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Structural stability of andesite volcanoes
and lava domes
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MO In tribute to Peter Francis and our colleagues at the Montserrat Volcano
i) Observatory.

=

God send me to see suche a company
Together agayne when need is.

(Lord Howard of Effingham)

Slope failures resulting from structural instability of andesitic volcanic edifices can
generate mobile debris avalanches that travel long distances down or beyond the
flanks of volcanoes. More than 20 major slope failures have occurred worldwide over
the past 500 years, a rate exceeding that of caldera collapse. Hazards derive from
the debris avalanches themselves, from associated explosive activity that ranges from
vertical eruptions (often accompanied by pyroclastic currents) to devastating directed
blasts, from associated lahars, and from tsunamis. Collapses of growing lava domes
are more frequent, are similar, in many ways, to edifice collapse, and can directly
generate devastating pyroclastic currents.

This paper examines some aspects of current understanding of edifice and lava-
dome instability. The primary focus of the presentation is on mechanisms and factors
associated with collapse, the geometric factors, augmented loading by magma, local-
ized strength reduction by physical and chemical changes (the latter commonly asso-
ciated with hydrothermal processes), strain weakening, pore-fluid (water or gas) pres-

 sure enhancement, retrogressive failure, time-dependent failure, and seismic shaking.
o1 Some aspects of material property evaluation, analysis procedures, and implications

~~ on monitoring are also discussed. Case examples discussed include edifice instability

at Mt St Helens, USA, and Soufriere Hills volcano, Montserrat, the stability of lava

P > spines at Mont Pelée, Martinique, and Lamington, Papua New Guinea, and lava-

O = dome stability at Soufriere Hills. The topics bear on understanding hazardous edifice
% E and dome failures, and the measures to anticipate such failures.
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1. Introduction

Avalanches generated by collapse of ‘andesite’ volcanoes, typically ranging from
ca.0.5 to 10 km? in volume, have travelled as far as 100 km, and have affected areas
as large as 1500 km? (Siebert 1984, 1996; Siebert et al. 1987; Ui & Fujiwara 1993).
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About 20 major (by volume) volcano collapses have occurred in the past 500 years.
The list expands if one includes events with moderate-sized volumes ranging from
tens to hundreds of millions of cubic metres, which, if (relatively) modest in size, are
not necessarily modest in their consequences. The 26 December 1997 (Boxing Day)
collapse of the Soufriere Hills volcano flank in Montserrat is one such example, and
_ this case is revolutionary in the sense that the failure was anticipated over a year in

“<l_, advance, and materials sampling, testing and analyses were carried out before the
—1  failure occurred.
< Edifice collapse on active volcanoes can be accompanied by magmatic activity

and can trigger explosive volcanism, as at Mt St Helens, USA, in 1980, Bezymianny
2 g in 1956, and Shiveluch in 1964, both in Kamchatka, Russia, and Soufriere Hills,
= Montserrat, in 1997, among others (Voight et al. 1981, 1983; Gorshkov 1959; Belousov
1995; Belousov et al. 1999; Sparks et al. 2000). In other cases, phreatic explosive
activity has accompanied slope failure, as at Bandai, Japan, and Ritter Island, Papua
New Guinea, both in 1888 (Sekiya & Kikuchi 1889; Yamamoto et al. 1999; Johnson
1987); and in still other cases, partial edifice failures have been unaccompanied by
coeval volcanism, as at Ontake, Japan (Oyagi 1987; Voight & Sousa 1994). Various
styles of failure are possible; most involve primarily the volcanic edifice, but in some
cases sub-volcanic basement spreading may be involved, as at Mombacho volcano,
Nicaragua, and Socompa, Chile (Van Bemmelen 1949, 1950; Francis 1993; Francis
et al. 1985; Francis & Self 1987; Wadge et al. 1995; Van Wyk de Vries & Borgia
1996; Van Wyk de Vries & Francis 1997; Van Wyk de Vries et al. 1999). Some
comparative cross-sections are shown in figure 1. Certain characteristics of failed
volcanoes are reviewed by Siebert (1996); causes of collapse are reviewed by Voight &
Elsworth (1997, table 1). The percentage of volcanoes that have collapsed correlates
with volcano height: increasing from less than 10% of volcanoes under 500 m high
to more than 75% of volcanoes over 2500 m high in the central Andes (Francis &
Wells 1988; Naranjo & Francis 1987; De Silva & Francis 1991). Avalanche run-out
is conditioned by failure volume (Voight et al. 1985; Siebert 1996; Dade & Huppert
1998). Associated hazards may include catastrophic waves from interaction with
oceans or lakes (Slingerland & Voight 1979; Kienle et al. 1987; Siebert et al. 1987;
Tinti et al. 1999). Obviously, collapsing volcanoes and associated explosions or water
waves are extremely hazardous, and, during the past 400 years, more than 20000
people have been killed by avalanches or closely related events (lahars excluded).
All of the volcanoes referred to above are, in a very general sense, ‘andesite’ volca-
noes, with lava compositions in the neighbourhood of 60% SiO, (i.e. mainly basaltic
P > andesites to dacites). All are polygenetic, having experienced more than one eruptive
@) = episode in their history. Most are composed of a relatively steep, roughly conical stack
ﬁ of lavas and interbedded pyroclastics and palaecosols. In this sense, formed of distinct
ma () parts or substances, they are composite (Williams & McBirney 1979), and also in the
sense of implying evolution complexity (Francis 1993, p. 350). Some andesite volca-
noes are formed primarily of overlapping lava domes and short thick flows (coulées),
and associated breccias, forming composite domes or dome complexes (e.g. Shiv-
eluch and Augustine; see Belousov et al. (1999), Beget & Kienle (1992) and Siebert
et al. (1995)), whereas others are dominantly formed of longer lava-flow tongues
and interbedded clastic material, and some, like Mt St Helens, are partly formed of
interbedded lava and tephra units punctured by localized flank and summit domes.
The edifices may also contain, from time to time, injections of fresh magma. The
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>" Figure 1. Schematic cross-sections of composite volcanoes associated with major edifice collapse:
= (a) Bandai, 1888; (b) Bezymianny, 1956; (¢) Mt St Helens, 1980 (after Voight & Elsworth 1997).
E In all three cases collapse is interpreted as retrogressive failure of successive blocks, indicated
p () by roman numerals. Magma intrusions promoted the collapse of (b) and (c). The depths of
I the avalanche scars are attributed to fragmental, highly fissured, or altered material in the
= volcano cores, and to the fluidized nature of these materials in association with overpressurized
hydrothermal and magmatic systems. Fault structures associated with magma emplacement are
not shown.

common hallmark of such cones is that the material properties vary substantially
from place to place. Thus, the andesite volcano edifice is typically heterogeneous and
anisotropic, and its material properties are quite complex.
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This paper considers the various causes of edifice collapse, and develops a gen-
eralized mechanical analysis to underscore the qualitative significance of important
factors leading to collapse. The role of magma is explored in relation to its direct influ-
ence on the driving forces, tending to destabilize the edifice, and also to its indirect
influence on pore-fluid pressures. Pore-fluid (liquid and gas) pressures affect the fric-

o tional resistance of edifice materials, and, in some cases, also affect the driving forces.
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L, Some aspects of material property evaluation, analysis procedures, and implications
" on monitoring are then discussed. Case examples discussed include edifice instability
at Mt St Helens, USA, and Soufriere Hills volcano, Montserrat; the stability of lava
spines at Mont Pelée, Martinique, and Lamington, Papua New Guinea; and lava-
ry dome stability at Soufriere Hills. The topics bear on understanding hazardous edifice
= and dome failures, and the measures to anticipate such failures. For those scientists
O obliged to provide guidance for decisions in such matters, the responsibility can be
8 daunting. The aim of this paper is to make their path somewhat easier.

2. Mechanical models for edifice and dome failures

(a) Fundamental aspects of instability

Evaluations of edifice or flank instability are carried out for the purpose of haz-
ards appraisal at a given site, or to understand a failure that has already occurred.
Although the expectations can be different, both questions can be approached by

(i) examining the past history of the site, which may have involved prior failures
that provide insight to current developments (see, for example, Beget & Kienle
1992; Belousov et al. 1999);

(ii) comparing events developing at one volcano with well-studied potential ana-
logues elsewhere (e.g. the comparison of Mt St Helens in April 1980 with Bandai
San, Japan, in 1888; see Voight (1980));

(iii) carrying out a geomechanical analysis, involving site characterization of geom-
etry and materials distribution, characterization of material properties and
conditions (including fluid pressure distributions, seismic loading), and analyt-
ical or numerical modelling (Voight et al. 1983; Paul et al. 1987; Iverson 1995;
Voight & Elsworth 1997); or

o
.
J]

(iv) observational monitoring of the edifice (e.g. displacement, tilt, seismic strong
motions, propagation and widening of visual cracks, etc.) (Voight & Kennedy
1979; Pariseau & Voight 1979; Lipman et al. 1981; Moore & Albee 1981; Voight
et al. 1983, 1987, 1989; Voight 1979, 1988, 1989, 1992; Murray et al. 1994;
McGuire et al. 1995; Scarpa & Tilling 1996).

Slope instability can be discussed conveniently by considering the forces parallel to
the surface (or zone) of sliding. The sliding mode of failure is emphasized here, but
other modes such as toppling are possible. The total force driving outward movement,
S, is opposed by the resisting shear force, T, mobilized along a potential basal slide
surface and lateral boundaries. T represents the integrated value of mobilized shear
resistance, s, over the area of failure. The shear resistance is commonly defined
in terms of effective-stress Coulomb strength parameters, cohesion, ¢/, and friction
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angle, ¢', whereby s = ¢/ +0¢”' tan ¢’, and the primes signify parameter correspondence

to effective stresses o’ (i.e. total stress minus pore-fluid pressure). In simple terms,

imagined most readily as a wedge sliding on a plane surface, the mobilized shear force

T is equal to (¢ A+ N’ tan ¢'), where N’ is the ‘effective’ normal force perpendicular

to the failure surface of area A. A factor of safety, Fy, can be defined as Fy = T'/S.

P (Another way of expressing the concept is that Fj is the factor by which the shear

__, strength must be divided to bring the slope to the verge of failure (Duncan 1996;

1  Bishop 1955).) At failure, the components of the outward disturbing force, S, and
< S mobilized shear force, T, are, by definition, equivalent.

The force components normal and parallel to the failure surface can be more or

g less readily assembled to produce an equation of stability in terms of the fundamen-
~ =~ tal factors, such as configuration of the potential failure surface (the most critical
F O surface must generally be selected, or ‘located’, by trial and error), weight of the fail-
T 8 ing block, uplift forces of pressurized pore fluids, ‘downward’ force by seawater for
oceanic volcanoes, forces associated with magmatic injection (or other fluids), seis-
mic loads, and forces representing the strength of the materials (Voight & Elsworth
1997). Of these terms, some are easily obtained (e.g. block weight), whereas others
| may be difficult or impossible to measure reliably (e.g. rock-mass strength, dynamic
Oloading, the constitutive properties of partly crystalline magma), but, in general,
some limiting bounds can be placed, and the influence of the primary variables can
be examined through sensitivity analyses.

This form of analysis is adequate to guide some understanding of the relative
significance of the controlling parameters, and this is useful. On the other hand,
analysis is not adequate to enable the reliable and accurate computation of the factor
of safety of a given edifice or slope, because complete information on distributions
of materials (complex geology), rock-mass and magma strength and deformation
properties, edifice stresses, discontinuities cannot be reliably obtained. Emphasis
above is on the word reliable. In some cases, reasonable estimates may be placed on
properties, but some relatively small variations of, let us say, cohesion ¢’—well within
the limits of uncertainty—can have quite an important influence on the computation.
This is a strong limitation imposed by a realistic view of the field situation, rather
than one imposed by the methods of analysis, which are becoming quite sophisticated.
For this reason, when concern is expressed concerning edifice stability, there is no
| substitute for observational monitoring. The early signs of instability may include
~J cracking near the crest of the slope, and outward bulging near the toe, and such
~ signs, and the monitored evolution of the deformation field, are of more importance
§ > than any theoretical analysis that is, necessarily, based on assumed or laboratory-

= measured values. This is not to argue that materials testing is not helpful. It is all a
[ E matter of perspective and good judgment.

For a slope that has remained stable throughout a volcanic—seismic crisis, it is
usually impossible to calculate a reliable value of Fy other than to note that it
w exceeds unity. As Duff Cooper might put it:

T
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...it is impossible now, to form an accurate estimate of the danger. The
misfortunes we escape cannot be measured, nor can the margins by which
we escape them.

Also, stability analyses may be performed to constrain by ‘back analysis’, assuming
F, =1, the field shear strengths at failure from the study of selected case histories, for
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Figure 2. Normalized factor of safety for failure of a composite volcano flank with (a) static
groundwater force, Ko = 0 (dotted curve) and 0.5 (solid curve) for zero magma loading,
half-depth dyke penetration, full-depth dyke penetration, and full-depth dyke penetration with
overpressure. (b) Same as (a) but for seismic loading coefficient = 0.1g. (¢) Same as (a) but for
thermally induced pore pressure resulting from fully penetrating dyke, with static piezometric
conditions as noted. (d) Same, for fluid uplift pressures  of 0.0-1.0. Solid lines: zero magma
loads, static case. Dashed lines, zero magma loads, seismic coefficient = 0.2g. Dotted lines:
magmastatic loads, static case (after Voight & Elsworth 1997).

which the failure geometry and some other parameters may be ‘relatively’ well under-
stood. However, the existing ‘avalanche caldera’ should not generally be assumed to
represent the critical shear surface used for stability analysis, because volcano edifice
failure is commonly retrogressive (Voight et al. 1983; Voight & Elsworth 1997), and
the resulting caldera form is often influenced by multiple failures and evacuation
of fluidized material, or by localized explosions, that followed the initial, generally
rotational, failure along a critical shear surface of steeper average inclination than
the final caldera. This is an attribute of flowslides generally, whereby the initial fail-
ure mass possesses sufficient mobility to remove itself from the site of failure, thus
clearing the path for further slices of material to fail in succession.

In the following series of analyses, models with applied magmatic forces simulate
Bezymianny-type collapse with upper-edifice intrusions; analyses lacking such forces
simulate Bandai-type collapses or those that trigger eruption from deeper magma
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sources (e.g. Shiveluch in 1964), or mass movement types unaccompanied by erup-
tions (e.g. Ontake). The geometry chosen is a flank rising at 30°, a static groundwater
surface rising from the toe at 18.5°, and a wedge-shaped block with a basal failure
surface dipping outwards at 7°. (The flat basal surface is selected only for mathe-
matical convenience, because curved or partly curved surfaces are likely in nature
4 due to kinematic requirements, except where a very weak planar stratum controls
(i};;];‘ the geometry of failure.) Results are presented as factors of safety normalized by
1 tan¢’, against dimensionless block width, dp, where dp is the ratio of the failure
<C . block width to slope height above sea level (Voight & Elsworth 1997). Thus, the
results are for a three-dimensional block, with dp a measure of width of the failure
o g plane. The influence of side-wall strength can be important for narrow block widths,
- = but, as width increases, the two-dimensional solution is approached. K is lateral
earth pressure that controls the normal stress on side boundaries; for K, = 0, lateral
restraint is discounted. (Note that the reader may substitute arbitrary values for ¢';
e.g. for ¢/ = 27°, tan¢’ = 0.5, and, thus, if Fy/tan¢’ = 2, then F, = 1, implying
failure.)
Four cases of rear-scarp loading are used for a sensitivity evaluation:

THE

(i) zero magma loading;

(ii) half-depth magma penetration;
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(iii) full-depth magma penetration; and
(iv) full-depth penetration with overpressure.

Both the normalized factor of safety and the influence of lateral restraint decrease
as magma pressures increase (figure 2a). Failure is feasible at nominal values of ¢’
for a fully penetrating intrusion. For modest values of K, the block width should
equal or exceed depth to the failure surface (dp > 1). This result is consistent with
the data of Siebert et al. (1987): out of 106 datasets, only four reported widths were
less than 1 km.
For the same four cases, stability is evaluated for a uniform lateral seismic accel-
eration of 0.1g. The influence is to reduce stability (figure 2b), with the changes
,most significant for partial penetration and zero edge loading. For the former (in
“1weak materials), failure is feasible for dp > 3; for the latter, supplementary loads
“~ are needed for failure. The results are qualitatively consistent with historical failures
at Miyuyama, Bandai, Bezymianny, Shiveluch and Mt St Helens, all of which were
> > associated with earthquakes with magnitudes around five (Okada 1983; Siebert et
O F al. 1987).
(=4 E Likewise, fluid pressures generated thermally by an intrusion affect stability (fig-
2 () ure 2¢; see also Elsworth & Voight (1995); Voight & Elsworth (1997)). Other con-
T O ditions are represented by figure 2d, in which generalized piezometric conditions are
= »indicated by the ratio, 3, of total fluid uplift force on the slide plane to the normal
component of overburden weight. These generic curves apply to any piezometric con-
dition, irrespective of causative mechanism (e.g. pore-fluid enhancement by thermal
intrusion, retrograde boiling (magma degassing), hydrothermal systems, seismicity-
induced strain).
The results confirm that Bezymianny-type failures with magmatic loads are feasi-
ble with conventional groundwater piezometry and nominal ¢’ values. For the static

-
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jointed rock mass

Figure 3. Simplified representation of the influence of scale on the type of rock-mass behaviour
model that should be used in simulating volcano slope behaviour (after Hoek 1983).

case, high fluid uplift values are needed (8 > 0.8). Where fluid pressures are already
moderately elevated, earthquake loading can clearly trigger failure.

On the other hand, hydrothermal systems and volcanic crises involving repetitive
magmatic intrusions and eruptions are more common on volcanoes than are mas-
sive slope failures; this comparison suggests that stringent requirements involving
combinations of mechanisms and materials are necessary to produce major failures.

(b) Strength properties for volcanic masses

One of the major problems in volcano stability analyses is in estimating the
strength and deformation properties of the volcanic mass, which consists of rela-
tively intact material separated by structural discontinuities. A similar problem is
faced by engineers in designing an underground or surface excavation. It is practi-
cally impossible to carry out triaxial or shear tests on rock masses at a scale that is
appropriate for these problems.

The engineering approach has been to develop and use an empirical failure criterion
with intact or heavily fractured, relatively isotropic rock masses (figure 3; see also
Hoek & Brown (1980, 1988), Hoek (1983) and Hoek et al. (1992)). In its most general
form, the Hoek—Brown criterion is given by

o1 = o4 + oo {my (o4 /o) + 517,

where my, s and a are constants that depend upon the composition and character-
istics of the rock mass, o, is the uniaxial compressive strength of the intact rock,
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and o] and o} are the axial and confining effective principal stresses, respectively.

The material constants are estimated by rock-mass classifications, such as the 1976

version of the Bieniawski (1989) rock mass rating, or the geological strength index

(GSI) of Hoek et al. (1994). Thus, my, = m; exp{GSI — 100)/28}, where m; is the

m-constant for intact rock, about 19 for andesite, and s = exp{(GSI — 100)/9}, for
A GSI>25 (table 1). Similar correlations have been devised to estimate near-surface
|, deformation modulus Fy,.

" These criteria are purely empirical, and there is no fundamental relation between
the empirical constants and any physical characteristics of the rock. The justifica-
tion for choosing the Hoek-Brown criterion over some others lies in the apparent
ry adequacy of its predictions of observed rock-fracture behaviour and the convenience
= of application. As indicated earlier, many numerical models or limit equilibrium anal-
yses are expressed in Coulomb parameters, and these can be established for a given
set of Hoek—Brown parameters by the expressions

w
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The Hoek—Brown criterion results in a curved strength envelope as a function of
confining pressure, in contrast to the linear Coulomb relation. Geological media tend
to have nonlinear strength envelopes, and the linear Coulomb relation, if fitted to data
at higher normal stress levels, commonly overestimates the available shear strength
at low confining pressures and can result in unrealistic ratios of tensile strength
to uniaxial compression strength. The converse situation applies for fits to data at
lower confining pressures. The resulting errors on factors of safety or the theoretical
development of zones of plasticity can be appreciable (Pariseau et al. 1970; Hoek
1983).

One may infer that a curvilinear or piecewise-linear yield function is a necessity
for a stability analysis, or an elastic—plastic analysis, where results cannot be fully
anticipated by intuition. This illustrates the importance of considering test data in

P relation to the effective normal stress levels that occur in the problem being evalu-
“_, ated, and recognizing the dilemma that can occur with use of Coulomb parameters
“when the occurrence of both high and low normal stresses are important to the solu-
tion. Another aspect of the question involves the independent measurement of solid
>~ friction and dilatancy coefficients for such materials, a topic that appears in relation

and
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M to non-associated flow rules, important in numerical modelling (Vermeer & De Borst
—1984).

O
8 (¢) Magma properties

THE

Magma properties vary from those of a hydrated crystal-rich material at depth,
with a Newtonian viscosity commonly of the order 10% Pa s, to those of degassed crys-
talline lava in the edifice, with a more complex rheology that can be approximated
5by an apparent viscosity of more than 10'3 Pas and a (Bingham) yield strength of
more than 1 MPa (Voight et al. 1999). Physical properties of silicic magmas have
been reviewed by Alidibirov et al. (1997) and Dingwell (1998). The melt phase of
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Table 1. Estimation of strength and deformation constants for rock mass

(Estimation of m-constants for rock mass (my, ) and intact rock (m;i), constants a, s, deformation
modulus F,, and Poisson’s ratio v for the generalized Hoek—Brown failure criterion based upon
rock mass structure and discontinuity surface conditions (after Hoek et al. 1994). Values given
are for an undisturbed rock mass. Units of E, are MPa.)

GENERALIZED HOEK-BROWN CRITERION

a
e o3
G| =03 +OC|my + 5
: o,

o1 = major principal effective stress at failure

o3 = minor principal effective stress at failure

G = uniaxial compressive strength of intact
pieces of rock
my, s and a are constants which depend on
the composition, structure and surface
conditions of the rock mass

compact coatings or fillings containing angular

rock fragments

VERY POOR
slickensided, highly weathered surfaces with

slickensided, highly weathered surfaces with
soft clay coatings or fillings

smooth, moderately weathered or altered

rough, slightly weathered, iron stained
surfaces

surfaces

very rough, unweathered surfaces
FAIR

SURFACE CONDITION
VERY GOOD

GOOD
POOR

STRUCTURE

my/m; | 0.60 0.40 0.26

<
o)

0.08

BLOCKY — very well interlocked s 0.190 | 0.062 | 0.015 | 0.003 | 0.0004
undisturbed rock mass consisting a 0.5 0.5 0.5 0.5 0.5
of cubical blocks formed by three E, | 75000 40000 | 20000 9000 3000
orthogonal discontinuity sets v 0.2 0.2 0.25 0.25 0.25
GSI 85 75 62 48 34
mp/m; | 0.40 0.29 0.16 0.11 0.07
VERY BLOCKY — interlocked, s | 0062 | 0021 | 0003 | 0.001 0
partially disturbed rock mass with a 05 05 0.5 0.5 0.53
multifaceted angular blocks formed E, |40000]| 24000 | 9000 5000 2500
by four or more discontinuity sets v 02 0.25 0.25 0.25 03
GSI 75 65 48 38 25
my/m; | 0.24 0.17 0.12 0.08 0.06
BLOCKY/SEAMY — folded and s 0.012 | 0.004 | 0.001 0 0
| faulted with many intersecting a 0.5 0.5 0.5 0.5 0.55
discontinuities forming angular E, | 18000| 10000 6000 3000 2000
blocks v 0.25 0.25 0.25 0.3 0.3
GSI 60 50 40 30 20
myp/m; | 0.17 0.12 0.08 0.06 0.04
CRUSHED — poorly interlocked, s 0.004 | 0.001 0 0 0
23] heavily broken rock mass with a a 0.5 0.5 0.5 0.55 0.60
3 & mixture of angular and rounded Eyn [ 10000] 6000 3000 2000 1000
blocks v 0.25 0.25 0.3 0.3 0.3
GSI 50 40 30 20 10

crystal-rich andesitic magmas is rhyolite, and viscosity estimates can use the rela-
tions of Hess & Dingwell (1996). Strength parameters for high-temperature, partly
molten magmas are poorly known. Failure angles of around 40° from maximum com-
pression direction are reported for high-temperature compression tests on andesite,
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which suggests friction angles of the order of 10°. Creep tests at 900 °C have been

conducted on degassed crystalline andesite lava by A. M. Lejeune, but results have
not yet been published.

3. Analysis methods

2l

L, Two general procedures are used to evaluate slope stability: limit equilibrium anal-
1 yses and deformation analyses. Major strides have been taken in both areas over
<C . the past three decades, largely because of the availability of microcomputers. Both
> topics are examined here.

OH

(a) Limit equilibrium analyses of stability

SOCIE

Computing power now enables use of ‘advanced’ limit equilibrium analysis (LEA)
methods that satisfy most or all conditions of equilibrium, and a large number of
trial circular or non-circular slip surfaces can be analysed, making it possible to
identify critical slip surfaces with a relatively high degree of reliability. The principles
underlying LEA are as follows:

THE R

(i) a slip mechanism is postulated;

(ii) the shearing resistance required to equilibrate the slip mechanism is calculated
by statics;
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(iii) this calculated resistance is compared with available shear strength in terms of
factor of safety Fj;

(iv) the procedure is repeated for other postulated mechanisms, and the lowest F
is found by iteration.

Many LEA methods have been developed, and the analyst needs to know which
of these methods are accurate, which can develop convergence problems or other
numerical problems, and which of the accurate methods can be applied most eas-
ily. Some comparative evaluations have been published (Duncan & Wright 1980;
P Fredlund 1984; Nash 1987; Duncan 1992, 1996).
“1 The number of available equations of equilibrium is smaller than the number of
“~unknowns in stability problems. Thus, all LEA methods employ assumptions to make
the problem determinate. In the case of methods that satisfy all conditions of equi-
> librium, the assumptions do not have a significant effect on factor of safety. However,
O F for LEA methods that satisfy force equilibrium and not moment equilibrium, Fj is
(=4 aaffected significantly by the assumed inclinations of side forces between adjacent
Fa () slices. Some studies have considered the computational accuracy of various methods,
O comparing calculated Fy values with ‘what are believed to be’ the correct answers
= »a for a given slope geometry and set of material properties. The theoretical ‘correct’
answer can be defined to a level of accuracy of at least 6%, which is considered
adequate because material properties selected for a real slope cannot match this
accuracy. In such evaluations, the minimum values of Fy for different LEA methods
are usually compared, because different methods can result in different critical slip
surfaces. If the F} results are compared for arbitrarily chosen slip surfaces, the results
of the comparison depend on which surface is selected; this is disconcerting, since
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identification of the critical surface position and geometry may be considered to be
important as the critical value of Fj.

As a result of these comparisons, the relative merits and demerits of various LEA
methods are relatively well understood. As LEA methods of varied reliability are
available in commercial codes, it behoves the user to evaluate which of these methods

1 is sufficiently adequate for the intended purpose. Various LEA codes are available
_, with search routines for locating the critical circular slip surface, which is relatively
straightforward, although, in some instances, local Fy minima can occur. The problem
of locating the critical non-circular surface is more complex, but some progress has
been made. Unless there are geological controls that constrain failure development,
r the critical slip surface will be nearly circular (Spencer 1981; Duncan 1992). Arcuate,
= nearly circular failure surfaces were interpreted for the initial slide blocks at Mt St
Helens, Bandai and Bezymianny volcanoes (Voight & Elsworth 1997). However, it is
not uncommon for geological controls (weak strata, etc.) to be significant in volcano
failures, as at Ontake, Japan (Voight & Sousa 1994). When the failure surface is non-
circular, internal deformation of the slide mass occurs due to kinematic requirements.
The stability method of Sarma (1979) allows non-vertical slices and can be useful for
such cases, and for those in which non-vertical structures cross the slide mass.

Two-dimensional LEA is now relatively mature, but the same cannot be said for
three-dimensional analysis (Morgenstern 1992). A number of three-dimensional slope
stability methods have been developed (Duncan 1992), but some problems have been
recognized. For example, some three-dimensional LEA methods have been based on
an extension of the ‘ordinary method of slices’, which is known to be inaccurate
for effective stress analyses. The most useful solution to date appears to be that of
Hungr (1987; Hungr et al. 1989), which is based on an extension to three dimensions
of Bishop’s simplified method of analysis in which the vertical inter-column shear
forces are neglected. A similar procedure has recently been followed by Reid et al.
(2000), in combination with a digital elevation model (DEM) and a three-dimensional
search grid of points above the DEM, to represent the centre of rotation of a set of
spherical trial slip surfaces of different radii. The procedure enables determination of
minimum stability at each DEM grid point, and also the volume associated with each
critical surface. The method was applied to idealized strato-volcanoes and tested for
the case of 1980 Mt St Helens.
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(b) Deformation analyses

This brief review focuses on numerical analyses employing finite-element or finite-
difference procedures, which have many desirable attributes for evaluating stresses,
movements, cracking and fluid pore pressures in slopes. The literature is extensive,
and the procedures have been used for slope stability analyses for about three decades
(Brown & King 1966; Morgenstern 1992; Duncan 1992, 1996). Materials are repre-
sented by zones or elements, which form a grid that can be adjusted to fit the shape to
be modelled. Each element behaves according to a prescribed linear or nonlinear con-
stitutive law in response to applied forces or boundary restraints. In the finite-element
method (FEM), the field quantities (stresses, displacements) vary throughout each
element in a prescribed fashion, using functions controlled by parameters. The for-
mulation consists of adjusting these parameters to minimize error terms on local or
global energy. In contrast, in the finite-difference method (FDM), each derivative in
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the set of governing equations is replaced directly by an algebraic expression written
in terms of the field variables at discrete points in space. Both methods produce a
set of algebraic equations, and it can be shown in specific cases that the resulting
equations are identical, despite the different derivation procedures. Thus, it is futile
to debate the relative merits of the FEM versus the FDM, as the outcome can be
o exactly the same. However, because of traditions, certain features are more com-
“<_, monly associated with one method than with another. Thus, implicit, matrix-based
—  solution schemes are more common with the FEM, whereas explicit, time-marching
<€ . solution methods are practical for the FDM. Likewise, various commercial or free-
ware codes are available for each of these general methods, and the specific features
8 g offered by these codes vary widely in sophistication. Not all are especially suitable
= for geotechnical applications.
Numerical codes offer the possibility of extending rational continuum approaches
to complex (and changing) geometries and material behaviours, in heterogeneous
media, with isotropic and anisotropic options, a variety of nonlinear constitutive
models, and interface models to simulate fault slip or joint separation (Barton &
Bandis 1982, 1990; Cundall & Board 1988; Duncan 1992, 1996; Goodman et al.
. 1968; Sleep 1999; Vermeer 1991; Wang & Voight 1969). The range of application of
Orational mechanics is extended by two- and three-dimensional discontinuum codes,
which allow consideration of the behaviour of assemblages of discrete discontinu-
ities (Cundall 1980, 1990; Pouyet et al. 1983; Hart et al. 1988; Mustoe 1989). Path
dependency, whereby the final field quantities depend upon the manner in which
the applied loads reach their final values (Pariseau et al. 1970), is an important
consideration, particularly where sequential addition or removal of material is mod-
elled (Desai & Abel 1972; Duncan 1992). The appropriateness of some plastic and
creep constitutive equations remains a lingering issue (Pariseau et al. 1970; Voight
& Dahl 1970; Zienkiewicz et al. 1975), but viable associated and non-associated
strain-strengthening and strain-weakening constitutive models have been developed
for Mohr—Coulomb, Cam clay-type, and other materials (Pietruszczak & Mroz 1981;
Vermeer & De Borst 1984; Drescher & Mroz 1997). Incremental analyses provide a
convenient means of modelling changes in geometry and nonlinear behaviour (Desai
& Abel 1972; Duncan 1996). Pseudo-static loading to represent seismic loads can be
| used usefully in numerical codes, as they are in LEA, although the limitations of
#71 the method have been recognized since its infancy (Terzaghi 1950; Seed 1979). Some
“~ numerical codes enable explicit simulation of dynamic loads (Finn et al. 1986; Finn
1988; Succarieh et al. 1991; Byrne et al. 1992). The analysis of slopes under seismic
P > loading generally follows the procedures used for static slope stability, but is further
@) = complicated by the effects of dynamic stresses induced by earthquake shaking, and
(=4 E the effects of those stresses on the strength and stress—strain behaviour of the slope
g () materials.
A factor of safety can be calculated with an FEM or FDM code by reducing mate-
= varial strength in stages until failure occurs. This ‘shear-strength-reduction technique’
has some advantages over traditional LEA methods (Zienkiewicz et al. 1975; Ugai
& Leshchinsky 1995). The critical failure zone is found automatically; it is not nec-
essary to specify the shape of the failure surfaces, and failure mechanisms such as
deforming wedges can be analysed.
At the current stage of development, simulation is firmly embedded within the
observational method, and is an essential tool in assisting the practitioner to evaluate
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the information available. Nevertheless, there are limitations. When the factor of
safety is high, the results from numerical studies can be accurate if (a big if!) media
properties are known reliably (Morgenstern 1992). At low stress levels, the strains
that result from an increment of stress are calculated relatively accurately by elastic
stress—strain relations. However, as F, decreases, the extent of yielding increases,
P and the ability of many codes to simulate reality decreases. Strain weakening is the
., main reason for the localization of shear deformation within a yielding rock mass
1 | into a discrete slip surface, apart from geological zonation in heterogeneous material,
<C .. which predefines the shear band (Wiberg et al. 1990), but computation of stress-
>~ induced localization within a strain-weakening material remains a complex topic.
8 r Also, regarding constitutive relations, the Hoek-Brown method has been little used
= in numerical modelling because of certain difficulties in developing a reliable flow
O rule to supply a relation between the components of strain rate at yield (Shah 1992;
P. Cundall, personal communication).

The philosophy of numerical modelling of volcanic systems must be very different
from, say, structural engineering, for it is impossible to obtain complete field data
(material zonation, discontinuities, properties, stresses) at a volcanic site. In the
typical situation, the volcanic system is extremely complicated and nonlinear, but
miniscule funds and opportunities exist for geotechnical site investigation (boreholes,
etc.), the testing budget is small to non-existent, and most materials could not be
‘tested’ reliably even if funds were available. Under these circumstances, as proposed
by Starfield & Cundall (1988) for rock-engineering sites, numerical modelling should
be used mainly to give insight into mechanisms. Under more favourable field and
budget conditions, sometimes available in volcanology, modelling may be used to
bracket field behaviour through parametric studies (only some values of the assumed
parameters will give results that are consistent with observations), and, in more rare
circumstances, may be used for prediction.

w

TH

PHILOSOPHICAL
TRANSACTIONS
OF

4. Case examples
(a) Stability of Mt St Helens, May 1980

The eruption of Mt St Helens in 1980 is the best-documented edifice failure (Lipman
, & Mullineaux 1981). The volcano became active in late March 1980, with substan-
“I tial shallow seismic activity concentrated on the north flank. Visual observations
4 indicated that a fracture system, defining a graben, crossed the summit area, and
that large deformations affected most of the north flank. The relation of the fracture
systems and deformation to potentially hazardous rockslides and glacier slides was
recognized by early April (figure 4; see also Voight (1980), Decker (1981), Miller et
al. (1981) and West (1980)). Voight’s 1 May report on stability hazards (see report
included at the end of this paper) suggested that a rockslide triggered by hydraulic
pressures in weak fragmental layers and release of seismic energy ‘could be as much as
a kilometre thick and involve a cubic kilometre or more of rock and fragmental mate-
rial’, and cited as an analogue the ‘explosively motivated fragmental flow’ observed
at Bandai-San in 1888 (Sekiya & Kikuchi 1889). The report noted the possibility for
high emplacement avalanche velocities (67-96 m s~!) and long runout, lake tsunami
hazards, lahars and depressurization-caused explosions in hydrothermal systems, and
also, perhaps, shallow magma chambers. Ground displacement surveys initiated in
late April confirmed that subhorizontal displacements were as much as 1.5-2.5 m d=!
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Figure 4. Slope hazards assessment diagram posted 15 April 1980 by B. Voight at USGS
headquarters in Vancouver, Washington, comparing Mt St Helens with two well-studied earth-
quake-triggered landslides. Simple calculations suggested a potential slide volume of as much as
= 3km’.

=27 (Lipman et al. 1981). No measurements or estimates of rock strength were made dur-
Z«7 ing this period, nor were quantitative stability analyses developed. It was believed
that observational monitoring of slope performance was more relevant than any sta-
bility assessment using parameters of highly uncertain reliability. By mid-May, an
Q elastic FEM model was produced, but more for the purpose of exploring ground dis-
< placement patterns from a pressurized intrusion than for direct evaluation of stability
o > (Ewart & Voight 1980). However, the serious anticipation of a very large slope failure
@) ~ was not a view held unanimously; there was not ‘institutional consensus’ among the
e Escientists assembled (Voight 1988). Among outcomes preferred by some scientists
2 () was the breakout of a north-flank lava dome, or a north-flank landslip much smaller

T O than that which occurred on 18 May.
= v  Without short-term warning or change in deformation rate, but accompanied and
probably triggered by a magnitude 5.2 earthquake, the north flank collapsed in a
sequence of slope failures on 18 May 1980 (Voight 1981). In turn, the decompres-
sions associated with sequential slope movements resulted in multiple magmatic and
w hydrothermal explosions that generated a complex, northward-directed volcanic blast
(Hoblitt, this issue). The failed edifice mass had a volume of ca.2.3 km?3, and gen-
erated an avalanche deposit of 2.8 km® (Voight et al. 1981; Glicken 1986). Some
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Figure 5. Cross-section of Mt St Helens showing (a) pre-eruption and post-eruption profiles and
slide blocks of 18 May 1980. (1) Dacite domes, more than 200 years old. (2) Modern cone with
lava flows and fragmental material. (3) Older dacite dome complex with fragmental material.
(4) Tertiary bedrock (after Voight et al. 1981). (b) Numerical block model, with weight of
material applied. Magma pressure is then applied to central conduit (after Paul et al. 1987).

materials testing was carried out, and hindcast stability analyses of the failure were

carried out by Voight et al. (1983), using (mainly) the two-dimensional modified
, Bishop procedure for circular slip surfaces, and other methods for trial surfaces of
1 irregular shape. The results suggested that high pore-water pressures and earthquake
~{ shaking were required to destabilize the edifice, in conjunction with the disruption

and other effects caused by shallow magmatic intrusion.
> Subsequently, the slope was evaluated by Paul et al. (1987) using a numerical
= model comprising a two-dimensional assemblage of rigid blocks deforming in plain
e E strain (Pouyet et al. 1983). Pore-fluid pressure was not taken into account, but the
pa () model was otherwise sophisticated and showed that the loading resulting from intrud-
ing magma was able to cause the precursory surface deformations observed (figures 5
= v» and 6). The authors confirm that the gravitational failure was due to cumulative fac-
tors, including magmatic pressure, and a trigger earthquake. Numerical modelling
enabled a much-improved understanding of the process.

The lack of accelerated creep prior to slope collapse was considered by Voight
(1988), who suggested calculation of rupture life ¢; in terms of steady state creep
rate, in simplified form ¢; = 214£71 (£0.59), where ¢; is in minutes from inception
of loading, and ¢ is the creep rate in units of 107 min~!. The equation suggests
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Figure 6. Cross-sections of Mt St Helens, comparing (a) displacements observed at North Point
(point A) and Goat Rocks (point B) (after Lipman et al. 1981; Moore & Albee 1981) with
(b) those generated by simulation (multiplied by 20), for an internal pressure of 86 MPa in the
block-deformation model. Deformed grid, solid lines; initial state, dashed lines (after Paul et al.
1987).

\_‘:‘il?j ‘:a rupture window at Mt St Helens of 5-82 days, which encloses the 18 May 1980
“~ collapse, for which t; was 53 days. The confidence limits are large, but the relation’s
importance is to emphasize the inevitability of sector failure within weeks, if con-
> tinued forcible magma emplacement causes high rates of edifice strain and localized
= shearing.

— More recently, numerical dynamic modelling of the sequential failure and debris
Q) avalanche emplacement was presented by Sousa & Voight (1991, 1995); Donnadieu &
O Merle (1998) discussed scaled physical models of the deformation produced by a rising
W intrusion at Mt St Helens; and Reid et al. (2000) use the 1980 Mt St Helens slope to
test a three-dimensional LEA model (with spherical failure surfaces) in conjunction
with digitized topography (DEM). The latter study confirmed the viability of the
LEA method to search a DEM, to recognize potentially unstable areas of the edifice
and the associated failure volumes. The Donnadieu—Merle study demonstrated that
viscous injections could create a curved major shear and a bulging flank, similar in
many respects to that observed at Mt St Helens.
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< Figure 7. Cross-sections through Soufriere Hills volcano before (a) and after (b) the 26 December

1997 collapse. The pre-eruption conditions included English’s Crater and Galway’s Soufriere.
Additional materials comprise lavas and talus. In (b), the collapse first involved new dome lava
and talus, and underlying Soufriere material, followed by explosive collapse of decompressed
fresh dome lavas.

(b) Stability of Soufriére Hills volcano, December 1997
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To paraphrase Lord Beveridge, ‘Montserrat was not only a natural laboratory for
mixing magmas, but a laboratory for mixing scientists’, and, in both instances, the
results could be explosive. The growth (since 1995) of an andesite lava dome at
Soufriere Hills caused instability of the southern flank of the volcano. The region
of failure included hydrothermally altered rock and active fumaroles. Indications of
potential instability were recognized as early as October 1996, but catastrophic fail-
ure occurred at night, during a period of enhanced seismicity, on 26 December 1997
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(Sparks et al. 2000). In the two months before the failure, the lava dome and talus

apron had grown rapidly outward over the hydrothermally weakened area (figure 7a).

The failure in December generated a debris avalanche with a volume of 50 x 106 m?,

and about 30 x 10° m? of the pressurized lava dome then disintegrated to gener-

ate a high-energy pyroclastic density current that devastated 10 km? of southern

| Montserrat (figure 7b; see also Sparks et al. (2000) and Ritchie et al. (2000)). There

“<_, was no loss of life, because the area had been evacuated when the signs of potential
—  instability of the south flank were recognized in late 1996.

< Unlike Mt St Helens, preliminary quantitative stability assessments using two-

dimensional LEA were used by Voight during hazards assessments at Soufriere Hills

2 g in March and December 1996. Block samples of indurated volcanic breccias and

= dome rock were collected in early 1996 from crater-wall areas, including the south

E o flank area later buried by rockfall debris and dome talus. The samples were tested

for stress—strain behaviour and strength under triaxial loading conditions, tensile

= strength and bulk density, and samples of unconsolidated debris were tested in direct
2”2 shear (Voight 1996). The test data, evaluated in terms of Mohr—Coulomb and Hoek—
%9 Brown parameters, were used to constrain the stability analyses; scaled reductions
n.':) . were used for rock-mass properties.

85)0 Additionally, two-dimensional (axisymmetric) elastic homogeneous FEMs were
92 conducted to explore the stress changes associated with dome growth and inter-
T nal pressurization for the geometry existing in late 1996 (Wadge et al. 1998). The
B =

analysis was limited inasmuch as pore pressures, seismic loading, material zonation
and plastic deformation were not treated. Relative stability was interpreted from the
ratios of elastic shear stresses to an assumed Coulomb relation.

LEA analyses were also carried out by Voight in January 1998, soon after the
failure, and some additional sampling and testing was conducted. However, all the
modelling referred to above was limited in that stress—strain behaviour, development
of plastic zones and strength weakening, and dynamic loading, among other aspects,
could not be adequately represented. Preferably, the mechanism of failure should be
elucidated by modelled strain localizations, rather than be pre-specified, as in LEA
modelling, or vaguely interpreted from elastic FEM. What triggered the failure? Was
it seismic shaking? Conduit pressure? Forcible emplacement of a new lobe of lava?
| The results of a series of two-dimensional explicit plain-strain FDM models of the
71 Soufriere Hills slope are presented to illustrate this question. The slope is subdivided

“~into four zones, representing (1) fresh dome talus, (2) fresh lava, (3) altered Soufriere

material, (4) old edifice (as shown in figure 8a), with the actual material parameter
> values different in various models. In general, bulk modulus is taken as 20 GPa and
@) = shear modulus is 10 GPa. The models undergo plastic deformation when Coulomb
e E yield limits, different in the various zones, are reached. In some cases, pseudo-static
a () loads simulate earthquake loading. Figure 8a shows assumed material zonation and
T O shear strain-rate contours for the slope subjected to seismic loading, with figure 8b
= vn also showing displacement—velocity vectors. The velocity and strain fields are more-
or-less consistent with the position of the actual failure surface ‘observed’ at Montser-
rat, and suggests that strong seismic shaking may possibly be a viable trigger to slope
failure.

The lava-lobe emplacement model is shown in figure 9a,b, whereby lava in the
upper part of the slope is squeezed southwards at a constant rate, creating a shear
zone that extends to the toe of the slope and includes altered Soufriere material
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Figure 8. Numerical model of the Soufriere Hills volcano, zoned in (a) to show: (1) fresh dome
talus (medium grey, under contours on upper slope); (2) fresh lava (dark grey, upper part of
volcano); (3) altered Soufriere materials (pale grey); (4) old edifice materials. Failure indicated
by shear strain-rate contours. Coulomb parameters in zone 1 are ¢’ = 10 kPa, ¢’ = 40°; in zone 3
they are ¢’ = 50 kPa, ¢’ = 40°. Seismic loading coefficient = 0.15g. (b) Same as (a) but with zero
seismic loading. Shear strain rate, shading, with velocity vectors (maximum of 0.037 ms™").

(see the velocity field in figure 9b). As a consequence of this deformation, material
in zones 1 and 3, as defined above, are assumed to strain weaken, with the result
that gravitational collapse occurs in the outer slope (figure 10a) at rates that exceed
| the continuing lava-lobe emplacement (figure 10b). Next, the gravity collapse of the
outer part of the slope results in an oversteepened and decompressed face of fresh
lava, which begins to collapse explosively (figure 10¢) to generate a volcanic blast, the
details of which are beyond the scope of the model. In general, the models support
the plausibility of the lava-lobe-emplacement collapse mechanism.

Conduit pressure can also be modelled, although these pressures dissipate radi-
ally, and a two-dimensional model only provides an upper bound to the stresses. On
balance, the analyses favour collapse resulting from rapid forcible lava-lobe emplace-
ment, and gravity slip-surface localization with strain weakening, probably also influ-
enced by seismic shaking.
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(¢) Lava spines at Lamington, Papua New Guinea, and Mont Pelée, Martinique

In November 1902, after the catastrophic eruptions of 1902 at Mont Pelée, a great
spine of lava rose above the crater.
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Figure 9. Numerical model of lava-lobe emplacement at Soufriere Hills. Lava in the upper part
of the slope is pushed southwards at a constant rate to create a shear zone that extends to
the toe of the slope and includes altered Soufriere material (see the velocity field in figure 9b).
(a) Deformed grid and shear strain rate, shading. Grid distortion scale 190 times. (b) Material
zonation (simplified from figure 8) and velocity vectors (maximum of 0.65 m s™"). The zone at
the toe of slope is Soufriere material susceptible to strain weakening.

A

Growing at about 10 metres a day, by May 1903 the spine was no less
than 310 metres high, rearing above St Pierre like an obelisk, a memorial
to the thousands that had died below (Francis 1993).

THE ROYAL
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Following the great 1951 eruption of Lamington, a typical Peléean dome grew to a
height of 600 m and exhibited numerous spines, one of which grew to 100 m high at a
rate of 1 m d~! (Taylor 1958). Spines of similar size and growth rates have occurred
on Montserrat. Like those of Pelée, many exhibited a ‘half-horn’ shape, ‘one side
smoothly curved and lineated during extrusion like wire through a die, the other
jagged and fractured’ (Francis 1993; cf. Lacroix 1904).
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(@)

(b)

Figure 10. As figure 9, with material strain-weakened to ¢’ = 20 kPa, ¢’ = 30°, zone 1 (talus),
and ¢’ = 20 kPa, ¢’ = 20°, zone 3 (Soufriere). Lava-lobe emplacement continues, but gravity
movement on outer slope dominates the grid distortion (a) and velocity vector field (b). Grid
distortion scale 24 times, maximum vector 5.0 ms~'. (¢) Gravity collapse of the outer part
of the slope results in an oversteepened and decompressed face of fresh lava, which begins to
collapse explosively (grid distortion scale 1.1 times). Generation of the volcanic blast is beyond
the scope of the model.

The height of the spine is partly controlled by the extrusion pressure, which is
countered by the increasing back pressure associated with the weight of the growing
spine. The height achieved can also be influenced by material strength, for, as the
spines rise, the stresses near their exposed base increase. If these stresses reach critical
values, the spine will collapse, as illustrated by two-dimensional analysis in figure 11
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model of a cohesive lava spine 100 m high and 46 m broad. If spine height and stresses reach

4% Figure 11. (a) Lava spine at Mont Pelée on 25 November 1902 (after Lacroix 1904). (b) Numerical
- critical values, the spine will collapse.

> Efor a purely cohesive spine 100 m high and 46 m broad. In this sense, the spines may
r be considered to have a theoretical critical height, which, if exceeded, will result in
= failure. In reality, the concept is more complex, as the mass strength continuously
varies due to cooling, degassing, fracturing and rain-water infiltration, is a function
of growth rate, spine shape and other factors, and is heterogeneously distributed
over the volume of the spine. Moreover, the strength and creep properties of highly
crystalline hot lava are still poorly understood.
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(d) Retrogressive lava-dome collapses, Montserrat

The stability of growing domes has much in common with edifice collapse, and
distinctions between the two phenomena can become blurred in comparing growing
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Figure 12. Numerical model (two dimensional) of a lava dome. (a) When the dome interior is crit-
ically stressed (by increased size, or oversteepening) or weakened (e.g. by fresh injected magma,
or fractured carapace), gravitational failure can initiate, as indicated by the shear strain-rate
contours. In the case shown, left-side weakness promotes single-side failure. With removal of
failed material (b) a new failure zone develops. Successive failures can promote depressurization
and spontaneous disintegration of dome core material.

domes to edifices with intruding silicic magma. Major collapses of the lava dome of
Soufriere Hills volcano occurred on 17 September 1996, and 25 June, 3 August and
21 September 1997 (Robertson et al. 1998; Young et al. 1998), triggering explosive
eruptions. The collapses occurred in a retrogressive fashion over a period of several
hours, with successive collapses excavating deep into the dome interior (figures 12—
14). The situation is simulated by the generalized two-dimensional analysis of a
lava dome (figure 12). When the dome interior is critically stressed (by increased
size, or oversteepening) or weakened (e.g. by fresh injected magma, or fractured
carapace), gravitational failure can be initiated, as indicated by the shear strain-rate
contours. Spontaneous disintegration of the detached mass by decompressed diffused
and vesicular volatiles may then lead to gas-fluidized dense particulate (block-and-
ash) flows and/or transport of dispersed finer particles in an expanding gaseous
surge (Fink & Kieffer 1993; Alidibirov & Dingwell 1996). However, the remaining
cavity walls are often unstable, and a second collapse may then occur (figure 12b).
Pressurized vesicles may be considered as micro-scale weakening mechanisms within
the bulk lava, decreasing its strength and mass stability. Successive collapses in this
fashion may lead to a series of pyroclastic flows, and to conduit decompression that
results in vertical explosions (see, for example, Newhall & Melson 1987; Sato et al.
1992).
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Figure 13. Section through a dome subject to gas pressure P, in internal cavity. The diffusive gas
pressure acts on the basal (P) or rear boundaries (F, ) of a failing block of mass W and seismic
loading ¢. Magmastatic pressure potentially at block rear is F), (after Voight & Elsworth 2000).

"_1\
NI
OH
e
=0
L O
=w

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY [\

Figure 14. Glowing andesite lava dome at Soufriere Hills volcano, Montserrat, West Indies, in
January 1997. Substantial evidence supports internal gas pressurization of the dome and upper
conduit. Lava temperature in dome core about 800 °C. Dome is enveloped in ash and gas emitted
6 by dome, and wrapped against the dome by prevailing easterly winds. The strong winds influence
the dynamics of pyroclastic currents generated by dome collapse.
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Gas overpressures can influence the failure process. Voight & Elsworth (2000)
develop diffusion models to calculate gas overpressures in a lava dome (Carslaw &
Jaeger 1959), and embed these data in stability analyses to demonstrate that gas
pressurization can initiate deep-seated instability (figures 13 and 14). Tilt data indi-
cate that conduit pressurization on Montserrat oscillated, and that a number of

4 oscillations (as many as nine) may have occurred before failure initiated (Voight et
1, al. 1998, 1999). This result suggests that in some cases a number of gas-pressure oscil-
1 lations over a period of time may be required for failure, with the timing of potential
failure influenced by the migration velocity of the pressure pulse from the dome
core. The time to failure is conditioned by hydraulic/gas diffusivity, with values of
= = the order of 1000 m? s~! capable of sustaining failure for magnitudes of overpressure
= approaching 10 MPa. Results presented by Voight & Elsworth (2000) are consistent
with observed lava-dome failures on Montserrat, hours to days after the onset of
pressurization. The need for these large gas pressures is eased for a weaker dome,
fatigue weakening of the dome with cyclic pressurization, or with augmenting earth-
quake loads. A viable alternative hypothesis is weakening of a heterogeneous dome,
and local oversteepening, by repeated vigorous injections of volatile-rich magma.
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Slope Deformation Mechanisms and Hazards

The principal hazard at Mt. St Helen’s during the period of my observations (11—
19 April, 1980) involved the potential instability of the north slope. The mountain
crest in the north slope, including the area of the Boot, is crossed by a system of
closely spaced uphill facing scarps of approximate east—west trend.

A ridge-top depression (trench) separates this fracture system from an approxi-
mately parallel system of fractures that cross the present summit and extend for
perhaps a kilometer. The principal fractures of both systems dip to the north, per-
haps at 40-50°. The rear (south)-scarp fracture system can be followed downslope to
the northwest for a vertical distance of 500 m or so; to the northeast it is more difficult
to follow, but there are suggestions that it crosses the mountain slope under Forsyth
Glacier, west of the Dog’s Head. The glacier is much crevassed and movements along
crevasse systems are reflected in a series of systematically-oriented scarps, some of
which face uphill. Part of the glacier deformation reflects deformation of the entire
mountain face; part may be independent of the movements of underlying rock.

Crater development has proceded [sic] within the ridge-top depression, and some
hydrothermal activity has been observed at several localities along the traces of the

P graben boundary faults.

1 The association of uphill facing scarps and ridge top depressions, where found

“~ elsewhere, have ordinarily been interpreted as manifestations of mass rock creep—
< gravitational rock deformation without the necessity for discrete sliding surfaces (i.e.

> ‘Sackung’; Zischinsky, 1966). These features occur in a wide variety of settings, in
O = heterogeneous or relatively homogeneous ground, and with or without the influence
(=4 E of anisotropy. Their specific mechanisms are not well understood, and indeed var-
2 () ious mechanisms are likely involved in different settings. Most localities occur in
O seismically active regions, and earthquake vibrations probably play a significant role
W in many cases, including Mt. St Helens. At Mt. St Helens are additional compli-
cations, of course, associated with inflation and deflation of magma chambers and
hydrothermally pressured domains. These make the mechanism problem at St Helens
especially involved, and carefully obtained data from slope monitoring installations
will probably be necessary in order to resolve the issues. As an example, the ridge top
depression at St Helens might be interpreted as a localized extensional strain feature
resulting from cyclic, hydraulically-generated inflation of the volcanic edifice (related
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Figure 15. Potential slide profiles for velocity calculations.

to stream [sic; steam] eruptions). The graben faults do not recover their displace-
ments during the following deflation part of the cycle because of friction; deformation
of the edifice is thus locally ‘plastic’, i.e. incompletely recoverable. A consequence is
that intergranular horizontal compressional stresses arise in the edifice, normal to
the strike of the ridge top depression during periods of deflation—inasmuch as the
| stretched ‘surface length’ of the edifice cannot now fully decompress to its original
O form. These horizontal stresses can in turn cause basal failure along weak strata at
depth, perhaps thereby leading to detachment of a major rockslide.

In some cases elsewhere, interpretations of ridge-top trenches and related phe-
nomena as manifestations of rock creep ‘sagging’ have been debated, e.g. because of
an apparent lack of bulging in lower parts of a given slope. However, the amount
of valleyward bulging necessary to accommodate the strains indicated by ridge top
grabens is in most cases small. Careful slope displacement monitoring, not visual
observations, are ordinarily required to assess the issue. Little ‘hard’ data of this
kind in fact exist.

In the United States such ‘gravitational’ features have not been traditionally well
studied, but recent reports by R. W. Tabor (1971) in the nearby Olympic Mountains,
and by D. H. Radbruck-Hall and co-authors (1978, 1976), have improved the state
of our knowledge.

In some locations ridge crest grabens mark the head of large rockslide blocks, and
the uphill facing scarp faults intersect the principal slideblock movement surface at
- \depth This is still a possibility for St Helens, and an important one. I observed

\\“no specific connection between the graben faults and any ‘basal’ rockslide slip sur-
< face or zone, but a veneer of snow, ice, and ash hides much of the slope, and it is

> possible that such a connection would exist and yet be unobserved at the present
@) = time. Furthermore, even if no basal slip-surface exists at present, one could develop
e Ein the future, perhaps in conjunction with hydraulic pressures generated in quasi-
4 () continuous porous fragmental layers which make up much of the edifice beneath the
T O surface. Local dome plugs and other igneous intrusions within the fragmental edi-
= wafice are likely to be highly fractured and probably offer little in the way of cohesive
‘buttress reinforcement’ that would prevent development of a rockslide slip surface.

A most dangerous future condition would involve the saturation of fragmental
layers by hot water, and rapid transmission of hydraulic explosive pressures generated
at the volcano throat throughout a critically located saturated layer.

A rockslide triggered by such an event could be as much as a kilometer thick and
involve a cubic kilometer or more of rock and fragmental material; emplacement
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Figure 16. Comparison of profiles for (a) Gros Ventre slide, (b) Madison Canyon slide,
(¢) Bandai-san volcano, (d) Mt. St Helens. Scale is identical for all figures.

velocities valleyward on the order of 100 km/hr are possible, with the mass breaking
up and descending as a debris flow to the Toutle River Valley [figure 16].

Relief of overburden pressure caused by slip of the rockslide mass would likely
promote further explosive activity (flashing) in hydrothermal systems occupying the
core of the volcanoe [sic] and the surrounding porous edifice, and perhaps also in
shallow magma chambers. A catastrophic event of the kind observed at Bandai-
San—in which an explosively-motivated fragmental flow devastated an area of more
than 70 km? (27 mi2)—must be regarded as a legitimate possibility, particularly in
view of the enhanced hydraulic pressure conditions implied by frequent summit steam
explosions and the relatively high level of released seismic energy [see figures 16-18].

On the more prosaic side, a bulging slope associated with rock creep (increased
tilt) may lead to an increase of rockfall hazards from exposed rock areas such as

oat rocks, increased snow avalanche hazard, and increased risk of glacier falls.
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Glacier Avalanche Hazards

This is a distinct possibility at Mt. St Helens. The following mechanisms could
promote it:

(1) Geothermal systems with subglacial outlets promote abnormally high basal
melting, leading to ‘lubrication’ of the basal surface, separation of ice from
rock, and high basal pore water pressures.
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Figure 18. Bandai-san regional map of devastated area.

(2) Enhancement of regelation and creep response by added heat flow.
(3) Seismic damage of ‘cohesive’ areas involving glacier ice and bedrock knobs.
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(4) Transient seismic shear stresses.
(5) Deformation of glaciers as part of the north slope rock deformation pattern.

(6) Tilt associated with bulging basal slope.

(7) Locally increased glacial surface slope, associated with enhanced glacier creep
rate (due, in turn, to mechanisms (1)—(5)).

The glaciers most likely to be so affected include Toutle and Nelson glaciers, and
Hd those on the north slope which lie between them. In particular, the fracture patterns
— and surface configuration of Forsyth glacier suggests that it has been disturbed. It is
o) probably deforming (creeping) independently of the bedrock trough in which it lies,
o and constitutes a distinct hazard to the Timberline campground area. Accordingly,
only essential operations should be carried out in this area.

As an example of this kind of hazard a glacier avalanche represents a few pages
are appended from the report of Slingerland and Voight (1979), on the Fallen Glacier
event of 1905 [the appendix, consisting of pp. 376-380 from the original source, is
omitted here]. Velocity calculated for the avalanche front is 60 m/s. The avalanche
spread out along a front twice its initial width, entered a body of water, and produced
wave run-ups over 100 ft high.
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Hazards at Graben Boundaries

The possibility of breakdown of volcanic walls at the graben boundaries should
be recognized. Hydrothermal activity is present along portions of the exposed west
flank graben fault system. Internal collapse and lateral hydraulic erosion (piping)
along these graben faults could lead to the rapid release of a significant flow of water
from the crater plumbing system. The result would be mobilization of a (hot) lahar
descending directly down the valley of the South Fork Toutle River. A similar event
could occur on the northeast flank; here it would probably be preceded by a glacier
avalanche.

Wave Runup Hazards

§ > A hazard exists for Spirit Lake, which is within reach of a large, low effective

= friction, rockslide-avalanche from Mt. St Helens, and for the reservoirs on the south
o ﬁ flank, notably Swift Reservoir, within reach of mudflows from St Helens. Although
pa () the present hazard assessment emphasizes north slope deformation, movement of
T O mudflows to the south would also be possible. At Bandai-San also, the main explosive
= »nevent occurred to the north, but large, damaging debris flows also extended south
from the mountain summit.

The fragmental flows could enter these water bodies at high velocities, e.g. ~
50 km/hr, producing wave amplitudes on the order of the water depth in the slide
impact area. The water wave train would then move at a velocity (celerity) equal to
{g(d+n)}/?, where g is acceleration of gravity, d is water depth, 1 is wave amplitude.
Runup could be significantly in excess of deep water wave amplitude.
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Velocity and Runout

The simplest model for dynamic slide behavior concerns a block on an inclined
plane. Friction between block and plane prevents sliding below a critical angle of
inclination. Above this angle the mass accelerates according to Newton’s second law.

P Deceleration occurs on lesser slopes. If the dynamic analysis is carried out from
71 slide initiation to cessation of motion, h = dtan ¢, where h is the vertical drop,
. 4 d is horizontal distance moved, and ¢ is the apparent friction angle. Therefore the
< inclination of a line drawn between the starting and stopping points of the mass center
> > of the block is ¢, the friction angle. If the ground profile should project above this
O = line at any point, the slide must stop at the point of intersection between the line and
eZ — ground profile. Thus velocities, runout, and travel times are completely determined
F3 O within the confines of the model. Motion of the mass center of a deformable body
T O translates according to Newton’s second law, so that in this respect the block model
W is still appropriate as a conceptual guide.

However, the actual mechanisms of slide motions are poorly understood, so that
‘measured’ friction values are not in general directly applicable. In the absence of
reliable site-specific measurement procedures it is appropriate to use apparent fric-
tion values back-calculated from published slide profiles. An ‘average’ value of tan ¢
determined in this way is about 0.25, with a ‘lower-bound’ value approximately 0.15.
Corresponding friction angles are 14° and 9°, respectively. Three north slope slide
models, relatively of small, medium, and large size, are considered [figure 15]. If
¢ = 14°, model 3 (the largest) will move over a mile, but not much farther. The
massive slide front will not reach Spirit Lake or Toutle River (discounting mobilized
portions of the slide front which might continue as debris flow lobes). Model 2 could
run for perhaps three miles, with frontal lobes barely reaching the Toutle River, and
model 3 could run over four miles.

Velocities (V') may be calculated from

T
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V = V5 + gt(sini — tan ¢ cos i)
or,

V = Vs + {2¢s(sini — tan ¢ cos i)}l/Q

~ where V}, is initial velocity, t is elapsed time, g is gravitational acceleration, i is slope
angle, ¢ is friction angle, s is distance traveled. For example, for slide mass 2, letting
i =19° s = 2560 m, tan ¢ = 0.25, Vi . &~ 67 m/s, at the break in slope. For the
same point and tan ¢ = 0.15, V. = 96 m/s, which illustrates the sensitivity of the
friction factor.

On these grounds it may be noted that the largest potential slide masses are
not necessarily the most hazardous. For constant friction, an inverse relation exists
between slide size and runout (and maximum velocity), principally due to the de-
creased elevation of mass centers in the larger potential slide masses.

On the other hand, small slides—despite their high potential velocity—will not
have the height nor mass to overrun the forest cover below timberline; the princi-
pal hazard from such slides or avalanche events will be felt above timberline and
in unforested chutes and valleys extending to lower elevations. Furthermore, for
catastrophic slides there may be a correlation between increased slide volume versus
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decreased apparent friction angle. With a decreased friction angle (say 9°) the ear-
lier slide masses could reach the Toutle River valley, with energy to spare. (The best
indicators of the limits of hazardous areas are not, incidentally, to be gained from
calculations such as these, but rather from what has been observed from study of
older deposits).
ol The above considerations have involved comparisons to simple rockslide and ava-
|, lanche events elsewhere. The dynamic problem is compounded by considering the
" possible effects of pressurized steam, suddenly released and distributed throughout
a cubic kilometer or so of fragmental material, potentially leading to a rapid mass
torrent on an almost unprecedented scale. The obvious analog is the 1888 Bandai-

San deluge of rock and earth, which buried a landscape over 70 km? in areal extent
(Sekiya & Kikuchi, 1888) [figures 16 and 17].

SOCIETY

Monitoring and Warning System

THE ROYAL

The following are some notes on instrumentation and monitoring, written in large
part during my tenure in Vancouver, and aboard the flight east. I include them here
u_im order to establish a benchmark from my perspective at this time, so that future
O workers may more easily advance further in these matters.

Slope hazards at St Helens are legitimate causes for concern. They need to be
viewed from appropriate time perspectives; these perspectives must include immedi-
ate needs, and long-range needs (the period of concern may last 20 years).

A slope hazard monitoring plan should be developed; this should include consider-
ation of (1) instruments and monitoring devices; (2) their installation; (3) monitoring
(data gathering) program; (4) data processing program; (5) implementation, in terms
of contingency plan.

It may be desirable to consider the establishment of a ‘Hazard Monitoring Review
Board’ to consider these matters more thoroughly, and to provide necessary conti-
nuity to the program over a period of years or decades.

As regards a monitoring program for hazard evaluation, it is well to note at the
outset that ‘hazard warning monitoring’ and ‘scientific’ monitoring (i.e. volcanic
behavior) programs may substantially differ. Some overlap and coordination of the

_two programs is undoubtedly necessary at St Helens, but the goals and means of
\f;a?? 1obtaining them are distinctly different. Instruments and systems suitable to one
“~effort will not necessarily be satisfactory to the other. As a result, care needs to be
given to an administrative structure that will govern funds and recognize the special
P > needs of the hazard monitoring effort in an effective manner.
@) = As regards methods, it is clear that high frequency or continuous displacement
e — monitoring is the most effective means for slope failure prediction. If significant
Ha () increases in slide velocity are detected, the indication is that the shear strength of
(O some portion of the rock mass has been reduced; slope collapse could then be the
= w1 ultimate consequence.

At Chuquicamata (an open pit mine in Chile, commonly cited for an example of
successful rock slide prediction), an estimate of ‘maximum displacement’ was used
as an instability criterion. Actual slope failure occurred on the earliest of a range
of predicted dates, thus inferred from displacement measurement. The main lesson
is that by knowing what to look for, and making complete use of available data, a
set of sound decisions were made, thereby avoiding serious consequences which could
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have resulted from an unanticipated slope failure. One could hope for no more than
this at St Helens (cf. Voight and Kennedy, 1979).

The use of displacement monitoring for hazard prediction emphasizes once again
the importance of establishing on an absolutely sound basis the control for a pro-
gram of conventional surveying. As I have previously mentioned, this should be

__ accomplished by professionals, not by scientists (however competent) whose duties
<, are compromised by numerous other tasks of greater ultimate interest to them. The
—  ground control will serve as a basis for all future deformation measurements, over a
period of decades; it is absolutely imperative that they be initially dealt with by a
state-of-the-art approach. Both air and terrestrial photogrammetry are advisable for
g displacement data acquisition. Analytical Photogrammetric measurement generally
= requires a control survey carried out prior to photography to establish coordinates
of a number of points in the field of view. Reference may be made to my memos
> of 14 and 19 April 1980 concerning procedures, knowledgeable specialists, and local
contacts.

As regards installed devices, I anticipate that P. Douglass will place the program
which I began on a much firmer basis, with due consideration of adequate markers,
crack gauges, and the like.

Some random advice: (1) the number of instruments installed should allow for a
percentage of future instrument losses and failures, (2) a large number of widely dis-
tributed, cheap, crude, but reliable devices is usually better than a few very sensitive,
expensive instruments; (3) a common error is to underestimate the realistic duration
of the project. This factor reflects upon the durability and relative ‘permanence’ of
monitoring devices and on budget requirements necessary to ensure an appropri-
ate frequency of measurement. Devices placed in order to satisfy immediate needs
may need to be replaced as time permits by more durable designs; (4) the ‘graben’
deformation should be closely watched and measured, inasmuch as this feature is
intrinsically a displacement and strain gauge of sorts.

The depth to the potential basal slide plane probably precludes the use of ordi-
nary borehole instrumentation systems, such as extensometers, tiltmeters, and shear
strips. Water pressure monitoring in deep borehole[s] on the flanks of the mountain
would be of interest; this would be costly and only an indirect indication of stability
conditions in the slope, but may be nevertheless worthwhile as a long range task.

As data becomes available automated warning systems should be considered. They
are of value if they are reliable, transmit data rapidly, and are designed with respect
to a reasonable slope failure criterion and risk analysis. If the warning is clear cut, the
action must be prompt. Hazard warning systems could become part of the St. Helens
contingency plan, with various specified actions dependent upon the achievement of
pre-set hazard warning levels. In this regard the establishment of a ‘Hazard Moni-
toring Review Board’ may be recommended as a means to avoid the delays and costs
of formal reporting of results that are intended as the basis for action.

Potential results of a monitoring system are as follows: the displacement magni-
tude, direction, rate, and rate change, for points of specific interest, distributed over
the slope (within and outside of the potential failure zone). Mechanisms are inferred
from the evidence on displacement. The extent of the (potentially) unstable mass is
given by displacements and inferred mechanisms, leading to estimates of rock mass
volumes, and predictions in potential slide dynamics (velocities, runouts) based on
mass center location.
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Asregards the specific prediction of impending slope failure, fundamental problems
are involved. The problems do not so much involve data acquisition, but rather the
establishment of specific predictive criteria marking the onset of catastrophic sliding.
At St Helens a preliminary problem involves the separation of observed displacement
components, i.e. distortion of the volcanic edifice, vs. ‘gravitational’ deformation. To

d the extent that the involved mechanisms may be intertwined, this in itself could prove
1, difficult. Assuming that this matter can be resolved, important questions remain:
— (1) how can movements which occur in slopes that collapse be distinguished from
<€ . those in slopes that stabilize?; (2) If advance prediction of failure is needed, what
extrapolation method for movements is most suitable?; (3) What criterion is a reliable
o  predictor of slope failure?
- = Information on time rates of deformation are difficult to incorporate directly
into rational descriptions of stability conditions. This is a weakness in geotechnical
monitoring-design schemes for rock slopes, but there is no easy way to surmount the
problem. The result is that intuition and experience are essential factors in drawing
sound conclusions from geotechnical deformation measurements.
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table of contents and appendix of the original have been omitted. Figure references
are added in brackets. (See also figure 4 of preceding article.)]
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