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ABSTRACT

Fractured-vuggy thermal reservoirs with complex pore spaces
(stiff pores, cracks, and fractures) are typical geothermal resour-
ces for development and utilization in China. The cyclic recov-
ery of such thermal reservoirs involves a complex thermo-
hydro-mechanical (THM) coupling process. Insights into the
thermoelastic effects of heating-cooling cycles on the seismic
response have great potential for seismic monitoring in the
cyclic recovery, which remains largely unaddressed in the liter-
ature. We intend to fill this gap by applying the double-porosity
thermoelasticity theory to interpret ultrasonic measurements
on granite under water-cooling conditions. We consider an
isotropic porous host embedded with fractures. A plane-wave
analysis yields the classical P and S waves and three slow P
waves, namely the slow (Biot) P1, the slow (Biot) P2, and a
thermal P. We investigate the combined effect of temperature,
porous structure, and pore fluid on the thermoelastic properties

of the THM process for typical granite reservoirs that experience
a cold-shock process. Fractures provide the main channels for
heat exchange and fluid flow. Our THM thermoelastic model
describes the reservoir properties as a function of temperature
associated with thermal-induced cracking, where fracture poros-
ity is more important than the stiff (host) pore to describe the
reservoir quality. We find that the thermal conductivity and spe-
cific heat have negligible effects in the seismic frequency band
for the temperature range of less than 400°C, whereas the crack
density significantly affects the seismic response in the heating-
cooling cycles because of the additional contribution of thermal-
and cold-shock-induced cracks. We further determine that the
P-wave velocity and attenuation due to thermal effects under
water cooling offer an important index to monitor the ther-
mal-induced cracking and operation efficiency of the enhanced
geothermal system. The THM thermoelastic model lays the
foundation for active (or passive) seismic monitoring of the
cyclic recovery of thermal reservoirs.

INTRODUCTION

Geothermal energy is one of the important solutions to reducing
carbon emissions. In recent years, an enhanced geothermal system
(EGS), as an economic development pattern of the geothermal re-
source, has been widely used for recovering geothermal energy
from subsurface reservoirs by creating an artificial circulation sys-
tem of fluid (e.g., water or CO2) through fracturing techniques to
enhance the porosity and permeability of hot dry rocks. In a typical
EGS, the temperature is usually more than 200°C, with water used as
a heat-transfer fluid (e.g., Breede et al., 2013; Olasolo et al., 2016).

Significant differences in temperature between injected cold water
and the host formation often induce cracks due to cold-shock effects
(e.g., Collin and Rowcliffe, 2002; Kang et al., 2021; Fan et al., 2022).
The resulting cracks may help to improve the permeability of rocks,
enhancing the heat exchange efficiency (Hu et al., 2021).
Various seismic techniques (including active and passive sur-

veys) have been widely used to investigate subsurface conditions
of geothermal resources (Willis et al., 2010), including real-time
seismic monitoring to evaluate the operational efficiency and stabil-
ity of thermal reservoirs (Berard and Cornet, 2003), induced seis-
micity in geothermal systems (e.g., Majer et al., 2007; Buijze et al.,
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2019; Cacace et al., 2021), azimuthal anisotropy by geothermal re-
source potential using a 3D-3C seismic survey (Kent et al., 2013),
characterization of ambient seismic noise near a deep geothermal
reservoir (Lehujeur et al., 2015), and high-resolution 3D seismic
imaging of fracture networks of a deep geothermal reservoir
(Salaun et al., 2020). These studies focus on the application of seis-
mic techniques, which generally requires a proper understanding of
temperature-dependent physical properties in geothermal reservoirs
and associated impacts on the seismic response.
Granite is a typical source rock for geothermal reservoirs, with its

microstructures altered by cold-water injection of EGS or by heat-
ing-cooling cycles in experimental measurements. The ultrasonic
wave test is commonly used to detect the interior failure of rocks
because of its simple and nondestructive characteristics. Numerous
experimental studies have been conducted to investigate the sensi-
tivity of seismic properties to temperature variations (e.g., Batzle
and Wang, 1992; Yang et al., 2019, 2021; Qi et al., 2021).
Poletto et al. (2018) present a theory and sensitivity analysis based
on the Burgers model for brittle-ductile behavior, integrated with a
modified Gassmann model for fluid-saturated porous rocks, pres-
sure effects for bulk and shear moduli, as well as permeability
and squirt flow effects.
Acoustic velocities in rocks are very sensitive to thermal-induced

microcracking (e.g., Wang et al., 1989). Based on the Drucker-
Prager and Mohr-Coulomb failure criteria, Yang et al. (2022a) pro-
pose a coupled thermo-mechanical damage model of granite in
terms of P-wave velocities as a function of temperature under heat-
ing-cooling cycles. The thermo-mechanical coupling of rocks dur-
ing heating-cooling cycles is generally characteristic of the Kaiser
effect or thermal memory (Kaiser, 1950; Zuberek et al., 2002; Wang
et al., 2020), which includes three phases: thermal memory acquis-
ition, retention, and fading. Numerous measurements (e.g., Griffiths
et al., 2018; Shi et al., 2020) under heating-cooling cycles are
indicative of extensive thermal microcracking during the first cycle
(i.e., memory acquisition), predominantly during the heating phase
that causes a dramatic decrease of P- and S-wave velocities with
temperature. The reduced microcracking is observed during the sec-
ond cycle and less still during the third cycle, where the apparent
decrease in velocity with temperature is almost reversible. That is,
the subsequent heating-cooling cycles will not significantly affect
the thermo-mechanical properties of granite unless a higher temper-
ature is applied. Our study actually focuses on the thermoelastic
effect during the first cycle.
Geothermal reservoirs particularly with the EGS for cyclic recov-

ery are usually characterized by multiscale pore structures. For in-
stance, fractured-vuggy karst thermal reservoirs are a typical
geothermal resource in China, with the advantage of large water
output and easy recharge of tailwater after its utilization (Yao
et al., 2022). Such fractured-vuggy reservoirs have complex pore
spaces (e.g., stiff pores, fractures, and vugs) and involve a complex
thermo-hydro-mechanical (THM) coupling process in the cyclic re-
covery (e.g., Chen et al., 2014; Yao et al., 2018, 2022; Zhang et al.,
2021). For such double-porosity reservoirs, the thermoelastic effect
on the seismic response remains largely unaddressed in the litera-
ture. We address this issue by using a double-porosity thermoelas-
ticity (DPT) theory (Li et al., 2022). The theory predicts the
presence of two Biot slow modes (i.e., Biot slow P1 and Biot slow
P2) and thermal slow P wave (i.e., T mode) in addition to the
classical fast P and S waves. The former three modes correspond

to two attenuation mechanisms of thermoporoelasticity: local-heat
flow and local-fluid flow (LFF) due to wave propagation, respec-
tively. The frequency-dependent attenuation curves (Li et al., 2022)
show that these slow waves manifest as Zener-like relaxation peaks.
The viscosity and thermoelasticity properties can lead to the diffu-
sive behavior of the three slow P modes.
Li et al. (2022) use the DPT model to describe experimental and

logging data with monotonic changes in temperature, where pore
structures and fluid parameters are fixed. In this study, we use
the DPT model to build the THM thermoelastic model subject to
heating-cooling cycles, which describes the reservoir properties
as a function of the temperature associated with thermal-induced
cracking. The proposed THM thermoelastic model relates thermo-
elastic parameters (moduli, velocities, and attenuations) to reservoir
properties (double porosities, fluid types, and other thermophysical
properties). We consider thermal-induced variations in pore struc-
tures and associated effects on the seismic response. The model has
the potential to enable seismic rock-physics inversions to estimate
the microcrack porosities of existing thermal reservoirs (including
the development of microcracks due to the change of heat sources
and heating- and cooling-shock effects), to predict the increased mi-
crocrack porosity induced by hydraulic fracturing in the EGS, and
to identify the fluid type (water or steam) due to the joint effect of
pressure and temperature in different depths of thermal reservoirs.
Seismic monitoring of thermal memory retention and fading of
rocks also is important for sustainable thermal recovery where mi-
crocracks could be reduced due to long thermal and pressure treat-
ment in the cyclic recovery. Therefore, the proposed THM model
lays the foundation for active (or passive) seismic monitoring of the
cyclic recovery of thermal reservoirs.
This paper is organized as follows. First, we briefly introduce the

DPT model, followed by a plane-wave analysis to obtain the phase
velocity and quality factor of elastic waves. We then formulate the
THM thermoelastic model with heating-cooling cycles for a water-
saturated granite. Finally, we use the THM thermoelastic model to
interpret ultrasonic measurements on granite subject to water-cool-
ing conditions (Shi et al., 2020), where the velocity of elastic waves
follows the Kaiser effect due to extensive thermal microcracking
during the first thermal cycle. The increased number of thermal
cycles does not contribute to the development of more microcracks
unless a higher temperature is applied.

DPT MODEL

The DPT model proposed by Li et al. (2022) extends the Lord-
Shulman thermo-poroelasticity (Carcione et al., 2019; Wei et al.,
2020) to include the double-porosity microstructure, which consid-
ers the thermal effects of the fluids, frame, and also their mutual
interactions. It should be noted that the dual pores refer to the base
(host) pores and microcracks. Such microcracks are compliant
pores, including protogenetic, thermal-induced, or hydrofracturing
pores. The thermal-cycle system of fracture networks assumes that
most microcracks are connected to achieve operational efficiency in
the cyclic recovery of thermal reservoirs.

Governing equations

The strain components and stress-strain relations of the solid and
fluid are
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�
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τðmÞ ¼ Qmeþ Rmξm − βfT; (2)

where eij (i, j = 1, 2, 3), ui is the strain and displacement compo-
nents of the solid, ξðmÞ

ij (i, j = 1, 2, 3; m = 1, 2), and UðmÞ
i (m = 1, 2) is

the strain and displacement components of the fluid in a double-
porosity system. The superscripts m = 1 and m = 2 represent the
host medium and inclusions, respectively. Parameter T is the incre-
ment of temperature above a reference absolute temperature T0 for
the state of zero stress and strain. The stiffness coefficients (A, Q1,
Q2, R1, R2, βf , and β) are given in Appendix A.
Carcione et al. (2019) formulate a modified Fourier law of heat

conduction with a relaxation term τ0 to avoid nonphysical solutions
related to classical law. The modified equation for single-porosity
media is

kΔT ¼ ρceðṪ þ τ0T̈Þ þ T0βðėþ τ0ëþ ẇi;i þ τ0ẅi;iÞ þ q;

(3)

where k is the thermal conductivity, Δ is the Laplacian, and ce is the
specific heat capacity. Equation 3 illustrates the coupling between
the temperature and THM properties in a single-pore system. An
overdot denotes time differentiation and a subindex “,i” denotes
a spatial derivative.
However, in a geothermal reservoir, there are two types of pores,

i.e., stiff pores and cracks with distinct mechanical properties. Li
et al. (2022) define these two types of pore systems with dissimilar
porosity values ϕm0 and volume fractions υm. Equation 3 is gener-
alized to the double-porosity case as follows:

kΔT¼ρCeðṪþτ0T̈ÞþT0β½ėþτ0ëþ
X
m

ðẇðmÞ
i;i þτ0ẅ

ðmÞ
i;i Þ�þq:

(4)

The filtration of the fluid in the pore system m (Biot, 1962) is
wðmÞ
i ¼ ϕmðUðmÞ

i − uiÞ and ϕm ¼ υmϕm0 denotes the porosities of
the host medium (m = 1) and inclusions (m = 2).
The fluid variation ς represents the LFF, and it satisfies the con-

servation of fluid mass ϕ1ðϕ2ςÞ þ ϕ2ð−ϕ1ςÞ ¼ 0 (Ba et al., 2011).
When υ2 ¼ 0, this equation yields the modified Fourier law 3.
Finally, the nonisothermal wave equations for double-porosity

media saturated with a viscous fluid are (Li et al., 2022)
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where η and χm represent fluid viscosity and skeleton permeability,
respectively. The other properties such as density coefficients
(ρ00, ρ0m, and ρmm) and Darcy friction coefficients bm are given in
Appendix A.

Plane-wave analysis

We consider the following plane waves:

ui ¼ Bsie
iωðt− li

vc
xjÞ;

UðmÞ
i ¼ Cmdie

iωðt− li
vc
xjÞ;

T ¼ Deiωðt−
li
vc
xjÞ;

ς ¼ Eeiωðt−
li
vc
xjÞ; (6)

where si and di are the polarizations of the solid and fluid particles,
respectively; B, Cm, D, and E are amplitudes; ω is the angular fre-
quency; t is the time; vc is the complex velocity; lj and xj denote the
wave directions and the position component, respectively; and
i ¼ ffiffiffiffiffiffi

−1
p

.
Substituting equation 6 into equation 5, we obtain a quadratic

equation for the P waves and one solution for the S wave. The
solutions yield the frequency-dependent complex phase velocity vc
(see Appendix B).
Following Carcione (2022), the phase velocity, attenuation factor,

quality factor, and attenuation coefficient are, respectively,

VP ¼ ½Reð 1
vc
Þ�−1;

α ¼ −ωImð 1
vc
Þ;

Q ¼ Reðv2cÞ
Imðv2cÞ

;

L ¼ 4π ·
αVP

ω
. (7)
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MODEL FOR WATER-SATURATED GRANITE

Reservoir rocks experiencing a cold-shock treatment by water-
cooling cycles cannot be adequately described by the thermo-
mechanical behavior of dry rocks. To include the effect of water-cool-
ing and temperature on the EGS of granite reservoirs, the average
THM properties of saturated granite as a function of temperature
are collected without losing generality. Such properties are then used
in the DPT theory to predict the effect on elastic wave propagation.

THM properties

There are many empirical relations for granite that are derived
from extensive analysis of existing data in the literature. In this sec-
tion, we investigate the temperature‑dependent properties of water-
saturated granite. Table 1 lists the physical properties of relevant
minerals, taken from Mavko and Mukerji (1998).

Thermal conductivity

The empirical thermal conductivity km of the dry rock can be
derived from (Wang and Konietzky, 2019)

km=km0 ¼ −5.8126þ 6.8485 × 0.9995T1

þ 0.002172T1; 0°C ≤ T1 ≤ 1200°C; (8)

where km0 is a reference thermal conductivity at room temperature. In
a composite rock with grains arranged with a parallel orientation to
the direction of heat flow, we have (equation 1 in Robertson [1988])

km0 ¼
X
i

kifi; (9)

where ki is the thermal conductivity of the ith component of the rock
shown in Table 1 and fi is the corresponding volume fraction.
Equation 8 indicates that thermal conductivity is mainly affected

by two important factors: mineralogical composition and tempera-
ture. The existing equation assumes no change in matrix properties.
However, laboratory measurements show significant variations
in thermal conductivity for different porosities under dry- and
water-saturated conditions (Pai et al., 2021;Ye et al., 2022). There-
fore, the combined effect of porosity and pore fluid on thermal con-
ductivity should be considered.
Considering the water properties as a function of pressure and tem-

perature, we analyze the different phases (vapor, liquid, and super-
critical) of water in the range of 20°C–400°C and 0–200 MPa. The
relevant data are from the fluid thermophysical database provided on
the website of the National Institute of Standards and Technology

(NIST), which are collected from laboratory measurements by
Lemmon et al. (2005). The pressure and temperature dependence of
water are shown in Figures 1a and 2a. We see that water boils at the
standard ambient pressure: P = 0.1013 MPa and T1 = 99.8°C.
At higher temperatures, water and steam coexist at the equilibrium
determined by the vapor-pressure curve that ends at the critical point
(Johnston and Penninger, 1989). The inflection point, beyond which
water changes its properties rapidly, is defined as the supercritical
point that occurs at P = 22.06 MPa and T1 = 373.9°C, associated
with an abrupt change of equivalent properties in the saturated rock,
as shown in Figures 1 and 2.
For the water-saturated granite, the effective thermal conductivity

is (Albert et al., 2017)

keffect ¼ km ·

�
1 − ϕ

1þ ϕ

�
a
þ kwaterϕb; 0°C ≤ T1 ≤ 1200°C;

(10)

where a and b are fitting parameters and ϕ is the total porosity. Here,
we set a = 1.08 and b = 0.4.
Figure 1b shows the thermal conductivity of water-saturated granite

as a function of P, T1, and ϕ, based on the empirical relations 8 and
10. The equivalent thermal conductivity keffect generally decreases
with increasing temperature and decreasing pressure and porosity
due to the temperature-dependent thermal conductivity of dry rock
matrix km (see equation 8). As shown in equation 10, pore structures
and fluid properties also affect keffect. As a whole, keffect tends to in-
crease with increasing pressure and decreasing porosity. It is worth
noting that the thermal conductivity of water shows obvious decreases
in a relatively broad region around the critical point, as shown in Fig-
ure 1a. These changes in the water state are responsible for the alter-
ation of the equivalent thermal conductivity keffect. For instance, water
cooling often reduces the effective thermal conductivity of saturated
rocks. The thermal conductivity varies with T1 and P, which is more
obvious for water-saturated rocks than in the dry condition, as shown
in Figure 1b for km (the pink plane). This is because the influence of
cold shocks by injected cold water is more significant than that of slow
cooling (air cooling) on rock failure (Kumari et al., 2017), causing
fracture growth with a higher ϕ; and hence a greater keffect.

Specific heat

Wang and Konietzky (2019) indicate that the specific heat shows
a sudden drop when temperature T1 reaches 600°C, which could be
caused by the phase transition of quartz (Tα−β = 573°C; Lindroth
and Krawza, 1971). The empirical specific heat capacity cm of the
dry rock can be described as

Table 1. Physical properties of the minerals.

Group Mineral αt
4 (10−6/K) k4 (m·kg/[s3·K]) cm

4 (m2/[s2·K]) K5 (GPa) G5 (GPa) Pct (%)

Quartz Quartz 13.4 7.7 750 37 44 11.89

Feldspar “Average” feldspar 3.65 2.165 712 37.5 15 72.21

Mica Biotite 12.81 2.01 770 50.4 27.35 15.9

Note: αt, coefficient of thermal expansion; k, thermal conductivity; cm, specific heat; K, bulk modulus; G, shear modulus; Pct, the volume fraction of minerals in granite.
4Data from Wang and Konietzky (2022).
5Data from Mavko et al. (2003).
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cm
cm0

¼ 0.957þ 6.59 × 10−4T1; 0°C ≤ T1 ≤ 575°C; (11)

where cm0 is the corresponding initial value at room temperature
defined as (equation 14 in Robertson [1988])

cm0 ¼
X
i

cifi; (12)

where ci is the specific heat of the ith component of the rock shown
in Table 1 and fi is the corresponding volume fraction.

Based on the physical properties of relevant minerals listed in
Table 1, we calculate the effective specific heat of water-saturated
rocks (Sultan et al., 2004):

ceffect ¼ cm ·
ð1 − ϕÞ · ρrock

ρeffect
þ cwater ·

ϕ · ρwater
ρeffect

: (13)

The results are shown in Figure 2b as a function of pressure
and temperature. We see that dramatic changes in ceffect occur near
the critical point due to the supercritical pore-fluid properties.

Figure 1. Effective thermal conductivity of water and granite as a function of pressure (P) and temperature (T1) for different porosities.
(a) Water thermal conductivity for a wide range of pressure and temperature (data from the NIST website) and (b) upper limit controlled
by different initial values (dry granite) and lower limit controlled by fluid (water).

Figure 2. (a) Pressure- and temperature-dependent water-specific heat (data from the NISTwebsite) and (b) effective specific heat of the water-
saturated granite with the upper limit controlled by water and the lower limit controlled by dry granite for different porosities.

A thermo-hydro-mechanical model 5



Moreover, ceffect changes between cm and cwater , and approaches to
specific heat of water with increasing porosity (fluid content).

Crack porosity

It is well known that the P-wave velocity is sensitive to the presence
of (micro)cracks (e.g., Ayling et al., 1995; Ba et al., 2011; Li
et al., 2021). The crack density increases in granite greater than
100°C–120°C (Lin, 2002; Junique et al., 2021). Thermally induced
inter- and intragranular cracks play a predominant role, with
(1) the mismatch of the coefficients of thermal expansion between
adjacent grains (intergranular crack; Wang and Konietzky, 2022)
and (2) loss of the fluid inclusions and interlayer bound water.
The osmotic effect and hydration of minerals limit the impact on
the boundary and intergranular crack (Wang et al., 2014). Some ex-
periments indicate that 400°C may be a threshold temperature at
which granite generates numerous microcracks (Chaki et al., 2008;
Shi et al., 2020).
Yang et al. (2022b) state that, to evaluate the crack porosity from

the measurements, it is necessary to link the 2D (length and width)
to the 3D (volume density) crack features. Based on the assumption
of isotropy, the crack porosity (ϕ20) can be estimated from 2D
measurements by

ϕ20 ¼
4πWal2

3
Γcrack; (14)

where Wa, l, and Γcrack are the average width, length, and plane
density of cracks, respectively.

Homand-Etienne and Houpert (1989) present an empirical law
for the normalized coefficient ϕ2=ϕ20 of granites. Figure 3a shows
that, below 500°C, this specific value for the different granites
(color dots) increases exponentially with the temperature, with
the distribution of data points being dispersed greater than 500°C
because of the phase transition of quartz and the further increase in
crack density. By fitting the data collected from the different sources
(e.g., Homand-Etienne and Houpert, 1989; Tian et al., 2021), an
empirical relation between the temperature and crack porosity is
obtained (the dashed line in Figure 3a) as

ϕ2=ϕ20¼0.8376e0.0054T1 ; 20°C ≤ T1 ≤ 600°C: (15)

Figure 3b and 3c displays the host porosity as a function of ther-
mal cycles and temperature, respectively. It should be stressed that
the porosity reported by Shi et al. (2020) is measured at a hydro-
static pressure of 3.5 MPa under the assumption that the crack
porosity is constant below a certain confining pressure that is used
only to maintain the rock integrity at high temperatures. Two dis-
tinct stages are identified in Figure 3c: from 200°C to 400°C (stage
1) where ϕ1 is almost constant and from 400°C to 600°C (stage 2)
where the porosity increases abruptly.

Workflow of the model

Figure 4 shows a workflow to estimate the pressure- and temper-
ature-dependent P-wave velocity for a water-saturated granite during
the cooling-heating cycles. There are three major steps to determine

the pressure- and temperature-dependent fluid
properties, temperature-dependent skeleton prop-
erties, and double-porosity geometries.
First, we assume that ϕ1 is constant and ϕ2ðTÞ

depends on the temperature of the initial granite
porosity (see Table 2) at room temperature. The ef-
fective grain bulk and shear moduli (Ks and μs) are
determined from mineral percentages (see Table 1)
by using the Voigt–Reuss–Hill average. Based on
the empirical equation (Ba et al., 2011) used to ob-
tain the dry-rock bulk and shear moduli (Kb and
μb), the moduli of the two phases are

Kbm ¼ ð1 − ϕmÞKs=ð1þ CmϕmÞ;
1=Kb ¼ v1=Kb1 þ v2=Kb2;

μb ¼ ð1 − ϕÞμs=ð1 − CsϕÞ; (16)

whereCm is the bulk consolidation coefficients and
Cs is the shear consolidation coefficient.
Figure 5 shows the dry-rock moduli as a func-

tion of crack porosities for different consolidation
coefficients. In general, the moduli decrease with
increasing crack and stiff (host) porosities.
We consider pressure- and temperature-depen-

dent fluid properties, as shown in Figures 1 and 2.
Table 2 shows the initial properties of granite and
pure water at room temperature (25°C). From
equations 8 to 15, we obtain the THM properties
of water-saturated granite at different tempera-
tures, where the quantities keffect(P, T1), ceffect

Figure 3. Thermal effects on the porosity of granite: (a) temperature-dependent crack
porosity, (b) host porosity during the thermal cycles, and (c) temperature-dependent host
porosity (modified from Shi et al., 2020).
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(P, T1), and ϕ2ðT1Þ are temperature dependent. Based on these tem-
perature-dependent properties, we calculate the P-wave velocity and
attenuation of saturated granites at different temperatures and
frequencies from the equations given in Appendix B.

Velocity-temperature relation for saturated granites

Sensitivity analysis

We calculate the P-wave velocity variation with temperature for
three sets of parameters. Figure 6 compares temperature-dependent
P-wave velocities induced by different THM properties for two
cases in each set: (1) the THM properties are independent of the
temperature (indicated by the black lines), i.e., the temperature only
appears in the DPT model and (2) the effect of the temperature is
fully considered (indicated by the blue lines).
From Figure 6, we see that the P-wave velocities show little

change with the thermal conductivity (keffect) and specific heat
(ceffect) in the pressure-temperature range studied, whereas the tem-
perature-dependent crack porosity (ϕ2) significantly affects the
P-wave velocity.

Application

We consider the granite from Zhangzhou, Fujian. Shi et al. (2020)
measure the P-wave velocities at six different temperatures (from 20°C
to 600°C) after cooling by water to model the high-temperature
condition of deep bedrocks in an EGS system. The samples are com-
posed of quartz, anorthite, and biotite with a small amount of pyrox-
ene and magnetite. The host and crack porosities can be estimated
from polarized micrographs as 1.73% and 0.04%,
respectively, at room temperature without thermal
treatments. Cracks develop with increasing
temperature, observed from plane-polarized and
cross-polarized cast thin section images. We use
a least-squares regression to fit the volume fraction
of cumulative cracks at each temperature, where
the initial volume ratios of the two types of pores
are v1 = 0.985 and v2 = 0.015, respectively.
Based on the relevant physical properties

shown in Tables 1 and 3, we estimate the temper-
ature-dependent P-wave velocities. Figure 7 com-
pares the result to the measurements by water-
cooling (the red dots). We see that the nonlinear
curve can roughly be divided into two parts with
an inflection point at 200°C. In the first part
(T1 = 20°C–200°C), a relatively rapid drop in
velocity below 100°C corresponds to the evapora-
tion of adsorbed and interlayer water, which tends
to cause the closure of microstructures and in-
creases the strength of the cement (Sun et al., 2013). Then, the ce-
mentation effect partly inhibits the thermal expansion stress (Li et al.,
2021). Therefore, the resulting overall variation is rather gentle. In the
second part (T1 = 200°C–400°C), we see a rapid decrease due to the
exponential growth in crack porosity, where the effects of thermal
conductivity and specific heat are not significant (Zhang et al.,
2018). Following the workflow described previously (see Figure 7),
the theoretical P-wave velocity is overall consistent with the data,
implying that the DPT model and temperature-dependent critical
properties can describe the P-wave velocity variations under heating

and water cooling. Beyond 400°C, there are plastic deformations that
cannot be modeled with the THM thermoelastic theory. Moreover,
the temperature cycles may cause irreversible damage to the rock
and eventually lead to a temperature-independent micropore structure
after repeated water cooling (Wang et al., 2014). Scarce experimental
data limit our investigations on this issue.

RESULTS FOR WATER-SATURATED GRANITE

We take the water-saturated granite at 300°C as an example,
where the phase velocity and attenuation are calculated as a function
of frequency for different values of the THM properties (thermal
conductivity, specific heat, and crack porosity) (see Table 3). Here,
we attempt small specific heats to highlight the thermal effect on the
thermoelastic properties of saturated porous media (Carcione et al.,
2019; Wei et al., 2020).
Figure 8 shows the frequency-dependent phase velocities and at-

tenuation coefficients of the fast P, slow P1, slow P2, and thermal P
waves for the water-saturated granite with the relevant properties
listed in Table 3 where the thermal conductivities vary as indicated
in Figure 8. We see that the fast P velocity has two inflection points
(Figure 8a), corresponding to two attenuation peaks (Figure 8b).
The stronger peak appears at the low frequencies (102–103 Hz), cor-
responding to the mesoscopic energy loss caused by LFF. The re-
laxation peak at the ultrasonic frequencies corresponds to the Biot
mechanism (Biot, 1962) that describes the friction dissipation due
to the filtration of pore fluids under seismic wave excitation. The
fast P, slow P2 (Biot), and thermal P velocities as well as the LFF
and Biot attenuation peaks (Figure 8b) hardly vary with the thermal

Figure 4. Workflow for the THM thermoelastic model applied to laboratory and log
data.

Table 2. Physical properties of grains and water.

Property Initial value

Grain bulk modulus (Ks) 45 GPa

Shear modulus (μs) 20 GPa

Volume fraction of pore 1 (υ1) 0.7

Volume fraction of pore 2 (υ2) 0.3

Fluid density (ρf) 1000 kg/m3

Bulk modulus (Kf) 2.2 GPa
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conductivities (Figure 8a, 8e, and 8g). Figure 8c shows that the slow
P1 velocity increases significantly with increasing thermal conduc-
tivities, with the relative change rate of 11.7% much larger than
1.8% of the fast P velocity. This implies that the host porosity plays

Figure 5. Dry-rock moduli as a function of crack porosities in gran-
ite with the different (a) host (bulk), (b) crack (bulk), and (c) shear
consolidation coefficients. The black and blue lines refer to host
porosities of 0.05 and 0.01, respectively.

Figure 6. Comparison of temperature-dependent P-wave velocities
induced by the different THM properties: (a) thermal conductivity,
(b) specific heat, and (c) crack porosity.

Table 3. Physical properties of water-saturated granite.

Property Value

Grain bulk modulus (Ks) 44 GPa

Shear modulus (μs) 24 GPa

Density (ρs) 2650 kg/m3

Frame porosity of pore 1 (ϕ1) 1.73%

Consolidation parameters (C1) 10

Permeability of pore 1 (χ1) 4 × 10−4 mD

Porosity of pore 2 (ϕ2) 0.04%

Consolidation parameters (C2) 200

Permeability of pore 2 (χ2) 20 mD

Fluid density (ρf) 1000 kg/m3

Bulk modulus (Kf) 2.2 GPa

Viscosity (η) 0.001 Pa s

Thermoelasticity coefficient (βf) 40,000 kg/(m·s2·K)
Thermal conductivity (kf) 0.6 m·kg/(s3·K)
Bulk specific heat capacity (cm0) 820 m2/(s2·K)
Thermoelasticity coefficient (β) 112,000 kg/(m·s2·K)
Absolute temperature (T0) 300 K

Thermal conductivity (k0) 3.2 m·kg/(s3·K)
Relaxation time (τ0) 1.5 × 10−8 s

Figure 7. Predicted and measured ultrasonic P-wave velocity as a
function of temperature.
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an important part in enhancing thermal recovery. Because the ther-
mal conductivity of a saturated rock consists of double-pore phases
(see equation 10), we further investigate the dependence of the slow
P1 velocity on the fluid thermal conductivity. Figure 9a displays
that this slow P1 velocity is hardly affected by the fluid thermal
conductivity that can be ignored. However, Figures 8 and 9 illustrate
that the increase in phase velocities only occurs in the ultrasonic
frequency band (greater than 107 Hz). The thermal peak is addi-
tional energy dissipation caused by mode conversion, similar to
the wave-induced fluid-flow attenuation in poroelasticity. On the
seismic frequency band, the Biot and thermal peaks are much
smaller if homogeneous media are considered.
Figure 10 shows the frequency-dependent phase velocities

and attenuation coefficients of the four longitudinal waves for the
water-saturated granite with different specific heats marked. We see
that the fast P velocity (Figure 10a) significantly decreases with the
increasing specific heat. The resulting attenuation (Figure 10b)
presents three inflection points that correspond to the LFF, Biot,
and thermal attenuation peaks, respectively. The slow P1 velocity
(Figure 10c) shows some changes with specific heats, whereas the
slow P2 (Figure 10e) and thermal P (Figure 10g) velocities are al-
most constant with specific heats. Therefore, specific heat is impor-

tant for improving the production performance of EGS. Figure 11
indicates that the effect of fluid-specific heats can be negligible on
the slow P1 velocity.
Figure 12 shows the frequency-dependent phase velocities and at-

tenuation coefficients of the four longitudinal waves for the water-
saturated granite with different host porosities. As expected, the
fast P velocity (Figure 12a) significantly decreases with increasing

Figure 8. (a, c, e, and g) Frequency-dependent phase velocity and
(b, d, f, and h) attenuation coefficient of the (a and b) fast P, (c and
d) slow P1, (e and f) slow P2, and (g and h) thermal P waves for
different thermal conductivities. The properties are listed in Table 3.

Figure 9. (a) Phase velocity and (b) attenuation coefficient of the
slow P1 wave as a function of frequency for different fluid thermal
conductivities.

Figure 10. (a, c, e, and g) Frequency-dependent phase velocity and
(b, d, f, and h) attenuation coefficient of the (a and b) fast P, (c and
d) slow P1, (e and f) slow P2, and (g and h) thermal P waves for
different specific heats. The properties are listed in Table 3.
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porosities because of decreasing frame moduli. The resulting attenu-
ation (Figure 12b) has three peaks corresponding to the mesoscopic
energy loss (102–103 Hz), the Biot mechanism (Biot, 1962)
(106–107 Hz), and the thermal attenuation at approximately
108 Hz, respectively. The velocity and attenuation of slow P1 and
slow P2 waves are hardly affected by the host porosity below
107 Hz, as well as the thermal P-wave velocity (Figure 12g and
12h). Comparing the effects of host porosities on the heat exchange
in the rock matrix (Figure 12a) and host pores (Figure 12c), we

deduce that the heat extraction process in EGS cannot be improved
by increasing host porosities.
Finally, Figure 13 shows the frequency-dependent slow P1 veloc-

ity and attenuation with crack porosities. We see that, between 0.01
and 0.02, the velocity increases in the range of 105–108 Hz. Improv-
ing the connectivity between pore types is better than increasing the
stiff porosity to enhance thermal production.

CONCLUSION

Granite thermal reservoirs generally consist of stiff (host) pores
and cracks, which provide the main channels for heat exchange and
fluid flow. The cyclic recovery of such typical granite reservoirs
involves a complex THM coupling process. We apply a DPT theory
to the THM coupling process to interpret ultrasonic measurements
on granite under water-cooling conditions by assuming that cracks/
fractures are embedded in an isotropic porous medium.
A plane-wave analysis for the water-saturated granite reveals the

presence of the classical P and S waves and three slow P waves,
namely the slow P1 (Biot), the slow P2 (Biot), and a thermal P.
The frequency- and temperature-dependent behaviors of these slow
waves show that the thermal conductivity and specific heat affect
the relaxation peaks, related to the mesoscopic and Biot loss mech-
anisms. These thermoelastic properties have negligible effects in the
seismic band for the temperature range of less than 400°C. The host
(stiff) porosity mainly affects the mesoscopic loss with little influence
on the Biot loss, whereas the soft crack/fracture porosity becomes
important in low frequencies. The proposed THM thermoelastic
model attempts to bridge thermoelastic parameters (moduli, veloc-
ities, and attenuations) and reservoir properties (double porosities
and fluid type). It describes dramatic velocity changes due to ther-
mal-induced microcracking during the heating process (particularly
in the first cycle). The THMmodel has the potential to enable seismic
rock-physics inversions to estimate the crack porosities of thermal
reservoirs (including the development of microcracks induced by
heating- and cooling-shock effects and hydraulic fracturing in the
EGS) and to identify the fluid type (water or steam) due to the joint
effect of pressure and temperature in the different depths of thermal
reservoirs.
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APPENDIX A

STIFFNESS COEFFICIENTS OF THE
BIOT-RAYLEIGH THEORY

The stiffness coefficients of the Biot-Rayleigh theory are
(Ba et al., 2011)

Q1 ¼
α�ð1 − ϕ − Kb=KsÞϕ1Ks

α�ð1 − ϕ − Kb
Ks
Þϕ1Ks þ Ksðα�ϕ1þϕ2Þ

Kf

;

Q2 ¼
ð1 − ϕ − Kb=KsÞϕ2Ks

1 − ϕ − Kb
Ks

þ Ksðα�ϕ1þϕ2Þ
Kf

;

R1 ¼
ðα�ϕ1 þ ϕ2Þϕ1Ks

α�ð1 − ϕ − Kb
Ks
Þϕ1Ks þ Ksðα�ϕ1þϕ2Þ

Kf

;

R2 ¼
ðα�ϕ1 þ ϕ2Þϕ2Ks

1 − ϕ − Kb
Ks

þ Ksðα�ϕ1þϕ2Þ
Kf

;

A ¼ ð1 − ϕÞKs −
2

3
μ −

Ks

Kf
ðQ1 þQ2Þ;

β ¼ βs þ ð1 − Kb

Ks
Þβf; (A-1)

where α� ¼ ξ1=ξ2; Ks and Kf are the grain and fluid bulk moduli,
respectively; and the dry-rock modulus Kb is obtained from equa-
tion 16. Here, βs and βf are the coefficients of thermal stress
(Carcione et al., 2019) for the solid and fluid, respectively; ϕm

are the host (m = 1) and crack (m = 2) porosities; and b1 and b2
are dissipation parameters given by

bm ¼ −ϕmϕm0

η

χm
(A-2)

and the density coefficients are

ρ00 ¼ ð1 − ϕÞρs − ρf
X
m

ϕmð1 − τmÞ;

ρ0m ¼ ρfϕmð1 − τmÞ;
ρmm ¼ ρfϕmτm;

ρ ¼ ð1 − ϕÞρs þ ρfϕ; (A-3)

where the total porosity is ϕ ¼ ϕ1 þ ϕ2 and ϕm ¼ υmϕm0, with υm
being the volume fraction of phase m and ϕm0 being the porosity in
each phase; moreover, τm ¼ 0.5ðð1=ϕmÞ þ 1Þ is the tortuosity.

APPENDIX B

SOLUTIONS OF MOTION EQUATIONS

Substituting a P-wave plane-wave solution into equation 5, we
obtain

��������

a11v2c þ b11 a12v2c þ b12 a13v2c þ b13 a14vc
a21v2c þ b21 a22v2c þ b22 a23v2c þ b23 a24vc
a31v2c þ b31 a32v2c þ b32 a33v2c þ b33 a34vc

a41vc a42vc a43vc a44v2c þ b44

��������
¼ 0;

(B-1)

where

a11¼ðb1þb2Þi=ω−ρ00;

b11¼½Aþ2μþ iðQ2ϕ1−Q1ϕ2Þx1�ω2; a12¼−b1i=ω−ρ01;

b12¼½Q1þ iðQ2ϕ1−Q1ϕ2Þx2�ω2; a13¼−b2i=ω−ρ02;

b13¼½Q2þ iðQ2ϕ1−Q1ϕ2Þx3�ω2; a14¼−ðβ−βfÞi=ω;
a21¼−b1i=ω−ρ01; b21¼½Q1− iR1ϕ2x1�ω2;

a22¼b1i=ω−ρ11; b22¼½R1− iR1ϕ2x2�ω2; a23¼0;

b23¼−iR1ϕ2x3ω2; a24¼−
ϕ1βfi

ϕω
; a31¼−b2i=ω−ρ02;

b31¼½Q2þ iR2ϕ1x1�ω2; a32¼0; b32¼ iR2ϕ1x2ω2;

a33¼b2i=ω−ρ22; b33¼½R2þ iR2ϕ1x3�ω2; a34¼−
ϕ2βfi

ϕω
;

a41¼T0βð1−ϕÞðτ0iω3þω2Þ; a42¼T0βϕ1ðτ0iω3þω2Þ;
a43¼T0βϕ2ðτ0iω3þω2Þ; a44¼ρceðiω−τ0ω

2Þ;
b44¼kω2;

(B-2)

where

x1 ¼ iðϕ2Q1 − ϕ1Q2Þ=Z; x2 ¼ iϕ2R1=Z; x3 ¼ −iϕ1R2=Z;
Z ¼ − 1

3
ωϕ2

1ϕ2ϕ20R2
0ðiη=χ1 þ ωρ=ϕ10Þ − ðϕ2

2R1 þ ϕ2
1R2Þ:
(B-3)

Equation B-1 gives three roots, corresponding to a fast P wave and
two slow P waves denoted by P1 and P2.
Similarly, by substituting the plane-wave solution of an S wave

into equation 5, we obtain

μ

�
1

vc

�
2

¼ ρ00 −
iðb1 þ b2Þ

ω
−

�
ρ01 þ ib1

ω

�

ρ11 −
ib1
ω

2

−

�
ρ02 þ ib2

ω

�

ρ22 −
ib2
ω

2

: (B-4)

The S-wave complex velocity is not affected by the thermal proper-
ties (in homogeneous media).
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