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We investigate the effect of temperature on the elastic properties of rocks Received 27 December 2021
by combining the thermal-damage factor (TDF) with the Gassmann equa- Accepted 23 February 2022
tion. The resulting model is tested in carbonate samples by analyzing the
ultrasonic wave velocity. A comparison between the estimated and meas-
ured TDF shows that the model quantitatively describes the behavior of
carbonates at relatively low temperatures, while the high-temperature one
is underestimated. The dry- and wet-rock TDF difference increases signifi-
cantly with increasing temperature, and the TDF is highly affected by the
rock permeability and microcrack aspect ratio.
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1. Introduction

The effect of temperature has important effects on the exploration and development regarding
coal mining, nuclear waste storage, and geothermal and deep hydrocarbon resources [1-4], in
particular on rock microstructure [5, 6], and specifically the presence of microcracks, which affect
wave velocity and attenuation [7-10].

The effect of high temperature varies with the type of rock [11-15] and many works analyze
the thermal damage. Tian et al. [13] found that the bulk density decreases significantly above
500°C, the porosity increases above 300°C, and the permeability increases gradually with tem-
perature. The variations of the rock mechanical properties can be quantified with the thermal
damage factor (TDF), first proposed by Dougill et al. [16] (see also [17-21]). Zhang et al. [22]
performed an experimental study on the thermal-damage characteristics of limestone, showing
that the peak compressive strength and elastic modulus decreases, but the peak strain increases.
The TDF increases rapidly in the range 200-600 °C.

The rock properties are affected by several factors, namely the fluids, minerals, porosity, per-
meability and pressure [23, 24], including temperature [25-27]. Moreover, temperature variations
affect the microcrack geometry [14]. In this sense, the scanning electron microscopy was used
extensively to study the behavior of microcracks at high temperatures [28-31].

In this work, we consider carbonate samples and analyze the critical temperature correspond-
ing to the irreversible threshold for microcrack propagation, based on the theory of [32, 33].
First, the experimental setup is illustrated. Then, we estimate the TDFs of dry and saturated
rocks, by combining the thermal-damage model with the Gassmann equation [34, 35]. Finally, we
analyze the effects on bulk density, permeability and microcrack features.
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2. Experiments
2.1. Carbonate samples

Six light gray carbonate samples are collected from Sichuan Basin, Western China, which are
granular dolomites with dissolution pores and a small amount of clay and surface pores devel-
oped. The reservoir depth is 6 km, with an in situ temperature of approximately 130 °C. The pore
structure is complex, consisting of intergranular pores and microcracks (grain contacts). The sam-
ples are cylindrical, ranging in diameter from 24.92 to 25.23mm and lengths from 30.93 to
46.99 mm. Porosity, permeability and ultrasonic measurements are made [36]. The properties are
given in Table 1.

2.2. Procedure

The ultrasonic pulse method is used to measure the acoustic wave velocities [37] at 1 MHz.
During the test, the temperature is increased by a heating wire in the high-pressure vessel, with
an accuracy of 1°C. In order to analyze the thermal damage of the samples, the initial properties
before heating are given in Table 1.

The samples are first dried in an oven for 36 h and then sealed with rubber jackets and placed
in a high-pressure vessel. The jacket separates the sample from heated silicone oil. Dry- and wet-
rock measurements are carried out at a confining pressure of 80 MPa and temperatures of 20, 40,
60, 80, 100, 110, 115 and 130°C. On another experiment, the pore pressure is 10 MPa and the
confining pressure varies as 15, 20, 25, 30, 40, 50, 60, 70 and 80 MPa for a temperature of 130 °C.
Wave velocities are then obtained from the travel times.

2.3. Results

Figure 1 shows that the measured P- and S-wave velocities increase as a function of confining
pressure. Figure 2 shows a P- and S-wave velocity crossplot as a function of temperature at dry
and water-saturation conditions and 80 MPa confining pressure. When the temperature rises to
130°C, the P- and S-wet-rock velocities decrease by 2.61% and 3.46% on average, whereas the
dry ones decrease by 2.26% and 1.74%, respectively. Thermal damage can be correlated with vel-
ocity reduction caused by the effects of the fluid and microcracks.

3. Theory
3.1. Thermal-damage theory

Zhao et al. [38] define the TDF in terms of strain. For elastic media, we have
g = E080 (1)

where o, E; and ¢, denote stress, elastic modulus and strain, respectively, at the undamaged state.
When the rock is damaged, the stress—strain is [39]:

Table 1. Properties of the carbonate samples.

Sample number Porosity (%) Dry density (g/cm?) Water saturated density (g/cm?®) Permeability (mD)
1 1.41 2.692 2.710 0.068
2 4.26 2.690 2.740 3.441
3 4.44 2714 2.760 0.241
4 5.93 2.651 2.720 0.963
5 10.37 2.552 2.652 1.800
6 17.35 2.328 2.500 4.151
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Figure 1. P- and S-wave velocities as a function of the confining pressure at 130°C for water-saturation (a) and dry
(b) conditions.

o =Ey(1—D)g (2)

where Er = Ej(1 — D) represents the damaged elastic modulus and &; represents the related
strain. The thermal damage at temperature T is

D(T)=1-—. 3)

Elastic modulus and P-wave velocity are related by

_ PoVio(1+ o) (1 — 2w0)

E
0 l—VO

(4)

where p,;, Vpy and v, are the density, P-wave velocity and Poisson’s ratio of the undamaged rock,
respectively.
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Figure 2. P-wave velocity as a function of the S-wave velocity at different temperatures at water (a) and dry-saturation (b) conditions.

Based on Equations (3) and (4), we obtain

(V) e e~ 21— )
D(T) =1 (VPO) Po(l _ VT)(I + vo)(l — 21/0)

where p;, Vpr and vy are the density, P-wave velocity and Poisson’s ratio of the damaged rock,
respectively.

Temperature is varied from room temperature to 130 °C. The variation of p; and vr can be

neglected and we have [20, 22, 40]. Equation (6) is applied to analyze the impact of temperature
on TDF based on the constant-pressure measurements.

2
D(T)=1- (“/,—:) . ©)

(5)

3.2. Model with microcracks

Increasing temperature and rock damage expand the microcracks. According to fracture mechan-
ics [41], when the microcrack expansion force (the stress intensity factor) exceeds a critical value,
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there is instability and irreversibility. David and Zimmerman [33] and Vernik and Kachanov [42]
report the microcrack porosity

by — 47t3oc/3

where f is the microcrack density and « is the aspect ratio.

First, we obtain the ultrasonic experimental data varying with effective pressure at different
temperatures. We consider that the microcracks are closed at a high effective pressure, and only
stiff pores are present, whose moduli can be estimated from the velocities. The effective bulk and
shear moduli as a function of the microcrack density are [43]:

_ L \2
Kot = Kiir / (1 + w) , (8)

9(1 - 2Vstiff)
Megg = :ustiff/(l + 32(1 - Vstiff)(s - Vstiff)ﬁ) ©)

45(2 — vgfr)

7)

where vgir = (3Kt — 2l0sr) / (6Kstir + 2Usyr) 18 the Poisson ratio of the stiff pores and Ky and
Ggifr are the related moduli. Poisson’s ratio and Young’s modulus of rock are related to micro-
crack density [44]. Then, the microcrack density at a given temperature and effective pressure
can be obtained by least-square regression based on Equations (8) and (9). The microcrack aspect
ratio as a function of the effective pressure p is
2
4y o
nEs

where E; is Young’s modulus at high effective pressures, given by E; = 3K(1 — v,), where v is
the Poisson ratio.

On the other hand, the critical temperature corresponding to the irreversible threshold of
microcrack propagation proposed by Ravalec and Guéguen [32] is

1 1 1
TcZTi+(P—Pi)a(E+aOKO), (11)
O = O — 0, (12)
= (1 - ¢)os + pa, (13)

where o,,, o, o, o and o are the fluid mass content changes at constant stress and pressure,
the pore thermal expansion coefficient, the fluid thermal expansivity, the bulk thermal expansivity
and the mineral thermal expansivity, respectively, K; is the dry-rock bulk modulus, ¢ is the por-
osity, T, is the critical temperature, T; is the temperature at a given depth before heating, P is the
confining pressure, P; is the fluid pressure at a given depth before heating and o, is the micro-
crack aspect ratio.

Equation (11) indicates that the critical temperature is mainly controlled the microcrack aspect
ratio opg and the dry-rock bulk modulus Kj, as shown in Figure 3. The temperature is 80°C,
&, = —46.2 x 10~° and the range of microcrack aspect ratios is 1072-10"" [32].

3.3. Thermal-damage estimation

Equation (6) suggests that the key parameter associated with the rock thermal damage is the com-
pressional wave velocity. Based on the velocity equations of the Gassmann theory proposed by
Murphy et al. [35], we perform a fluid substitution to estimate the TDF:
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Figure 3. Microcrack aspect ratio as a function of the mineral modulus and critical temperature.

4
psatVIZJsat =Kp+ Kdry + gﬂ, (14)
psatvgsat =K (15)
(-2)
Ko
Ke=3 L 1¢_ Ky (16)

R

where Kp is the wet-rock pore bulk modulus, Ky is the fluid bulk modulus, Kqy is the dry-rock
bulk modulus, pg, is the wet-rock density, Vpg, and Vg, are the wet-rock P- and S-wave veloc-
ities, respectively, and pu is the shear modulus.

The dry-rock bulk and shear moduli are

4
Kdry = pdrngdry - g,ua (17)

1= ParyViary (18)

where pyr, is the dry-rock density, and Vpy,, and Viary the corresponding P- and S-wave veloc-
ities, respectively.

Equation (6) yields the TDF of the dry rock at different temperatures, based on the measured
P-wave velocities, and the bulk and shear moduli are obtained from Equations (17) and (18),
respectively. The thermal damage of the saturated rock at different temperatures is estimated by
using Equations (6) and (14)-(18) as

Pary VIZ’Odry Kp — Kpy

5 — 5 (19)
pdry VPOdry + KPO pdry VPOdry + KPO

Dsat(T) = Ddry(T) x

where Kpy is the wet-rock pore bulk modulus at the undamaged state, D, (T) and Dgry(T) are
the wet- and dry-rock TDFs, respectively, and Vpoary is the dry-rock compressional wave velocity
at the undamaged state.

Based on Equation (19), the wet-rock TDF is obtained from the thermal damage of the dry
rock. Figure 4 gives the workflow. The key parameters include the measured dry-rock P-wave vel-
ocity and density, and the wet-rock pore bulk modulus. We first estimate the bulk modulus of
the rock matrix from the mineral composition. Batzle-Wang equations [45] are used to estimate
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Figure 6. TDF as a function of temperature for (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4; (e) sample 5; (f) sample 6
at water-saturation and dry conditions.

the properties of the fluid, where the porosity is given in Table 1. These parameters are substi-
tuted into Equation (16) to obtain the wet-rock pore bulk modulus of saturated rock at different
temperatures.

Based on the measured wet-rock P-wave velocity, the dry-rock thermal damage can be
obtained as

2
Psat VPOsat Kp — Kpo

(20)
Psat Vlz?Osat —Kpy p sat VI»Z’Osat — Kpo

Dyry(T) = Dgat(T) x

where Vpgg, is the wet-rock P-wave velocity at the undamaged state.
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4, Results

4.1 P-wave velocity variation rate and thermal damage

The P-wave velocities are measured before and after heating, and the P-wave velocity variation
rate is defined as

VPO — Ver )
Vo

AV = (21)

Figure 5 shows the P-wave velocity variation rate as a function of temperature at water-satur-
ation and dry conditions. Increasing temperature, the rate increases steadily, indicating that rock
damage gradually begins. Heating the rock leads to opening of microcracks [46]. According to
Figure 5a and b, when the porosity and permeability of rock are relatively large, the velocity vari-
ation rate of the water-saturated rock is higher than that of the dry rock (sample 6), indicating
that with the increase of temperature, the fluid affects the degree of damage, so that the effect of
temperature on the fluid properties cannot be neglected [45]. The velocity variation rate of the
six samples exhibits no direct relation with porosity.

Figure 6 shows the TDFs computed from Equation (6), indicating that it increases with tem-
perature. The damage factors are small in the temperature range, less than 0.1. This is due to the
fact that the decrease of pore volume caused by the mineral expansion is greater than the pore
volume increase caused by free water loss. Then, the sample is relatively dense at the macroscale
[19]. When the temperature is lower than 70 °C, the TDF is negative. Figure 6c shows negative
values at dry conditions, an abnormal situation [22]. At the same temperature, when the porosity
and permeability are relatively large, the TDF of the water-saturated sample is higher than that of
the dry one (see Figure 6¢ and f).

4.2, Effect of density, porosity and permeability

Figure 7 shows the TDF as a function of the density at 130 °C at water-saturation and dry condi-
tions. For sample 1 (also see Figure 6a), the difference between the two conditions is 0.018 g/cm?,
but it decreases as the temperature increases. For the other samples the difference is higher, and
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with the increase of temperature, it increases significantly. In general, there is a linear relation
between density and TDF.

The pore space morphology, porosity and permeability change with heating. Some rocks are
less sensitive and require very high temperatures (above 400°C) to exhibit a significant increase
in permeability [47]. We consider up to 130°C, and the permeability and porosity are basically
constant (see Figure 8), but the wet and dry cases show significant differences.

4.3. Effect of the microcrack properties

The development of microcracks indicates that the rock is being damaged. The microcrack poros-
ity is estimated by using the aforementioned rock model. Figure 9 shows the effect of microcrack
density, porosity and aspect ratio on the TDF in samples at 130°C. Microcrack density and
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porosity exhibit the same trend with respect to the TDF. For aspect ratios, the TDF is large, indi-
cating that the rock is easier to deform.

4.4. Effect of the critical temperature of microcrack propagation

We compute the critical temperature corresponding to the irreversibility threshold of microcrack
propagation. Figure 10 shows the results at full water saturation, where the critical temperature is
indicated. It shows that the aspect ratio decreases with temperature. For high porosity, the micro-
crack aspect ratio is high and the critical temperature is low. With a lower critical temperature,
the rock is more likely to be damaged thermally in the high temperature range.
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4.5. Effect of the fluid

4.5.1. Estimating the TDF of saturated rocks

We assume that the dry-rock TDF is known, and the wet-rock one is estimated by fluid substitu-
tion using the Gassmann equation (see Equations (6) and (14)-(19)). We select three samples.
Figure 11 compares the predicted and measured values in water-saturated samples 2, 4 and 6, at
different temperatures. The estimations are in good agreement with the actual values at low tem-
peratures, indicating that the proposed method can effectively describe the variation of the TDF
in that range. The TDFs increase with increasing temperature and the thermal expansion results
in volume variations [29, 48]. In this case, thermal stress effects occur within and between grains
due to the different thermal expansion rates between minerals and fluids. When the temperature
rises to a certain extent, the thermal stress inside exceeds the tensile yield of the grain contacts,
and the rock internal structure is damaged, leading to the development of new microcracks.

4.5.2. Difference in TDF between dry and saturated rocks
Figure 11 shows that when temperature increases, the TDF of the saturated rock is underestimated and the
difference between the saturated and dry ones increases. The variation of the fluid bulk modulus leads to
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variations of the wet-rock modulus and thermal damage occurs. Taking sample 2 as an example and the
same temperature difference, as shown in Figure 12a, the P-wave velocity at the dry condition varies less
than that of the saturated sample. When the rock is water saturated, the effective bulk and shear moduli
increase and are positively correlated with the P-wave velocity. Figure 12b shows the relation between the
TDF and the fluid bulk modulus. With the increase of temperature, the moduli of water and gas decrease
and TDF increases, indicating that the contribution of the fluid cannot be neglected.

As shown in Figure 11, there is a significant difference between the measured and predicted
TDF at high temperatures. We define this difference as R = Dy — Dp, where Dy, and Dp the
actual and theoretical values, respectively. Figure 13 shows that R increases as a function of the
microcrack porosity (temperature is 130 °C). Heated water affects the rock skeleton, thus affecting
the thermal damage of the rock.

5. Conclusion

We have measured the ultrasonic velocity of six saturated/dry carbonate samples as a function of
temperature and analyzed the thermal damage. At the same temperature, when the porosity and
permeability of the rock are relatively large, the TDF of the saturated rock is higher than that of
the dry rock, indicating that the presence of fluids has an important effect.

The thermal-damage model combined with the Gassmann equation are used to estimate the
wet-rock TDF. The difference between TDFs in the wet and dry cases increases with the bulk
density difference. If the rock porosity and permeability are low, this difference is small, while at
the same temperature and increasing permeability, the difference is significant. The higher the
microcrack aspect ratio is, the lower the critical temperature corresponding to the irreversibility
threshold of microcrack propagation is, and the rock is more likely to suffer damage at high tem-
peratures. In the high temperature range, the theory underestimates the actual values. Basically,
the TDF is affected by the properties of the microcracks and fluid type.
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