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Abstract

Poroelastic properties play an essential role in interaction between deformation and fluid pressure change in porous rocks.
These properties can be affected by microstructural evolution such as porosity change and micro-cracks growth. In this
study, the modification of poroelastic properties of a hard rock (granite) is investigated in terms of thermally induced
micro-cracks. Granite samples are first subjected to a heating—cooling treatment with different values of temperature. The
variations of bulk modulus, stiffness of solid grains and Biot’s coefficient of thermally treated samples are determined and
analyzed. It is found that both connected and occluded micro-cracks are generated in granite samples. The bulk modulus of
porous material is affected by the connected micro-cracks, while the stiffness of solid grains is influenced by the occluded
micro-cracks. The Biot’s coefficient is affected by the connectivity of micro-cracks. All poroelastic properties evolve with
effective mean stress and a non-linear poroelastic law should be defined.
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1 Introduction

Cracking is an essential mechanism in brittle and hard
rocks such as granite. Cracking can be induced by
mechanical loading, temperature change and fluid pressure
variation. In the present study, the emphasis is put on
cracking induced by heating—cooling process and its
impact on poroelastic properties. We consider here the case
of enhanced geothermal system (EGS) in hot dry rocks
(HDR) as an example. Such rocks are located from 2 to
10 km in depth, and the initial temperature can reach
650 °C [16, 26]. The common production technique con-
sists in injecting cold water into HDR layers from an
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injection well and retrieving heated hot water and steam
from a production well [14, 22]. The HDR layers are then
subjected to a progressive cooling process, which can be at
the origin of cracking of rocks.

According to the previous studies [13, 21, 22, 28,
34-36], the physical and hydromechanical properties of
rocks can be significantly affected by heating—cooling
induced cracking process. For instance, the elastic modulus
and failure strength of rocks are decreased, while the per-
meability and porosity are enhanced. The nucleation and
growth of micro-cracks induced by heating—cooling can be
related to the non-uniform thermal expansion of different
minerals [2, 9, 11, 18, 19, 27], and to the high temperature
gradient generated by rapid change of temperature
[3, 12, 30, 32].

On the other hand, for saturated and partially saturated
porous rocks, the overall deformation behavior is directly
driven by the interaction between skeleton deformation and
pore pressure change. This interaction is taken into account
in soil-like materials by the empirical effective stress
concept of Terzaghi [25]. For the general case of cohesive
porous materials such as most rocks, the Biot’s poroelastic
theory provides the fundamental background for studying
fluid-rock coupling in saturated conditions [4, 5, 23]. A
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number of subsequent extensions of Biot’s theory have
been proposed in order to consider material anisotropy,
induced damage and plastic deformation [6, 8, 15, 20, 33].
In the case of hard rocks like granite, plastic deformation
can generally be neglected. The interaction between rock
deformation and pore pressure change can be conveniently
described by the poroelastic theory. In this theory, the
Biot’s coefficient for isotropic materials or Biot’s tensor for
anisotropic ones is the fundamental coupling parameter. It
is an intrinsic property of a porous material and dependent
on the elastic properties of porous skeleton and solid grains
(or phase). Due to the degradation of solid grains, for
instance the growth of micro-cracks induced by heating—
cooling, chemical reaction or mechanical loading, the value
of Biot’s coefficient can be significantly modified. This
type of results has been reported in a number of previous
studies on different kinds of rocks [1, 17, 31]. However,
very few studies have been performed on the characteri-
zation of Biot’s coefficient of hard rocks subjected to high-
temperature heating and water cooling. This is the main
objective of the present study. The adopted methodology is
based on a macroscopic laboratory testing approach. A
typical hard rock, granite, is selected. Granite samples are
first subjected to heating and water cooling treatment up to
different values of temperature. However, the kinetics of
cooling used in this study is quite different with that
encountered in EGS. Therefore, the objective here is not to
reproduce the real thermal conditions of EGS, and to create
micro-cracks in granite samples by using the heating—
cooling treatment. The values of bulk modulus and stiff-
ness of solid grains of thermally treated samples are mea-
sured by hydrostatic compressive tests. By assuming that
the studied granite is an isotropic material, the corre-
sponding values of Biot’s coefficient are calculated. Based
on experimental data, the variations of elastic properties
and Biot’s coefficient are first analyzed as functions of
heating—cooling treatment temperature and hydrostatic
compression stress. These variations are further interpreted
in terms of creation and closure of micro-cracks inside the
solid grains.

2 Theoretical background and experimental
procedure

2.1 Theoretical background

We consider here a linear isotropic porous material under
saturated and isothermal conditions. The poroelastic
behavior of material under the assumption of small strains
is described by the classical Biot’s theory which is
expressed as follows [4, 5]:
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In these relations, ¢;; are components of Cauchy stress
tensor, ¢; components of linear strain tensor, and p; fluid
pressure (02- and pyy are the values of stress and pore
pressure at the reference state). 4, and y,, are two Lame’s
coefficient in drained condition. b and M are respectively
the Biot’s coefficient and Biot’s modulus. m is the fluid

mass change per unit volume and p{) the fluid volumetric
mass at the reference state. It is worth noticing that for
anisotropic rocks, the scalar Biot’s coefficient should be
replaced by a second-order Biot’s tensor [8, 24, 33].
Applying now the Biot’s poroelasticity to hydrostatic state,
one gets:

2
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&, denotes the volumetric strain and k® is the drained
bulk modulus. Moreover, the Biot’s tensor of a porous
material can be expressed as a function of elastic properties
of bulk skeleton and that of pore fluid. For an isotropic

material, one gets:
kb 1 b—¢ ¢
b=1——; —= —
kBT M ks + k¢

(3)

In this relation, k* is the stiffness (volumetric modulus)
of solid grains and k¢ that of pore fluid. ¢ denotes the
connected porosity. It is important to point out that when
the porous material exhibit induced cracking (or damage),
its elastic properties and porosity can evolve as functions of
crack density. More precisely, the values of k°, k* and ¢ are
not constant. On the other hand, when a cracked sample
(thermally here) is subjected to hydrostatic compression, a
part of micro-cracks are progressively closed. As a con-
sequence, the effect of micro-cracks is attenuated (the so-
called unilateral effect of crack closure) and the values of
kP and k° can be partially restituted. This leads to the
variation of elastic properties in terms of applied hydro-
static stress. Therefore, for a complete modeling of
poroelastic behavior in damaging porous materials, a
proper elastic damage model should be developed as
shown in the previous studies [24]. Further, in order to
identify the variation of elastic properties during hydro-
static compression, unloading-reloading cycles should be
performed at different values of stress. However, this is
beyond the topic of the present work. The emphasis here is
the characterization of effects of thermally induced micro-
cracks on the evolution of poroelastic properties of granite.
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Therefore, the experimental program is simplified and only
monotonic hydrostatic tests are performed. Accordingly,
only two particular points of stress—strain curves are ana-
lyzed, namely the initial and asymptotic states. At the
initial state, the slopes of stress—strain curve are used to
define the initial bulk modulus and solid stiffness. At the
asymptotic state, a quasi-linear stress—strain relation is
obtained. The corresponding slopes are then used to define
the asymptotic values of bulk modulus and solid stiffness.
The corresponding values of Biot’s coefficient are calcu-
lated and analyzed for these two states.

2.2 Material description and thermal treatment

The batch of granite samples were collected from Chuan-
shanpin Town, Hunan Province, China. According to the
X-ray diffraction analysis in [34, 35], the mineral compo-
sitions of the granite are mainly composed of quartz
(24.67%), albite (33.55%), microcline (37.16%), biotite
(4.22%) and clinochlore (0.40%). The average porosity of
granite in its natural state is 0.719% and its density is
2.621 g/cm’. The gas permeability is about 1.941 x 107'8
mz, the P-wave velocity is 4651.16 m/s and the thermal
conductivity is 2.892w/(m K). The size of cylindrical
samples is 50 mm x 100 mm. The sample preparation
procedure fulfills the recommendation of the International
Society of Rock Mechanics [10]. The selected samples did
not contain apparent cracks.

The granite samples were first heated up to different
values of temperature (200 °C, 400 °C, and 600 °C) and
then cooled in water. More precisely, the samples were put
in a muffle furnace for heating and the heating rate was set
to 5 °C/min. The reached temperature was kept constant
for 5 h. After the heating period, the samples were quickly
placed into water for rapid cooling. (The temperature of
water was about 20 °C and the volume about 25 L.) More
details about the heating—cooling treatment can be found in
[34, 35]. The cooled samples were further put in an oven at
105 °C for 24 h until completely dried. And the dried
samples were conserved in sealed bags until they were used
in mechanical tests.

2.3 Hydrostatic compression test

In this paper, compressive stresses and volumetric strains
are denoted as positive values. Hydrostatic compression
tests were performed on the treated granite samples under a
room temperature between 20 °C and 25 °C. The used
experimental device is shown in Fig. 1. As mentioned
above, the main objective of the tests is to determine the
values of k° and k* of the thermally treated granite samples
at the initial and asymptotic states. To this end, two types
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Fig. 1 Illustration of experimental device for hydrostatic porome-
chanical test

of loading path were used. During the first one, the com-
pressive hydrostatic stress is applied under drained condi-
tion without pore pressure change (Aps=0). The
generated volumetric strain is measured. The obtained
stress—strain curves are used for the calculation of initial
and asymptotic values of bulk modulus. During the second
loading path, the hydrostatic stress and pore pressure are
increased simultaneously and equally (Aps = Aap,). The
corresponding volumetric strain is also measured. As this
volumetric strain is physically related to the compaction of
solid grains, the stress—strain curves issued from this
loading path are used for the calculation of initial and
asymptotic values of solid stiffness.

3 Experimental results and discussions
3.1 Overall stress—strain behavior

By using the experimental procedure defined above, three
tests were performed on three different samples for a given
value of heating—cooling treatment temperature. Two sets
of strain—strain curves are obtained for each test; the vol-
umetric strain versus hydrostatic (or mean) stress curves
and the volumetric strain of solid grains versus hydrostatic
stress (or pore pressure) curves. Typical results obtained
are presented in Fig. 2. One can see that relatively large
scatters are observed between three tests performed for the
same value of temperature. This is probably due to the
initial differences between the tested samples. Moreover,
the scatters are larger for the solid volumetric strain curves
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Fig. 2 Overall stress—strain curves during two steps of hydrostatic compression tests on samples with different heating—cooling treatment
temperatures

(Ao, = Apr) than for the bulk volumetric strain curves  interestedly, the scatters are more important for the sam-
(Aps = 0). This seems to indicate that the material  ples treated under low temperature than for those treated
heterogeneity is mainly related to the solid grains. More  under high temperature. For instance, the largest scatters
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are observed for the samples which are not subjected to
heating—cooling treatment (25 °C). It seems that due to the
creation of micro-cracks inside the solid grains by the
heating—cooling treatment, the material heterogeneity
between the granite samples is attenuated.

On the other hand, for all the tested samples, strongly
nonlinear concave stress—strain curves are obtained. The
slope of volumetric strain curve defines the tangent elastic
stiffness which is a function of applied stress. It is clear that
the tangent elastic stiffness significantly increases with the
applied stress due to the progressive closure of micro-
cracks. When the applied stress is high enough, one obtains
an asymptotic quasi-linear phase in almost each test. As
mentioned above, the present study does not intend to
establish a complete nonlinear elastic damage model. The
objective is to quantify the effect of heating—cooling
treatment on the poroelastic properties of granite. There-
fore, only two quasi-elastic states are selected on the
stress—strain curves: the initial state at the beginning of
hydrostatic compression (the value of bulk modulus and
solid stiffness are denoted as kP and k; respectively) and the
asymptotic quasi-linear state at the end of loading (the
values of bulk modulus and solid stiffness are denoted as k';
and k;, respectively). The obtained values are analyzed and
discussed below.

3.2 Poroelastic properties at the initial state

The values of measured bulk modulus and solid stiffness at
the initial state are given in Table 1. Their variations with
the heating—cooling treatment temperature are presented in
Fig. 3. It is worth noticing that at the beginning of loading,
the applied stress is small enough to avoid closing micro-
cracks. Therefore, the corresponding values of bulk mod-
ulus and solid stiffness are approximately considered as the
elastic properties of the samples after the thermal treatment
with different temperatures. In a general way but except the
values of bulk modulus of three sound samples (at 25 °C
and not subjected to thermal treatment), both the bulk
modulus (k}.’) and the stiffness of solid grains (k?) signifi-
cantly decreases with the temperature. This clearly indi-
cates that a large number of micro-cracks are created in the
granite samples during the heating—cooling treatment. The
smallest value of bulk modulus and solid stiffness is both
obtained for the samples treated at 600 °C. It is worth
noticing that the bulk modulus is affected by both con-
nected and occluded micro-cracks. However, the stiffness
of solid grains is only affected by the occluded micro-
cracks. The progressive diminution of initial solid stiffness
shown in figure (b) clearly indicates that the thermal
treatment not only generates connected but also occluded
micro-cracks in the solid grains. And the quantity of

Table 1 Experimental values of poroelastic properties at initial state

Temperature Initial solid Initial bulk Initial Biot’s
(°C) stiffness &; modulus £? coefficient
(MPa) (MPa) bi=1—kb/k
Value Mean Value Mean Value Mean
25 3287.4 6535 6643 3280 0.798 0.599
6855.0 781.1 0.886
9463.5 8395.0 0.113
200 8563.2 5997 54355 5186 0.365 0.202
3982.1 4886.5
5445.6 5238.6 0.038
400 6925.8 4005 2067.3 1870 0.702 0.579
3648.9 1984.7 0.456
1442.9 1560.7
600 9214 1119 8.0 227 0.991 0.822
1294.5 636.7 0.508
1143.0 37.9 0.967

occluded micro-cracks increases with the thermal treatment
temperature. By using the values of k¥ and ¢, the values of
Biot’s coefficient at the initial state are calculated by using
the relation (3). The obtained values are also given in
Table 1, and its evolution with temperature is shown in
Fig. 4. Due to the large scatters of initial bulk modulus and
solid stiffness for the natural samples (25 °C), the values of
Biot’s coefficient for these samples exhibit important
scatters. However, considering the smallest value of Biot’s
coefficient obtained for the natural samples (this value
appears to be mostly feasible according to the very low
initial porosity of granite), a quasi-linear correlation (dot-
ted line in Fig. 4) can still be found between the initial
Biot’s coefficient and thermal treatment temperature. The
initial Biot’s coefficient of granite is significantly amplified
by the growth of both connected and occluded micro-
cracks inside the solid grains, induced by the heating—
cooling treatment.

3.3 Poroelastic properties at the asymptotic
linear state

The measured values of bulk modulus and solid stiffness at
the asymptotic quasi-linear state are given in Table 2. Their
variations with thermal treatment temperature are shown in
Fig. 5. Compared with the results shown in Fig. 3 for the
initial elastic state, it is seen that due to the closure of
micro-cracks by applied compressive stress, the values of
bulk modulus at the asymptotic state are significantly
higher than those at the initial state. The experimental
scatters are also significantly reduced. However, the bulk
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Fig. 3 Evolution of bulk modulus and stiffness of solid grains at the
initial state with thermal treatment temperature

modulus at the asymptotic state still continuously decreases
with the thermal treatment temperature. This indicates that
only a part of micro-cracks are closed by the applied
compressive stress and the remaining part is still interact-
ing with connected porosity and affecting the bulk modu-
lus. Moreover, according to some previous studies
[7, 21, 22, 29], when the temperature is higher than 500 °C,
the crystal structure of granite changes due to the phase
transition of quartz. The crystal structure modification can
also lead to the weakening of bulk modulus of granite.
About the evolution of solid stiffness, it seems that its
value remains almost constant until 400 °C and then
increases. However, the values of the samples treated at
600 °C show important scatters. If we look at the two low
values, it seems that the solid stiffness increases slightly
between 400 °C and 600 °C. These results indicate that the
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Table 2 Experimental values of poroelastic properties at asymptotic
state

Temperature Asymptotic solid  Asymptotic Asymptotic
(°C) stiffness k} (MPa) bulk modulus Biot’s
k> (MPa) coefficient
by =1—k>/kS
Value Mean  Value Mean Value Mean
25 55,384.8 50,298  21,856.4 20,993 0.605 0.550
62,966.1 20,667.5 0.672
32,545.5 20,457.4 0.371
200 27,261.4 31,293 18,885.5 17,793 0.307 0.421
36,462.7 17,312.9 0.525
30,157.6 17,180.6 0.430
400 40,946.2 44,675 15,874.0 16,977 0.612 0.617
50,473.3 16,717.7 0.669
42,606.1 18,340.2 0.570
600 132,380.0 188,182 92327 9316 0.930 0.908
382,486.0 9796.5 0.974
49,680.3 8918.7 0.820

majority of occluded micro-cracks inside the solid grains
are closed by the applied compressive stress and pore
pressure for the natural samples and the samples treated
with 200 °C and 400 °C. For the samples treated at 600 °C,
the increase in asymptotic solid stiffness is an interesting
phenomenon. It seems that due to the high value of heat-
ing—cooling temperature, a high number of micro-cracks
are created in the samples. The thermally induced cracks
can create new fluid path ways between the initial occluded
micro-cracks (and pores) and the connected ones. As a
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Fig. 5 Evolution of bulk modulus and stiffness of solid grains at the
asymptotic state with thermal treatment temperature

consequence, during the second loading path, the injected
fluid gets access to the newly connected cracks (and pores).
The number of occluded micro-cracks inside the solid
grains is reduced. This leads to the increase of stiffness of
solid grains. Finally, the values of Biot’s coefficient at the
asymptotic linear state are calculated and given in Table 2.
Its variations with thermal treatment temperature are pre-
sented in Fig. 6. Again, despite of the large experimental
scatters obtained, a linear increasing evolution law can still
be obtained as the first approximation. The Biot’s coeffi-
cient at the asymptotic state also continuously increases
with the heating—cooling temperature. This evolution is
consistent with the progressive decrease in asymptotic bulk
modulus and the increase of solid stiffness with the thermal
treatment temperature. Furthermore, the comparison of
Biot’s coefficient evolution with temperature between the
initial and asymptotic states is presented in Fig. 7. It is

found that the difference of Biot’s coefficient between the
initial and asymptotic states is very small. But interest-
ingly, the slope of variation with temperature is higher for
the initial state than for the asymptotic state. It seems that
the effect of heating—cooling on Biot’s coefficient is
stronger at the initial state but attenuated at the asymptotic
state by the applied compressive hydrostatic stress and pore
pressure. At low values of temperature, the value of
asymptotic Biot’s coefficient is higher than that at the
initial state. This is due to the fact that a part of occluded
micro-cracks at the initial state become connected ones at
the asymptotic state due to the high increase in pore fluid
pressure, leading to an increase in the solid stiffness. These
results indicate that the Biot’s coefficient of granite sam-
ples is more affected by the heating—cooling treatment than
by the compressive stress loading.

4 Summary and conclusions

In this study, we have investigated the modification of
poroelastic properties of granite samples subjected to
heating—cooling treatment up to 600 °C. According to the
results obtained, the following remarks can be drawn.
Natural granite samples contain a number of initial
connected and occluded micro-cracks inside the solid
grains. The heating—cooling treatment can generate a high
number of additional micro-cracks in the solid grains, a
part of them is occluded and another part is connected to
initial cracks and pores. The presence of the occluded
micro-cracks (or pores) significantly affects the variation of
poroelastic properties of granite, in particular the stiffness
of solid grains. Due to the micro-cracks induced by the
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Fig. 6 Evolution of Biot’s coefficient with thermal treatment
temperature at the asymptotic state
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thermal treatment, the bulk modulus of granite samples is
significantly decreased. On the other hand, due to the
thermally induced occluded micro-cracks, the stiffness of
solid grains is also decreased. However, the decrease of
solid stiffness can be compensated by the connection of
initially occluded micro-cracks to the connected ones with
the help of the thermally induced micro-cracks. This can
lead to an increase of the stiffness of solid grains. As a
consequence, for the studied granite, the decrease in the
solid stiffness is smaller than that of the bulk modulus. Its
Biot’s coefficient exhibits a clear increase with the thermal
treatment temperature.

During the subsequent hydrostatic compression loading
until an asymptotic linear state is reached, a part of (both
initial and thermally induced) connected and occluded
micro-cracks are closed. This leads to a significant increase
in both the bulk modulus and the stiffness of solid grains.
However, due to the remaining part of open micro-cracks,
the bulk modulus of granite remains affected by the ther-
mal treatment and shows a continuous decrease with the
temperature. The solid stiffness becomes almost constant
for the samples treated by a temperature below 400 °C.
This seems to indicate that the solid grains of the tested
samples have a very similar micro-structure. However, the
solid stiffness of the samples treated at 600 °C is higher
than the other samples. This can be explained by the fact
that a part of initially occluded micro-cracks become
connected ones with the help of thermally induced micro-
cracks in these samples. Finally, the Biot’s coefficient at
the asymptotic state remains affected by the heating—
cooling treatment and continuously increases with the
treatment temperature. The value of asymptotic Biot’s
coefficient (under compressive stress) is very close to that

@ Springer

at the initial state (without compressive stress). Therefore,
the Biot’s coefficient of granite samples is essentially
affected by the heating—cooling treatment rather than by
the compressive stress.
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