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Tight reservoirs are distributed in several basins in China, with great exploration
prospects and high production potential. These reservoirs have low porosity
and permeability and a significant spatial heterogeneity, and this complexity
requires new developments on the experimental and theoretical researches of
wave propagation. To this purpose, we have conducted ultrasonic experiments
on seven tight sandstones collected from the shale-oil strata as a function of the
confining pressure. We obtained the P-wave velocity and attenuation by using
the spectral-ratio method. The results show that attenuation decreases with
pressure, and increases with porosity and permeability and that oil saturation
causes more losses compared to water and gas saturations. Moreover, we
observe a relaxation peak at 40% water saturation in the gas-water case. Then,
we develop a tight-rock model combining three theories [Voigt-Reuss-Hill
(VRH), Differential Effective Medium (DEM) and double double-porosity (DDP)],
where inclusions are assumed to represent cracks or grain contacts, with
different porosity and compressibility as the host. The model reasonably
predicts P-wave velocity dispersion and attenuation, which increase with
water saturation, and the related relaxation frequency moves to low
frequencies.

KEYWORDS

tight sandstones, P-wave velocity and attenuation, confining pressure, fluid saturation,
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1 Introduction

The development of tight reservoirs is of significance to increase crude-oil production
and optimize energy supply. These reservoirs have low porosity and permeability and a
high heterogeneity (Zou et al, 2013), which make it difficult for exploration and
production activities. Previous studies showed that the clay particle arrangement,
layering, cracks, and low-aspect-ratio pores cause the heterogeneity of these
reservoirs, which together with the stress conditions, highly affect the seismic waves
(Zhubayev et al., 2016). In this context, wave-induced local fluid flow associated with the
pore fluid is an important cause of dissipation (Ba et al., 2015).
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Many experimental studies have analyzed the effects of
confining and pressures, fluid properties and saturation on
attenuation (Biot, 1962; Born, 1941; Dvorkin et al., 1994,
1995; Toksoz, et al., 1979; Johnston et al., 1979, 1986; Mavko
and Mukerji, 1998; Li et al., 2018; Ma et al., 2019; Ma and Ba,
2020; White et al., 1975; Johnston et al., 1979; Winkler, 1985;
Sams et al., 1997; Pimienta et al., 2015; Pimienta et al., 2016;
Chapman etal., 2016, 2017). In particular, the P-wave velocity
of tight sandstones is more affected than that of normal
sandstones (Tutuncu et al., 1994). Waves induce wave-
induced local fluid flow (WIFF) through a heterogeneity
rock, generating a fluid pressure gradient between regions
with different compressibilities and consistent P-wave energy
dissipation (Pride et al., 2004; Ba et al.,, 2016). Permeability,
porosity, fluid viscosity, saturation and frame heterogeneity
play an important role in this process (Zhao et al., 2017). For
instance, the shear modulus of a rock saturated with brine is
less than that of a dry rock (Sharma et al, 2013), and
attenuation of water-saturated rocks is stronger than that
of dry rocks at the ultrasonic frequency band (Johnston and
Toksoz, 1980). Wei et al. (2021) showed that in high clay-
content rocks, water replacing gas enhances the P-wave
dissipation.

White et al. (1975) considered fine layers with different
fluids to analyze the mesoscopic WIFF process (Carcione,
2022). Dvorkin and Nur. (1993) presented a macro/
microscopic Biot/squirt (BISQ) model for wave velocity
and attenuation at sonic/ultrasonic frequencies. Ba et al.
(2011) combined Biot poroelasticity and the Rayleigh
theory for the expansion-contraction oscillation of a
spherical fluid pocket to develop a double-porosity WIFE-
type model. Zhang et al. (2017) extended this model to triple
porosity. Cheng et al. (2020) extended the cracks and pores
effective medium (CPEM) model to all frequencies, based on
the Zener mechanical model, analyzing the effect of pressure
on the P wave. Ren et al. (2020) combined the theories of
microscopic squirt flow and mesoscopic patchy-saturation. Ba
et al. (2017) presented a double double-porosity (DDP)
model, which considers two types of heterogeneities and

TABLE 1 Properties of the seven samples of the Yanchang formations.

Sample Porosity  Permeability = Dry-rock  Clay
(%) (mD) density content

(g/cm?) (%)

1-19 5.065 0.018 244 5.59

1-12 7.220 0.020 249 5.87

1-23 8.998 0.078 241 461

2-7 9.000 0.036 242 3.46

1-3 9.201 0.038 244 7.12

2-9 9.222 0.066 241 5.35

2-8 10.165 0.096 237 6.07
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patchy saturation. This model was applied to tight rocks
containing sub-pore heterogeneities and saturated with
immiscible fluids, and used by Guo et al. (2018) for tight
sandstones. The model predictions for fully- and partially-
saturated rocks are in good agreement with the experiments.

In this work, we show P-wave ultrasonic measurements on
the tight rock samples at different pressures and fluid saturations
and analyze their effect on velocity attenuation. Then, we
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FIGURE 1

P-wave velocity as a function of confining pressure for the
seven samples at gas- (A), water- (B) and oil- (C) saturation
conditions.
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P-wave velocity as a function of confining pressure for the seven samples at water saturations of 20 (A), 40 (B), 60 (C) and 80% (D) (gas-water

case).

combined the VRH, DEM and DDP theories to establish a
predictive theoretical model that takes into account the effects
of pressure, frame properties (porosity and permeability) and
fluid properties and distribution on the P-wave behavior. In this
work we consider the two types of heterogeneities of fabric
structure and patchy saturation, and the prediction results of
P-wave responses as a function of porosity, saturation and
confining pressure are obtained with respect to the properties
of microcrack and gas pocket.

2 Experiments
2.1 Tight-rock samples

Tight reservoirs of Member 7 of the Yanchang formations in the
Ordos Basin are dominated by lacustrine deposits. The topography
itis high in the east basin and low in the west, with complex tectonic
histories and a wide distribution of high-quality source rocks. There
are ten members in the Yanchang formations, of which member
7 reached its peak in the depositional period of the lake basin and
developed a great amount of high-quality source rocks. Member 7 of
Yanchang formations is buried at a depth of about 1,200-2,350 m.
The reservoir lithology is mainly tight sandstone intercalated with
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mudstone/shale, and shale intercalated with thin silt/fine sandstone.
Micro-nanoscale pore throats are developed, and the pore structure
is conducive to the accumulation of hydrocarbons.

Seven tight-sandstone samples are collected from the target
formation at the depth range of 1,800-2,150m for X-ray
diffraction tests. The mineral compositions are mainly quartz,
feldspar, carbonate minerals, clay minerals and a small amount of
siderite. The quartz content is relatively high, ranging between 48.59%
and 56.81%, and the feldspars are mainly potassium feldspar and
plagioclase, with the plagioclase content generally higher than that of
potassium feldspar. The carbonate minerals are calcite and dolomite,
with a small amount of ankerite, and the clay minerals are zeolite and
chlorite. The automated permeameter of Core Measurement System is
used to measure porosity and permeability. The porosity is measured
by the gas-expansion method, and the dry-rock density is obtained
from the ratio of rock mass to total volume. The properties of seven
samples are given in Table 1.

2.2 Experimental set-up
We cut the rock samples into cylinders with a diameter of

25.08-25.14 mm and a length of 48.89-50.09 mm, and an
aluminum standard is prepared with the same shape of
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FIGURE 3

P-wave attenuation of samples 1-3 (A), 1-12 (B), 1-19 (C), 1-23 (D), 2-7 (E), 2-8 (F) and 2-9 (G) as a function of confining pressure.
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different confining pressures.
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each sample for reference. The same experimental setup as in
Guo et al. (2009) is used for the ultrasonic measurements. The
frequency of the generated pulse is about 0.55 MHz, and the
gas (nitrogen)-saturated, water-saturated, oil (kerosene)-
saturated and partially-saturated samples are measured
under the different confining pressures.

2.2.1 Gas-saturation tests

The samples are first dried, then sealed with rubber sleeves
and placed in the device. At the confining pressures of 5 and
10 MPa, the pore pressure is increased by 5 MPa by injecting
nitrogen. On the other hand, the confining pressure is set to 20,
30, 40, 50, and 60 MPa, and the pore pressure kept to 15 MPa.
The temperature in all the tests is 30°C. Then, we record the
P-wave waveforms for each case.

2.2.2 Water- and oil-saturation tests

The samples are saturated by the vacuuming and
pressurization method, and the procedure is the same as that
of the previous test.

2.2.3 Partially-saturation test with gas and water

The samples are heated in an oven to change the water
saturation, which is controlled by weighing. The sample is then
sealed, and placed in a container. Nitrogen gas is injected to
control the pore pressure.

2.3 P-wave attenuation estimation

The spectral ratio method (Guo et al,, 2009; Ba et al., 2018;
Gao et al,, 2019) is applied to estimate the P-wave attenuation
(inverse quality factor 1/Q). If the sub-indices 1 and 2 denote the
rock and aluminum, the plane wave amplitudes can be
expressed as

A (f) = Gy (x)e @ (e (nft-hix) (1a)
Ay (f) = Gy (x)e (Nxei (rft-kex) (1b)
“ = Qrf{/l (o)

_f
“TQv, ad)

where f is the frequency, A;(f) and A,(f) are the P-wave spectra,
x is the propagation distance, t is time of propagation, «; (f) and
ay (f) are frequency-dependent attenuation coefficients, and
Gi(x) and G,(x) are geometrical factors. k; and k, are the
wavenumbers, Q; and Q, are the quality factors, and V; and
V, are the P-wave velocities.

Then, the P-wave attenuation is computed with

A, (f)> ( X X )f Gy (x)
1 = - 1
n<A2 (f) Q,V, QV, i nGz (x) (le)
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FIGURE 5

P-wave velocity versus porosity (A) and P-wave dissipation
factor as a function of porosity (B) and permeability (C) at a
confining pressure of 30 MPa and different full saturations.

Since the quality factor of aluminum is much higher than
rocks, we assume

06 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1065630

Ba et al. 10.3389/feart.2022.1065630

Pores
Q0
OO  Ultrasonic experimental data
Mineral composition
® Cracks A Fluid
L) Crack
parameter Clay minerals
... inversion
VRH DEM DEM DDP

Mineral mixture Dry host and inclusions Dry skeleton Saturated rock

FIGURE 6
Modeling workflow to obtain wave velocity and attenuation.

FIGURE 7

Double-porosity solid structure saturated with a single fluid (A), patchy saturation with two immiscible fluid phases within a single-porosity solid
(B) and combination of the two types of heterogeneity (C). The blue and red zones represent the two immiscible fluids.

TABLE 2 Modeling parameters of sample 1-19.

Porosity (%) 50 (%) Volume ratio of %, (mD) %, (mD)
inclusions (%)

5.065 9 6 0.018 0.1
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TABLE 3 Fluid properties.

Fluid Density (g/cm?)
Gas (Nitrogen) 0.138
Water 1.004
Qil (Kerosene) 0.762
A G
ln< ! (f)> LRI LC) (1f)
A, (f) Qv G, (x)

and Q; can be obtained.

Due to the error caused by the choice of pulse window and
frequency band (Zhubayev et al., 2016), we compute it by using
the slope change of spectrum ratio at the fitting band,

Edﬂ+

+d(Q') =+ + —
* (Ql) * T QVi QV,

where d 57~ and dVp are the errors of spectrum comparison
curve slope estimation and P-wave velocity measurement,
respectively. Vp is P-wave velocity.

3 Experimental results

Figure 1 shows the P-wave velocity with confining pressure for
the seven samples at full gas, water and oil saturations, and Figure 2
shows the results at water saturations of 20%, 40%, 60%, and 80%
(gas-water case). The velocity increases with confining pressure
when the soft pores/cracks gradually tend to close, resulting in the
increase of the dry-rock bulk shear moduli.

On the other hand, Figure 3 shows the P-wave dissipation factor
as a function of confining pressure at different fluid saturations. In
general, attenuation decreases with confining pressure, because as
this increases, cracks tend to close, precluding local fluid flow
between these cracks and intergranular pores (squirt flow). At
the same pressure, the attenuation at water- and oil-saturation
conditions is higher than that at gas saturation. This can be due
to the viscous motion of the fluid and the variation of the contact
surface energy between solid and liquid caused by the wave (Wang
et al, 2006).

Figure 4 shows the P-wave dissipation factor as a function of
water saturation (gas-water case) and different confining
pressures. Generally, there is a maximum at 40% saturation,
possibly related to the fluid distribution in the pores.

Figure 5 shows the P-wave velocity as a function of porosity (a)
and the dissipation factor as a function of porosity (b) and permeability
(c) for a confining pressure of 30 MPa. As expected, the velocities
decrease with porosity, and attenuation increases. Indeed, with
increasing porosity, the frame moduli decrease and the presence of
more cracks results in higher local fluid flow and dissipation.
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FIGURE 8
Estimated bulk (A) and shear (B) moduli of the dry rocks for
sample 1-19.

4 Theory
4.1 Basic theory and modeling

The heterogeneity of the frame and the patchy
saturation of the immiscible fluid mixture lead to the
WIFF and P-wave dispersion and dissipation. The
modeling workflow is shown in Figure 6. The mineral
composition and crack porosity are obtained from the
ultrasonic data and an inversion process (Zhang et al,
2019) and the fluid substitution is then performed with
the DDP theory.
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P-wave velocity frequency dependency for the gas- (A) and water- (B) saturated sample 1-19 at different confining pressures. The P-wave
dissipation factors are shown in panels (C,D), respectively, for gas and water. The experimental data are shown as red circles.

The mineral composition and pore structure of the samples are
analyzed with X-ray diffraction and scanning electron microscopy
tests. The mineral components are mainly quartz, feldspar, carbonate
minerals and clay. Clay minerals are present within the host matrix,
together with pores and cracks, constituting the skeleton of tight
reservoirs (Deng et al., 2018). The mineral components except for
clay minerals are considered as the mineral mixture, and the elastic
moduli are computed with the VRH equation (Hill, 1952; Reuss,
1929). The crack properties are obtained from the ultrasonic
measurements at different confining pressures and the frame
moduli are computed with the DEM theory, by which cay
minerals, pores (with an aspect ratio of 0.5) and cracks are added
into the mineral mixture.

The DDP theory by Ba et al. (2015) considers two types of
heterogeneities, i.e., the two porous components for the solid
skeleton with different compressibilities (Figure 7A), and patchy-
saturation of two immiscible fluids within the pores (Figure 7B),
leading to WIFF and anelasticity. Figure 7C shows the
combination of the two heterogeneities, where it is assumed
that porous spherical inclusions are uniformly embedded in a
porous host, and patch saturation occurs in both regions, the host
and the inclusion skeletons.
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It has been considered that the P-wave responses can be
affected by the capillary pressure variations in rocks saturated
with multi-phase fluids. At the high-frequency range, the P-wave
velocity is shown to increase as capillary pressure increases, while
the P-wave attenuation decreases (Shukla et al., 2019). In this
work, two types of heterogeneities are incorporated in modeling,
and due to the complexity of wave governing equations, the
influence of capillary pressure is not considered yet, which can be
analyzed in a future study. In the partial-saturation case, due to
the hydrophilicity of the mineral surface and capillary tension,
the flat contact between grains or within cracks is considered to
be fully saturated with water, while the gas pockets are mainly
distributed within the intergranular pores (Li et al., 2001).

Ba et al. (2017) DDP differential equations are

NV?u + (A+N)Ve + QIV(£1 +¢0n+ ¢f3(13) + sz(fz -¢

6+ ¢f4(24) + Qav(fa - ¢f1(13) + Q4V(£4 - ¢f2(24)
= poolt + P01U(1) + PozU(Z) + P03U(3) + P04U(4) + bl(i‘ - U(l))
+ b2(a - U(Z)) + b3(i¢ - U(S)) + b4(a - U(4))
(2a)
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(G). The experimental data are shown as circles.
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v, Uu®, U®, UW denote the average

displacements of the frame, fluid phase 1 (host fluid in the
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host frame), fluid phase 2 (host fluid in the inclusions), fluid
phase 3 (patch fluid in the host), and fluid phase 4 (patch fluid
in the inclusions), respectively; e, &, &, &, &, are the
corresponding displacement divergence fields of the solid

and four fluid phases; {15, {13, {54 indicate the fluid changes

due to local fluid flow; ¢,,, ¢,, are the local porosities of the

host and inclusions, respectively; «1, k, are the permeabilities of

the host and inclusions, respectively; Ry, is the radius of
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inclusions; ¢ 0 P Pran @ {4 are the absolute porosities related
to the four fluid phases; p}l , 11}1) are the density and viscosity of
host fluid, respectively; Ry3, Ry4 are the radius of pockets in the
host skeleton and inclusions, respectively, by, by, b3, by are Biot

dissipation coefficients. The density pyy, Po1s Po2» Po3s Pos» P11
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Paz> P33» Pag and elastic parameters A, N, Qy, Q;, Q3, Qq, Ry, Ry,
R3, Ry can be determined with the equations given in Appendix
A. By substituting plane waves into these differential equations,
the wave number can be obtained and then the P-wave velocity

and attenuation can be computed (Guo et al., 2018).
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4.2 Results

We consider sample 1-19. The properties of gas, water and
oil are obtained from the equations of Batzle and Wang (1992).
The rock properties are given in Table 1, and the modeling
parameters are given in Tables 2, 3.
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Figure 8 shows the bulk (a) and shear (b) moduli of the dry
rocks as a function of the confining pressure, showing the
expected behavior.

Figure 9 compare the experimental and theoretical P-wave
velocity dispersion and attenuation frequency dependence at
different confining pressures, respectively, where we can see
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FIGURE 14

Crack porosity ¢, (A), inclusion radius Ri, (B), and inclusion
bulk modulus K> (C) as a function of confining pressure for the
seven rock samples (the size of the circles is proportional to
porosity).

that the agreement is good. In the case of air, the anelasticity is
very weak. In all cases, the anelasticity gradually decreases
with confining pressure. For the saturated rocks, the P-wave
attenuation is mainly caused by the heterogeneity of the frame
and inclusions. With increasing pressure, cracks gradually
tend to close. With the decrease of the inclusion (crack) radius
and increase of bulk modulus, the WIFF effect is hindered,
resulting in less dissipation.

Figures 10, 11 compare data and theory for sample 1-19 at
different water saturations, for velocity and attenuation,
respectively. The model results are consistent with the
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Radius of the gas pockets in the host skeleton Ry3 as a
function of water saturation, corresponding to sample 1-19 at
different confining pressures.

experimental data, and the anelasticity mainly occurs within the
range of 10°-10” Hz. The peaks move to low frequency with
increasing water saturation. The lowest attenuation occurs in
the full-gas saturation case. As mentioned above, when the rock
is partially saturated, the P-wave dispersion and attenuation are
caused by the two kinds of inhomogeneities, namely, fabric
heterogeneity and patchy saturation. The anelasticity caused by
the latter appears at lower frequencies, and is significantly stronger
than that caused by the former inhomogeneity.

Results for partial saturation corresponding to sample 1-19,
compared with the data, are shown in Figures 12, 13, where we
can see that agreement is acceptable. Attenuation shows a
maximum at medium saturations.

4.3 Inclusion properties

In this work, the inclusion is assumed to represent a crack
or grain contact, with different porosity and compressibility
as the host. The crack porosity ¢, , inclusion radius R;, and
inclusion bulk modulus K,, together with the radius of gas
pockets in the host skeleton R;3, are set to analyze the effects
of pressure on the observed wave responses.

Figure 14 shows the crack properties as a function of the
confining pressure, obtained by inversion based on the
experimental data. As expected, the crack porosity ¢, decreases
with the increase of confining pressure, and at the same confining
pressure, the sample with a higher stiff porosity exhibits a higher crack
(soft) porosity and inclusion radius. Moreover, K, increases with
confining pressure, which is the result of the gradual closure of the
cracks, and there is no apparent relationship with the rock porosity.

On the other hand, Figure 15 represents the radius of the gas
pockets in the host Rj3 as a function of water saturation for
sample 1-19 at different confining pressures.

The crack porosity ¢,, inclusion radius R;, and inclusion
bulk modulus K, as a function of confining pressure and
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FIGURE 16

Crack porosity ¢, (A), inclusion radius Ri> (B), and inclusion

bulk modulus K> (C) as a function of confining pressure and
porosity, corresponding to the seven samples. The coefficient of
determination (goodness of the fit) is given.

porosity, for all the samples, are given in Figure 16. ¢, and K,
are mainly affected by pressure and the effect of porosity
is weak.

Finally, Figure 17 shows the radius of the gas pockets
Ry; as a function of water saturation and confining
pressure for sample 1-19. Ry;; shows a maxium at
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Radius of the gas pockets R13 as a function of water saturation
and confining pressure for sample 1-19. The coefficient of
determination (goodness of the fit) is given.

medium water saturations, and decreases with confining
pressure. The effect of saturation decreases with pressure.

5 Conclusion

We have recorded ultrasonic waveforms and conducted
X-ray diffraction tests on tight sandstones extracted from
shale-oil strata. The properties of rock samples are measured.
We have used the spectral-ratio method to obtain the P-wave
attenuation at full and partial saturation conditions. The data has
been interpreted with a double double-porosity theory that takes
into account mesoscopic heterogeneities of the rock frame
(inclusions) and gas pockets. A predictive theoretical model is
proposed. P-wave velocity dispersion and attenuation are
theoretical
agreement with the experimental data. The size, porosity and

analyzed. The results show an acceptable
elastic modulus of the inclusions and size of the pockets are
obtained as a function of porosity, saturation and confining
pressure.

The experiments show that at full-saturation conditions,
the P-wave velocity increases with confining pressure and
attenuation decreases, and that the latter increases with
increasing porosity and permeability. In the gas-water case,
the P-wave velocity increases and attenuation shows a
The theoretical

results of P-wave anelasticity significantly decrease with the

maximum at intermediate saturations.
increase of confining pressure. The inclusion and gas-pocket
properties are obtained by inversion with the theory, and it is
shown that the crack (inclusion) porosity and radius decreases
with confining pressure, while the inclusion bulk modulus
increases, and the effect of rock porosity on them is weak.

Moreover, the radius of the pockets shows a maximum at
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intermediate saturations, and as pressure increases, the radius
gradually decreases.
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