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[1] Basaltic rocks are the main component of the oceanic
upper crust, thus of potential interest for water and geother-
mal resources, storage of CO, and volcanic edifice stability.
In this work, we investigated experimentally the mechanical
behavior and the failure modes of a porous basalt, with an
initial connected porosity of 18%. Results were acquired
under triaxial compression experiments at confining pressure
in the range of 25-200 MPa on water saturated samples. In
addition, a purely hydrostatic test was also performed to
reach the pore collapse critical pressure P*. During hydro-
static loading, our results show that the permeability is highly
pressure dependent, which suggests that the permeability is
mainly controlled by pre-existing cracks. When the sample is
deformed at pressure higher than the pore collapse pressure
P*, some very small dilatancy develops due to microcrack-
ing, and an increase in permeability is observed. Under tri-
axial loading, two modes of deformation can be highlighted.
At low confining pressure (Pc < 50 MPa), the samples are
brittle and shear localization occurs. For confining pres-
sure > 50 MPa, the stress-strain curves are characterized by
strain hardening and volumetric compaction. Stress drops are
also observed, suggesting that compaction may be localized.
The presence of compaction bands is confirmed by our
microstructure analysis. In addition, the mechanical data
allows us to plot the full yield surface for this porous basalt,
which follows an elliptic cap as previously observed in high
porosity sandstones and limestones. Citation: Loaiza, S.,
J. Fortin, A. Schubnel, Y. Gueguen, S. Vinciguerra, and M. Moreira
(2012), Mechanical behavior and localized failure modes in a porous
basalt from the Azores, Geophys. Res. Lett, 39, L19304,
doi:10.1029/2012GL053218.

1. Introduction

[2] The understanding of a wide range of geophysical
problems requires the knowledge of the mechanical proper-
ties of basalt, because they are the main component of the
oceanic crust. The prediction of the failure modes, mechan-
ical strength, porosity evolution and elastic moduli are of
great importance in the geothermal energy production, CO,
storage issues, water resources, and volcanic edifice stability
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[e.g., Bredehoeft and Norton, 1990; d’Ozouville et al., 2008,
Goldberg et al., 2008; Adelinet et al., 2011].

[3] Shear localization or cataclastic flow is commonly
observed on a rock deformed under an overall compressive
loading and one of the parameters of the rock which controls
its brittleness and ductility is the porosity [Rutter and
Hadizadeh, 1991; Wong et al., 1997]. In basaltic lava, the
porosity can vary between 1 to 30% [Franzson et al., 2001].
This range of porosity can be explained in terms of
decreasing viscosity of the lava during cooling: while the
main body of the lava is well above solidus and has the
highest fluidity, gas exsolves and produces individual vesi-
cles, which migrate rapidly towards the top of the lava flow
where a cooling crust is formed due to rapid cooling. As a
consequence, the rock at the bottom of the lava flow is
characterized by a low porosity, whereas high porosity may
be found at its top [Franzson et al., 2001].

[4] Previous studies on the mechanical properties of
basalt, performed at room temperature, have mainly focused
on low porosity specimens and the brittle regime was
investigated extensively [Stanchits et al., 2006; Benson
et al., 2007; Fortin et al., 2011]. Shimada et al. [1989]
first reported experimental results on the brittle-ductile
transition in a 7% porosity basalt. The question addressed in
this paper is “what is the mechanical behavior and failure
mode of porous basalts?

[s] Whereas there is a lack of data on the mechanical
behavior of porous basalt, the mechanical behavior of porous
sandstone has been extensively investigated [Wong et al.,
1997; Klein et al., 2001; Baud et al., 2004; Fortin et al.,
2006]. The failure mode of a porous sandstone undergoes a
transition from brittle faulting to cataclastic compaction with
increases in effective pressure. Cataclastic compaction is
commonly reported as a response to purely hydrostatic load-
ing: under pressure, the pore space is initially tightened by
elastic deformation, and then at a critical pressure the pores
collapse due to grain crushing. At low confining pressure, with
increasing the differential stress, a sample may show dilatancy
and fail by strain softening and brittle faulting. In the transi-
tional regime from brittle faulting to cataclastic compaction,
compaction bands can occur. Compaction bands are localized
structures of reduced porosity which develop perpendicular to
the main compressive stress.

[6] The purpose of our work was to investigate the
mechanical behavior and failure mode of a porous basalt from
the Azores, with an initial porosity of 18%. A series of triaxial
compression tests was performed at room temperature under
fully water saturated conditions at confining pressure ranging
from 25 to 200 MPa. A hydrostatic test was also performed to
reach the critical pressure of pore collapse P*. The full yield
envelope of this rock was determined using stress-strain
mechanical data. In addition, the evolution of the permeability
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Table 1. Chemical Composition of Sao Miguel 18% Porosity
Basalt®

NaZO MgO A1203 Sle K20 CaO T12O Fe0
(%) (%) (%) (%) (%) (%) (o) (%)
5,33 1,85 17,63 58,67 5,65 5,07 1,53 4,28

“Data are expressed in oxide weight percentage.

was also measured during hydrostatic loading. Microstructural
observations done on samples deformed in the different failure
modes show that compaction bands occur in the transitional
regime from brittle faulting to cataclastic compaction. The
difference and similitude with the mechanical and failure
modes in porous sandstones are discussed.

2. Sample and Experimental Set-Up

[7] Our basalt was extracted from a quarry in the island of
Sao Miguel, Azores, Portugal. It is a microlitic alkali basalt
with an initial connected porosity of 18% -measured by mer-
cury porosimetry- and characterized by an initial permeability
0f 2.7 10~"°> m2. The mean pore entry diameter obtained from
mercury porosimetry is 200 pm, and the mean size of the pore
diameter from thin section analysis is about 500 ym. The matrix
is characterized by a microlitic texture and the mean size of the
grain is about 50 pm. The chemical composition of the micro-
litic matrix is presented in Table 1 in oxide weight percentage.

[8] Cylindrical samples (30 mm in diameter and 60 mm in
length) were cored out of a single block. The experiments
were conducted in the conventional triaxial apparatus
installed at the Laboratoire de Géologie of Ecole Normale
Supérieure. All experiments were performed at room tem-
perature, at a constant strain rate of 107> s~'. The axial
strain was measured externally using a displacement trans-
ducer mounted between the moving piston and the fixed
upper platen. The jacketed samples were saturated with tap
water and stressed under fully drained condition. The pore
pressure was kept constant at 5 MPa and from the pore
volume change the porosity evolution of the samples was
deduced. The steady-state technique was used to measure
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the permeability along the main axis of compression. At the
end of each experiment, the sample was carefully unloaded
for microstructural analysis. More details of the experimen-
tal setup can be found in [Fortin et al., 2005].

3. Experimental Data

[v] We will use the convention that compressive stresses
and compactive strains are positive, and we will refer to the
maximum and minimum (compressive) principal stress by
o1 and o3, respectively. The differential stress is referred as
Q =0y — 03. The difference between the confining pressure
(P, = 0, = 03) and the pore pressure (P,) is denoted as the
“effective pressure” P, and the effective mean stress is as
P = (o) + 203)/3-P,,.

3.1.

[10] Figure la illustrates the evolution of porosity change
under hydrostatic condition. For effective pressures lower
than 50 MPa, the mechanical response of this porous basalt
is nonlinear. This can be explained by pre-existing cracks
closure or the closure of the more compliant pores. From
Figure la, the porosity of the cracks can be estimated to
~1.5%, in agreement with data obtained by Adelinet et al.
[2010] on an Icelandic porous basalt. As the effective pres-
sure is increased further, the sample reaches a point where it
suddenly becomes more compliant, showing a dramatic
increase in volumetric compaction. This inflection point P*
occurs at en effective pressure of 222 MPa. The mechanical
behavior of this porous basalt is similar to what is commonly
observed on high porosity sandstones [Zhang et al., 1990],
and the critical pressure P* is attributed to the onset of the
pore collapse (see section 4).

[11] The evolution of permeability during hydrostatic
loading is displayed on Figure 1b. As the effective pressure
increases from 0 to 200 MPa, the permeability decreases by
more than two orders of magnitude: from 2.7 10~"° m? to
1.9 107" m2 However, as the critical pressure P* is
reached, the permeability evolution reverses and increases
slightly from 1.9 107" m? to 4.5 10~'7 m? as the effective
pressure is increased from P* up to 280 MPa. These data
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Figure 1. (a) Effective pressure as a function of porosity reduction. The onset of pore collapse P* is indicated by an arrow.
(b) Permeability evolution as a function of effective pressure. Initial permeability is equal to 2.7 10~'> m2 During hydro-
static loading, permeability decreased by two orders of magnitude. Beyond P*, inelastic compaction occurs and the perme-

ability slightly increases.
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Figure 2. (a) Effective mean stress as a function of the porosity reduction during triaxial compression tests at fixed confin-
ing pressure as indicated (solid curves). For reference, the hydrostatic experiment is also plotted (dashed curve). The critical
stress states C’ and C* are indicated by arrows. (b) Differential stress versus axial strain for the experiment performed at
Pc =25 and 50 MPa. At these confining pressures, the samples failed by shear localization. (c) Differential stress versus axial
strain for the experiment performed in the range of Pc = 95 to 200 MPa. At these confining pressures, the samples are ductile,
but sharp stress drops can be observed, indicating that localized compaction may occur. (d) Zoom on the stress drops

observed for the sample deformed at Pc = 150 MPa.

illustrating the complex relationship between porosity and
permeability evolution during the compaction of a porous
basalt will be discussed in section 5.2.

3.2. Triaxial Compression Experiments

[12] The porosity evolution versus the effective mean
stress is given in Figure 2a. For confining pressure Pc = 25
and 50 MPa, the failure mode of this porous basalt is char-
acterized by brittle deformation. The differential stress
reaches a peak, beyond which strain softening is observed
and the stress progressively drops to a residual level
(Figure 2b). At the beginning of the triaxial loading, the
porosity change coincides with the hydrostatic data up to a
critical stress state —marked by the point C’- which marks the
onset of shear-induced dilatancy [Brace, 1978; Wong et al.,
1997]. Beyond C’ and before the peak stress is attained, the
compaction decelerates in comparison to the hydrostat
(dashed-line), which implies that the deviatoric stress field
induces the pore space to dilate.

[13] For confining pressure between 95 and 200 MPa, the
stress-strain curves are characterized by ductile attributes.

Figure 2¢c shows the evolution of axial strain as a function of
differential stress, showing an overall strain-hardening trend.
Note that strain hardening is more pronounced as confining
pressure increases, as expected. Figure 2a shows that the fail-
ure mode for this range of confining pressures is associated
with an appreciable porosity reduction. The triaxial curve for a
given effective pressure coincides with the hydrostat up to a
critical stress state C*, however at stresses higher than C* the
deviatoric stresses provide significant contribution to the
compactive strain. This phenomenon is referred to as “shear-
enhanced compaction” [Wong et al., 1997] and is attributed in
porous sandstones to the beginning of grain crushing and pore
collapse [Menéndez et al., 1996]. While a sample undergoes
shear-enhanced compaction, Figures 2a and 2c¢ also show that
the overall hardening trend is punctuated by sharp stress drops
of up to 20 MPa in amplitude. Figure 2d is a zoom of the
differential stress — axial strain curve for the experiment per-
formed at Pc = 150 MPa, where three distinct stress drops can
be observed. These episodic stress drops may indicate that
localized compaction, i.e. compaction bands, is occurring
[Klein et al., 2001]. The experiments performed at 95, 150,
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Figure 3. Microstructural analysis. (a) SEM micrograph of an intact sample: the pores appear in black. (b and c) SEM
micrographs of the sample deformed hydrostatically, revealing pore collapse and damage around the pores surfaces.
(d) Micrograph of the sample deformed at 50 MPa confining pressure. A shear failure, with an angle of about 45°, is clearly
observed. (e) Picture of the sample deformed at 130 MPa confining pressure. A macroscopic compaction band, indicated by
an arrow, can be observed clearly. (f~h) SEM micrographs of the sample deformed at 130 MPa confining pressure. A clear
compaction band is observed in the middle part of the sample. Higher magnification images (Figures 3g and 3h) reveal
details inside the compaction band such as pore collapse and induced cracking.

200 MPa were stopped at an axial strain of 7%, whereas the
experiment performed at 130 MPa was stopped just after the
first stress drop, i.e. for an axial strain of 1.1%. In addition, for
the experiment performed at Pc = 130 MPa, the permeability
was measured just before the deviatoric loading and just after
the first stress drop occurred at an axial strain of 1.1%.
We measured k = 2.2 107 '® m? at 0 differential stress in
agreement with Figure 1b, and k = 3.6 10~'7 m? just after the
first stress drop.

4. Microstructural Observations

[14] Analysis of the microstructure was performed on
intact and deformed samples using a Field Emission Scan-
ning Electron Microscope (FE-SEM). To obtain SEM thin
sections, samples were cut parallel to the specimen long axis
and maximum compressive stress o. Figure 3a is an SEM
micrograph of an intact sample. The matrix appears in grey
and pores in black. Note that mean pore diameter is 500 pm,
but the pore diameter can vary from 1 to 900 pm.

[15] Figure 3b is a SEM micrograph of the sample com-
pressed hydrostatically (Figure 1). Damage in this sample is
primarily associated with pore collapse, and pore at various
stages of collapse can be observed throughout the sample
(Figures 3b and 3c). Fragments fill partially the pore space.
Intensive damage is observed around the pores surfaces,
which suggests that stress-induced cracks coalesce first

around the pore surface. Moreover, Figure 3¢ shows that
some stress-induced cracks coalesce from one collapsed pore
to another, this observation tends to prove that stress-induced
cracks form a newly connected porous network, which is
consistent with the increase in permeability observed for
pressures higher than P*,

[16] Figure 3d is a micrograph of the sample deformed in
triaxial conditions at 50 MPa confining pressure. A shear
band, with an angle of about 45°, can be clearly observed.
Stress-induced cracks are mainly located in the zone of the
shear failure. These observations are consistent with the
mechanical data (Figure 2) and previous studies performed
on low porosity basalts [Stanchits et al., 2006].

[17] Figure 3e is a picture of the sample stressed at a con-
fining pressure of 130 MPa. A strain localization band per-
pendicular to the main compressive axis, indicated by an
arrow, is visible to the naked eye. To investigate in more
details the microstructure, this sample was cut in four equal
half. Figure 3f is an SEM micrograph obtained on the total
length of the sample on a width of ~10 mm. One compaction
band can be seen in the middle part of the sample. The band
appears as a horizontal structure where the pores have col-
lapsed. In this band of ~10 mm length, stress-induced cracks
coalesce first at the pore surface and the fragments fill the pore
space (Figure 3h). In addition, some induced cracks extend
and coalesce with each other, mainly in the sub horizontal
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direction, i.e. perpendicular to main axis compression stress.
The thickness of the band is approximately 2 mm. Outside the
band, Figure 3f shows that the microstructure of the rock
remains intact. Following the terminology introduced by Baud
et al. [2004], a localized structure that has a thickness of only a
few grains is referred to as “discrete band”, whereas thicker
structure are called “diffuse bands”. In this porous basalt, a
compaction band seems to be “discrete’ and not “diffuse”. For
the triaxial experiments performed at Pc = 95, 150, and
200 MPa, we reached a maximum axial strain of 7%. In these
experiments, SEM micrographs show that, by then, almost all
the sample has compacted so that the imprints of clear indi-
vidual compaction bands has been lost in the microstructure.
In addition, if it is clear for the experiment performed at
130 MPa, that one stress drop corresponds to one compaction
band; more experiments stopped at different axial strain are
needed to conclude on the correspondence between number of
bands and stress drops.

5. Discussion and Conclusions

5.1. Envelopes for Brittle Strength
and Compactive Yield

[18] Data for the brittle strength, the onset of dilatancy C’
and onset of shear-enhanced compaction C* are showed on
the P (effective mean stress) and Q (differential stress) space
in Figure 4. For the brittle strength we have only two data
(Pc = 25 and 50 MPa), thus the Mohr-Coulomb envelope
remains unsettled. However, for the experiments performed at
Pc > 95 MPa, the onset of shear-enhanced compaction shows a
negative pressure dependence, and the data map out an ellip-
tical yield cap envelope of the form [Wong et al., 1997]:

F) ()
iy e )

with the critical pore collapse pressure P* = 222 MPa, and
parameter values 6 = 0.5 and v = 0.29. Such an elliptical cap
envelope has been extensively observed in sandstones [Wong
et al., 1997] and limestones [Vajdova et al., 2004a]. How-
ever, and to our knowledge, this is the first time it is observed
in a porous basalt.

5.2. Evolution of the Permeability
During the Hydrostatic Compaction

[19] The data (see section 3) obtained during the hydro-
static compaction of this porous basalt from the Azores
illustrates the complex relationship between porosity and
permeability evolution. Our experimental results show that
cracks, although they represent less than 2% porosity - for a
total porosity of 18% - may in fact control the permeability
evolution with pressure. Indeed, the drastic permeability
reduction of more than two orders of magnitude observed as
effective pressure increases up to P* is similar to the mea-
surements performed under pressure in low porosity Etna
basalt [Morrow et al., 1994; Fortin et al., 2011], or even
cracked glass [Ougier-Simonin et al., 2011a, 201 1b]. Previous
published data [David et al., 1994] show that for low-porosity
rocks, permeability decreases exponentially with increasing
effective pressure. The pressure sensitivity is quantified
through a critical pressure Py such that k = ky e *’"*. From
Figure 1b, we estimate P, = 11.7 MPa. This value is
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Figure 4. Yield envelopes for brittle strength and shear
enhanced compaction: peak stress and stress states C’ and
C* are shown in the P-Q stress space. The compactive yield
envelope approximately follows an ellipse.

consistent with those previously reported for low porous
basalt or granite [Morrow et al., 1994; David et al., 1994;
Fortin et al., 2011]. Such a high permeability sensivity to
pressure contrasts with the usual behavior of high porosity
rocks and highlights that the permeability of this porous
basalt is mainly controlled by pre-existing cracks. This
implies that for this porous basalt, the key parameter is not the
porosity -mainly controlled by the amount of equant pores-
but the connectivity between these pores, which is controlled
by the cracks.

[20] Cracks also seem to control the permeability evolution
beyond the critical pressure P*. The critical pressure P* is the
point where pore collapse takes place [Zhang et al., 1990]
which implies that cracking take places (see also section 4).
The occurrence of cracking implies that limited amount of
dilatancy also develops at P*. The porosity reduction result-
ing from pore collapse is larger than the dilatancy induced by
microcrack propagation by at least one order of magnitude,
so that dilatancy is not visible on Figure la. Its existence is,
however, confirmed both by our microstructural observations
(Figures 3b and 3c) and the permeability evolution, which
increases for effective pressure higher than P*. This increase
in permeability can only be due to the development of cracks,
enhancing the hydraulic connectivity of the sample. This
observation contrasts to what is observed in porous sand-
stones, where the critical pressure P* is generally associated
with drastic decreases in permeability [Zhu and Wong, 1997;
Fortin et al., 2005].

5.3. Compaction Bands in a Basalt: Comparison
With Observations Done in Porous Sandstone

[21] In our basalt, the formation of compaction bands is
observed for Pc > 95 MPa. Such structures were initially first
observed in porous sandstones. However, there seem to be at
least three important differences. First, compaction bands were
only observed in sandstones with porosity higher than 24%
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[Baud et al., 2004]. The porosity of our basalt is only 18%, and
compaction bands appear at relatively low confining pressures.
Another parameter to be taken into account is the ratio between
grain size and pore size [Adelinet et al., 2012]. Indeed, for this
basalt, the grain size is ~50 pm (matrix microlites) and the
mean pore diameter is ~500 pm, leading to a ratio about 1:10,
whereas a ratio of 10:1 is more commonly observed in sand-
stones. This ratio probably plays a role in the threshold values
of critical stress needed to form compaction bands.

[22] Second, in sandstones, compaction bands appear as a
zone of grain crushing and pore collapse [Baud et al., 2004;
Stanchits et al., 2009]. In basalt however, a compaction band
seems to be primarily the result of pore collapse. Cracks
seem to coalesce first around the pore circumference, and
then the fragments fill the pore space. A compaction band in
basalt appears as the result of the collapse of several aligned
pores in a direction perpendicular to the main compression
axis. Its structure is closer to compaction bands that can be
observed in porous material like honeycombs [Papka and
Kyriakides, 1999] than to compaction bands in sandstones.
Again, the difference in the ratio between grain size and pore
size may explain such difference.

[23] In sandstones, a compaction band is a barrier for fluid
flow [Vajdova et al., 2004b]. In basalt, the effect of com-
paction bands on permeability is still unclear. For the
experiment performed at Pc = 130 MPa, the permeability
reduction between the beginning of the differential loading
and just after the first stress drop is approximately of one
order of magnitude. However, this permeability reduction
may also be explained by the closure of pre-existing cracks
in the undamaged parts of the sample during the loading, as
it has been demonstrated that permeability was highly pres-
sure sensitive. However, within a compaction band the per-
meability may increase because of the improved pore space
connectivity. The overall balance is thus variable and more
experiments are thus needed to conclude about the effect of
compaction bands on the permeability in porous basalts.
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