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Dispersion and attenuation of
compressional waves in tight oil reservoirs:
Experiments and simulations*

Ma Ru-Peng’, Ba Jing*', Carcione José Maria'?, Zhou Xin', and Li Fan'

Abstract: We performed ultrasonic experiments in specimens from a tight oil reservoir. The
P-wave attenuation of fluid-saturated specimens was estimated by the spectral ratio method.
The results suggest that at ultrasonic frequencies, most specimens have stronger attenuation
under gas-saturated conditions than at water- or oil-saturated conditions. The P-wave
attenuation positively correlates with permeability. Scanning electron microscopy observations
and the triple-porosity structure model were used to simulate the wave propagation. The
P-wave velocity dispersion and attenuation are discussed on the basis of the Biot, Biot—
Rayleigh double-porosity medium, and the triple-porosity structure models. The results
suggest that the Biot and Biot—Rayleigh models cannot explain the attenuation, whereas the
triple-porosity structure model is in agreement with the experimental data. Furthermore, we
infer that microcracks are common in a porosity of 5%—10%, and the size of microcracks
increases in samples with higher porosity. However, the volume ratios of microcracks and
clay inclusions remain constant regardless of porosity variations. The size of microcracks is
significantly larger than the clay inclusions, and the bulk modulus of microcracks is lower than
the bulk modulus of clays.

Keywords: porosity, Biot, Rayleigh, wave, dispersion, attenuation

Introduction heterogeneity. Previous studies have shown that the
existence of fabric heterogeneities and pore fluids in
conventional carbonate rocks and sandstones can lead

Tight oil reservoirs are important unconventional to velocity dispersion and energy attenuation of elastic
oil and gas resources characterized by low porosity, waves in porous media (Pride et al., 2004; Spencer
low permeability, complex pore structure, and strong and Shine, 2016). Tight oil reservoirs mainly comprise
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sandstones, siltstones, and carbonate rocks with silt or
clay components. Compared with conventional reservoir
rocks, the diameters of pore throats in tight oil reservoirs
are smaller, the porosity and permeability are lower, and
the clay content is higher. To date, there are only a few
studies on the elastic wave characteristics of such rocks.
Thus, the influence of pore structure and fluid properties
on seismic wave attenuation and dispersion remains poorly
understood. The relation between seismic waves and
reservoir parameters and that between elastic parameters
and attenuation could provide the basis for better resources
prediction and fluid detection in tight oil reservoirs.

Fluids in porous media are generally considered
responsible for P-wave velocity dispersion and energy
attenuation (Johnston et al., 1979; Winkler, 1985;
Sams et al., 1997). Owing to fabric heterogeneities and
heterogeneous distribution of fluids in rocks, pressure
gradients are generated in pore fluids when elastic waves
pass through the rocks, resulting in wave-induced local
fluid flow. Berryman and Milton (1991) generalized
the Gassmann equation for describing the uniform pore
structure in composite porous media with double-porosity
structure. Pride and Berryman (2003a, 2003b) considered
the local fluid flow induced by rock heterogeneities in the
dynamic equations and developed a wave propagation
model for double-porosity media. Sayar et al. (2017)
derived an effective medium model for describing four
dissipative mechanisms based on self-consistent theory.
Marin-Moreno et al. (2017) presented a theoretical model
of complex porous media with hydrates and analyzed the
P-wave attenuation caused by local fluid flow between
hydrates and pores and between pores with different
aspect ratios. Ba et al. (2016) used the double-porosity
structure model to describe the wave response in tight
oil reservoirs with submicroscopic pore structure and the
velocity dispersion observed in ultrasonic experiments.
The abovementioned models are all based on certain
assumptions. To investigate the wave responses of different
types of reservoirs, it is necessary to establish appropriate
rock physics models based on the corresponding reservoir
characteristics.

Experiments have been conducted on different types of
rocks under different experimental conditions to study the
relation between elastic wave attenuation and rock physics
parameters, such as porosity, permeability, and saturation
(Adam et al., 2009; Chapman et al., 2016). Winkler and
Nur (1979) considered that attenuation is more sensitive
to fluid saturation than wave velocity in the Massillon
sandstone. Toksoz et al. (1979) measured P- and S-wave
attenuation in dry, fluid-saturated, and frozen sandstones
and limestones by ultrasonic experiments. Johnston and
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Toks6z (1980) conducted an experimental study of
12 limestones, sandstones, and oil shales. Generally,
it is believed that the attenuation in water-saturated
rocks is stronger than that in dry rocks in ultrasonic
frequencies. Experimental studies with wet granite
and mudstone at sonic frequencies have also shown
that the attenuation in the water-saturated state
is stronger than in the dry state (Oh et al., 2011).
Agersborg et al. (2008) studied the variation of
P-wave attenuation in carbonate rocks saturated
with different fluids at ultrasonic frequencies. The
results suggest that the attenuation in gas-saturated
rocks is less than that in water-saturated and oil-
saturated rocks. The attenuation of elastic waves in
conventional sandstones and carbonate rocks has
been studied (Best and Sams, 1997; He et al., 2010;
Kuteynikova et al., 2014; Borgomano et al., 2017).
However, almost no experimental data on tight oil
reservoirs with smaller grain size, lower permeability,
and greater heterogeneity are available.

In this study, we selected rock samples from
the Qingshankou Formation in Daqing. Ultrasonic
experiments were performed to assess the P-wave
attenuation and the effects of basic physical
parameters on velocity and attenuation The triple-
porosity structure model was used to simulate the
effect of fabric heterogeneity and fluid properties on
velocity dispersion and energy attenuation, and the
experimental data were modeled to determine the
correlations between P-wave velocity, attenuation,
and heterogeneity.

Experiments

Tight oil reservoirs

The Qingshankou Formation, Songliao Basin,
Gulong is mainly composed of coastal, shallow, and
deep lacustrine sediments. The formation is divided
into three subsections, Qingshankou 1, 2, and 3.
High-quality source rocks in section Qingshankou
2 have wide and continuous distribution (Yang et
al., 2017; Huang et al., 2017). The source rocks are
siltstones and mudstones. The thickness of the source
rocks is 70—-110 m, the porosity is 4-12%, and the
permeability is typically 0.01-0.5 mD, which makes
them poor reservoirs. Residual intergranular pores are
dominant; furthermore, microfractures and dissolved
pores are present. Pore diameter is generally between
5 and 100 pm. Drilling and logging data suggest
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that lithology and physical properties greatly affect the
distribution of oil; siltstone is generally oil-bearing in
this area, whereas the oil-bearing capability of muddy
siltstones and silty mudstones is lower, and the better the
reservoir physical properties, the better the oil-bearing
properties (Shi et al., 2015).

Samples were taken from the Qingshankou 2 section
from a depth of 2200 m at 80 °C and the pore pressure
between 22 and 30 MPa. Twelve rock samples of
siltstones, muddy siltstones, and silty mudstones were

used in this study. The rock physics parameters are listed
in Table 1. On the basis of scanning electron microscopy
(SEM) data, the samples are characterized by grain-
supported structure. Detrital grains account for 80-90%
of the total volume based on X-ray diffraction data;
quartz content is 24—44%; plagioclase and potassium
feldspar make up 34-60%; clay minerals, mainly illite,
make up 2-12.5%. Figure 1 shows SEM photographs of
sample K at different magnifications. Clearly, the pore
connectivity is poor.

Table 1. Physical parameters of samples

Sample Lithology Porosity Permeability Dry density Clay content
(o) (mD) (g/em’) (%)
A Muddy Siltstone 2.88 0.0045 2.61 2.8
B Muddy Siltstone 4.6 0.38 2.56 8.2
C Siltstone 5.2 0.019 2.58 1.9
D Silty Mudstone 5.56 0.011 2.53 12.5
E Siltstone 5.6 0.017 2.52 24
F Siltstone 5.79 0.035 241 39
G Siltstone 5.8 0.02 2.55 3
H Siltstone 6.45 0.097 2.38 5.5
I Siltstone 10.87 0.39 2.29 5.5
J Muddy Siltstone 12.75 0.17 23 4.4
K Siltstone 13.09 0.08 2.28 5.5
L Siltstone 13.97 0.084 2.26 5.5

Fig. 1 SEM photographs of sample K at different
magnifications: (a) closely arranged grains; (b) view
of the rock surface, with intergranular pores; (c)
grain contacts and microcracks; and (d) intergranular
pores filled with illite (mud).

In tight oil reservoirs, the grain surfaces and pores are
coated and filled by clay minerals (mud). The porosity
is typically low. There are also grain contacts and
grain dissolution cracks. Ba et al. (2016) proposed the

double-porosity structure model in which clay minerals
in intergranular pores are regarded as inclusions. In
this study, we consider the skeleton with intergranular
pores as the host skeleton, and the grain contact and
microcracks and clay minerals as two different types of
inclusions. The structure of tight oil reservoirs can be
described by the triple-porosity medium model, as shown
in Figure 2a. Thus, the rock matrix can be regarded as
a complex combination of three homogeneous skeleton
components, i.e., intergranular pores, microcracks, and
clay minerals. The triple-porosity structure is shown in
Figure 2b.

Data

The rock samples were cut into cylinders, 25 mm
in diameter and 50-56 mm in length. The reference
aluminum blocks were of the same shape and size. The
rock samples were saturated with water, oil (kerosene),
and gas (nitrogen) and the wave propagation velocities
were measured at 80 °C, confining pressure of 50 MPa,
and pore pressure of 25 MPa, i.e., the in situ conditions.
The pulse frequency was approximately 1 MHz. The gas-
saturated samples were first dried in an oven and then
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sealed with a rubber jacket in a high-pressure vessel.
The confining pressure was increased to 50 MPa, and the
pore pressure was set at 25 MPa by injecting nitrogen.
We maintained the temperature at 80 °C for half an hour
by heating the fluid in the vessel. Finally, the waveforms
through the rock specimens were recorded. In the water-
saturated and oil-saturated experimental measurements,

the specimens were saturated with water and oil by
depressurizing. The specimens were sealed and placed
in a high-pressure vessel. The confining pressure was
maintained at 50 MPa. Water or oil was injected to
increase the pore pressure to 25 MPa, and then the
specimens were heated at 80 °C for half an hour during
the experiments.

(b)

vy, 9,

Fig. 2 Triple-porosity structure: (a) triple-porosity medium model with
two kinds of inclusions and (b) volume ratio and absolute porosity of
microcracks (v1 and ¢1), host skeleton (v2 and ¢2), and clay inclusions (v3
and ¢3), where v1 +v2 +v3 =1 and @1 + @2 + @3 is the total porosity.

The P-wave velocity in sample K for different fluids
and the reference aluminum rod are shown in Figure 3a.
The P-wave attenuation is estimated by the spectral ratio
method (Guo et al., 2009, Figure 3) as follows:

where fis the frequency and 4, (f) and A4, (f) are the
P-wave spectra in the rock and aluminum cylinders,
respectively; the quality factors of the rock specimens
and aluminum rod are Q; and Q,; the P-wave velocities
of the sample and aluminum rod are ¥, and V5; x is

ln(Al (f )J =( = )f +1nm, (1) the travel path of the waves in the rock specimens and
4(f) oy, oh G, (x) aluminum rod; G(x) is a geometric factor related to the
shape and size of the rock specimens.
(@) (b (©
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Fig. 3 Spectral ratio method of estimating P-wave attenuation in sample K: (a) P-waveforms through the reference
(aluminum) and rock cylinders saturated with gas, oil, and water from top to bottom, the selected P-wave time window
is between the red bars; (b) spectra calculation by the Fourier transform, the diagram shows the P-wave spectra of the
aluminum and water-saturated specimen; and (c) logarithmic spectral ratios for estimating the quality factor Q.

To estimate the P-wave attenuation by the spectral
ratio method, we first select the appropriate time window
for the P-waveforms in the specimens and aluminum
rod. The selected time window is four periods after the
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first arrival of the P-waves (Figure 3a). Then, the spectra
of the corresponding waveforms are obtained using
the fast Fourier transform and select the appropriate
main frequency band (Figure 3b). assuming constant
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attenuation in the ultrasonic frequency band, the
logarithmic spectral ratio of the selected frequency band
should have good linear relation. We finally calculate
the spectral ratio in the rock specimens and reference
aluminum rod using least squares to fit the spectral
ratio of the main frequency band and obtain the line
slope (Figure 3c). Equation (1) is used to obtain the
corresponding Q! at each frequency within the main
frequency band.

Data analysis

The wave velocities and attenuation in gas-, water-,
and oil-saturated specimens are calculated and then
assessed. Figures 4a and 4b show that when the porosity
increases from 2% to 14%, the P-wave velocities in the
gas-saturated rocks decrease from 5095 to 3971 m/s, and
the P-wave velocity differences between water- and gas-
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saturated specimens increase from 58 to 254 m/s. The
S-wave velocity in the gas-saturated rock specimens
decreases from 2763 to 2265 m/s, and the S-wave
velocity difference between water- and gas-saturated
specimens increase from 16 to 38 m/s. The results
suggest that the fluid type in the pores affects the P-wave
velocity more than the S-wave velocity. Figures 4c and
4d show that the relation between P-wave attenuation
and porosity is not obvious, and P-wave attenuation
at ultrasonic frequency increases with increasing
permeability.

The attenuation in the gas-saturated specimens is
higher than in oil- or water-saturated specimens. This
differs from published data on P-wave attenuation in
rocks. at ultrasonic frequency. Apparently, attenuation
characteristic is related to the structural characteristics of
each rock type.

(b)

log (Permeability/mD)

Fig. 4 (a) P-wave velocity vs porosity, (b) S-wave velocity vs porosity, (c) P-wave attenuation vs porosity, and (d) P-wave
attenuation vs permeability.

The triple-porosity structure model

To assess the effect of fabric heterogeneity, it is
necessary to establish a reasonable physical model of
the seismic wave response and fluid flow characteristics.
The Gassmann—Biot model (Gassmann, 1951; Biot,
1956) offers the basic theoretical framework for studying
wave propagation in fluid—solid porous media. However,
the model cannot be applied to complex heterogeneous
media. Ba et al. (2011) derived a double-porosity
medium model that combines the Biot and Rayleigh

equations of fluid pocket oscillations to simulate the
wave propagation in a heterogeneous double-porosity
medium. Tight oil reservoirs have low porosity,
extremely low permeability, and strong heterogeneity.
The pore structure cannot be simplified as a single-
or double-porosity structure at the microscopic scale.
SEM observations suggest that there are grain contacts
or microcracks in addition to intergranular pores and
clay minerals in tight oil reservoirs. Therefore, tight
oil reservoirs are best described by the triple-porosity
structure model (Figure 2b).

The wave governing equations of triple-porosity
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medium model were derived based on Hamilton
principle, which could describe the wave-induced local
fluid flow in the triple-porosity structure reservoir
(Zhang et al., 2017). By incorporating the local fluid
flow interaction into the potential energy, kinetic energy

NV'u+(A+N)Ve+ OV (& +4,8,)+ OV (86 —4Cn +6:80:) + O (& - 6:4n)

and dissipated energy, the dynamic equations of elastic
wave propagation were established. The dynamic
equations can simulate the P-wave velocity dispersion
and attenuation of tight oil reservoir with triple-porosity
structure:

= Pyl + p()lﬂ(l) + pOZU(Z) + p03ﬁ(3) +b (i] — U(l) ) +b, (li _ U(z) ) +b, (l'l _ ['J(3) )’

OVe+RV(¢ +¢2§|z)=P0,ﬁ+pl,U(l) —h (ﬁ—U(l)),

OVe+RV (& -4y ) = pyii + P00~ b, (1‘1— U(3)),

(2b) (2d)
sze+ sz(éz - ¢1§12 + ¢3é’23) = pozﬁ + pzzfj(z) _bz (‘i - U(z)),
(2¢)
L L . L B/ B S
3 pr12§12¢2 4 (5 + b j + 3 (51(1 + . jR12§12¢2 X
= ¢2 (Qle+ Rl (51 + ¢z§12 )) _¢1 (Qze+ Rz (682 - ¢1§12 + ¢3§23)), (23)
[ 22 42 l @ l n N \p2s o2
?P/’Rz3§z3¢z (5 + ¢20J+ 3(’(2 + P ]R23§23¢2 X
=g, (Qze +R, (682 — 4G +4C5 )) -9, (Q}e +R, (53 —$.Cxn )) (29)

where parameter u donates the displacement of solids.
the absolute velocity vector of the solids, microcracks,
intergranular pores, clays, and pore fluid are u and
U, 0@ 0@, respectively. Parameters e,(;, {,,{5 denote
the displacement divergence of solids and fluids in
the three types of pores. The scalars {},,{;; denote the
variations in fluid content owing to the local fluid flow
between microcracks and intergranular pores and that
between clays and intergranular pores, respectively.
The stiffness coefficients 4,N,Q,, 0, O3, R, R, R,
the dissipation coefficients b,,b,,b;, and the density
parameters poo,Po1,L02L03.P 11022033 all depend on rock
properties. Parameters &,k ks, denote the permeability
of the microcrack skeleton, the host skeleton, and the
clay minerals skeleton, respectively. Parameters R, R,;,
denote the radii of microcracks and clay minerals. The
volume ratio and porosity of microcracks are v,,¢,
the volume ratio and porosity of the host skeleton
are v,,0,, and the volume ratio and absolute porosity
of clay inclusions are v;,@;,, respectively. Parameters
01,0,,05, denote the absolute porosities of microcracks,
host skeleton, and clay inclusions, respectively, where
the sum of @,,@,,¢;, is the total porosity. Parameters py,
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denote the fluid density and viscosity, respectively.

We performed plane-wave analysis by substituting the
plane-wave analytical kernel into equations (2a)—(2f)
to predict the wave velocity and attenuation (Ba et al.,
2011).

Pore structure and P-wave propagation

To model the P-wave velocity dispersion and
attenuation in tight oil reservoirs, the triple-porosity
structure model parameters are set on the basis of the
physical parameters of sample K. The bulk and shear
moduli are obtained by the Gassmann equation using the
P- and S-wave velocities of the gas-saturated specimens.
The porosity, permeability, and grain density are
obtained experimentally. The pore fluid parameters are
calculated by the Batzle-Wang (1992) equations. The
densities of gas, oil, and water are 0.3, 0.79, and 0.98
g/cm?; the bulk moduli are 0.031, 1.27, and 2.53 GPa;
and the gas, oil, and water viscosities are 0.031, 2.1, and
0.35 cP, respectively. We simulate the P-wave velocity
dispersion and attenuation by adjusting the pore structure
parameters within a reasonable range. The parameters
are listed in Table 2.
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Table 2. Triple-porosity structure model parameters based on sample K

Bulk Porosity ~ Dry density Microcrack Microcrack Microcrack Clay Clay Clay
modulus (g/cm?®) radius volume porosity radius volume inclusion
(GPa) (um) ratio (um) ratio porosity
40 0.1309 2.625 25/ 0.001/ 0.05/ 5/ 0.001/ 0.005/
50/ 0.005/ 0.1/ 10/ 0.005/ 0.01/
100 0.01 0.15 25 0.01 0.1

Figure 5 shows the effect of microcrack radius on
P-wave velocity dispersion and attenuation. With
increasing microcrack radius, the velocity dispersion
steps and attenuation peaks at low frequencies shift to
even lower frequencies. However, the velocity dispersion
steps and attenuation peaks at high frequencies do not
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change. The dispersion steps and attenuation peaks shift
to the low frequency end with increasing fluid viscosity.
The change in the microcrack radius only affects the
attenuation peak frequency and has no effect on the
attenuation peak magnitude.
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Fig. 5 Effect of microcrack radius on (a) P-wave velocity dispersion and
(b) attenuation in tight oil reservoirs. The microcrack radii are 25, 50, and 100 pm.

Figure 6 shows the effect of clay inclusions radius
on the P-wave velocity dispersion and attenuation in
tight oil reservoirs. With increasing inclusion radius, the
velocity dispersion steps and attenuation peaks at high
frequencies shift to lower frequencies and gradually
overlap with the dispersion steps and attenuation peaks
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at the low frequency end. However, the degree of
dispersion of the P-wave velocity does not change when
the clay inclusion radius increases. The attenuation peak
after superposition is the highest when the characteristic
frequencies of two attenuation peaks are the same.
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Fig. 6 Effect of clay (mud) radius on (a) P-wave velocity dispersion and
(b) attenuation. The clay minerals radii are 5, 10, and 25 pm.
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Figure 7 shows the effect of microcrack volume ratio
on the P-wave velocity dispersion and attenuation.
The degree of velocity dispersion intensifies at low
frequencies, and the corresponding attenuation peaks
increase with increasing microcrack volume ratio.
In addition, the attenuation peaks at low frequencies
gradually increase and shift to higher frequencies. The
attenuation intensifies because of the local fluid flow
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between microcracks and intergranular pores when the
microcrack volume increases. However, the attenuation
peaks at relatively high frequencies gradually decrease
and shift toward high frequencies. The local fluid flow
between clay inclusions and intergranular pores weakens
owing to the reduction in the host skeleton volume.
Figure 8 shows the effect of clay inclusions volume
ratio on P-wave velocity dispersion and attenuation.

b
®) 0.08

-~~~ Full gas predicton “
oor| — phogman, o |
006 | AL
005
Q004
003}
002]
0011

Frequency (log(fHz))

Fig. 7 Effect of microcrack volume ratio on (a) P-wave velocity dispersion and
(b) attenuation. The microcrack volume ratios are 0.001, 0.005, and 0.01.
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Fig. 8 Effect of clay inclusions volume ratio on (a) P-wave velocity dispersion and
(b) attenuation. The clay inclusions volume ratios are 0.001, 0.005, and 0.01.
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Fig. 9 Effect of microcrack porosity on (a) P-wave velocity dispersion and
(b) attenuation. Microcrack porosities are 0.05, 0.1, and 0.15.
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With increasing clay inclusions volume ratio, velocity
dispersion increases at relatively high frequencies as
well as the attenuation peaks but with a small decrease
at the lower frequencies. This is attributed to the strong
local fluid flow between clay minerals and intergranular
pores.

Figures 9 and 10 show the effects of microcracks
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and mud porosities on P-wave velocity dispersion and
attenuation, respectively. With increasing microcrack
porosity, dispersion decreases at low frequencies. The
corresponding attenuation peaks decrease, whereas the
attenuation peaks at high frequencies do not change.
Only the velocity dispersion and attenuation peak at high
frequency are affected with changing clay porosity.
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Fig. 10 Effect of clay (mud) porosity on (a) P-wave velocity dispersion and
(b) attenuation. Mud porosities are 0.005, 0.01, and 0.1.

P-wave velocity and attenuation and fluids

We assess the velocity dispersion and attenuation in
the specimens saturated with different fluid types by
using the Biot model, the Biot—Rayleigh double-porosity
medium model, and the triple-porosity medium model.
The bulk and shear moduli were determined by the
Gassmann equation using the measured P- and S-wave

velocities at gas saturation. The P-wave velocity and
attenuation were measured by adjusting the bulk moduli,
radii, and volume ratios of microcracks and clays. The
modeling parameters for sample K are listed in Table
3. The predicted and experimental results are shown in
Figures 11 and 12.

Table 3. Biot Model and Biot-Rayleigh Model considering one kind of inclusions

Bulk modulus Dry density Porosity Host skeleton Inclusion Inclusion Inclusion radius
(GPa) (g/em?®) permeability volume ratio porosity (um)
(mD)

40 2.625 0.1309 0.004 0.1 23
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Fig. 11 (a) P-wave velocity dispersion and (b) attenuation predicted by the Biot and Biot-Rayleigh models.
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Figure 11 shows that the Biot model underestimate
the experimental P-wave velocities and attenuation data.
Because the Biot model only considers macroscopic
fluid flow in rocks, the dissipation caused by fluid
oscillation is very weak. The P-wave velocities predicted
by the Biot—Rayleigh model well match the experimental
data, and the P-wave velocity data coincide with the
Biot model at the low frequency limit. However, the
attenuation predicted by the Biot—Rayleigh model
suggests that the attenuation in oil-saturated specimens
is low at 1 MHz and does not match the experimental
attenuation data of sample K. Figure 12 shows the
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experimental P-wave velocities and attenuation and
those predicted by the triple-porosity structure model.
Clearly, there is good agreement between the two. The
attenuation in gas-saturated specimens is stronger than in
water- or oil-saturated specimens owing to the difference
in the attenuation frequency and viscosity of the fluids.
The P-wave velocity dispersion in the fluid-saturated
specimens show the inflection points of velocity
dispersion shift to lower frequencies with increasing
fluid viscosity, i.e., gas, water, and oil. The triple-
porosity structure model also predicts two attenuation
peaks.
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Fig. 12 Triple-porosity structure model: (a) P-wave velocity dispersion and (b) attenuation.

Figures 13 and 14 compare the agreement between
the triple-porosity structure model and experimental
P-wave velocity and attenuation. Clearly, the model

(@) (b)

could be used to infer the physical properties of tight oil
reservoirs.
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Fig. 13 Triple-porosity structure model vs experimental P-wave velocity.
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Fig. 14 Triple-porosity structure model vs experimental P-wave attenuation.

42



Ma et al.

Physical properties

The experimental P-wave velocity (V) and attenuation
(Q") at gas, oil, and water saturation are used to
determine the microcrack volume ratio (v,), clay volume
ratio (v;), microcrack radius (R,,), clay radius (R,3),
microcrack bulk modulus (Ky,), and clay bulk modulus
(Ky3) of the rock samples by inversion. On the basis of
model parameters, the pore structure is analyzed. The
microcrack bulk modulus denotes the compressibility
of the inclusions, and the microcrack radius reflects the
heterogeneity of the pore structure. As shown in Figure
15, the relation between microcrack bulk modulus and
porosity suggests that large-radius microcracks are
less compressible with increasing porosity, whereas
the compressibility of small-radius microcracks is the
opposite, suggesting that in tight oil reservoirs, increased
porosity may be associated with large microcracks.
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Fig. 15 Microcrack bulk modulus vs porosity;
the circle size represents the microcrack radius.

It can be seen from Figure 16 that the P-wave
attenuation, microcrack radius, and permeability are
positively correlated at gas saturation conditions. The
microcrack radius gradually increases with increasing
permeability. The P-wave attenuation is also high in
gas-saturated specimens. The connectivity between the
microcracks is better when the microcrack size is large.
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Fig. 16 Microcrack radius vs permeability; the circle size
represents the attenuation in the gas-saturated specimens.

This enhances the local fluid flow between pores and
microcracks, resulting in stronger P-wave attenuation.

The clay bulk modulus and radius gradually increase
with increasing porosity in Figure 17. Thus, it is inferred
that clay inclusions have typically high radius and low
compressibility in tight oil reservoirs with relatively high
porosity.
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Fig. 17 Clay inclusions bulk modulus vs porosity; the circle
size represents the radius of the inclusions.

Figure 18 shows the average grain size and standard
deviation in six of the specimens. The standard deviation
reflects the sorting of mineral grains. The smaller the
standard deviation is, the better the sorting and the
more uniform the mineral grains are. In six of the
specimens, the grain diameters are between 0.027 and
0.043 mm. The standard deviation is between 1.55 and
1.85, suggesting poor sorting. With increasing average
grain size, the standard deviation decreases, whereas the
microcrack radius increases. The distribution of mineral
grain is more uniform with increasing grain size. The
microcrack radius is small because the pores between
large grains are not filled by fine grains.
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Fig. 18 Standard deviation vs average grain diameter in six
of the specimens; the circle size represents the microcrack
radius.

To evaluate the physical properties of the tight oil
reservoirs in the Qingshankou Formation of the Daqing
Oilfield, we classified the 12 samples into three groups
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based on porosity: porosity <5%, porosity 5-10%, and
porosity >10%. Figure 19 shows that with increasing
porosity, the P-wave velocity decreases, whereas the
attenuation increases at gas saturation conditions. The
microcrack volume ratio is the highest at porosity of
5-10%, but overall it does not change significantly with
increasing porosity. The clay volume ratio increases
with increasing porosity. When the porosity is less than
10%, the microcrack radius changes little; however, for
porosity >10%, the microcrack radius increases rapidly.
The clay inclusion radius increases with increasing
porosity, but the variation is small. This suggests that
at high porosity, the microcracks and clay inclusions
in the rock samples are large. The microcrack radius
is significantly larger than the mud radius, consistent
with the SEM observations. The microcrack bulk
modulus is the highest at porosity of 5-10%, meaning
that the microcrack compressibility is low. The clay
inclusion bulk modulus is higher than the microcrack
bulk modulus and increases with increasing porosity.
Apparently, the compressibility of clay inclusions in
tight oil reservoirs is lesser than that of microcracks.
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Fig. 19 Histograms of P-wave velocity (V,), attenuation
(@), microcrack volume ratio (v,), clay volume ratio (v;),
microcrack radius (R;,), clay radius(R;;), microcrack bulk
modulus (Ky;), and clay bulk modulus (K,;) in the rock
specimens.

Conclusions

The attenuation characteristics of tight oil reservoir
samples saturated with different fluids were evaluated on
the basis of ultrasonic experiments. The results suggest
that at ultrasonic frequencies, the P-wave attenuation is
stronger in gas-saturated samples than in oil- or water-
saturated ones. The attenuation increases with increasing
permeability.

44

The triple-porosity structure model of the P-wave
velocity dispersion and attenuation suggests that there
are possibly two dispersion inflection points that
correspond to two attenuation peaks. The attenuation
peak frequencies decrease with increasing fluid viscosity.

Modeling of the P-wave velocity and attenuation
suggests that the triple-porosity structure model yields
better results than the Biot and Biot—Rayleigh models.
The attenuation is attributed to wave-induced local fluid
flow because of microcracks and clay inclusions.

The Qingshankou Formation samples contain more
clay inclusions and larger microcracks in the high
porosity range; moreover, the compressibility and radii
of the clay inclusions are smaller than those of the
microcracks, whereas the volume ratios of both are
similar.

The attenuation is modeled considering the
heterogeneities in the microcracks and submicroscopic
clay inclusions. Mesoscopic heterogeneities (10™*—1072
m) may result in stronger attenuation peaks in the sonic
or seismic frequency band in heterogeneous reservoirs.
This phenomenon cannot be observed in the ultrasonic
data; however, models can help explain and describe the
attenuation characteristics in the low frequency band,
including seismic frequencies, by considering large-scale
heterogeneous inclusions.
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