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S U M M A R Y
Studies on the mechanical behaviour of rocks, including volcanic rocks, usually seek for
unaltered and simple material: rocks without macroscopic defects. However, volcanic rocks
are often naturally altered due to the circulation of hydrothermal fluids. This alteration may
influence mechanical and physical properties. Here, we study the effect of hydrothermal
alteration on the elasticity and failure properties of andesite. A homogeneous block of natural
andesite was retrieved from a quarry. Three samples were first heat-treated and then artificially
altered at different temperatures by soaking them in a brine for one month at a pressure
of 20 MPa and temperatures of 80, 180 and 280 ◦C. Heat-treated unaltered and altered
samples were hydrostatically loaded up to 50 MPa and unloaded, while strains and elastic
wave velocities were recorded. Samples were also triaxially deformed to failure at a constant
strain rate and a confining pressure of 15 MPa. At ambient pressure, increased alteration
temperature resulted in increased wave propagation velocity, thus increased dynamic elastic
moduli. During hydrostatic loading, volumetric deformation at a given effective pressure
decreased with alteration temperature denoting increased static elastic moduli. During triaxial
loading, the degree of alteration decreased elastic compaction and peak stress at failure. These
observations are interpreted as the result of microcracks in-filling by alteration minerals, and
in particular smectite, a swelling-clay mineral with a low friction coefficient. The mechanical
behaviour of a volcanic rock subjected to triaxial loading was modelled with a damage model
based on crack propagation from pre-existing flaws. A decreasing friction coefficient within
the flanks of the cracks leads to a decrease of the peak stress and explains the experimental
observations.

Key words: Creep and deformation; Elasticity and anelasticity; Geomechanics.

1 I N T RO D U C T I O N

Understanding the mechanical behaviour of rocks in volcanic
geothermal systems is important to predict induced seismicity and
wellbore failure in industrial contexts such as geothermal reser-
voir engineering and CO2 sequestration. It is also important in the
context of natural hazards related to fault-activation and to explain
ground deformation in volcanic areas revealed by GPS and InSAR
observations (e.g. Massonnet & Sigmundsson 2000; Pedersen &
Sigmundsson 2004; Pagli et al. 2006). Numerous laboratory stud-
ies have exposed stress-strain relationships for a variety of unaltered
volcanic rocks (e.g. Stanchits et al. 2006; Heap et al. 2009, 2011,
2015a; Adelinet et al. 2010; Fortin et al. 2011; Adelinet et al.
2013; Nara et al. 2013; Akamatsu et al. 2019). However, alteration

minerals, and in particular swelling minerals, such as smectite, are
abundant in volcanic geothermal systems (e.g. Reyes 1990; Meunier
2005; Beauchamps et al. 2019; Lévy et al. 2019c), in subduction
zones (e.g. Hyndman et al. 1997; Passelègue et al. 2014) and at
some major faults (e.g. Yamaguchi et al. 2011; Chester et al. 2013;
Lévy et al. 2019b), where hot fluid circulation in the host rock (e.g.
Geoffroy & Dorbath 2008; Adelinet et al. 2011) causes dissolution
and secondary mineralization (e.g. Browne 1978; Zimbelman et al.
2005; Navelot et al. 2018; Lévy et al. 2019a).

The presence of alteration minerals can significantly modify the
mechanical behaviour of rocks, due to microstructural changes, as
compared to unaltered rock (e.g. Heap et al. 2014, 2015b; Siratovich
et al. 2014; Navelot et al. 2018; Mordensky et al. 2019). Indeed,
small changes in microstructural parameters, such as porosity (e.g.
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Vajdova et al. 2004), pore size (e.g. Zhu et al. 2010), crack density
and mean length (e.g. Keshavarz et al. 2010), mineralogical com-
position (e.g. Heap et al. 2014) and grain boundary structure and
contact (e.g. Heap et al. 2014) are known to significantly modify
the physical properties and thus affect the mechanical behaviour
of volcanic rocks (Pola et al. 2012; Frolova et al. 2014; Meller &
Kohl 2014; Wyering et al. 2014; Navelot et al. 2018). A recent
study showed that advanced argillic alteration of andesite can pro-
mote, under the same pressure conditions, a change in failure mode
from brittle to ductile (Mordensky et al. 2019). Yet, the specific
influence of alteration on the mechanical behaviour of geother-
mal volcanic reservoirs is still poorly understood (Siratovich et al.
2016).

Studying the specific influence of alteration on the elastic be-
haviour and failure properties of volcanic rocks requires the use of
samples with identical initial microstructures but altered at differ-
ent levels, which is difficult to find in nature (e.g. Heap et al. 2017)
although some studies used a single block that preserved different
degrees of alteration (e.g. Mordensky et al. 2019). To overcome
this obstacle, a single block of homogeneous andesite was used as
starting material and samples from this block were artificially al-
tered. In total, six samples were drilled and prepared. Four of these
six samples were heat-treated. Of these four heat-treated samples,
one remained unaltered and three were altered at different levels,
after heat-treatment. We report results of hydrostatic and triaxial
loading experiments performed on untreated, unaltered heat-treated
and artificially altered samples, all coming originally from the same
lithology. During these experiments, evolution of P- and S-wave
velocities were measured to track the evolution of open porosity.
Acoustic emissions were also recorded and localized. The evolution
of the mineralogy with both the heat-treatment and the artificial al-
teration was also tracked, with a special focus on smectite and other
clay minerals.

2 M AT E R I A L A N D M E T H O D S

2.1 Starting material, heat-treatment and artificial
alteration

The ideal material would be different blocks of the exact same
andesite, naturally altered at different levels. As it is difficult to find
that in the field, a single block of homogeneous andesite was used
and samples were artificially altered to different levels. The block
was recovered from an outcrop below Mamelle pass at Guadeloupe,
French West Indies. The area of Mamelle is known to be part of
the calc-alkaline Northern Chain (e.g. Navelot et al. 2018), dating
from 1.81 ± 0.03 to 1.15 ± 0.02 Myr ago [K-Ar ages, Samper
et al. (2007)], and consists of voluminous lava flows and andesite
and dacite domes (Komorowski et al. 2005). Chemical composition
was measured by X-ray fluorescence (XRF) on powders and show
that our sample is andesite (Table 1 and Fig. 1). The original andesite
is formed of a groundmass with microlites and phenocrysts from
tenths to hundreds of microns (Figs 2a and b).

In total, six samples were drilled and prepared in various ways as
detailed hereafter. All samples were cored in the same block, and
thin sections were made in several parts of the block in different
orientations to control the similarity of microstructures. Although
no bedding was identified based on visual inspection and SEM
analysis, all samples were cored parallel to each other, in order
to avoid effects of preferential direction. After coring, faces were
ground to ensure a good parallelism (precision of 10 μm). The

Table 1. Chemical composition determined by XRF analysis performed on
powder of the block used in this study.

wt. per
cent

SiO2 59.3
TiO2 0.6
Al2 O3 15.5
Fe2O3 5.8
MnO 0.1
MgO 2.3
CaO 6.4
Na2O 3.5
K2O 1.2
P2O5 0.1
CO2 5.2
Total 100

resulting cylindrical samples have a diameter of 40 mm and a length
of 80 ± 2 mm.

Due to the low permeability of the samples (≈10−21 m2), intense
micro-fracturing was induced by heat-treatment to ensure to be
able to saturate the samples with fluids (e.g. Katayama et al. 2018)
and enable artificial alteration that is homogeneously distributed
throughout the sample volume. Following previous studies focusing
on the influence of heat-treatment on the mechanical behaviour and
permeability of andesite (Kluge et al. 2017; Li et al. 2019; Nicolas
et al. 2020), four samples (amongst the six initially drilled) were
heat-treated at 930 ◦C with a programmable Meker MHT-3 furnace,
following the procedure described in Nicolas et al. (2014). Intact
samples were heated at a rate of 120 ◦C hr–1, up to 930 ◦C, kept
2 hr at the maximum temperature, and then cooled at 120 ◦C hr–1,
to avoid any quenching or thermal shocking effect. Heat-treated
sample (AL-NA-TT) has a higher fracture density than the intact
sample (AL-NA-NTT1), as shown in Fig. 2. All the samples show
higher fracture density after heat treatment at 930 ◦C compared to
the intact sample, as supported by a decrease in P-waves velocities
measured axially from 4.9 to 2.8 km s–1 (Fig. 3b). This intense
microfracturing, increasing the crack surface area and permeability
(e.g. Darot et al. 1992), is due to the different thermal expansion
coefficients of minerals (e.g. Fredrich & Wong 1986) and the α–β

transformation of quartz above 550 ◦C (e.g. Glover et al. 1995).
Three (amongst the four) heat-treated samples were altered dur-

ing 1 month in an autoclave, saturated with a fluid at a pressure of
200 bar and at temperatures of 80, 180 and 280 ◦C, respectively. A
description of the samples used in this study, along with their iden-
tification numbers, can be found in Table 2. The fluid was prepared
to be as close as possible to the seawater at Rocroy beach, next to
the outcrop where the rock was recovered. The composition of the
seawater at Rocroy beach was reproduced by mixing aqueous silica
[SiO2(aq)] and dissolving salts in the form of M(x+)Cl(–)x , with
M being the cation and x its valency (1 or 2), in ultrapure deionized
water (18.2 M�). This composition is reported in Table 3. First, the
heat-treated core samples were saturated under vacuum with fluid,
and then placed in the autoclave pre-filled with the same fluid. The
surrounding fluid was stirred for the duration of the experiment,
and its composition allowed to evolve as the fluid reached thermo-
dynamic equilibrium with new minerals (see Section 3.1.2). The
alteration process produced in the three experiments is that of a
closed system. It can be considered as an analog reproduction of
certain natural alteration processes, in which the fluid stays stagnant
or circulates with a slow flow rate, thus reaching a themodynamic
equilibrium with certain minerals, and precipitating new secondary
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Figure 1. Total alkali-silica diagram for volcanic rocks classification, showing the weight percent of the total alkali elements (Na2O + K2O) versus SiO2 (e.g.
Le Bas et al. 1986). Our block is represented by the green diamond and corresponds to the andesite group.

Figure 2. SEM observations of the mineralogy before (panels (a) and (b), sample AL-NA-NTT1) and after heat-treatment (panels (c) and (d), sample AL-NA-
TT). Panels (b) and (d) show a zoom of a particular area of panels (a) and (c), respectively. K-feldspars ‘K-Feld’, smectites ‘Smec’ and pyroxenes ‘Px’ can be
observed. Smectite ‘Smec’, of magnesium-rich character (saponite type) was evidenced by chemical analyses (Enegery Dispersive Spectroscopy) in the near
vicinity of pyroxenes ‘Px’. These occurrences of smectite, as replacement of pyroxenes, indicate that the original sample was not completely unaltered but had
already started to be naturally altered. After heat-treatment, no smectite is observed but evidences of biotite are found by chemical analyses (panel d).

phases. The three alteration temperatures were chosen to represent
continuum up to the maximum alteration temperature of around 300
◦C recorded at Bouillante geothermal field in Guadeloupe (Jaud &
Lamethe 1985; Traineau et al. 1997).

2.2 Characterization of mineral composition

Large volumes of rock powder were prepared from each dried whole
rock samples (crushed in an agate mill) and mixed, in order to re-
duce even minor variations on the microscale within each sample.

The primary minerals and artificial alteration products were char-
acterized by quantitative analyses of X-ray diffraction (XRD) pat-
terns measured on the fraction <2 μm of powders, cation exchange
capacity (CEC) measurements on powders of rock samples and
scanning electron microscope (SEM) observations on thin sections
associated to chemical analyses by energy dispersion spectroscopy
(EDS).

The CEC was measured by back-titration of the molecule Copper-
triethylenetetramine (II), which replaces all exchange cations
in minerals subject to cation exchanges. A protocol using this
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Figure 3. (a) Evolution of connected porosity during the alteration process of samples altered at 80 ◦C (red diamonds), 180 ◦C (blue diamonds) and 280 ◦C
(green diamonds). (b) Axial VP at ambient pressure (blue diamonds), axial VS at ambient pressure (red diamonds), radial VP under a confining pressure of 50
MPa (blue circles), and radial VS under a confining pressure of 50 MPa (red circles) of an intact sample (sample AL-NA-NTT1), a heat-treated sample (sample
AL-NA-TT) and samples altered at 80 ◦C (sample AL-80), 180 ◦C (sample AL-180) and 280 ◦C (sample AL-280). Due to attenuation, the first arrival time
could not be peaked for the heat-treated sample (sample AL-NA-TT), leading to an over uncertainty shown by the question mark for this sample.

Table 2. Description of the six samples used in this study, together with results from the CEC measurements. CEC
measurements on untreated samples were carried out on rock powders coming from the initial block, independently of
the other experiments. CEC measurements on heat-treated unaltered samples were carried out on a rock powder from
the core sample that had been heat-treated but not altered. CEC measurements on altered samples were carried out on
rock powder taken from the core sample after all experiments were completed.

ID Description CEC
meq/100g

AL-NA-NTT1 Untreated sample, taken inside the block 3.26 ± 0.20
AL-NA-NTT2 Untreated sample, taken outside the block 1.08 ± 0.14
AL-NA-TT Heat-treated but unaltered, reference sample 0.00 ± 0.00
AL-80 Heat-treated and altered at 80 ◦C 0.00 ± 0.20
AL-180 Heat-treated and altered at 180 ◦C 0.00 ± 0.20
AL-280 Heat-treated and altered at 280 ◦C 0.48 ± 0.13

molecule, originally developed to measure the CEC on pure clay
minerals (Meier & Kahr 1999) and adapted to measure the CEC as
well as quantify the smectite content of altered volcanic rocks was
used here (Lévy et al. 2018, 2020). The results of the CEC mea-
surements for all samples can be found in Table 2, together with
estimated uncertainties.

The XRD patterns were analysed with the Rietveld refinement
method using the BGMN software (Taut et al. 1998) to provide a
quantification of the mineralogy (Table 4).

Fluids were analysed by atomic emission spectroscopy in an in-
ductively coupled plasma (ICP-AES). Each fluid sample was anal-
ysed three times, and an average was calculated to produce the
composition value. Uncertainty is based on the standard deviation
obtained on an external standard. The fluid compositions before
contact with the rock, after equilibration with the unaltered sam-
ples and after alteration at 80, 180 and 280 ◦C are reported in
Table 3.

2.3 Petrophysical properties

Connected porosities of the untreated cores were measured using a
triple weight procedure during which samples were saturated with

water (saturation being performed under vacuum) during 12 hr
after being oven-dried for several days. Note that the way con-
nected porosities were measured may be affected by swelling prop-
erties of smectite potentially overestimating the connected poros-
ity by water uptake in the silicate structure. P and S-wave veloci-
ties were measured on dried cores using piezoelectric transducers
(PZTs; 1 MHz resonance frequency) as detailed in the next section.
These measurements were repeated after heat-treatment and after
alteration.

2.4 Experimental apparatus

In this paper, compressive stresses and compactive strains are
counted positive. The principal stresses will be denoted σ 1 and
σ 3, σ 1 being the highest principal stress and σ 3 the confining pres-
sure. The differential stress σ 1 − σ 3 will be denoted Q and the mean
stress (σ 1 + 2σ 3)/3 will be denoted P.

The pressure vessel used in this study is a conventional triaxial
cell installed in the Laboratoire de Géologie at the École Normale
Supérieure in Paris. Axial stress was applied on the base areas of the
cylindrical core sample by an axial piston. This externally applied
axial stress was measured with an uncertainty of about 10−2 MPa.
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nt Radial sample deformation leads to another source of uncertainty
: at the peak stress, the radial strain (perimeter increase) reaches a
maximum value of 0.5 per cent and thus the transverse section area
changes by up to 1 per cent during the deformation. This causes an
uncertainty of about 1 per cent on the calculated axial stress within
the core sample. Since the measurement uncertainty (10−2 MPa)
is negligible compared to the applied stress, in the range 10−100
MPa, the total uncertainty on the axial stress applied to the sam-
ple is 1 per cent. Radial pressure was controlled by a pump and
kept constant within 10−1 MPa. The confining pressure (σ 2 = σ 3)
was measured by a pressure transducer with an accuracy of about
10−2 MPa. A detailed description of the apparatus can be found
in Brantut et al. (2011) and Ougier-Simonin et al. (2011). Strains
were measured using double strain gauges (Tokyo Sokki TML type
FCB 2-11), directly centrally glued on the sample. These gauges
were composed of one axial and one radial gauge. The axial dis-
placement was measured with three DC displacement transducers
(DCDT), mounted outside the pressure vessel between the mov-
ing piston and the fixed lower platen. For both strain gauges and
DCDTs, mean displacements were considered. The DCDT mea-
surements were corrected for the stiffness of the cell, using the
strain gauge measurements. The strain uncertainty measured with
gauges was estimated to 10−5. DCDT signals lead to a strain ac-
curacy of about 10−4. The volumetric strain was calculated as εv

= εax + 2εr, where εax and εr are the axial and radial strains,
respectively.

Before gluing the acoustic sensors and performing the mechan-
ical experiments, samples were dried in an oven at ∼40 ◦C for
several days. Neoprene tubing was used to separate the sample
from oil confining medium. In addition to the gauges, 16 piezoelec-
tric transducers (PZTs; 1 MHz resonance frequency) were glued
directly onto the sample surface through holes drilled in the jacket.
Among the sensors, 12 are sensitive to P waves and the others to
S waves. Transducers were used as sources and receivers (active
mode) to measure the evolution of P- and S-wave velocities ev-
ery 1 minutes during deformation (e.g. Fortin et al. 2007; Wang
et al. 2012). Velocities were deduced from the ratio of the travel-
ling time to the distance between two sensors. Arrival times were
determined with an accuracy of 0.1 μs (see Brantut et al. (2011)
for a thorough description and a discussion regarding the acoustic
system). This gives a maximum error of 5 per cent for the elastic
velocities. Time delay due to the sensor itself is taken into ac-
count and does not depend on confining pressure (validated by
experiments done on aluminium). No other calibration is needed
to determine the ultrasonic velocities. Acoustic sensors were also
used in passive mode to record acoustic emissions occurring during
rock deformation (e.g. Fortin et al. 2006, 2009). Acoustic emissions
recorded during samples deformation and failure were relocalized
using Insight Software. For relocalization, we use a constant veloc-
ity model with an anisotropy factor (ratio between axial and radial
velocities) of 0.75, in agreement with the ratio measured at failure
around which most acoustic emission were recorded. A thorough
description of the acoustic system can be found in Brantut et al.
(2011).

To characterize the mechanical behaviour under (hydrostatic)
pressure, confining pressure was increased from 0 to 50 MPa at
a rate of 3 MPa min–1. The maximum pressure was maintained
constant for around 10 min and the sample was then unloaded from
50 to 0 MPa. After that, samples were reloaded hydrostatically up
to the desired confining pressure of 15 MPa. The differential stress
was then applied by deforming the sample at a controlled strain rate
of ∼10−5 s−1, until failure.
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Table 4. Mineral content of all samples, according to Rietveld-refinement of XRD patterns measured on whole rock powders. In the Table, DL and QL stand
for detection and quantification limits. Clay minerals that were detected by XRD on fine fraction or by electron microscopy analysis, but not clearly visible on
the XRD scans of the whole rock powders (in particular biotite for sample AL-NA-NTT-1 and AL-NA-TT), are indicated by ≤QL: they are below quantification
limits because not clearly seen in whole rock samples, but they are nevertheless observed. Note that quantification by XRD for clay minerals (smectite, biotite)
on whole rock samples is uncertain below 3 per cent.

Sample
Labradorite
(per cent)

Albite (per
cent)

Sanidine
(per cent)

Augite (per
cent)

Quartz (per
cent)

Tridymite
(per cent)

Crystobalite I
(per cent)

Ilmenite(per
cent)

Hematite(per
cent)

Smectite(per
cent)

Biotite(per
cent)

AL-NA-NTT1 67 5 6 7 8 3 ≤ DL ≤ DL 1 3 ≤ QL
AL-NA-NTT2 26 43 9 9 7 3 ≤ DL ≤ DL 2 1 ≤ DL
AL-NA-TT 32 35 9 11 8 2 ≤ DL 1 2 ≤ DL ≤ QL
AL-80 31 38 5 11 7 2 3 ≤ DL 2 ≤ DL ≤ DL
AL-180 32 41 6 6 6 2 2 1 2 ≤ DL ≤ DL
AL-280 31 44 6 7 7 2 ≤ DL 1 2 ≤ QL ≤ DL

3 R E S U LT S

3.1 Evolution of mineralogy with heat-treatment and
alteration

The content of major mineral phases for the fraction <2 μm is simi-
lar between untreated, heat-treated unaltered and heat-treated altered
sample (see Table 4): 70–75 per cent of plagioclases (labradorite,
albite), 5–10 per cent of K-feldspars (sanidine), 5–10 per cent of
pyroxene (augite), 2–3 per cent of SiO2 (quartz, trydimite, crysto-
balite) and 2–3 per cent of iron-oxide (ilmenite, hematite). Rietveld-
refinements of XRD analyses do not allow drawing a clear trend for
the evolution of these minerals with heat-treatment and alteration.
This section focuses on the variations of the clay mineral content
(minor phases) after heat-treatment and alteration.

3.1.1 Effects of heat-treatment

Two different clay minerals were identified in the starting, untreated,
material: smectite and potentially biotite. Based on the presence of
a clear peak at 7 Å in the XRD pattern of sample AL-NA-NTT1,
measured on clay fraction, we consider that the presence of chlorite
is likely (Fig. 4). The main desired effect of heat-treatment was to
increase the connected porosity in order to increase the permeability
and enable homogeneous fluid saturation for alteration. But a side
effect is the dehydration and, most often, dehydroxylation of clay
minerals after they undergo a temperature of 930 ◦C.

Smectite is identified in the original block of andesite, as illus-
trated by the XRD patterns on fine fraction (Fig. 4) and chemical
analyses of SEM images (Fig. 2) carried out on sample AL-NA-
NTT1. Moreover smectite is consistently quantified on two samples
from the original block of andesite, by XRD patterns on whole-rock
(Table 4) and CEC measurements (Table 2), with 3 wt. per cent in
sample AL-NA-NTT1 and 1 wt. per cent in sample AL-NA-NTT2.
Indeed, the CEC of altered volcanic rocks, measured by Cu-trien,
can be converted into weight fraction of smectite content: Smec wt.
per cent = C EC

C EC0
, with CEC0 = 80−100 meq g–1 being the CEC of

pure smectite (Lévy et al. 2018). Since AL-NA-NTT1 is located
inside the block, it has been less exposed to leaching than AL-
NA-NTT2, located outside the block. Initial smectite content of all
core samples have not been measured, in order not to damage the
core before the mechanical experiment. Since all samples that were
heat-treated and altered were taken from the inner part of the block,
the value of 3 wt. per cent is considered to be the initial quantity
of smectite in the samples before heat-treatment. It is observed in
Fig. 2 that smectite is associated to pyroxene replacement in the rock

mass. As a consequence, the presence of smectite in the untreated
samples is interpreted as the product of slow, diagenetic transfor-
mation of the volcanic groundmass, possibly aided by the presence
of trapped fluids (e.g. residual magmatic water).

After heat-treatment, the smectite content drops to zero, accord-
ing to CEC measurements and to the collapse of the characteristic
14 Å peak observed in XRD patterns of the fine fraction (Fig. 4).
As all smectite has collapsed after heat-treatment, we consider that
initial smectite content does not affect the alteration process. Ir-
reversible dehydration and loss of swelling properties of smectite
occur at temperatures between 350 and 550 ◦C (e.g. Greene-Kelly
1953; Russell & Farmer 1964) while dehydroxylation of smectite
occurs at temperatures between 500 and 800 ◦C (e.g. Grim & Row-
land 1944; Mackenzie 1957; Malek et al. 1997). The heat-treatment
at 930 ◦C therefore caused both an irreversible dehydration and a
dehydroxylation of smectite crystals initially present.

Biotite is inferred from a characteristic peak on the XRD diffrac-
tion pattern of the fine fraction (Fig. 4). This peak alone does not
allow the discrimination between biotite and illite. However, the
presence of illite should be associated to the transformation of K-
feldspar and therefore located in the vicinity of K-feldspar minerals,
similarly to smectite slowly transforming pyroxenes. K-Feldspars
are unaltered, which indicates that the presence of illite is unlikely
(Fig. 2b). Since biotite is a common primary mineral in andesistic
magmas, the presence of biotite rather than illite is inferred.

Chemical analyses suggest the persistence of biotite after heat-
treatment (AL-NA-TT, Fig. 2d). The characterstic 10 Å peak ob-
served in the untreated samples AL-NA-NTT1 and AL-NA-NTT2
vanished almost completely in the heat-treated sample AL-NA-TT.
This indicates that the crystalline network of biotite had started to
collapse by dehydroxylation when the heat-treatment stopped but
that the vitrification of biotite was not complete. This interpretation
is strengthened by the high-thermal stability of biotite, up to 1000
◦C (Skjerlie & Johnston 1992).

The presence of chlorite can explain the 7 Å peak observed
on the XRD patterns of fine fraction (Fig. 4). Other characteristic
peaks of chlorite diffraction (14, 4.7 and 3.5 Å) tend to confirm
this interpretation, although the background diffraction of non-clay
minerals biases the XRD pattern, with in particular plagioclases
remaining in the fine fraction. Since chlorite is commonly found
as replacement of biotite in andesistic minerals (Rimsaite 1975),
its presence in the intact sample is possible. The collapse of all
the characteristic peaks associated to chlorite after heat-treatment
is consistent with the fact that dehydroxylation of chlorite occurs
at temperatures lower than 930 ◦C (Zhan & Guggenheim 1995).
Therefore, even if chlorite is present in the intact sample, it has
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Figure 4. XRD patterns of all samples. The x-axis unit corresponds to twice the angle between the X-ray beam and the horizontal plane. It can be converted
into distances between atomic layers in the crystal (in Å), using Bragg’s law: d = λ

2sinθ
, where λ = 1.54 Å is the wavelength of the incident X-ray beam used in

these measurements and θ is the incident beam angle, in rad. AL-NA-NTT1 corresponds to the intact andesite, AL-NA-TT to the heat-treated andesite, AL-80
and AL-280 to andesite altered at 80 and 280 ◦C, respectively.

disappeared after heat-treatment. As a consequence, the only clay
mineral possibly remaining after heat-treatment is ill-crystallized
biotite, located in the rock groundmass (Fig. 2d).

3.1.2 Effects of alteration

After alteration in an autoclave during one month at 280 ◦C, hints of
alteration are observed. Precipitation of new smectite is evidenced
by the characterstic 14 Å peak in sample AL-280, which has un-
dergone the highest level of alteration (Fig. 4). The presence of
smectite in this sample is confirmed by CEC measurements: the
same value of 0.48 meq (100g)–1 is found after a duplicate analy-
sis (two measurements per sample), using rock mass in the range
1–2 g. This value corresponds to about 0.5 wt. per cent smectite.
Chemical analyses of SEM images confirm the presence of a phase
having the chemical composition of a smectite, but this mineral is
weakly crystallized (Fig. 5). Although smectite may rehydroxylate
upon cooling in the presence of water (Drits et al. 1995), swelling
properties (and thus cation exchange properties) are definitely lost
(Greene-Kelly 1953). Moreover, the XRD peak is slightly shifted to-
wards higher angles, compared to the smectite peak in the untreated
samples (Fig. 4). Therefore, the increase in CEC and new 14 Å peak
upon artificial alteration at 280 ◦C is attributed to new precipita-
tion of smectite in the connected fracture network. However, XRD
quantification of the newly formed smectite on whole rock powders
was not possible, due to its low amount below quantification limit.

While artificial alteration at 280 ◦C of the heat-treated sample has
led to an observable precipitation of smectite, effects of artificial
alteration at 80 and 180 ◦C are not clearly observed using SEM. In
these samples altered at lower temperature, thermodynamic mod-
elling performed with the CHESS reactive code and using the EQ3/6
database based on fluid analyses presented in Table 3, predicts that
smectite is in thermodynamic equilibrium. The XRD patterns of
AL-80 and AL-180 do not show hints of smectite presence and the
CEC is below the detection limit. However, the presence of weakly
crystallised smectite cannot completely be ruled out by these mea-
surements.

3.2 Evolution of petrophysical properties with
heat-treatment and alteration

The initial connected porosity is low (0.8 ± 0.3 per cent, Fig. 2a).
Initial P- and S-wave velocities are 4938 and 2792 m s–1, respec-
tively (Fig. 3b).

3.2.1 Effects of heat-treatment

Heat treatment induces an increase in connected porosity from
0.8 ± 0.3 per cent to 2.6 ± 0.1 per cent (Fig. 3a), which can be ex-
plained by the propagation and opening of cracks due to differences
in the coefficient of thermal expansion of the minerals and the dehy-
droxylation of clay minerals. P-waves velocities measured axially
drop from 4.9 to 2.8 km s–1 (Fig. 3b), showing a crack density in-
crease. The propagation and opening of new cracks can also be
inferred from the microstructural observations (Fig. 2).

3.2.2 Effects of alteration

P- and S-wave velocities under dry conditions and ambient pressure
increase with alteration and the increase is more pronounced for
higher alteration temperature: P-wave velocities increase from 2.8
to 3.2 km s–1 after alteration at 180 ◦C and to 3.9 km s–1 after
alteration at 280 ◦C (Fig. 3b). Both P- and S-wave velocities are
systematically higher under a confining pressure of 50 MPa than
under ambient pressure (Fig. 3b), which can be explained by crack
closure with pressure (Walsh 1965).

Artificial alteration leads to a slight increase in porosity (+0.5
per cent) (Fig. 3a), more pronounced with higher alteration temper-
ature. Note that the increase in porosity could be biased by swelling
clays, in particular when considering that the amount of smectite
increases with alteration, and thus with higher alteration tempera-
ture. At this point, we cannot determine whether porosity increase
is either due to new cracks and/or an increase in the volume of
pre-existing cracks and/or an increase in the number or size of the
equant pores within the rock.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/223/3/2038/5910495 by guest on 26 O

ctober 2020



Mechanical behaviour of altered andesite 2045

Figure 5. SEM observations of the sample altered at 280 ◦C (AL-280). Newly formed smectite in the pores, evidenced by chemical analyses (energy dispersive
spectroscopy), is indicated by ‘Smec’.

3.3 Evolution of the elastic behaviour under hydrostatic
stress with heat-treatment and alteration

Results for a hydrostatic loading experiment with up to 50 MPa
confining pressure performed on an intact sample, a heat-treated
sample and samples altered at 80, 180 and 280 ◦C are presented in
Fig. 6 (a). The stress-strain curve of the intact sample is linear with
a slope corresponding to a static bulk modulus of K = 47 ± 0.2
GPa. The mechanical behaviour of the heat-treated and the three
altered samples is different. Stress–strain relations are non-linear
for the investigated range of hydrostatic stresses, but static bulk
moduli remain below the one determined for the intact sample even
at the highest applied stresses, that is, above ∼38 MPa hydrostatic
stress the static bulk moduli were K = 15.9 ± 0.2, 15.9 ± 0.2,
16.2 ± 0.2 and 17.2 ± 0.2 GPa for the heat-treated sample and the
samples altered at 80, 180 and 280 ◦C, respectively (Fig. 6a). The
non-linearity observed can be explained by the progressive closure
of pre-existing microcracks (e.g. Walsh 1965; Baud et al. 2000;
Nicolas et al. 2016). The compaction has a hysteresis and after un-
loading, initial volume is not fully recovered but the samples exhibit
some permanent strain. Comparing the volumetric strain measured
and a theoretical perfectly elastic trend, microcrack porosity (φc)
can be estimated (Walsh 1965). We find φc ∼ 0.20, 0.20, 0.12 and
0.10 per cent for the heat-treated sample and samples altered at 80,
180 and 280 ◦C, respectively.

As pressure is increased from 0 to 50 MPa, P-wave velocity re-
mains nearly constant for the intact sample. For the heat-treated

sample, P-wave velocity increases by 55 per cent as pressure is in-
creased from 0 to 50 MPa. As pressure is increased from 0 to 50
MPa on altered samples, P-wave velocities increase by 55, 35 and
20 per cent for samples altered at 80, 180 and 280 ◦C, respectively
(Fig. 6b) and end up between 4000 and 4500 m s–1 with final val-
ues increasing with the temperature of alteration (Fig. 3b). Elastic
wave velocities are directly related to the compaction of the sam-
ples (Fig. 6c). This increase highlights the closure of pre-existing
cracks (e.g. Fortin et al. 2005). Under hydrostatic stress conditions,
velocities derived from various paths did not show any evidence for
anisotropic dynamic elastic properties and remained equal to a few
tenths of percent (within uncertainty for these measurements, not
shown in Fig. 3). These results indicate that the medium composed
of groundmass with embedded pores and cracks is isotropic, in
agreement with previous observations by Vinciguerra et al. (2005).

3.4 Evolution of the mechanical behaviour during triaxial
loading and failure with heat-treatment and alteration

For all samples, the mechanical behaviour observed during con-
stant strain rate triaxial deformation of the samples are typical of
the brittle faulting regime: The response was non-linear up to a dif-
ferential stress of ≈125 MPa, beyond which the axial strain versus
differential stress curves first show a linear trend typical of an elas-
tic behaviour (Fig. 7a). Then, the differential stress reaches a peak,
beyond which strain softening is taking place, ultimately leading to
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Figure 6. (a) Evolution of the confining pressure plotted versus volumetric strain for an intact sample (pink curve), a heat-treated sample (black curve) and
samples altered at 80 ◦C (red curve), 180 ◦C (blue curve) and 280 ◦C (green curve). Slope lines correspond to a perfectly elastic behaviour. (b) Evolution
of unitless average radial δVP/VP0 (where VP0 is the radial P-wave velocity at the beginning of isostatic loading) is plotted as a function of pressure for the
previous samples. (c) Evolution of unitless average radial δVP/VP0 (where VP0 is the radial P-wave velocity at the beginning of isostatic loading) is plotted as
a function of volumetric strain for the previous samples.

macroscopic failure (Fig. 7a). From the axial strain versus differ-
ential stress curves (Fig. 7a), it can be seen that Young’s modulus
increases from 51 ± 1 to 60 ± 1 GPa with the alteration of the sam-
ples. From the volumetric strain versus mean stress curves (Fig. 7b),
it can be seen that samples show an elastic compactant behaviour
until a critical stress state denoted C’ (Wong et al. 1997) beyond
which the volumetric strain deviates from linear elasticity (onset
of dilatancy). The critical stress state C’ is determined manually
at the point of divergence of the curve of volumetric strain versus
mean stress and the linear elastic compaction of each experiment as
discussed in Nicolas et al. (2016).

During triaxial loading of the non-altered sample, elastic com-
paction is followed by dilatancy, which leads to macroscopic fail-
ure. The two altered samples that were triaxially deformed show the
same mean stress–volumetric strain relationship (Fig. 7b). Elastic
compaction is highest for the non-altered sample.

Our results show that the peak stress (differential stress at fail-
ure) decreases with the degree of alteration (Fig. 8). The non-altered
sample failed at a peak stress of 471 MPa, slightly higher than the
sample altered at 180 ◦C which failed at a stress of 464 MPa. The
sample altered at 280 ◦C failed at a peak stress of 418 MPa, which
is 11 per cent lower than the peak stress for the unaltered sample.
Similarly to what is observed for the peak stress, the differential
stress levels at the onset of dilatancy (C’) shows a negative al-
teration dependence (Fig. 8). Again, the stress at which dilatancy
overcomes compaction (D’) decreases with the degree of alteration.
For the intact sample, the onset of dilatancy (C’) and dilatancy
(D’) are reached for stresses of 189 and 362 MPa, respectively.
This is higher than the stresses for the sample altered at 180 ◦C,
which reached the onset of dilatancy and dilatancy points at 165
and 286 MPa, respectively. Finally, the sample altered at 280 ◦C
reached the onset of dilatancy and dilatancy at 165 and 285 MPa,
respectively.

During the initial stage of elastic loading, P-wave velocities (Vp)
at all angles with respect to σ 1 and S-wave velocities (Vs) increase
with deformation for all samples (Fig. 9). The increase is maximum
for the highest angles with respect to σ 1 and decreases with the
angle. P-wave velocity increases reach 40, 30 and 25 per cent for
non-altered, altered at 180 ◦C and altered at 280 ◦C samples, re-
spectively. Then, Vp and Vs start decreasing at the onset of dilatancy
(C’) within axial strain of 0.1 per cent (Fig. 9). Beyond C’, veloc-
ities continue to decrease as the sample is deformed until failure

at which velocities drop abruptly. The overall decrease for both Vp

and Vs reaches 60 per cent for the non-altered sample but tends to
decrease with alteration. Under triaxial stresses, the maximum de-
crease is observed for the pathway perpendicular to σ 1 (90◦), which
suggests that the propagating and/or nucleating cracks are mainly
axial (Ayling et al. 1995; Mavko et al. 1995; Fortin et al. 2011;
Nicolas et al. 2016, 2017b). Thus, we invert ultrasonic wave veloci-
ties in terms of axial and randomly oriented crack densities (Sayers
& Kachanov 1995) assuming: (1) a transverse isotropic crack geom-
etry; (2) an isotropic groundmass, in agreement with the isotropic
ultrasonic waves velocities measured under hydrostatic conditions;
(3) non-interacting cracks, an assumption which is valid for crack
densities up to at least 0.15 and probably 0.2–0.25 (Grechka &
Kachanov 2006); (4) a random crack centre distribution and (5)
penny-shape cracks of radius c and aperture w. The detailed pro-
cedure can be found in Fortin et al. (2011) and in appendix A in
Wang et al. (2013). When the differential stress is increased, the
axial and background crack densities decrease during the elastic
compaction of all experiments (Fig. 9). Beyond that stage, the axial
crack density increases immediately beyond the onset of dilatancy
(C’) and reaches values up to 2 at macroscopic failure (Fig. 9d).
Inverted crack densities increase less for altered samples. Note that
the assumption that neglects cracks interaction is no more valid for
crack density above 0.2; which means that in this case the crack den-
sity might be slightly overestimated. Moreover, when localization
of damage takes place, effective medium theory cannot be applied
anymore, and thus crack density inferred after the peak stress needs
to be taken with caution.

Post-mortem observations show a shear plane inclined with re-
gards to the maximum principal stress for all samples, demonstrat-
ing that they all exhibit brittle behaviour.

4 D I S C U S S I O N

4.1 Alteration, porosity and density

Alteration leads to a modest increase in connected porosity (Fig. 3a).
Note that the way connected porosities were measured may be af-
fected by swelling properties of smectite potentially overestimating
the connected porosity by water uptake in the silicate structure. A
positive correlation between porosity and quantity of alteration has
also been noticed in natural samples from a hydrothermal system
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in Iceland (Lévy et al. 2018). Levy and coworkers explained this
correlation by a lithological control on both porosity and alteration.
Given that the original lithology and porosity of all samples is very
similar in this study, this explanation does not apply. An actual
control of the alteration on the porosity seems to appear, as also evi-
denced by Mordensky et al. (2018) who found that argillic alteration
of andesite decreased porosity due to pore- and microcrack-filling
alteration.

The presence of smectite in the sample altered at 280 ◦C is ev-
idenced by SEM-EDS analyses, XRD on fine fraction and CEC
measurements. Microcrack porosity decrease with the level of al-
teration (inferred from hydrostatic mechanical data, Fig. 6a) and
consistent increase in elastic wave velocities under room pressure
with the level of alteration (none, 80, 180 and 280 ◦C) is also an
indirect observation of smectite infilling in cracks because elastic

wave velocities are much more sensitive to cracks than to equant
pores (Fortin et al. 2007).

4.2 Can smectite precipitation in cracks explain the
mechanical behaviour?

The increase of alteration level induces an increase in the elastic
mechanical modules, which results in an increase in the velocity
of propagation of the elastic waves and a lower volumetric defor-
mation during isostatic loadings. The increase in the alteration also
causes a decrease of the compaction under isostatic conditions and
a decrease of the stress state at which the onset of dilatancy (C’)
occurs, the stress state at which dilatancy overcomes compaction
(D’) and finally the differential stress at failure occurring in a brittle
manner during constant strain rate deformation experiments. The
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Figure 8. Differential stress at the peak stress (red diamonds), at the onset
of dilatancy C’ (green diamonds), and at dilatancy D’ (blue diamonds) are
shown for an heat-treated sample non-altered, and samples altered at 180
and 280 ◦C. All samples were triaxially deformed at a confining pressure of
15 MPa.

decrease of compaction with increasing alteration is in good agree-
ment with crack filling because it is well known that cracks tend to
close first under isostatic loading. Under triaxial stresses, it is known
that the mechanical behaviour of brittle environments (in terms of
elasticity and rupture) is much more susceptible to cracks than to
equant pores, which may be in contradiction with the observations
that crack porosity is filled by the products of alteration. However,
damage models for brittle solids under compression show that the
damage likely develops from pre-existing defects (e.g. cracks) and
that the friction coefficient between the two flanks of these defects
is of the utmost importance on the mechanical behaviour. Phyllosil-
icate minerals, and in particular smectite, are known to have low
friction coefficients (e.g. Saffer et al. 2001; Moore & Lockner 2007;
Carpenter et al. 2011). Thus, our mechanical observations can be
explained by the filling of pre-existing cracks by smectite. We thus
conclude that alteration has led to the precipitation of smectite in
cracks, which has induced an increase in elastic modulus of the
material and a decrease of peak strength. Previous studies have also
shown that phyllosilicates can have an influence on the mechanical
behaviour (e.g. Bos & Spiers 2002; Collettini et al. 2009)

4.3 Modelling of crack propagation leading to failure in
triaxial compression

Triaxial constant-strain rate experiments on heat-treated and al-
tered samples of andesite are modelled using well-known wing
crack damage models initially developed by Nemat-Nasser & Horii
(1982), and later revisited by Ashby & Hallam (1986), Ashby &
Sammis (1990), Bhat et al. (2011, 2012), Mallet et al. (2015), Perol
& Bhat (2016), Chanard et al. (2019) and Nicolas et al. (2017a),
among others. Wings of length denoted l can grow from each end
of the pre-existing penny-shaped crack of radius a inclined at an
angle ψ with respect to the maximum principal stress, parallel to
the maximum principal stress (Fig. 10a). These wing cracks form an
array of interacting cracks in an isotropic linear elastic surrounding
medium subjected to compressive stresses (Fig. 10b). The faces of

the initial crack, in contact, can slide with some friction character-
ized by a Coulomb friction coefficient μ. We use Ashby & Sammis
(1990)’s approach to calculate the stress intensity factor KI at the
tip of the wings in a three-dimensional setting (Fig. 10), the wing
crack growth and the resulting volumetric strain. Cracks grow when
the stress intensity at their tips KI exceeds the fracture toughness
KIC of the solid. Then, cracks propagate until KI falls to KIC. Under
compressive stresses as considered in this study, KI decreases as l
increases until the cracks start to interact strongly: each increment
of crack advance requires an increment of load and growth is stable.
As wing cracks grow, the current damage increases. The crack can
also open. Thus, three regimes need to be considered (Deshpande
& Evans 2008; Nicolas et al. 2017a): (i) Relative sliding on the
flanks of the initial crack cannot take place because of friction, pre-
venting cracks from growing. (ii) Relative sliding is possible and
Ashby & Sammis’ approach is used. Expression of the stress in-
tensity KI at the tip of interacting cracks forming an array is given
by eq. (26) in Ashby & Sammis (1990). (iii) Contact between the
flanks of the initial crack is lost and the situation reduces to the
classical problem for a cracked elastic solid (Bristow 1960; Budi-
ansky & O’Connell 1976; Tada et al. 2000). Precise description
of the model can be found in Nicolas et al. (2017a), except that
intracrystalline plasticity and new crack nucleation are not consid-
ered here (thus only Sections 2.1 and 2.2 should be considered in
Nicolas et al.’s paper).

The elastic moduli of the uncracked porous medium used for our
modelling are Young’s modulus E0 = 50 GPa and Poisson’s ratio
ν0 = 0.15. Any other set of elastic constants is calculated from
these values. The critical stress intensity factor for andesite is taken
equal to KIC = 2 MPa m1/2. This value corresponds to the value for
dry andesite according to values measured by Nara et al. (2012)
who found that fracture toughness for Kumamoto andesite is KIC =
2.01 − 4×10−3hr MPa m1/2, where hr is relative humidity. This is
in good agreement with measurements by Nara & Kaneko (2005),
Tutluoglu & Keles (2011) and Siratovich et al. (2014) who found
values ranging between 1 and 2 MPa m1/2. It is also of the order of
magnitude of the critical stress intensity factor measured for other
volcanic rocks (e.g. Atkinson 1984).

Crack density (or initial damage) can be inferred from elastic
wave velocity measurements (e.g. Sayers & Kachanov 1995; Fortin
et al. 2005; Regnet et al. 2018) or SEM images (e.g. Fredrich
et al. 1989; Mallet et al. 2013). We use D0 = 0.1, which is in good
agreement with inverted crack densities. Initial damage (microcrack
density) is kept constant in the modelling although results show that
crack porosity decreases. Initial crack density is kept constant on
purpose because the crack density (∼c3, where c is the crack length)
is not directly related to the crack porosity (∼wc2, where w is the
crack width and c the crack length) but only to the crack length c.
Thus, if smectite fills cracks (thus reducing their width, and thus
reducing microcrack porosity) but does not modify the crack length
and thus the crack density (damage).

Crack mean size can be inferred from SEM images (e.g. Mallet
et al. 2013) or estimated by the grain size. In this study we use a = 2
× 10−4 m for both altered and unaltered samples. Decreasing crack
mean size would increase the peak stress and dilatancy at failure, as
shown in Nicolas et al. (2017a).

Porosity can be measured using a triple weighting procedure.
We use a porosity of 2 per cent, which is a consistent value for
low-porosity volcanic rocks. We do not take into account the slight
porosity increase with alteration because porosity has very little
influence on the predicted mechanical behaviour (Nicolas et al.
2017a). As shown in Nicolas et al. (2017a), a porosity increase of
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simulations.

20 per cent induces a decrease of peak stress of less than 1 per cent.
The friction coefficient on pre-existent penny-shaped cracks can be
inferred from a linear failure envelope, assuming that friction is
equal on a macroscopic fault and microcracks. Typical values for
intact rocks are in the range [0.4–0.8], as shown by Byerlee (1978)

for example. We use μ= 0.5 for the intact sample and μ= 0.4 for the
altered sample due to the filling of cracks by clay minerals that have
low friction coefficients (e.g. Kubo & Katayama 2015; Tetsuka et al.
2018). This decrease of the friction coefficient is observed in many
studies (e.g. Ohnaka 1975; Saffer et al. 2001; Tembe et al. 2010),
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although some measurements may remain unclear (e.g. Moore &
Lockner 2007).

Model predictions for unaltered and altered samples show that
reducing the friction coefficient between the flanks of the crack
(due to the presence of smectite) and keeping the damage (∼crack
density) constant leads to decreases of the onset of dilatancy C’, the
dilatancy point D’ (represented by arrows) and the peak stress and
increases the volumetric strain at the peak stress (Fig. 10c). Model
predictions are in good agreement with the experimental results on
failure properties and tend to confirm that the decrease of friction
coefficient on pre-existing flaws due to clay minerals filling the
cracks can explain the changes in the mechanical behaviour under
triaxial loading. Note that the wing crack model cannot rule out the
hypothesis of a decreasing peak strength with increasing alteration
due to a decrease of the critical stress intensity factor (KIC) with
increasing alteration.

4.4 Implications

Our results have implications in several domains related to volcanic
areas. Inflation and deflation of deep magma chambers induce the
deformation of Earth’s crust (e.g. Dvorak & Dzurisin 1997; Wal-
wer et al. 2016). Elastic properties of volcanic rocks are used in
models used to invert geodetic data measurements (deformation of
volcanoes) to derive constraints on the depth and pressure variations
of volcanic chambers (e.g. Anderson 1937; Mogi 1958; McTigue
1987). Thus, volcanic rock mechanical properties and their vari-
ation with alteration are of the utmost importance as calculated
depth and pressure variations of volcanic chambers are sensitive to
the structure and chosen elastic parameters (e.g. Galland & Scheib-
ert 2013). Our results suggest elastic parameters are likely to vary
locally, thus causing complications to calculate mean values for
elastic parameters (e.g. Heap et al. 2020).

According to the most simple model (Mogi 1958), the volcano
vertical surface uplift is proportional to the pressure increment in the
magmatic chamber and inversely proportional to the elastic shear
modulus (if the medium is considered as homogeneous). However,
our results show that even though volcanoes may be made up of
only one kind of rock, alteration due to hot fluid flows may induce
changes of the mechanical properties of the rock. Thus, taking
into account this elastic moduli dependence on alteration could be
of interest to model surface uplifts due to a pressure increment
in magmatic chambers and other surface deformation associated
with volcanism (e.g. Galland & Scheibert 2013; Le Mével et al.
2016). Our results suggest that special attention should be brought to
the choice of representative elastic parameters in volcanic contexts
since they can vary locally due to rock alteration.

Seismic velocities in volcanic areas are known to vary in space
and time (e.g. Ratdomopurbo & Poupinet 1995), for example due
to the presence of pressurized fluids (e.g. Brenguier et al. 2014).
Increase in elastic moduli has an impact on the elastic wave ve-
locities observed during seismic campaigns. From our study, we
suggest that an increased elastic wave velocity in the field can in-
dicate an area of altered rocks, in the case of crystalline volcanic
rocks, where porosity is dominated by fractures (dike intrusion, ...).
Volcanic rocks, such as hyaloclastites and tuffs, are usually much
more porous than andesite, so that the influence of alteration on
mechanical properties might differ.

Failure models were developed to predict volcanic eruptions (e.g.
Main 1999; De la Cruz-Reyna & Reyes-Dávila 2001; Connor et al.
2003). Some of these models are based on the brittle characteristics

of the materials forming volcanoes (e.g. Denlinger 1990). Fracture
toughness is used in some of these models (e.g. Gudmundsson
2009). Thus, our measurements of the influence of alteration on the
peak strength of andesite may have relevance for volcanic eruption
models. Our results suggest that special attention should be brought
to the choice of peak stress representative of the rock mass in
volcanic contexts since failure parameters can vary locally due to
rock alteration.

5 C O N C LU S I O N

Most studies on the mechanical behaviour of volcanic rocks have
focused on unaltered rocks samples and the specific influence of
alteration on the mechanical behaviour of fractured geothermal
reservoirs is still poorly understood. Yet, the presence of alteration
minerals is susceptible to significantly modify the mechanical be-
haviour of rock, as compared to pure and unaltered rock, because
alteration results in microstructural changes, which in turn modifies
the physical (porosity, open crack density, velocity of propagation
of elastic waves, permeability) and therefore mechanical properties
of the rock.

Our experiments performed on samples artificially altered to dif-
ferent degrees have focused on the evolution of the mechanical
behaviour under hydrostatic and differential stresses with alter-
ation. Heat-treated cores drilled in a homogeneous block of nat-
ural andesite were artificially altered to different degrees. Artifi-
cial alteration products were characterized and quantified by means
of quantitative analyses of XRD patterns and CEC measurements.
Porosity and elastic wave velocities at ambient pressure and 50 MPa
were measured and both increase with the degree of alteration. The
samples were then loaded isostatically and in a triaxial setting for
samples deformed at a constant strain rate. Elastic moduli increase
while peak strength decreases with alteration.

In wing crack models, a decrease of friction coefficient between
the two flanks of pre-existing flaws can explain the mechanical
observations. The decrease of friction coefficient can be explained
by smectite precipitation in the pre-existing cracks, as phyllosilicate
minerals, and in particular smectite, are known to have low friction
coefficients. Crack filling with smectite is in agreement with SEM
observations on thin sections (Fig. 5).

Our mechanical results have implications for several domains
related to volcanic areas, on a fundamental and applied point of view.
Alteration should be quantified during field work and then taken into
account in mechanical modelling and inversion of geodetic data.
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