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Abstract

Oil-sand reservoirs saturated with heavy oil are subject to complex physical and
chemical changes under high-temperature conditions. These changes can be
quantified using the thermal damage factor, which we evaluated based on Young’s
modulus and the velocities of P- and S-waves. For the quasi-solid phase of heavy
oil-bearing rocks, this method effectively characterizes the degree of rock damage.
As temperature increases, heavy oil transitions into a fluid state, reducing rock
stiffness. In addition, the thermal expansion of heavy oil weakens the rock matrix and
influences the extent of rock damage. We combined an extended Gassmann equation
with the Maxwell model for heavy oil to estimate the thermal damage factor. The
model was validated using ultrasonic experimental data from rock samples, enabling
a quantitative description of the relationship between dry and wet rocks at different
temperatures of thermal damage in oil sand. We found that in these rock samples,
the temperature-dependent trend of the thermal damage factors can be separated
into two stages based on the fluid-viscosity threshold (the liquid point). The porosity
of rock samples has no significant influence on this threshold, whereas the viscosities
of different fluids affect the threshold value of the thermal damage factor in oil
sands. The proposed model provides a theoretical basis for improving the accuracy
of reservoir prediction, evaluation, and adjustment, and for optimizing heavy-oil
thermal recovery. Furthermore, it offers practical applicability for thermal-recovery
monitoring and numerical simulation, enabling more reliable interpretations of
temperature-dependent elastic responses.

Keywords: Oil sand; Heavy oil; Temperature; Thermal damage; Gassman equation;
Maxwell model

1. Introduction

With the depletion of conventional reservoirs, unconventional hydrocarbon resources
are emerging as the key focus of global petroleum exploration. Heavy oil reservoirs are
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a widespread unconventional resource with large potential
reserves.”” To enhance the efficiency of exploration
and production activities in heavy oil reservoirs, a
comprehensive understanding of the basic physical
properties of oil sands is required. The exploitation of
oil-sand resources usually requires thermal methods,
including cyclic steam stimulation, steam flooding, hot
water flooding, and steam-assisted gravity drainage
(SAGD).>® The core of these methods is to reduce the
viscosity of the heavy oil, thus increasing its mobility.”
However, unconventional hydrocarbon reservoirs are
subject to complex physical and chemical changes under
high temperatures.® These changes can affect the efficiency
of oil-sand production as well as the integrity and long-
term stability of the reservoirs. This is the primary reason
why studying the effects of temperature on the physical
properties of heavy oil-bearing rocks is essential.

The effect of high temperature on the mechanical
properties of rocks is related to lithology and other
physical characteristics.”> Many parameters have been
investigated to analyze the influence of temperature on
rocks. Dougill et al.* first proposed the concept of thermal
damage. Trippetta et al."” combined experimental studies
and microscopic analyses on saturated carbonate rocks
filled with natural hydrocarbons, and found that at low
temperatures, the hydrocarbons in the filled rocks were
in a solid state. As the temperature increased to 100°C,
the solid filler melted, causing the sample’s velocity
to decrease. The presence of molten hydrocarbons
weakened the rock, damaging it and inducing fracturing.
At low temperatures, the presence of solid hydrocarbons
increased the mechanical properties of hydrocarbon-
bearing carbonates. The thermal damage factor (TDF) is
used to quantitatively evaluate changes in the mechanical
properties of rocks at high temperatures.'*** For example,
Yang et al®® conducted experimental studies on thermal
damage in limestone. The results indicate that the impact
of elevated temperatures on TDF can be directly quantified
through the peak compressive strength and the variation
rate of the effective solid matrix. As the temperature rises,
these properties show a similar exponential trend.

The physical properties and related damage processes of
rocks at different scales and depths are not only influenced
by rock properties (such as mineral content, porosity, and
permeability) but also by temperature, pressure, and pore
fillings.?** Heavy oil differs from traditional fluids. It
exhibits different properties at different temperatures.***
Butler® discussed thermal damage during oil-sand thermal
recovery (such as SAGD), especially the dependence of
bitumen and mineral properties on high temperature (Gates
et al”). Similarly, Han* studied the thermal damage in oil
sands and concluded that heavy oil at high temperature

weakens the rocKs stiftness. Pang et al.*’ pointed out that
the pore structure of reservoir rocks changes during steam
injection, reducing production. He et al.** investigated the
influence of clay minerals. Despite these studies (see also
Yuan et al.*'), there is still limited research on rock damage
induced by heavy oil at high temperatures.

In this work, we estimated TDF from ultrasonic data and
compared the results with predictions from a viscoelastic
Maxwell model combined with an extended Gassmann
(EG) equation® (Carcione’s*® discussion, Section 7.25).
Finally, the dependence of thermal damage on temperature
and pressure of the oil sands, as well as the thermal damage
threshold, was analyzed.

2.Theory
2.1.Thermal damage factor

Zhao et al” proposed the definition of TDF for rocks.
For rock materials, TDF can be defined using the elastic-
strain method, and it is a dimensionless index describing
the damage to the microstructure caused by thermal stress
and mineral phase changes during thermal recovery.***” In
heavy oil sands, heating during thermal recovery alters pore
fluids, weakens grain contacts, and may trigger thermally
driven microcrack growth. These effects collectively reduce
the effective stiffness of the rock skeleton. TDF is therefore
important because it provides a quantitative measure of this
thermally induced deterioration, enabling the assessment
of how temperature-dependent changes in the pore-grain
system influence elastic wave velocities and, ultimately,
the efficiency and safety of thermal production processes.
For an elastic material, the corresponding expression is as
follows:

g=Eg, (I
where 0, E; and ¢ are the stress, Young’s modulus, and
strain of the rock in its undamaged state, respectively.
As the rock becomes damaged, we have:
0=E(1-D)e, (I1)
Where E, = E(1-D) is the Youngs modulus of the
damaged rock, ¢, is the damaged strain, and D is TDE. Then:

ET
D(T)=1 5 (I1I)

0

Young’s modulus and elastic wave velocity are related
as follows:*

P pV; (1+v)(1-2v)
- 1-v

Iv)

Where V, is the P-wave velocity, v is the poisson ratio,
and p is the density.
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Combining Equations (III) and (IV), we obtain the
TDEF:

D(T)=

Where the subscripts T and 0 represent damaged rock
at heating temperature and undamaged rock at initial
temperature, respectively.

- Vo pp (I+0,)(1-20,)(1-0, )

2 V)
Viopy(1=0,)(1+v,)(1-2v,)

When the temperature varies from room temperature
to 160°C, the variations of v and p can be neglected, and
TDF can be represented as:'**

VZ
D, (T)=1- VPZT (VD)

PO

Shear velocity can be defined using a similar approach.
Alternatively, in terms of velocities, the Young’s modulus
can be written as:*®

3V, —4V¢

E=pV;}
VP2 - Vsz

N

(VID)

where V is the S-wave velocity, and Equation (V)
becomes:

D(T)=1-

p’rvsz'r (3V;’1‘ — 4Vsz’1' )(V}?O — Vszo)

(VIII)
povszo (V:T - VSZT )(3V1320 - 4Vszo )

The variation in density with temperature can be
neglected, and its influence on stress—strain behavior and
TDF estimation is minor. Therefore, density changes do
not significantly affect the evaluation of thermal damage
trends in heavy oil sands. Hence, we have the TDF
simplified to:

VSZT (3VP2T B 4V52T )(szo — Vszo)

D, (T)=1-
’ ( ) Vszo (V;T - VszT )(3VP20 - 4V520)

(IX)

2.2. Thermal damage estimation of heavy
oil-saturated rocks

Equation (IX) indicates that the key parameters affecting
the TDF of oil sands are the P- and S-wave velocities. Based
on the EG equation,*" we carried out fluid substitution to
estimate the TDF of oil sand:

X)

oi

4
poinv :Koi +_G
Poi 3
l)oi‘/v(,2 = Goi (XI)
Where p_ is the density of the oil sand, V,  and V_ are

the P- and S-wave velocities, respectively, and K | and G,
denote the bulk and shear moduli, respectively.

Assuming that the porous rock has a uniformly
distributed pore structure, we adopt the EG equations
here*3> (Carcione’s*® discussion, Section 7.25):

(XID)

2
G G
A1 £ (X11I)

Where K, and G, represent the bulk modulus and shear
modulus of the grains, respectively; and K, and G, denote
the effective bulk modulus and shear modulus of the
pore-filling solid material, respectively; ¢ is the porosity;
K and G represent the dry-rock bulk modulus and shear
modulus, respectively; and K, and G, are dependent on the
average deformation of pore volume. When we consider
a homogeneous isotropic rock frame, K=K and G =G
Equations (XII) and (XIII) can be expressed as:

K,=K+B (XIV)
2
L
B=——— "2
2N d_ﬁz
K, K, K
G,=G+C (XIV)
2
-G
[ Gg J
C rEEErEe (XVII)
- T T
G, G, G

Where the B and C are the pore moduli.

As a viscoelastic medium,* heavy oil exhibits three
distinct phases depending on temperature: fluid, quasi-
solid, and solid. Moreover, heavy oil has liquid and glass
points.” Due to its high shear viscosity, heavy oil acts as part
of the frame (skeleton) when the temperature is below the
glass point. At elevated temperatures, however, its viscosity
decreases significantly, and it is considered to be a fluid
that exerts no influence on the rock frame.*** Given that
heavy oil in the solid phase exhibits a finite shear modulus
and its viscoelastic properties are frequency-dependent, it
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is reasonable to consider them in the frequency domain.
Therefore, we adopted the Maxwell model to characterize
the temperature- and frequency-dependent complex shear
modulus, as it effectively captures the combined elastic and
viscous behaviors of heavy oil:*-**#

=2 (XVIII)
A%
G(X?
5
Ky =K, +G, (XIX)

Where G _ denotes the shear modulus of the fluid within
the high-frequency range, K, represents the bulk modulus
corresponding to the pore fluid, w is the angular frequency,
i is defined as the imaginary unit, and # represents the
viscosity of the fluid that varies with temperature.

For dry rock, its bulk modulus and shear modulus are:

4
K=p,,V - gG (XX)

G-, V. oK)
Wherep, isdensity,and V, and V_ arethe velocities
of P- and S-waves in dry rocks, respectively.

Equation (IX) was used to obtain the TDFs of the dry
rock at varying temperatures, relying on the measured
P-wave and S-wave velocities of the dry rock. The damage
in dry rock with increasing temperature is primarily caused
by differential thermal expansion of mineral grains and
microcrack propagation. As temperature rises, mismatched

expansion between grainsinduces stress at grain boundaries,
leading to the initiation and growth of microcracks, which
progressively degrade the rock’s elastic properties.** Then,
the TDF was estimated using Equations (IX) - (XIX) as:

_ pdry V:ﬁy + C
D, (T)=1-——="——FH (XXII)
pd”)’o‘/smyo +C

0

Where:

B-D,, (T)p,,,V’ L PV

'DdU’U Pdry0 _gpd'j’o Pdry0

P : (XXIII)
BO - g pdryOV;,yu
L1 , 5
He BO + pdryOVPd,yo + gpd’)’o‘/smyn + gco

1 5
B + pdryOV:,U,O - Ddry (T)pdryovpzmo + gpdryVSZdry + gc

(XXIV)

And D _ (T) and D, (T) are the TDFs of the
rock saturated with heavy oil and dry rock at varying
temperatures, respectively.

The workflow is presented in Figure 1. The main
parameters involved included the measured velocities and
density of dry rock, as well as the pore moduli (B and C) of
the heavy oil-saturated rock. To calculate these moduli, we
initially calculated the bulk modulus of the matrix based on
its mineral composition K, and then the fluid properties
at the corresponding temperature. The porosity ¢ was a
known input parameter of oil sands. These parameters were
substituted into Equations (XV) and (XVII) to obtain the

P R T T T R e e e R N e e T A R R N T AT Y
4 R
{ Measurement Mineral composition Heavy oil MVse Z:l::lrrildrg:lf i }
: Maxwell model :
| Physical 5 . Moduli of dry |
| | properties of rock Rock matrix Thermal properties ek |
| |
| ‘ |
| Pore moduli of heavy |
| oil-bearing rock |
| |
| |
| The extended Gassmann Thermal damage |
| equation factor of dry rock |
| | |
| |
: Thermal damage factor of :
\ heavy oil-bearing rock )
b _4

Figure 1. Workflow for estimating the thermal damage factor of oil sands at different temperatures
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Table 1. Physical properties of oil sands

Rock type Density Porosity  Grain density Mineral bulk Mineral shear Heavy oil Pore pressure Study
(kg/m?) (%) (kg/m?) modulus (GPa) modulus (GPa) (API) (MPa)

1 1,981 41 2,650 36 44 7.5° 2.3 Yuan et al.”!
2 2,030 38 2,650 36 44 7.5° 2.3 Yuan et al.*!
3 1,890 41 2,490 18 21 6.6° 0 Liet al®
4 1,960 36 2,490 18 21 6.6° 0 Lietal*
5 1,970 42 2,660 21 24 6.6° 0 Liet al®
6 2,045 37 2,650 36 44 9.2° 2.4 Han et al.®
7 1,980 32 2,431 22 24 6.9° 35 Liet al®®
pore moduli at different temperatures, and then we used A 35 - -
Equations (XXII)-(XXIV) to obtain the TDE, —:::=2:
3.Thermal damage factors of oil sands 5 N :::sz
Here, five oil sand samples (Samples 1, 2, 3, 4, and 5) 92 5 - - Water
were selected for analysis. The main mineral components = J
of the samples (Samples 1 and 2) tested by Yuan et al.*! '§ il
were quartz, and the pore fluid was heavy oil with a 7.5° E 21
American Petroleum Institute (API) density and 50°C =
liquid point. When the temperature rose above the liquid @ 15}
point, the heavy oil behaved as a fluid. The shear modulus
of the heavy oil approached zero at approximately 50°C
under ultrasonic frequencies, at which point its viscosity 1 20 20 60 80 100 120 140
was approximately 1,000 cP. During the experimental Temperature (C)
process, the pore pressure was set to 334 psi. The other B 03 . .
samples (Samples 3, 4, and 5) were reported by Li et al.*! —API=6.6°

L . - - API=6.9°
The main minerals were quartz and clay. The pore fluid was 0.25 API=0.2°
heavy oil with a 6.6° API density and 48.7°C liquid point. s N e API=7.5°
During the test, the pore pressure was zero. Table 1 lists the Q© o2 ~— Water
samples’ specific properties. E

30.15

3.1. Effect of temperature on thermal damage factor g
Understanding fluid properties is critical for analyzing g 0.1
the behavior of oil sands. Figure 2 depicts the relationship &
between the moduli and temperature for heavy oil in 0.05f
all samples and water. As the temperature decreases,

the moduli of heavy oil increase. At low temperatures,
the finite shear modulus of heavy oil must be taken into
account, which makes the properties of oil sands different
from those of conventional rocks. At higher temperatures,
the shear modulus can be almost neglected and treated
similarly to that of water, whereas the bulk modulus
decreases with increasing temperature. Because the oil is
highly viscous and dense, heavy oil-bearing rocks are more
sensitive to temperature changes at low temperatures.*

Next, we considered TDF based on Equation (IX),
compared to the results of Equation (VI) (P-waves).
Figure 3 shows D, and D, for the two samples. As can be
seen, the values increased with increasing temperature. D,

80 100 120 140
Temperature (C)

Figure 2. The (A) bulk and (B) shear moduli as a function of
temperature for heavy oil and water

was lower than D, at low temperature, and the difference
decreased with decreasing temperature.

Next, we considered the TDF (D,) based on
Equation (IX). Figure 4 shows the TDFs for four samples.
Ascanbe seen, TDF increased with increasing temperature.
In the comparison, at low temperatures, Sample 3 exhibited
a higher TDF value compared to Sample 1, indicating that
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Figure 3. Thermal damage factors (TDFs) of (A) Sample 1 and (B) Sample
2 as a function of temperature under a confining pressure of 5.93 MPa.
Data from Yuan et al.*!

0.7
0.6} 5@ 2 ©
@)
0.5} Qo0 + +
O + +
O +
p 04f O n +
(=] + -+ Sample 1
= 0.3} o + QO sample 2
’ + Sample 3
[] Sample 4
02 ©
04t T
0 rmy

20 40 60 80 100 120 140
Temperature (C)

Figure 4. Thermal damage factors (TDFs) of samples as a function of
temperature. The data for Samples 1 and 2 were from Yuan et al.*' under
a confining pressure of 5.93 MPa, while those for Samples 3 and 4 were
from Li et al.*! under a confining pressure of 7.58 MPa.

the presence of heavy oil causes the higher values in the
rock. Moreover, the properties of Sample 3 were more
dependent on the properties of heavy oil. Therefore, the
velocities of Sample 3 were more sensitive to temperature.
When the samples were saturated with the same heavy oil,
the TDF of Sample 2 was higher than that of Sample 1,
indicating that porosity also has an impact on rock
damage (a similar trend is observed when comparing with
Samples 3 and 4). It is known that the response of oil sand
to temperature reflects the combined effect of the heavy oil
and the rock frame.*”

3.2. Effect of pressure on thermal damage factor

When the rock frame is subjected to confining pressure,
the influence of pressure should be considered during
the heat-extraction process. The experimental data of oil
sands reported by Li et al.*! were used to analyze the effects
of temperature and pressure on the thermal damage in
three artificial oil sand samples (Samples 3, 4, and 5). The
properties are provided in Table 1.

For the three samples at different confining pressures,
Figure 5 depicts how V,/V_ varies with temperature.
From Figure 5, we observed that V,/V showed a trend of
first increasing and then decreasing. This is because the
heavy oil was in the quasi-solid phase. With increasing
temperature, the rate of decline for S-wave velocity was
more significant than that for P-wave velocity. When the
temperature exceeded the liquid point, the S-wave velocity
was almost unchanged, but the P-wave velocity continued
to decrease, causing a decreasing trend in the V /V_ ratio.
This indicates that heavy oil may have no significant
impact on the S-wave velocity for the liquid phase. It has
been demonstrated that pressure affects the properties of
rocks.?#* When the temperature was constant and the
confining pressure increased, V,/V, decreased, especially
for heavy oil in the fluid phase, indicating that the samples
became stiffer at higher pressure. For Samples 3, 4, and 5,
which have larger porosities, soft cracks are more easily
closed under pressure.* As a result, the velocities increase
significantly.

We used dry Sample 3 as an example in Figure 6 to show
velocities as a function of pressure with an exponential law
of the Shapiro type® at room temperature (Figure 6A).
Subsequently, fluid substitution was performed with heavy
oil using the EG equation, and the results were compared
with experimental data (Figure 6B). From the figure, it is
evident that the increase in the velocity of the dry samples
with pressure reflects the closure of cracks and pores
within the rock. As pressure increased, the rocK’s elastic
moduli increased, resulting in higher wave velocities.
Furthermore, pressure has an effect on the velocities of wet
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A 35 35
—500 psi
- — 600 psi
34 700 psi
-—-800 psi
—=—900 psi
33 = 1,000 psi
--0--1,100 psi
» ——500 psi
2 32 -~ 600 psi
> 700 psi
..-800 psi
34 -o--900 psi
©-1,000 psi
3 -o- 1,100 psi
29 3
10 20 30 40 50 60 10 20 30 40 50 60
Temperature (C) Temperature (C)
C 3.2
3
28 i’ ~ = 600 psi
P //, 700 psi
iy V4 800 psi
2.6 Y -o-900 psi
K +-1,000 psi
& -0 1,100 psi
24t 4
2.2
10 20 30 40 50 60

Temperature (C)

Figure 5. V,/V as a function of temperature with different confining pressures in (A) Sample 3, (B) Sample 4, and (C) Sample 5. Data from Li et al.*!

samples. We considered Equation (IX) to calculate TDFs
of Samples 3, 4, and 5 to analyze the effect of confining
pressure on TDE As seen in Figure 7, TDF tended to
decrease as the confining pressure increased. This is due to
the fact that the velocities increase with pressure. Moduli
of rock increase under higher pressures, and the rock
becomes a stiffer medium, making it less prone to damage
at the same temperature.

4. Thermal damage factors of dry and
heavy oil rocks

Sample 6 (in Table 1) tested in Han et al.** was selected
for analysis. The pore fluid was heavy oil characterized
by 9.2° API density and a liquid point of approximately
60°C. During the test, the pore pressure was maintained
at 2.4 MPa. The oil sand Sample 7, reported by Li et al.,*
was also considered. The sample was composed of silt-size
grains, which mainly consist of quartz, with minor amounts
of clay, feldspar, and plagioclase. The pore fluid is heavy oil
with a 6.9° API density and 49°C liquid point. During the
experiment, the pore pressure was set to 3.5 MPa.

4.1. Estimation of the thermal damage factor of
heavy oil-saturated rocks

Temperature-dependent velocities of dry and oil-saturated
samples for Samples 6 and 7 are shown in Figure 8. The

velocities of the wet samples were significantly higher than
those of the dry ones. When the liquid point was exceeded,
the P-wave velocity gradually decreased, while the S-wave
velocity remained constant, indicating that the heavy oil
exists in a fluid state and that the rock velocity is mainly
affected by the frame, crack, and fluid bulk modulus and
density.>*

Figure 9 shows the TDFs of dry and oil-sand samples. As
can be seen, the trends were similar to those in Figure 4. The
thermal damage in oil sands under varying temperatures
was more pronounced than in the dry samples, suggesting
that the transition of heavy oil to a fluid state reduces rock
stiffness and increases damage as temperature rises.*

By assuming that TDFs of the dry rocks were known
(Samples 6 and 7), fluid substitution was carried out by
combining the EG and Maxwell models to estimate TDFs
of the wet rocks. The resulting data were compared with the
actual results. Figure 10 shows that the model results are
in good agreement with the experimental data, validating
that the proposed method can effectively account for TDFs
of oil sands with respect to temperature.

Then, we considered Sample 7 to analyze the dependence
of the dry- and wet-rock moduli with respect to temperature
(Figure 11). As can be seen, the wet-rock bulk modulus
exhibited a more pronounced variation. Meanwhile, with
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increasing temperature, the wet-rock shear modulus
approached that of the dry samples, as expected.

4.2, Thermal damage factor threshold

Han et al.** proposed a fluid viscosity threshold, specifically
the liquid point, to explain the non-linear velocity

A 1,400

1,200
= O Measured S
= ——Predicted S

1,000
E (©) O Measured P
2 —Predicted P
7}

o (@)
> 800
>
600
400 —C : - :
0 2 4 6 8
Confining pressure (MPa)
B T : .

2,500 1
_ o o 0O o 00O O g
»
£ 2,000}
2> —EG predict-P
] —EG predict-S
E 1,500 O Measured S

O Measured P
1,000
W

1 2 3 4 5 6 7
Confining pressure (MPa)

Figure 6. Predicted and measured velocities of (A) dry and (B) wet
Sample 3 as a function of confining pressures at room temperature. Data
from Li et al.!

Abbreviation: EG: Extended Gassmann.

behaviors of P- and S-waves. The normalized temperature
is defined as:
LT, -T

n Tw _;1—'g

(XXV)

where T refers to the temperature when the viscosity
of fluid is equivalent to the viscosity of water, which is
1 cP; and T, denotes the fluid glass point, defined as the
temperature at which the viscosity reaches 10* cP.

Figure 12 illustrates the relationship between TDFs and
normalized temperature for Samples 6 and 7. The liquid
pointscorrespondedto T =0.86and 0.77 in Figure 12A and B,
respectively, indicating the threshold between the linear and
non-linear behaviors of TDE These findings show that the
viscosities of different fluids have varying effects on the
TDFs of oil sands, whereas the porosity of rock samples has
no evident influence on this threshold.

5. Discussion

In this study, the thermal response of elastic wave
velocities in oil sands reflects the coupled effects among
mineral grains, pore fluids, and cracks with temperature
variations. As shown in Figure 8 for Samples 6 and 7,
both P- and S-wave velocities exhibited varying degrees
of reduction with increasing temperature, indicating
that as the temperature increases, the fluid properties,
microstructure, and mechanical characteristics of oil sands
undergo significant changes. The estimated TDF model
was established based on wave velocity variations, the
generalized Gassmann equations, and the Maxwell model.
It effectively characterizes these thermally induced effects
and provides a quantitative description of the initial stage
of thermal damage.

Within the temperature range below the liquid point
(approximately below 60°C for Sample 6 and 49°C
for Sample 7), both P- and S-wave velocities showed a
rapid and slightly non-linear decrease with increasing

A 0.6 B ) c T
0.8 HM1100psi
il [ 1.000 psi
0.5 0.7 | Eo00psi
= mr [El800 psi
0.6 [ J7o0psi
04 [ lsoopsi
0.5
wo w =
Go3 g 2o.4
0.2 0.3
0.2
0.2
0.1
0.1 0.1
0 —— 0 0 —
40 60 25 40 60 25 40 60

Temperature (C)

Temperature (C)

Temperature (C)

Figure 7. Thermal damage factors (TDFs) of (A) Sample 3, (B) Sample 4, and (C) Sample 5 at different confining pressures as a function of temperature
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Figure 8. The velocities of dry and heavy oil samples of (A) Sample 6 and
(B) Sample 7 as a function of temperature. Data of Sample 6 from Han
et al.” under the confining pressure of 8 MPa, and Data of Sample 7 from
Li et al.** under the confining pressure of 7 MPa.

temperature. This stage mainly reflects the softening and
partial flow of heavy oil, as well as the thermal expansion
effect of pore fluids. At room temperature, heavy oil acts
as a viscoelastic medium, providing bonding and support
for mineral grains. As the temperature rises, its viscosity
decreases significantly, weakening the contact stiffness
and cementation strength between grains.” This causes a
decrease in the rock’s bulk modulus and shear modulus,
leading to a reduction in the velocities of P-waves and
S-waves. The heavy oil undergoes a continuous transition
from a viscoelastic solid to a fluid. As the temperature
increases, the relaxation time of heavy oil shortens
significantly,”> and its stress-bearing capacity at grain
contacts weakens, leading to a gradual non-linear trend in
the TDF-temperature relationship (Figures 9 and 10).

At higher temperature stages (approximately 160°C),
the decreasing trend of P- and S-wave velocities became
nearly linear. The decreasing rate of S-wave velocity was
significantly lower than that in the low-temperature stage,
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Figure 9. Thermal damage factors (TDFs) of (A) Sample 6 and (B) Sample

7 as a function of temperature under the confining pressures of 8 MPa and

7 MPa, respectively. Data of Sample 6 from Han et al.” and data of Sample
7 from Li et al.*
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Figure 10. Predicted and measured results of thermal damage factors
(TDFs) of oil sands as a function of temperature for (A) Sample 6 and (B)
Sample 7 under the confining pressures of 8 MPa and 7 MPa, respectively.
Data of Sample 6 from Han et al.*® and data of Sample 7 from Li et al.*®
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Figure 12. Thermal damage factors (TDFs) for (A) Sample 6 and
(B) Sample 7 as a function of the normalized temperature (T ) under the
confining pressure of 8 MPa and 7 MPa, respectively

indicating a notable reduction in the sensitivity of shear
stiffness to temperature. From the comparison results
of P-waves and S-waves, it can be observed that with

increasing temperature, the shear modulus tended to
stabilize, whereas the bulk modulus continued to decline
(Figure 11). This stage corresponds to the complete
transformation of heavy oil into a fluid phase that fills
the pore-crack space. The thermal expansion mismatch
among mineral components generates localized thermal
stresses, promoting the initiation and propagation of
microcracks.* The effect of increasing temperature on
S-wave propagation is limited; as a result, the decreasing
trend of S-wave velocity slows down, while P-wave velocity
becomes more sensitive to temperature.

The TDFs calculated from the proposed model further
illustrate the characteristics of this fluid-dominated stage.
When the temperature exceeds the liquid point, the
TDF-temperature relationship gradually shows a linear
trend (Figures 9 and 10). The fitted results of the proposed
model are generally consistent with the trend of TDFs
calculated from experimental wave velocities, indicating
that the model can effectively capture the thermally
induced stiffness evolution of heavy oil sands in both
quasi-solid and fluid states. Within the temperature range
of this study, the TDF can serve as a quantitative indicator
to describe the thermal weakening of elastic moduli.

Overall, the results indicate that even below the
mineral decomposition threshold, elastic wave velocity
variations remain a sensitive indicator of thermally
induced mechanical changes in oil sands. The proposed
model provides an effective quantitative framework to
characterize these changes and offers valuable theoretical
insights into the elastic wave propagation behavior of
oil sands under thermal recovery or thermal simulation
conditions. Future research may extend the investigation
to higher temperature ranges and real reservoir monitoring
environments to further validate and refine the proposed
model.

6. Conclusion

The physical properties of heavy oil-bearing rocks are
affected by temperature, as the pore filling is solid at low
temperatures and fluid at higher temperatures under certain
conditions. Two definitions of TDE, derived from different
wave-velocity formulations, were compared in this study.
We also considered the variations of TDFs with respect
to varying confining pressure. The theoretical model was
established based on the generalized Gassmann equations
for a solid pore filling with the viscoelastic Maxwell model,
which describes the temperature-dependent properties of
heavy oil. For both dry and wet rocks, the model effectively
describes their TDFs as a function of temperature and
agrees with laboratory measurements on oil sands. The
findings of this study may help clarify the thermal damage
behaviors of oil sands and contribute to optimizing
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heavy-oil thermal recovery by improving the accuracy
of reservoir prediction and evaluation. The proposed
model further supports thermal-recovery monitoring and
oil-sand numerical simulation by linking temperature-
dependent velocity variations to underlying viscoelastic
and thermal damage mechanisms, enhancing its scientific
and engineering practicality.
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