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This study investigates the influence of temperature, effective stress, and rock fracture on the bulk modulus and Biot’s coefficient of
granodiorite from a hot dry rock geothermal reservoir using the triaxial compression test.Three types of representative granodiorite
samples were chosen for comparative experiments. The experiments were conducted with 0–55MPa effective stress under cyclic
loading. Results show that bulk modulus can continuously increase with the increase in effective stress at a constant temperature.
The influencing law on Biot’s coefficient is opposite that on bulk modulus. Interestingly, the temperature effects on the drained
bulk modulus and Biot’s coefficient depend on the effective stress. With regard to rock fractures, temperature and effective stress
exert similar effects on the Biot’s coefficients and bulk moduli of the samples compared with those of intact rock. The data of
this experiment have a wide range of applications because most of the reservoir rocks in dry-hot-rock geothermal system have
lithology of granite or granodiorite. The change law of rock modulus and Biot’s coefficient with the temperature and pressure in
this experiment provide the data basis for the future simulation calculation making the considered factors more comprehensive
and the results closer to the real situation.

1. Introduction

The thermomechanical response of saturated porous rock
under the influences of temperature, effective stress, and rock
fracture offers great significance for field work. In particular,
the change law of the parameters under these factors provides
a good reference for the disposal of greenhouse gas and
exploration of petroleum, natural gas, and hot dry rock
resources. For example, when exploiting hot dry rock, the
change in a rock mass’s temperature and pore pressure
can alter Biot’s coefficient and cause the redistribution of
the gravity field [1]. For another, injection of cooling CO2
into the deep ground will causes the decrease of vertical
effective stress and thus change Biot’s coefficient promoting
the reduction of the porosity [2].

By triaxial compression tests, Handin et al. [3] point out
the rock’s mechanical deformation characteristics are related
to rock porosity. Song and Renner [4] and Fabricius [5]
studied Fontainebleau sandstone and showed that rock Biot’s
coefficient varies with the change in rock porosity. Further-
more, Ramos da Silva et al. [6] proposed a fitting relationship
between Biot’s coefficient and the porosity of saturated
limestone. This relationship indicated the increase in Biot’s
coefficient with increase in rock porosity. However, altering
the temperature not only changes stress but also modifies the
physical properties of rock, including the rock bulk modulus
and thermal expansion coefficient. Such effects generate
nonlinear rock physical properties [7–10].The nonisothermal
triaxial compression experiment of Gallesville sandstone and
Feichtinger sandstone has been performed by Blacic et al. [11]
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and Alireza et al. [12]. Both of the studies show that the
thermomechanical parameters of rock mass, such as Biot’s
coefficient, bulk modulus, Young’s modulus, and Poisson’s
ratio, are affected by temperature and effective stress. The
presence of rock fracture is one of the important influences
that cause the rock anisotropy. For cracked rock, Goodman
et al. [13] proposed an equivalent continuum model of
fractured rock mass. And a series of calculation models
of fractured rock deformation are established. Equivalent
medium parameters are used to describe rock deformation
characteristics [14, 15]. Experimental and numerical studies
[16–18] also showed that the fractured rock conditions caused
a substantial effect on Biot’s coefficient, rock bulk modulus,
and other mechanical parameters. However, there is less
study on the equivalent deformation parameters of fractured
rock under nonisothermal condition.

Numerical simulation is an important technicalmeans for
studying and predicting the engineering problem of carbon
dioxide geological reservoirs, nuclear waste disposal, dry
rock development, and other deep rock mechanics problems
[19–23]. Accurately obtaining the rock parameters is the key
factor to obtain the accurate simulation results. However,
in most of current simulations, the rock parameters are
assumed to be constant [19, 20, 22–24]. However, during the
exploitation of deep geological resources, parameters of the
rock, such as rock bulk modulus and Biot coefficient, will
change due to the change of temperature and pressure, thus
leading to the numerical simulation results deviate from the
true value if we ignore these features [25]. Bai [26] studied
the change law of Biot coefficient of reservoir sandstone form
a typical CO2 geological storage site at Ordos of China, under
different temperature and pressure conditions and applied
it to the numerical simulation of formation deformation
of the site, finding the simulation result more close to the
measured data. However, during the development of dry-
hot rocks, the change of the strata stress has more obvious
influence on the bulk modulus and Biot coefficient of rocks,
especially the fractured [23, 24]. The late Indo-granodiorite
was selected for the investigation, because it is similar to
the geothermal reservoir rock found in China’s first hot dry
rock target area, specifically, the Gonghe Basin of Qinghai.
More importantly, the lithology of reservoir rock in most
dry-hot rock sites in the world is granite or granodiorite
[19–23, 27]. Therefore, the rock used in this experiment is
very representative.

Given the problems mentioned above, the influences
of temperature, effective stress, and rock fracture on bulk
modulus and Biot’s coefficient were investigated in this
study aiming at experimentally quantifying the influence.
To simulate the actual effective stress and pore stress of
underground rock, which is usually caused by the injection
of water into and out of reservoirs, the temperature was set to
increase gradually, and circular loading and unloading axial
pressures and confining pressurewere applied under constant
temperature [28].

To simulate the actual effective stress and pore stress of
underground rock, which is usually caused by the injection
of water into and out of reservoirs, the temperature was set to
increase gradually, and circular loading and unloading axial

pressures and confining pressurewere applied under constant
temperature [28].

2. Theoretical Background

2.1. Theory of Rock Elasticity under the Influence of Pressure
and Temperature. Under drainage conditions, temperature
alters the thermal expansion and pore fluid quality of rock
mass as follows:

𝜀 = 𝑃𝑒𝐾𝑑 − 𝛽𝑏 (𝑇 − 𝑇0) , (1)

where 𝜀 is the volume strain, 𝑇0 is the initial temperature,𝑇−𝑇0 is the change in temperature, 𝛽𝑏 is the volume thermal
expansion coefficient of solid skeleton, 𝑃𝑒 is the effective
pressure, and 𝐾𝑑 is the bulk modulus of drainage.

According to the principle of effective stress, 𝑃𝑒 and
the effective stress 𝜎eff

𝑖𝑗 can be obtained using the following
equation:

𝑃𝑒 = 𝑃 − 𝛼𝑝 (2)

𝜎eff
𝑖𝑗 = 𝜎𝑖𝑗 − 𝛼𝑝𝛿𝑖𝑗, (3)

where 𝜎eff
𝑖𝑗 is the effective stress; 𝜎𝑖𝑗 is the total stress; 𝑃 is the

pore water pressure; 𝑝 is the Kronecker constant, which takes
the value of either 0 or 1; and 𝛼 is Biot’s coefficient, which
can be defined as the efficiency of the pore fluid in rock in
counteracting the external total stress.

The concept of effective stress is described by Berryman
[29] and Gueguen [30], in different fields. The study of
Zimmerman [31] provided a theoretical basis on analyzing
the influence of Terzaghi effective stress on the effective rock
bulk modulus. Bouteca [32] and Hart (1998) yielded similar
conclusions after experimentation. Therefore, the expression
of pressure and effective stress herein is based on Terzaghi’s
law. The Terzaghi law is derived from energetics; therefore,
the effects of effective stress and temperature on Biot’s
coefficient can be analyzed from the perspective of energy.

The fluid mass heat 𝛽𝑚 was calculated using the coeffi-
cients of thermal expansion of pore fluid𝛽𝑓 and𝛽𝑝 as follows:

𝛽𝑚 = 1
𝑚 (𝜕𝑚𝜕𝑇 )

𝑃,𝑝

= 1
𝜌𝑓 (

𝜕𝜌𝑓
𝜕𝑇 )
𝑃,𝑝

+ 1
𝜙 (𝜕𝜙

𝜕𝑇)
𝑃,𝑝

= 𝛽𝑝 − 𝛽𝑓,
(4)

where 𝜌𝑓 is the fluid density, 𝜙 is the porosity, 𝑝 is the pore
water pressure, and𝑚 is the ratio of fluid mass content (𝑀𝑓)
to the total rock mass (V0𝑏) with the same density. Normally,𝛽𝑝 is smaller than 𝛽𝑓, implying that 𝑚 is negative, which
indicates that the fluid mass decreases with an increase in
temperature. The change in pore fluid quality is affected not
only by temperature but also by the changes in pore pressure
and rock deformation.

Δ𝑚 = 𝑚 − 𝑚0
= −𝛼𝜌0𝑓𝜀 + 𝛼𝜌0𝑓𝑝

𝐵𝐾𝑢 + (0𝛽𝑚 − 𝛼𝛽𝑏) 𝜌0𝑓 (𝑇 − 𝑇0) ,
(5)
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Table 1: Composition of the granodiorite samples from the Jilin Monkey Ridge area and the Gonghe Basin of Qinghai.

Area The relative contents of minerals (%)
Quartz Alkali feldspar Anorthose Calcite Amphibole Andreattite Kaolinite Chlorite

Gonghe Basin 39 14 18 1 2 18 4 4
Monkey Ridge 27 18 26 0 0 29 0 0

where 𝜌0𝑓 is the density in the initial state, 𝐵 is the Skempton
pore pressure parameter, and 𝐾𝑢 is the nondrainage volume
modulus. The pore pressure change rate and confining pres-
sure are related to the changes in confining pressure in the
nondrainage experiment. Equations (4) and (5) describe the
change law of the heating expansion of the rock pore fluid,
and the heating expansion of rock is related to the rock solid
particles and the rule of thermal expansion of the skeleton.
The rock is composed of a variety ofminerals; hence, the solid
thermal expansion coefficient of rock can be calculated using
the coefficient of thermal expansion of the composition [33–
35]. For example, in a solid phase composed of two kinds of
minerals, the coefficient of thermal expansion (𝛽eff

𝑠 ) can be
estimated by the following equation:

𝛽eff
𝑠 = 𝑓1𝛽1 + 𝑓2𝛽2

+ 1/𝐾𝑠 − (𝑓1/𝐾1 − 𝑓2/𝐾2)1/𝐾2 − 1/𝐾1 (𝛽2 − 𝛽1) ,
(6)

where 𝐾𝑖 and 𝛽𝑖 are the bulk modulus and the coefficient of
thermal expansion of 𝑖 components, respectively. Campanella
and Mitchell [36] believed that the coefficient of thermal
expansion of rock matrix 𝛽𝑏 is equivalent to the coefficient
of the thermal expansion of solid particles 𝛽𝑠. Palciauskas
and Domenico [37] argued that the coefficient of thermal
expansion of rock matrix 𝛽𝑏 is related to the coefficient of the
thermal expansion of solid particles 𝛽𝑠 and the coefficient of
thermal expansion of pore fluid 𝛽𝑝.

𝛽𝑏 = (1 − 𝜙) 𝛽𝑠 + 𝜙𝛽𝑝. (7)

The volume change of rock pore fluid and solid particles
differs with varying effective pressure and temperature. Con-
sequently, rock parameters, such as bulk modulus and Biot’s
coefficient, change correspondingly.

Biot’s coefficient is calculated as follows

𝛼 = 1 − 𝐾𝑑𝐾𝑠 , (8)

where 𝛼 is Biot’s coefficient, 𝐾𝑑 is the rock drainage volume
modulus, and 𝐾𝑠 is the drainage volume modulus of the
rock solid particle skeleton. The calculation formula of bulk
modulus is as follows:

𝐾 = 𝐸
3 (1 − 2𝜇) , (9)

where 𝐸 is the rock Young’s modulus and 𝜇 is the rock Pois-
son’s ratio. The stress-strain curve can be generated to obtain
the bulk modulus. Through the drainage and nondrainage

tests, the rock drainage volumemodulus𝐾𝑑 and the drainage
volume modulus of rock solid particle skeleton 𝐾𝑠 can be
measured.These variables can be entered into (8) to calculate
for Biot’s coefficient.

Han et al. [15] derived the equivalent elastic modulus
and equivalent Poisson’s ratio based on the assumption that
the rock block is isotropic elastic body and the stress and
displacement of the fracture meet the linear relationship.The
equivalent elastic modulus and equivalent Poisson’s ratio are
expressed as

𝐸 = ( 1
𝐸 + cos4𝜑

𝑠𝑚𝑘𝑛 + sin2𝜑 cos2𝜑
𝑠𝑚𝑘𝑠 )

−1

(10)

𝜇 = 𝐸𝜇
𝐸 + 𝐸 (𝑘𝑛 − 𝑘𝑠) sin2𝜑 cos2𝜑2𝑠𝑚𝑘𝑛𝑘𝑠 , (11)

where 𝐸 and 𝜇 are equivalent modulus and equivalent
Poisson’s ratio of the fractured rock. 𝑘𝑛 and 𝑘𝑠 are the normal
stiffness and the tangential stiffness of the fracture. 𝑠𝑚 is the
fracture spacing, and 𝜑 is the angle of the fracture.

3. Test Sample, Test Instruments,
and Test Steps

3.1. Test Sample

3.1.1. Selection of Test Sample. The cost of sampling in the
Gonghe Basin of Qinghai is high because of the area’s deep
reservoir. Therefore, all samples (granodiorite) used in our
experiment were extracted from the late Indo-China samples
in the Jilin Monkey Ridge area, the properties of which are
highly similar to those in the Gonghe Basin. We compared
the two samples in terms of four different properties to verify
whether the substitution was valid or not. The results of
the composition analysis by X-ray diffraction and scanning
electron microcopy (SEM) are shown in Table 1 and Figure 1.

The results show the high similarity between the two
samples. Few obvious pores were observed; flaky and gran-
ular minerals were both found in the two samples, indicating
that rock illite or illite/smectite was present in the two areas.
Furthermore, quartz mineral was observed under a higher
magnification.

Through density, wave velocity, porosity, and permeabil-
ity, we compared the degree of compaction of the two samples
and specific parameters are shown in Table 2

As shown in Figure 2, the two samples were characterized
by fine-grained granite structure and massive structure. The
mineral assemblages suggest that the two samples were
acidic rocks, whereas the rock crystal structure indicates that
the two samples were plutonic. The displayed alteration in
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Table 2: Rock parameters of the granodiorite samples from the Jilin Monkey Ridge area and the Gonghe Basin of Qinghai.

Area Dens 𝑆-wave velocity 𝑃-wave velocity Porosity Permeability
(g/cm2) (km/s) (km/s) (%) (10−3 um2)

Gonghe Basin 2.67 2.683 3.968 1.89% 0.0312
Monkey Ridge 2.56 2.229 3.379 2.67% 0.0627

(a) (b)

Figure 1: SEM of the granodiorite. (a) Jilin Monkey Ridge sample and (b) Gonghe Basin of Qinghai sample.
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Figure 2: Polarizing micrographs of the granodiorite. (a) Jilin Monkey Ridge sample and (b) Gonghe Basin of Qinghai sample.

characteristics indicates that the two samples were affected
by late hydrothermal conditions.

The comparison results show the validity of the substi-
tution of the samples from the Gonghe Basin with those
extracted from the late Indo-China area.The results obtained
fromour research can be used in exploiting other hot dry rock
reservoirs.

3.1.2. Test Samples and Groups. The trial used three sets
of samples divided into intact undisturbed granodiorite
and artificial vertical and horizontal fractured granodiorite
(Figure 3).

3.2. Test Instruments. In this paper, the traditional triaxial
test was applied to achieve the research goals. In the process,
a TAW-2000 computer control servo triaxial rock testing
machine was employed as is shown in Figure 4. The instru-
ment constantly monitored the rock deformation during the
experiment. The pore water pressure, rock elastic modulus,
and Poisson’s ratio were also accurately measured.

The machine consisted of test, pressing, and control
sections (Figure 5). The test section was composed of a test
cavity with a lumen of 180mm diameter and a cylinder of

Figure 3: Rock samples. I: complete undisturbed granodiorite, II:
artificial vertical fractured granodiorite, and III: artificial horizontal
fractured granodiorite.

380mm height. The pressing portion included four indepen-
dent components: control systems for axis pressure, confining
pressure, rock pore pressure, and temperature. The servo
control mode was adopted to ensure accuracy. These systems
can be simultaneously moved by the pressure, deformation,
and displacement controls. The maximum principal stress
was determined by the axis pressure control system, where



6 Journal of Engineering

Figure 4: TAW-2000 triaxial pressure testing machine.

the pressure column was directly exerted on the surface of
the samples. The maximum axial pressure is 2000 kN, and
the error is 0.5%. The minimum principal stress 𝜎 2 and𝜎 3 (𝜎 2 = 𝜎 3) were controlled by the confining pressure
control system, where the confining pressure was produced
by the hydraulic oil filling the cavity. The pore pressure was
controlled by the pore system, where the pressure was exerted
on the rock sample through the filling pressure fluid (pore
pressure system range was 0–200MPa). The instrument was
also equipped with an individual climate control system,
which enabled the continuous heating of the hydraulic oil
and the temperature control, which regulated the rock sample
temperature. The highest possible temperature is 200∘C, and
the error is 0.5%. The temperature control system accurately
monitored the temperature of the confining pressure and
sample temperatures during the test.

3.3. Experimental Procedure. The samples were divided into
three groups, namely, complete undisturbed granodiorite (I),
artificial vertical fractured granodiorite (II), and horizontal
artificial cracked granodiorite (III). First, the samples were
saturated to ensure a constant initial pore pressure. The three
groups of test specimens were then pretreated. During the
process, the rock pore pressure system was opened to air.
At the same time, the axial and confining pressures were
controlled within the range 0–60MPa under a 5MPa/min
rate, with three-time loading and unloading cycle to prevent
negative factors from influencing the experimental system.
After the pretreatment, the samples’ confining and axial pres-
sures reached 2MPa, which was greater than the saturated
water pressure at 150∘C.These conditions therefore prevented
the water-saturated samples from overflowing through gasifi-
cation. Second, the axial and confining pressures were repeat-
edly loaded and unloaded at 1MPa/min within 2–55MPa.
Each cycle consisted of three stages: the uniform loading
stage, the equilibrium stage after 15min, and the uniform
unloading stage. Each complete cycle was processed under
five different grades of temperature (0, 60, 90, 120, and 150∘C),
and the temperature error range was ±2∘C. The heating
rate restriction within 2–5∘C/min was adopted to prevent
rock damage and changes in microstructure from uneven
heating. Additionally, strain, Young’s modulus, and other
rock parameters were measured during the test to ascertain

Table 3: Elastic parameters of the granodiorite specimens.

Poisson’s
ratio 𝜐 Young’s modulus𝐸 (GPa)

Peak strength
(MPa)

Yield strength
(MPa)

0.28 56.8 137.5 98

the effects of the temperature and pressure coupling on rock
mechanical parameters. After the pretreatment of the second
group, the third group, which included the artificial vertical
and horizontal fractured granodiorite samples (II and III),
was tested. During the test, the axial and confining pressures
were cyclically loaded and unloaded at a rate of 1MPa/min
within 2–55MPa. Each complete cycle was processed under
three different grades of temperature (60, 90, and 120∘C) at an
error range of ±2∘C and the same heating rate at 2–5∘C/min.

The two abovementioned comparison experiments per-
formed under the same pressures and temperatures were
designed to obtain the influence of fracture on rock mechan-
ical parameters. Finally, undrained triaxial tests were per-
formed on the three groups of samples to measure the strain.
Biot’s coefficient was calculated by the indirect method. The
influences of temperature, effective pressure, rock inner frac-
ture, and other factors on Biot’s coefficient were determined
from the experiments presented above.

4. Results and Discussion

Through rock uniaxial and triaxial compression testing, as
well as rock hydrostatic testing, we obtained the mechani-
cal parameter of the rock granodiorite samples. Moreover,
with the steps elaborated in Section 3.3, we determined
the relationships of the drained bulk modulus and Biot’s
coefficient with temperature, effective stress, and artificial
fracture distribution.

4.1. Parameters of Rock Poisson’s Ratio and Young’s Modulus
(Rock Uniaxial Test). The rock Poisson’s ratio and Young’s
modulus E were measured under half of the peak strength
by the rock uniaxial test. The results of the test are shown in
Table 3.

4.2. Rock Framework’s Bulk Modulus: Jacketed Hydrostatic
Test. The indirectmethod for the determination of rockBiot’s
coefficient requires the knowledge of rock framework’s bulk
modulus. Unjacketed Δ𝑝 = Δ𝑃𝑐 refers to the condition
that the pore pressure is equal to the confining stress. Hart
and Wang [38] recommended two kinds of methods. One
method utilizes jacketed saturated specimens and applies
equivalent pore pressure and confining stress at the same
rates to ensure that the rock framework particles are subjected
to equivalent isotropic pressures. This strategy would then
allow the accurate determination of the bulk strain of the rock
matrix. Another applied unjacketed hydrostatic test uses the
confining pressure oil saturation specimen to determine the
static deformation induced by water pressure. We selected
the former method to determine the rock framework’s bulk
modulus of the granodiorite samples obtained from the Jilin
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Figure 5: The main structural diagram of the experimental device.

Table 4: Framework’s bulk modulus of the three groups of granodi-
orite.

Groups I II III
Rock framework’s
bulk modulus (GPa) 19.35 19.85 19.68

Monkey Hill region. The findings are presented in Table 4.
The three groups of granodiorite show similar grain bulk
modulus. Considering the fact that the grain bulk modulus
reflects the deformation of rock particles and the presence
of fracture will not affect the stress condition of the rock
particles in microfields. Thus the results of the three groups
of samples are reasonable and the mean value of 19.5 GPa is
used to calculate Biot’s coefficient.

4.3. Inelasticity of the Late Indo-Chinese Epoch Granodior-
ite. Under the influence of temperature and stress, rock
shows nonlinearity. Even in the stage of elastic loading-
unloading, irreversible inelastic loading-unloading deforma-
tion is induced [6]. During our experiment, the samples were
pretreated to eliminate the inelastic deformation. However,
inelastic deformation may still be induced during the test
because of temperature effects and plastic or creep deforma-
tion caused by prolonged pressure. To eliminate the influence
of inelastic deformation, we measured the rock inelastic
deformation during the loading-unloading test andmodified
the experimental results. Figure 6 shows the variation trends
of rock bulk strain, confining stress, and temperature with
time during the testing. The rock bulk strain was calculated
using the radial and axial strains, which were measured
by one radial strain sensor and four axial strain sensors.
The findings revealed by Figure 6 is coincident with those
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Figure 6: Inelastic deformation during the cyclic loading process.

of Walsh [39] and Brace [40], in which the rock assumed
a complex, nonlinear property that was irreversible in the
loading-unloading cycle. Furthermore, higher temperatures
of the experimental environment yielded more apparent
irreversibility.

As shown in Figure 6, the rock sample exhibits inelasticity
as a consequence of increasing temperature and plastic or
creep deformation during the stable processwith loading.The
results of inelastic deformation of loading-unloading cycles
under different temperatures are displayed in Table 5.
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Table 5: Inelastic deformation under different temperatures.

Temperature (∘C) 30 60 90 120 150
Inelastic deformation
(𝜀𝑝 × 10−4mm/mm) 3.7 5.7 10.3 13.7 15.6
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Figure 7: Relationship between drained bulk modulus and effective
stress and temperature.

4.4. Drained Bulk Modulus

4.4.1. Influence of Temperature and Effective Stress on Rock
Drained Bulk Modulus. The experiment was performed in
accordance with the procedure presented in Section 3.3.
The drained bulk modulus defined by the tangent modulus𝐾𝑑 = (𝜕𝑃𝑒/𝜕𝜀)𝑇wasmodified in accordance with the inelastic
deformation shown in Table 5 before plotting the values into
the curve. The relationships between drained bulk modulus
and effective stress and temperature are shown in Figure 7.

Effective stress significantly influences the drained bulk
modulus but the comparative effect of temperature is meager.
As displayed in Figure 7, the bulk modulus increases with
increasing effective stress when the temperature is constant,
but the increasing rate varies when the temperature changes.
As the effective stress increases from 3MPa to 55MPa, the
drained bulk modulus increases from 3.1 GPa to 7.9GPa and
from 2.5GPa to 8.2GPa, respectively, at temperatures 30 and
150∘C. Interestingly, the variation trend of the drained bulk
modulus with temperature is different, and the curve can be
divided into three stages. Under a low stress range (<12MPa),
the bulk modulus decreases with increasing temperature.
Under a high stress range (>23MPa), the bulk modulus
increases with increasing temperature. The pressure range
of 12–23MPa corresponds to a transitional range. We can
conclude from Figure 8 that when temperature regularly

changes from 30 to 150∘C, the bulk modulus reduces by as
much as 15% in the low effective stress regime but increases
as much as 12% in the high effective stress regime.

Results revealed that the temperature effects on granodi-
orite can be described by interrelations between the bulk
modulus and the thermal expansion coefficient. The thermal
expansion coefficient influenced by stress, as well as the
heat-transfer processes influenced by path, affects the rock
thermomechanical behavior. Different heat-transfer modes
(constant pressure and constant volume) resulted in different
trends of temperature effects on the bulk modulus of rocks
and minerals. As observed previously by Carmichael [41],
the temperature derivative of the isothermal bulk modulus is
positive at constant volume (strain) and negative at constant
pressure (stress). Thermal softening of minerals would occur
at constant pressure, which results in a decrease in bulk
modulus. The difference in thermal expansion coefficient
between different minerals also contributed to the variations
in rock bulk modulus during the heating process.

The temperature effects on bulk modulus under constant
pressure can be viewed as the summation extrinsic and intrin-
sic changes. At the low stress regime, the heating process
was dominated by a constant-pressure heat-transfer mode,
and the rock particles expanded to the external space. In
this case, the volumetric effects were dominant and softened
the rock. By contrast, at the high stress regime, the path of
the external expansion was constrained by high confining
stress, and the rock particles shifted to internal expansion.
In this condition, the pressure effects prevailed and stiffened
the rock. Therefore, the competition between volume and
pressure with respect to temperature contributes to the
three stages of variation characteristics of the late Indo-
granodiorite. A transition region existed with a very wide
variation range (12–23MPa for the intact sample), and this
can be explained by the anisotropic rock components.

4.4.2. Effect of Fractures on the Rock Drained Bulk Modulus.
The experiment was repeated on the cracked specimens
(vertical [II] and horizontal [III]), which were preprocessed
to eliminate the effects of inelastic deformation as a conse-
quence of incomplete crack closure. The results were also
modified depending on the amount of creep deformation
from long-time loading listed in Table 5. Figure 9 presents
the variation of bulk modulus of specimens, including the
cracks, with confining pressure and temperature. Along with
the earlier test results, we plotted the curves of the variation
of bulk modulus with effective stress in the three groups
of specimens under fixed temperatures (60, 90, and 120∘C).
This step was conducted to compare the different effects of
fractures and fracture orientation on the rock bulk modulus.

By comparing the results of the cracked rock specimens
with the former test findings, we obtained a similar conclu-
sion. In particular, the intact rock specimens subjected to
the same temperature yielded an increase in bulk modulus
with increased effective pressure. Furthermore, under the
same pressure, the variation trend of bulk modulus with
temperature differs because of the varying stress; the drained
bulk modulus decreases with increasing temperature in the
low stress region and increases with increasing temperature
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Figure 9: Relationships of drained bulk modulus with effective stress and temperature in cracked specimens: (a) specimens within vertical
fractures and (b) specimens within horizontal fractures.

in the high stress region. Notably, the low stress region is
0–20MPa and 0–17MPa for the rock samples within hori-
zontal fractures, whereas the high stress region is 33–55MPa
for the rock within vertical fractures and 27–55MPa for rock
within horizontal fractures during this series of experiments.

The change laws for the intact and cracked rocks under
different effective stresses and temperatures remained the
same. The equivalent rock tangent bulk modulus decreased
with temperature in the low pressure regime and increased
with temperature in the high pressure regime.However, com-
pared with intact rock, the cracked rock required additional

pressure to alter the negative effect of temperature on the
equivalent bulk modulus.

The cracked rocks mass consists of joints and isotropic
block matrices separated by the joints. We assume that the
thermodynamic parameters of the rock blocks belong to
specimens II (containing vertical cracks) and III (containing
horizontal cracks) remain the same with the intact specimens
I. Because the prefabricated cracks of specimens II and III in
this research extend to vertical and horizontal direction and
the rocks are compressed by equal axial pressure and confin-
ing pressure, there is no displacement along the tangential
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direction of the fracture. Therefore, the existence of joints
in the rock mass can be viewed as altering the mechanical
boundary conditions of the blocks. On the microlevel a
large number of discrete points exist within the scope of
interface. Contact parts of rock particles can be considered
as the constraint boundary with fixed pressure; while the
discrete parts can be viewed as free boundary in a limited
range, the rock particles could freely expand when heated.
In the presence of equivalent low stress regime, for the
rock blocks, the volumetric effects were more distinct than
that of the intact specimens I. As a result, more pressure
is needed to change the negative effects of temperature on
the bulk modulus. As fractures developed further, greater
pressure was needed for corresponding changes. In other
words, the more area of the block is exposed to the fracture,
the more boundary is changed, and more additional stress
is needed. And the discrepancy between specimens II and
III in the critical pressure that change the influence type of
temperature on the bulk modulus is also consistent with this
phenomenon.

We can also infer from Figure 9 that, in the same
condition, the measured drained bulk modulus of the frac-
tured specimens is lower than that of the intact specimens.
Moreover, the drained bulk modulus of specimens within
vertical fractures is the lowest. This phenomenon suggests
that, in the same temperature and pressure conditions,
the fractures have effects on the drainage bulk modulus
(or equivalent bulk modulus). According to the equivalent
deformation theory proposed byGoodman et al. [13], we take
the joints as elastomer which can only be subjected to normal
compression and shear deformation. The deformation of the
rock mass is the summation of the deformation of rock
bulks and the joints. However, the joints will decrease the
elastic modulus no matter how we treat it as linear elasticity
or nonlinear elasticity, so the bulk modulus will decrease
simultaneously (Tang et al., 2007) [15].The test results present
in Figure 10 have also proved this conclusion.Thediscrepancy
between the different types of specimens reflects the effects
of the joints on the deformation parameters. We can find
that, under the condition of high pressure in low temperature
and the condition of low pressure in high temperature, the
bulk modulus of the intact specimens is higher than the
equivalent bulk modulus of the fractured specimens by 5% to
10%, while in the other temperature and pressure conditions
of this series of experiments, the gap of this parameter among
this specimen is no more than 5%. That is because the joints
are not sensitive to hardening effects caused by pressure but
to the softening effects by temperature. From the results
we can conclude that the equivalent bulk modulus of the
specimen with vertical fracture is lower than that of the
horizontal fractured specimen’s. And the results reflect that
the influence degree increases with the trace of the fracture.
There will be great influence of fracture on the deformation
parameters with the further increasing fractures, although
the impacts are not so much obvious in this research.
Therefore, the effects investigation of fracture on bulk mod-
ulus under different temperature and pressure condition is
meaningful.

4.5. Biot’s Coefficients. With the results of the rock frame-
work’s bulk modulus (Table 4) and drained bulk modulus,
we calculated Biot’s coefficients by the indirect method as
described by Hart and Wang [38]. The relationships of Biot’s
coefficient with Terzaghi effective stress and temperature are
shown in Figures 11 and 12.The results show that the variation
trend of Biot’s coefficient remained consistent regardless of
the absence or presence of cracks. Meanwhile, Figure 10 dis-
plays that the intact rock sample’s Biot’s coefficient decreases
as the Terzaghi effective pressure increases from 0MPa to
60MPa at 30, 60, 90, 120, and 150∘C, respectively. On the
other hand, Figure 12 shows the trend of Biot’s coefficient with
the change in Terzaghi effective pressure for the specimens
within artificial fractures at 60, 90, and 120∘C. The variation
trend is the same for the three different types of specimens.

As shown in Figure 12, Biot’s coefficient of the gran-
odiorite varies from 1 to 0.55 at the effective pressures of
0–60MPa. Similar to the trend of the drained bulk modulus,
the variation trend for Biot’s coefficient with respect to
temperature depends on the effective pressures. In the low
stress regime, Biot’s coefficient increases with increasing
temperature. In the high stress regime, the value decreases
with increasing effective pressure.

At lower stress, the changing trend of Biot coefficient with
effective stress presents the nonlinear characteristics whereas
in higher stress it shows linear behavior. This is mainly
determined by the structure characteristics of the granodi-
orite. Granodiorite is characteristic with compact structure
and low porosity. The microfractures close quickly when
compressed, and the increasing stress makes the deformation
from microfracture and porosity transfer to rock matrix.
Because the fissures containing in fractured rocks in this
paper is perpendicular to the axial and confining pressures,
the deformation process of the specimens is shown as the
summation of cracks closure and porosity and rock particles’
compression when subjected to the same axial and confining
pressure. The presence of fractures has not changed the fact
that the deformation is elastic. And the cracked specimens
can be treated as equivalent continuummedia. Therefore the
calculation of equivalent Biot coefficient is still within the
scope of quasi-static theory of poroelasticity. The Biot coef-
ficient and equivalent Biot coefficient for intact and cracked
rock samples were compared under the same temperature
and pressure condition as is shown in Figure 13. The cracks
influence the equivalent Biot coefficient by two ways. On
the one hand, fracture is of the stronger compressibility than
the rock block due to the low proportion of skeletal contact
leading to a higher Biot coefficient. On the other hand, for
the rock block, the internal fracture boundary generates stress
concentration at the contact section and weakens the real
effective stress of the rock blocks resulting in a higher Biot
coefficient.

5. Summary and Conclusions

A series of experiments were performed to study the effects
of temperature and Terzaghi effective stress on the bulk
modulus and Biot’s coefficient of Indo-granodiorite rocks.
The bulkmodulus and Biot’s coefficient of the intact as well as
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Figure 10: Experimental results of the specimens with different failure modes: relationship of drained bulk modulus with effective stress at
(a) 60∘C, (b) 90∘C, and (c) 120∘C.

the cracked specimens were determined through the triaxial
compression experiment. However, it should be noted that,
according to the research of Goodman et al., we regard the
cracked samples as equivalent continuum model and discuss
the equivalent rock deformation parameters of them. The
main conclusions drawn from this study can be summarized
as follows:

(1) By means of experiments we compared the com-
position, structure, and degree of density of the
granodiorite samples taken from Jilin Monkey Ridge
and Gonghe Basin of Qinghai, and we found that the
two samples are very similar in all respects. Given
that sampling from Gonghe Basin is too difficult, the

Jilin Monkey Ridge samples are good alternatives to
Republican Basin samples to investigate the thermo-
mechanical behavior of the granodiorite.

(2) The drained bulk modulus was strongly affected by
effective pressure. As the effective stress increases
from 3MPa to 55MPa, the drained bulk modulus
increases from 3.1 GPa to 7.9GPa and from 2.5GPa to
8.2GPa, respectively, at temperatures 30 and 150∘C.
Along with the change in temperature and pres-
sure, the trend of Biot’s coefficient countered the
trend of the drained bulk modulus. When effective
stress increased from 0 to 60MPa and temperature
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Figure 11: Biot’s coefficient as a function of Terzaghi effective pressure for intact rock samples.
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Figure 12: Biot’s coefficient as a function of Terzaghi effective pressure for cracked rock samples: (a) specimens within vertical fractures and
(b) specimens within horizontal fractures.

increased from 30∘C to 150∘C, Biot’s coefficient of
granodiorite varied between 0.55 and 1.

(3) The effect of temperature on thermomechanical
parameters was more complicated than the pressure
and can be divided into three stages: a low stress
regime, where the temperature derivative of the
drained bulk modulus was negative; a high stress
regime, where the temperature derivative of the
drained bulk modulus was positive; and a transitional
regime. When the temperature regularly changed
from 30 to 150∘C, the bulk modulus decreased as
much as 15% in the low effective stress regime while
increased as much as 12% in the high effective stress
regime. Such reaction of the granodiorite to pressure

and temperature can be explained by a potential com-
petition between volume and pressure with respect to
temperature.

(4) According to equivalent elastic theory, the joints are
treated as elastic medium. And when subjected to
heat and stress, they were not sensitive to hardening
effects caused by stress but to the softening effects by
temperature. In the fractured rock, the temperature
and effective stress exerted effects on the samples’
equivalent Biot coefficient and equivalent bulk mod-
ulus similar to those in the intact rock. However, the
ranges of the low and high stress regimes differed.The
cracked rock required more pressure to change the
negative effect of temperature on the bulk modulus.
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Figure 13: Biot’s coefficient as a function of Terzaghi effective pressure for different types of granodiorite specimens at (a) 60∘C, (b) 90∘C,
and (c) 120∘C.
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