

The major conclusions that can be inferred, therefore,
are: -
1. consolidation will not be signifiéant for the cases
of thick bottom layer which is tbe nbrmal case.

2. movement will come to a stop on the basis of the

redgction of the slope inclination.
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Figure 6.18 also shows the dominant 1nfluence of the
thickness of the bot t om layer on the runout distance, under
the assumption that it 1s controlled by the consolidation of
the bottom layer. Materilal here 1s assumed to be a fipe sand
and the slope %ﬂclination only 5°.-It is seen that movement
would be ‘increased substantially for large bottom layer
thickness. Ca

A small thickness hf also shows two additional
fundamental aspects. First, even a small guantity of fines
1s sufficient to initiate the mobility. A small quantity of
well graded fines also requires only a small amount of water
elther to saturate or to almost saturate thé soil to a level
for liquefaction to occur. '

Possibly, movements of apparently dry debris could be
explained by the presence of a thin layer of saturated fines
at its base. Hutchinson (1986) with respect to the Aberfan
Slide considers a layer of saturated fines at the base, only
5cm thick; ‘what allows him to explére the eff;ct of
icbnsolidation with only 1min of movement duration.

_ .
6.6.2 Submarine Debris Flow

The same results from the parametric analysis discussed
for the subaerial slides apply to submarine slides. Here,
due to the more uniform and more homogeneous nature of the
.material in the .ocean floor, the thickn€ss of the bottom

layer is much larger and of a ﬁagnitudg comparablé to the

total thickness of the debris. | \ L 2
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1

A lower(coefficient of consolidatiop for this material
1s also expected, corresponaing to that of a loose fine sand
and silt. Since the marine sediments are also very loose, in
a megastable condition, the pore pressure resulting from
liquefaction is very ﬁigh, and, therefore, a pore pressure
ratio equal to unity or very close to 1.0 is most likely to
prevail.

An additional coefficient was introduced for this class

-
of slide. The parameter a, referred to as the coefficient of
drag resistance indicates an additional résistahce offered
by the water to the movement. The yglue used for this
parameter in our analysis was determﬁﬁé from the data of
the Grand Banks slide (Heezen and ?wing, 1952), as shown
later. |

‘Figures 6.189 and 6.20 present ‘\he relatibn between
runout and slope angle for different pore pressure ratio,
including the coefficient a. The analyses were carried out
for a thickness of the bot;om layer of only 0.50m for the
purpose of comparing the results with fhose‘of the subaerial
slides for the same conditions. It.is, therefore, séén thét
the ‘drag force has a marked influence on the runout
distance, decreasing this value. The thickness of the debris
sheet 'now approaches hundred of meters and consolidatibn
will not occur.

Infinite slopes (loné slopes) exist at the ocean floor,

extending for hundreds or even thousands of kilometers and

since consolidﬁtibn is unimportant here, extremely large

-

2
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runouts should then be expected.

To confirm the above statements Figure 6.21 shows how
the runout distance increases with the thickness of the
bottom layer. A slope angle of 5° was assumed. Slope aﬁgles
are wusually considerably smaller. In this case for a
thickness of the botton layer of only 4.0m the runout
distance is already over one hundred kilometers.

As mentioned before, a pore pressure ratio close to 1.0
1s to be expected, thus practically overriding the effect of
friction. The drag resistance, therefore, becomes the
deminant factor. In this context, from eéuation 6.15, for
positive acceleration the velocity increases, thus
increasing the drag resistance which, in its” turn will
reduce the acceleration until it becomes equal to. zero. This
circumstance, for a slope of constant inclination
corresponds to a constant velocity. Until the slope éngle
changes the movement proceeds witﬁ constant speed. This fact
will be shown for thé Grand Banks slide in Chépter 7.

With the above considerations, from equation 6.15 we
can write for the acceleration:

-

a =g [sinB - a V2] [5.59]

When the acceleration becomes zero, movement proceeds at
constant speed, characteristic of a particular slope angle

B. This equilibrium velocity is then giveh.by
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(j/
/) 6.7 UTILIZATION OF THE MODEL AS PREDICTIVE TOOL
The model developed in this thesis has been used to
history-match some movements published in the literature. It
was demonstratea in the previous sections that geometrical
and geotechnical parameteré are reqguired for conducting the
analyses of movement of debris. As a basis for‘prediction
some of the parameters involved have either to be determined
experimentally or to be inferred from previous analyses.
For the utilization of the model as a b}edictive tool
the thickness of the debris sheet and of the layer of
‘fine-grained material would have to be inferr;g. Thej\are
related to the‘ volume of the quris. AN esﬁimation,
therefore, would haveAfo be conducted of the volume of the
material involved in the slope failure. Cor;elaiions such as
presented in Figure 6.. of Hungr (1981) could be used as‘é

<«

prelimary guide. Thickness of the fine-grained layer could

-

be taken as percentage of the total thickness.

|

N Among the geotechnical parameters the pore pressure
ratio presents the greatest uncertainty. It has been
suggestéd (Figure 7.1), based on the results of the cases

analysed in this thesis that for non-volcanic rocks that

s

: ;/
it would be larger ‘than 0.8. These values appear to be

ratio is of the order of 0.6 to 0.7 while ‘for v&lcanic rocks

related to.the nature of the .fine-grained materials present
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in the bottom layer of the debris and, "therefore, to the

degree of comminution of the rqck. More case histories are

needed to more accurately define the value of the pore
A}

pressure ratio ‘to be used in the predictive analysis 1in

connection with the type of rock expected to be involved.

6.8 OTHER MQDELS
Several models, empirical and semi-empirical, are
available for the analysis and prediction of the development

of movement of soil and rock debris.

6.8.1 Empirical models

The existing empirical model mainly correlates the
runout distance with the volume of the moving_debris. The
lack of an understanding of the physical processes involved
does not allow for a proper identification of £he
controlling parameters. "Material ‘characteristics, .slope
geometry, initial"conditions, availability of Jater and
other’ aspécls are not considered. Thereforé, prediction

based on thesevempiricai:modgls results in a great degree of

. r

;catter.

The first of théschorrelations is credited to Heim
(1932) who  first studiéﬁ~'such_ mo&emengs on a osystemaﬁic
basis. Heim defined the “fqprbéschung",as the slope of the
iine‘joining the top'of the crown of the failure s}ope and
the.distal tip of the deBris. Such a slope would give an

idea of the appprent friction throughout the movement. He



with the ligquefaction of these fines ‘induces a
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then relaLed the "fahrboschung" to volume of the material
invoLved}for several cases as shown in\ Table 2.1.

A typical problem with this type of approach 1s that
investigators try to fit into the same correlation every new
case, under completeiy different conditions and ihvolv?ng
different materials, therefore, widening the range of
scatter.

Scheidegger (1973) shows the same kind of trend‘in a
simiiar correlation.

Hsu (1975) Choosesu€6 correlate the logarithm of the
volume of .the slide aﬁd the "excessive travel distance”.
This is the distance in excess to that a mass moving with a
normal friction coefficient (¢ = 32°) Qould travel.

Eisbacher (1979) presented a similar plot for the

'

Mackenzie Mountains in Northwestern Canada.

All these correlatiors reveal only a trend,

‘characterized by a great scatter. As indicated before, the

only parameter considered to govern the mobility (runout

distance) of the debris is its volume.

3

 Figure 6.22 shows one of these correlations. It must be

pointed out that a large volume of debris corresponds to a

larger thickness of the moving debris sheet. Figure 6.23 of
2 g X ) .
Hungr (1981) shows such a correlation. The higher “stresses

implied by the large thickness lead to more comminution and,

therefore, to the existence of a larger percentage of fines

at the bottom layer. The higher pore pressure associated

more
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pronounced mobility of the debris. Thege considerations
explain t he usual trend assoclated with the” above

correlations.

6.8.2 Semi-empirical ﬁodels

Semi-empirical models recognize a certain aspect of the
physics og movement eg., a frictional behaviour, a viscous
behaviour etc.. A rheological model 1s therefore established
and the corresponding parameters needed to characterize the’
model are determined empirically. The success of this model

depends on how well 1t represents the physics of the

~movement . Restrictions here are that the total physics of

the events involved may not be fully appreciated.

In many cases the parameters associated with the
rheological model proposed are very difficult to determine
or may not possess a real physical meaning or mdy still not
represent the processes involved adeguately. Thesé
considerations apply to the Bingham plastic model or to the
two-parameter model of Korner. These models can be
mathematically corréct although physically wrong.

Semi-empirical models are generally based on analogies
with other materials and, therefore, borrow from them not
only their rheological behéviour but also the knowledge of
the interaction between the material and the medium in which
it moves. For 1instance, studies of movement of a body
iﬁmersed in watef indicate a velocity squared resistance

applied by the water to the moving body. Analogy with the

N
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movement of viscous materials in Fluid Mechanics lead to the
adoption of a velocity dependent'wiscous resistance.

In general, several terms could be combined to make a
general law of resistance, incorporating friction viscosity

and turbulence or another velocity squared resistance, such

as
t = ao + bnv + cV' f6.41)]

where a, b, c are coefficients, 7 and o ére the shearing and
normal stresses, n is the viscosity and V 1s Lhe velocity.

An _approach 5ased on an energy balance with velocity
dependent viscous type resistance 1s proposed by Pariseau
(1980) for rock debris avalanches. A more complex velécity
squared dependence has been proposed by Scheller (1970) and
Korner (1976, 1877, 1980a, 1980b).

Other particular laws «could be developed by the
appropriate choice of terms,

The basic deficiency of these semi-empirical techniques
is that the actual physics of the motion is not adequately
accounted for. Therefore, although the parameteré could be
determined in order to match a movement and a general
equation formulated, the parameters would nﬁt ﬁécessarily
bear any physigal meaning. Erroneous interpretation would

also arise as a consequence of the unknown physics behind

the mbvement.
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it 1s, therefore, well understood that the application
of these models to history-match the movement is nothing
more than a mathematical curve fitting problem.

One of these models used for the analysis of rock
debris avalanches is that developed by Korner(1976). Korner
utilizes an equation of the type expressed by eguation 6.41
where the veloc;ty dependent term 1s neglected._
Therefore,the resistance to movement 1s ‘given by two
components: a fricqional resistance characterized by an
average friction coefficient wu and the dynamic resistance,
velocity squared dependenﬁ, characterized by a dynamic

)

reslistance parameter .
D = D, ¢ [6.42]

where D, 1s the thickness of the debris sheet and £ 1s the

turbulence ,coefficient. e

The two parameters (u,D) can be determined to
history-match the movement. Korner's developmegt is typical
of the movement éf a body immersed in a medium that offers a
velocity squared resistance. as was seen, for example,ﬁ in
connection with subflarine debris flostin section 6.6.2. It
can be- shown that as movement accelerates the dynamic
resistance increases thus decreasiﬁg the acceleration.
Cénsequently a critical veloéity could be said to exist when
the acceleratioen is zero. Although mathematically correct,

such a a critical velocity has never been observed in

A
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connection with rock debris avalanches.

A serious limitation of this .model <comes from

inconsistencies in matching the model to the actual physics
A

of the movement of the/?ock debris. Although the method is

based on certain physical principles, the nature of the

frictional and dynamic resistances is very simplified, not

to say erroneous.

It is interesting to see, for example, that 1in the
determination of those parameters by McLellan (1983) for
slides in the Mackenzie Mountains, the frictional parameter
u can attain a negative value, certailnly ngt sensible for
geotechnical considerations of friction.

Another common type of semiempirical approach is\th;
viscous model. By analogy with wviscous flow 1in Fluid
Mechanics, investigators have borrowed some basic parameters
to model the behaviour of the moving debris. Common
interpretation of the behéviour of the débris uses the

Bingham .plastic rheological model, characterized by two

and a viscosity dependent term such

terms: a yield stress 7,

that:

av

T o= T, 4 ne ay [6.43]

where 7 is the shear stress, r 2 is the yield stress, n, is

the plastic viscosity and dv/dy is the velocity gradient

along the vertical profile of the flow.
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This approach has been followed by Johnson (1970, 1975)
and by SQ@S investigators at Berkeley (Jeyépalan, 1980;
Bryant, 1984¢)

Johﬁson (1970, 1975) uses such a model to history match
movements of debris flows in gﬁe field, wéki&g use of the
observations to estimate the parameters involved.

Jéyapalan (1980, 1982a, 1982b) develops a model for the
flow of tailings upon a dam breakage.

Bryant (1984) follows this approach and uses laboratory
methods to/determine the parameters of the Bingham plasgic
rheological model for 10 soils. He finds that no strong

correlation between these values and index properties could

~ be established.

As pointed out before, physical analogies are used to
define a model and apply it to a different type of material.

Coefficients are, therefore, determined as in a mathematical

- curve fitting problem.

Jeyapalan (1982a) states that he found a correlation

between the yield stress 7, and the undrained strength. In

Y

fact, Jeyapalan is basically using a total stress approach

for some known physics. When dealing with 1liquefied

tailings, if pore pressure at liquefaction was known, then
. I

we could write

. &}
- e 7, = (0 - u) tane¢’ [6.44]

| 7

for the yield stress where o is some normal stress, u is the
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pore pressure at liquefaction and ¢' is the corresponding
friction angle.

Viscosity can also be understood as a measure of
shearing resistance. For a fluid, viscosity comes from the
interaction of molecules in continuous movement and is
defined by a p{oportionality to molecules velocity and the

mixing length.
v« U 1 ‘ [6.45]

where U 1s the velocity of molecules and 1 is the mixing
lendgth of molecules in movement. It isf therefor®, * a

rd

property of the fluid. 0

When dealing with the flow of debris particles 1in
general, during movemerdk particles can also mix and an
apparent viscosity thus defined similar to equation 6.45
above; where U now is the velocity of particle and 1 is the
mixing length. This apparent viscosity is now a property of
the flow and not of the moving material. It is, therefore,
expectfd that measurements of: 5, should then reflect the
method of determinétion. ,

Another weakness of this method is thae, although it is
convenient from the analytical point of view, it does not
provide any insight into the physical behaviour: This is
fundamental for a thorough understandihg of the movement.

The commoﬁ?biece of physics between these approaches is

the acceptance g a boundary shearing resistance opposing
A" :

L

‘
w
s
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the flow. In this case the Soill Mechanics approach is to be
favoured for 1t allows the determination of parameters that

are fundamental properties of the material and that can be

appliéd regardless of the scale.



7. CASE HISTORIES

7.1 INTRODUCTION
In this chapter the sliding-consolidation model
developed in the.previous chapter 1s epplied to several case
histories. ‘
They are grouped into th;ee classes due to the
differences in material, .environment and corresponding
N
degree of mobility. Table 7.1 summarizes these movements and)
their basic characteristics with respect to mobility. The

approximate order of . magnitude of volume of material
involved, average ve®docity and travel distaéce for the
classes of movements are indicated.

The data presented,in(tﬁe table are general and serve
merely to indicate what should be expected in connection
with these movements. The data are based on the observation
of the case histories available. It 1is expected that
exceptions will occur.

The common basic-cbéracferistic of these movements is
that frictional resisténce is mobilized along the movementsg
path of ‘the debris. The frictional resistanc; is reduced by
the high" pore pressures that are developed upon
liguefaction. Such a hypothesis, implicit in the present
model, 1is validated by the results obtained frﬁm the

applica}ion of the model to the case histories analysed ‘in

this chapter. ‘ - ' .

4 225
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Some existing moaels based on a total stress approach
credited this reduced frictional resistance to a reduced
friction angle due to the high rate of shear. Hungr (1981),
" Hungr and Morgenstern (1984) and Sassa (1985) have shown
that . the friction angle of granular materials remains
essentially unchanged with strain rate.

Consolidation may take place during movement with the
dissipation of the excess pore pressure. There is‘a certain
ambiguity in connection with the_,thickness Sf the bottom
layer of fine gf&iﬁed material or the drainage path for
consolidation. What is particularly important is that
subaerial movements take place over short durations. The
material within the bottom layer is found to contain large
percentages of silt and fine sand and therefore its
coefficient of <consolidation is reasonably small. These
characteristics, coupled with a thick bottom layer: preclude
the conditions for pore pressure dissipation, or at least
the pore pressure dissipation associated with the movement
is very small. Therefore, the pore pressuie generétéd upon
liquefaction is the dominant paramefer controlling mobility.

Even with the assumption of Eonsolidation the cases
presented here exhibited no or very little pore pressure
dissipation. The inifial pore pressure geneQated upon
liquefaction entered into the analyses in the form of the
pore pressure ratio r,, as suggested by equations 6.3 and
6.15. Its value was determined by matching the hfhtory:of

the movements. Other fundamental geotechnical parameters

i

? .
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\éﬁch as fricéion angle and coefficient of consolidation,
often not available, had to be assumed. The adopted values
are supported by experieﬁce and the literature. -

Results of the analyses for the <case histories

presented are showr in Table 7.2. Pronounced differences are

-

seen to exist among the three groups with respect to

movement characteristics as was also indicated in Table 7.1.
\\ -

The table summarizes. the bq;k—calculated values of pore
i \ A
pressure ratio that "prevailed for the movement. It 1is true

that there are infinite pai;s of values of pore pressure
ratio - friction angle that gatisfy the moveaéﬁts. values
used in Table 7.2 are shown to repreéent the 1debris
properties and, in some cases refgrred ?o in the text, tke
values of friction angle were éeﬁermined by laboratory
testing. Two values of friction anglé"are\ijdicated and the
corresponding values of pore pressure ;atio'also presented.
A striking point 1is that. the pore pressuQe‘ratios for
volcanic rocks are higher than those for non-volcanic rocks.
‘This feature is “better indicated in Figure 7.1 where more
complete results, are indicated for the .rock debris
avalanches. They indicate the pair pore presgure ratio -

L

friction angle required to match the movement.

" The weathering or alteration of volcanic rocks produces
clay minerals such as smectites. This chemical weathering of
these rocks facilitates disintegration. The presence of

‘ , \
vesicles, characteristic of wvolcanic. rocks, also helps

. ’ 5
breakage of these rocks. it 1is, therefore, expected that

v
4

A}
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volcanic rocks may present more comminution and generation
of fines.

(Cases where volcanic rocks are present exhibit greater
mobility than those cases with non-volcanic rocks. Such a
characteristic, as illustrated by Voight et al (1985) 1is
expressed by the— larger ratio of fall height to travel
distance. Results of our analyses of the cases treated 1in
this thesis confirm the above findings.

In Chapter 3 mention was made that volcanic rock-would
be more susceptible to comminution and, therefore, to
producing fines. This would probably be due to a lesser
amount c¢f energy requjred for breakage as a function.bf the
rock properties and of the presence of rock defects and
structure features such as joints and voids. Such a facility
for breakage and formation of fines leads to an enhanced
susceptibility to liquefaction and, therefore, to higher
pofé pressure and mobility.

Indirect confirmation of these points 1is found 1in
observations by Voight et.al (1985) on th® mobility of rock
debris avalanches of volcanic and non volcanic rocks as
indicated in Figure 7.2. The enhanced mobility of ;olcanic

N
rock events can be observed. This greater mobility 1is
modell®d by  a ' large pore pressure ratio. Larger pore
pressure ;atios that result from pore pressure generated by
liguefaction imply a more widely graded granular material or

a large percentage of fines for the same coefficient of

uniformity. This could be characteristic of a more

€



Ny wmr.v»-\_
0 . " 9 cadsen
! % Fé N~ e . .
B
y - ) !' “Q‘i s L -
' s ;N- 'y
S v(,.&.,,‘_.‘ | a - Ai“ A} --
veegaen s s
Do d
T " VA0 W00 TR BAG 100 hoo
et @) 3
VOLUME (107 m7)
Ob(
0 Sh L]
-
04 ..
o
. l - L3
~ o3t « NON voicanc
o s jycases
0 2¢
a
L )
0! YQ‘.C}_"J_.Q_'/
A 32 Ccases
0 - — - . S,
! N 100 1000 10 0Q0 100 000

VOLUME (10° m°)

Figure 7.2 Relationship Between Ratio of Fall Height to

Travel Distance and Volume of Avalanches Deposits (modified

after Voight et al, 1985)



233

commrnuted material or it could reflect the mineralogical
composition and the presence of clay minerals. This would
also indicate the tendency for greater comminution.

Basically most of the data we had available were the
travel distance and its duratioh o; average velocity. Some
case histories presented velocities determined on the basis
of superelevation at bends. However, the absence of
consideration of friction underestimated these velocities.
Velocities at bends and at runups are reanalyséd here with
the incorporation of the frictional resistance as 1indicated
by equations 6.33 and 6.37.

Saturation of debris plays an important role in the?
degree of mobility. Nevertheless, it must be pointed out
that only a fraction of the debris will liquefy and even so,
this fraction need not be fully saturated. This 1is importantt

in the sense that not much water 1s required to produce

mobility.
7.2 SUBAERIAL SLIDES

7.2.1 Pandemonium Creek Avalanche, Canada (1959-1960)

The Pandemonium Creek rock debris avalanche occurred in
a remote area of -the Pacific Ranges of the Coast Mountains
of British Columbia and 1is located approximately 78km
southeast of Bella Coola ‘within Tweefsmuir Provincial Park,

In a travel path of about 8.6km the debris descended a of

2000m (Evans et al, 1988).
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Figure 7.3 1llustrates the ?andemonium Creek avalanche
which occurred in 1959 or 1960,triggered by an earthguake of
Magnitude 6.6. A slab of gneiss with a estimated volume of 3
to 5 X 106m3 became detached at A and descended 1into the
main valley of Pandembnium Creek. The debris ran up the
opposite side of the valley to a point 360m above the creek
(B) ‘'following a vegetated talus slope with an average
inclination of 26.5°. This remarkable\{apup is one of the
highest recorded 1in the literature and ranks with the
massive runup ‘measured at Saidmarreh (Watson and Wright,
1967). The debris then turned east while falling down the
reverse slope of the runup and travelled almost ét right
angles to the original direction of travel, through a seriles
of bends to run out on a fan surface (C) at the head of Knot

»~\%ékes. The speptacular superelevation ‘effects shown by the
trim lines in the bends were used to determine the velocity
of the debris at several points of the path. A plan view of
the movemen® and location of the bends are shown in Figure!
7.4. Figure 7.5 shows the slope profile along\ﬁhe movement .

The existence of good quality aerial phoﬁographs before
and after the landslide has‘made it possiﬁle to document 1t
in some detaélﬂ Although the volume involved was only about
5 Ato 7% that of Huascaran, the spectacular velocity and
mobility characteristics of the rock debris avalanche are
comparable to this and other larger volume events.

From the degaghment zone the debris travelled over the

steep crevassed surface of an extensive.cirque glacier where



Figure 7.3 Plan View of the Pandemonium Creek Rock

Debris Avalanche. .
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snow and ice may have mixed with the debris to provide water
to saturate the debris.

L ]
The thickness of the debris sheet as ohtained from

RN

trimlines on the walls of the channel varied frdﬁ}40 to 90m.

Data on the debris are not available. Assumptions had
to be made to conduct the analysis. They were:

1) Total thickness; over 30m

2) Thickness ot layer of fines: over 5m

3) Friction angle: 36 - 41°

4) Coefficient of Consolidation: 5 X 10_4m2/s

The value of the pore pressure>ratio reguired to match
the movement history was 0.63 aAd 0.68 for friction angles
of 36° and 41°.

| The results of the analyses consist of the

-determination of development of the runout and the
distributioq of the velocity along the movement path with
time. These results determined by application of the model
devéloped in bhapter 6 are presented 1in Figure 7.6. The
analysis of all the Aata on superelevation provided an
rexcellent independent means to determine the velocity
(equation 6.33) at 7 points énd, therefore, provided a means
to check the validity of the model.

The travel path is considered to be formed of two parts
with différent length ard inclination: one before and one
after the major }unup. Movement along the first segment was

accelerating. After climbing the ramp and turning to the

second segment (deceleration and accel€ration;in the rémp)
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the movement along the second segment was decelerating. In
the second segment, 7 bends with data on superelevation
“allowed the independent éetermination of the velocities at
the points of bends. These velocities are also indicated in
Figure 7.6. It is seen that there 1s remarkable agreement
between the velocities determined by the two independent
methods, thereby increasing confidence in the utilization:'of

the method.

Results show that the total runout of 8574m was covered
in approximately 2min, therefore, 1indicating an average
velocity of 257km/h. As will be seen in connection with the
other case historief,‘the above results are comparable with
other rock debris awalanches.

7.2.2 Nevados Huascaran Avalanché, Peru (1970)-

Nevados Huascaran is the highest pea; of thé Peruvian
Andes, in the Cordillera Blanca, reaching almost 6800m above
sea level. Several major avalanches are associated with this
peak, such as the catastrophic eQents of 1962 and 1970.

The 1970 avalanche is analysed in this thesis. It has
been described by Plafker and Ericksen (1978) and Korner
(1984) who érovide some of the basic data wused in the
present analyses.

'The last avalanche (May 1970) was triggered by a
7.7-Magnitude earthquake with an epicenter 130 km to the
west, off the coast of Peru. A volume of approximately 70 X

10 m3 of rock .including ice and spow was involved in this
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avalanche. buring the‘fall and its subsequent movement the
material underwent substantial disintegration and moved down
to the wvalley of Rio Santa as a mudflow, at 4,000 m
elevation lower and travelled a horizontal distance of
16,000 m in only about 3 min. The timing of the avalanche
sequence was. provided by many residents who survived the
!atastrophe (Plafker and Ericksen, 1978).

From the account of Plafker and Ericksen (1978) the
rock in the area is a yellowish-weathering gray biotite-rich
granodiorite that is commonly veined with ablite and quartz.
Exposures showed that the rock was pervasively fractured
with a system of open sheet joints oriented roughly parallel
to the face. The joints dibped about 80° east and, collapse
of the lower part of the face in 1962 had left a tremendous
cliff, about 1km high, a largé part of which was actually
overhanging, according to the observation of Charles Sawyer -
and David Bernays, participants of . a  glaciolngical
expedition.to the mountain sponsored by the Massgchusetts
Institute of Technology (Plafker and Ericksen, 1978).

'The detachment of a large slab of trapezoidal shape and

2

about 0.6km“ in area and average thickness of 60 .to 120m

resulted in the production of an estimated volume of debris

. /
of 50 to 100 X 106m3 due to the increase in .volume upon

-

disaggregation and mixing with snow and ice.

Ice and snow mixed with rock. Snow melt produced water

r

that was incorporatéa in the debris leading to its

]

saturation. Additional water was incorporated into the



debris from streams, irriéation ditches and soll. ,

The inipial stage of movement, over Glacrexr 511 was
characterized by the fall, disintegration and mixture with
snow and ice. Ice was carried by the debris. |

Movement fof debris ﬂirst followed a channelled path
through a topographically rugged area, with a thickness jof
80 to 160 m for most of the travel distance after whidh the
debris divided in two lobes. A smaller one climbed the hill
where the town of Yungay was bdried resulting in 18,000
casualties. The larger one followed. to the left along the
valley of Shacsha River, crossed the Rio Santa and climbed
the 6pposite margin for hundreds of meters horizontally and
83 m measured vertically..

Figure 7.7 shows a plan view of the movement indicating
the area covered.by the debris. The slope profile along the
movement as was used in the present analysis is presented in
Figure 7.8.

g According to Plafker and Ericksen (1978) more than 50%
of the debris waé a gravelly mud, the rest being boulders
and angular blocks of recks. The fine-grained material that
made up the mud was mainly: gravel (10.6-39.1%), sand-
(46.0-72.3%) and combined silt and clay (3.5-24.4%). |

The debris cove;ed the distaﬁce of 16,000 m in about 3
min, therefére corresponding to an average velocigy of about
306 km/h. Plafker and Erickson -report én average velocity

. from the beginning of the movement to ifs middle part of 270

to 360 km/h (accelerating movement). The average velocity up

!
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to the end of movement was 270 km/hr. The supereievation
data at one bend of the movement 7Jjust upstream of Cerro de
Atra led to their estimate of 170km/h, for a tilt of 4.5°
determined ftrom heights of trimlines and a measured radius
of 2.8km and a frictionless movement.

To apply the present model to the analysis of the
movement of debris of the Huagcaran Avalanche we need
par(icular’records to be compared with the results of our
analysis. The few records ~available are the average
velocity, the runout distance and the elapsed time of the
total event. In addition, the following assumptions were

made :

1) Total thickness: over 50m
2) Thdickness of layer of fines: over 10m
3) Friction angle: 36° - 41°

r4m2/5

4)"%oefficient of consolidation: 5 X 10

The value of the pore pressure ratio r, corresponding
to the 1nitial E?re pressure was found to be 0.68 to 0.72
for the matching of movement history.

Results of the analysis ére presented in Figure 749 1in
the form of travel .distancé with time (a) and velocity
distributién with time (b). In the first case one must note
tﬁe agreement between runout distance (16 km) and ﬁime (3

min) with those reported by Plafker and Ericksen (1978) and

Kornrner (1984).
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In the second case we have also shown the average veiocities
from Plafker and Ericksen and those from the velocity
distribution. The velocities as determined by Korner (19g4)
are presented as well. Also worth mentioning is the match of
the velocity determined from the data on superelevation and
that determined by the present model. This match is based on

the consideration of friction in the super-elevation

analysis.

7.2.3 Mount St. Helens Rock Debris Avalanche

This .avalanche toog place after the collapse of the
north sector of Mount St. Helens (USAY 1n May 1980. Slope
failure was triggered by an éarthquake following about two
months of previous movement.

AnD  enormous rock debris avalanche was produced
involving around 2.8 km3 of material that moved for about 10
min as #Br as 23 km. Voight et al (1983) estimated the
average velocity to be about 35 ﬁ/s oﬁ the basis of
superelevation of debris around bends, alihough they did not
consider friction 1in this calculation. According to their
estimate, duration of movement was 10 min, although it
certainly may have been much faster as we shall see,.

Full account of the geglogy of the site as well as data
concerning the phenomenon and the materials involved are
presented by Voight e£ al (1983).

2

An area of 60 km“ was buried by the poorly sorted

debris to an average depth of 45 m.



248

The debris avalanche was divided 1into several 1lobes.
The main lobe funnelled down the 1 to 2 km wide valley to a
distance of about 22 km.

The avalanche debosit comprised a very heterogeneous
material varying from clay—siz;d particles fo blocks over
100 m long. Grain size tests on samples from diverse
localities gave the following averagé valués: clay (4%),
silt (11%), and sand (42%). The remaining 43% compr}ses the
fraction with particles larger than 2 mm diameter of
pebbles, cobbles and organic debris. The coefficient of
uniformity ranges from 13 to 300.

Table “7.3 from Voight et al presents physical
charqcteristics of the debris. It 1s 1mportant to note the
relatively low permeability of the debris.

With 57% of the debris exhibiting a diameter smaller
than 2 mm it is expected that for a debris sheet over 45 m
thick_a very thick bottom layer of fine grained material
would prevail as well, probably of the order of 20 m,

Considering the fine grained nature of the material,
its thickness, the low permeability and the relatively short
time for the complete movement, pore pressure ‘dissipation
may not have taken place here.

It must also be noted that the low values of the water
content were probably determined from samples obtained
superficially in the debris. This fact is not in
disagreement with. the possible liquefaction of the 1lower

part of the bottom layer. Such a dry character of the upper



Table

(modifi1ed after Voight et al,

7.3 Geotechnical Properties

Property

Texture

clay

silt

sand
Mediarn diameter, mm
Uniformity coefficient
Specificic gravi%y of

solids

Dry bulk density,g/cmﬂ
Porosity
Voild ratio
Relative density, %
Water content, %
Saturation, %

198 3

Mean

1.9
104

.70
.80
.32
47

o O = o

sk
8.7
Li

Field permeability,m/ﬁ 9X10~

)

6

of

249

Avalanche Deposit.

0.26-9.2
13-300

62-2\78
.66-1.92
.28-0,37
.38-0.60
32-70
5.0-14.0
21-71
2.4%x10°-1.5X10"

N

O O -

L

*H

£
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part of the debris has also_been noted in connection with
the Frank Slide debris (Hungr, 1981).

Direct shear tests on the_debpis have indicated a peak
friction angle as high as 40 to 44°, Additional tests
indicated friction angles between 38-43° with an average of
41°. This value was adopted for our analysis. Figure 7.10
shows a cross section along the profile of movemegt.

Analyses have been carried out using the longitudinal
cross section of Figure 7.10. The small scale of the figure
may have led to some inaccuracies. The following aséumptions

were made:

1) Total thickness: 45m

2) Thickness of layer of fines: ove; 5m

3) Friction angle: 36°

4) Coefficient of consolidation: 5 X 10—4m2/s

The value of the pore pressure ratio to match the
movement for the above conditions was found to be as high as
0.92. prerhaps not very surprising considering that it refers
to volcanic rocks. Other effects might have also influenced
the mobility, principallx.;petprésence of hot lava.

NN

Observatijpons of the development of movement have been
carried out in its early stages on the basis of timing of
photographs taken by two geologists that wére flying over
the area at that moment. Distances have been estimated from

these p graphs. These data are illustrated in Figure

7.11, n_connection with our results, showing an excellent
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Figure 7.11 Mount St Helens Avalanche - Results of the
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agreement.

Voight et al (1983) have shown that the development of
this ea}ly stage of movement could -be matched assuming an
apparent friction between 0.0 and 0.1, but closer to 0.1.
These values would correspond to a pore pressure ratio in
our anafysis-between 0.6 and 0.87 and, therefore, closer to
0.87. |

Voight et al (1983) also determined the velocity of
.debris at several points on the b;sis of runup, finding
valués as high_ as 100 m/s. These values, however, were
(underestimated since friction was neglected in their
calculations. As a result a lower average velocity and,
therefore, a longer duration (10 min) were obtained. Our
analysis shows that movemént was much faster, taking about 7
min, with an avérage Qelocity of about 55 m/s, what makes

this case more comparable to other similar movements such as

Huascaran and Rubble‘Creek.

7.2.4 Rubble Creek Avalanche

Ruﬁble Creek landslide occurred in the fall of
1855-1856 invglving an ‘stimated 25 X 106m3 of rock that

devastated the Rubble Creek Valley, 80 km north of
Vancouver, B.C. (Canada). T ¢

A descr‘l.ption of the movement and materials invol;zed is
presented by Moore and Mathews (1978). Accormta them
veloci-ties were esti’ed to be higher ﬁhan 20 m/s based on

superelevation of the debris ds @ moved around bends and

'Y
® .

| .
<€ L
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they present values as high as 29.5 m/s. These values,
however, were determined without account of the friction
and, therefore, are underes£imated. Consequently, t he
duration of the movement estimated on the basis of the above
velocities is overestimated. That can also be inferred by
comparison with the duration of the similar cases explored
in the previous sections. ”~

The slide occurred from an abrupt headwall 1in volcanic
rock, known as The Barriér. On the top of the formation 1is,
Garibaldi Lake, formed by damming with lava flow. This lake
may have supplied water through seepage to the slide.area,
observed through springs in lower areas.

| Triggeriné mechanisms are not known. Movement, -however,

took place as the failed slope material disintegrated,
moving down the valley about 800 m elev;tion lower and
travelling about 6500 m.

A longitudined~—section along the movement is presented
in Figure 7.12. |

The debris from the slide is a.loose, undgorted mixture
of more or 1gsi‘éngular volcanic fragments ranging 1n_ size
from fine silt to blocks more than 5 m across, with
approximately 14% having'é diameter greater than 15.2 cm.

Debris was 20-30 m thick gravel, sand and silt.

.

"Boulders" are reported only in the uppermost 3 to 10 m
(Moore and Mathews, 1978). |

- For this analysis the following assumptions were made:

1) Total thickness: 20 to 30m
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2} Thickness of layef of fines: over 5m
3) Friction angle: 36° - 49°
4) Coefficient of consolidation: 10_4m2/s

Results of the analysis are presented in Figure'7.]3.
The value of the pore pressure ratio required ‘to match the
movement was about 0.85.

Application of‘equation 6.33 to the data provided by
Moore and Mathews (1978) leads tp velocities of 41 m/s.
These values are more comparable with the results presented
in Figure 7.13. The duration of the movement of about 3 min

compares with the duration of the other cases studied in

this thesis. -

7.2.5 Flow of Tailings and Mine Waste

The movements describea in this section are
characterized by small distances, involve small voldmes and
usually take place with\ small duration, and average
velocities as high as 10 /s. Travel distances reach a
maximum of a feQ hundfed met:Ls. The cases il}ustpaﬁed hefe,
“for these distances, present reldtively uniform_slbpesQ
9 This class of movement can be analysed using the
general model or through the simplified analyses developed
in Chapter 6. 1In this section we follow the simplified
procedure with the hypothesiﬁ of no consolidation,

For the anaiysis of the case ‘histories available

several other hypotheses were adopted with respect to the

geometry of " the slope at the initiation of movement
., .
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{acceleration part).

The rqu1rod kmz@ ;uessuie generated upon liguefaction
was determined to match the history of movement: distance
and time, or average velocity. Onc case presented the steady
stasks l.ne ot the debris and therefore 1t was possible to
compare the predicted value of pore pressure with the back
célcuLated value. The agrgement was excellent. This case,

L4

discussed 1n detdil 1n the followimg section was used (o
1)

sug?ort the applicati" of the simplified analysis of

n -

Chapter 6. . ““

: ) \

Analysis was alsc conducted with' the general model
L3
assuming consolidaNion and even here, due to the psmall

duration, there was no pore presgure dissipation. It must be
pointed out that_ n qphqectiom with the ;Aperfan Slide,
Hutéhinson (1985) had to assume aAbottom layer of liquef&ed
material of only 10-m thick for comsplidation to take place,
Total thickness of the debris sheet was 2.0 m. Nonetheless,
“for the total duration of the movement the pore pressure
dissipation’ was less than 20%, making consoliéation,

therefore, an unimportant mechanism.

Descriptions of each of these . cases and the

®

.

correspond;ng results of the anaiyses are pres-nted 1in the
following sections. Rescults are also summarized in Table

7.2. v
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7...5.1 Coal Stockplles 1n Australila

In Australia coal 1s transported for export and
pirled at the harbour. Not wunfrequently ;hese tips of
loose coal féﬁl, the material liguefies and move for\?O
to 60m in 10 to 15 s, therefore, reaching an average
velocity of about 4 m/s.

These cases have been reported by Eckersley (1984).
Figure 7.14 1llustrates this kind of movement. The
material 11nvolved 1s 1light and ranges from silt to
gravel sizes placed 1n a loose state. Its coetficient of
uniformity 1s of the order of 40 and because of this 1ts
vold ratio is very low ever 1n a loose state. Figure
7.15 1llustrates the SSL lid& for thig materilal.

Saturation of the lower level of the stockpile
occurs aue fg the i1nfiltration of rqin and 1nitial
moisture at placement and leads to its fgilure involving
up to 10,000 tons of coal.

Due to the small duragion of the movement we
assumed a constdant value for the psre preésure generatéd
during liquefaction. To match the movement history the
value of the pore pressure ratio was found equal to
0.97. In.Figure 7.15 an average value of the ijixial
total stress prevailing at the lower middle pbrtion of

L w

the failure surface is plosted. It is seen that the pore
»

pressure generated during liguefaction corresponds to a

pore pressure ratio of approximately %.0, therefore

-
» .

supp¥ ?ng’our fiﬁgings. ' . \
[ W .
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i
The results of our analysis are presented in Figure
7.16. For the. range of length and inclination of the
failure surface and for an average velocity of 4 m/s the

corresponding value of r,  1s 0.97.

7.2.5.2 Gypsum Tailings Pond (Texas)
Gypsum tailings were placed in diked areas of 600m
by 8060m. After a clay starter dike, dried tailings were

used to increase the height of the embankment. Failure

‘of the taillings pond occurred in 1966 due to an
inadeguate drainage system ac&ording tc Kleiner (1976,
1977). Dikes were 11m high at the time of failure. An

estimated volume of 8 to 13 x 103m3 liguefied and flowed
for about 300 m (k?é&ner, 1976).

The tailings are a very loose, very wuniform silt
containing only 10% fine sand. Tests on qndisturbed
samples gave a friction angle of 40°.

Movement took place very quickly 1in onl& 1 min with

an average velocity of 18km/h (5 m/s).

Figure 7.17 shows the failed slope and the

v .

geometrical assumptions for our analysis. As indicated

in Figure 7.18, to match the” movement history a pore

pressnré corresponding to a'ru value of 0.98 to 0.99 was

required.

-

. -

7.2.5.3 AbérfanvFlowslide

[]
The 1966 flowslide that occurred in Aberfﬁ was

T

developed after failure of a 67 m high tip of loose coal

[

=
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mine waste. It is well described by Bishop et al (1969)
and Hutchinson (1985). The tip failed, 1ts lower
saturated portion liquefied and the waste material moved
down the valley very fast, reaching the v{llage of
Aberfan where it caused 144 deaths. Figure 7.19 shows a
profile of the slide.

Movement of the debris occurred in the form of a
single debris sheet for about 280 m after which it
‘divided into a north and a south lobe. The north lobe
came to a stop after travelling an additional 150 m and
reaching the embankment of an old canal. The south lobe
was able‘io override that embankment, a second one of a
éismantled railway, and reach>the Yillage.

The north lobe had an average thickness of 1.2 m

and had an overall runout of about 430 m, probably

restricted by the presence of the embankment of the old

L
- B
canal.

)

The south lobe had a runout. distance of 585 m
although it‘could certainly»be greater in thé absence of )
the obstacles described above. The movement of this lobe
is examined in detail here. -

According to Bishop et al (1!%9). the average

-

velocity of the movement was between 4.5 and 9.0 m/s.
- AY

Williams (1969) suggests at least 6.7 m/s.

Bishop et _al (1969) provided most of the .

¢ !

ggbtechnical data. The material involv;d'was mainly a
. g
loose well graded sand gravel mixture with a percentage

.,
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of fines varying from about 4 to 30%. The coefficient of
uniformity 1s high, egual to 18. Other parameters are 4as

follows:

y = 17.3 kN/m3
ye = 15.0 kN/m>

¢PMk = 40° from triaxial test

Hutchinson (1985) suggests a value for the friction
“angle ¢_, (for large strains) equal to 36°, as well as
values for the coefficient of consolidation between 650 ‘and

Y . i

4000 m%/y (2.1 X 107> and 1.27 X 10 *m%/s). \

Results of the analyses are shown on Fig%‘f 7.20, for a

.
R -

coefficient of consolidation as suggested by Hutchinson. For
this wvalue the}e was Nno pore pressure dissipation durihg the
small time of movement. The back—caicﬁlated value of the'
pore pressure ratio is 0.7. It 1§ also.seen that the average )
velocity (8.18 m/s) is also in-good agreement with observed

values. : ' ' |

. -
7.2.5.4 Abercynon Flowslide

A 36m high coal waste tip at Abercynon, about 8km

from Aberfan, failed in December 1939 (Bishop, 1973).

& ‘ .
The material which was about the same as at Aberfan

liquefied and flowed down a 12° slope for about 600m in’
@ * . .
less than 3 min. therefore. having an average speed of at

least 12km/h (3.33 m/s).

A «

Figure 7.21 shows a cross section through the tip

at Abercynon. The results of our analysis arefpresenféd

~
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n Figure 7.22. 1t is seen thatrtbe corfesponding value

. ‘ o &
of r, required to match the movement history agrees with

"that for the Aberfan flowslide,

characteristics were very different.

7.3 SUBMARINE SLIDE

7.3.1

massi

)

Grand Banks Slide

”.

9 3

even though the movement.

Py

Q.

f.

: ]
The Ggand Banks Slide that occurred In 1929 was a

' »
ve one, involving 760 X 10"m~ of sandy—sil;y.gmterial.

Figure 7.23 presents a profile of the slide ind tﬁe_vblbcity
\ 3 “,

distr

timing of cable.breakage.

debri

with

ibution along the movement, determined on the basis of

-

I

It was triggered by an earthquake and the

s moved for ébout'BOO km in ‘only 13 hours,,

an average veloc1ty of abOUt 60 km/h.

Data on slope proflle materlal typef

e

resulting

4

théreforeb

,velecity |
!

d1str1but1on determ1ned from the tlmlng,of submayﬁne cable

breaks is’ prog\ded by Heezen and Ew1ngs (1952). A’reanaly51s

of this slide wxfh a V1scous model was presenbed by Edgers

and Karlsrud (1982)

L

d&lut

Due to the more unlform nature of the mater1a1 1nvoLved

. -

e the ’upper 5art* of the moving debris

estimated. thlckness was’ed in our analys;s.

°

L. . s
——— e . N r
[ ; -

a

i

~ the thlckness of the bottom layer could be assumed as the -

_total thicknessya{ the debris., Since water entrq;nmgnt coulg

rgduced'

-

¥
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The minigum total thickness used for the analysis was 100 m,

a value considered to be a very conservative estimate 1in,

relation to the total volume of debris. For the bottom layer

a minimum thickness of 20 . m was adopted.
. N

6ué to the fine grained nature of the debris, their

loose state and the availability of water, pore pressures
. oo

leading to r, values of the order of 1.0 were assumed.

The coefficient of consolidation was assumed to be that

of a sandy-silty material as well as the friction angle of

30°.
.
The "drag) coefficient determined from equation _6.19

requires knowledge of the dimensions of the moving hass. For
. e
4

a wide range of the length of the debris, as presented by

Kuenen (1952), that <coefficent ranges from 5 X 10_6 to

-5 2,72
m

10 /s®. The largest value was found to be in agreement

with our prediction.of velocity distribution as we discuss
later. ’ -

Application of the model to the analysis of the Grand
Banks Slide lead to the results shown in Figure 7.24. The
agreement between the velocities determined from the account
of cable breakage and those determined from the application

@

of the model is remarkable.

It is important to note that for the small duration of

the movement (13 hoprs) and the large magnitbde of the
debris,lthere‘was no pore pressure dissipation. Therefore,
the debris moved like a sqQlid throughout the entire path of

movement without developing a frictional resistance, Hence
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the movement was controlled solely by the drag resistance.

An interesting feature of submarine slides 1is the
constancy of velocity for a partdéular slope angle as
discussed in Chapter 6, 1in connection with'equations‘6.39
and 6.40.

Equation 6.40 allows the determinattoévof coefficient a
or its independent confirmation based on the record of
velociéy.

Figure 7.24 shows the constancy* bf the velocity for

each segment of constant slope.
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? 8. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDIES
Slope failures are qu{te commdq in every paet of the
world. Prediction 9f (lopéfailufe hek\always been a'major
geotechnical engineefing problem. ;t i's. true thet a great
efﬁert is spent in’coping with tb}s probleﬁ\

Q 0 Man-made slopes (or man-made enbankments) tend to be of

a more controlled nature. Nevertheless, whenewver there 1is

limited engineering concern, faillures Mmay occur. This
/;pplies -very well to the mining enviyonment- where the
economics of the mining operation dictates the minimum
expenditure possible 1in Ehe disposal "of tailings and waste
tips. Not infrquently, theee structures are located close
to communities and, althougg their volumes may be small, a
resulting failure could be disastgohs to properties and
lives. ’

Failure of natural slopes presents an even. more
inexorable character. Ourkability to predict them .is very
limited. Therefore, we are posed with a Qifferent type'of
problem: the mobility of the debris. Debris may move for

. .
kilometers with extremely large velocities, without warning.

The extreme mobility of landslides has been the subject

’

of this thesis. . ' _

Previous explanations of mobility ar generally
unsatisfactory ahd they offer no reasonable und:::Zanding ;f
the processes involved. : | | ;

A new - account was presented and a new approach

developed, based on the concepts of liquefaction and steady

277
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state of deformation. They were found to explain many
aspects of mobile soil and rock avalanches and to allow the

establishment of a mathematical model for prediction of

.

. movement characteristics. The sliding-consolidation model
was developed based on these <concepts as a basis of
prediction of the movement of debris. .

It was shown that several stages evolve to contribute

i

to the mobility of debris.
‘As slope failure- takes place and rock falls, for

instance, a considerable amount of energy change leads to

wr

breakage of rock, The processes of rock breakage and

formation of fines was described using the concepts for the
7

industrial comminution of rock.
. Natural comminution is not known to have been explored
before Yin this context. Resulting products of comminution in

the field, have been analysed in the past without regard to
3 _ . Y
the processes involved. Rosin's law is believed to describe

the grain size distribution of most natural sediments ang

~

the results of rock breakage within rock slopes. The

products are found in general to be well graded.

Comminution of rock is a function of:

——

1) applied energy, for instance, related to the height

of fall

Zx,stress level .- during movement thevthiékness of the
debris sheet indicates the giress levelapplied'JF the
basis-of the debris sheet. Anlargerwthickness indicates

a more pronounced comminution amd, therefore, the

@
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presence of more fines. » -

3) time - the comminution products tend to be finer with
passage of time, until a cerﬁain’ steady product vis
attgined.

It was found’ that the height of fall in the cases
described is \sufficient to produce breakage to sand size
particles. |

Merments were in general of small duration,
characterized first by a large fall or pronounced change 1n
slope configuration. Rock breakage thus takes place mostly
in the initial stage of the movement: Important aspects of
the process were that fines are formed and that the
resulting products are genefeily well graded.

The final product also depends on the type and nature
ot gthe rock, with respect to 1inherent defects, which
decrease the energy reguired for comminution. Volcanie rocks
seem tovundergo more preakage than non volcanic rocks.

Laboratory tests afe suggested for the Engineering
evaluation of the susceptibility to comminution of rocks.

: The percentage of fines within the debris sheet
increases with de?th Larger concentrations ©f fines occur
atf the bottom layer, where larger total stresses preva1l

The movements analysed all had water 1n quantlty to

saturate or almost saturate the fines. Water comes fror&\

v

\

. N A
several sources: groundwater seepage,‘rainfall, snowmelt or

is incgrporated during movement.

-

y

\

\
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“

Undrained lbading produced by the self weight of the
debris leads to liquefaction of the bottom layer of fines.

High pore ©pressures are a;veloped .and the frictional

resistance is reduced, leading to mobility.

Liquefaction was studied in det&il. Some important
conclusions of liquefaction in relation to .mobility of
debris were found. Well-graded materials were found to be
more susceptible to liquefaction than uniform soils. This
greater susceptibility is reflected by the gene{ation of
larger pore pressure. Therefore, the susceptibility ‘§3:l
liguefaction increases with the coefficient of uniformity.
This is also indicated by a ;arger 'compactibility.
coefficient: J “

Increased comminution with height of fall and lérger
stresses leads to a much finer soil, therefore, to an
increased susceptibility to liquefaction. Events”Qith iarger
volume are expected to exhibit finer debris. Since this
material }s.more liquefiable, these events.are, theréfére,
more mobile. _ J

Rock debris avalanches containing voléanic, roéks
appéared to have greater mobility thgﬁ £hose cases involving

. . 1 ey . .
non-volcanic rocks. This may be due to more comminution of

the volcanic rocks. . " '

»y It was first thought that cbﬁ%olidation was an
important proéess to inhibit movement. It was found that,

sincé these mozsﬁéhts have shortdduration, consolidation is

practically irrelevant. Slope reduction, therefore, accounts

@

A8
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for cessation of hovement.

The sliding-consolidation model assumed a thickness of
fing grained material at the base of the debris sheet.
Although tﬁis thickness is not‘known precisely, it was found
that the amount of . fines was large enough to make a
reasonably thick bottom layer. It was also found that even a
thin bottom layer, smaller than that expected for real
cases, wasAenough io render consolidation uniméortant. As a
physical basis, however, this thickness was incorporated
into the analysis to maintain geﬁng&ity\ and, therefore,
account for any possible drainage due to much coarser
‘materials. |

The parametric analysis served the purpose of
identifying«:%he -dominant factors afﬁecting mobility. It
showed the consistency and applicability of the model sin%g
reasonabie parameters wWere used for these analysis.

The vaiidity of the model was determined by application
to several case hiz?;};es. History-matching of movement was
used for this purpose.

To provide additional support for the proposed
mechaﬁism, it was og interest to calculate the welocity, at
least at a few points where availabiligy-of data allowed, by
two independent methods. The équafions developed for flow
around bends and at run hps incorporated the effect of
fficti&nal‘resistance, giving more realistic values of the
velocities. The maéch obtained provided more confidence in

the validation of the model.
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Suggestions. are offered for the use of the dynamic
model as a predictive tool.

It is important to recognize that the other forms of
movement: flow of tailings and mine waste and submarine
debris flows were specializations of the basic postulates
for the more genefél case of rock debris \avalanches.
Breakage does not occur .for_ these movéments., Flow of
tailings, therefore, constitute a more simplified case.

The model for submarine debris flow had fo incorporate
the resistance to movement offered by water. It was oﬁserved
that these movements operate at practically no. friction,
controlled mainlf by Fhe drag resistance of water. It must
be noted that for slopes of constant 1inclination the
velocity of the debris entered into equilibrium.

Several additional aspects could still be explored in
connéétion with this research.

It would be of interest go ééveloﬁ more understanding
Jof the natural comminution of rock during landslides. This
is still not well understood.

Field explqratibn of cases would be important not only
for this purpose but also»to'provide more understanding of
the charaéter'of the debris. It is fel# that questions of
gréin'gize distribution of debris, segregation of particlés,
degrée of §aturati6n of the debris withgdepthAﬁould provide
a; better means to interpret the movements and allow the
establishment of laboratgry programs for the dete{minafion

of parameters representing the debris in a better manner,.

o
< . &
. s o
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With respect to mathematical modelling the general

consideration of topography with possibility of lateral
spreading would improve the model.
‘More work is also needed to understand and confirm the

. : N,
liquefaction of unsaturated materials.
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APPENDIX A A COMPUTER PROGRAM TO PREDICT THE CHARACTERISTICS

OF MOBILITY OF SOIL AND ROCK AVALANCHES

The characteristics (runout distance and velocity
distributionL of mobility of soil and rock avalanches are
determined according to the model developed 1n Chapter 6.
. The program 1is general n the sense it incorporates the
parameters for the subaerial and submarine movements

described 1n this thesis. These parameters are:

1. geometrical

a. thickness of the debris sheet (H) and thickness

of the bottom layer of fine grained material (h,).

b. slope profile along movement, discretized in

segments characte:ized by a slope angle (B,) and a

o
length (s )

2. geotechnical
a. pore pressure ratio (r ) or the Steady State Line
defined by a point (e,, log o,) and its slope
b. frictiqn ¢

c. coefficient of consolidation c,

3.environmental R

It considers the drag resistance offered by the

medium in which movement tskes place, in particular
301
/
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that of the water.

The program determines the development of-the mdvehentr
with time, 1ts velocity and acceleration until movement
ceases. On the assumétion of consolidation, for the
particular values of ¢, and h, input, the development of

pore pressure 1s also determined and presented.
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THIS PROGRAM-COMPUTE &

THE  MOVEMENT CHARACTERISTICH

UF MOBILE SOItL AND ROCK AVALANCHES.

INPUT DATA ARE GEUMETRY OF DEBRIS SHEET {TOTAL THICKNESS
AND THICKNESS OF BOTTOM LAYER) AND SLOPE PROFILE
{SEGMENTS AND INCLINATIONS) AND GEOTECHNICAL PARAME TERS
{PORE PRESSURE RATIO, COEFFICIENT Of CONSOLIDATION,

FRICTION ANGLE, SPECIFIC WEIGHT).

ALSO 10 BE INPUT ARE INITIAL CONDITIONS (PORE PRESSURE,
TOTAC STRESS AND VOID RATIO) IF PORE PRESSURE IS 10
AND SLOPE .

BE DEFINED THROUGH THE SSL LINE

DIMENSION S(800).ANG(800) ,ALPHA(60),V(60) . RU(10)
DIMENSION UT{60) TM(60), TMIN(60),STRAV{60)
INPUT OF FLOW LINE THROUGH COEFFICIENTS M.N

READ(5,800)CM, CN
WRITE(6.801)CM, CN

INPUT OF COEFFICIENT OF CONSOLIDATION CV

READ(S,B101CV

WRITE (6,811)CV
READ(S5,86011RU

IFCIRU.EQ. 1)WRITE (6,1020)

FORMAT(10X .  RUNS ARE PERFORMED WITH RU" )

IF(IRU.NE. 1)WRITE(6,1030)

FORMAT(10X,’ PORE PRESSURE BEING COMPUTED-FLOW LINE"}

READ(5,860)ITEST
IFUITEST.EQ. 1)WRITE (6,

FORMAT(10X.' TEST WITH CONSTSNY SLOPE” )

1040)

IF{ITEST.NE. 1)WRITE(6,1050)

FORMAT (10X, VARIABLE SLOPE ANALYSIS')
INPUT OF INITIAL CONDITIONS:U,SIGMA E

READ(5,B820)UZERG, SIGMAZ

LEZEROD

WRITE(6,B821}UZERD, SIGMAZ , EZERO

READ(S5,860)NRU
EXCESS PORE PRESSURE

IF(IRU-1)10,15, 10
D0 19 1=1,NRU
READ(S,895)RU(1)
WRITE(6,894)RU(1)

CONTINUE
FORMAT (10X, RU(T) =
FORMAT (10X .° RU =
GO TO 16

SIGLIN=EXP( (EZERO-CM) /¢
DELTAU=SIGMAZ-SIGL IN
UTOT=UZERO+DELTAU

INPUT OF SEGMENTS DATA
READ(5,830)NSEG, THICK

WRITE(6,831)NSEG, THICK
WRITE(6,841)

‘. FB.4}

F8.4)

(E.SIGMA)

0.4343'QN))

<
r

a“
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OO0 OO0 [eXeXel OO0 OO0 [eXeXel

000\0

OOOO0

20

23

ACCS=0.0
JF(ITEST- 1017 18,17

"READ(5,B40 ) ANGLE , SEGM

WRITE (6 4842)ANGLE , SEGM

00 I=1,NSEG

ANGN]]) =ANGLE

S{1)=SEGM
ANG(1)=ANGLE#3.1416/180.0
CONT INUE

GO 10 23 :
DO 20 1=1,NSEG
READ(S,B40)ANG(1),S(1)
ACCS=ACCS+S(1)
WRITE(6,843)1,ANG(1),5(1),ACCS -
ANG(1)=ANG(1)%3.1416/180.0

CONT INUE
INPUT OF INITIAL VELOCITY
READ(5,850)VZERO

WRITE(6,851)VZERO

INPUT OF NUMBER OF PARTITIONS OF EACH SEGMENT

READ(S,B860)NPREC
WRITE{(6,861)NPREC

ACCELERATION OF GRAVITY AND SPECIFIC GRAVITY

READ(S,8701G,GAM
WRITE(6,871)G,GAM -

ACCURACY INDICES “

READ(5,880)ACCt,ACC2
WRITE(6,881)ACC1, ACC2

IMP=1- IMPERVIOUS BASE;IMP=0-PERVIOUS BASE

READ(5,890) IMP X
WRITE(6,831)1MP

FRICTION ANGLE
READ(5,895)F1
WRITE(6,896)FI
F1=F1+3.1416/180.0

THICKNESS OF FINE MATERIALS
READ(5,895)HF INES
WRITE(6,897)HFINES \

SUBMERGE( CONDITION

READ (5, 860N I SUB
1F (1SUB.EQ M )READ(5,810)ACOEFF

304
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OO0 N

180
190

200
220

240

242
245
1100

24

270

~rr

400

WRITELG H8121ACOLEE
FORMAT (10X " COEFF OF RESISTANCE

o

i

3
.4

COMPUTATIONS-ACCELERATION VELOCITY TIME"

DO 690 KRU=1,NRU
TIME=0.0

SPATH=0.0

IF(IRU.EQ. 1)DELTAU=RU(KRU)*GAM=THICK
UTOT=UZERO+DELTAY
WRITE(6,1000)

STR=0.0

DO S00 l=1,NSEG
WRITE(6,1905)1

DELTS=S( 11 /NPREC
STR=STR+S(1)

DO 450 J=1,NPREC

Adzd
STRAV(UJ)=STR-S(1)+DELTS*AY
IF(1-1)180,200.180
IF{J-1)240, 180", 240
V(1)=V(NPREC+1)

GO TO 240
1F(J-1)240,220,240
V(1)=VZERQ
UTOT=UZERO+DELTAU

u=uTo1

CALP1=U/ (GAM*THICK«COS(ANG(1)

))
ALP2=(COS(ANG(I))-ALP1)*SIN(FI)/COS(FI)
1F(ALP2 . LE.O.0}ALP2 =0.0
ALPHA(J)=G=(SIN(ANG(1)})-ALP2)

IF(ISUB.EQ. 1)ALPHA(J)=ALPHA(J)-G*ACOEFFaV(J)=*2
IF(ALPHA(J).GT.0.0)G0 .TO 241

IF(1-1}241,242,241

IF(J-1)2471,245, 241

WRITE (6, 1100)

FORMAT(IOX "ACCEL.IS L.E ZERO-THERE IS NO MOVEMENT'

GO T0 690
IDESV=0 ~
VAUX=z2, -ALPHA(J)'DELTS -

V{J+1)=SQRT(ABS(V(J)ss2+VAUX))
IF(ALPHA(J).GE.0.0)GO TO 270
VAUX2=ABS (VAUX)

VSQ=zV(u)es2
IF(VSQ.GE.VAUX2)GO TO 270
V(Jy+1)=0.0
DEL=-0.5%V(J)=*2/ALPHA(J) _
IDESV=1

TIMP=2 «DELTS/(V(J+1)+Vty))
TIME=TIME+TIMP

UT(J)=uTOoT

TM{J)=TIME

TMIN(J)=TIME/60.
IF(V(J+1)-ACC1)400,400,420
IFIN=1

JFIN=Y

D0 631 Iy=1,JdFIN

"L E9.2.782/mM2" )
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631 WRITE(G6 1010 UTLIUY VIIU) Vilde) ALQHA(ld) TMOTJ) TMINGYY

1STRAVI(]UY)
GO 10 580
420 1F{IMP-1)425,430,425
425 HT=zHFINES/2. .
GO 10 435 ’ ¢
430 HT=HFINES
435 TFAC=CV*TIME/HTe»2
ANSEQ=0.0
SUM=0.0
KREF=0
440 PARM=1.5708+(2.«ANSEQ+1.0)
TERM=EXP((-1_)*PARM==2=TfAC)/PARM
IF(KREF) 445,446,445
445 TERM=(-1._)=TERM
KREF =KREF +1
GO TO 447 .
446 KREF=KREF-1 .
447 SUM=SUM+TERM
IF(ABS({TERM)-ACC2)449,449 448
448 ANSEQ=ANSEQ+1.0
GO TO 440
449 UEXC=2.+DELTAU=SUM
450 UTOT=UZERO+UEXC
DO 455 u=1,NPREC,20
455 WRITE(6,1010)UT(J) , VIdJ) VIdJd+1) ALPHA(Y),TM(J) ,TMINCY),
1STRAV(J)
500 CONTINUE
IFIN=NSEG
JFIN=NPREC
580 IFMt1=]FIN-1
D0 60Q0 I=1,1FM1
600 SPAPH=SPATH+S(I)
IF(IDESV-1)610, 620 610
610 AJFIN=JFIN.
ANPREC=NPREC
SPATH= SPATH*S(IFIN)'AJFIN/ANPREC
GO TO0 630
620 AJFIN=JFIN-1
ANPREC=NPREC i "
SPATH=SPATH+S(IFIN)=AJF IN/ANPREC +DEL
630 WRITE(6,703) _ .
WRITE(6,701)SPATH Lo
WRITE(6,702) TIME
WRITE(6,703)
690 CONT INUE -
" WRITE(6,692)
692 FORMAT(20X *IT FINALLY FlNISHED )
701 FORMAT({3X, ’TRAVELLED PATH 1S JF10.2)
702 FORMATLSX.’TOTAL TRAVEL TIME IS *LFT. 1)
703 FORMAT(/ sssssssssnssssssnsssnssnsssnsssssnnenans’ )
800 FORMAT(2F7.3)
801 FORMAT(10X,’ COEFF M =' F7.3,5X,'COEFF N =' F7.3}
810 FORMAT(ES.2)
811 FORMAT(10X,* COEFF OF CONSO =’ ,E9.2,5X,'M2/S'}
820 FORMAT(3F7.3)

e

”

U

821 FORMAT(10X,UZERO =' ,F7.3,5X,' SIGMAZ =',F7.3,5X,’EZERO =' ,f7

13) .
830 FORMAT(I4,F7.2) .-
831 FORMAT(10X,’NSEG =’ ,13,5X," THICK ' F7.2)
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840
841
842
843
850
851
. 860
861

307

FORMAT(2F7 .3
FORMAT (10X,° 1" 11K, " ANG{T)’ 12X, S(1)" . 13X, SACC’ )

FORMAT(23x F7.2.8Xx.F7.2)

FORMAT(BX I3, 10X . F7.2,10X,F7.2,10%.F8.2)
FORMAT(F7 . 3)

FORMAT (10X, " VZERO =" ,F7.3,"M/S")
FORMAT(13)

FORMAT (10X, 1T WAS USED" .2X,13,2X,” PARTITIONS" )

B70. FORMAT(2F5.2)

871
880
881
890
891
895
896
897
1000

1010
1005

FORMAT{10X,'G =" (F5.2," M/S2 5K, GAMA = F§.2,° T/M3")

FORMAT(F5.2 ,F6.4)

FORMAT (10X, ACC1 =" [F5.4,5X," ACC2 =" F6.4)
FORMAT(13)

FORMAT (10X, IMP = [ 13)

FORMAT(F8.4)

FORMAT(10X,’ FRICTION ANGLE 1S ~ F5.2)

FORMAT (10X, HFINES =" [F5.2)

FORMAT{3X,’ PORE PRESSURE VELOCITIES " ,8X," ACCEL’ ,12X
2, TIME’® 12X, " TIME’ 12x,"DISPL")

FORMAT(SX F7.3,6X F7.3,2X F7.3, 10X F7.3,7X,F9.1, 7K ,F9.2,7x,
3F10.2}

FORMAT(S5X "1 =" 13)

STOP

END .



APPENDIX B RESULTS OF LABORATORY TESTS

Threé " soils were tested. They were subjected to
undrained triaxial tests, at three different coﬁsolidation
pressﬁres.. Four initial density conditions were
approximately wused. The total number of tests were,
therefore, 36, 12 for each soill. The-main interest is the
determination of the corresponding SSL for each soil.

‘ The basic difference between these soils 1is the
gradation. All soils were made of the same type of
particles: crushed quartz grains. The difmeter D,, was kept
constant for all soils. Therefore, their distinguishing
character is their coefficient of uniformity. Soils studied
then ranged from a uniform to a well-graded sand.

The final result was éhown in the form of three SSL's.
Here wé pres;nt the results of the individual tests. This is
followed in the form of: |

deviator stress-axial strain relationship
pore pressure-axial btrain
effective stress pgth in the g-p plot

The tests are identified by 6 characters where the
first two refer to the soil (S1, S$2 and 535, followed by
indication of the density state (low, medium or high

‘density) and the lével of the éonsolidation pressure (low,
medium and high pressure). These results are greseﬁted in

the following.
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DEVIATORIC STRESS (kPa)

PORE PRESSURE (kPa)

240
220
200 4
180

160

140 -
120 3
100 1
80
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20 1
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