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The effect of internal gas pressurization on volcanic edifice
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ABSTRACT

Results from simple physical and numerical models investi-
gating the effects of increased internal pore-fluid pressures of a
Mohr-Coulomb volcanic edifice are presented. Physical experi-
ments make use of a heap built from angular sand on top of a
stiff substrate of variable angle, with the provision for injection
of internal fluid (gas) pressures into the base. The resulting
failure geometries arising from internal pressurization of the

model appear similar to some natural examples of sector

collapse. Two-dimensional limit equilibrium models analysing

Introduction

Studies during the last two decades
have raised awareness of the life- and
property-threatening hazards result-
ing from volcano instability (e.g. Till-
ing, 1995; McGuire et al., 1996;
Siebert, 1996; Wolfe and Hoblitt,
1996; McGuire, 1998). Much new
interest arose following the climactic
May 1980 eruption of Mount St
Helens, caused by a massive landslide
on the volcano’s northern flank.
Geotechnical engineers and geolo-
gists studying landslides are familiar
with fluid pressurization by water, and
its modifying effects on the shear
strength of soils and rocks (e.g.
Voight, 1978; Bromhead, 1986).
Ordinarily, this pressurization is by
groundwater of meteoric origin, and is
rarely artesian, being hydrostatic and
related to a groundwater level within
the slope. Groundwater bodies cre-
ated by infiltration from the surface
lead to shallow landsliding and thus
slopes that are stable against deeper-
seated modes of failure (e.g. Brom-
head, 1995). Recently, Voight and
Elsworth (2000) have proposed a
novel, highly non-linear instability
mechanism for the hazardous collapse
of lava domes in which dome failure is
instigated by gas overpressure. As a
first step towards understanding
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edifice failure at a basic level, we have
modelled a destabilizing mechanism
involving gas pressurization (e.g. Ger-
lach et al., 1996) that affects the entire
interior of the edifice and the external
expression of which is a deep-seated
failure mode (landslip), which might
be the cause of catastrophic eruption.
Our model thus differs from other
recent studies of volcano instability
(e.g. Reid et al., 2001), in which the
effects of internal fluid pressures are
ignored and collapse is driven purely
by gravity acting on regions of weak
(hydrothermally altered) rock.

Initial results of an ongoing pro-
gramme of physical and numerical
modelling designed to examine in
detail the role of internal (fluid) pres-
surization in promoting failure in
conical structures (heaps) are des-
cribed. Using simple scaling argu-
ments, it is shown that a volcanic
edifice may be regarded as a heap of
(Mohr—Coulomb) granular material
and that the failure surface resulting
from internal (gas) pressurization is
deep seated. Rock mass field data
show that the edifice is likely to be
weak, and using values of natural
examples from Snowdonia, Tenerife
(Thomas et al., 2004) and work pub-
lished by Voight et al. (1983), we
simulate the change in the factor of
safety as a function of internal pres-
surization. We show that this import-
ant but largely unquantified processes
may in some circumstances play a
major role driving the volcanic edifice
towards a critical state (e.g. Hill ez al.,
2002).

42 500 possible failure surfaces were run with internal pres-
sures (Po) in the range 5-35 MPa, and show that the potential
critical failure surface migrates to increasingly deeper levels
with increasing internal pressure. Although internal pressuriza-
tion alone is unlikely to reduce the factor of safety (Fs) below
unity, the edifice is driven towards a state of criticality that will
render in susceptible to any internal or external perturbations.
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Current models of edifice failure

A number of models have been pro-
posed to explain structural failure and
collapse of a volcanic edifice in both
fast and slow modes, in response to
one or more internal or external trig-
gers. Commonly cited examples in-
clude magma chamber replenishment,
dyke emplacement and volcanogenic
earthquakes (typically M > 5 close to
or directly beneath a volcano) and
intense rainfall (e.g. Elsworth and
Voight, 1995; McGuire, 1998). In
addition to the well-documented trig-
gers, hydrothermal activity is recog-
nized to play an important role in
weakening the rock mass and render-
ing it more susceptible to mechanic-
ally induced structural failure (e.g. van
Wyk de Vries et al., 2000; Reid et al.,
2001). Despite this, some important
questions remain. For example, major
volcanic eruptions are also frequently
preceded by emission of large quanti-
ties of volcanic gases in conjunction
with vigorous fumerole activity, or
steam generated by heating of ground-
water (e.g. Pyle et al., 1996; Gerlach
et al., 1996; Mouginis-Mark et al.,
2000). However, although the emis-
sion of volcanic gasses and their
compositions are routinely monitored,
the mechanical effects of the gas phase
on the shear strength and structural
integrity of the edifice have been
mostly overlooked. Gas sources in-
clude deep magma reservoirs and the
progressive dehydration of the vol-
cano’s hydrothermal system (Tilling,
1995). Another factor is the process of
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volcanic spreading (Borgia, 1994;
Merle and Borgia, 1996), but sector
collapse events are thought only to
occur if spreading is not efficient
(Borgia et al., 2000), and therefore
no further consideration is given to
this mode of destabilization.

Edifice strength

The strength of an edifice is a property
that requires careful consideration in
volcano stability simulations. Indeed,
the concept of edifice strength be-
comes critical when considering inter-
nal fluid pressurization, as the use of
unrealistically high-strength parame-
ters raises the nonsensical idea of a
‘floating’ volcano, in which the edifice
is so strong that the internal pressure
can counteract its weight without
failing. The structure then becomes
neutrally buoyant. Although uniaxial
laboratory tests on fresh intact basalt
will yield a compressive strength of
100-350 MPa (Schultz, 1995, 1996), a
volcanic edifice is not simply intact
rock but is cut through by a range of
discontinuities, including faults, frac-
tures and layering defined by discrete
lava flows. Field approximations of
the rock mass strength of crystalline
volcanic material are surprisingly low,
with cohesion values ranging from
300 kPa to 3.2 MPa (Voight et al.,
1983; Schultz, 1995, 1996; Watters
et al., 2000; Thomas et al., 2004).

Internal pressurization

Pressurization from within the edifice
is known to happen at all active
volcanoes. It is well recognized that
recorded gas emissions are generally
more than the amount predicted from
petrological studies of the crystal con-
tent of the erupted products (de Hoog
et al., 2001), suggesting the magma
de-gases within the edifice. There is
also the additional factor of dehydra-
tion (boiling) of active hydrothermal
systems during a volcanic eruption
producing elevated gas pressures.
Robertson et al. (1998) and Sparks
(1997) give estimates of values for
internal system pressurization for
parts of a volcanic system. Robertson
et al. (1998) showed that a minimum
pressurization of 27.5 MPa was re-
quired to explain the locations of the
largest ballistics produced by the 1996
eruption of Soufriere Hills Volcano,
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Montserrat; Sparks (1997) suggested
typical excess pressures of 5-20 MPa.
Sparks (1997) also suggested maxi-
mum theoretical excess pressures of
close to 50 MPa, although due to
permeable flow within the edifice,
these theoretical pressures are rarely
reached. These values are not a homo-
geneous pressure present throughout
the edifice, but are presented here to
demonstrate values of local pressure
that have been measured or inter-
preted within a volcanic edifice.

Physical modelling

Initial experiments have been carried
out with a simple uniform cone con-
structed of air-dried angular (sharp)
sand, with provision for internal pres-
surization by gas (compressed air) at a
controlled rate pumped through the
base (Fig. 1a). Angular sand was used
because of its higher internal angle of
friction and repose compared with
other types of granular material. The
cone was created by raining particles
from above and rested upon a stiff
substrate of variable angle. The mod-
els were run with substrate angles of
5-20°. Using scaling arguments (be-
low) and following the Buckingham TT
theorem (Middleton and Wilcock,
1994), the controlling parameters for
a conical heap of sand are given in
Table 1. From Table 1 we can see that
there are five variables minus three
dimensions equal to two independent

Table 1 Geometric and mechanical var-
iables for a conical heap of sand

Variable Definition Dimensions
c cohesion kN m~2

) friction angle -

H height m

o slope angle -

Y unit weight kN m=3

dimensionless products, the stability
number N and a non-named group ®:

(1,2)

_tan¢
" tana

N = < and
vH

A model perfectly represents the
prototype if the two dimensionless
groups are the same for both. The @
parameter is matched if the ratio of
the friction angles and the slope angles
are the same. Estimates of the angle of
friction for a volcanic pile suggested
by other authors (Jaeger and Cook,
1979; Voight et al., 1983; Watters and
Delahaut, 1995) match closely the 38°
friction angle of the sand used. Thus a
model volcanic edifice needs the same
slopes as its prototype.

For a 2000-m-high volcanic cone,
taking ¢ to be 1 MPa (1000 kN m™2),
and v to be 25 kN m~3, Eq. (1) gives a
stability number (N) of 0.02. To
achieve this stability number for
a 0.2-m-high pile of sand (y=
20 kN m™), substituting these values
again into Eq. (1) ¢ = 0.08 kN m™
(80 Pa), which is practically unmeas-

Fig. 1 Sandpile model with air pressurization: (a) experimental set-up, (b) surface
expression of failure surface and (c) diagrammatic representation of the failure

surface.
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urable in the laboratory. Capillary
tensions in air-dried sand would prob-
ably exceed this equivalent (Schellart,
2000). Hard though it may be to
believe, a heap of sand on the labor-
atory workbench does truly represent
a perfectly scaled model of a large
volcanic edifice.

The fluid pressures scale on the
basis of the maximum pressure (u),
H and vy through the pore pressure
ratio r:

r=u/yH 3)

This is also a linear scaling, so the
reduced size of the physical model is
realistic. What does not scale linearly is
the rate dependency of the collapse
mechanism, and the propagation of
fluid pressures throughout the edifice.
Theses effects must be scaled on the
basis of a time factor, which depends
on rock mass permeability, fluid—rock
relative compressibility, unit weight of
the pore fluid and some critical size
parameter termed drainage path length
raised to the power 2. Modelling rate
effects is outside the scope of this
paper, except in a qualitative sense.

Numerical modelling

Numerical analysis into the effects of
gas pressurization was carried out
using two-dimensional limit equilib-
rium models. Limit equilibrium mod-
els use the most widely expressed
index of stability, the factor of safety
(Fs), which for a potential failure
surface is defined as the ratio of shear
strength to shear stress:

F=[s/ [ 4)

where s is the shear strength, 7 is the
shear stress and the integration takes
place along the length (L) of the
failure surface. Numerical calculations
were conducted using an in-house
slope stability analysis package fol-
lowing the iterative method of Bishop
(1955). This form of stability analysis
is commonplace in geotechnical engin-
eering and merits no further discus-
sion. Factors of safety of 1 or less
imply instability. Ordinarily, analysis
is conducted on a plane section
through a slope about a centre of
rotation, and two-dimensional meth-
ods of analysis usually give satisfac-
tory results for simple cases. This
approach was used by Voight and
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Elsworth (2000) as a general geometry
for their limit equilibrium analysis of
shallow flank and deep-seated edifice
failure. Although our analysis is
restricted to two dimensions, three-
dimensional methods have been devel-
oped and applied to, inter alia,
non-uniform surface topography and
loading, which arguably is closer to
the case represented by an unstable
volcanic edifice.

The physical values used in our
calculations are those defined previ-
ously by Voight et al. (1983) for the
Mt St Helens edifice: cohesion
(¢, 1000 kPa (1 MPa)), angle of fric-
tion (¢, 40°) and unit weight (W,
24 kN m™), with a pore pressure
ratio (u) of 0.3. These values were
used as they are in the middle of the
range of values presented by Schultz
(1995, 1996), Thomas et al. (2004),
Voight et al. (1983) and Watters et al.
(2000).

Results

Physical modelling

The effects of internally pressurizing a
sandpile model described above are
shown in Fig. 1(b,c). Viewed from

above, an arcuate crack is clearly
visible traversing the summit and
flanks of the pile. Several smaller

radial cracks are also evident. This
style of deformation was typical of the
response of the pile to internal pres-
surization. A sketch (Fig. 1c) of the
internal geometry of the slip surface
after the failed portion had been
removed confirms its deep-seated nat-
ure. Unsurprisingly the effect of
increasing the angle of the base resul-
ted in larger volume failures with a
shorter time to failure from the onset
of pressurizing the model. A key
observation is that the surface expres-
sion and geometry of the failure sur-
faces (Fig. 2) are similar to those
observed at Mount St Helens (Donn-
adieu et al., 2001), Mount Etna (Ti-
baldi and Groppelli, 2002) and La
Palma (Day et al., 1999). Detailed
morphological comparisons have not
been conducted, and the similarities
are purely in physical appearance.

Numerical modelling

Numerical results obtained from limit
equilibrium modelling independent

from the physical models are shown
in Figs 3 and 4. Calculations were set
up to take into account the effects of:
(1) no source of internal fluid pressur-
ization (dry), (2) internal fluid pres-
surization produced by ground water
infiltration only (wet) and (3) an
edifice with a source of internal gas
pressurization plus groundwater infil-
tration (wet plus internal).

A total of 42 500 possible failure
surfaces were analysed during each
simulation. For both cases, two model
geometries were used (Fig. 4) to rep-
resent the volcano edifice, a uniform
cone and one (more realistic) with
topography similar to the pre-1980
eruption Mount Helens. In this paper
there is no attempt to model Mount St
Helens and it is only the topography
that is used in the numerical models.
Results of both experiments are sum-
marized in Table 2. The internally
pressurized area was defined as 75%
of the volume of the defined edifice
topography and the pressure was set
at 100% at the pressure boundary
(Fig. 4) and 0 at the 75% limit, with a
linear distribution of pressure between
the two boundary conditions.

Figure 3 shows a plot of factor of
safety (Fs) against depth (km) calcu-
lated for a simple uniform cone for a
range of internal pressures from 5 to
35 MPa. For both model types, a
potential shallow instability is always
present (Fig. 3). However, the end
effect of increasing pressure is to (1)
drive the potential critical failure sur-
face deeper into the interior of the
edifice and (2) decrease the factor of
safety for that potential failure sur-
face.

Considering a simple cone, an inter-
nal pressure of 25 MPa, a value close
to the estimates of Robertson et al.
(1998), displaces the potential critical
failure surface from a shallow poten-
tial instability to depth of 3.2 km from
the centre of rotation (Fig. 3). Further
increasing the pressure to 35 MPa
lowers the Fs to below unity and
makes the slope unstable without any
additional factors being considered.

The effect of driving the potential
critical failure surface deeper within
the cone is that the volume above the
critical failure surface is increased
substantially relative to external pres-
surization by groundwater infiltration
(Fig. 4). Should the volcanic edifice
fail, then the potential volume of
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Fig. 2 Digital video stills showing the surface expressions of failure surfaces in the sand-pile models. All these images are from

models conducted on 5° slopes.
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Fig. 3 Plot of factor of safety (Fs) against depth for a uniform cone, calculated at
increasing internal pressure. Note that the shallow instability is still present in all
cases, but instead of steadily increasing with depth as in the curve at no internal
pressurization, Fg starts to decrease at depth when considering increasing internal
pressure, until at an internal pressure of 25 MPa, the critical failure surface is no
longer shallow, but is located at 3.2 km depth. (Note that all depths are taken from
the slip circles to centre of rotation and are not measurements below ground level.)
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material liberated during failure will
be far greater.

Discussion

Our numerical results and scaling
analysis suggest that internal fluid
pressurization may be significant in
promoting deep-level instabilities
within a volcanic edifice. It is fully
accepted that the physical models may
be an oversimplification of the prob-
lem and we acknowledge that internal
pressurization is unlikely to be the sole
cause of catastrophic edifice collapse.
It may nevertheless contribute signifi-
cantly to the growing number of
recognized mechanisms that compli-
cate collapse predictions (e.g. Reid
et al., 2001). In particular, it provides
a mechanism for driving the edifice
close to its critical state (Hill et al.,
2002).
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Pressure boundary

Confining bedrock

b St. Helens topography

1 km

Pressure boundary

Confining bedrock

° Centre of rotation
Critical failure surfaces:
1 Dry edifice
- - == 2 Wet edifice

3 Edifice with internal pressurisation

Fig. 4 Potential critical failure surfaces for a uniform cone (a), and an edifice with
pre-1980 Mount St Helens like topography (b), potential failure surfaces for a ‘dry’
edifice, a ‘wet’ edifice and a ‘wet’ edifice plus internal gas pressurization are shown.

Results are summarized in Table 2.

Table 2 Factor of safety (Fs) for the
potential critical failure surfaces in
Fig. 4 from the limit equilibrium mod-
elling (numbers refer to pressurization
regimes outlined in the text)

St Helens
Uniform cone topography
1 Dry 173 1 Dy 1.99
2 Wet 132 2 Wet 1.53
3 Wetplus 130 3  Wetplus 1.33
Internal Internal

Internal gas pressurization is a phe-
nomenon that must happen to some
extent in all active volcanoes, as the
recorded gas emissions are generally
more than the amount predicted from
petrological studies of the crystal con-
tent of the erupted products (de Hoog
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et al., 2001; Wallace, 2001). This sug-
gests the magma has a gas-rich phase
at depth. This, coupled with magma
de-gassing at shallower levels, could
lead to excess upward-propagating
pore pressures. In addition, dehydra-
tion (boiling) of active hydrothermal
systems during magma emplacement
leads to considerable eclevated pore
pressures (Reid, 2004). Once a vol-
canic system has reached a critical
state, collapse my be initiated by any
previously studied triggers (Dieterich,
1988; Iverson, 1995; McGuire et al.,
1996; Voight and Elsworth, 1997).
Indeed, if the edifice has been suffi-
ciently weakened by hydrothermal
alteration, internal pressurization
may itself bring about the onset of
collapse.
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