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A permeable or open systemwill react as a closed system if the rocks implicated are deformed on a timescale that
precludes fluid movement. Closed system (“undrained”) deformation therefore leads to a failure mode depen-
dent change in pore pressure: microcracking (dilatant behaviour) and cataclastic pore collapse (compactant
behaviour) will decrease and increase pore pressure, respectively. In the dilatant regime (i.e., in the shallow
edifice, b1 kmdepth), a decrease in pore pressurewill serve to strengthen rock—a process termed dilatancy hard-
ening. However, it is shown here, using undrained triaxial deformation experiments, that the high initial porosity
and microcrack density of typical edifice-forming andesites prevent dilatancy hardening. This allows the rock
proximal to the magma-filled conduit in the shallow edifice to remain weak during periods of unrest when
highmagma strain rates could be transferred to the adjacent country rock. Although the propensity for fracturing
will likely reduce the structural integrity of the edifice, fracturing of the shallow edifice may improve the
outgassing efficiency of the nearby magma-filled conduit. The increase in pore pressure during undrained defor-
mation in the compactant regime (i.e., in the deep edifice, N1 km depth) could lead to pore pressure embrittle-
ment and fracturing. Indeed, the experiments of this study show that the pore pressure increases during
progressive compaction in a closed system. However, the pore pressure is prevented from reaching the critical
value required to promote a dilatant response (i.e., fracturing) for two reasons. First, the rate of compaction
(i.e., porosity decrease) slows as the sample is deformed at a constant strain rate, a consequence of the decay
in effective pressure. Second, the emergence of microcracking as the rock approaches the compactant–dilatant
transition acts as a negative feedback and prevents the rock from transiting into the dilatant field. At this point,
local porosity increases due to dilatantmicrocracking and local porosity decreases due to cataclastic pore collapse
are balanced and the rock deformswithout further changes to porosity or pore pressure. Thiswill prevent poten-
tially destabilising brittle failure deeper in the edifice during the high strain rates that may accompany unrest
and, although it precludes the formation of efficient outgassing pathways in the form of fractures, undrained
deformation in the compactant regime will prevent a reduction in porosity and permeability and may therefore
facilitate lateral outgassing of the conduit into the country rock.We assess the conditions (strain rate and perme-
ability) required for drained or undraineddeformation by defining a dimensionless Darcy number. Closed system
or undrained deformation is likely commonplace within a volcano (strain rates in the rock adjacent to an active
volcanic system can be high and textural heterogeneities can serve as barriers to fluid flow) and therefore forms
an important component for a complete understanding of themechanical response of an edifice to the stress per-
turbations accompanying unrest.
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1. Introduction

The rocks forming a volcanic edifice are subject to the stress pertur-
bations that accompany volcanic unrest (e.g., Roman et al., 2004; Gerst
and Savage, 2004). If the deformation of the edifice rock occurs on a
timescale that precludes fluidmovement—a functionof thedeformation
rate and the permeability of the rock—the pore pressure inside edifice-
forming rock will either increase or decrease in response to an imposed
stress. Deformation in the dilatant regime (the prevalent failure mode
anticipated in the shallow edifice, b1 km; Heap et al., 2015a) will result
in an increase in porosity (dilation; e.g., Brace et al., 1966; Read et al.,
1995) and therefore, in the absence of fluid movement, a decrease in
pore pressure. By contrast, compactant deformation (the prevalent
failure mode anticipated in the deep edifice, N1 km; Heap et al.,
2015a) will result in a decrease in porosity (compaction; e.g., Wong
and Baud, 2012) and therefore an increase in pore pressure is expected
in the absence of fluid migration.

For volcanic rock, the failuremode (dilatant or compactant) depends
on the physical attributes of the rock (porosity and pore diameter,
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Fig. 1.Themicrostructure of the studied andesites fromVolcándeColima. (a) Back-scatted
scanning electronmicroscope image of C8. (b) Back-scatted scanning electronmicroscope
image of B5. The microstructural elements are highlighted on the pictures.
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amongst others) and the prevalent pressure conditions, i.e. the effective
pressure (Peff = Pc − Pp, where the effective pressure Peff is assumed to
be equal to the confining pressure Pc minus the pore fluid pressure Pp)
(e.g., Heap et al., 2015a). In a scenario where the pore pressure can
remain constant during deformation, high porosity volcanic rock
(N0.1–0.15) will be dilatant in the shallow edifice (b1 km depth;
i.e., low effective pressures) and compactant at depth (N1 km depth;
i.e., high effective pressures) whilst low porosity volcanic rock (b0.1–
0.15) will be dilatant at both low and high effective pressures
(e.g., Kennedy et al., 2009; Zhu et al., 2011; Loaiza et al., 2012;
Adelinet et al., 2013; Heap et al., 2015a, 2015b). In the dilatant field, de-
formation is manifested as localised axial splits or shear fractures
(e.g., Loaiza et al., 2012; Adelinet et al., 2013; Heap et al., 2015a). Defor-
mation in the compactive regime is characterised by either distributed
cataclastic pore collapse (e.g., Zhu et al., 2011; Heap et al., 2015b) or
the formation of localised bands of compacted pores (e.g., Loaiza et al.,
2012; Adelinet et al., 2013; Heap et al., 2015a; Farquharson et al.,
2016a).

In the dilatant field, an increase in the effective pressure (simplified
here to be equivalent to an increase in depth in the edifice) increases
the strength of rock (e.g., Paterson and Wong, 2005). Therefore, if the
pore fluid pressure decreases due to dilatant deformation in a system
that precludes fluid movement, the effective pressure will increase and
the rockwill strengthen. This phenomenon is called dilatancy hardening
(e.g., Brace and Martin, 1968; Rice, 1975; Ismail and Murrell, 1976;
Lockner and Stanchits, 2002; Paterson and Wong, 2005 and references
therein). During deformation in the compactant field, in the absence of
fluid movement, the increase in pore pressure as a result of compaction
could reduce the effective pressure sufficiently to promote a dilatant re-
sponse (i.e., fracturing)—a process termed pore pressure embrittlement
(e.g., Farquharson et al., 2016a). In rock mechanics, the switch from a
compactant to a dilatant failure mode is termed C*′ (e.g., Schock et al.,
1973; Baud et al., 2000, 2006; Heap et al., 2015a) and has previously
been achieved through porosity loss and strain hardening in triaxial ex-
periments in which the pore pressure is maintained at a constant value.

This study investigates: (1) dilatancy hardening in the dilatant re-
gime and, (2) the potential for a switch in failure mode in the
compactant regime in typical edifice-forming andesites (from Volcán
de Colima, Mexico). To achieve these aims, triaxial experiments were
performed in which water-saturated samples were deformed in a con-
figuration in which water cannot enter or leave the sample (termed
“undrained experiments” in studies of rock deformation;more informa-
tion on undrained experiments is provided in the Materials and
methods section). A scenario is envisaged in which saturated edifice
host rocks experience a differential stress (e.g., the stress perturbations
associatedwithmagma ascent in the nearbymagma-filled conduit) in a
system that precludes drainage (deformation proceeds at a timescale
that precludes fluid movement). The degree to which typical edifice
rocks are water-saturated is therefore of particular interest to this
study. The position of the water table beneath a stratovolcano can
vary, and is a function of the rate of recharge, the heat input rate, and
the hydraulic parameters of the system (Hurwitz et al., 2003). Although
thewater table at stratovolcanoes can be relatively deep (Hurwitz et al.,
2003), perched water bodies, sandwiched between low-permeability
layers, are also commonly observed or inferred at stratovolcanoes
(e.g., Hurwitz et al., 2003; Finn et al., 2007).

In the scenario described above, dilatancy hardening could strength-
en the edifice-forming rocks thereby increasing their resistance to
fracture and promoting seismic quiescence (Scholz et al., 1973). A
switch from a compactant to a dilatant failure mode in porous edifice
rocks at depth could promote fracturing and provide new pathways
for the lateral outgassing of the volcanic conduit in the adjacent country
rocks (e.g., Jaupart, 1998; Collinson andNeuberg, 2012), or up through a
fractured halo-zone that envelops the conduit (e.g., Rust et al., 2004;
Lavallée et al., 2013; Gaunt et al., 2014; Plail et al., 2014; Young and
Gottsmann, 2015). The ease with which exsolved gases can escape the
conduit can impact the style and intensity of an eruption. Generally
speaking, efficient outgassing promotes effusive behaviour and ineffi-
cient outgassing promotes explosive behaviour (as discussed by many
authors, e.g. Eichelberger et al., 1986; Woods and Koyaguchi, 1994).
Deep fracturing, as a result of pore pressure embrittlement, could also
reduce the structural stability of the edifice and increase the risk of
flank collapse (e.g., Voight, 2000).

2. Materials and methods

For the purpose of this study, two edifice-forming andesites from
Volcán de Colima (Mexico) were selected. Although the materials are
sourced from Volcán de Colima, the concepts presented in this study
will be applicable to many active and frequently-collapsing andesitic
stratovolcanoes, such as Ruapehu (New Zealand), Soufrière Hills
volcano (Montserrat), Merapi (Indonesia), Santa María (Guatemala),
and Tungurahua (Ecuador). The first block, C8, was taken from the
1998–1999 block-and-ash flow in the San Antonio ravine and contains
a connected porosity of about 0.165. The second, B5, is from an older
lava of unknown age and contains a connected porosity of about
0.075. The locations of the collection sites are indicated in Heap et al.
(2014a; 2015a). Both andesites have a porphyritic texture consisting
of a glassy groundmass containing abundant microlites and pores
(59–68 vol.%) and a (commonly microcracked) phenocryst cargo
(b1.5 mm in diameter) of plagioclase (13–25 vol.%), clinopyroxene
(3–4 vol.%), and orthopyroxene (2–4 vol.%). The crystal fraction does



Table 1
Average physical properties of the two andesite blocks—C8 and B5—used in this study. Da-
ta from Heap et al. (2014a). Connected porosity and permeability were measured under
confining pressures of 0.1 MPa (atmospheric) and 2 MPa, respectively.

Block C8 B5

Connected porosity 0.165 0.075
Water permeability k (m2) 5 × 10−13 4 × 10−17

Microcrack surface area per mm3 (mm−1) 40.8 42.2
Pore number density (mm−2) 3.27 6.13

(a)

(b)

(c)

Fig. 2. Schematics highlighting the difference between a drained and an undrained
experiment, shown here for experiments performed in the compactant (porosity
reduction) regime. (a) The cylindrical sample before deformation: the confining
pressure (σ3) and pore fluid pressure (Pp) have been applied by means of a confining
pressure intensifier (not shown) and a pore pressure intensifier. (b) In the drained
experiment, as the sample compacts the pore pressure intensifier moves back (taking
water from the sample) to maintain a constant pore pressure. (c) In the undrained
experiment, the valve to the pore pressure intensifier is closed and so, as the sample
compacts, the pore pressure within the sample rises.
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not vary significantly between the two blocks. The andesites of this
study contain a dual porosity of microcracks and pores (i.e. vesicles)
(Fig. 1; Heap et al., 2014a). C8 and B5 are pervasively microcracked
and contain high pore number densities and a wide pore size distribu-
tion (Table 1; Heap et al., 2014a). The permeability k of C8 and B5
(measured using distilled water and under a confining pressure of
2 MPa) is about 5 × 10−13 and 4 × 10−17 m2, respectively (Table 1;
Heap et al., 2014a). We note that B5 displays evidence of high temper-
ature alteration (Heap et al., 2015a). Cylindrical samples, cored to a
diameter of 20 mm and precision-ground to a nominal length of
40 mm, were prepared from the two blocks. The connected water
porosities of the samples were measured using the triple weight
water-saturation (distilled water) method using Archimedes' principal
(Guéguen and Palciauskas, 1994).

A first series of triaxial experiments (σ1 N σ2 = σ3) were performed
on water-saturated samples of C8 and B5 at a confining pressure Pc of
20 MPa and an initial pore pressure Pp of 10 MPa. Under an effective
pressure Peff of 10 MPa, both C8 and B5 are within the dilatant regime
(Heap et al., 2015a). For the purpose of this study we assume a simple
effective pressure law where Peff = Pc − αPp for which the poroelastic
constant α is 1. A recent study by Farquharson et al. (2016a) demon-
strated that α for porous andesite is extremely close to 1, validating
our assumption. The samples were then deformed at a constant axial
strain rate of 10−5 s−1 until macroscopic failure. During the experi-
ments the pore fluid (distilled water) within the sample was isolated
from the pore pressure intensifier, i.e. the experiments were undrained
(the volume of pore fluid inside the rock is constant).

A second series of undrained triaxial experiments were performed
on water-saturated samples of C8 at confining pressures of 40 and
60 MPa and an initial pore pressure of 10 MPa. Experiments have
previously shown that, under these conditions, C8 is within the
compactive regime (Heap et al., 2015a). A schematic representation of
drained and undrained triaxial experiments (in the compactant regime)
is provided as Fig. 2. Due to instances of compaction localisation (Loaiza
et al., 2012; Adelinet et al., 2013; Heap et al., 2015a), and the observa-
tion that macroscopically “ductile” behaviour (defined as the capacity
of a material to deform to a substantial strain without the tendency to
localise the flow into faults; Rutter, 1986) can be driven by
microcracking in the case of cataclastic flow, the classification of a
“ductile” failure mode is simplified to “compactant” in this manuscript.
The andesites deformed in the compactive regime were deformed a
constant axial strain rate of 10−5 s−1 until an axial strain of 6%. The
undrained experiments of this study are compared with drained exper-
iments (on the samematerials and under the same pressure conditions)
from Heap et al. (2015a) and Farquharson et al. (2016a).

During all of the experiments, an external load cell recorded axial
load and the axial shortening (strain) of the samples was measured
using an external linear variable differential transformer (LVDT),
whichmonitored the movement of the axial piston relative to the static
pressure vessel. The pore pressure during the testswasmonitored using
a pressure transducer; sample porosity change, however, could not be
determined during the undrained experiments since its measurement
relies on the pore pressure intensifier/volumometer. Acoustic emission
(AE) energy (the root-mean-square of the received waveform) was
monitored using a single piezoelectric crystal attached to the top piston
(seeHeap et al., 2014b for further details on the experimental setup). All
of the experiments presented in this study were performed at room
temperature. This is justified because, once deposited and cooled,
these materials are unlikely to exceed the glass transition temperature
of the amorphous groundmass glass phase (~740 °C measured at
~10 °C/min heating rate from a known imposed cooling rate; Lavallée
et al., 2012). We propose, therefore, that these experiments probe be-
haviours relevant to edifice deformation processes. In this study we
adopt the convention that compressive stresses and strains are positive.

3. Results

3.1. Dilatancy hardening in the dilatant regime?

The stress–strain curves, and the evolution of pore pressure and ef-
fective pressure as a function of strain, for the undrained samples of
andesite deformed in the dilatant regime (Pc = 20 MPa; Pp =
10 MPa) are presented in Fig. 3, alongside data from drained experi-
ments under the same pressure conditions (from Heap et al., 2015a
and Farquharson et al., 2016a). In the dilatant regime, the stress is a
non-linearly increasing function of strain, which is attributed to the
closure of pre-existing microcracks, followed by a quasi-linear elastic
portion (Fig. 3a and d). Following elastic deformation, the stress is a
non-linearly decreasing function of strain prior to a peak stress, which
is a result of the nucleation and growth of microcracks. Evidence for
this is the onset and subsequent acceleration in AE activity coincident



(a) (d)

(e)(b)

(c) (f)

Fig. 3. The evolution of stress, AE output, pore pressure, effective pressure, and porosity with increasing axial strain during drained and undrained triaxial experiments in the dilatant
regime (Pc = 20 MPa and initial Pp = 10 MPa). (a) Stress–strain curves for the drained and undrained experiments (black curves) on samples of C8, together with the output of AE
energy (grey curves). (b) The evolution of pore pressure and effective pressure during the undrained deformation of the sample of C8 shown in panel (a). (c) The evolution of
porosity, pore pressure, and effective pressure during the drained deformation of the sample of C8 shown in panel (a). The area of net compaction is highlighted in grey. (d) Stress–
strain curves for the drained and undrained experiments (black curves) on samples of B5, together with the output of AE energy for the undrained experiment (grey curve). AE energy
was not recorded for the drained experiment of Heap et al. (2015a). (e) The evolution of pore pressure and effective pressure during the undrained deformation of the sample of B5
shown in panel (d). (f) The evolution of porosity, pore pressure, and effective pressure during the drained deformation of the sample of B5 shown in panel (d). The area of net
compaction and net dilation are highlighted in grey and white, respectively.
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with the departure from quasi-linear elasticity. Following the peak
stress the rock enters a strain-softening phase, proceeded by a stress
drop marking the strain at which macroscopic sample failure occurred
(Fig. 3a and d). Finally, additional post-failure strain is accommodated
by sliding on the resultant shear fracture at the residual frictional
strength.

For the high porosity andesite (sample C8 with a porosity of 0.165)
deformed under undrained conditions, the pore pressure first increased
to 11.3 MPa. This is a consequence of the expulsion of water from clos-
ing pre-existing microcracks (Fig. 3b). The onset of AE activity (Fig. 3a)
suggests that dilatant microcracking slowed the rate of pore pressure
increase and, at a differential stress of about 50 MPa, the pore pressure
began to decrease (Fig. 3a and b). The switch from pore pressure
increase to pore pressure decrease is analogous to the switch from
compaction- to dilatant-dominated behaviour in drained experiments
(termed D′; Fig. 3c). The pore pressure was ~11 MPa at the peak stress
(at an axial strain of ~0.5%), and reached a low of 10.4 MPa at an axial
strain of ~0.7%. This minimum pore pressure occurred after the peak
stress and the formation of a shear fracture. Subsequent sliding on the
fault plane served to increase the pore pressure (Fig. 3b). The small
changes in pore pressure were insufficient to severely impact the me-
chanical behaviour of the undrained sample, which was remarkably
similar to that of the drained sample (Fig. 3a).

The pore pressure increase due to the closure of microcracks was
similar for the low porosity andesite (sample B5 with a porosity of
0.075) during undrained deformation, reaching a high of 11.6 MPa
(Fig. 3e). A higher differential stress (Fig. 3d) and a larger volume of
dilatant microcracks are required for brittle failure in the low porosity
samples compared with the high porosity samples. Evidence for this is
found in the curves of porosity as a function of time for the drained
experiments: the total porosity increase at failure is greater for the
low porosity samples (Fig. 3f). For these reasons, the undrained defor-
mation of low porosity rock should result in a larger decrease in pore
pressure and therefore holds the greater potential for dilatancy
hardening. Indeed, dilatant microcracking and shear fracture formation
reduced the pore pressure to 2.9 MPa (at a strain of about 1.2%; Fig. 3e),
although the pore pressure at the peak stress was 7.5 MPa. However,
despite the reduction in pore pressure, the stress–strain curves for the
undrained and drained experiments are essentially identical (Fig. 3d).
Although, one should note that both undrained samples aremeasurably
weaker (Fig. 3a and d; Table 2). Therefore, it can be concluded that,
under the conditions studied here, dilatancy hardening did not occur
in either andesite sample (porosity = 0.165 and 0.075).
3.2. Switch from a compactant to a dilatant failure mode?

The stress–strain curves, and the evolution of pore pressure and ef-
fective pressure as a function of strain, for the undrained samples of an-
desite deformed in the compactive regime (Pc = 40 and 60 MPa; Pp =
10MPa) are presented in Fig. 4a and b, together with data from drained
Table 2
Experimental summary of the 8 experiments presented in this study.

Block Sample Initial connected porosity Confining pressure
(MPa)

Pore pressure
(MPa)

Effe
(MP

B5 7a 0.074 20 10 10
B5 13 0.076 20 10 10
C8 41 0.164 20 10 10
C8 13b 0.160 20 10 10
C8 38 0.165 40 10 30
C8 32b 0.161 40 10 30
C8 37 0.166 60 10 50
C8 4a 0.164 60 10 50

a Experiments taken from Heap et al. (2015a).
b Experiments taken from Farquharson et al. (2016a).
experiments under the same pressure conditions (Fig. 4c and d; from
Heap et al., 2015a and Farquharson et al., 2016a). The compactant
stress–strain curves also show that the stress is initially an increasing
function of strain; this is followed by a quasi-linear elastic deformation
portion (Fig. 4a and c). The samples depart from poroelastic behaviour
at a critical stress state termed the onset of shear-enhanced compaction
or C* (Wong et al., 1997). Subsequent deformation proceeds without
significant strain softening and without a large stress drop, such that
the deformation is entirely compactant (Fig. 4d). The stress–strain be-
haviour in this portion of the stress–strain curve is characterised by
many small stress drops and, in some cases, strain hardening (e.g., the
Pc = 50 MPa curve in Fig. 4c). Such small stress drops during
compactant deformation of porous volcanic rocks has been previously
attributed to compactant strain localisation (Heap et al., 2015a).

For the undrained experiment at an initial effective pressure of
30MPa, the pore pressure increased to 22MPa (from a starting pressure
of 10 MPa) at an axial strain of 6%, resulting in a decrease in effective
pressure to 18 MPa (Fig. 4b). The pore pressure increased to 36 MPa
at a starting effective pressure of 50MPa, reducing the effective pressure
to 24 MPa (Fig. 4b). The drained experiments show that there is a
continuous reduction in porosity during deformation, as a result of
cataclastic pore collapse (see also Heap et al., 2015a). This porosity re-
duction slows as axial strain increases (Fig. 4d). The observed slow re-
duction in porosity during the drained experiments suggests that we
should expect a slow reduction in the rate of pore pressure increase
during the undrained experiments. However, the rate of pore pressure
accumulation with increasing strain in the undrained experiments
slows considerably (Fig. 4b) and, for the experiment at an initial effec-
tive pressure of 30 MPa, the pore pressure (and therefore the effective
pressure) appears to plateau at an axial strain of ~5.5%. The stress at
the onset of shear-enhanced compaction is also reduced for samples de-
formedunder undrained conditions (Table 2). Despite these differences,
no significant changes are observed in the stress–strain curves between
the drained (Fig. 4c) and undrained (Fig. 4a) experiments, although the
drained experiment at an effective pressure of 50 MPa shows more
much in the way of strain hardening behaviour compared with its un-
drained counterpart. An important point to note is that the undrained
experiments did not switch to a dilatant mode of failure (Fig. 4a).
4. Discussion

4.1. Porous andesites do not exhibit dilatancy hardening during undrained
deformation

Direct comparisons between drained and undrained triaxial experi-
ments in the dilatant regime show that the porous andesites of this
study do not experience dilatancy hardening during undrained defor-
mation. This is an observation in stark contrastwith similar experiments
on low-porosity crustal rocks (e.g., Brace and Martin, 1968). In the case
of low-porosity rocks (porosity = 0.01–0.03), the dilatancy-induced
ctive pressure
a)

Strain rate
(s−1)

Peak differential stress
(MPa)

C*
(MPa)

P
(MPa)

Notes

10−5 184.9 – 71.6 Drained
10−5 178.7 – 69.6 Undrained
10−5 83.0 – 37.7 Undrained
10−5 91.1 – 40.4 Drained
10−5 – 44.6 44.9 Undrained
10−5 – 48.4 46.1 Drained
10−5 – 45.3 65.1 Undrained
10−5 – 60.3 70.1 Drained



(a)

(d)(b)

(c)

Fig. 4. The evolution of stress, AE output, pore pressure, effective pressure, and porosity with increasing axial strain during drained and undrained triaxial experiments in the compactant
regime (Pc=40 and 60MPa and initial Pp=10MPa). (a) Stress–strain curves for the undrained experiments on samples of C8 (black curves), togetherwith the output of AE energy (grey
curves). The initial effective pressure is indicated next to each curve. (b) The evolution of pore pressure and effective pressure during the undrained deformation of the samples of C8
shown in panel (a). The initial effective pressure is indicated next to each curve. (c) Stress–strain curves for the drained experiments on samples of C8 (black curves), together with
the output of AE energy (grey curves). The initial effective pressure is indicated next to each curve. (d) The evolution of porosity, pore pressure, and effective pressure (Peff) during the
drained deformation of the samples of C8 shown in panel (c). The initial effective pressure is indicated next to each curve.
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porosity resulting from the initiation and growth of microcracks can in-
crease the porosity by a factor of 2 or 3 (Brace and Martin, 1968). It fol-
lows that this results in a substantial reduction in pore pressure such
that dilatancy hardening can ensue. However, in the case of higher po-
rosity rocks, such as those studied here, the additional porosity resulting
from dilatational microcracking represents a much smaller percentage
of the initial porosity, and therefore the reduction in pore pressure re-
quired to significantly harden the rock may be unreachable. In the
case of the andesites studied here, an important factor controlling the
absence of dilatancy hardening is their high initial microcrack density
(Table 1). The high initial microcrack density of the andesites resulted
in an initial decrease in porosity, and therefore pore pressure increase
as favourably-orientated microcracks close in response to the differen-
tial stress (Fig. 3). In fact, the pore pressure only returned to the initial
value of 10 MPa immediately prior to failure in B5 (at an axial strain
of ~0.7%; Fig. 3). During undrained deformation of C8, the pore pressure
never fell below the initial 10MPa (Fig. 3b). Therefore, prior to the peak
stress, the samples spentmost or all of their time deforming at an effec-
tive pressure lower than that imposed at the start of the experiments.
This not only explains the absence of dilatancy hardening, but may
also explain the fact that the undrained samples are both measurably
weaker than the drained samples (Fig. 3a and d; Table 2).We anticipate
that volcanic rocks containing the high microcrack densities typical of
edifice-building materials will not harden through dilatancy, and may
even fail at a lower differential stress if deformation occurs in the ab-
sence of fluid movement (i.e., undrained conditions).
4.2. Porous andesites do not switch to a dilatant failure mode during
undrained deformation

Undrained triaxial experiments on porous andesites in the
compactive regime show that a switch to a dilatant mode of failure, as
a result of the increase pore pressure by porosity reduction, does not
occur. Previous experiments have shown that the dilatant-compactant
transition for block C8 is at an effective pressure of ~15–20 MPa (Heap
et al., 2015a). Therefore, if deformation begins in the compactant regime
(high effective pressures), then the pore pressure must be increased by
at least 10 and 30 MPa to achieve shear failure in the experiments that
were performed at an initial effective pressure of 30 and 50MPa, respec-
tively. However, the pore pressure in our experiments increased by only
12 and 26MPa, respectively (Fig. 4b and d), i.e. close to the transition to
brittle behaviour. Neither experiments switched failure mode at axial
strains less than or equal to 6% (Fig. 4a and c).



(b)

(a)

Fig. 5. (a) The failure envelope for porous andesite (block C8, data from this study, Heap
et al., 2015a, and Farquharson et al., 2016a), depicted on a plot of differential stress
(Q) at failure versus effective mean stress (P). Diagrams of this type delineate the failure
envelope for a material; the peak stress maps out the brittle failure envelope (filled
circles in panel (a)), and the stress at the onset of shear-enhanced compaction C*
delineates the compactive yield envelope (unfilled circles in panel (a)). Blue symbols
denote drained experiments and red symbols denote undrained experiments. The stress
paths for the drained (blue curves) and undrained (red curves) experiments presented
in this study (Fig. 4) are also included. Inset shows a cartoon explanation of a failure
envelope: the rock is pre-failure inside the envelope, has failed by shear fracturing to
the left of the envelope, and by cataclastic pore collapse to the right. (b) Three-
dimensional schematic diagram showing failure envelopes (the grey triangles) plotted
on a graph of differential stress (Q), effective mean stress (P), and initial porosity. The
path of a drained (blue curve) and an undrained (red curve) sample, both initially
deforming in the compactant regime, are drawn on the figure. The drained sample
eventually crosses the critical state line (the green solid line, the transition between
compactant and dilatant behaviour) as a result of porosity reduction. The undrained
sample does not cross the critical state line as the destruction of porosity is inhibited
(see text for details). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

46 M.J. Heap, F.B. Wadsworth / Journal of Volcanology and Geothermal Research 315 (2016) 40–50
There are a couple of lines of evidence that suggest that, during un-
drained deformation, the pore pressure will approach that required for
the onset of brittle behaviour, but will may never increase sufficiently
for the rock to cross over to a brittle mode of failure (as observed in
the experiments presented in this study). Experiments have shown
that, whilst a gradual decay in the rate of porosity loss with increasing
axial strain is observed in a drained experiment (Heap et al., 2015a),
the reduction in the rate of pore pressure increase in the undrained
experiments is comparatively significant, even at low axial strains (up
to 6%). The reason for this is difference is twofold. First, the rate of
compaction (i.e., porosity loss) is higher at higher effective pressures
for a given material during constant axial strain rate experiments
(Heap et al., 2015a). The rate of compaction is therefore continually re-
duced during undrained deformation due to the decrease in effective
pressure with increasing axial strain. Second, as the rock approaches
the compactant–dilatant transition, the emergence of dilatational
microcracking will not only further reduce the rate of pore pressure
increase, but may also prevent the switch to a brittle failure mode. Dila-
tational microcracking acts as a negative feedback since, as soon as the
compactant–dilatant transition is approached, microcracks will start to
nucleate and grow, the pore pressure will decrease, and the rock will
move farther from the transition. At this point, the porosity increase
due to microcracking is balanced with the porosity decrease due to
cataclastic pore collapse. Although themode of failure does not change,
the increase in pore pressure (decrease in effective pressure), as a result
of deformation under undrained conditions, therefore prevents consid-
erable porosity loss by compactant cataclastic pore collapse. Deforma-
tion will still ensue (i.e., axial strain increases), but without a net
change in porosity and, as a result, deformation under undrained condi-
tions will also suppress strain hardening (Fig. 4). It follows that the
strain-dependent switch in failure mode (which occurred at an axial
strain of about 13% in a drained experiment on a sample cored from
the same block; Heap et al., 2015a)may not occur under undrained con-
ditions for porous volcanic rocks. This idea is best illustrated using a plot
of differential stress (Q) against effective mean stress (P), where P =
(σ1 + 2σ3)/3− Pp. Diagrams of this type delineate the failure envelope
for a material for a particular temperature and strain rate using experi-
mental data. The peak stress of a rock deformed in the brittle regime
maps out the brittle failure envelope (filled circles in Fig. 5a), and the
stress at the onset of shear-enhanced compaction C* for a rock
deforming in the compactant regime delineates the compactive yield
envelope (unfilled circles in Fig. 5a) (see Wong et al., 1997). The addi-
tional data for the construction of the failure envelope, taken from
Heap et al. (2015a) and Farquharson et al. (2016a), are provided in
Table 3. Therefore, the rock has failed (or yielded) if the stress state de-
fined here plots it outside the failure envelope, and is pre-failure inside
the failure envelope (see inset in Fig. 5a). Fig. 5a also shows the stress
path (in P–Q space) of the drained (blue solid lines) and undrained ex-
periments (red solid lines) at initial effective pressures of 30 and
50 MPa. Whilst the drained experiments move along a linear stress
path as strain increases (since Pc and Pp are constant), the undrained
experiments migrate towards the critical state line which marks the
predicted onset of brittle behaviour. As discussed, this is due to the in-
crease in pore pressure during compactant deformation. However, the
undrained experiments fall short of the critical state line, a consequence
of the attainment of a constant value of sample porosity during defor-
mation. We noted that the sample porosity can be apparently constant
if local porosity decreases due to compaction balance local porosity
increases due tomicrocracking. This ismanifested as an apparently con-
stant pore pressure in the undrained experiments. As a result, the pore
pressure increase required to meet the critical state line is not satisfied.
This concept is perhaps better illustrated using a schematic three-axis
plot of differential stress, effective mean stress, and porosity (Fig. 5b).
Rock strength is typically reduced as porosity increases and, as a result,
the size of the failure envelope, represented in Fig. 5b as grey triangles, is
increased as porosity is decreased (Heap et al., 2015a). Drained
deformation (the blue line) allows for considerable porosity loss
through cataclastic pore collapse and, as porosity is reduced following
the onset of shear-enhanced compaction, the rock passes the critical
state line and enters the brittle deformation domain (Fig. 5b; Heap
et al., 2015a). However, during undrained deformation, the reduction
in the rate of pore pressure increase (due to the reduction in effective



Table 3
Additional experiments, previously published in Heap et al. (2015a) and Farquharson et al. (2016a), required for the construction of the failure envelope of Fig. 5a.

Block Sample Initial connected porosity Confining pressure
(MPa)

Pore pressure
(MPa)

Effective pressure
(MPa)

Strain rate
(s−1)

Peak differential stress
(MPa)

C*
(MPa)

P
(MPa)

Notes

C8 5_s1a 0.176 0 0 (wet) 0 10−5 17.5 – 5.8 Drained
C8 29b 0.160 0 0 (wet) 0 10−5 35.7 – 11.9 Drained
C8 16a 0.162 15 10 5 10−5 74.1 – 29.7 Drained
C8 14b 0.159 15 10 5 10−5 73.5 – 29.5 Drained
C8 13b 0.160 20 10 10 10−5 91.1 – 40.4 Drained
C8 4_s1a 0.179 20 10 10 10−5 62.3 – 30.8 Drained
C8 19a 0.194 40 10 30 10−5 – 43.4 44.5 Drained
C8 23a 0.185 40 10 30 10−5 – 48.7 46.2 Drained
C8 20a 0.176 60 10 50 10−5 – 45.3 65.1 Drained
C8 21a 0.165 60 10 50 10−5 – 60.0 70.0 Drained
C8 25a 0.172 60 10 50 10−5 – 59.5 69.8 Drained
C8 26a 0.167 60 10 50 10−5 – 49.4 66.5 Drained
C8 22a 0.190 80 10 70 10−5 – 26.5 78.8 Drained
C8 6a 0.167 Hydro. 10 Hydro. – 0 – 126.0 Drained

a Experiments taken from Heap et al. (2015a).
b Experiments taken from Farquharson et al. (2016a).
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pressure) combined with the negative feedback of dilatational
microcracking as the rock approaches the compactant–dilatant
transition prevents the efficient destruction of porosity and the
undrained sample (the red line) does not cross the critical state line. It
instead “hovers” close to the critical state line, as marked by the red
circle on Fig. 5b.

4.3. When are edifice rocks drained or undrained?

The drained condition is met when the permeability is sufficiently
high to permit fluid to move through the pore system on the timescale
of observation. A timescale of pore fluid movement can be found by
interrogating Darcy's law and extracting a Darcy timescale tD:

tD ¼ μ f L
2

kΔP
ð1Þ

using the fluid viscosity μ f, a characteristic system lengthscale L, the
permeability k and the pressure gradient driving fluid flow ΔP. In our
experiments we apply a constant axial strain rate in the same direction
of fluid flow. Therefore, comparison of Eq. (1) with the applied strain
rate _ε yields a dimensionless Darcy number Da:

Da ¼ tD _ε ¼ μ f L
2 _ε

kΔP
: ð2Þ

Eq. (2) is useful for a first-order assessment of whether a strain rate is
too high to allow fluid movement on the timescale of deformation, ren-
dering the system closed (undrained). The condition Da=1 implies that
an aliquot of fluid can travel a length L in the timescale required to reach
a strain of 1. However, the strains accumulated in triaxial test in com-
pression are typically much less than 100% (for example, the maximum
axial strain reached in this study was 6%). As a result, a system in
whichDaN1must be considered undrained (closed). Due to the typically
small axial strains experienced by a rock during a triaxial test in com-
pression, the boundary between the drained and undrained condition
must be Dab1. The magnitude of this threshold value will be explored
later in the discussion.

To use Eq. (2) to assess our experiments, we must define L and ΔP. L
canbe taken as the length of the sample (0.04m) andΔP is approximated
by 1/Swhere S is the so-called storage capacity of the pore space. In turn,
S≈ϕCp where Cp is the compressibility of the pore space under the im-
plemented confining pressure, assuming that the pore fluid is incom-
pressible (Jaeger et al., 2007). The incorporation of S in our definition of
ΔP for triaxial tests renders Eq. (2) identical to the assessment of drained
conditions in Violay et al. (2015). To constrain S, we use unpublished data
from hydrostatic experiments on andesite samples C8 and B5. During a
hydrostatic experiment, the confining pressure is increased on a cylindri-
cal samplewhilstmaintaining a constant porefluid pressure. No differen-
tial stress is imposed on the sample during a hydrostatic experiment
(i.e., σ1 = σ2 = σ3). The servo-controlled pore pressure intensifier,
which in this case kept the pore pressure at a constant value of 10 MPa,
allows the measure of sample porosity change (or volumetric strain, εv)
during hydrostatic loading (in these experiments the confining pressure
was increased at a constant rate of 0.003 MPa/s). The volumetric strain
εv is a function of the confining pressure Pc and the derivative of the
volumetric strain with respect to the confining pressure gives the pore
compressibility such that Cp=dεv/dPc. We can therefore use the data
from the hydrostatic experiments to find the pore compressibility appro-
priate for theminimumandmaximumeffective pressures used in our ex-
periments (Peff of 10 and 50 MPa; Fig. 6a). These values for Cp are
~8.47×10-4 MPa−1 and ~3.36×10-4 MPa−1 for C8 at an effective pres-
sure of 10 and 50 MPa, respectively, and ~4.42×10-4 MPa−1 and
~1.73×10-4 MPa−1 for B5 at an effective pressure of 10 and 50 MPa, re-
spectively (Fig. 6a). If we now take μf=8.94×10-4 Pa s for water, L=
0.04 m, k and ϕ of 5 × 10−13 m2 and 0.165 and 4 × 10−17 m2 and
0.075 (Table 1) for C8 and B5, respectively, and _ε ¼ 10�5 s−1 for all
tests, we can solve Eq. (2) to find Da. We find that Da≈ 1.19 × 10−5

and 4.64 × 10−6 for B5 at an effective pressure of 10 and 50MPa, respec-
tively, and that Da≈ 4.00 × 10−9 and 1.59 × 10−9 for C8 at an effective
pressure of 10 and 50 MPa, respectively. Therefore, Da≪1 in our experi-
ments in the pressure range 10bPeffb50MPa.Wemust note that the po-
rosity and permeability data weremeasured at a pressure of 0.1MPa and
2 MPa, respectively. Whilst these values are not ideal (porosity and per-
meability will certainly decrease with pressure for microcracked rock),
we consider these data adequate for the purpose of this analysis.

Based on the above considerations, we can solve Eq. (2) to find Da
for a wide range of strain rates (as shown in Fig. 6b for Peff =
10 MPa). We find that, over a range of strain rate from 103 to
10−9 s−1, Da varies from ~102 to ~10−10 for sample B5 and from
~10−1.5 to ~10−13.5 for sample C8. Based on these values, we can now
discuss the threshold value of Da required for drained or undrained de-
formation in laboratory triaxial experiments. Studies designed to inves-
tigate the undrained mechanical response of a rock typically employ
experiments in which the sample is isolated from the pore pressure in-
tensifier (as in this study), they do not explore the transition from the
drained to the undrained condition by performing drained experiments
under different strain rates. The paucity of experimental datamakes the
quantification of the threshold value of Da challenging at present. We
can however be sure that an experiment will be undrained if DaN1
(see above). Rock deformation studies over the last 50 or 60 years
have considered that rock samples are typically drained at a strain



(a)

(b)

(c)

Fig. 6. (a) The pore compressibility (the derivative of the volumetric strain with respect to
the confining pressure) as a function of confining pressure for samples C8 and B5. The pore
compressibilities used in the analysis are those for Pc = 20 and 60 MPa, labelled with
white circles. (b) Darcy number curves, as calculated using Eq. (2), as a function of
applied strain rate for samples C8 and B5. The boundary between drained and
undrained deformation is presented here a transitional zone (grey box) (see text for
details). (c) Darcy number curves as a function of applied strain rate for a range of
permeabilities, as calculated using Eq. (2) using the data for C8 at an effective pressure
of 10 MPa. The expected transition zone between drained and undrained deformation
(as presented in panel (b)) is represented by the grey box.
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rate of 10−5 s−1, evenwhen the permeability is quite low (~10−18 s−1)
(Paterson and Wong, 2005). Using this as a benchmark, we anticipate
that the switch from the drained to the undrained condition will
occur at Da≈10-3-10-5 (the grey zone in Fig. 6b). The mechanical re-
sponse of B5 and C8 deforming under undrained conditions, as in our
experiments (Figs. 3 and 4), is to a first order akin to deforming the
rocks at strain rates for which DaN10-3-10-5. A more precise position
for this threshold value, or indeed threshold zone, for Da requires fur-
ther experimental constraint.

Analysis of Eq. (2) shows us that for a constant deformation rate, the
change from drained to undrained depends considerably on the system
permeability, which can vary by many orders of magnitude in volcanic
rocks (e.g., Mueller et al., 2005; Wright et al., 2009; Farquharson et al.,
2015). The influence of permeability on Da, and therefore drainage,
can be explored by modifying the value of permeability used in
Eq. (2). Fig. 6c shows Da as a function of strain rate for a range of perme-
abilities (from k=10−18 to 10−20m2), using the data for C8 at an effec-
tive pressure of 10 MPa. Although we would expect other parameters
such as the porosity and pore compressibility to change as the perme-
ability is increased or decreased from that of C8 (5 × 10−13 m2;
Table 1), such analysis highlights the importance of permeability in
controllingwhether a sample is drained or undrained. For example, un-
drained conditions are only obtained at a strain rate above ~10 s−1

when the permeability is as high as 10−11 m2 (Fig. 6c). By contrast,
drained conditions for rock with a permeability of 10−20 m2 require
strain rates as low as ~10−8 s−1 (Fig. 6c), much lower than the strain
rates typically employed in the laboratory.

Finally, we note that this analysis is only valid for the small deforma-
tions considered here, such that the value of S can be assumed to be
constant. Large deformations would involve large microstructural
reorganisation and significant modification of S, therefore of ΔP in
Eq. (1); it would be important in this case to know Da(t).

4.4. Volcanological implications

The mechanical behaviour and failure mode of rocks that form the
edifice are of prime importance in governing the structural stability of
the edifice (e.g., Voight, 2000; Gudmundsson, 2011; Heap et al.,
2015a) and can impact the outgassing efficiency of the conduit
(e.g., Jaupart, 1998; Heap et al., 2015a). A brittle failure mode may
help to construct a fractured, permeable halo-zone surrounding the
conduit that can act as a highway for the escape of volatiles (Rust
et al., 2004; Lavallée et al., 2013; Gaunt et al., 2014; Plail et al., 2014),
whilst a compactant failure mode will reduce the porosity and perme-
ability of the country rock and restrict outgassing (Heap et al., 2015a).
Ultimately, the ease at which exsolved gases can escape the conduit
can impact the style and intensity of an eruption: efficient outgassing
can promote effusive behaviour and inefficient outgassing can result
in especially dangerous explosive behaviour (as discussed by many au-
thors, e.g. Eichelberger et al., 1986; Woods and Koyaguchi, 1994).

During volcanic unrest, stresses from the magma or gas in the con-
duit are likely transmitted to the edifice country rocks. If the deforma-
tion proceeds at a timescale that allows drainage (Dab10-3-10-5),
then the pore pressure can equilibrate through the migration of fluids
to or from regions of lower or higher pore pressure, respectively (as in
the experiments of Heap et al., 2015a). However, if the deformation
timescale is shorter than the fluid migration timescale (DaN10-3-10-5)
then the pore pressure can increase or decrease, depending on the prev-
alent failure mode. Additionally, the system in an edifice may be locally
closed if low-porosity barriers to fluid migration exist, such as layers of
agglutinated, lava-like spatter (e.g., Wadsworth et al., 2015),
pseudotachylytes (e.g., Kendrick et al., 2014), highly-sintered ash-
filled fractures (e.g., Farquharson et al., 2016b), or zones of hydrother-
mal precipitation or alteration (e.g., Ball et al., 2015). In a volcanic
environment, undrained, closed-system deformation of the country
rock is certainly of interest as edifice rocks are variably saturated
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(e.g., Hurwitz et al., 2003), the permeability of volcanic rocks can be
very low (e.g., Mueller et al., 2005; Wright et al., 2009; Farquharson
et al., 2015), and textural heterogeneities can act as barriers to flow
(as discussed above). Although the range of strain rates typical for
edifice-forming rocks is poorly constrained, we anticipate that the
high strain rates within the conduit during periods of upward relative
motion of magma could be transferred to the zone of country rock
proximal to the magma-filled conduit. High strain rates during volcanic
unrest could therefore result in an otherwise open system responding
to deformation as a closed system for as long as the local strain rate re-
mains too high for the local permeability (i.e., DaN10-3-10-5).

The undrained experiments of this study show that, in the dilatant
regime (i.e., at shallow depths), the high porosity andmicrocrack densi-
ty of the studied andesites prevents dilatancy hardening (the phenom-
enon where rock strength increases due to an increase in effective
pressure as a result of dilatancy). Shallow (b1 km) edifice rocks adja-
cent to themagma-filled conduit are therefore not strengthened during
periods of unrest due to issues of drainage. Although a propensity for
fracturing may not improve the structural stability of the edifice
(e.g., Voight et al., 1983; Voight, 2000; Lagmay et al., 2000), fracturing
in the shallow edifice is also considered important for the efficient
outgassing of the conduit (e.g., Jaupart, 1998; Kolzenburg et al., 2012;
Rust et al., 2004; Lavallée et al., 2013; Gaunt et al., 2014; Plail et al.,
2014).

Experiments have also shown that porous andesite cannot switch to
a dilatant failure mode during undrained deformation in the
compactant regime. This will prevent potentially destabilising brittle
failure deeper (N1 km) in the edifice. Further, although it precludes
the formation of efficient outgassing pathways in the form of fractures,
deep deformation (N1 km)under undrained conditionswill prevent the
destruction of porosity, and therefore permeability. The prevention of
porosity and permeability loss may facilitate diffuse outgassing of the
conduit into the country rock (e.g., Jaupart, 1998; Collombet, 2009;
Collinson and Neuberg, 2012).
5. Concluding remarks

If the high strain rates within the conduit during periods of upward
relative motion of magma are transferred to the proximal country rock,
an otherwise “open” system can react as a “closed” system. In a closed
system, deformation leads to changes in pore pressure. The rocks of
the upper edifice (b1 km) will dilate and the pore pressure will
decrease, whereas deeper rocks (N1 km) will compact and the pore
pressure will increase. These changes in pore pressure could lead to di-
latancy hardening and pore pressure embrittlement, respectively. Our
undrained (i.e., closed system) triaxial deformation experiments have
shown that the porous (0.075 and 0.165 porosity) andesites of this
study: (1) do not strengthen through dilatancy hardening in the brittle
regime, due to their initially high porosity and microcrack density and,
(2) do not switch from compactant to brittlemodes of failure during de-
formation in the compactant regime, a result of the reduction in the rate
of compaction as effective pressure decreases and the negative feedback
of dilatational microcracking as the rock approaches the compactant–
dilatant transition. The implications for closed system deformation are
twofold. First, the absence of dilatancy hardening will not hamper the
formation of fractures in shallow (b1 km) edifice rocks during unrest,
facilitating outgassing. Second, potentially destabilising deep fracturing
is avoided in the deep edifice (N1 km). Further, the destruction of poros-
ity and permeability will be prevented deeper in the edifice, thus per-
mitting the deep diffuse outgassing of the conduit. An understanding
of the undrained deformation of edifice-forming rocks, a consequence,
for example, of the high strain rates that can characterise a volcanic sys-
tem or barrier-forming textural heterogeneities, is important for a com-
plete understanding of the mechanical response of an edifice to the
stress perturbations accompanying unrest.
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