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Abstract

The microstructure and mineralogy of volcanic rocks is varied and complex, and their mechanical behaviour is similarly varied
and complex. This review summarises recent developments in our understanding of the mechanical behaviour and failure modes
of volcanic rocks. Compiled data show that, although porosity exerts a first-order influence on the uniaxial compressive strength
of volcanic rocks, parameters such as the partitioning of the void space (pores and microcracks), pore and crystal size and shape,
and alteration also play a role. The presence of water, strain rate, and temperature can also influence uniaxial compressive
strength. We also discuss the merits of micromechanical models in understanding the mechanical behaviour of volcanic rocks
(which includes a review of the available fracture toughness data). Compiled data show that the effective pressure required for the
onset of hydrostatic inelastic compaction in volcanic rocks decreases as a function of increasing porosity, and represents the
pressure required for cataclastic pore collapse. Differences between brittle and ductile mechanical behaviour (stress-strain curves
and the evolution of porosity and acoustic emission activity) from triaxial deformation experiments are outlined. Brittle behaviour
is typically characterised by shear fracture formation, and an increase in porosity and permeability. Ductile deformation can either
be distributed (cataclastic pore collapse) or localised (compaction bands) and is characterised by a decrease in porosity and
permeability. The available data show that tuffs deform by delocalised cataclasis and extrusive volcanic rocks develop compac-
tion bands (planes of collapsed pores connected by microcracks). Brittle failure envelopes and compactive yield caps for volcanic
rocks are compared, highlighting that porosity exerts a first-order control on the stresses required for the brittle-ductile transition
and shear-enhanced compaction. However, these data cannot be explained by porosity alone and other microstructural param-
eters, such as pore size, must also play a role. Compactive yield caps for tuffs are elliptical, similar to data for sedimentary rocks,
but are linear for extrusive volcanic rocks. Linear yield caps are considered to be a result of a high pre-existing microcrack density
and/or a heterogeneous distribution of porosity. However, it is still unclear, with the available data, why compaction bands
develop in some volcanic rocks but not others, which microstructural attributes influence the stresses required for the brittle-
ductile transition and shear-enhanced compaction, and why the compactive yield caps of extrusive volcanic rocks are linear. We
also review the Young’s modulus, tensile strength, and frictional properties of volcanic rocks. Finally, we review how laboratory
data have and can be used to improve our understanding of volcanic systems and highlight directions for future research. A deep
understanding of the mechanical behaviour and failure modes of volcanic rock can help refine and develop tools to routinely
monitor the hazards posed by active volcanoes.

Keywords Volcanic rock - Brittle - Ductile - Uniaxial compressive strength - Tensile strength - Coefficient of friction - Strain
localisation
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Introduction

Compared to granite and porous sedimentary rocks, our un-
derstanding of the mechanical behaviour and failure modes of
volcanic rocks is underdeveloped. One of the main reasons
behind this knowledge discrepancy is that discussion and col-
laboration between the rock deformation and volcanological
communities only began in earnest about a decade ago
(although we highlight the pioneering early work by
Shimada 1986; Shimada et al. 1989; Shimada 2000). Early
studies on granite were geared towards understanding earth-
quakes (e.g. Brace et al. 1966; Byerlee 1967; Scholz 1968;
Zoback and Byerlee 1975), as granite was considered a volu-
metrically important crustal rock, and more recent studies fo-
cussed on porous sedimentary rocks (e.g. Menéndez et al.
1996; Wong et al. 1997; Baud et al. 2004) were prompted
by their importance as reservoir rocks.

Understanding the mechanical behaviour and failure
modes of volcanic rocks represents a significant challenge
due to the immense variability of volcanic rocks in terms of]
for example, mineralogical composition, porosity, and micro-
structure (e.g. pore size and shape, crystal size and shape,
crystal content, presence of microcracks, presence of glass,
alteration) (e.g. Toramaru 1990; Blower et al. 2003; Wright
et al. 2009; Shea et al. 2010; Voltolini et al. 2011; Colombier
et al. 2017; Cashman 2020). The challenge presented by vol-
canic rocks is exemplified by a simple comparison between
the microstructure of a typical sandstone used in studies of
rock deformation (Bentheim sandstone, Germany; Fig. la;
Louis et al. 2007) and that of a typical extrusive volcanic rock
(andesite from Volcan de Colima, Mexico; Fig. 1b; Heap et al.
2020a). The sandstone, which contains 99% quartz and has a
porosity of 0.23 and a grain size of 50-500 um, has a very
homogeneous microstructure in comparison to the andesite,
which is characterised by heterogeneously distributed pores of
different sizes and shapes and phenocrysts of different types,
sizes, and shapes (Fig. 1).

The rewards of a deep understanding of the mechanical
behaviour and failure modes of volcanic rock include the de-
velopment or refinement of models designed to, for example,
assess volcanic dome or flank stability (e.g. van Wyk de Vries
and Francis 1997; Watters et al. 2000; Okubo 2004; Apuani
et al. 2005; del Potro and Hiirlimann 2008; Rodriguez-Losada
et al. 2009; Borselli et al. 2011; Schaefer et al. 2013), the
collapse of which can result in the generation of pyroclastic
density currents that can be costly both economically and in
terms of loss of life (e.g. Glicken 1996; Komorowski et al.
2013; Cole et al. 2015). Following failure, the flow velocity
and maximum distance obtained by a volcanic debris ava-
lanche can depend on the frictional properties of volcanic
rocks (e.g. Legros et al. 2000; Hiirlimann et al. 2000;
Brodsky et al. 2003; Sosio et al. 2012; Bernard and van
Wyk de Vries 2017; Peruzzetto et al. 2019; Hughes et al.

@ Springer

10 mm

10 mm

Fig. 1 (a) Two-dimensional slice extracted from a three-dimensional X-
ray tomographic image (cubic voxels of width 48.8 pum) of Bentheim
sandstone (Germany) (from Louis et al. 2007). (b) Two-dimensional slice
extracted from a three-dimensional X-ray tomographic image (cubic
voxels of width 23 pum) of an andesite from Volcan de Colima
(Mexico) (from Heap et al. 2020a). The grey level of the voxels corre-
sponds to their density (black = low density; white = high density)

2020). Laboratory-measured values of tensile strength can in-
form on the magma overpressures required for intrusion/
eruption (e.g. Gudmundsson 2011, 2020). The mechanical
properties (e.g. Young’s modulus) of volcanic rock layers
are also required for models that study dyke and fracture
arrest/propagation (e.g. Gudmundsson 2002; Geshi et al.
2012; Forbes Inskip et al. 2020; Gudmundsson 2020) and
elastic analytical solutions and numerical models widely used
in volcanology to interpret surface ground deformation (e.g.
Heap et al. 2020b). Data from deformation experiments per-
formed on volcanic rock can help construct strength profiles
for the oceanic crust (e.g. Violay et al. 2012, 2015a) and vol-
canic edifices (e.g. Bakker et al. 2019; Parisio et al. 2019,
2020). The strength and mechanical properties of volcanic
rocks are also of important in the context of geothermal energy
exploitation (Siratovich et al. 2016; Eggertsson et al. 2020;
Weaver et al. 2020; Heap et al. 2020c; Weydt et al. 2020).
Finally, the failure mode of volcanic rocks also controls how
their physical properties evolve. For example, brittle deforma-
tion can significantly reduce elastic wave velocities and create
an elastic wave velocity anisotropy (e.g. Stanchits et al. 2006;
Ougier-Simonin et al. 2011; Fortin et al. 2011; Adelinet et al.
2013; Harnett et al. 2018a), factors that should be considered
when interpreting seismic tomography at active volcanoes.
The brittle (e.g. Walker et al. 2013; Farquharson et al. 2016;
Heap and Kennedy 2016) and ductile (e.g. Farquharson et al.
2017) deformation of volcanic rock can increase and decrease
permeability, respectively, a metric considered important in
dictating whether a particular eruption is explosive (high-
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risk) or effusive (lower risk) (e.g. Eichelberger et al. 1986;
Mueller et al. 2008; Cassidy et al. 2018).

This review outlines recent advances in our understanding
of the mechanical behaviour and failure modes of volcanic
rocks. We first define the terms brittle and ductile. We then
describe how the mechanical behaviour and failure modes of
volcanic rocks are studied in the laboratory. We then present
the results of uniaxial compressive strength (UCS) experi-
ments on volcanic rocks, the factors that influence UCS, and
micromechanical modelling designed to interpret these data.
We then present the results of hydrostatic experiments on
volcanic rocks and highlight the differences between brittle
and ductile mechanical behaviour using triaxial deformation
data (i.e. non-hydrostatic). Brittle failure envelopes and
compactive yield caps for volcanic rocks are then compared,
and we discuss the influence of porosity and other microstruc-
tural attributes on the stresses required for the brittle-ductile
transition and shear-enhanced compaction. Microstructural
observations showing the operative micromechanisms of de-
formation are provided for both brittle and ductile behaviour,
and we discuss strain localisation in the ductile regime. Our
review is focussed on the deformation of volcanic rocks in
compression, although we also briefly summarise the tensile
strength and frictional properties of volcanic rocks. Finally,
we outline the implications of these data for volcanology
and avenues for future research.

On the definition of brittle and ductile
behaviour

In laboratory studies of rock deformation, the failure mode of
a particular sample is often categorised as either brittle or
ductile. A great number of rock deformation studies have fo-
cussed on finding the experimental conditions (often pressure
and temperature) required for the switch from brittle to ductile
behaviour (see reviews by Evans et al. 1990; Paterson and
Wong 2005; Wong and Baud 2012). This review will describe
brittle to ductile behaviour in volcanic rocks, and so it is im-
portant to first define how we use these terms. We consider
that the relevant scale for assigning the failure mode (brittle or
ductile) of a sample deformed in the laboratory is the
lengthscale of the sample. In its simplest terms, the hallmark
of brittle deformation is the localisation of strain (i.e. the for-
mation of a macroscopic shear fracture), whereas ductility
“describes the capacity of a material to deform to substantial
strain without the tendency to localise the flow into bands
(faults)” (Rutter 1986). This simple definition is somewhat
complicated, however, by instances of compaction
localisation in the ductile regime (Wong and Baud 2012). In
this review, samples that contain compaction localisation fea-
tures (compaction bands) are considered ductile. The opera-
tive micromechanisms of deformation are not considered

when assigning failure mode, although brittle behaviour is
synonymous with microcracking and frictional sliding.
Ductile deformation can proceed via a multitude of coopera-
tive micromechanisms, such as diffusional processes, crystal
plasticity, twinning, and even microcracking in the case of
cataclastic flow, and the efficiency of these processes depend
on, amongst other factors, the experimental temperature and
pressure and the imposed strain rate (Evans et al. 1990;
Paterson and Wong 2005; Wong and Baud 2012). (We note
that ductile deformation driven by microcracking is some-
times referred to as “semi-brittle”.) Therefore, based on our
definition, the concept of ductility in volcanic materials is not
restricted to viscous flow.

Studying mechanical behaviour and failure
mode in the laboratory

Rock deformation experiments are, for the most part, per-
formed on cylindrical samples cored from larger blocks.
Whereas granite, sandstone, and limestone blocks are typical-
ly sourced from quarries, the collection of volcanic materials
to study in the laboratory is complicated for a number of
reasons. First, collecting large and/or numerous blocks of vol-
canic rock is often impracticable: (1) blocks often have to be
carried long distances (sometimes in challenging terrain), (2)
potentially interesting sampling sites can be inaccessible due
to concerns of safety, and (3) it can be prohibitively expensive
to ship large blocks from volcanoes located in remote areas.
Second, volcanoes often represent sites of local cultural sig-
nificance and so permission and permits must be sought prior
to any sample collecting expedition. Third, due to the hetero-
geneity of volcanic systems, a well-designed experimental
study must first decide on the most representative/
appropriate sample(s) to address the goal of the study. For
example, if the goal is to understand the influence of porosity
on the mechanical behaviour of lavas (the term “lava” is used
in this review to refer to the cooled deposit of a lava flow),
then blocks of lava characterised by different porosities should
be collected (whilst trying to minimise other variables such as
mineralogical composition, crystal size and content, and pore
size and content). However, if the goal of the study is to
analyse the stability of a lava dome or volcano flank, then
one must first assess which materials are important to sample
(e.g. the most volumetrically important rock type). We further
note that most volcanic materials sourced for experimental
studies are surface or outcrop samples and that samples from
boreholes, that best represent the physical state of rock at
depth, are rare due to the high cost associated with drilling
and retrieving samples.

Once the blocks are in the laboratory, cylindrical samples
(typically 10-40 mm in diameter) are cored, cut, and their end-
faces are ground flat and parallel. Suggested methods for rock
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deformation, such as those outlined by the International
Society for Rock Mechanics (ISRM), typically advise exper-
imentalists to avoid using samples with a diameter less than 54
mm. However, and due to the aforementioned difficultly in
collecting large blocks, preparing large-diameter volcanic
rock samples is often not possible. As a result, experimental
studies on volcanic rocks typical use cylindrical samples that
are 1040 mm in diameter. We forward here, as also recom-
mended by the ISRM, that using small-diameter samples is
acceptable as long as the sample diameter is at least ten times
larger than the largest pore or crystal. Due the heterogeneous
distribution of stress within a cylindrical sample deformed in
uniaxial compression (e.g. Hawkes and Mellor 1970), it is also
recommended by the ISRM that cylindrical samples should
have a length to diameter ratio of 2.5 to 3. Mogi (2007) found
that the uniaxial compressive strength of cylindrical samples
(of granite, dolomite, and trachyte) increases at length to di-
ameter ratios above 2.5 (see also Tuncay et al. 2019), and that
the influence of this ratio on compressive strength decreased
when the samples were deformed under a confining pressure.
Due to the paucity of data of this type, especially for volcanic
rocks, we provide new experiments, described in the
Appendix, designed to explore the influence of the length to
diameter ratio on the uniaxial compressive strength of a dry
porous trachyandesite. Based on these new data, we recom-
mended here that experimental studies use samples that have a
length to diameter ratio of at least 2 and, importantly, that the
dimensions of the samples used are reported in published
works.

The most common, and most simple, type of experiment
employed to study the mechanical behaviour of volcanic rocks
is a uniaxial compression experiment (Fig. 2a). In this type of
experiment, the cylindrical sample is placed between two steel
pistons. The radial pressure on the sample is equal to atmo-
spheric pressure (i.e. the minimum and intermediate principal
stresses are both equal to 0.1 MPa) and one of the pistons
moves at a constant displacement or loading rate until the
sample fails macroscopically (the formation of a macroscopic
fracture). Deformation at a constant strain rate of 10> s is
common in studies of rock deformation, including those on
volcanic rocks. The main metric of interest is the uniaxial
compressive strength (i.e. the maximum axial stress the sam-
ple sustained before macroscopic failure), but the mechanical
data from these tests can also be used to provide values of, for
example, static Young’s modulus and Poisson’s ratio. Axial
force is monitored using a load cell and displacement (axial
and radial) by linear variable differential transducer(s)
(LVDT), strain gauge(s) glued onto the sample, optical/laser
displacement transducer(s), and/or by a circumferential strain
belt. A recent paper also found that near-infrared spectroscopy
can be used as a non-contact technique for measuring strain
(Butcher et al. 2019). Force and displacement (corrected for
the displacement of the loading chain) are then converted to
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Fig. 2 (a) Schematic diagram showing a typical setup for a uniaxial
compressive strength experiment. (b) Schematic diagram showing a typ-
ical setup for a triaxial deformation experiment. Arrows indicate how the
upper piston moves to deform the sample in compression. Experimental
samples are typically 10-40 mm in diameter. Setup dimensions will vary
from machine to machine

axial stress and axial strain using the sample dimensions.
Uniaxial load frames can also set up to measure, for example,
the output of acoustic emissions (AE) (a proxy for microcrack
initiation and growth; Lockner 1993) and the evolution of
elastic wave velocities (and therefore the evolution of dynam-
ic elastic moduli) during deformation. If equipped with a high-
temperature furnace, uniaxial compression experiments can
also be performed at high in-situ temperatures.

Triaxial compression experiments are required for a com-
plete mechanical characterisation of a given material. The cy-
lindrical sample is placed between two steel pistons, as for a
uniaxial experiment (Fig. 2b). However, for a triaxial experi-
ment, the sample is sleeved in an impermeable jacket (often
nitrile or Viton® for low-temperature experiments and copper
or steel for high-temperature experiments) and placed inside a
pressure vessel (Fig. 2b). A confining fluid (typically oil or
gas) is pumped into the pressure vessel to apply a radial or
confining pressure (the minimum and intermediate principal
stresses are both equal and are both higher than atmospheric
pressure), which is typically controlled by a pressure pump or
intensifier. Triaxial experiments can be performed on oven-
dry samples without a pressurised pore fluid within their void
space, but are often performed on samples saturated with
distilled/deionised water or gas that is pressurised and con-
trolled by another pressure pump or intensifier (Fig. 2b).
Before performing an experiment on a liquid-saturated (e.g.
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distilled/deionised water) sample, it is good practice to leave
the saturated sample in a container of the liquid for 48 h prior
to loading it into the machine, to allow time for the sample to
equilibrate with the liquid. It is common to increase the con-
fining pressure and pore pressure (such that the pore pressure
never exceeds the confining pressure) to pre-defined values
and keep them constant during the experiment (i.e. during the
deformation of the sample) using the aforementioned confin-
ing and pore pressure pumps. Before deforming the sample, it
is good practice to leave the sample at the target pressures for
at least an hour to allow the rock microstructure to equilibrate
to the imposed pressure conditions. The sample is then de-
formed by moving one of the steel pistons at a given displace-
ment or loading rate (often a displacement rate that corre-
sponds to a strain rate of 10~ s~'). Although the typically used
laboratory strain rate of 107> s " is faster than most geological
strain rates (Fagereng and Biggs 2019), we note that the strain
rates in volcanic systems are likely very variable. The dis-
placement of the piston and the axial load on the sample are
typically measured using the methods described for the uni-
axial experiments, and then converted to axial strain
(corrected for the displacement of the loading chain) and axial
stress using the sample dimensions. If necessary, such as when
metal jackets are used, the measurement of force is corrected
for the contribution of the jacket at the imposed experimental
temperature. By monitoring the movement of the pore pres-
sure intensifier, the change in sample volume or porosity can
also be monitored during deformation. Changes in volumetric
strain (i.e. sample porosity) during deformation can also be
determined using strain gauges glued onto the sample. For
experiments performed using a pore fluid pressure, it is im-
portant to ensure that the sample is “drained”. In other words,
that the deformation of the sample does not exceed the time
required for the fluid to reach the tips of growing microcracks.
If the permeability of the sample is not too low (>107"® m?),
then there should be no drainage issues at the strain rates
typically used in the laboratory (1075 sfl); however, this may
be an issue for low-permeability volcanic samples and a lower
strain rate should perhaps be considered (e.g. 10 °s™") (Heap
and Wadsworth 2016). We highlight that drainage is a sepa-
rate issue to that of pre-deformation saturation: completely
saturated samples will be undrained if they are deformed
quicker than fluids can reach growing microcrack tips.
Depending on the capability of the system, and the goal of
the experiment, deformation can be halted at an axial strain
much greater than that required for the formation of a macro-
scopic shear fracture in a brittle experiment. For experiments
at conditions at which the sample is expected to be in the
ductile regime, it is prudent to deform the sample to a high
axial strain to ensure ductile behaviour. As for the above-
described uniaxial experiments, if the kit is available, the out-
put of AE and the evolution of elastic wave velocities can be
measured during deformation. Some triaxial deformation

devices, such as the “Paterson press” (e.g. Paterson and
Olgaard 2000; Violay et al. 2015a), are equipped with a fur-
nace and can deform samples at high in-situ temperatures.

Other types of commonly performed test using a triaxial
deformation apparatus include: (1) hydrostatic experiments
(i.e. 0y = 0, = 03), during which the confining pressure is in-
creased slowly increased whilst monitoring for changes in the
porosity and/or elastic wave velocities of the sample and (2)
creep experiments, during which the sample is left to deform
at a constant differential stress close to its short-term failure
stress (e.g. Heap et al. 2011).

It is common in studies of rock deformation to assume a
simple effective pressure law, where the effective pressure,
P,y is equal to the confining pressure, P, minus the pore fluid
pressure, P,. In this review, as is the case for the vast majority
of rock deformation studies, we consider that compressive
stresses and strains are positive.

Mechanical behaviour and failure modes
of volcanic rock

The uniaxial compressive strength of volcanic rocks
A typical uniaxial stress-strain curve for volcanic rock

Before discussing the influence of the various rock attributes
(such as porosity) on the uniaxial compressive strength of
volcanic rocks, we will first describe a typical stress-strain
curve for volcanic rock deforming in uniaxial compression.
A typical uniaxial stress-strain curve for volcanic rock, an
andesite from Volcan de Colima, is presented in Fig. 3 (data
from Heap et al. 2014a).

First, axial stress is a non-linearly increasing function of
axial strain. This stage is often attributed to the closure of pre-
existing microcracks that are oriented such that their major-
axis is perpendicular or sub-perpendicular to the sample axis.
This stage is followed by a quasi-linear stage. The deforma-
tion in this stage is often considered to be elastic and static
elastic moduli, such as the Young’s modulus, can be deter-
mined using data from this stage (as indicated in Fig. 3). In the
next stage, axial stress is a non-linearly decreasing function of
axial strain. The start of this stage marks the stress at which the
deformation is no longer elastic and microcracks form, grow,
and coalesce. The stress required for the onset of
microcracking, also characterised by an uptick in AE activity,
is termed C” (indicated in Fig. 3). A peak stress (the uniaxial
compressive strength of the rock, 0,,; see Fig. 3), preceded by
an exponential increase in AE activity and followed by a stress
drop, is the last stage and signals the end of the experiment.
During this stage, coalesced microcracks conspire to form a
macroscopic (i.e. sample-scale) fracture within the sample.
Post-mortem microstructural observations on volcanic
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Fig. 3 A typical stress-strain curve, and accompanying acoustic emission
(AE) energy, for a volcanic rock deformed under uniaxial compression.
This curve is for an andesite from Volcan de Colima with a connected
porosity of 0.25 (data from Heap et al. 2014a). The onset of dilational
microcracking, C’, and the uniaxial compressive strength, 0,,, are labelled
on the curve. The region typically used for the calculation of Young’s
modulus, E, is also indicated

samples deformed in uniaxial compression show microcracks
emanating from pores and traversing through both ground-
mass and phenocrysts (Fig. 4). The stress-strain curve for an-
desite under uniaxial compression shown in Fig. 3 (from Heap
et al. 2014a) is qualitatively similar to those for other volcanic
rocks, such as basalt (e.g. Schaefer et al. 2013) and dacite (e.g.
Coats et al. 2018), and other non-volcanic rocks, such as gran-
ite (e.g. Brace et al. 1966; Scholz 1968) and sandstone (e.g.
Baud et al. 2014).

Factors that influence the uniaxial compressive strength
of volcanic rocks

Due to its first-order importance, uniaxial compressive
strength datasets are often plotted as a function of sample
porosity. Experimental studies have shown that the uniaxial
compressive strength of volcanic rocks decreases as a function
of increasing porosity (e.g. Al-Harthi et al. 1999; Pola et al.
2014; Heap et al. 2014b; Schaefer et al. 2015; Mordensky
et al. 2018; Coats et al. 2018), as observed for porous sedi-
mentary rocks (e.g. Baud et al. 2014). Figure 5 shows uniaxial
compressive strength as a function of porosity for a compila-
tion of volcanic rocks. This compilation includes data for an-
desite, basalt, dacite, and pyroclastic rocks (e.g. tuffs and
welded block-and-ash flow (BAF) deposits). The compilation
shown in Fig. 5 does not include samples deformed “wet”
(vacuum-saturated with distilled/deionised water), samples
that were deformed at strain/loading rates very different from
10 s, samples deformed at high in-situ temperatures, and
samples thermally stressed prior to deformation. The influ-
ence of these factors is discussed separately below. All of
these compiled data are provided in a Microsoft Excel©
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spreadsheet that accompanies this contribution as
Supplementary Material.

The data of Fig. 5 show that, although the uniaxial com-
pressive strength of volcanic rocks decreases nonlinearly as a
function of increasing porosity, there is considerable scatter in
the data. For example, at a porosity of 0.02, the strength can be
as low as ~25 MPa and as high as ~330 MPa (Fig. 5). We also
note that the range in strength for a given porosity is reduced
as porosity increases; for example, at a porosity of 0.6,
strength varies from a couple of MPa to ~50 MPa (Fig. 5).

In order to better understand the data, and the variability in
the data, presented in Fig. 5, we plot uniaxial compressive
strength as a function of porosity for the four main rock types
in our compilation: andesite, basalt, dacite, and pyroclastic
rocks (Fig. 6). These plots show that, for all rock types, uni-
axial compressive strength is reduced nonlinearly as a func-
tion of increasing porosity (Fig. 6). As for the combined
dataset (Fig. 5), we observe that the range in strength is high
at low-porosity and low at high-porosity for the two most
represented rock types, andesite (Fig. 6a) and basalt (Fig.
6b). The trend for dacite, the dataset with the fewest data, is
obscured by the paucity of data at low (< 0.1) and high (> 0.3)
porosity (Fig. 6¢). The data for pyroclastic rocks show two
main trends, one defined by the variably welded block-and-
ash flow deposits from Mt. Meager (Canada) (Heap et al.
2015a) and one defined by the variably altered Ohakuri ig-
nimbrites (New Zealand) (Heap et al. 2020c) (Fig. 6d).

It is clear from Fig. 6 that the scatter in the compiled dataset
(Fig. 5) cannot be explained by differences in rock type. The
reasons for this are twofold. Although porosity exerts a first-
order control on the uniaxial compressive strength of volcanic
rocks (Figs. 5 and 6), (1) it does not consider differences in
factors such as hydrothermal alteration, crystal content, and
groundmass crystallinity and (2) porosity is a scalar and does
not consider the nature of the void space: the proportion of
pores and microcracks and their geometrical properties (e.g.
pore radius and shape). The influence of these parameters on
the uniaxial compressive strength of volcanic rocks is
discussed below.

Experiments have shown that hydrothermal alteration can
either decrease or increase the strength of volcanic rocks (e.g.
del Potro and Hiirlimann 2009; Wyering et al. 2014; Frolova
et al. 2014; Pola et al. 2014; Mordensky et al. 2018;
Farquharson et al. 2019; Heap et al. 2020c; Frolova et al.
2020). Alteration associated with porosity reduction (e.g. dis-
solution) and/or the formation of clays can reduce strength
(e.g. del Potro and Hiirlimann 2009; Farquharson et al.
2019; Frolova et al. 2020) and alteration associated with a
decrease in porosity (e.g. pore- and crack-filling alteration)
can increase strength (e.g. Heap et al. 2020a). For example,
at a given porosity, the argillic alteration that characterises
Pinnacle Ridge at Mt Ruapehu (New Zealand) appears to
decrease the strength of andesite (Fig. 7a; Mordensky et al.
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Fig. 4 (a) Optical microscope image of intact andesite from Volcan de
Colima (Mexico). The thin section was prepared with florescent epoxy
and the image was taken using a transmitted florescent light source (the
rock is shown in black and the pore space in florescent yellow/green). (b)
Backscattered scanning electron microscope (SEM) image of intact tuff
from Alban Hills (Italy) (from Zhu et al. 2011). (¢) SEM image of intact
dacite from Mt Unzen volcano (Japan) (from Coats et al. 2018). (d)

2018). Indeed, altered low-porosity andesite can be signifi-
cantly weaker than unaltered andesite with the same porosity
(Fig. 7a; Mordensky et al. 2018). Figure 7b shows data for
highly-altered samples (that were initially identical) from the
Ohakuri ignimbrite (Heap et al. 2020c). The uniaxial compres-
sive strength of samples characterised by adularia/quartz alter-
ation, which precipitated within the pores and reduced the
porosity of the original deposit, ranged from ~20 to ~90
MPa, whereas the strength of samples characterised by smec-
tite alteration was ~4—11 MPa (Fig. 7b; Heap et al. 2020c).
These data not only highlight that alteration can significantly
influence the strength of volcanic rock, but also that the type
of alteration is important in dictating whether strength in-
creases or decreases.

Crystals (phenocrysts and microlites) are also considered to
influence the uniaxial compressive strength of volcanic rocks:
phenocrysts are commonly microcracked and both pheno-
crysts and microlites introduce heterogeneities that could act

Optical microscope image of andesite from Volcan de Colima deformed
to failure under uniaxial compression (from Heap et al. 2014a). The thin
section was prepared with florescent epoxy and the image was taken
using a transmitted florescent light source. (¢) SEM image of tuff from
Alban Hills deformed to failure under uniaxial compression (from Zhu
etal. 2011). (f) SEM image of dacite from Mt Unzen volcano deformed to
failure under uniaxial compression (from Coats et al. 2018)

as foci for stress concentration. However, recent deformation
experiments have suggested that, due to the link between po-
rosity and groundmass crystallinity, it is difficult to properly
assess the role of crystallinity on rock strength (Zorn et al.
2018). Numerical modelling, in which all microstructural pa-
rameters except phenocryst content can be kept constant, has
suggested that the strength of samples with the same porosity
decreases as a function of increasing phenocryst content
(Heap et al. 2016a).

Microcracks may not contribute much to the porosity of a
material, because they are volumetrically small compared to
pores, but they can greatly reduce rock strength. The
partitioning of the porosity is therefore an important factor
not considered in plots of uniaxial compressive strength as a
function of porosity (e.g. Figs. 5 and 6). For example, the
strength of a volcanic rock with a porosity of 0.02 composed
entirely of pores would likely be higher than a rock of the
same porosity composed entirely of microcracks. However,
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Fig. 5 Uniaxial compressive strength (UCS) as a function of porosity for
volcanic rocks (n = 870; these data are provided in a Microsoft Excel©
spreadsheet that accompanies this contribution as Supplementary
Material). Data from: this study, Behre (1929), Price and Jones (1982),
Price (1983), Erdogan (1986), Erguvanli et al. (1989), Ayday and Goktan
(1990), Martin et al. (1994), Okubo and Chu (1994), Schultz and Li
(1995), Topal and Doyuran (1997), Al-Harthi et al. (1999), Topal and
Soézmen (2003), Torok et al. (2004), Apuani et al. (2005), Yassaghi et al.
(2005), Jackson et al. (2005), Tuncay (2009), Erguler and Ulusay (2009),
Zhu et al. (2011, 2016), Heap et al. (2012), Yavuz (2012), Karakus and
Akatay (2013), Kendrick et al. (2013a), Heap et al. (2014a), Pola et al.
(2014), Siratovich et al. (2014), Heidari et al. (2014), Wyering et al.
(2014), Celik et al. (2014), Karaman and Kesimal (2015), Celik and
Ergiil (2015), Schaefer et al. (2015), Heap et al. (2015a, 2015¢),
Montanaro et al. (2016), Zhu et al. (2016), Marmoni et al. (2017),
Bubeck et al. (2017), Heap et al. (2018a, 2018b), Coats et al. (2018),
Mordensky et al. (2018), Lavallée et al. (2019), Harnett et al. (2019),
Heap et al. (2020b), Ryan et al. (2020), Kennedy et al. (2020), Di Muro
et al. (2021), and Kendrick et al. (2021)

uniaxial compressive strength (MPa)

while systematic studies on the influence of microcracks on
the strength of granite exist, conducted by thermally stressing
samples to different temperatures to create a suite of samples
with different microcrack densities (e.g. Alm et al. 1985;
David et al. 2012; Griffiths et al. 2017a), corresponding stud-
ies on volcanic rocks have been so far less insightful due to the
difficulty in preparing samples characterised by different de-
grees of microcracking (e.g. Heap et al. 2014a; Schaefer et al.
2015; Coats et al. 2018; Heap et al. 2018a). These experimen-
tal studies have shown that some volcanic rocks may not form
additional microcracks when thermally stressed in the labora-
tory. Indeed, the influence of thermal stressing on volcanic
rocks may be linked to their original microstructure, as
discussed in Daoud et al. (2020). Therefore, although we ex-
pect an increase in microcrack density to decrease the uniaxial
compressive strength of volcanic rock, it is challenging at
present to conclude as such with the available experimental
data.

The size and shape of pores is also known to influence the
strength of volcanic rock. First, numerical modelling suggests
that the strength of volcanic rock, when all other
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microstructural parameters are equal, decreases as a function
of increasing pore radius (Heap et al. 2014b; see also Fakhimi
and Gharahbagh 2011). The modelling of Heap et al. (2014b)
also suggests that the strength of a sample containing a non-
uniform pore radius will be closest in strength to that of the
largest pore size end-member. However, corresponding sys-
tematic experiments aimed at exploring the influence of pore
radius and pore size distribution on the strength of volcanic
rocks are absent owing to the difficulty in collecting samples
for which all other factors, especially the porosity, are equal.
Second, the influence of pore geometry on the strength of
volcanic rocks was illuminated by Bubeck et al. (2017), who
showed that the strength anisotropy of basalt from Kilauea
(USA) was negligible when the pores were sub-spherical,
whereas basalt containing low aspect ratio (the ratio of the
minor to the major axis) pores had a uniaxial compressive
strength of ~80 and ~40 MPa when deformed parallel and
perpendicular to the pore major axis, respectively (see also
Griffiths et al. 2017b). Pore size and shape are microstructural
parameters not considered in plots of uniaxial compressive
strength as a function of porosity (e.g. Figs. 5 and 6).

To conclude, the scatter in the data of Fig. 5 cannot be
simply explained by differences in rock type (because a
similar scatter is observed for a constant rock type; Fig. 6)
and is therefore, primarily, the result of the high variability
of volcanic rock samples in terms of hydrothermal alteration,
crystallinity, microcrack density, pore radius, and pore shape,
amongst other factors. It is unfortunately not possible to plot
the uniaxial compressive strength data of Fig. 5 as a function
of these parameters, or a variable that combines several of
these parameters, primarily because these parameters are rare-
ly quantified in published studies. To assist future data com-
pilations, we urge future laboratory studies to provide as much
information as possible on their experimental materials.

Environmental factors such as the presence of water, strain
rate, and temperature can also influence the strength of volca-
nic rocks. The data shown in Figs. 5 and 6 do not include
samples deformed wet (i.e. saturated with water), at strain/
loading rates very different from 10 s', following thermal
stressing, and at high in-situ temperatures. We will now dis-
cuss the influence of these factors on the uniaxial compressive
strength of volcanic rocks.

Water-weakening, where the dry strength of a rock is
higher than its wet strength, has been observed in sedimentary
rocks, such as sandstone, and is thought to be the result of the
presence of clays and a reduction in specific surface energy,
fracture toughness, and internal friction coefficient (e.g. Baud
etal. 2000a; Vasarhelyi and Van 2006; Heap et al. 2019a). For
tuffs, Zhu et al. (2011) suggested that water-weakening was
largely due to a reduction in fracture toughness, but may be
influenced by other microstructural and mineralogical factors.
More recently, Heap et al. (2018b) suggested that the presence
of clays and zeolites could explain water-weakening in tuffs.



Bull Volcanol (2021) 83: 33

Page90of47 33

350 1

300 1

250

200 1

150 1

andesite

a)

100

50 4
(]

® o ®°ge o0

uniaxial compressive strength (MPa)

03 04 05 06 07
porosity

dacite

350 1

300 1

250 1

200 1

150 1

100

50

0.0 01

05 06 07

uniaxial compressive strength (MPa)

03 04
porosity

0.2

Fig. 6 Uniaxial compressive strength (UCS) as a function of porosity for
(a) andesite, (b) basalt, (c) dacite, and (d) pyroclastic rocks (these data are
provided in a Microsoft Excel© spreadsheet that accompanies this

These authors found that large changes between the dry and
wet strength of tuff were observed for tuffs containing clays
and zeolites, and that this difference was negligible when no
clays or zeolites were present. We present in Fig. 8a the ratio
of wet to dry strength as a function of porosity for published
data for tuffs (compiled in Heap et al. 2018b). Because such
data are extremely rare or absent for volcanic rocks other than
tuffs, Fig. 8a also shows data unique to this study for two
basalts from Mt Etna (Italy), a trachyandesite from Volvic
(Chaine des Puys, France), an andesite from Kumamoto
(Japan), two andesites from Volcan de Colima, and a block-
and-ash flow from Mt. Meager (data provided in Table 1).
These new experiments were performed at a strain rate of
1.0 x 10° s Dry samples were vacuum-dried at 40 °C for
at least 48 h prior to experimentation, and wet samples were
first vacuum-saturated in deionised water and then deformed
within a water-filled container. Also included in Fig. 8a are
recent data for dacite from Mt Unzen volcano (Japan;
Kendrick et al. 2021). The ratio of wet to dry uniaxial com-
pressive strength is 1.09 and 0.96 for the two basalts (basalt 1
and basalt 2, respectively), 0.92 for the trachyandesite, 0.87
for the block-and-ash flow, and 0.56, 0.93, and 1.07 for the
three andesites (Kumamoto, andesite 1, and andesite 2,
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contribution as Supplementary Material). References for the data used
in this figure are provided in the caption of Fig. 5

respectively) (Table 1). The ratios calculated for the dacites
from Kendrick et al. (2021) are 1.04, 0.81, 0.97, 0.60, and
0.82 (for UNZ1, UNZ9a, UNZ9b, UNZ13, and UN14,
respectively; see Kendrick et al. 2021).

The data of Fig. 8a show that there is no systematic varia-
tion in water-weakening as a function of porosity. These data
also show that, excluding the andesite from Kumamoto and
the high-porosity dacite sample, water-weakening appears to
be more pronounced in tuffs than in the lavas and block-and-
ash flow deposit. As described above, variable clay and zeolite
contents for the compiled data for tuffs could explain, in part,
the scatter in strength reduction as a function of porosity (Fig.
8a; Heap et al. 2018b). In the absence of the data for three
lavas with a ratio above 1 (the low-porosity basalt from Etna,
the high-porosity andesite from Volcan de Colima, and one of
the dacites from Mt Unzen volcano), one could conclude that
lavas also are weaker when wet (Fig. 8a). However, if sample-
to-sample variability can explain the > 1 ratio in these three
rocks, it can also explain the water-weakening observed in all
samples except the andesite from Kumamoto and the high-
porosity dacite sample from Mt Unzen volcano. Although
we cannot forward a definitive reason for the large observed
water-weakening in the andesite from Kumamoto, it may be a
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Fig. 7 (a) Uniaxial compressive strength (UCS) as a function of porosity
for unaltered (black circles) and altered (white squares) andesites (light to
advanced argillic alteration) from Mt Ruapehu (New Zealand). Data from
Mordensky et al. (2018). (b) UCS as a function of porosity for highly
altered Ohakuri ignimbrite samples (New Zealand) that display adularia/
quartz alteration (black squares) and smectite alteration (white squares).
Both of these highly altered samples contain no glass (the original deposit
was found to contain 86 wt.% glass). Data from Heap et al. (2020c)

consequence of the large amount of feldspar in this rock
(~50%; Nara et al. 2010a), a mineral thought to be responsible
for some of the observed water-weakening in sandstone (Baud
etal. 2000a). Only one wet experiment was performed on each
of the dacites from Mt Unzen volcano. Because sample-to-
sample variability was high for these dacites (Kendrick et al.
2021), these data may invite overinterpretation. More experi-
ments are now required to better understand water-weakening
in lavas.

The data shown in Fig. 8a suggest that rock completely
saturated with water can be weaker than dry rock. However,
recent data provided in Hashiba et al. (2019) showed that an
andesite with a porosity of 0.17 progressively weakened as the
saturation index (the proportion of the porosity saturated with
water) increased from almost 0 to 1 (Fig. 8b). In detail,
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reductions in strength were high up to a saturation index of
0.2 (from ~95 to ~68 MPa), and only decreased by a further
couple of MPa as the saturation index was increased to 1
(Hashiba et al. 2019; Fig. 8b). The systematic reduction in
strength as a function of increasing saturation index adds con-
fidence to the hypothesis that lavas can be weaker when wet.
The data in Fig. 8b also suggest that water-weakening in vol-
canic rocks may only require partial saturation. More data are
now necessary to test this hypothesis.

A reduction in strain rate is known to reduce the uniaxial
compressive strength of granites and sandstones (e.g. Paterson
and Wong 2005). Laboratory studies have also shown that the
strength of dacite (Coats et al. 2018), basalt (e.g. Schaefer
et al. 2015), and andesite (Lavallée et al. 2019) decrease as a
function of increasing strain rate (in the range 10 °to 10" s
1. The data from Lavallée et al. (2019), for dry (i.e. room
humidity) porous andesite from Volcan de Colima, show a
systematic decrease in uniaxial compressive strength, from
60.5 MPa at a strain rate of 10" s to 36.6 MPa at a strain
rate of 10°° 5! (Fig. 9). Figure 9 also shows uniaxial com-
pressive strength as a function of strain rate for wet samples of
Kumamoto andesite, data unique to this study (Table 2).
These samples were first vacuum-saturated in deionised water
and then deformed within a water-filled container at strain
rates from 10° to 10~ s™'. Uniaxial compressive strength
was reduced from 76.3 MPa at a strain rate of 10 s~ to
55.1 MPa at a strain rate of 10 s (Fig. 9). The reduction
in strength as strain rate decreases considered to be a result of
the increased time available for time-dependent processes,
such as stress corrosion cracking (Heap et al. 2011), a mech-
anism that can influence deformation even under ambient lab-
oratory humidity (e.g. Brantut et al. 2013).

The influence of thermal stressing (i.e. transient exposure
to high temperature) on the uniaxial compressive strength of
volcanic rocks has been reasonably well studied. In tuffs, ther-
mal stressing has been shown to reduce uniaxial compressive
strength if they contain minerals that are affected by high-
temperatures, such as zeolites (e.g. Heap et al. 2012, 2018c¢;
Fig. 10a). For example, the strength of the Neapolitan Yellow
Tuff (Italy) was reduced from ~3.5 MPa to < 1 MPa following
exposure to 700 °C (Heap et al. 2012). The strength of green
tuff from Mt Epomeo (Ischia Island, Italy) was reduced from
~4.5 to ~1.5 MPa following exposure to 1000 °C (Heap et al.
2018c). However, the strength of tuff that did not contain
zeolites was not affected by exposure to a temperature of
1000 °C (Heap et al. 2012; Fig. 10b). These studies concluded
that the observed weakening following exposure to high tem-
perature was a result of microcracking and a porosity increase
as a result of the dehydroxylation of zeolites and clays. A
recent study also showed that smectite dehydration at high
temperature (up to 600 °C) reduced the strength of
hyaloclastite from the Krafla geothermal reservoir (Iceland;
Weaver et al. 2020).
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Fig. 8 (a) The ratio of wet to dry uniaxial compressive strength (UCS) as
a function of porosity. Data for tuff are those compiled in Heap et al.
(2018b). References for the tuff data used in this figure are provided in the
caption of Fig. 5. Data for lava (basalt, andesite, and trachyandesite) and
block-and-ash flow (BAF) are calculated using the averages of the values

Duclos and Paquet (1991) found that the strength of basalt
from the French Massif Central was reduced following expo-
sure to high temperature (Fig. 10d). These authors found that
uniaxial compressive strength decreased from ~340 MPa (no
thermal stressing) to ~140 MPa following exposure to 1000
°C (Duclos and Paquet 1991; Fig. 10d). However, the major-
ity studies have found that the uniaxial compressive strength
of lavas (basalt, andesite, and dacite) is largely independent of
thermal stressing temperature, even for samples exposed to
900 °C (e.g. Heap et al. 2009; Kendrick et al. 2013a; Heap
etal. 2014a; Schaefer et al. 2015; Coats et al. 2018; Heap ct al.
2018a). Uniaxial compressive strength as a function of ther-
mal stressing temperature for andesite from Volcan de Colima
(with a porosity of 0.07 to 0.09) is shown in Fig. 10c (the
studies of Heap et al. (2014a), Schaefer et al. (2015), and
Coats et al. (2018) only measured strength for one thermal
stressing temperature). These data show that uniaxial com-
pressive strength was unaffected by thermal stressing temper-
ature. Reasons forwarded to explain this independence in-
clude (1) the mineral constituents of these volcanic rocks do
not undergo chemical or phase transformations within the
studied temperature range, (2) that these volcanic rocks adhere
to the Kaiser temperature memory effect, which stipulates that
a rock must be exposed to a temperature higher than it has
previously seen to impart new microcrack damage, and (3)
that thermal expansion is accommodated by the numerous
pre-existing microcracks within these materials and, as a re-
sult, stresses at the microscale do not exceed the local strength
of the mineral constituents.

High in-situ temperatures are also known to influence the
uniaxial compressive strength of volcanic rocks. Since the
focus of this review is volcanic rocks, not magma, we will
restrict our discussion here to samples that failed in a brittle
manner and exclude those that deformed viscously. When
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presented in Table 1 (data unique to this study). Data for dacite from
Kendrick et al. (2021). (b) UCS as a function of saturation index (propor-
tion of the porosity saturated with water) for Sanjome andesite (porosity =
0.17). Data from Hashiba et al. (2019)

glassy samples are deformed at high temperature at a strain
rate slower than the relaxation timescale of their melt phase,
they will deform in a ductile manner (e.g. Lavallée et al. 2013;
Kendrick et al. 2013b; Coats et al. 2018). Some laboratory
studies have shown that the uniaxial compressive strength of
volcanic rocks increases as a function of increasing tempera-
ture (e.g. Duclos and Paquet 1991; Benson et al. 2012;
Schaefer et al. 2015; Coats et al. 2018; Heap et al. 2018a).
For example, the strength of andesite from Volcan de Colima
was increased from ~120 MPa at an in-situ temperature of 400
°C to ~133 MPa at an in-situ temperature of 700 °C (Heap
et al. 2018a; Fig. 10c) (the studies of Schaefer et al. (2015),
and Coats et al. (2018) only measured strength for one high in-
situ temperature). The strength of basalt from the French
Massif Central increased up to 700 °C and then decreased at
temperatures of 800, 900, and 1000 °C (Duclos and Paquet
1991; Fig. 10d). To explain the strengthening at high-temper-
ature, some of these studies hypothesised that pre-existing
microcracks, abundant in these materials, closed at high tem-
perature due to mineral expansion, thus strengthening the ma-
terial. Several experimental studies, however, have shown that
the uniaxial compressive strength of volcanic rocks does not
change as a function of temperature or decreases at high-tem-
perature. For example, Smith et al. (2011) found that the uni-
axial compressive strength of a glass-poor dacite from Mt St
Helens (USA) was unchanged as temperature was increased
from 25 to 900 °C. Smith et al. (2009), however, showed that
the uniaxial compressive strength of andesite from Mt Shasta
(USA) was unchanged up to a temperature of 600 °C (~125
MPa) and was reduced to ~90 MPa at a temperature of 900 °C.
Similarly, Rocchi et al. (2004) found that the strength of ba-
salts from Mt Etna and Vesuvius (Italy) was unchanged up to
600 °C, decreased at 800 °C, and decreased further at 1000 °C.
These same authors showed that the strength of a lava crust
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Table 1  Summary of the data unique to this study used to assess the
influence of water on the uniaxial compressive strength (UCS) of volca-
nic rocks. Experiments were performed at a strain rate of 1.0 x 107 s
Dry samples were vacuum-dried at 40 °C for at least 48 h prior to

experimentation, and wet samples were first vacuum-saturated in
deionised water and then deformed within a water-filled container. BAF'
block-and-ash flow

Volcano Rock type Porosity Condition UCS (MPa)
Mt Etna (Italy) Basalt 1 0.05 Dry 141.7
Mt Etna (Italy) Basalt 1 0.05 Dry 145.3
Mt Etna (Italy) Basalt 1 0.05 Dry 134.5
Mt Etna (Italy) Basalt 1 0.05 Dry 127.5
Mt Etna (Italy) Basalt 1 0.05 Dry 1424
Mt Etna (Italy) Basalt 1 0.05 Wet 155.2
Mt Etna (Italy) Basalt 1 0.05 Wet 1454
Mt Etna (Italy) Basalt 1 0.05 Wet 158.6
Mt Etna (Italy) Basalt 1 0.05 Wet 144.5
Mt Etna (Italy) Basalt 2 0.10 Dry 19.7
Mt Etna (Italy) Basalt 2 0.14 Dry 16.2
Mt Etna (Italy) Basalt 2 0.14 Dry 17.0
Mt Etna (Italy) Basalt 2 0.15 Dry 16.6
Mt Etna (Italy) Basalt 2 0.10 Wet 18.7
Mt Etna (Italy) Basalt 2 0.07 Wet 18.3
Mt Etna (Italy) Basalt 2 0.14 Wet 16.1
Chaine des Puys (France) Trachyandesite 0.20 Dry 94.6
Chaine des Puys (France) Trachyandesite 0.21 Dry 96.4
Chaine des Puys (France) Trachyandesite 0.20 Dry 84.2
Chaine des Puys (France) Trachyandesite 0.21 Dry 91.1
Chaine des Puys (France) Trachyandesite 0.21 Dry 94.8
Chaine des Puys (France) Trachyandesite 0.21 Dry 94.7
Chaine des Puys (France) Trachyandesite 0.20 Wet 76.3
Chaine des Puys (France) Trachyandesite 0.21 Wet 89.4
Chaine des Puys (France) Trachyandesite 0.20 Wet 84.9
Chaine des Puys (France) Trachyandesite 0.21 Wet 88.2
Chaine des Puys (France) Trachyandesite 0.21 Wet 96.6
Chaine des Puys (France) Trachyandesite 0.21 Wet 88.0
Volcan de Colima (Mexico) Andesite 1 0.07 Dry 86.0
Volcan de Colima (Mexico) Andesite 1 0.07 Dry 80.6
Volcan de Colima (Mexico) Andesite 1 0.07 Dry 83.3
Volcan de Colima (Mexico) Andesite 1 0.07 Dry 81.9
Volcan de Colima (Mexico) Andesite 1 0.07 Dry 76.7
Volcan de Colima (Mexico) Andesite 1 0.07 Wet 74.8
Volcan de Colima (Mexico) Andesite 1 0.07 Wet 76.2
Volcan de Colima (Mexico) Andesite 1 0.07 Wet 78.6
Volcan de Colima (Mexico) Andesite 1 0.07 Wet 73.6
Volcan de Colima (Mexico) Andesite 1 0.07 Wet 76.3
Volcan de Colima (Mexico) Andesite 2 0.21 Dry 24.8
Volcan de Colima (Mexico) Andesite 2 0.21 Dry 24.9
Volcan de Colima (Mexico) Andesite 2 0.22 Dry 22.5
Volcan de Colima (Mexico) Andesite 2 0.22 Dry 20.6
Volcan de Colima (Mexico) Andesite 2 0.22 Dry 22.5
Volcan de Colima (Mexico) Andesite 2 0.22 Wet 27.8
Volcan de Colima (Mexico) Andesite 2 0.21 Wet 29.7
Volcan de Colima (Mexico) Andesite 2 0.22 Wet 20.7
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Table 1 (continued)

Volcano Rock type Porosity Condition UCS (MPa)
Volcan de Colima (Mexico) Andesite 2 0.23 Wet 21.5
Volcan de Colima (Mexico) Andesite 2 0.22 Wet 233
Mt Meager (Canada) BAF 0.11 Dry 56.7
Mt Meager (Canada) BAF 0.13 Dry 62.8
Mt Meager (Canada) BAF 0.10 Dry 74.3
Mt Meager (Canada) BAF 0.11 Dry 63.1
Mt Meager (Canada) BAF 0.13 Dry 62.9
Mt Meager (Canada) BAF 0.13 Dry 54.4
Mt Meager (Canada) BAF 0.12 Dry 68.9
Mt Meager (Canada) BAF 0.15 Dry 68.3
Mt Meager (Canada) BAF 0.12 Dry 65.5
Mt Meager (Canada) BAF 0.11 Dry 66.0
Mt Meager (Canada) BAF 0.13 Wet 61.1
Mt Meager (Canada) BAF 0.14 Wet 46.3
Mt Meager (Canada) BAF 0.14 Wet 529
Mt Meager (Canada) BAF 0.13 Wet 62.7
Mt Meager (Canada) BAF 0.11 Wet 57.8
Mt Meager (Canada) BAF 0.12 Wet 59.5
Mt Meager (Canada) BAF 0.10 Wet 48.0
Mt Meager (Canada) BAF 0.13 Wet 61.6

sample from Mt Etna decreased at temperatures of 300 °C and
above (Rocchi et al. 2004). As discussed in Rocchi et al.
(2004), quantities of glass within these samples may explain
the observed weakening at high-temperature.

To conclude, experimental studies have shown that (1) the
presence of water reduces the strength of tuffs that contain

® andesite (Volcan de Colima) (dry)
andesite (Kumamoto) (wet)

uniaxial compressive strength (MPa)
— N w N [6)] (o)) ~ (o]
o o o o o o o o o
1 1 1 1 1 1 1 1 1

10® 107 10® 10° 10% 10° 102 10"
strain rate (s™)

Fig. 9 Uniaxial compressive strength (UCS) as a function of strain rate
for andesite from Volcan de Colima (Mexico; data from Lavallée et al.
2019) and Kumamoto andesite (Japan; data unique to this study; Table 2).
The andesite from Volcan de Colima was deformed dry and the
Kumamoto andesite was deformed wet

zeolites and clays, but that more experiments are required to
understand whether lavas are weaker when wet, (2) decreasing
strain rate reduces the strength of volcanic rocks due to the
increased time available for time-dependent deformation
micromechanisms, (3) thermal stressing decreases the strength
of volcanic materials that contain zeolites and/or clays, but
that more experiments are required to understand the influence
of thermal stressing on the strength of lavas, and (4) high in-
situ temperatures can increase the strength of lavas (below
their threshold glass transition temperature). Despite the stud-
ies outlined above, more data and analyses are now needed to
better understand the influence of water, strain rate, thermal
stressing temperature, and high in-situ temperature on the
strength of volcanic rocks.

Micromechanical modelling: uniaxial compressive strength

Micromechanical models are often employed to gain further
insight as to the microstructural attributes that most influence
the uniaxial compressive strength of rocks. The two most
widely used models were developed for microcracked mate-
rials (the “wing-crack” model; Ashby and Sammis 1990), of-
ten used for low-porosity rocks, and for materials containing
pores (the “pore-crack” model; Sammis and Ashby 1986),
often used for high-porosity rocks.

The sliding wing-crack model describes a two-dimensional
elastic medium populated with cracks of length 2¢ that are
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Table 2 Summary of the data
unique to this study used to assess
the influence of strain rate on the
uniaxial compressive strength
(UCS) of volcanic rocks. These
samples were first vacuum-
saturated in deionised water and
then deformed within a water-
filled container

Volcano Rock type Porosity Condition Strain rate (s') UCS (MPa)
Kumamoto (Japan) andesite 0.13 Wet 108 60.3
Kumamoto (Japan) andesite 0.14 Wet 108 53.1
Kumamoto (Japan) andesite 0.13 Wet 107 58.5
Kumamoto (Japan) andesite 0.14 Wet 107 56.9
Kumamoto (Japan) andesite 0.14 Wet 10°° 60.1
Kumamoto (Japan) andesite 0.13 Wet 10°¢ 69.3
Kumamoto (Japan) andesite 0.14 Wet 10°¢ 67.0
Kumamoto (Japan) andesite 0.13 Wet 107 70.0
Kumamoto (Japan) andesite 0.13 Wet 107 69.3
Kumamoto (Japan) andesite 0.13 Wet 10° 69.6
Kumamoto (Japan) andesite 0.14 Wet 10°° 60.5
Kumamoto (Japan) andesite 0.14 Wet 10°° 68.5
Kumamoto (Japan) andesite 0.14 Wet 107 75.0
Kumamoto (Japan) andesite 0.13 Wet 10 83.0
Kumamoto (Japan) andesite 0.13 Wet 107 82.1

N
]
QO 54
E a) @® Neapolitian Yellow Tuff (NYT)
5 B Mt Epomeo green tuff
(*))
c n =
o
s 44
] [ ]
[0} [ ] |
= u
% °
) [ ]
S 21 o
IS ]
o
o [ ]
© L)
x
S 01
c T T T T T T T T T T T
=3 0 100 200 300 400 500 600 700 800 900 1000
thermal stressing temperature (C)

~
&

124
2 b)
£ 104 AR A
2 | s
(0]
s 81
[]
(0] @® Grey Campanian ignimbrite
% 6 W Piperno tuff
[}
o
a 41
IS
3 2 4 ¥ <
IS SR E T A
x
S 04
c T T T T T T T T T T T
S 0 100 200 300 400 500 600 700 800 900 1000

thermal stressing temperature (C)

Fig. 10 (a) Uniaxial compressive strength (UCS) of tuffs (Neapolitan
Yellow Tuff and tuff from Mt Epomeo, both Italy) that contain clays
and zeolites as a function of thermal stressing temperature (data from
Heap et al. 2012, 2018c). (b) UCS of tuffs (Grey Campanian ignimbrite
and Piperno tuff, both Italy) that do not contain clays or zeolites as a
function of thermal stressing temperature (data from Heap et al. 2012).

@ Springer

~
o
140 1
= b g
= ) . g c)
£ 120{ m o 3
8) L] H [ ] (]
g 1oo{ B
> ®
o 801
=
@ 60
[0}
s
40
g andesite
% 201 | @ thermally stressed
< O in-situ temperature
S 01
C T T T T T T T T T T T
S 0 100 200 300 400 500 600 700 800 900 1000
temperature (C)
~
c
450 [u]
2 P o d)
< 400 ° o
D 3501 o
o 300 4
17 A0
_g 250 4 T
»
» 2004
3 °
o 1504 [ ] ° °
g 1004 basalt o u]
< 50 @ thermally stressed o
< O in-situ temperature
S 01
c T T T T T T T T T T T
S 0 100 200 300 400 500 600 700 800 900 1000

temperature (C)

(¢) UCS of andesite (Volcan de Colima, Mexico) as a function of thermal
stressing temperature (black circles) and in situ temperature (white
squares) (data from Heap et al. 2018a). (d) UCS of basalt (French
Massif Central) as a function of thermal stressing temperature (black
circles) and in-situ temperature (white squares) (data from Duclos and
Paquet 1991)



Bull Volcanol (2021) 83: 33

Page 150f47 33

aligned at an angle of y = 45° to the maximum principal stress
(Fig. 11a). The pore-crack model describes a two-dimensional
elastic medium populated with circular pores of a uniform
radius, 7 (Fig. 11b). Once the frictional resistance of the ini-
tially closed crack is overcome in the wing-crack model,
cracks can propagate to a distance / in a direction parallel to
the maximum principal stress when the crack-tip stress
reaches the fracture toughness of the material, K;c (Fig.
11a). In the pore-crack model, cracks can propagate to a dis-
tance / in a direction parallel to the maximum principal stress
when the stress at the tip of a crack on the curved surface of the
pore reaches K;c (Fig. 11b). In both models, the cracks even-
tually grow long enough to interact and ultimately coalesce,
resulting in the macroscopic failure of the medium (Fig. 11).
Analytical solutions exist for both models. The analytical so-
lution for the wing-crack model can be used to estimate uni-
axial compressive strength, o,,, using the friction coefficient of
the sliding crack, u, the K;c of the material, the crack half-
length, ¢, and an initial damage parameter, D,, which is a
function of the crack angle and density (Baud et al. 2014):

P . S (1)
g V1 + 2= /me

where constants m and »n are 1.346 and —0.256, respectively
(Baud et al. 2014). In the analytical solution for the pore-crack
model, 0, can be estimated using the pore radius, r, the poros-
ity, ¢, and K¢ of the material (Zhu et al. 2010):

_a Ko
- (;Sb /T

where constants ¢ and b are 1.325 and 0.414, respectively
(Zhu et al. 2010). Constants a and b are taken from an empir-
ically fitted power law to theoretical predictions of uniaxial
compressive strength as a function of porosity (see Zhu et al.
(2010) for more details).

The pore-crack and wing-crack models have previously
been used to explore the mechanical behaviour of volcanic
rocks (e.g. Zhu et al. 2011; Vasseur et al. 2013; Heap et al.
2014a, 2015a, 2016b; Zhu et al. 2016; Coats et al. 2018). The
wing-crack model best suits rocks characterised by a micro-
structure composed of microcracks, usually low-porosity
rocks, and the pore-crack model best suits rocks with a micro-
structure consisting of pores, usually high-porosity rocks.
Recent studies that have measured the permeability of volca-
nic rocks suggest that the porosity at which the microstructure
changes from microcrack-dominated to pore-dominated is

(2)

Op

Fig. 11 (a) The sliding wing- a) l
crack model of Ashby and

Sammis (1990), which describes /

a two-dimensional elastic medi- /

um populated with cracks of \ / \ \

length 2c that are aligned at an
angle of y = 45°. (b) The pore-
crack model of Sammis and
Ashby (1986), which describes a
two-dimensional elastic medium
populated with circular pores of a
uniform radius, ». Arrows indicate
the direction of the maximum
principal stress. See text for
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about 0.15 (Heap et al. 2014a; Farquharson et al. 2015; Heap
and Kennedy 2016; Kushnir et al. 2016) and so, from these
data, we could infer that the wing-crack model should not be
used for volcanic rocks with a porosity > 0.15 (further recom-
mendations are described below).

The unknown parameters in the wing-crack (Eq. (1)) and
pore-crack (Eq. (2)) models are u, K;c, ¢, 7, ¢, and Dy. The
average microcrack half-length, ¢, and the pore radius, », can
be estimated from microstructural observations, and the po-
rosity, ¢, can be measured in the laboratory (or estimated
using image analysis). The friction coefficient for crack slid-
ing, y4, can be estimated using the stress required for the onset
of microcracking, C’, for a suite of triaxial experiments (Baud
etal. 2014):

d-1
n=27a (3)
where d is the slope of the best-fit linear regression for C* data
plotted on a graph of o; — P, as a function of 03 — P,. Values
of v of 0.5 and 0.55 were estimated for two microcracked
basalts from Mt Etna with porosities of 0.047 and 0.05, re-
spectively (Zhu et al. 2016). These values are lower than that
estimated for low-porosity granite (¢ = 0.71), but within the
range estimated for porous sandstones (1 = 0.52-0.67) (Baud
etal. 2014).

The initial damage parameter D, can be determined using
Dy = 7(c cos 7)*N,, where the mean number of microcracks
per unit area, Ny, and the microcrack half-length, ¢, can be
determined using stereological techniques (e.g. Griffiths et al.
2017a). The mean angle of a microcrack to the maximum
principal stress, 7, is often assumed to equal 45° in sedimen-
tary (e.g. Baud et al. 2014) and volcanic rocks (e.g. Heap et al.
2014a; Li et al. 2019; Nicolas et al. 2020). Since there is no
characteristic microcrack length or number density for volca-
nic rocks, a rigorous test of whether the wing-crack model can
capture the mechanical behaviour of volcanic rock would re-
quire that N and ¢ are determined for each sample. Although
methods exist to automate microcrack analysis (e.g. Griffiths
et al. 2017a; Healy et al. 2017), and crack densities can be
estimated by inverting elastic wave velocities (e.g. Schubnel
et al. 2006), determining microcrack characteristics for a great
number of samples will be extremely time-consuming.
Alternative methods exist to estimate D,. First, Dy can be
simply estimated using the wing-crack model (Eq. (1)) if the
uniaxial compressive strength and the remaining microstruc-
tural parameters are known. Dy values of 0.14 and 0.16 were
estimated using this technique for two microcracked basalts
from Mt Etna with porosities of 0.047 and 0.05, respectively
(Zhu et al. 2016). Second, D, can be estimated using
microcrack densities determined using stress-strain data from
cyclic stressing experiments (e.g. David et al. 2012; Griffiths
et al. 2017a). Third, Dy can be estimated using the stress
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required for the onset of microcracking, C’ (Fig. 3).
According to the wing-crack model, the stress required for
the onset of microcracking, o, should be given by (Ashby
and Sammis 1990; Baud et al. 2000a):

_ V3 K
V14 2= /e

Therefore, comparing Egs. (1) and (4), D, can be inferred
from Dy = 0.777(o+ /0,). Using this latter technique, Heap
etal. (2014a) found values of Dy of < 0.012 for andesites from
Volcan de Colima, values more than an order of magnitude
lower than for low-porosity granite (D, = 0.13) and porous
sandstones and limestones (D, = 0.18-0.36) (Baud et al.
2014). These authors concluded that these inferred values of
D, were too low for these microcracked andesites and, as
proposed by Baud et al. (2014), suggested that the
microcracks that form at C’ may not be those involved in
the failure process.

The fracture toughness, K¢, appears in both the wing-
crack (Eq. (1)) and pore crack (Eq. (2)) models. We compile
here published data for the K;c of volcanic rocks (data are
available for basalt, andesite, dacite, and tuff) (Table 3). We
also include K, values for different types of glass and feldspar
(microcline, sanidine, and orthoclase) in our compilation. The
K;c of other common minerals found in volcanic rocks, such
as pyroxene, are, to the authors’ knowledge, not yet available.
Values of K¢ for volcanic rocks vary considerably, from 0.20
to 4.00 MPa.m®™> (Table 3). Although the K¢ of volcanic
rocks is likely influenced by, for example, porosity and mi-
crostructure, we highlight that different techniques and differ-
ent sample geometries can also lead to different K¢ estima-
tions (hence why we report the method used in Table 3).
Values of K¢ for volcanic rocks are also expected to be influ-
enced by temperature, as discussed in Balme et al. (2004).
Increases in K¢ are expected as temperature is increased to
a couple of hundred degrees Celsius, due to the closure of pre-
existing microcracks (see also Meredith and Atkinson 1985),
after which K¢ is expected to decrease due to thermal
microcracking (Balme et al. 2004). Values for glass and feld-
spar (with the exception of sanidine) are much lower, varying
from 0.31 to 1.10 MPa.m®? (Table 3). Studies that have used
the wing-crack and pore-crack models to interpret data for
volcanic rocks (e.g. Zhu et al. 2011; Vasseur et al. 2013;
Heap et al. 2014a, 2015a, 2016b; Zhu et al. 2016) have used
values that represent the K¢ of the primary mineral constitu-
ent, rather than the K¢ of the rock. For example, Zhu et al.
(2011) and (2016) used a value of 0.30 MPa.m’> (that of
feldspar) for tuff and basalt, respectively, Vasseur et al.
(2013) used a value for glass, 0.70 MPa.mO‘S, for their sintered
glass-bead samples, Heap et al. (2015a) used a value of 0.15
MPa.m® for welded block-and-ash flow samples, and Heap
et al. (2016b) used 0.2 MPa.m® for dacite. The reason for

(4)

Oc’
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Table3 Compiled K¢ (fracture toughness) data for volcanic rocks and
common volcanic rock-forming minerals. SR short-rod method; DT
double-torsion test; DC diametral compression test; SNDB straight

notched disk bending method; SENRBB single edge-notched round bar
bending method; DCL double cantilever method; 7 indentation method;
CIF chemically induced fracture method; M/ microindentation method

Volcano or location  Rock Porosity  Kj¢ Error Reference Notes
type/mineral (MPam®®)  (MPam®®)
Seljadur (Iceland) basalt 0.02 2.17-3.78 0.06-0.42 Balme et al. (2004) SR; 30-600°C; 1-20 MPa
Vesuvius (Italy) basalt 0.08 1.50-2.06 0.08-0.10 Balme et al. (2004) SR; 25-650°C; 1-30 MPa
Mt Etna (Italy) basalt (core) 0.09 2.18-2.24 0.11 Balme et al. (2004) SR; 25 °C; 1 MPa
Mt Etna (Italy) basalt (crust) 0.10 1.29-1.44 0.06-0.07 Balme et al. (2004) SR; 25 °C; 1 MPa
Preshal More basalt - 2.50 0.14 Meredith et al. (1981) SR
(Scotland)
“Britain” basalt - 1.8 - Singh and Pathan DC
(1988)
Ankara (Turkey) andesite - 1.00 0.09 Tutluoglu and Keles SNDB
(2011)
Mt Shasta (USA) andesite 0.07 1.7-4.0 0.2-0.6 Smith et al. (2009) SR; 25-900°C; dry and wet (wet at 2
MPa)
Kumamoto (Japan)  andesite 0.13 1.66-1.91 0.05-0.21 Nara et al. (2012) DT; relative humidity 22-87%
Mt Unzen (Japan) dacite 0.07-0.34 0.3-1.5 - Scheu et al. (2008) SR; 500 °C; 0 MPa
Tage (Japan) tuff - 0.2-2.75 - Funatsu et al. (2004) SENRBB; 25-200°C; 0-9 MPa
- silica glass - 0.789-0.798 0.020-0.023  Wiederhorn (1969) DCL
- lead alkali glass - 0.677-0.682 0.011 Wiederhorn (1969) DCL
- soda lime glass - 0.749-0.758 0.011-0.012  Wiederhorn (1969) DCL
- aluminosilicate - 0.908-0.913 0.022-0.023  Wiederhorn (1969) DCL
glass
- borosilicate glass - 0.758-0.778 0.010-0.011  Wiederhorn (1969) DCL
- microline (001) - 0.393 - Atkinson and Avdis 1
(1980)
- microline (010) - 0.393 - Atkinson and Avdis 1
(1980)
- microline (110) - 0.305 - Atkinson and Avdis 1
(1980)
- sanidine (001) - 2.72 - Scheidl et al. (2014) CIF
- sanidine (010) - 23 - Scheidl et al. (2014) CIF
- orthoclase (101) - 0.88 0.13 Broz et al. (2006) MI
- orthoclase (101) - 1.1 0.4 Whitney et al. (2007) MI

choosing values that represent the rock-forming minerals rath-
er than the rock, which are considerably higher, is that
microcracks initiate and propagate within the rock-forming
minerals and/or at their grain/crystal boundaries. Strength is
also significantly overestimated by the models when the mea-
sured values for rocks are used.

The wing-crack model (Eq. (1)) has only been sparingly
used in studies on volcanic rocks. For example, Zhu et al.
(2016) found that the wing-crack model overestimated the
strength of basalts from Mt Etna with porosities of 0.047
and 0.05 by a factor of two. These authors concluded that
this discrepancy is likely due to the weakening influence of
pores within these materials. Heap et al. (2014a) similarly
concluded that, even for a low-porosity andesite (porosity =
0.079), a model that incorporates the influence of both
microcracks and pores would be required to describe the

observed mechanical behaviour. Because the wing-crack
model overestimates the strength of microcracked volcanic
rocks with a low porosity, and therefore only a small volume
of pores, we suggest, to ensure the absence of pores, that this
model should only be used to analyse volcanic rocks with a
very low-porosity (<< 0.05). We further note that the wing-
crack model contains a number of variables that are difficult to
well constrain, especially for volcanic rocks. For example, it is
likely that D, varies between samples prepared from the same
block of volcanic material. We therefore conclude, although
the wing-crack model (Eq. (1)) is well-suited to study the
mechanical behaviour of microcracked granites, it may not
be of considerable use for volcanic rocks, which typically
contain pores.

The pore-crack model has been more widely used in stud-
ies of the mechanical behaviour of volcanic rocks than the
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wing-crack model (e.g. Zhu et al. 2011; Vasseur et al. 2013;
Heap et al. 2014a, 2015a, 2016b; Zhu et al. 2016; Coats et al.
2018). The reasons for this are twofold. First, studies of the
mechanical behaviour of volcanic rocks have thus far largely
focused on porous rocks. Furthermore, as highlighted by the
studies of Heap et al. (2014a) and Zhu et al. (2016), and
described above, even low-porosity volcanic rocks contain
pores that influence their mechanical behaviour. Second, the
pore-crack model (Eq. (2)) contains fewer variables than the
wing crack model (Eq. (1)). Although Eq. (2) can be used to
estimate the strength of a particular sample if the porosity,
pore radius, and K¢ are known, it is more common, and more
useful, to see if the pore-crack model can explain the mechan-
ical behaviour of, for example, a suite of rocks of the same
rock type or from the same volcano. To do so, Eq. (2) can be
used to provide a strength-porosity curve for a value of the
term K ;c/+/7r that best describes the data or, and more com-
mon, two curves for values of K;c//7r that bracket the ex-
perimental data. For example, the values of K;-/+/7r that
bracket our data compilation are 1.5 and 55 MPa (Fig. 12a).
The two main reasons why these data cannot be described by a
single curve are as follows: (1) these data are for different rock
types with different microstructures that are likely
characterised by different values of K;c and (2) the samples
within the compilation cannot be described by a single pore
radius. However, information can still be gleaned from such
analysis. For example, if we assume a reasonable minimum
and maximum macropore radius of 5 and 500 pum, the range
of possible values for K¢ is 0.006 and 0.218 MPa.m’ and
0.059 and 2.180 MPa.m"?, respectively. These ranges for K;c
suggest, as stated above, that the representative K;c value for
the model is that of the mineral, not the rock (see Table 3).
However, since the largest variation in values of K is likely
related to rock type, it is perhaps sensible to restrict this type of
analysis to a single rock type. For example, the compiled data
for andesite can be bracketed between K¢ /+/7r values of 3.5
and 40 MPa (Fig. 12b). Possible ranges for values of K¢ for
andesite, assuming a minimum and maximum macropore ra-
dius of 5 and 500 wm, are 0.014 and 0.159 MPa.m®> and
0.139 and 1.59 MPa.m®’, respectively. Alternatively, if we
assume the relevant K, is that of the mineral constituents
(0.7 and 0.3 MPa.m"* for glass and feldspar, respectively),
we can use the available data to provide a range of pore radii
that can describe the dataset. If we assume the microcracks are
propagating through glass (K¢ = 0.7 MPa.m’?), the range of
possible pore radii is between 12.7 mm and 97.5 um. If we
assume the K¢ of feldspar (K;c=0.3 MPa.m’?), the range of
possible pore radii is between 2.3 mm and 17.9 um. Even
without a thorough microstructural investigation, we can con-
fidently state that the upper limit pore radius estimates using
this approach (12.7 and 2.3 mm) are overestimations.
However, as stated above, and in published studies, even data
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Fig. 12 (a) Uniaxial compressive strength (UCS) as a function of porosity for
volcanic rocks. Curves were modelled using Eq. (2), using Kio/(mm)"? = 55
and 1.5 MPa (see text for details). (b) UCS as a function of porosity for
andesite. Curves were modelled using Eq. (2), using KIC/(’]TI‘)I/Z = 40, 20,
and 2.5 MPa (see text for details). (¢) UCS as a function of porosity for
andesite. Curves were modelled using Eq. (2), assuming a K;c of 0.3
MPa.m®? (see text for details). The number next to each curve indicates the
pore radius. All these data are provided in a Microsoft Excel© spreadsheet
that accompanies this contribution as Supplementary Material). References
for the data used in this figure are provided in the caption of Fig. 5
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for rocks of the same rock type from the same volcano cannot
not described by a single curve defined by the pore-crack
model. Therefore, if we assume that the K;- does not differ
significantly for a particular rock type, the pore radius must
not be constant over the range of porosity studied. This state-
ment is confirmed by microstructural studies: as porosity in-
creases, the pore size also generally increases. We plot in Fig.
12¢ curves defined by different characteristic pore radii, as-
suming a constant K;c of 0.3 MPa.m®. These curves are not
inconsistent with andesite samples measured by Heap et al.
(2014a) for which the pore radius is well constrained. In the
examples provided herein, we have used the values for con-
stants @ and b (Eq. (2)) provided by Zhu et al. (2010) (i.e. a =
1.325 and b = 0.414). To conclude, despite the limitations
presented by the pore-crack model, such as assumption of
uniform, circular pores and the absence of pre-existing
microcracks, insights into the mechanical behaviour of volca-
nic rocks can be gleaned using this model. Although the for-
mulation of a more complex micromechanical model, de-
scribed by an elastic medium populated with pores and
microcracks or populated with pores with a nonuniform size
distribution, is likely required to better capture the mechanical
behaviour of volcanic rocks, the pore-crack model of Sammis
and Ashby (1986) provides insight invoking only a small
number of variables.

The Young’s modulus of volcanic rocks

The Young’s modulus, or “stiffness”, describes the relation-
ship between stress and strain and is therefore an important
metric when characterising the mechanical behaviour of a ma-
terial. The static Young’s modulus can be calculated from
laboratory stress-strain data (see Fig. 3). Figure 13a shows
Young’s modulus as a function of porosity for a compilation
of volcanic rocks, including andesite, basalt, dacite, and pyro-
clastic rocks (e.g. tuffs and welded block-and-ash flow de-
posits). These data are provided in a Microsoft Excel© spread-
sheet that accompanies this contribution as Supplementary
Material. Figure 13a shows that, similar to the uniaxial com-
pressive strength data (Fig. 5), the Young’s modulus of vol-
canic rocks decreases nonlinearly as a function of increasing
porosity and there is considerable scatter in the data. For ex-
ample, at a porosity of 0.02, the Young’s modulus can be as
low as ~11 GPa and as high as ~52 GPa (Fig. 13a). As for
uniaxial compressive strength, we also note that the range in
Young’s modulus for a given porosity is reduced as porosity
increases (Fig. 13a). Figure 13a also shows that the Young’s
modulus of a volcanic rock cannot be differentiated solely
based on the broad-stroke rock type classifications used here
(andesite, basalt, dacite, and pyroclastic rocks) (as discussed
in Heap et al. 2020b), although we note that pyroclastic rocks
are often characterised by a low Young’s modulus (likely due
to their high porosity) and that some basalts have a higher
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Fig. 13 (a) Young’s modulus as a function of porosity for volcanic rocks
(andesite, basalt, dacite, and pyroclastic rocks). (b) Uniaxial compressive
strength (UCS) as a function of Young’s modulus for volcanic rocks
(andesite, basalt, dacite, and pyroclastic rocks). All these data are provid-
ed in a Microsoft Excel© spreadsheet that accompanies this contribution
as Supplementary Material. References for the data used in this figure are
provided in the caption of Fig. 5

Young’s modulus than their porosity would suggest. We also
provide a plot of Young’s modulus as a function of uniaxial
compressive strength (Fig. 13b). Figure 13b shows that the
Young’s modulus of a volcanic rock increases as a function
of increasing uniaxial compressive strength. This trend is very
well defined for volcanic rocks with a low strength (< 10
MPa) and poorly defined for rock with a strength > 10 MPa
(Fig. 13b). The scatter in the data of Fig. 13 is the result of
differences in hydrothermal alteration, crystal contact,
groundmass crystallinity, and the nature of the void space
(proportion of pores and microcracks and their geometrical
properties), as discussed above for uniaxial compressive
strength (the influence of these factors on Young’s modulus
are also discussed in the review of Heap et al. 2020b).

The Young’s modulus data shown in Fig. 13 are relevant
for the sample lengthscale (several tens of centimetres). The
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Young’s modulus of a volcanic rock mass will, typically, be
lower than laboratory-measured values because meso- and
macro-scale fractures serve to reduce Young’s modulus (as
reviewed in Heap et al. 2020b). One method to upscale labo-
ratory measurements of Young’s modulus, E;, to the rock-
mass scale is to use the Hoek-Diederichs equation (Hoek
and Diederichs 2006):

E.,,=E; (0.0Z +

- (160_1#) ) (5)

where E,,, is the rock-mass Young’s modulus and GSI is the
Geological Strength Index. The GSI is a unitless parameter
that depends on the structure of the rock-mass (fracture den-
sity) and fracture surface conditions (fracture roughness,
weathering, and filling type) (see Heap et al. (2020b) for a
GSI chart for volcanic rock-masses). In the absence of a GSI
estimate for a particular volcanic rock-mass, Heap et al.
(2020b) recommend to use a value of 55. The Young’s mod-
ulus of volcanic rocks, and the upscaling of Young’s modulus
to the rock-mass scale, was the subject of a recent review
paper (Heap et al. 2020b) and we refer the reader to this con-
tribution for further discussion on the Young’s modulus of
volcanic rocks and rock-masses.

Mechanical behaviour and failure modes under
triaxial conditions

Hydrostatic compaction

The deformation of rock during hydrostatic loading (i.e.
01 =0, =03) yields valuable mechanical information. The
metric of interest in studies of rock deformation is often the
effective pressure required for hydrostatic inelastic compac-
tion, termed P* (e.g. Zhang et al. 1990; Menéndez et al. 1996;
Wong and Baud 2012), but the evolution of the volumetric
strain (i.e. porosity) during hydrostatic loading can also be
used to estimate the microcrack porosity and pore compress-
ibility. Figure 14 shows a graph of porosity reduction as a
function of increasing effective pressure for a sample of an-
desite from Volcan de Colima with a porosity of 0.238. The
pore fluid (deionised water) pressure was held at a constant
10 MPa during this experiment, and the porosity change was
monitored using a servo-controlled pore fluid pressure pump.
The confining pressure was increased in a stepwise manner
and the sample was only subject to the next confining pressure
increment once the microstructure had equilibrated (i.e. when
the porosity had stopped decreasing at a given confining pres-
sure). The decrease in porosity as a function of increasing
effective pressure is initially non-linear (Fig. 14), a conse-
quence of the closure of pre-existing microcracks. The
microcrack porosity can be estimated using this non-linear
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Fig. 14 Porosity reduction as a function of increasing effective pressure
for a sample of andesite from Volcan de Colima (Mexico) with a porosity
0f 0.238. The onset of inelastic compaction, P, is indicated on the curve.
The initial microcrack porosity within the sample can be estimated by
extrapolating the linear elastic portion of the curve to 0 MPa (the dashed
line). The microcrack porosity within this sample is about 0.01. Data from
Heap et al. (2015b)

0.00 0.01

portion of the curve, which is about 0.01 for the sample shown
in Fig. 14 (see the dashed line). Porosity loss as a function of
increasing effective pressure is linear (elastic) until a threshold
effective pressure, P*, where the rate of porosity reduction
increases dramatically which, for this sample, occurred at
140-150 MPa (Fig. 14). Microstructurally, this pressure rep-
resents that required for the cataclastic collapse of pores within
the sample, examples of which are shown in Fig. 15 (see also
the pioneering work of Shimada 1986). Experimental studies
have shown that the elastic compaction of volcanic rock under
hydrostatic conditions results in an isotropic increase in elastic
wave velocities (unless the rock is initially anisotropic), con-
sidered to be the result of the closure of pre-existing
microcracks (e.g. Vinciguerra et al. 2005; Stanchits et al.
2006; Fortin et al. 2011; Nara et al. 2011; Adam and Otheim
2013). Loaiza et al. (2012) showed that the permeability of a
sample of trachyandesite from the Acores decreased during
the elastic compaction phase (as observed in many other
studies; e.g. Vinciguerra et al. 2005, Fortin et al. 2011; Nara
et al. 2011; Kolzenburg et al. 2012; Lamur et al. 2017; Heap
etal. 2018d; Cant et al. 2018; Kennedy et al. 2020; Eggertsson
et al. 2020; Austria and Benson 2020), but then increased
following P*. By contrast, Heap et al. (2014c) found that the
permeability of two tuffs from Campi Flegrei (Italy) continued
to decrease at pressures above P*. The deformation of volca-
nic rock during hydrostatic loading (Fig. 14) is qualitatively
similar to that observed for sandstones (e.g. David et al. 1994;
Wong et al. 1997; Baud et al. 2006) and limestones (e.g.
Vajdova et al. 2004).

Hydrostatic experiments on volcanic rocks are very rare,
and are biased towards porous pyroclastic rocks. We compile
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Fig. 15 Scanning electron microscope (SEM) images of a collapsed pore
within (a) a sample of tuff from Alban Hills (Italy) (from Zhu et al. 2011)
and (b) a sample of andesite from Volcan de Colima (Mexico) (from
Heap et al. 2015b) following hydrostatic compaction beyond P*

P data for volcanic rocks in Table 4. The effective pressure
required for P* is plotted as a function of porosity for volcanic
rocks in Fig. 16a (data in Table 4). These data show that the
pressure required for P* decreases non-linearly as a function
of increasing porosity, as observed for porous sedimentary
rocks (Wong and Baud 2012). For the data shown in Fig.
16a, the reduction in P* as porosity is increased from 0.07 to
0.35 is large, and reductions as porosity increases above 0.35
are small. Although the same non-linear trend is observed for
sedimentary rocks (Wong and Baud 2012), we note here that,
for this dataset of volcanic rocks, this porosity also marks the
transition from lavas to granular volcanic rocks (Fig. 16a;
Table 4). Rock type may therefore play a role in dictating P*
in volcanic rocks, but more experiments are now required to
test this hypothesis.

Although the data of Fig. 16a suggests a first-order role for
porosity in dictating P*, other microstructural parameters have
been shown to influence P* in sedimentary rocks, such as
grain size, clay content, the presence of bedding, and cemen-
tation (e.g. Wong et al. 1997; Tembe et al. 2008). For exam-
ple, assuming that the pre-existing flaw dimension scales with

the grain radius 7, the Hertzian contact model of Zhang et al.
(1990) implies that P* scales with the porosity, ¢, and the
grain radius such that P* « (¢r) 2. Indeed, the slope of com-
piled data on a graph of P* as a function of the porosity mul-
tiplied by the grain radius is approximately —3/2 (e.g. Wong
et al. 1997; Wong and Baud 1999). However, a Hertzian con-
tact model would only be relevant for granular volcanic rocks,
such as tuffs. Unfortunately, (1) the grain radius distribution is
often very large in tuffs and it is difficult therefore to provide a
grain radius for the above expression and (2) inelastic hydro-
static compaction in tuffs is the result of pore collapse rather
than grain crushing (e.g. Zhu et al. 2011). Nevertheless, it is
likely that parameters such as grain size and clay content in-
fluence P* in granular volcanic rocks. For example, the P* of
Neapolitan Yellow Tuff, which contains abundant zeolites
and clay, is lower than that for the Grey Campanian
Ignimbrite (Heap et al. 2014c), despite its higher porosity
(Table 4). The P* of lavas (i.e. non-granular volcanic rocks),
however, is likely influenced by pore size, shape, and distri-
bution, factors that vary far more in volcanic rocks than in
sedimentary rocks. For example, despite its higher porosity,
the P* of andesite LAH4 is higher than that for andesite C8
(Table 4) and could be explained by its higher average equiv-
alent pore radius (Heap et al. 2014a). The stress required for
the onset of P* is also influenced by the presence of water, as
shown for porous sedimentary rocks (e.g. Wong and Baud
2012). So far, experiments have shown that the P* of tuff from
the Alban Hills is reduced from 56 to 28 MPa by the presence
of water (Zhu et al. 2011; Fig. 16b; Table 4). More experi-
ments are now required to better understand the influence of
porosity, microstructural differences, and the presence of wa-
ter on P* in volcanic rocks.

By considering the stresses required to yield a single
macropore embedded within an effective medium, and by
adopting the Mohr-Coulomb failure criterion, P* is related to
uniaxial compressive strength of the medium, ap*, by (Zhu
etal. 2011, 2016):

P*=20,"/3 (6)

Figure 16¢ shows P* as a function of uniaxial compressive
strength for volcanic rocks (Table 4). All of these data plot
above the theoretical line delineated by Eq. (6). In other
words, the strength of the proposed effective medium overes-
timates the strength of these volcanic rocks. As pointed out in
the studies by Zhu etal. (2011, 2016), this is likely because the
pores within volcanic rocks are surrounded by a groundmass
or matrix that contains micropores and microcracks that serve
to lower the strength of these materials.

To investigate the influence of micropores on the onset of
inelastic hydrostatic compaction in porous tuff, Zhu et al.
(2011) combined Eq. (6) with that of the pore-crack model
(Eq. (2)) to yield:
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Table4 Compiled data for the effective pressure required for the onset of hydrostatic inelastic compaction, P*. Asterisk indicates an estimated pressure

Volcano Rock type Porosity Condition p* Reference

Volcan de Colima (Mexico) andesite C8 0.17 wet 126 Heap et al. (2015b)

Volcan de Colima (Mexico) andesite C8 0.17 wet 152 Heap et al. (2015b)

Volcan de Colima (Mexico) andesite LAH4 0.24 wet 161 Heap et al. (2015b)

Volcan de Colima (Mexico) andesite LAH4 0.24 wet 150 Heap et al. (2015b)

Acores (Portugal) trachyandesite 0.18 wet 222 Loaiza et al. (2012)

Volvic (France) trachyandesite 0.21 wet 250* This study

Neapolitan Yellow Tuff (Italy) tuff 0.44 wet 10 Heap et al. (2014c)

Grey Campanian ignimbrite (Italy) tuff 0.49 wet 15 Heap et al. (2014c)

Whakaari (New Zealand) tuff 0.31 wet 110 Heap et al. (2015¢)

Whakaari (New Zealand) tuff 0.33 wet 39 Heap et al. (2015c¢)

Mt Epomeo green tuff (Italy) tuff 043 dry (air) 11 Marmoni et al. (2017)

Alban Hills (Italy) tuff 0.32 wet 41 Zhu et al. (2011)

Alban Hills (Italy) tuff 0.36 wet 35 Zhu et al. (2011)

Alban Hills (Italy) tuff 0.35 wet 28 Zhu et al. (2011)

Alban Hills (Italy) tuff 0.33 dry (air) 60 Zhu et al. (2011)

Alban Hills (Italy) tuff 0.36 dry (air) 56 Zhu et al. (2011)

Calico Hills (USA) tuff 0.22 dry (argon gas) 122 Lockner and Morrow (2008)

Calico Hills (USA) tuff 0.29 dry (argon gas) 120 Lockner and Morrow (2008)

Calico Hills (USA) tuff 0.38 dry (argon gas) 44 Lockner and Morrow (2008)

Calico Hills (USA) tuff 0.43 dry (argon gas) 32 Lockner and Morrow (2008)

Calico Hills (USA) tuff 0.51 dry (argon gas) 22 Lockner and Morrow (2008)

Mt St Helens (USA) dacite 0.31 wet 55 Heap et al. (2016b)

Reykjanes (Iceland) basalt 0.10 wet 400%* Adelinet et al. (2013)

Reykjanes (Iceland) basalt 0.12 wet 300* Zhu et al. (2016)

Yakuno (Japan) basalt 0.07 dry 400 Shimada (2000)

Krafla (Iceland) Hyaloclastite 0.397 wet 23 Eggertsson et al. (2020)

between ~5 and ~200 pum, radii not inconsistent with the

P = %S* (7)  microstructure of these tuffs (e.g. Zhu et al. 2011; Heap
¢~ et al. 2014c, 2015¢; Marmoni et al. 2017). We note that, if

where we use a K;c = 0.7 MPa.m®? (that for glass; Table 3), we

retrieve an unrealistic upper average micropore radius es-

= Kic (8) timate above 1 mm. For the lavas (andesite, basalt, dacite),

(¢+/0)" M Vra® the average micropore radius using the same technique is

where a” is the average radius of a micropore, ¢, is the
porosity of the effective medium, and S* captures the co-
operative influence of the fracture toughness, micropore
radius, and the partitioning of macro- and microporosity
(Zhu et al. 2011). This model describes a dual porosity
medium containing a macropore surrounded by micro-
pores. We find that the values of S* that best bracket the
data for compiled data for porous tuffs are ~12 and
~75 MPa (Fig. 16a). For lavas, S* is between ~100 and
~170 MPa (Fig. 16a). The average micropore radius can
then be estimated using a* > (K;/S*)*/w (Zhu et al. 2011).
Assuming K;c = 0.3 MPa.m®? (that for feldspar; Table 3),
the average micropore radius for the porous tuffs is

@ Springer

estimated to be between ~1 and ~3 um for a K;c = 0.3
MPa.m®® and between ~5 and ~16 um for a K;c = 0.7
MPa.m®. These micropore size predictions are not unrea-
sonable based on pore size distributions for the andesites
from Volcan de Colima provided by Heap et al. (2014a).
The modelling described above therefore highlights a po-
tentially important role for micropores in controlling the
onset of inelastic hydrostatic compaction in volcanic rocks.

Triaxial deformation experiments

Brittle triaxial deformation experiments Stress-strain curves,
porosity reduction as a function of strain, and the output of
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Fig. 16 (a) The effective pressure required for the onset of hydrostatic
inelastic compaction, P, as a function of porosity (data and references
provided in Table 4). Dashed curves are drawn using Eq. (8), see text for
details. (b) Porosity reduction as a function of increasing effective pres-
sure for dry and wet samples of tuff from Alban Hills (Italy). The onset of
inelastic compaction, P, is indicated on each curve. Data from Zhu et al.
(2011). (¢) The effective pressure required for the onset of hydrostatic
inelastic compaction, P*, as a function of uniaxial compressive strength
(data and references provided in Table 4). Dashed curve is that predicted
by Eq. (6), see text for details

acoustic emission energy (the area under the received wave-
form, in arbitrary units) for triaxial deformation experiments
performed over a range of effective pressures (up to 140 MPa)
are shown in Figs. 17 and 18. So that we can best describe
their features, the brittle experiments are provided in Fig. 17
(effective pressures between 0 and 50 MPa) and the ductile
experiments in Fig. 18 (effective pressures between 60 and
140 MPa). The data of Figs. 17 and 18, unique to this review,
are for a porous trachyandesite from Volvic (Chaine des Puys,
France) with a porosity of 0.208 (see Table 5 for an
experimental summary). These samples were deformed at
room temperature, under saturated (deionised water) condi-
tions, and at a constant strain rate of 10> s~'. Differences
between hydrostatic (o =0, =03) loading and non-
hydrostatic (o) > 0, = 03) loading are best observed on a graph
of effective mean stress (P= (o +203)/3 — P,) as a function
of porosity reduction (Fig. 19). Deviations from the curve
defined by the hydrostatic experiment indicate the stress re-
quired for inelastic behaviour in a particular experiment.
Deviations to the left (i.e. increases in porosity) are the result
of dilatational microcracking in the brittle field and the stress
required for this transition to inelastic behaviour is termed C’
(see Wong and Baud 2012). Deviations to the right (i.e. de-
creases in porosity) are the result of shear-enhanced compac-
tion in the ductile field and the stress required for this transi-
tion to inelastic behaviour is termed C* (see Wong and Baud
2012).

We first remark that the shape of the stress-strain curves for
the samples deformed at low pressure (up to 30 MPa; Fig. 17a)
are qualitatively similar to the uniaxial stress-strain curve de-
scribed above (Fig. 3). As effective pressure is increased, the
initial non-linear stage of the stress-strain curve shortens and
the slope of the stress-strain curve (i.e. the Young’s modulus)
increases, both due to the closure of microcracks and other
defects as effective pressure is increased. The stress-strain
curves for the samples deformed at effective pressures of 40,
50, and 60 MPa are noticeably different from those for lower
effective pressures (Fig. 17a): the magnitude of the stress drop
associated with shear fracture formation is much reduced.
Figure 17a also shows that compressive strength increases as
a function of increasing effective pressure. Samples at all ef-
fective pressures first compacted, due to the closure of pre-
existing microcracks and other defects, the rate of which re-
duced following the onset of dilational microcracking, C' (Fig.
17b). The onset of inelastic behaviour, dilational
microcracking, is signalled by the deviation from the hydro-
static experiment (indicating that nonhydrostatic loading has
resulted in an increase in sample porosity; Fig. 19) and the
onset of AE activity (Fig. 17c). The stress required for the
onset of dilational microcracking increased as the effective
pressure was increased (Fig. 17b). The samples deformed at
an effective pressure up to 30 MPa eventually entered a phase
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Fig. 17 Triaxial deformation experiments performed on Volvic
trachyandesite in the brittle regime. (a) Stress-strain curves. The inset
shows a post-mortem experimental sample containing a throughgoing
shear fracture. (b) Porosity reduction as a function of axial strain. (c)
Output of acoustic emission (AE) energy as a function of axial strain.
The number next to each curve indicates the experimental effective

pressure
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of net dilation. Dilation continued until the end of the exper-

iment for the samples deformed at effective pressures of 5 and
10 MPa; however, samples deformed at effective pressures of
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Fig. 18 Triaxial deformation experiments performed on Volvic
trachyandesite in the ductile regime. (a) Stress-strain curves. The inset
shows a post-mortem experimental sample containing compaction bands.
(b) Porosity reduction as a function of axial strain. (¢) Output of acoustic
emission (AE) energy as a function of axial strain. The number next to

each curve indicates the experimental effective pressure

15, 20, and 30 MPa re-entered a phase of net compaction as
axial strain increased (Fig. 17b). Samples deformed at effec-
tive pressures of 40, 50, and 60 MPa did not enter a phase of
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Table 5 Summary of the triaxial

experimental data for Volvic Connected ~ Confining Pore fluid Effective Effective Peak Differential
trachyandesite (data unique to this porosity pressure pressure pressure mean stress, P differential stress at C*
study). The peak differential (MPa) (MPa) (MPa) (MPa) stress (MPa) (MPa)
stress maps out the brittle failure
envelope and C* (the onset of 0.212 15 10 5 41.1 108.3 -
shear-enhanced compaction) 0211 20 10 10 53.8 1313 -
maps of the compactive yield cap 0211 25 10 15 62.5 142 4 B
0.208 30 10 20 70.2 150.7 -
0.209 40 10 30 87.0 171.1 -
0210 40 10 30 88.5 175.6 -
0.208 50 10 40 100.9 182.8 -
0.211 60 10 50 1133 190.0 -
0.209 70 10 60 122.8 188.3 -
0.209 90 10 80 1373 - 172.0
0213 110 10 100 1523 - 157.0
0.210 130 10 120 165.3 - 136.0
0.210 150 10 140 178.9 - 116.7

net dilation and, following a slight reduction in the rate of
compaction as a function of increasing axial strain, continued
to compact until the end of the experiment. The output of
acoustic emissions, a proxy for microcrack initiation and
growth, accelerated as the samples approached their peak
stress (Fig. 17¢). In the experiments deformed at effective
pressures from 5 to 20 MPa, macroscopic sample failure is
marked by a high acoustic emission energy output (Fig. 17c¢).
The acoustic emission energy at the peak stress is less for the
samples deformed at effective pressures of 30, 40, 50, and
60 MPa and, following the peak stress, acoustic emission ac-
tivity continued, but at a reduced rate as a function of increas-
ing axial strain (Fig. 17¢). We also highlight that the output of
acoustic emission energy increased as the effective pressure
was increased from 40 MPa to 60 MPa (Fig. 17¢). The triaxial
mechanical data for trachyandesite provided in Fig. 17 are
qualitatively similar to triaxial data presented for other
trachyandesites (e.g. Loaiza et al. 2012; Zorn et al. 2018)
and other volcanic rock types, such as basalt (e.g. Stanchits
et al. 2006; Heap et al. 2011; Adelinet et al. 2013; Zhu et al.
2016), dacite (e.g. Kennedy et al. 2009; Smith et al. 2011;
Kennedy and Russell 2012; Heap et al. 2016b; Ryan et al.
2020), andesite (e.g. Smith et al. 2009; Heap et al. 2015b;
Siratovich et al. 2016; Farquharson et al. 2016), and tuff
(e.g. Zhu et al. 2011; Heap et al. 2015¢) in the brittle regime.

Triaxial deformation experiments on volcanic rocks in
which elastic wave velocities were measured in more than
one direction highlight that dilatational microcracking and
shear fracture formation not only reduce elastic wave veloci-
ties, but that they also develop an elastic wave velocity anisot-
ropy (e.g. Stanchits et al. 2006; Ougier-Simonin et al. 2011;
Fortin et al. 2011; Adelinet et al. 2013; Harnett et al. 2018a; Li
et al. 2019; Austria and Benson 2020). Fortin et al. (2011)

showed that, for a low-porosity basalt deformed under an ef-
fective pressure of 20 MPa, permeability decreased and then
increased as the sample approached macroscopic failure.
Farquharson et al. (2016) showed that the permeability of
three volcanic rocks (one basalt and two andesites) deformed
under an effective pressure of 10 MPa increased as a function
of increasing strain. These authors found that the shear band
increased in width as a function of increasing strain and that
permeability increased by up to three orders of magnitude at
inelastic axial strains of about 0.11 (Farquharson et al. 2016).
Increases in permeability following shear fracture formation
were also reported for andesite from Volcan de Colima de-
formed at an effective pressure of 10 MPa (Heap et al. 2020a).

Macroscopic failure in the samples of trachyandesite de-
formed at effective pressures between 0 and 60 MPa was
manifest as throughgoing shear fractures (see inset on Fig.
17a) and so, even though differences exist in their stress-
strain behaviour, porosity evolution, and AE activity (Fig.
17), all of these experiments are classified as brittle. Fault
propagation velocities between 2 and 4 mm.s ' have been
estimated using AE locations during the failure of a sample
of basalt from Mt Etna deformed at an effective pressure of
40 MPa (Benson et al. 2007). Microstructurally, the shear
fractures that typically form during brittle triaxial experiments
(Fig. 20) are not dissimilar to those formed under uniaxial
compression (Fig. 4), although their angle with respect to the
maximum principal stress is increased from sub-parallel (~0°)
to ~30° (e.g. Zhu et al. 2016). Although microstructural anal-
ysis of deformed sandstone samples has shown that deforma-
tion was more localised at higher effective pressures (from 5
to 30 MPa) (e.g. Rizzo et al. 2018), no such analysis currently
exists for volcanic rocks. Insights into strain localisation in the
brittle regime have been recently provided by digital volume
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Fig. 19 Effective mean stress as a function of porosity reduction for the
triaxial experiments performed on Volvic trachyandesite (the experiments

shown in Figs. 17 and 18). The number next to each curve indicates the
experimental effective pressure

correlation analysis performed on X-ray tomographic images
(McBeck et al. 2019; Heap et al. 2020a). McBeck et al. (2019)
analysed the failure of a low-porosity basalt from Mt Etna
deformed under an effective pressure of 10 MPa. These au-
thors found that, prior to macroscopic failure, whereas high
dilation and shear strains were concentrated within the zone
that hosted the largest fracture network at about 50% of the
failure stress, high contractive strains concentrated within the
other zones of the sample. Heap et al. (2020a) studied the
failure of a high-porosity andesite from Volcan de Colima
deformed under an effective pressure of 10 MPa. These au-
thors found that the shear fracture was oriented at an angle of
40-45° to the maximum principal stress, formed within a
high-porosity zone of the sample, had a width of ~1 mm,
and was characterised by an increase in porosity (Fig. 20c;
Heap et al. 2020a).

Ductile triaxial deformation experiments The shape of the
stress-strain curves for the samples deformed at high pressure
(up to 140 MPa; Fig. 18a) are noticeably different to those of
the low-pressure experiments (Fig. 17a). There is no stress
drop characteristic of shear fracture formation and, following
an axial strain of about 0.04, the differential stress increases as
a function of increasing strain, a phenomenon termed “strain
hardening”. There are, however, small stress drops in these
stress-strain curves between an axial strain of about 0.01 to
about 0.02 (Fig. 18a). These stress drops are typically indica-
tive of the formation of compaction bands (e.g. Baud et al.
2004; Adelinet et al. 2013; Heap et al. 2015b), discussed in
more detail below. All of the samples compacted throughout
the experiments, the rate of which increased at the onset of
inelastic compaction, C* (Fig. 18b). The onset of inelastic
behaviour, cataclastic pore collapse, is signalled by the
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Fig. 20 Brittle microstructures. (a) Scanning electron microscope (SEM)
image showing a throughgoing shear fracture within a sample of andesite
from Volcan de Colima (Mexico) deformed under an effective pressure of
5 MPa (from Heap et al. 2015b). (b) SEM image showing a throughgoing
shear fracture within a sample of basalt from Mt Etna (Italy) deformed
under an effective pressure of 80 MPa (from Zhu et al. 2016). (¢) SEM
image showing a throughgoing shear fracture within a sample of tuff from
the Alban Hills (Italy) deformed under an effective pressure of 5 MPa
(from Zhu et al. 2011). (d) Results of digital volume correlation analysis
on a sample of andesite from Volcan de Colima deformed under an
effective pressure of 10 MPa (from Heap et al. 2020a). The left and right
images show the divergence (volumetric strain) and curl (a proxy for
shear strain) of the displacement field, respectively

deviation from the hydrostatic experiment (indicating that
nonhydrostatic loading has resulted in a decrease in sample
porosity; Fig. 19) and the onset of AE activity (Fig. 18c). The
porosity loss for a given axial strain (Fig. 18b) and the rate of
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AE as a function of increasing strain (Fig. 18c) is higher as the
effective pressure is increased. The triaxial mechanical data
for trachyandesite provided in Fig. 18 are qualitatively similar
to triaxial data presented for other trachyandesites (e.g. Loaiza
et al. 2012; Zorn et al. 2018) and other volcanic rock types,
such as basalt (e.g. Adelinet et al. 2013; Zhu et al. 2016),
dacite (e.g. Heap et al. 2016b), andesite (e.g. Heap et al.
2015b; Farquharson et al. 2017), and tuff (e.g. Zhu et al.
2011; Heap et al. 2014c, 2015c¢) in the ductile regime.
Triaxial deformation experiments on basalt deformed in the
ductile regime in which P-wave velocities were measured
have also showed that P-wave velocity decreased during the
elastic phase of the experiment, but then increased following
C* (Adelinet et al. 2013).

Importantly, macroscopic failure in the samples of
trachyandesite shown in Fig. 18 (deformed at effective pres-
sures between 80 and 140 MPa) was not manifest as a
throughgoing shear fracture (see inset on Fig. 18a). The failure
mode of volcanic rocks in the ductile regime can either be
distributed (cataclastic grain crushing and/or pore collapse;
see pioneering work of Shimada 1986) or localised into com-
paction bands, as was the case for the trachyandesite from
Volvic (see inset in Fig. 18a). Both the formation of compac-
tion bands and cataclastic flow are considered here as ductile
behaviour. Cataclastic flow has been observed in samples of
porous tuff (Zhu et al. 2011; Heap et al. 2015¢) and basalt
from Mt. Etna (Zhu et al. 2016; see also Shimada 1986).
Failure in these samples deformed in the ductile regime was
manifest as the distributed cataclastic collapse of pores (Fig.
21), alongside microcracking in the case of the basalt from Mt.
Etna (see Zhu et al. 2016).

Laboratory studies on volcanic rocks have observed com-
paction bands in porous basalt (Adelinet et al. 2013), porous
trachyandesite (Loaiza et al. 2012, this study), porous andesite
(Heap et al. 2015b, 2017, 2020a), and porous dacite (Heap
etal. 2016b). Compaction bands have therefore been observed
in volcanic rocks containing initial porosities of 0.08 (in
basalt; Adelinet et al. 2013) to 0.32 (in dacite; Heap et al.
2016b). Compaction bands are planar deformation features
characterised by a lower porosity than the surrounding host
rock. In detail, the compaction bands formed in these lavas
were planes of collapsed pores connected by microcracks that
formed sub-perpendicular to the maximum principal stress
(examples are shown in Fig. 22). Recently, digital volume
correlation analysis performed on X-ray tomographic images
of a sample of andesite from Volcan de Colima (before and
after deformation under an effective pressure of 50 MPa)
highlighted that strain localised into ~1 mm-thick, undulating
compaction bands orientated sub-perpendicular to the maxi-
mum principal stress with little evidence of shear (Fig. 22c;
Heap et al. 2020a). These authors concluded that these com-
paction bands likely formed following stress drops seen in the
mechanical data and formed within the zones of highest

Fig. 21 (a) Scanning electron microscope (SEM) image of a collapsed
pores within a sample of tuff from Alban Hills (Italy) under an effective
pressure of 30 MPa (from Zhu et al. 2011). (b) SEM image of a collapsed
pores within a sample of tuff from Whakaari volcano (New Zealand)
under an effective pressure of 30 MPa (from Heap et al. 2015b). (¢)
SEM image of a collapsed pore within a sample of basalt from Mt Etna
(Italy) deformed under an effective pressure of 150 MPa (from Zhu et al.
2016)

porosity, within the large, well-connected porosity backbone
of the sample (Heap et al. 2020a). It has been shown previ-
ously that the stress drops associated with compaction band
growth correspond to upticks in AE activity (e.g. Adelinet
et al. 2013; Heap et al. 2015b). Finally, Heap et al. (2020a)
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Fig. 22 (a) Scanning electron microscope (SEM) map of a sample of
andesite from Volcan de Colima (Mexico) deformed under an effective
pressure of 50 MPa showing a compaction band (from Heap et al. 2015b).
(b) SEM image of a sample of andesite from Volcan de Colima deformed
under an effective pressure of 30 MPa and a temperature of 400 °C
showing a compaction band (from Heap et al. 2017). (¢) Results of digital
volume correlation analysis on a sample of andesite from Volcan de
Colima deformed under an effective pressure of 50 MPa (from Heap
et al. 2020a). The left and right images show the divergence (volumetric
strain) and curl (a proxy for shear strain) of the displacement field,
respectively
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concluded that, because compaction bands in lavas form as a
result of cataclastic pore collapse, it is likely that the thickness
of compaction bands in lavas will be close to the pore diameter
and that the tortuosity of the band will be governed by the
shape of the porosity network. Because porous volcanic ma-
terials are often characterised by a complex porosity structure,
compaction bands in porous volcanic rocks are very likely to
present tortuous geometries, as shown in Fig. 22.
Experimental studies have shown that compaction bands can
reduce the permeability of volcanic rock by up to one or two
orders of magnitude (Heap et al. 2014a; Farquharson et al.
2017; Heap et al. 2020a). Farquharson et al. (2017), for ex-
ample, showed that the permeability of a porous andesite from
Volcéan de Colima deformed under effective pressures of 10—
70 MPa tends to increase at low strains (< 0.05) and then
decrease at higher strains (0.06-0.24). These authors found
that permeability can decrease relative to its original value
by as much as two orders of magnitude (Farquharson et al.
2017).

Of great interest, because their ability to reduce the perme-
ability of volcanic rocks by up to one or two orders of mag-
nitude (Heap et al. 2014a; Farquharson et al. 2017; Heap et al.
2020a), is why some volcanic rocks develop compaction
bands and others do not. The formation of compaction bands
in sandstones, for example, requires a relatively homogeneous
grain size distribution (e.g. Wang et al. 2008; Cheung et al.
2012). This observation may explain why granular tuffs do
not form compaction bands: they typically have a very wide
grain size distribution. However, the lavas that been observed
to develop compaction bands in the laboratory have a very
wide pore size distribution, as can be seen in Fig. 22.
Therefore, homogeneity, or at least pore size/shape homoge-
neity, is not a pre-requisite for compaction band formation in
porous lavas. Data and microstructural observations from
Heap et al. (2017) suggest that, for samples that develop com-
paction bands, compaction localisation can be expected at
temperatures up to the threshold glass transition. Above the
threshold glass transition, these authors showed that porosity
loss is distributed throughout the sample (Heap et al. 2017).
With the available data, it is not yet clear as to why some
volcanic rocks develop compaction bands and others do not,
offering an exciting avenue for future research. In contrast to
experimental observations, in which compaction bands are
observed in lavas but not in tuffs, localised compactional fea-
tures, to the authors’ knowledge, have, so far, only been ob-
served in tuff (e.g. Wilson et al. 2003; Okubo 2014; Cavailhes
and Rotevatn 2018) and hyaloclastite (e.g. Gudmundsson
2017) outcrops in the field.

Finally, we highlight that, if a sample is compacted far
beyond C*, the sample can undergo a switch from shear-
enhanced compaction to dilatational microcracking. This tran-
sition is termed C* and marks the limit of inelastic porosity
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reduction. C*” has been observed in porous sandstones (e.g.
Baud et al. 2006) and porous limestones (e.g. Baud et al.
2000b). However, to our knowledge, this phenomenon has
only been observed twice in volcanic rock (Heap et al.
2015b; Farquharson et al. 2017). Heap et al. (2015b) showed
that C*” occurred in a porous andesite (porosity = 0.155) from
Volcan de Colima deformed at an effective pressure of
50 MPa at an axial strain of about 0.13, following a porosity
loss of about 0.036. These experiments show that inelastic
compaction in volcanic rock will not simply continue until
the sample porosity is zero.

Failure envelopes for volcanic rocks One of the most conve-
nient ways in which to compare the mechanical behaviour of a
rock is by comparing their brittle failure envelopes and
compactive yield caps on plots of differential stress at failure
as a function of the effective mean stress, P (“P— Q plots”). In
the brittle regime, it is the peak differential stress, O, that maps
out the brittle failure envelope. In the ductile regime, the onset
of inelastic compaction, C*, delineates the compactive yield
cap. The onset of inelastic compaction under hydrostatic con-
ditions, P*, plots along the x-axis (where Q = 0 MPa) and
forms the last point in the yield cap. If the state of stress plots
inside the failure envelope/compactive yield cap, the rock is
“pre-failure”. The rock has failed (or “yielded”) if the state of
stress plots outside the failure envelope/compactive yield cap
(by a shear fracture on the left-hand-side and by inelastic com-
paction on the right-hand-side). The “top” of the cap therefore
represents the stress conditions required for the switch from
brittle to ductile behaviour.

We provide in Fig. 23a critical stress data for a range of
different volcanic rocks with different porosities and mi-
crostructural attributes: trachyandesite from the Acores
(Loaiza et al. 2012), two andesites from Volcan de
Colima (porosity 0.17 and 0.24; Heap et al. 2015b), dacite
from Mt St Helens (porosity 0.32; Heap et al. 2016b), and
tuffs from Whakaari volcano (porosity 0.29; Heap et al.
2015¢) and Alban Hills (porosity 0.32; Zhu et al. 2011).
Because no data exist for porous rhyolite, we supplement
these data with new data for rhyolite from Tarawera (po-
rosity 0.39; Taupd Volcanic Zone, New Zealand; data
unique to this study; Table 6), data which also act as a high
porosity end-member. The dataset is also supplemented by
new data for trachyandesite from Volvic (porosity 0.21;
data unique to this review; Table 5). The brittle failure
envelope and compactive yield caps for volcanic rocks
are qualitatively similar to those for porous sedimentary
rocks: peak stress increases as a function of increasing
effective pressure in the brittle regime, and the stress re-
quired for C* decreases as a function of increasing effec-
tive pressure in the ductile regime (Fig. 23a).

Data of this nature for sandstone and limestone highlight
that, although porosity exerts an importance influence on the

stress conditions required for the brittle-ductile transition and
shear-enhanced compaction, other microstructural parameters
such as grain size also play a role (e.g. Wong and Baud 2012;
see also Carbillet et al. 2021). Porosity also exerts an impor-
tant control on these critical stresses for volcanic rocks: the
switch from brittle to ductile behaviour and the compactive
yield cap are, in general, at higher stress values for rocks with
a lower porosity (Fig. 23a). It is interesting to note, for exam-
ple, that the dacite from Mt St Helens and the tuff from Alban
Hills, rocks with identical average porosities (porosity 0.32),
have similar compactive yield caps despite their significant
microstructural differences (e.g. lava versus granular pyro-
clastic rock). However, although the compactive yield cap
for the rock with the highest porosity (rhyolite from
Tarawera; porosity 0.39) is at the lowest stresses, the least
porous rock (andesite C8 from Volcan de Colima; porosity
0.17) is not at the highest stress values (Fig. 23a). The yield
caps for the tuff from Whakaari volcano (porosity 0.29), the
other andesite from Volcan de Colima (porosity 0.24), the
trachyandesite from the Agores (porosity 0.18), and the
trachyandesite from Volvic (porosity 0.21) are all at higher
stresses (Fig. 23a). Due to their varied microstructures,
forwarding a definitive reason or reasons why these samples
have yield caps at higher stresses than andesite C8 from
Volcan de Colima is not straightforward, although the pore
sizes or pore size range of these materials may offer some
explanation. For example, the average pore diameters of the
tuff from Whakaari volcano (100 um; Heap et al. 2015¢) and
andesite LAH4 from Volcan de Colima (200 wm; Heap et al.
2015b) are lower than that of andesite C8 (250 um; Heap et al.
2015b), and could explain the high stresses of their
compactive yield caps despite their higher porosities. Yield
caps for samples with greatly different pore sizes or pore
shapes, but similar porosities and other microstructural attri-
butes, are now required to better understand the influence of
pore size and shape on the switch from brittle to ductile be-
haviour and the compactive yield cap of volcanic rocks.

The failure envelopes for sandstones and limestones are
often elliptical in P— Q stress space, described by (Wong
et al. 1997; Wong and Baud 2012):

(p/r)  (0P)
(1-y)? OF

where for sandstones and limestones, v = 0.5 and § varies
between 0.5 and 0.7. To better understand the shape of the
yield caps for volcanic rocks, we normalise the data to P* (Fig.
23b). If the yield caps are elliptical, as is typical for porous
sedimentary rocks, the data should plot within the curves for §
=0.5 and 6 = 0.7 (Eq. (9)). Figure 23b shows that the data for
the granular rocks, the tuffs from Whakaari volcano and
Alban Hills, plot within these curves, indicating that their
yield caps are elliptical. The lavas (andesite and dacite),
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Fig. 23 (a) Differential stress as a function of effective mean pressure
(“P—Q” plot) showing brittle failure envelopes and compactive yield
caps for volcanic rocks. (b) Differential stress as a function of effective
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pressure showing compactive yield caps for dry and wet tuff from Alban
Hills (Italy; data from Zhu et al. 2011)
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however, have linear yield caps. Linear yield caps have been
previously observed for Bleurswiller sandstone, a porous
sandstone that contains porosity clusters (Baud et al. 2015).
Baud et al. (2015) suggested that the linear yield caps were the
result of the collapse of these pre-existing porosity clusters
(volumes of higher porosity than the bulk sample porosity).
The linear yield caps for andesite from Volcan de Colima
(Heap et al. 2015b) and dacite from Mt St Helens (Heap
et al. 2016b) were interpreted by these authors as the result
of a high pre-existing microcrack density. Heap et al. (2015b)
argued that, for the same increase in effective pressure, the
decrease in the differential stress required for C* will be less
for a rock containing microcracks than for an initially
microcrack-free rock. This is because the increase in effective
pressure will also close pre-existing microcracks and therefore
strengthen the rock, resulting in a linear yield cap. Although
this hypothesis remains to be tested, we note that the tuffs
from Whakaari volcano and Alban Hills, rocks that contain
few pre-existing microcracks compared to the lavas, and have
elliptical yield caps. However, it is also possible that, similar
to Bleurswiller sandstone (Baud et al. 2015), that the linear
yield caps for these lavas is a result of a heterogenous distri-
bution of porosity. It is difficult to forward a definitive reason
for the linear shape of the yield caps of the tested lavas and
more data are now required to explore the aforementioned
hypotheses.

Porosity and microstructural parameters such as pore size
and shape are not the only factors that can influence the me-
chanical behaviour of volcanic rocks under triaxial conditions:
alteration and environmental factors such as the presence of
water, temperature, and strain rate can also play a role. For
example, triaxial experiments have showed that andesites
from Mt Ruapehu characterised by intermediate and advanced
argillic alteration were brittle and ductile, respectively, under
the same effective pressure (Fig. 24a and b; Mordensky et al.
2019). The experiments of Mordensky et al. (2019) highlight
that the failure mode (brittle or ductile) can be modified by
alteration alone: highly altered rocks deformed in a ductile
manner at an effective pressure of 10 MPa, and moderately
altered rocks deformed in a brittle manner (Fig. 24a and b;
Mordensky et al. 2019). Deformation experiments performed
by Siratovich et al. (2016) also highlight that alteration can
greatly influence the mechanical behaviour of andesite under
triaxial conditions. Recently, Nicolas et al. (2020) deformed
samples of andesite that had been altered in the laboratory for
1 month at a confining pressure of 20 MPa and temperatures
of 80, 180, and 280 °C. These authors found that alteration
decreased the strength of andesite under triaxial conditions
and concluded that microcrack-filling smectite alteration re-
duced the coefficient of friction and therefore the strength of
the studied andesite (Nicolas et al. 2020).

As for uniaxial compressive strength (Fig. 8), the presence
of water can also influence the mechanical behaviour of
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Table 6 Summary of the triaxial

experimental data for Tarawera Connected  Confining Pore fluid Effective Effective Peak Differential
thyolite (New Zealand; data porosity pressure pressure pressure mean stress, P differential stress at C*
unique to this study). The peak (MPa) (MPa) (MPa) (MPa) stress (MPa) (MPa)
differential stress maps out the
brittle failure envelope and C* 0.37 125 10 25 73 14.5 -
(the onset of shear-enhanced 0.37 15 10 5 10.5 16.4 _
compaction) maps of the 039 17.5 10 7.5 13.8 19.0 ;
compactive yield cap

0.40 225 10 12.5 18.4 - 17.8

0.39 30 10 20 13.8 - 8.0

volcanic rocks deformed under triaxial conditions. For exam-
ple, Fig. 23c shows yield caps for dry and wet tuff from Alban
Hills (data from Zhu et al. 2011). The yield cap for the samples
deformed dry are at higher stresses than those deformed wet
(Fig. 23c). Reasons for the reduction in C* and P* in the
presence of water include a reduction in fracture toughness,
the presence of calcite, a reduction in friction, and the presence
of zeolites and clays (Zhu et al. 2011). Based on uniaxial
compressive strength data (Fig. 8), it is likely that weakening
in the ductile field is more pronounced in tuffs than in lavas.
An aqueous pore fluid phase can also influence the mechani-
cal behaviour of rock by promoting time-dependent stress
corrosion reactions (Brantut et al. 2013). Experiments de-
signed to study this mechanism, termed brittle creep experi-
ments, have been performed on tuff (e.g. Martin et al. 1997;
Ma and Daemen 2006; Ye et al. 2015) and basalt (Heap et al.
2011). Time-dependent brittle creep experiments have shown
that rock can fail under a constant stress below its short-term
failure stress (the maximum differential stress the rock can
withstand during a constant strain rate experiment).
Experiments on basalt from Mt Etna show that the rate of
deformation during brittle creep is highly dependent on the
applied differential stress and the effective pressure (Heap
et al. 2011). More experiments (constant strain rate and creep
experiments) are now necessary to understand the influence of
water on the strength of volcanic rocks under triaxial
conditions.

Below the threshold glass transition, temperature can also
influence the mechanical behaviour of volcanic rock under
triaxial conditions. Figure 23c and d shows triaxial data for
low-porosity basalt deformed under an effective pressure of
100 MPa and temperatures from 600 to 950 °C (data from
Violay et al. 2015a). Unlike the uniaxial compressive strength
tests performed under high in-situ temperatures, which
showed that strength increased as a function of increasing
temperature (Fig. 10d), the data shown in Fig. 24c show that
temperature decreases compressive strength under triaxial
conditions (see also Bakker et al. 2019). Strength decreased
from ~900 to ~260 MPa, and the porosity reduction as a func-
tion of axial strain decreased as temperature increased from
600 to 950 °C (Fig. 23¢ and d). These authors interpreted the

observed weakening as the result of the increasing contribu-
tion of plastic deformation mechanisms, alongside
microcracking (Violay et al. 2012, 2015a). Such plastic defor-
mation mechanisms are not operative in the absence of a con-
fining pressure, explaining the discrepancy between the influ-
ence of temperature on the compressive strength of volcanic
rock under uniaxial and triaxial conditions. The mechanical
data shown in Fig. 24c are qualitatively similar to data pre-
sented for dacite from Mt St Helens in Smith et al. (2011), and
we note that ductile behaviour was observed in basalt de-
formed at very high confining pressures (1000 MPa) and high
temperatures (675 to 875 °C) (Hacker and Christie 1991).
Although high-temperature experiments have been performed
on porous andesite from Volcan de Colima (Heap et al. 2017)
in the ductile regime, selecting accurate values for C* was
unfortunately not possible for these data. Finally, we note that
Li et al. (2019) found that the strength of andesite from
Guadeloupe under triaxial conditions (confining pressure =
15 and 30 MPa) increased following exposure to 930 °C for
2 h. For example, compressive strength at a confining pressure
of 30 MPa increased from ~340 (no thermal stressing) to
~500 MPa (thermally stressed to 930 °C) (Li et al. 2019).
These authors attributed this increase in strength to the healing
of microcracks at high temperature (Li et al. 2019).

The vast majority of triaxial deformation experiments per-
formed on volcanic rocks were performed at strain rates ~10~
s, Increasing and decreasing the strain rate at pressures and
temperatures that do not activate plastic deformation mecha-
nisms will likely increase and decrease strength due to the
decrease and increase in the time available for stress corrosion
cracking, respectively (e.g. Brantut et al. 2013). Under these
pressure and temperature conditions, it is perhaps unlikely that
areduction in strain rate would prompt a change from brittle to
ductile behaviour. For example, low-porosity basalt was still
brittle when deforming at a strain rate of ~10 s~ under a
constant stress at room temperature (Heap et al. 2011). At
higher pressures and temperatures (but still below the thresh-
old glass transition), reductions in strain rate can not only
dramatically influence rock strength and mechanical behav-
iour, but can also promote ductility (e.g. Rocchi et al. 2003;
Violay et al. 2012).
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Fig. 24 Stress-strain curves (a) and porosity change as a function of axial
strain (b) for samples of andesite from Mt Ruapehu deformed under an
effective pressure of 10 MPa (from Mordensky et al. 2019). Plotted are
two curves for moderately altered andesite and three curves for highly
altered andesite. Stress-strain curves (¢) and porosity change as a function

A better understanding the influence of the presence of
water, temperature, and strain rate on the mechanical behav-
iour of volcanic rocks under triaxial conditions requires new
systematic experimental studies.

The tensile strength of volcanic rocks

The tensile strength of volcanic rocks is an important param-
eter in, for example, eruption forecasting (e.g. Gudmundsson
2011; Browning et al. 2015; Zhan and Gregg 2019;
Gudmundsson 2020) and volcano deformation models
(Holohan et al. 2017). There are a number of methods to
measure the tensile strength of materials in the laboratory
(Perras and Diederichs 2014). The most common method
employed in studies on volcanic rocks is the Brazilian disc
method (loading a cylindrical sample diametrically in com-
pression), which provides the indirect tensile strength. We
summarise the tensile strength of volcanic rocks as a function
of porosity in Fig. 25. All these data are provided in a
Microsoft Excel© spreadsheet that accompanies this contribu-
tion as Supplementary Material. The data of Fig. 25 show that,
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similar to uniaxial compressive strength (Fig. 5), the tensile
strength of volcanic rocks decreases nonlinearly as a function
of increasing porosity, and that there is considerable scatter in
the data. Tensile strength decreases from ~27 MPa at a poros-
ity of ~0 to ~0.5 MPa at porosities above 0.3 (Fig. 25). The
tensile strength of volcanic rocks (Fig. 25) is about 1/10 of
their compressive strength (Fig. 6), in accordance with data for
other rock types (e.g. Paterson and Wong 2005; Hoek and
Brown 2019). We also note that the range in tensile strength
for a given porosity is reduced as porosity increases (Fig. 25).
For example, tensile strength at a porosity of 0.04 varies from
~2 to ~18 MPa and only varies by a couple of MPa at poros-
ities greater than 0.3 (Fig. 25). As for the uniaxial compressive
strength of volcanic rocks (Fig. 6) and Young’s modulus (Fig.
13), there appears to be no dependence of rock type on the
tensile strength of volcanic rocks (Fig. 25). The scatter in the
data shown in Fig. 25, as discussed above for the uniaxial
compressive strength of volcanic rocks, is likely due to micro-
structural differences (e.g. pore size and shape) and differ-
ences in alteration and/or weathering. Experiments have also
shown that the tensile strength of volcanic rocks is reduced in
the presence of water (e.g. Wedekind et al. 2013; Hashiba and
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Fig. 25 Tensile strength as a function of porosity for volcanic rocks (n =
277; these data are provided in a Microsoft Excel© spreadsheet that
accompanies this contribution as Supplementary Material). Data from:
Tugrul and Giirpinar (1997), Gupta and Rao (2000), Chen et al. (2004),
Ersoy and Atici (2007), Kili¢ and Teymen (2008), Nara et al. (2010b),
Kahraman and Yeken (2010), Graue et al. (2011), Lavallée et al. (2012a),
Heap et al. (2012), Wedekind et al. (2013), Karakus and Akatay (2013),
Hashiba and Fukui (2015), Siratovich et al. (2015), Fener and Ince
(2015), Undiil and Er (2017), Yavuz et al. (2017), Lamb et al. (2017),
Malik et al. (2017), Aldeeky and Al Hattamleh (2018), Zorn et al. (2018),
Hornby et al. (2019), Harnett et al. (2019), Moon and Yang (2020), Yasar
and Komurlu (2020), Kendrick et al. (2021)

Fukui 2015), although more data are now required to confirm
these results. We highlight that the tensile strength reported in
Fig. 25 (and in the accompanying Microsoft Excel© spread-
sheet) are relevant for the sample lengthscale (several tens of
centimetres) and, depending on their intended use, may re-
quire upscaling. For example, using the Hoek-Brown failure
criterion (Hoek and Brown 2019) and the Rock Mass Rating
(RMR; a unitless parameter that classifies the quality of a
rock-mass; Bieniawski 1989), Schultz (1995) estimated the
upscaled tensile strength of basalt with an average
laboratory-measured tensile strength of about 15 MPa to be
between 0.1 and 2.5 MPa.

Frictional properties of volcanic rocks

Reliable estimates of the frictional properties of volcanic ma-
terials are required to model, for example, volcanic flank col-
lapse (e.g. Hiirlimann et al. 2000; Sosio et al. 2012; Peruzzetto
et al. 2019). Since debris avalanches can be characterised by
very high flow velocities, frictional properties must be inves-
tigated over a wide range of slip velocity, from mm/s to m/s. In
the last decades, rock friction properties have been investigat-
ed using triaxial apparatuses using a saw-cut configuration
(e.g. Jacger 1959; Byerlee 1967; Handin 1969) and under
biaxial conditions using a double-direct shear configuration
(e.g. Dieterich 1972; Mair et al. 2002; Collettini et al. 2014).
Slip velocities and total displacements using these

configurations are low (typically pm/s) and short (typically a
few mm), respectively. A rotary shear apparatus, however, can
achieve slip velocities and total displacements more typical of
volcanic environments (e.g. Shimamoto 1994).

In Fig. 26a, we summarise 164 friction experiments per-
formed on cohesive and non-cohesive volcanic rocks (andes-
ite, basalt, dacite, and volcanic ash). All these data are provid-
ed in a Microsoft Excel© spreadsheet that accompanies this
contribution as Supplementary Material. The steady state fric-
tion coefficient is ~0.4—0.8 at low velocity (<< 1 m/s) (Fig.
26a), in agreement with Byerlee’s rule (Byerlee 1978). The
friction coefficient decreases in all rock types at slip velocities
greater than 0.1 m/s (Fig. 26a). The reduction in friction coef-
ficient at high slip velocities is the result of mechanical and/or
thermally activated weakening mechanisms. For example, a
significant reduction in friction coefficient was observed in
basalt (e.g. Violay et al. 2014), andesite (e.g. Lavallée
et al. 2012b; Kendrick et al. 2014), and dacite (e.g. Hornby
et al. 2015) as a result of frictional melting.

We show the evolution of the peak and steady state friction
coefficient as a function of normal stress in Fig. 26b and c,
respectively. The steady-state coefficient in Fig. 26c¢ is report-
ed only for slip velocities higher than 1 m/s and slip distances
larger than few centimetres. Figure 26b shows that the peak
friction coefficient for volcanic rocks is almost independent of
the applied normal stress (e.g. Byerlee 1978). The normal
stress, however, has a large effect on the steady state friction
coefficient of volcanic materials (cohesive rocks and ash)
(Fig. 26c). For example, the data for basalt are well described
by a power law of the form ji, = 1.06 x 0, *"7, where fu, is
the steady state friction coefficient and o,, is the normal stress.
The power law dependence of the steady state friction coeffi-
cient and on the normal stress is typical of melt lubrication
(e.g. Persson 2000; Di Toro et al. 2006; Niemeijer et al. 2011).
Moreover, we highlight that the amount of displacement need-
ed to reach steady state friction decreases with increasing the
normal stress (Violay et al. 2014, 2015b). Interestingly, at a
given effective normal stress, the amount of displacement
needed to reach steady state friction increases in the presence
of water as a result of a delay in the initial weakening mech-
anism (the flash melting of the asperities) (Violay et al. 2014).

Implications for volcanology

Deformation experiments on volcanic rocks are not only im-
portant for providing constraints for large-scale modelling, but
have also provided important insight as to the mechanisms
influencing the wide array of measurements and observations
that have become routine at active volcanoes. We provide here
examples of how laboratory experiments have and can be used
to improve our understanding of volcanic systems. Some of
the salient conclusions, based on the work discussed within
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this review, are also summarised in the cartoon presented as
Fig. 27.

The collapse of the flank or dome of a volcano represents a
significant hazard. In the case of the 1980 eruption of Mt St
Helens, for example, the collapse of the North face of the
volcano not only generated an enormous landslide (of approx-
imately 2 km?), but also rapidly unloaded the volcanic edifice,
resulting in hydrothermal blasts and a Plinian eruption with a

@ Springer

<« Fig. 26 (a) Steady-state friction coefficient as a function of target slip rate
for cohesive (andesite, basalt, and dacite) and non-cohesive (volcanic ash)
volcanic materials (n = 164; these data are provided in a Microsoft
Excel© spreadsheet that accompanies this contribution as
Supplementary Material). (b) Peak friction coefficient as a function of
normal stress for cohesive volcanic rocks (andesite, basalt, and dacite). (¢)
Steady-state friction coefficient as a function of normal stress for cohesive
(andesite, basalt, and dacite) and non-cohesive (volcanic ash) volcanic
materials. Steady-state friction coefficient is only reported for slip veloc-
ities higher than 1 m/s and slip distances larger than a few centimetres.
Best-fit power law for the basalt data is shown as a dashed red curve. Data
from: Lavallée et al. (2012b), Kendrick et al. (2014), Lavallée et al.
(2014), Violay et al. (2014, 2015b), Hornby et al. (2015), Zhang et al.
(2017), Giacomel et al. (2018), and Ikari et al. (2020)

20 km-high column (Lipman and Mullineaux 1982). Flank/
dome stability assessments at active volcanoes is therefore an
important component of risk analysis. Methods that assess
volcano stability using either the GSI (e.g. Apuani et al.
2005; del Potro and Hiirlimann 2008; Rodriguez-Losada
et al. 2009; Borselli et al. 2011; Schaefer et al. 2013; Dondin
et al. 2017) or RMR (e.g. Watters et al. 2000; Okubo 2004)
require laboratory-measured values of UCS (provided in the
Microsoft Excel© spreadsheet that accompanies this contribu-
tion as Supplementary Material). Other methods, such as the
columns limit-equilibrium slope stability analysis (e.g. Reid
et al. 2000, 2001; Reid 2004; Ball et al. 2018), require the
cohesion and the angle of internal friction of the rock, both
of which can be determined from suites of triaxial deformation
experiments. Models of lava dome growth and collapse also
require input parametres for the physical and mechanical
properties of volcanic rocks (e.g. Harnett et al. 2018b;
Walter et al. 2019). To aid future modelling studies, we pro-
vide in Table 7 a compilation of values of cohesion and the
internal angle of friction for a range of volcanic rocks (an-
desite, basalt, dacite, and tuff), calculated from published
triaxial data. We note, however, that these values should be
upscaled using, for example, the GSI and the generalised
Hoek-Brown failure criterion (Hoek and Brown 2019) be-
fore they are used in large-scale models. Figure 28 presents
cohesion and internal friction angle for volcanic rocks
(Table 7) as a function of porosity. These data show that
cohesion and internal friction angle both decrease as a
function of increasing porosity (Fig. 28). An empirical fit
to the cohesion data as a function of porosity (Fig. 28a), for
example, would permit estimations for the laboratory-scale
cohesion of volcanic rocks for a given porosity. Once slope
failure has occurred, the flow velocity and maximum dis-
tance obtained by a volcanic debris avalanche can be
modelled using the frictional properties of volcanic rocks
(e.g. Hiirlimann et al. 2000; Sosio et al. 2012; Peruzzetto
et al. 2019), data compiled in the Microsoft Excel© spread-
sheet that accompanies this contribution as Supplementary
Material (see also Fig. 26).
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Fig. 27 Cartoon cross-section of a typical stratovolcano highlighting mechanical behaviour and failure modes for volcanic rocks within a volcanic edifice,
and the influence of such mechanical behaviour on slope stability, permeability, elastic wave velocities, and seismicity (updated from Heap et al. 2015b)

Laboratory deformation experiments contribute more than
just providing values for slope stability modelling, however.
A detailed understanding of the factors that promote the duc-
tility of the rocks forming a volcanic edifice, thought to facil-
itate edifice spreading and destabilisation (e.g. van Wyk de
Vries and Francis 1997; van Wyk de Vries and Matela 1998;
Borgia et al. 2000; van Wyk de Vries et al. 2001; Cecchi et al.

2004), can also be gleaned through laboratory experiments.
For example, triaxial deformation experiments showed that
high-porosity tuff from Mt Epomeo (Italy) was ductile at very
low effective pressure (i.e. depth), a behaviour thought to
facilitate slope instability at Mt Epomeo (Marmoni et al.
2017). A common theme to the discussed models of volcano
spreading, instability, and collapse is a weak or ductile layer,

Table 7  Laboratory-scale cohesion and internal angle of friction for a range of volcanic rocks (andesite, basalt, dacite, and tuff), calculated from

published triaxial data

Volcano or area Rock type Porosity Cohesion (MPa) Internal angle of friction (°) Reference for triaxial data
Volcan de Colima (Mexico) andesite B5 0.08 26.0 46.2 Heap et al. (2015b)
Volcan de Colima (Mexico) andesite A5 0.11 30.1 37.3 Heap et al. (2015b)
Rotokawa geothermal field (New Zealand) andesite 0.10 30.6 342 Siratovich et al. (2016)
Ruapehu (New Zealand) andesite (altered) 0.27 6.5 15.4 Mordensky et al. (2019)
Déhaies (Guadeloupe, France) andesite 0.02 65.5 36.8 Lietal. (2019)

Mt Etna (Italy) basalt 0.04 46.5 46.7 Heap et al. (2011)

Mt Etna (Italy) basalt EB 1 0.05 36.9 50.2 Zhu et al. (2016)

Mt Etna (Italy) basalt EB_III 0.05 389 443 Zhu et al. (2016)

Acores (Portugal) trachyandesite 0.18 28.9 16.6 Loaiza et al. (2012)
Volvic (France) trachyandesite ~ 0.21 21.8 39.5 this study

Mt St Helens (USA) dacite MSH2 0.18 275 24.6 Heap et al. (2016b)

Mt St Helens (USA) dacite 0.06 40.4 50.0 Kennedy and Russell (2012)
Mt St Helens (USA) dacite SH325-1  0.10 28.7 46.3 Smith et al. (2011)

Chaos Crags (USA) dacite 0.12 23.5 37.1 Ryan et al. (2020)
‘Whakaari volcano (New Zealand) dacite (altered)  0.06 24.8 44.1 Heap et al. (2015¢)
Whakaari volcano (New Zealand) tuff 0.30 9.6 37.9 Heap et al. (2015c¢)
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Fig. 28 (a) Laboratory-scale cohesion as a function of porosity for a
range of volcanic rocks (andesite, basalt, dacite, and tuff). (b)
Laboratory-scale internal friction angle as a function of porosity for a

often the result of hydrothermal alteration. Laboratory studies
have shown, for example, hydrothermal alteration can
weaken (e.g. Pola et al. 2014; Wyering et al. 2014;
Frolova et al. 2014, 2020) and promote ductility
(Mordensky et al. 2019) in volcanic rocks (Figs. 7a and
24a). The perceived importance of a weak hydrothermal-
ly altered zone on volcano stability highlights the mon-
itoring hydrothermal alteration using geophysical tech-
niques, both spatially and temporally, is an important
consideration in hazard assessments at active volcanoes
(e.g. Ball et al. 2013, 2015; Rosas-Carbajal et al. 2016;
Byrdina et al. 2017; Ahmed et al. 2018; Darmawan et al.
2018; Ghorbani et al. 2018; Kereszturi et al. 2020).
Muon tomographic surveys (e.g. Rosas-Carbajal et al.
2017) could also be used identify porous zones that
may be susceptible to ductile deformation. Furthermore,
when combined with laboratory strength measurements,
techniques such as electrical tomography (e.g. Rosas-
Carbajal et al. 2016), muon tomography (e.g. Rosas-
Carbajal et al. 2017), and hyperspectral imaging (e.g.
Kereszturi et al. 2020) could provide strength estimates
for a volcanic edifice or dome (e.g. Revil et al. 2020).
The tensile strength of volcanic rocks (Fig. 25; data
available in the accompanying Microsoft Excel© spread-
sheet) is an important parameter in volcano deformation
(Holohan et al. 2017) and eruption forecasting modelling
(e.g. Gudmundsson 2011; Browning et al. 2015; Zhan and
Gregg 2019; Gudmundsson 2020). For example, robust
measurements of tensile strength are required to estimate
the magma overpressure required to propagate magma-
filled fractures (e.g. Gudmundsson 2006) and estimations
of the volume of a magma chamber (e.g. Gudmundsson
1987; Browning et al. 2015). Measurements of fracture
toughness (Table 3) can also be used to assess magma
overpressures required to propagate magma-filled frac-
tures (e.g. Dahm 2000; Rivalta et al. 2015; Kavanagh
et al. 2017), although Rivalta et al. (2015) note that the
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range of volcanic rocks (andesite, basalt, dacite, and tuff). Values of
cohesion and internal angle of friction were calculated from published
triaxial data (Table 7)

upscaling of fracture toughness to the field scale remains
to be resolved. The material toughness of volcanic rocks,
which can be calculated from the fracture toughness,
Poisson’s ratio, and the Young’s modulus, can also be
used to model the propagation of fractures and dykes
(e.g. Gudmundsson 2009, 2012). We also compiled data
for the Young’s modulus of volcanic rocks (Fig. 13; data
available in the accompanying Microsoft Excel© spread-
sheet), useful for models of fracture/fracture propagation
and arrest (e.g. Gudmundsson 2002; Geshi et al. 2012;
Douma et al. 2019; Forbes Inskip et al. 2020;
Gudmundsson 2020) and in ground deformation model-
ling (Heap et al. 2020b and references therein).

Data from triaxial deformation experiments performed
on volcanic rock can help construct strength profiles and
provide depths for the brittle-ductile transition for the
oceanic crust (e.g. Violay et al. 2012) and volcanic edi-
fices (e.g. Bakker et al. 2019; Parisio et al. 2019). Bakker
et al. (2019), for example, use experimental data for two
materials chosen to represent the edifice at Mt Etna to
derive empirical constitutive equations to describe how
pressure, temperature, and strain rate change rock
strength. These authors used these equations to construct
a strength profile for Mt Etna and concluded that the
brittle-ductile transition predicted by their approach is
not dissimilar to the maximum depth typically observed
for seismicity at Mt Etna (Bakker et al. 2019).

The failure mode of volcanic rocks controls how their
physical properties evolve. Triaxial deformation experi-
ments, for example, have shown that brittle deformation
not only reduces elastic wave velocities, but also creates
an elastic wave velocity anisotropy (e.g. Stanchits et al.
2006; Ougier-Simonin et al. 2011; Fortin et al. 2011,
Adelinet et al. 2013; Harnett et al. 2018a). Data for elas-
tic wave velocity evolution during ductile deformation
are rare, however. Adelinet et al. (2013) showed that P-
wave velocity decreased during the elastic phase of the



Bull Volcanol (2021) 83: 33

Page370f47 33

experiment, but then increased following C*. Seismic
tomography and velocity changes at volcanoes has been
used to detect for the presence and the movement of
fluids and magma (e.g. Husen et al. 2004; Patané et al.
2006; Koulakov et al. 2013; Brenguier et al. 2014; de
Landro et al. 2017). An understanding of how the elastic
wave velocities of volcanic rocks change in response to
changes in stress during laboratory experiments can
therefore assist in the interpretation of seismic tomogra-
phy and velocity changes at active volcanoes.

The permeability of a volcanic system is considered
important in dictating whether a particular eruption is
explosive (high-risk) or effusive (lower risk) (e.g.
Eichelberger et al. 1986; Mueller et al. 2008; Cassidy
et al. 2018; Heap et al. 2019b). Triaxial deformation
experiments on volcanic rocks have shown that brittle
deformation can increase permeability (e.g. Fortin et al.
2011; Farquharson et al. 2016; Heap et al. 2020a) and
ductile deformation can decrease permeability (e.g. Heap
et al. 2014a; Farquharson et al. 2017; Heap et al. 2020a).
Therefore, highly-stressed low-porosity rocks in the up-
per and lower edifice will fracture, creating pathways for
fluids that serve to lower overpressures and reduce the
likelihood of an explosive eruption. Highly-stressed
high-porosity rocks will fracture in the upper edifice,
tempering explosivity; however, high-porosity rocks will
compact in the lower edifice, reducing host-rock perme-
ability and inhibiting the outgassing of the conduit-
dwelling magma. An understanding of the processes that
result in increases and decreases to permeability, and
how to identify when and where these processes are op-
erative at active volcanoes (using, for example, gas
emission data; e.g. Edmonds et al. 2003), could lead to
a better understanding of explosive-effusive transitioning
at active volcanoes. Laboratory experiments have shown,
for example, that the mechanical behaviour of volcanic
rock (brittle or ductile) is an important consideration
when interpreting radon anomalies at volcanoes (e.g.
Mollo et al. 2011).

Seismicity is often used a tool to monitor and forecast
volcanic eruptions (e.g. McNutt 1996; McNutt and
Roman 2015). One of the most widely used models used
in eruption forecasting is the Failure Forecasting Method
(FFM; Voight 1988, 1989; Kilburn and Voight 1998;
Kilburn 2003; Bell et al. 2011a, 2011b; Lavallée et al.
2008). Evaluating or fine-tuning this method, or similar
methods (e.g. Vasseur et al. 2015, 2017), can be
achieved using laboratory data. For example, if slow or
subcritical crack growth is considered as an important
pre-cursor for dynamic rupture within a volcanic edifice
(e.g. Kilburn 2003; Kilburn and Voight 1998; Kilburn
2012), information can be perhaps gleaned from the ac-
celerations to failure seen in time-dependent brittle creep

experiments on volcanic rocks (e.g. Heap et al. 2011).
Laboratory experiments can also be used to better under-
stand the physical processes that result in volcano seis-
micity (e.g. Benson et al. 2008, 2010; Fazio et al. 2017;
Clarke et al. 2019; Rowley et al. 2020). Benson et al.
(2008) showed, using triaxial experiments on basalt from
Mt Etna, that rapid post-failure decompression triggered
low-frequency events. These microseismic events were
considered similar to, and therefore may explain the or-
igin of, long-period seismicity recorded at active volca-
noes (Benson et al. 2008). More recently, experiments
have shown that microseismic events during the defor-
mation of weak volcanic rock are also spectrally indis-
tinguishable from long-period and tremor seismicity
(Rowley et al. 2020), supporting the hypothesis that
long-period seismicity is not necessarily an indicator of
the presence or migration of fluids, but instead indicates
upper-edifice deformation (Bean et al. 2014). Finally,
Mordensky et al. (2019) concluded, based on triaxial
experiments on altered andesites from Mt Ruapehu, that
advanced argillic alteration could create an anomalous
shallow ductile zone that could influence the expression
of pre-eruptive seismicity.

Concluding remarks and future work

The mechanical behaviour and failure modes of volcanic
rock are qualitatively similar to sedimentary rocks
(Wong and Baud 2012): low-porosity volcanic rocks de-
velop shear fractures (examples shown in Fig. 20) at
low- and high-pressure, and high-porosity volcanic rocks
develop shear fractures (examples shown in Fig. 20) at
low-pressure and deform by cataclastic flow accompa-
nied by shear-enhanced compaction at high-pressure.
Compaction localisation in the form of compaction
bands can also develop in porous volcanic rocks
(examples shown in Fig. 22), as seen in porous sedimen-
tary rocks (e.g. Baud et al. 2004). However, although
these behaviours are qualitatively similar, the mechani-
cal behaviour and failure modes of volcanic rock are
complicated by their varied and complex microstructure
(as emphasised in Fig. 1). Indeed, volcanic rocks are
much more complex than sedimentary rocks: their poros-
ity can vary from almost 0 to almost 1, they often con-
tain both microcracks and pores, their pore shapes are
more complex and their pore size distributions are much
wider than most sedimentary rocks, they can contain
crystals characterised by different shapes, sizes, and size
distributions, they can be granular or characterised by a
groundmass that hosts pores and crystals, their composi-
tions and glass contents can vary, and they are often
variably affected by hydrothermal alteration.

@ Springer
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Understanding how these attributes, and others, influ-
ence the mechanical behaviour and failure modes of vol-
canic rock is not yet well understood. For example, it is
unclear as to why compaction bands, features that can
greatly reduce the permeability of volcanic rocks (e.g.
Heap et al. 2014a; Farquharson et al. 2017; Heap et al.
2020a), form in some volcanic rocks but not others
(discussed in Heap et al. 2020a). Hydrothermal alter-
ation, ubiquitous to many volcanoes, can increase or de-
crease the porosity of volcanic rock, potentially leading
to either a decrease or an increase in rock strength, re-
spectively. However, although some experimental stud-
ies highlight that hydrothermal alteration reduces rock
strength (e.g. Wyering et al. 2014; Frolova et al. 2014;
Farquharson et al. 2019), due to dissolution and mineral
replacement, certain types of alteration (e.g. the precipi-
tation of strong or cementing minerals) could increase
strength (e.g. Heap et al. 2020c) and have not received
as much attention in experimental studies. In short, we
do not yet fully understand the influence of alteration on
the mechanical behaviour of volcanic rocks or the time-
scales required, despite its perceived importance in dic-
tating volcano stability (e.g. Lopez and Williams 1993;
van Wyk de Vries et al. 2000; Reid et al. 2001).
Furthermore, where we should expect alteration leading
to net dissolution (porosity increase) and net precipita-
tion (porosity decrease) in a volcano, and how this im-
pacts volcano stability, is understudied (Ball et al. 2015).

One of the most important directions for future re-
search is the integration of laboratory data and field-
scale geophysical/geochemical data to create tools to
rapidly provide robust hazard assessments at active vol-
canoes. For example, electrical tomography (e.g. Rosas-
Carbajal et al. 2016) or hyperspectral imaging (e.g.
Kereszturi et al. 2020) data could be fine-tuned to pro-
vide volcanic flank/dome strength profiles that can then
be quickly integrated into stability models to provide on-
site hazard assessments. To achieve such a goal, labora-
tory data also require upscaling to the rock-mass or vol-
cano-scale, another topic that requires attention.
Although studies have used the GSI or RMR to provide
estimates for the strength of volcanic rock-masses (e.g.
Watters et al. 2000; Okubo 2004; Apuani et al. 2005; del
Potro and Hiirlimann 2008; Rodriguez-Losada et al.
2009; Borselli et al. 2011; Schaefer et al. 2013), the
complexity of volcanic rocks and volcanic rock-masses
suggests that more work is required, and especially ex-
periments at the in-situ pressure and temperature condi-
tions, to better adapt these engineering approaches to
volcanic systems.

To conclude, although great advancements have been
made in our understanding of the mechanical behaviour
and failure modes of volcanic rock, and in our

@ Springer

understanding of how these data can be used to better
understand volcanoes and volcanic hazards, there are
many fruitful avenues for future work that build on the
insights reviewed herein.

Appendix

We provide here new data to explore the influence of the
length to diameter ratio on the uniaxial compressive
strength of dry porous trachyandesite (from Volvic,
Chaine des Puys, France). Cylindrical samples were pre-
pared to a diameter of 20 mm and to lengths between 20
and 55 mm (Table 8). These samples were first vacuum-
dried at 40 °C and their connected porosities were calcu-
lated using their bulk sample volume and the connected
volume measured by a helium pycnometer. The samples
were then deformed uniaxially constant strain rate of 1.0
x 107> s~ ! until macroscopic failure. A lubricating wax was
applied to the end-faces of the samples to avoid problems
associated with friction between the sample and the pistons
during loading. Our data show that, although the uniaxial
compressive strength appears largely unaffected by the
length to diameter ratio, the mechanical behaviour of the
samples with the lowest length to diameter ratios (1.0 and
1.25) is clearly affected (Fig. 29b). The concave up (typi-
cally associated with microcrack closure) and concave
down (i.e. strain hardening) portions of these stress—strain
curves are exaggerated with respect to the other experi-
ments, and the strain at failure is overestimated (Fig.
29a). Although these data are influenced by the lower ex-
perimental reproducibility of volcanic rocks compared to
rocks such as granite, they do highlight problems associat-
ed with using low length to diameter ratios. It is recom-
mended here that experimental studies use samples that
have a length to diameter ratio of at least 2 and, important-
ly, that the dimensions of the samples used are reported in
published works.

Table 8 Uniaxial compressive strength of samples of Volvic
trachyandesite (France) prepared to different length to diameter ratios.
Sample diameter was 20 mm in all cases

Length/diameter ratio Uniaxial compressive strength (MPa)

1 952
1.25 87.1
1.5 98.4
1.75 101.2
2 94.6
225 93.6
2.5 96.1
2.75 105.1
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Fig. 29 (a) Uniaxial stress—strain curves for samples of trachyandesite
from Volvic (France) that have different length to diameter ratios. The
number next the two outlying curves indicates the length to diameter
ratio. (b) Uniaxial compressive strength (UCS) as a function of sample
length to sample diameter ratio (the same experiments shown in panel
(a)). Data in Table 8

Abbreviations UCS, uniaxial compressive strength; LVDT, linear var-
iable differential transducer; AE, acoustic emissions; o, maximum com-
pressive principal stress; o,, intermediate compressive principal stress;
03, minimum compressive principal stress; P,z effective pressure; P,
confining pressure; P,, pore fluid pressure; C, onset of dilatational
microcracking; o, peak uniaxial compressive stress; 2c, initial crack
length in the wing-crack model; vy, crack angle (to the maximum principal
stress) in the wing-crack model; r, pore radius in the pore-crack model; /,
crack propagation distance in the wing- and pore-crack models; K;c,
fracture toughness (critical stress intensity factor); p, friction coefficient
of the sliding crack in the wing-crack model; D,, initial damage param-
eter; ¢, porosity; m and n, constants in the wing-crack analytical solution;
a and b, constants in the pore-crack analytical solution; N,, mean number
of microcracks per unit area; £;, intact Young’s modulus (sample scale);
E,,,, rock-mass Young’s modulus; GSI, Geological Strength Index; P~,
onset of hydrostatic inelastic compaction; o,,", uniaxial compressive
strength of an effective medium; a”, the average radius of a micropore
in an effective medium; ¢,, the porosity of an effective medium; S*, a
factor that captures the cooperative influence of the fracture toughness,
micropore radius, and the partitioning of macro- and microporosity; P,
effective mean stress; C*, onset of inelastic compaction; C*’, onset of

dilation following compaction; Q, differential stress; RMR, Rock Mass
Rating; 1, steady-state friction coefficient; o,,, normal stress; FFM, fail-
ure forecasting method
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