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ABSTRACT ARTICLE HISTORY
Knowledge of how temperature affects the oil-sand acoustic response is Received 1 May 2023
useful to exploit these reservoir rocks with seismic methods. We propose Accepted 13 August 2023
three models: double-porosity coherent potential approximation (CPA),
lower-bound Hashin-Shtrikmann (HS’), and contact cement (CC), based on
different spatial distributions of heavy oil and temperature and frequency- / AN

o - X physics models; spatial
dependent empirical equations. The shear modulus and S-wave velocity distribution; temperature;
are affected by temperature in all the cases. Moreover, the properties of oil wave response
sands with heavy oil as a continuous matrix and higher viscosity are more
sensitive to temperature. The models can provide theoretical support for
the establishment of rock physical models in heavy oil reservoirs so as to
quantitatively characterize the seismic response changes caused by thermal
mining.
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1. Introduction

Unconventional hydrocarbon resources are gradually becoming the focus of petroleum
exploration and production. Particularly, heavy oil sand is a specific type of resource with huge
reserves and understanding the acoustic properties is useful to improve its seismic detection. The
high viscosity of heavy oil leads to different properties compared to those of conventional
sandstone reservoirs, and specific models are required to describe the wave response.

Heavy oil behaves as a solid at low temperatures, but melts with increasing temperature, thus,
decreasing the shear modulus of the sand [1]. The laboratory measurements can provide reliable
data for a better quantitative interpretation of the elastic properties of heavy oil-saturated rocks
[2-6]. To understand these properties on the basis of measured data, appropriate rock physical
models are required [7-13]. Wolf et al. [14] used a Maxwell viscoelastic model [15] to describe
the wave attenuation of bitumen-saturated sands. Ciz and Shapiro [16] proposed an extended
Gassmann (EG) model [17], and estimated the temperature dependence of the elastic moduli.
This model reduces to the classical Gassmann equation [18], for a pore fluid. Kato and Han [19]
established an empirical model based on ultrasonic velocity measurements and Gassmann equa-
tion. Gurevich et al. [8] adopted the coherent potential approximation method (CPA) to analyze
the effects of fluid viscosity and temperature on elastic waves in saturated rocks. Heavy oil can be
considered as a viscoelastic medium. Das and Batzle [20] combined the self-consistent approxi-
mation [21] with the differential effective medium theory [22-24]. Qi et al. [25] developed a dou-
ble-porosity CPA model, which considers a temperature-dependent oil viscosity and a
microscopic pore structure.
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Heavy oil behaves as a solid when the temperature is below the liquid point, and the rock elas-
tic properties are mainly affected by the distribution of the oil [9]. This distribution can be div-
ided into three types [7, 9]. At high temperatures heavy oil is a fluid and the distribution has no
effect [9]. However, at low temperatures, there is an effect on the elastic properties. Leurer and
Dvorkin [26] used the Hertz-Mindlin grain contact model [27] and viscoelasticity. Batzle et al.
[28, 29] showed that heavy oil may cement the sand grains [9, 30]. Guo and Han [7] proposed
three types infill distributions.

Figure 1. Distributions of heavy oil in sands (a) as a pore infill; (b) as a continuous matrix; (c) cementing the sand grains. The
brown, black, and blue colors represent grains, heavy oil, and water, respectively.
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Here, we consider the CPA, Hashin-Shtrikman lower bound (HS"), and contact cement model
(CC) [21, 30, 31] to analyze the effects of oil distribution on the temperature-dependent physical
properties, where this distribution is estimated from ultrasonic data.

2. Theoretical models
2.1. Model |

In this case, heavy oil is the pore infill (see Figure la), but conventional models based on the
Gassmann and Biot equations cannot be used [8, 18, 32, 33]. Heavy oil exhibits Newtonian fluid
properties at high temperatures and behaves as a quasi-solid at room temperature. We adopt a
temperature-dependent double-porosity CPA model [25]. When the fluid concentration is low,
the solid-fluid mixture is treated as a solid with a specific shape of fluid the inclusions. When the
solid content is low, we assume a suspension of grains in a high-viscosity fluid [8, 12, 21]. The
equations are

¢1(Kf_K)Pfl+¢2(Kf_K)Pf2+(l_¢)(Ks—K)PS:0’ (1)
$1(Gr — G)Q + ¢,(Gr — G)Q* + )(G: — G)Q° =0, (2)

where K and G are the bulk and shear moduli of the rock, respectively, sub-indices “s” and “f”
refer to the grains and pore infill, P and Q are shape factors [21, 34], ¢, is the stiff porosity, ¢,
is the crack/soft porosity, and ¢ = ¢, + ¢, is the total porosity. The crack porosity is obtained
with the method proposed by David and Zimmerman [35],
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Figure 2. Workflow of the temperature-dependent models of oil sands.
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47, B
$,(T.p) = —3p ) (3)
where f8 is crack density, p is effective pressure, and , is the crack aspect ratio.
The Maxwell model [14, 36, 37] describes the infill shear modulus,
TG
GH(T)=——, 4
1) = o1 )

where G, is the modulus at high frequencies, ® is the angular frequency, i =+/—1, and 7=
7(T)/Goo is a relaxation time, with #(T) the viscosity as a function of temperature.
Equations (3) and (4) are substituted into Egs. (1) and (2), and the effective bulk modulus
K,+1(T) and shear modulus G, (T) of Model I can be obtained by iterations. The result is
S K P + KP4+ (1= §)KP,
KnJrl(T) = Pfl sz
4)1 n +¢2 n +(1_¢)Pf’l

_HGQA + HGA+ (1-9)GQ,
¢1Q/;1 + ¢2Q:tz +(1-9)Q;,

The iterative process requires the initial K; and G;, which can be computed by using the
Voigt-Reuss-Hill (V-R-H) average [38-41].

(5)

Gn+1 (T) (6)
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Figure 3. Shear modulus of heavy oil (APl = 6.6°) as a function of temperature (a) and frequency (b).
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Then, the P- and S- wave velocities are

K1 (T) + 4G4 (T
VP(n+1):\/ i )+pG (D/f3, (7)
G (T
Vs(,,+1> - +;( )) (8)

where p is the bulk density.

2.2. Model Il

In this case, we have a continuous soft matrix and the sand grains are inclusions (see Figure 1b).
When inclusions are harder than the matrix, moderate deviations from sphericity do not have a
large effect on the factors of P and Q [42]. If several components of the rock are very different
from each other (e.g., minerals and pore fluids), the upper and lower bounds are quite separate.
The HS equations can well describe the moduli in the case of suspended grains in the pore fluid
[43]. Thus, the HS™ equations apply [9, 31, 44]

(@) 40

Bulk modulus (GPa
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=N
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0 0.1 0.2 0.3
Porosity
Figure 4. Bulk (a) and shear (b) moduli of Model | as a function of porosity.
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K(T) = Ky(T)+

(1-9) ,
(K = Kp(1) ™"+ ¢ (Ky(T) + 4Gy (T)/3)
- (1-¢)
G(T) = Gf(T) + ) 26K (T)+2G/(T))

(G=Gi (1)) " 5G/(T) (K (T)+4Gy(T)/3)

)

(10)

Substituting Eq. (4) into Egs. (9) and (10), we obtain the effective moduli. If the pores contain
water, these moduli are taken as the solid moduli of Egs. (1) and (2). Then, the effective moduli
can be obtained by iterations.

2.3. Model I

Heavy oil acts as cement at grain contacts (see Figure 1c). Guo and Han [7] obtained the effective
moduli with a modified CC model proposed by Han et al. [45, 46]. Incorporating the effects of
temperature and frequency, an extended CC model is derived as [30, 45, 46],

G =) m(1 = ¢y
o 1-2yy 3(1+e)
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Figure 5. Bulk (a) and shear (b) moduli of Model | as a function of frequency.

(11)
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3 3GHT)m(1 — )
G=gk+ 20(1 +e)

St (12)

where m is the coordination number, ¢, is the critical porosity, e is the contact thickness, which
is the ratio of the minimal half distance between two adjacent grains to the radius of the grains,
v is Poisson’s ratio of heavy oil, and Gs(T) is the shear modulus of heavy oil, dependent of tem-
perature and frequency as shown in Eq. (4), S, and S; are normal and tangential contact stift-
nesses, respectively, which depend on the total amount of cement, contact thickness, and
properties of the heavy oil cementation. The total amount of cement is quantitatively described
by the cementation radius r [45, 46],

_ 4(do — ¢)

r=| —2e+2 e2+3m(f_¢0) , (13)
(2o — P\
r(aao— %)) | (4

Equation (13) describes the distribution of heavy-oil cement at grain contacts, and Eq. (14)
corresponds to a uniform distribution on the grain surface.
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Figure 6. Bulk (a) and shear (b) moduli of Model Il as a function of porosity.
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Figure 2 shows the rock-physics modeling workflow.

3. Example

We consider pure-quartz oil sand with K; =37 GPa, G, =44 GPa, grain density p, = 2660
kg/m®, a porosity of 35%, the pore infill is heavy oil (API = 6.6°) according to Li et al. [47], the
viscosity decreases with temperature and the fluid (liquid) point is 48.7°C. Figure 3 shows the
shear modulus of heavy oil with the viscoelastic Maxwell model. The infinite shear modulus (G)
decreases linearly with temperature and can be obtained by a linear regression fitting of the ultra-
sonic shear modulus [47]. As temperature increases and exceeds the liquid point, heavy oil
becomes a fluid. At ultrasonic frequencies, its shear modulus approaches zero at approximately
48.7°C and the viscosity is 1000 cP [25, 47].

3.1. Model |

Figure 4 shows the bulk and shear moduli as a function of porosity at different temperatures and
at the ultrasonic frequency range. The moduli decrease with increasing porosity and slightly with
increasing temperature.
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Figure 7. Bulk (a) and shear (b) moduli of Model Il as a function of frequency.
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The behavior as a function of frequency at different temperatures is shown in Figure 5, where
we observe the lack of dispersion at high temperatures (fluid phase) and that the effects are
noticeable at high frequencies.

3.2. Model Il

Figures 6 and 7 show the moduli as a function of porosity and frequency, respectively for differ-
ent temperatures, where we can see that the shear modulus is more affected and it is almost zero
at high temperatures (fluid phase). As above, the dispersion effects are important at high
frequencies.

3.3. Model Il

In this case, heavy oil cements the grains. The contact thickness is assumed to be 0.001. Figures 8
and 9 show the moduli as a function of porosity and frequency, respectively for different temper-
atures. The behavior of these curves is qualitatively similar to those of the other two models, with
no dispersion at high temperatures.
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Figure 8. Bulk (a) and shear (b) moduli of Model Ill as a function of porosity.
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Figure 10 shows the bulk and shear moduli of Model III as a function of temperature and con-
tact thicknesses. The moduli decrease when both quantities increase.

3.4. Wave velocities

We substitute the effective moduli into Egs. (7) and (8) to obtain the corresponding P- and S-
wave velocities for the three models for two temperatures (Figure 11). For all the three types, the
wave velocities are influenced by temperature variation. When temperature increases from 0 to
40°C, the P- and S-wave velocities of Model I decrease by 6.69% and 8.06%, those of Model II
by 32.75% and 85.10%, and those of Model III decrease by 23.88% and 26.82%, respectively.
When heavy oil is at a quasi-solid state, the S-wave velocity is more sensitive to temperature, due
to the contribution of the shear modulus. Furthermore, if heavy oil is the matrix, the wave
responses are dominated by the oil, followed by the case of cement, where we assume a stronger
cementation, which may improve the stiffnesses of the rock and its mechanical stability.
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Figure 9. Bulk (a) and shear (b) moduli of Model Il as a function of frequency.
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4. Comparison with experimental data
4.1. Oil-sand samples

Experimental data of an oil-sand sample reported by Li et al. [47] and two oil sand samples
reported by Yuan et al. [6] are considered in a comparative analysis with the model results. The
main mineral components of sample 1 include quartz and clay, where pore infill is heavy oil with
an API density of 6.6° and a liquid point of 48.7°C. The frequency is 1 MHz and the pore pres-
sure was set to 0 psi. The mineral of the other samples (2 and 3) is quartz, where the pore infill
is heavy oil with an API density of 7.5°and a liquid point of 50 °C. The pore pressure is 334 psi.
The specific properties of the samples are given in Table 1.

4.2. Estimating the distribution of heavy oil in sands

We consider the three models and the results are compared to the measured data.

4.2.1. Sample 1
Figure 12 shows the results for sample 1, where we can see that those of Model I are consistent
with the experimental P- and S-wave velocities, indicating that this temperature-dependent model

Temperature (C)

—e=0

10}

Shear modulus (GP

N R OO @

20 40 60
Temperature ('C)

o

Figure 10. Bulk (a) and shear (b) moduli of Model Il as a function of temperature and different contact thicknesses.
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can quantitatively describe the wave response. The P-wave results of Model III are consistent
with the data, but the S-wave is not. This model is based on heavy oil as cement, with e=10.001.
The normal and tangential contact stiffnesses are assumed constants in theory, but they may vary
with temperature in actual experiments. Conversely, the results of Model II are the lowest ones.
We conclude that Model I is the best.

4.2.2, Samples 2 and 3

Figure 13 shows the results for samples 2 and 3, where Model III better describes the data, i.e.,
there is cementation by the pore infill. The predicted results of Models I and II deviate from the
experimental data. Figure 14 shows the velocity variation rates of samples 1 and 2 when the tem-
perature increases from 12°C to 60 °C. That of sample 1 is higher, because the viscosity of heavy
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o c
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Figure 11. P-wave (a) and S-wave (b) velocities with respect to temperature for the three models.

Table 1. Physical properties of oil sands.

Density Grain density Mineral bulk Mineral shear
Rock type (kg/m3) Porosity (%) (kg/m3) modulus (GPa) modulus (GPa)
1 1970 42 2660 214 24.1
2 1980.88 41 2650 36 44

3 2029.84 38 2650 36 44
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Figure 14. Velocity variation rate of samples 1 and 2 when the temperature increases from 12°C to 60 °C.

oil in sample 1 is higher. The heavy oil in sample 1 is affected by temperature as a pore infill,
while in sample 2 as a cement.

5. Conclusions

We analyze the temperature dependence of the P- and S-wave velocities (and moduli) of oil sand
based on the different distribution and state of heavy oil. If heavy oil is a pore infill, the theory is
based on the CPA (coherent potential approximation), double-porosity, Maxwell, and David-
Zimmerman models. If the heavy oil is a continuous matrix, we use the Maxwell and HS
(Hashin-Shtrikmann lower bound) equations. A third model considers oil as cement, and the
wave response is described by a temperature-dependent CC (contact cement) theory combined
with the Maxwell model. The results show that no matter how the heavy oil is distributed in the
sand, the S-wave velocity is more sensitive to temperature variations. For all the models, the
velocities decrease with porosity and temperature and the velocity dispersion is important at high
frequencies and negligible at high temperatures. A comparison with experimental data may be
used to estimate the heavy oil distribution, as pore infill, as skeleton (matrix) or as cement. It is
showed that when the medium contains different distributions of heavy oil, the wave responses
show different sensitivities to temperature. The three models may be used to infer characteristics
about the microstructure of the oil sand.
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