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Fragmentation is inherent in explosive eruptions. Fragmentation is usually credited to either a critical overpres-
sure during rapid decompression (the fragmentation threshold) or a critical strain achieved during magma
ascent. Here, we explore—using an elastic damage mechanics model—a scenario in which magma containing
overpressurised pores (as a result of a decompression event, crystallisation-induced pore overpressure, amongst
others) experiences a differential stress that can be accommodated elastically. This scenario has previously been
overlooked, primarily due to the limitations of the available experimental apparatus: Fragmentation experiments
cannot apply a differential stress and deformation experiments require that the applied pore fluid pressure does
not exceed the confining pressure. Unaffected by these limitations, our numericalmodelling has highlighted that
the brittle strength, and the strain required for failure, can be reduced by almost an order ofmagnitudewhen the
poreswithin themagma contain an overpressure of just 0.5MPa.Macroscopic failure of the numerical samples is
manifest as a throughgoing fracture and the generation of few fine particles (when comparedwith experimental
rapid decompression fragmentation). In certain scenarios, small differential stressesmay therefore act as a trigger
for sustained explosive activity if the resultant fracture can penetrate magmas containing high pore pressures
or if the fracture encourages flank/dome collapse, thus decompressing magma so that the pores contain over-
pressures above the fragmentation threshold. Alternatively, the resultant fracture could assist outgassing and
thus reduce the explosivity of subsequent eruptions during a particular period of unrest. External stresses, previ-
ously unconsidered but invariably present in a dynamic volcanic system, may therefore play a large role in the
development and cessation of explosive activity.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Magma fragmentation is often assigned to one of two mechanisms:
(1) Strain- or ascent-driven fragmentation, or (2) rapid decompression
fragmentation. The first mechanism, strain- or ascent-driven fragmen-
tation (e.g., Woods and Koyaguchi, 1994; Martí et al., 1999; Papale,
1999; Gonnermann and Manga, 2003; Melnik et al., 2005), occurs due
to an increase in strain rate and the structural relaxation time of the
magma close to the conduit walls, a consequence of the variation in
pressure and gas volume fraction across the conduit (Papale, 1999).
The melt phase of the magma will react as a solid if the strain rate
is higher than the inverse of the relaxation timescale (Dingwell
and Webb, 1990; Dingwell, 1996), leading to magma fragmentation
(e.g., Papale, 1999; Gonnermann and Manga, 2003). Strain-induced
fragmentation of ascending magma has been associated with sustained
explosive eruptions (Papale, 1999) and fracturing/healing cycles during
lava extrusion (Tuffen et al., 2003; Kendrick et al., 2014). Indeed, exper-
imental studies have also shown that magmas cross the viscous–brittle
transition as strain and strain rate are increased (e.g., Lavallée et al.,
2008; Cordonnier et al., 2012; Kendrick et al., 2013; Lavallée et al.,
2013; Shields et al., 2014). In the second mechanism, fragmentation is
induced when the rapid decompression of pressurised magma results
in a decompression wave capable of generating a tensile stress that
exceeds the strength of the magma (e.g., Alidibirov and Dingwell,
1996; Zhang, 1999; Koyaguchi et al., 2008). Bubbles of exsolved gases
form inmagmas as themagmadepressurises on its ascent to the surface
(Sparks, 1978; Toramaru, 1989; Mangan and Cashman, 1993; Navon
and Lyakhovsky, 1998; Gonnermann and Manga, 2012). If the ascent
rate is slow compared to the relaxation timescale of the melt phase,
the increasing volume of volatiles is accommodated by the growth of
bubbles (e.g., Proussevitch and Sahagian, 2005 and references therein).
In this scenario, the pressure inside the bubbles (the pore pressure, Pp)
will likely equilibrate with the overburden pressure provided by the
overlying magma column. However, a pore overpressure (i.e., when
the pore pressure is higher than the overburden pressure) can develop
if thedecompression rate exceeds the rate atwhich thebubblewalls can
grow (which is invariably tied to numerous factors, including the vola-
tile content, ascent rate, and viscosity; e.g., Massol and Jaupart, 1999;
Proussevitch and Sahagian, 2005; Nguyen et al., 2014). For example,
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Table 1
The physical andmechanical properties of the groundmass used in the Rock Failure and
Process Analysis code (RFPA2D) stochastic modelling. The same input values were used
in Heap et al. (2014).

Homogeneity index 3
Mean uniaxial compressive strength [MPa] 2300
Mean Young's modulus [GPa] 100
Poisson's ratio 0.25
Ratio of compressive to tensile strength 10
Frictional angle [degrees] 30
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pore overpressure can develop due to crystallisation of magma driving
local volatile oversaturation and the exsolution of volatiles into isolated
pores (e.g., Tait et al., 1989; Sparks, 1996; Stix et al., 1997). Local pore
overpressures can be generated if a low permeability magma plug
(Michaut et al., 2009; Yokoo et al., 2009) or low permeability country
rock (Jaupart, 1998; Kennedy et al., 2010) impedes gas movement
and ultimate escape. Larger overpressures can exist following rapid
decompression triggered by dome/sector collapse or fracture propaga-
tion (i.e., the magma is suddenly exposed to atmospheric pressure;
e.g., Alidibirov and Dingwell, 1996). For a given porosity, if the pore
overpressure exceeds a critical pressure—coined the fragmentation
threshold (e.g., Alidibirov and Dingwell, 1996)—the resultant decom-
pression wave results in an expansion of gas sufficient to break the
bubble walls and fragment the magma. Magma overpressure driven
fragmentation has been associatedwith awide variety of volcanic activ-
ity (Massol and Jaupart, 1999 and references therein), from Vulcanian
explosions (e.g., Druitt et al., 2002; Kennedy et al., 2005; Burgisser
et al., 2010; Cole et al., 2014) to Plinian eruptions (e.g., Walker and
Croasdale, 1970). As a result, considerable attention has been devoted
to understanding and quantifying the fragmentation threshold of
magma. Experimental studies, for example, have shown that the frag-
mentation threshold is inversely and nonlinearly dependent on con-
nected porosity (e.g., Alidibirov and Dingwell, 1996; Martel et al.,
2000, 2001; Spieler et al., 2004; Kueppers et al., 2006; Scheu et al.,
2008).

In this study we envisage a scenario where external differential
stresses are acting on themagmawithin a conduit. Such external stress-
es are likely ubiquitous in a highly stressed volcanic systemon the verge
of an explosive eruption (e.g., Gerst and Savage, 2004; Roman et al.,
2004). If the strain rate is sufficiently high, or the magma is sufficiently
viscous, these stressesmay be accommodated elastically by themagma.
In our scenario, the magma contains a pore overpressure that is insuffi-
cient to fragment the magma (i.e., the resultant pore overpressure is
lower than the fragmentation threshold). This pore overpressure
could exist due to a number of reasons, for example: Crystallisation, de-
compression fracture, and sector/dome collapse, amongst others. The
motivation of this study is to assess whether elastically accommodated
external differential stresses can fragment magma containing a pore
overpressure (below the fragmentation threshold) and, if so, to evaluate
the magnitudes of stresses and strains required and the style and char-
acteristics of brittle failure. Until now, the influence of external differen-
tial stresses and strains on the fragmentation or failure of magmas
containing a pore overpressure has not been explored specifically:
Experimental studies of overpressure-driven fragmentation have
been performed in the absence of an imposed differential stress
(e.g., Spieler et al., 2004) and triaxial deformation experiments
(e.g., Cordonnier et al., 2012) require that the confining pressure is
greater than the applied pore pressure. To explore this concept, we em-
ploy an elastic damage mechanics model—the two-dimensional flow-
coupled Rock Failure and Process Analysis code model (e.g., Tang
et al., 2002)—to deform numerical samples containing overpressurised
pores. A similar model has recently shown that, in the absence of a
pore overpressure, porosity and pore size play crucial roles in dictating
the brittle strength of volcanic rocks and magmas (Heap et al., 2014).
We briefly describe themodel before presenting the influence of poros-
ity and pore size on the failure of magmas containing pore overpres-
sures (at overpressures below the classically defined fragmentation
threshold). Finally, we demonstrate the implications of the model out-
put using simple conceptual volcanic scenarios.

2. Description of the model and simulations

Owing to their flexibility, elastic damage mechanics models have
been used to investigate damage accumulation and failure in a number
of scientific disciplines, including, and not limited to: Geophysics
(e.g., Tang et al., 2003), geology (e.g., Lacroix and Amitrano, 2013),
engineering (e.g., Xu et al., 2006), and volcanology (e.g., Heap et al.,
2014). Recently, Heap et al. (2014) demonstrated that output from the
Rock Failure and Process Analysis code model (Tang, 1997) is qualita-
tively similar to model predictions from the micromechanical model
of Sammis and Ashby (1986).

The two-dimensional flow-coupled Rock Failure and Process Analysis
code (F-RFPA2D) model (e.g., Tang et al., 2002, 2004; Wang et al., 2013),
used in this study, assumes that the melt within the magma reacts in an
elastic (i.e., the stress is not dissipated viscously) and brittle manner
(i.e., the melt acts as a solid and, as a result, the pores are stationary) to
an external stress. As a result, the start of our model (time and strain
equal zero) corresponds to the time when magmas containing a pore
overpressure first experience a differential stress that can be accommo-
dated elastically. Although a time-dependent RFPA model exists (Xu
et al., 2012), we have chosen to use a time-independent model because,
under the high strain rates implicated by a brittle response, there is insuf-
ficient time for time-dependent subcritical processes (such as stress cor-
rosion cracking, see Heap et al., 2011) to influence the mechanical
behaviour of the deforming magma. In this study we adopt the conven-
tion that compressive stresses and strains are positive.

The two-dimensional numerical samples of this study—40 mm in
length and 20 mm in width—consist of 80,000 square elements with
sides of 0.1 mm. The elements within the sample were assigned the
same mean physical and mechanical properties (Table 1) used in
Heap et al. (2014). To reflect material heterogeneity on the microscale
(variations in glass strength, microlite number density, amongst others),
each 0.1 mm square element is assigned a value of residual uniaxial
strength (compressive σcr and tensile σtr) and Young's modulus E0
using a Weibull probability density function (Weibull, 1951; Wong
et al., 2006):

x uð Þ ¼ m
uo

u
uo

� �m�1

exp � u
uo

� �m� �
ð1Þ

where x(u) is eitherσcr(u),σtr(u) or E0(u),where u is the scale parameter
of an individual element and u0 is the scale parameter of the average el-
ement (both of which depend on the parameter in question). We have
chosen to let the Weibull shape parameter bem= 3 (the homogeneity
index) for in all of our numerical simulations, the same value used in
Heap et al. (2014). Low values ofm (m b 3) result in heterogeneous sam-
ples and high values ofm (m N 3) result in homogeneous samples. An ex-
ample of the distribution of Young's modulus and uniaxial compressive
strength using m = 3, for a sample with the mean element physical
and mechanical properties given in Table 1 (containing 80,000 ele-
ments), is presented as Fig. 1. The modelled uniaxial compressive
strength of a numerical sample containing 0% porosity and a homogene-
ity index m = 3 was found to be 553 MPa (Heap et al., 2014). The
strength of porosity-free borosilicate glass is about 600MPa at a temper-
ature of 535 °C and a strain rate of 10−3 s−1 (Vasseur et al., 2013), serv-
ing to validate our approach and choice ofmean physical andmechanical
properties (Table 1) and Weibull shape parameterm.

We introduced porosity (5 or 25%) into our numerical samples in the
form of circular pores (diameter of either 0.5 or 1.0 mm). The pores
were placed in the samples at random and without overlap (i.e., all of
the porosity is isolated). Examples of the numerical samples are given
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Fig. 1. Example of the distribution of (a) Young's modulus and (b) uniaxial compressive strength for a sample with themean element physical andmechanical properties given in Table 1
and a Weibull shape factorm = 3 (the homogeneity factor). The sample contains 80,000 elements.
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Fig. 2. (a) Examples of the numerical samples (20 mm in width and 40 mm in length)
used in this study. The groundmass is grey and the porosity black. The porosity (Φ)
and the pore diameter (d) are given under each sample. (b) The pressures acting on a
sample in the model. Pp = pore fluid pressure; σ1 = axial pressure. In our simulations
Pp N Pc= 0 MPa.
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as Fig. 2a. For each combination of porosity and pore size, we prepared
numerical samples that contained pore pressures (Pp) of 0.5, 1, 2,
3, and 5 MPa (Fig. 2b). We flank the simulations of this study with
those performed with a pore pressure of 0 MPa presented in Heap
et al. (2014). Since the simulations are unconfined (i.e., the confining
pressure Pc = σ3 = 0 MPa) the implemented pore pressures can be
considered as overpressures by adopting a simple effective pressure
law where the effective pressure Peff = Pc − αPp; we assume that
poroelastic constant α = 1. The overpressures used in the simulations
of this study are all below the fragmentation threshold (Pth) defined
by the following relationship (Koyaguchi et al., 2008):

Pth ¼ 2S3 1 −Φð Þ
3Φ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ−1=3−1

p ð2Þ

where Φ is the porosity and S3 is an effective tensile strength. Eq. (2)
yields fragmentation threshold values of 19.3 and 5.2 MPa for 5% and
25% porosity, respectively (taking S3 = 2 MPa).

The stress–strain behaviour of the solid elements within the model
is governed by linear elastic theory and the generalised effective stress
principal of Terzaghi such that (e.g., Tang et al., 2002, 2004; Wang
et al., 2013):

σ 0
i j ¼ σ i j−αP f δi j ¼ λLδi jεv þ 2Gεi j ð3Þ

where σ′ij is the effective stress tensor (i, j = 1, 2, 3), σij and εij are the
stress and strain tensors, respectively, δij is the Kronecker delta, λL is
Lame's constant, G is the shear modulus, and εv is the volumetric strain
where εv= ε11+ ε22+ ε33. Although the F-RFPA2Dmodel has been pre-
viously used to determine permeability during deformation using equa-
tions adapted from Biot's (1941) theory of consolidation (e.g., Tang
et al., 2002; Xu and Tang, 2008), we use the model here to simply
deform samples containing pores with a pore fluid pressure (i.e., there
is no “seepage” in the simulations presented herein). The stress around
a pore containing a pore fluid overpressure is therefore a combination
of the stress field induced by a circular hole and the additional stress
field provided by the fluid pressure (Eq. (3); Tang et al., 2002). To dem-
onstrate the influence of a pore overpressure on the tensile stress field
surrounding a pore, we performed two supplementary simulations in
which we applied an external stress (a compressive stress of 1 MPa)
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stress field surrounding a pore that contains an internal pore pressure of 1 MPa.
Lighter colours correspond to higher tensile stresses. (d) A stress profile from B to
A (see panel (a)) for the simulations containing pore overpressures of 0 and 1 MPa
shown in panels (b) and (c).

183M.J. Heap et al. / Journal of Volcanology and Geothermal Research 301 (2015) 180–190
to a 10 × 10 mm square sample containing a central pore with a diam-
eter of 1 mm (Fig. 3). The tensile stress fields for the simulations, in
which the central pore contained no pressure and 1 MPa overpressure,
are presented as Fig. 3b and c, respectively, and stress profiles (from B,
the edge of the sample, to A, the edge of the pore; Fig. 3a) for both sim-
ulations are provided as Fig. 3c. The stress profiles show that the tensile
stress within the elements near the pore is much higher in the presence
of a pore overpressure. In detail, the pore overpressure increases the
tensile stress on elements up to 1.5 mm from the pore. We note that
the model only considers the mechanical influence of a pore fluid pres-
sure (Eq. (3)); the chemical influence of the presence of a fluid phase,
such as the reduction of surface free energy and subcritical cracking
mechanisms (e.g., Baud et al., 2000; Brantut et al., 2013), is neglected.
However, as discussed above, we consider that the strain rates implicat-
ed by a solid response of the melt are too high for subcritical crack
growth processes to exert any significant influence on the deformation.

The 40 × 20 mm numerical samples of this study were deformed
uniaxially (σ1 N σ2 = σ3 = 0; Fig. 2b) in 0.002 mm increments (corre-
sponding to strain increments of 0.005%). Following each uniaxial
loading increment, the stress acting upon each 0.1 mm element was
calculated:

σ1 ¼ E0 1−Dð Þε1 ð4Þ

where σ1 is the axial stress, D is the isotropic damage variable, and ε1
is the axial strain. If no elements were damaged in a particular loading
increment, the numerical sample was simply subjected to the next
0.002 mm displacement increment. However, an element is damaged
if the stress acting on the elementmeets one of the two strength criteria,
the maximum tensile strain criterion:

D ¼
0 ε N εt0

1−
σ tr

εE0
εtu ≤ ε b εt0

1 ε b εtu

8><
>: ð5Þ

or the Mohr–Coulomb criterion:

D ¼
0 ε b εc0

1−
σ cr

εE0
ε ≥ εc0

(
ð6Þ

where εtu is the ultimate tensile strain of the element, and σtr = λσt0

(where λ is the residual strength coefficient, and σt0 is the uniaxial
tensile strength at the elastic strain limit, εt0); and where the residual
uniaxial compressive strength σcr is defined as σcr = λσc0 (where λ is
the residual strength coefficient, and σc0 is the uniaxial compressive
strength at the elastic strain limit). When an element is damaged its
Young's modulus is modified according to the following elastic damage
constitutive law (Lemaitre and Chaboche, 1990):

E ¼ E0 1−Dð Þ ð7Þ

where E0 is the Young'smodulus of the damaged element.We note that,
although Eq. (7) stipulates that the Young's modulus of an element is
0 GPa when D = 1 (completely damaged), the programme assigns
a value of 1.0 × 10−5 GPa to prevent the system of equations from
being ill-posed. The tensile strength criterion was more likely to be
met since the tensile strength has been set as 1/10 of the compressive
strength (Table 1; Jaeger et al., 2007). If any elements were damaged
in a particular displacement increment, the distribution of stress and
pore pressure within the sample were recalculated; this process contin-
ued until only very few elements were damaged, at which point the
numerical sample was subjected to the next 0.002 mm displacement
increment. As a result, there is no deformation rate sensu stricto: The
numerical samples are deformed so that the rate of deformation does
not exceed the evolution of the microstructure. However, since the
melt of the magma within in the model reacts as an elastic solid, fast



Table 2
Model output summary of the 25 RFPA2D simulations used in this study.

Total
porosity
[%]

Pore
diameter
[mm]

Pore
overpressure
[MPa]

Axial strain
required for failure
[%]

Axial stress
required for failure
[MPa]

5a 0.5 0 0.4625 291.2
5 0.5 0.5 0.0700 50.2
5 0.5 1 0.0375 27.3
5 0.5 2 0.0725 52.9
5 0.5 3 0.0650 48.2
5 0.5 5 0.0550 42.1
5a 1.0 0 0.4125 229.8
5 1.0 0.5 0.0575 41.1
5 1.0 1 0.0650 24.0
5 1.0 2 0.0550 40.1
5 1.0 3 0.0450 18.1
5 1.0 5 0.0100 6.0
25a 0.5 0 0.2875 86.2
25 0.5 0.5 0.0475 17.2
25 0.5 1 0.0650 46.4
25 0.5 2 0.0425 16.1
25 0.5 3 0.0350 26.6
25 0.5 5 0.0650 48.8
25a 1.0 0 0.3250 75.8
25 1.0 0.5 0.0400 14.5
25 1.0 1 0.0200 7.5
25 1.0 2 0.0200 8.2
25 1.0 3 0.0300 5.2
25 1.0 5 0.0100 6.3
25 1.0 5 0.0100 6.0

a Simulation taken from Heap et al. (2014).
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deformation rates are implicit. This procedure continued until macro-
scopic sample failure. A flow chart showing the procedure is given as
Fig. 4.

3. Results

We investigated brittle failure in magma containing different values
of porosity (5% and 25%), pore sizes (diameters of 0.5 and 1.0 mm), and
pore overpressures below the classically defined fragmentation thresh-
old (i.e., 0.5, 1, 2, 3, and 5 MPa; Table 2). Examples of the simulated
stress–strain curves (porosity= 5%; pore diameter= 0.5mm) for sam-
ples containing pore overpressures of 0.5, 1, 2, 3, and 5 MPa are shown
in Fig. 5. Firstly, it is important to note that the stress–strain curves pro-
duced by themodel are similar to those observed for laboratory uniaxial
compressive strength experiments (e.g., Hoek and Bieniawski, 1965;
Brace et al., 1966; Scholz, 1968; Vasseur et al., 2013). In all of our simu-
lations, the samples failed macroscopically, marked in the stress–strain
curves by a sharp stress drop. Macroscopic sample failure, in all our
numerical samples, was manifest as a throughgoing fracture and the
generation of few fine (ash-sized) particles, examples of which are
given in Fig. 6.

Synopsis plots showing the influence of porosity, pore size, and pore
overpressure on the stress and strain required for macroscopic failure
are provided as Figs. 7 and 8. Globally, Figs. 7 and 8 show that stress
and strain required for failure are reduced dramatically as the pore over-
pressure is increased from 0 to 0.5MPa. For example, at a porosity of 5%
and a pore diameter of 0.5 mm, strength was reduced from ~290 to
~50 MPa as the pore overpressure was increased from 0 to 0.5 MPa
yes

calculate stress and
displacement

START

assign material
properties

apply displacement
increment

was a damage criterion met?
has an element failed?

is the control step
satisfied?

update strength and
stiffness 

END

assemble stiffness matrix

no

yes

no

Fig. 4. A flow chart outlining the procedure for the Rock Failure and Process Analysis code.
Modified from Heap et al. (2014).
(Fig. 7c). However, the stress and strain required for failure does not
change significantly as pore overpressure is increased from 0.5 to
5 MPa (Figs. 7 and 8; see also Table 2).

Themodel output shown in Fig. 7 highlights the influence of porosity
on the strain (Fig. 7a and b) and stress (Fig. 7c and d) required for
failure. Over the range of pore overpressures tested (0 to 5 MPa), the
25% porosity samples (represented by circles) failed at stresses and
strains that are, inmost cases, lower than their 5% porosity counterparts
(represented by squares; Fig. 7), althoughwe note that the difference in
strength between the 5% and 25% porosity samples is essentially negli-
gible at a pore overpressure of 5 MPa.

The model output shown in Fig. 8 highlights the influence of pore
size on the strain (Fig. 8a and b) and stress (Fig. 8c and d) required for
failure. Over the range of pore overpressures tested (0 to 5 MPa), the
samples containing 1.0 mm pores (represented by the open symbols)
failed at stresses and strains that are, in most cases, lower than those
samples containing 0.5 mm diameter pores (represented by the filled
symbols; Fig. 8).

4. Discussion

4.1. Model interpretation

In ourmodel, a circular void locally amplifies the stress (Sammis and
Ashby, 1986; Jaeger et al., 2007) and, during deformation, promotes
pore-emanating microcracks that grow from the pore wall and eventu-
ally coalesce leading to macroscopic failure (see Heap et al., 2014).
However, in the presence of a pore overpressure, the tensile stress
lobes at the north and south poles (those parallel to the direction of
the maximum principal stress) of the pore are magnified further (see
Fig. 3). This further stress amplification allows pore-emanating cracks
to developmore easily, explaining the reduction in the strain and stress
required for failure in the presence of a pore overpressure. Ultimately,
when an overpressure is present, the failure mode is identical to that
for simulations performed with no overpressure (i.e., the simulations
shown in Heap et al., 2014): Pore-emanating cracks, orientated parallel
to the maximum principal stress, coalesce to form a throughgoing
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0.5 mm, and a pore overpressure of 3 MPa.
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fracture (as observed in the post-failure snapshots shown in Fig. 6). The
macroscopic fracture often nucleates from pore clusters (i.e., locally
high porosities), also in accordance with the observations of Heap
et al. (2014). We find, perhaps surprisingly, that the stress and strain
required for failure does not change drastically as pore overpressure is
increased from 0.5 MPa to 5 MPa (Figs. 7 and 8). It is likely therefore
that the amplification of tensile stresses at a pore overpressure of
0.5 MPa is sufficient to form pore-emanating cracks and trigger run-
away sample failure at low external differential stresses.

The model output shows that the 25% porosity samples fail at lower
stresses and strains than those containing a porosity of 5% (Fig. 7). In
other words, over the range of pore overpressures investigated herein
(0 to 5MPa), sample porosity still exerts a control on themechanical be-
haviour. As for the simulations of Heap et al. (2014), the reduction in the
stress and strain required for failure as porosity is increased from 5% to
25% can be explained by the increased likelihood of pore clustering at
higher porosities. Pore clustering further amplifies local stresses by pro-
moting the overlap and interaction of the tensile stress lobes of
neighbouring pores. It follows that higher local stresses allow pore-
emanating cracks to develop at lower external differential stresses.
Our modelling also shows that, at a constant value of porosity, sam-
ples containing pore diameters of 1.0mm, for themost part, fail at lower
stresses and strains than those containing pore diameters of 0.5 mm
(Fig. 8). As for the influence of porosity, we can conclude that, over
the tested range of overpressures, pore size can still influence the
mechanical behaviour. Larger pores generate higher stress intensities
at the crack tips (Sammis and Ashby, 1986), allowing pore-emanating
cracks to propagate at low differential stresses, and permit a shorter
route for macroscopic failure (Heap et al., 2014).

We also notice that macroscopic failure in the presence of a pore
overpressure appears more localised than the accumulation of damage
within numerical samples containing no pore overpressure (as in
Heap et al., 2014). Deformation in the absence of a pore overpressure
typically involved the growth and development of several large (2–
3 mm) pore-emanating cracks; eventually one of these cracks, perhaps
favourably orientated or located within a zone containing a higher pore
number density, developed into the macroscopic fracture that resulted
in sample failure (Heap et al., 2014). By contrast, in the presence of
a pore overpressure, and likely due to the increased crack tip stress
intensity, once a crack reaches an appreciable length (above about
0.2–0.3 mm) it grows at the expense of the others and develops into
a throughgoing macroscopic fracture. Elsewhere in the sample, pore-
emanating cracks only reach lengths of about 0.2mm(Fig. 6). However,
and as discussed above, the style of macroscopic failure—a through-
going fracture—was unaffected by the presence of a pore overpressure
(Fig. 6; Heap et al., 2014).

4.2. Volcanological significance

Experimentally, magma has been shown to fail in a brittle manner
when deformed in compression at high strain rates (e.g., the uniaxial
experiments of Lavallée et al., 2008; Kendrick et al., 2013; Lavallée
et al., 2013). Ourmodel shows that, whenmagma can react to an exter-
nal stress elastically (i.e., at high strain rates), a pore overpressure of as
little as 0.5 MPa can drastically reduce the stress and strain required for
failure. We also find that, for a constant value of pore overpressure,
magmas containing higher porosities or larger pore diameters will fail
at lower stresses and strains.
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The observedmode of failure in our simulations differs considerably
from samples experimentally fragmented as a result of a decompression
wave (i.e., in the absence of a differential stress) inwhich the cylindrical
samples are broken perpendicular to their long axis into layers or discs
(Fowler et al., 2010); the volume of ash-sized particles during fragmen-
tation depends on the pore overpressure (e.g., Kueppers et al., 2006).
Although, we highlight that the requirement for macroscopic failure in
our simulations—the tensile failure of stressed elements between
neighbouring pores—is similar to the model of Koyaguchi et al. (2008)
which stipulates that fragmentation occurs when the tensile stress at a
mid-point between two bubbles exceeds a critical value that is inversely
proportional to the square root of bubble wall thickness. The difference
in mode of failure (decompression wave fragmentation versus magma
fracture due to an external differential stress) is likely to produce con-
siderably different volumes of fine particles. Strain localisation during
magma fracture (Fig. 6) produces little in the way of fine particles, and
only partial fragmentation, while the distributed fragmentation above
the fragmentation threshold can produce considerable volumes of fine
particles (e.g., Kueppers et al., 2006).

The resultant fracture may influence the progression of volcanic
activity in three ways, depicted in the cartoons of Fig. 9b. The cartoons
of Fig. 9 show a cross section of a volcano with a central conduit com-
posed of magma containing pressurised pores. While we appreciate
that our scenarios are simplifications of the complexity of the porosity
distribution in the conduit (e.g., Kennedy et al., 2005; Burgisser et al.,
2010; Laumonier et al., 2011; Michaut et al., 2013) we use these exam-
ples simply to illustrate the potential implications of our results. The
generation of a pore overpressure in the pores of themagma is achieved
by partial dome collapse in the cartoons, although the resultant decom-
pression wave is insufficient to fragment the underlying magma. The
first set of cartoons (Fig. 9a) depicts a scenario in which there are no
external stresses, or the external stresses are dissipated viscously. In
this scenario, the conditions for magma fragmentation or magma frac-
ture were not satisfied and there are no secondary consequences
of the decompression event. The second set of cartoons (Fig. 9b) depicts
a scenario in which external stresses can elastically deform the magma
and, although the conditions for fragmentation are not satisfied, the
magma fractures due to its low brittle strength in the presence of
overpressurised pores. In this scenario, the fracture of the magma is
envisaged to have one of three (not necessarily mutually exclusive)
consequences. First, if magma failure results in a fracture that cannot
access magmas with higher pore pressures, it may assist outgassing
(Fig. 9b), at least until it is sealed by any subsequent viscous sintering.
We highlight that the ease atwhich exsolvingmagma can outgas can re-
duce the explosivity of subsequent eruptions during a particular period
of unrest (e.g., Eichelberger et al., 1986; Woods and Koyaguchi, 1994;
Mueller et al., 2008; Castro et al., 2014; Nguyen et al., 2014; Okumura
and Sasaki, 2014; Farquharson et al., 2015). We further note that
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volatiles exsolved from ascending magma may generate a pore
overpressure in the country rock (e.g. Heiken et al., 1988). Our model
output suggests that, in the presence of a differential stress, these rocks
may fracture before the overpressure exceeds their tensile strength. In
other words, if there are no other detrimental consequences, fracturing
may assist outgassing and reduce the potential for future explosions/
eruptions. Second, explosive activity can ensue if the fracture can access
magma that, once depressurised, contains poreswith pore overpressures
above the fragmentation threshold (Fig. 9b). Third, the fracture could
structurally destabilise the dome or flank leading to further collapse
and the generation of a second decompression wave (Fig. 9b). In the
worst-case scenario, outcomes two and three could eventually lead to a
larger sustained explosive eruption. Therefore, during periods in which
stresses can be accommodated elastically, the fracture of magma, greatly
assisted by small pore overpressures, is likely to influence the progression
of volcanic activity, promoting explosivity by accessingmagmawith high
pore pressures or diffusing explosivity through outgassing.

We speculate that an external differential stress could also assist
rapid decompression fragmentation (i.e., the fragmentation thresh-
old could be lowered in the presence of an external stress). By reduc-
ing the fragmentation threshold, less energy is required to fragment
the magma, thus allocating more energy to fine particle generation
(Kueppers et al., 2006) and ballistic dispersion (Alatorre-Ibargüengoitia
et al., 2010). Any additional energy imparted to ballistic dispersion will
impact pre-eruptive overpressures predicted at active volcanoes using
caprock models. For example, the energy consumed by fragmentation
is subtracted in the caprock ejection model of Alatorre-Ibargüengoitia
et al. (2010). If we consider that external differential stresses can lower
the fragmentation threshold, and thereby reduce the energy required
for fragmentation, the predicted overpressures may be lower than the
estimations provided by such models.

5. Concluding remarks and perspectives

Hydrostatically,magmas canonly fragment above the fragmentation
threshold (e.g., Alidibirov and Dingwell, 1996). For example, a fracture
may not reach magma with pores containing a high enough pore pres-
sure, or dome collapse may not produce a decompression wave suffi-
cient to fragment the underlying magma. However, if the magma can
accommodate external stresses (ubiquitous in volcanic system on the
verge of an explosive eruption) in an elastic manner, the presence of a
small overpressure (as low as 0.5 MPa) may severely impact the way
in which the magma deforms. The fate of the magma in this scenario
has been largely overlooked, primarily a result of the limitations of the
experimental apparatus currently available. For example, experimental
studies of overpressure-driven fragmentation have been performed in
the absence of an imposed differential stress, and deformation experi-
ments require that the confining pressure is greater than the pore pres-
sure. Unaffected by these limitations, ourmodelling has highlighted that
the brittle strength, and the strain required for failure, of magma can be
reduced by almost an order of magnitude when the pores within the
magma contain a pore overpressure as low as 0.5 MPa. The failure
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mode of the numerical samples—a throughgoing fracture—differs signif-
icantly from layer-by-layer or complete fragmentation above the frag-
mentation threshold. The resultant fracture could assist outgassing and
thus help reduce the explosivity of subsequent eruptions during a partic-
ular period of unrest. Alternatively, the fracturemay accessmagmas that
then contain pores with pore overpressures above the fragmentation
threshold, or promote further dome/flank collapse that can generate a
decompression wave capable of magmatic fragmentation, resulting in
explosive activity. External stresses, previously unconsidered but invari-
ably present in a dynamic volcanic system, or the stress perturbations
likely to accompany any unrest activity, may therefore play a large role
in the development and cessation of explosive activity.
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