
1.  Introduction
The petrophysical properties of rocks in the subsurface can be derived from elastic and seismic properties such 
as P-wave velocity and attenuation (e.g., Borgomano et al., 2019; Müller et al., 2010). Quantitative relationships 

Abstract  Geometric heterogeneities in tight reservoir rocks saturated with a fluid mixture may exhibit 
different scale distribution characteristics. Conventional models of rock physics based on poroelasticity, which 
usually consider single-scale pore structure and fluid patches, are inadequate for describing elastic wave 
responses. A major challenge is to establish the relationship between the wave response at different spatial 
scales and frequencies. To address this problem, three sets of observational data over a wide frequency range 
were obtained from a tight oil reservoir in the Ordos Basin, China. Ultrasonic measurements were made on 
eight sandstone samples at partial oil-water saturation at 0.55 MHz. Data from six borehole measurements 
and seismic profiles were acquired and analyzed at about 10 kHz and 30 Hz, respectively. Analysis of the 
cast thin sections shows that dissolution pores and microcracks generally develop, with fractal dimensions of 
the pores ranging from 2.45 to 2.67 for the samples with porosities between 5.1% and 10.2%. Compressional 
wave velocity and attenuation were estimated from the observed data. The results show that the velocity 
dispersion from seismic to ultrasonic frequencies is 10.02%, mostly occurring between sonic and ultrasonic 
frequencies. The attenuation is stronger at higher oil saturation. The relationships between velocity, attenuation, 
and wavelength were established and can be used for further forward modeling and seismic interpretation 
studies. A partial saturation model has been derived based on effective differential medium theory and a double 
double-porosity model, assuming that the medium contains fractal cracks and fluid patches. The effects of 
scale and saturation on wave responses are prevalent. Modeling results consistent with observed data show that 
the radii of cracks and fluid patches range from 0.1 μm to 2.8 mm, affecting ultrasonic, acoustic, and seismic 
attenuation. The multiscale data and proposed model quantify the relationship between fracture and fluid 
distributions and attenuation and could be useful for upscaling to the reservoir scale. The study helps improve 
the understanding of seismic wave propagation in partially saturated rocks, which has potential applications in 
seismic exploration, hydrocarbon production in reservoirs, and CO2 sequestration in aquifers.

Plain Language Summary  The physical properties of the rock and fluid can be inferred from the 
measured elastic wave responses and energy dissipation characteristics. However, the effects of heterogeneities 
of different sizes and at different frequencies can hinder studies to quantify wave responses in a partially 
saturated porous medium, which are usually based on laboratory measurements. A major problem is the 
difference between observed frequencies and scales: megahertz in the laboratory, 10 of kilohertz in the 
borehole scale, and hertz in the seismic exploration scale. In this work, the frequency- and saturation-dependent 
compressional velocity and attenuation are investigated using three geophysical data sets from the same 
tight reservoirs. A strong velocity dispersion over the measured frequency range is observed. The stronger 
attenuation at partial saturation may be caused by the multiscale heterogeneities of the pore structure and fluid 
patch distribution. A fractal poroelasticity model is developed by gradually inserting inclusions of different 
sizes with compliant pores and liquid patches into a homogeneous host skeleton. The wave responses are 
significantly affected by scale distribution and saturation. The proposed model, verified by the measured data, 
can be useful in interpreting the anelasticity of tight heterogeneous reservoirs in a broadband range.
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between these parameters can be established using in situ laboratory measurements and/or borehole data, which 
are essential for forward modeling and seismic interpretation geophysical studies. A key challenge is the upscal-
ing of rock physics, going from the core or borehole scale to a larger scale (Dvorkin & Wollner, 2017). The pore 
geometry and fluid distribution typically observed at the core scale significantly affect the elastic and anelastic 
properties of the rock, especially in tight rocks (El-Husseiny et al., 2019; Ma et al., 2023). However, the effects 
of these heterogeneities at different spatial scales and frequencies have not been fully investigated in previ-
ous studies. Developing a poroelasticity model that accounts for multiscale heterogeneities and establishing a 
link between geophysical responses at different frequencies is critical. Such understanding may be insightful 
for oil and gas exploration and development, seismic monitoring of CO2 storage, and gas storage site selection 
(Sokama-Neuyam et al., 2020; Wang et al., 2022; Zhong et al., 2023).

Ultrasonic experiments are conducted at higher frequencies (∼MHz) than borehole (∼kHz) and seismic surveys 
(∼several tens of Hz). The presence of pore fluids can result in a large dispersion of wave velocity between 
different frequency bands. Numerous experimental studies have investigated the effects of fluid properties and 
saturation on rock velocity and attenuation. Some results indicate that pore fluid may be the main cause of wave 
attenuation (e.g., Best & Sams, 1997; Johnston et al., 1979; White, 1975; Winkler, 1985). Attenuation is generally 
higher in water-saturated rocks than in gas-saturated rocks (Adam et al., 2009; Kuteynikova et al., 2014; Toksöz 
et al., 1979; Winkler & Nur, 1982). Higher water saturations can lead to stronger wave loss in the partially satu-
rated case such as gas and water (Amalokwu et al., 2014; Cadoret et al., 1998; Müller et al., 2008; Murphy, 1982; 
Yin et al., 1992). For example, the extensional loss of limestones is weak under dry and fully saturated conditions, 
but increases significantly at water saturation between 0%–20% and 95%–100% (Mikhaltsevitch et al., 2016). 
Q. Wei et  al. (2021) indicated that partially saturated rocks with high clay content exhibit complex P-wave 
response characteristics, that is, attenuation is primarily influenced by the presence of gas, even at low saturation 
levels (about 5%), but permeability becomes a significant factor when gas saturation falls below 5%. Labora-
tory and modeling studies have shown that fluid viscosity is also related to velocity dispersion and attenuation 
(Chen et al., 2016; Yang et al., 2020). A decrease in viscosity shifts the attenuation curve to higher frequencies 
(Subramaniyan et al., 2015). The attenuation of seismic waves is controlled by the spatial distribution of the 
fluid  (Chapman et al., 2017), which can be directly observed by injection experiments and CT imaging techniques 
(Lebedev  et al., 2009; Lopes & Lebedev, 2012). Porous rocks can exhibit different attenuation properties at the 
same saturation level, which is due to the different fluid distribution resulting from the different saturation meth-
ods used in the experiments. Unlike gas-water saturation, the distinction between oil-bearing and water-bearing 
reservoirs remains quite difficult due to the similar fluid moduli, densities, and heterogeneities of fluid distri-
bution. Understanding the saturation-dependent rock physics at different frequencies is important for improved 
fluid detection in heterogeneous reservoirs. Another challenge is the problem of scaling between laboratory core, 
borehole, and seismic data because heterogeneities of different sizes exist in actual rocks. Consequently, it can be 
difficult to ensure that rock physical properties obtained from centimeter-scale cores are representative of those in 
boreholes and seismic data (Bailly et al., 2019). Nevertheless, the variation trend of rock properties measured in 
the laboratory is believed to be applicable at large scale (Dvorkin & Nur, 2009; J. Li et al., 2020). To further inves-
tigate the scale effect, it is useful to obtain sufficient frequency-dependent data from the same geologic body.

Advances in poroelasticity theory have led to the recognition of wave-induced fluid flow (WIFF) as a general 
mechanism responsible for the acoustic wave velocity dispersion and attenuation (e.g., Ba et  al.,  2016; 
Carcione, 2022; Guo & Gurevich, 2020; Müller et al., 2010). Numerous models have been developed to simulate 
the wave responses at different fluid saturations (Ba et al., 2017; Chapman et al., 2016, 2017, 2021). Mode-
ling results indicate that microscopic squirt flow, as well as mesoscopic and macroscopic fluid flow, can have 
significant effects at the different observation frequencies (Ba et  al.,  2011; Biot,  1956; Carcione, Poletto, & 
Farina, 2018; Carcione, Poletto, Farina, & Bellezza, 2018; Gurevich et al., 2010; Mavko & Nur, 1975). Wang 
et al. (2023) developed a fluid-saturated model incorporating microscopic, mesoscopic, and macroscopic heter-
ogeneities and showed that the size of the inclusions significantly affects the attenuation. Similarly, M. Xu 
et al. (2022) derived a layered, partially saturated pore-crack model to study the effects of multiscale WIFFs. Ba 
et al. (2017) presented a double double-porosity model to analyze the mesoscopic and Biot fluid flows by simul-
taneously accounting for fabric and fluid heterogeneities. The reported models that consider heterogeneity of a 
single type and/or scale are insufficient to accurately describe the complex partially saturated porous media. It is 
also known that pore and fluid scale distributions in a subsurface medium can exhibit statistical self-similarity 
features (Feder, 1988; Katz & Thompson, 1985; Krohn, 1988). Several studies have simulated wave dissipation 
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in a saturated medium with fractal structures (Ma et  al.,  2023; Pride & 
Masson, 2006; L. Zhang et al., 2020), while others have resorted to partial 
saturation models to describe a medium in which the size of fluid patches 
follows an exponential or Gaussian distribution (Horikawa et  al.,  2021; 
Müller & Gurevich, 2004; Toms et al., 2007; L. Zhang et al., 2022). A more 
idealized model that accounts for the different scales with pore geometries 
and fluid distribution can then be expected. Further studies using extensive 
laboratory and field data are essential to promote the effective application of 
the theoretical model to actual seismic data.

In this work, we calculate compressional wave velocities and attenuation 
based on laboratory measurements, well logs, and seismic data from a tight 
oil reservoir in the Ordos Basin, China. Ultrasonic measurements were 
performed on eight tight sandstone samples partially saturated with oil and 
water under in-situ reservoir conditions. We analyzed the effects of rock 
properties, including porosity, clay mineral content, saturation, and pore 
distribution characteristics. Wavelength-dependent velocity and attenuation 
are analyzed by combining the multiscale data. A partial saturation model, 

which assumes that the host skeleton contains a large radius range of inclusions with compliant pores and fluid 
patches, is developed and verified by using the multiscale data. Fractal properties of crack and fluid distribution 
in tight oil reservoirs are estimated.

2.  Multiscale Data Acquisition
Multiscale geophysical data sets are obtained from the Chang 7 oil-bearing layer of the Mesozoic Triassic 
Yanchang Formation in the Ordos Basin, China. The Chang 7 layer, with a thickness of about 110 m, contains 
the widespread hydrocarbon source rocks of the basin. The sandstone and mud/shale formations consisting of 
multiple cycles with high interstitial content and rich natural fractures were formed as a result of gravity-driven 
sedimentation processes (H. Li et al., 2022). The sedimentary sand bodies are characterized by stable distribu-
tion and good continuity, and provide favorable reservoir conditions for large-scale oil accumulation. This study 
focuses on the fine-grained sandstone layer. The oil saturation is usually above 70%, with a maximum saturation 
of 90% under a strong driving force in a self-fed reservoir (Fu et al., 2020). Natural microscopic and macroscopic 
fractures are well-defined. Cracks are commonly observed in outcrops and cores of sandstone strata, which is 
a critical factor for oil accumulation. Statistical data from outcrop profiles show that cracks with openings of 
0–1.5 mm account for 79.4% (Fu et al., 2020). Most cracks are not filled and form important channels for primary 
oil migration.

2.1.  Lithofacies, Texture and Pore Types

Eight tight-rock samples of TSD1-TSD8 were collected from the fine-grained sandstone layer. Figure 1 shows 
their mineral compositions and contents, which are similar and consist mainly of quartz, feldspar, carbonate 
minerals, clay, and minor ore minerals, as determined by X-ray diffraction analyses. The quartz content varies 
from 48.59% to 56.81%. The feldspar minerals (mainly potassium feldspar and plagioclase) range from 24.53% 
to 34.76%, while the carbonate minerals (calcite and dolomite) range from 7.09% to 17.93%. The clay minerals 
account for 4.61%–7.84%.

Figure 2 shows the cast thin sections of samples TSD1-TSD8, numbered in ascending order of porosity. The 
analysis reveals the presence of three types of pores: intergranular pores, dissolution pores, and microcracks. 
The predominant pore types are feldspar dissolution pores and intergranular pores. Clay minerals are present to 
a lesser extent on grain surfaces. The microstructural properties of the samples are analyzed by using the image 
segmentation method, as shown in Figures  3a and  3c. For samples TSD1 and TSD8, the area porosities are 
11.43% and 16.69%, while the probability density of cracks with aspect ratio less than 0.01 is 0.029 and 0.031, 
respectively. The probability density of stiff pores with aspect ratio of 1 is the highest at about 0.12, while those of 
the other aspect ratios mainly fall in the range of 0.02–0.42. Figures 3b and 3d show the histograms of probability 
density of pore diameter with self-similarity features. The fractal dimensions of the two samples are 2.67 and 

Figure 1.  Mineral compositions and contents of the eight tight-rock samples.
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2.45, when the histogram data are fitted by the probability density function 
in Yu and Li (2001). The pore diameters range mainly from 0.05 to 8 μm.

2.2.  Laboratory, Well-Log and Seismic Observations

Laboratory measurements are performed on samples from the target reservoir 
at a depth of 1,800–2,122 m. The in-situ confining and pore pressures are 
about 30 and 15 MPa, respectively. The samples are cut into cylinders with a 
diameter of 25.20 mm and a length of 48.89–50.09 mm. Using the automatic 
permeameter of the core measurement system, we measure the porosities and 
permeabilities of the samples, which range from 5.1% to 10.2% and from 
0.018 mD to 0.096 mD, respectively. Table 1 gives an overview of the prop-
erties of the samples.

The experimental apparatus in Ma and Ba (2020) is used to perform ultra-
sonic pulse velocity tests on the eight samples. The samples are saturated 
with water (brine) by using the vacuum-pressure saturation method. A rubber 
sleeve is used to isolate the cylindrical sample from the confining liquid. The 
sealed sample is then placed in a high-pressure vessel while brine is injected 
to control pore pressure. Ultrasonic waves are generated and received by two 
sensors at the ends of the sample. Compressional waveforms are recorded 
under in-situ conditions with a confining pressure of 30 MPa, a pore pressure 
of 15 MPa, and a temperature of about 30°C after we maintain the conditions 
for half an hour. For the oil-saturation and partial saturation measurements, 
the same procedures are repeated as for the water-saturation case with an 
increase in water saturation of about 20%. Each sample is first saturated with 
oil prior to the measurements. The oil saturation is then changed by using a 
drying oven and controlled by the weighting method (Ba et al., 2019), which 
can be estimated as follows

𝑆𝑆𝑜𝑜 =

[

1 −
Δ𝑚𝑚𝑚𝑚sat

𝑚𝑚sat𝜌𝜌𝑓𝑓𝑓𝑓

(

1 − 𝜙𝜙

𝜙𝜙

)]

⋅ 100%� (1)

where msat, ρsat and ϕ are the mass, density and porosity of the 
water-saturated sample, respectively, Δm is the mass variation and ρfo is 
the oil density. Waveforms transmitting through an aluminum rod of the 
same shape as that of the sample (reference) are measured. The sampling 

interval is 0.05 μs, while the transit time through the device is 8.35 μs when the two sensors are in direct 
contact. The pulse center frequency is 0.55 MHz. The P waveforms of sample TSD6 at different oil satu-
rations are shown in Figure 4a. The velocity is obtained by dividing the sample length by the transit time 
through the sample. The error is calculated based on the uncertainty in the selection of the first arrival and 
the measurement of the length (Yurikov et al., 2018), which is 0.49% for sample TSD1 saturated with water. 
The attenuation coefficient γ is estimated based on the recorded sample and reference waveforms by using the 
spectral ratio method (Toksöz et al., 1979) as follows

ln
(

�1(� )
�2(� )

)

= (�2 − �1)xf + ln
�1(�)
�2(�)

� (2)

where A(f) is the amplitude, f is frequency, x is the sample length, G(x) is a geometrical factor, and the subscripts 
1 and 2 refer to the sample and aluminum rod, respectively. The sample attenuation (inverse of quality factor Q) 
is 𝐴𝐴 𝐴𝐴−1

1
= 𝛾𝛾1𝑉𝑉 ∕𝜋𝜋 , where V is the velocity. The amplitude spectrum is computed with one period of the signal after 

the first arrival to avoid the effect of boundary and multiple reflections. The attenuation uncertainty is calculated 
by the fitting error of the spectral ratio (Zhubayev et al., 2016). For example, the attenuation errors of sample 
TSD1 at water and oil saturations are 9.61% and 12.13%, respectively.

Log data from six wells were analyzed to determine the properties including density, porosity, gamma ray (GR), 
saturation, and velocity. Figure 5 shows the log curves of well C. The porosity of the reservoir ranges from 

Figure 2.  Casting thin section images of specimens TSD1–TSD8 at various 
magnifications. The blue areas denote the pores, while the black areas 
represent the interstitial material. The pore types are indicated.
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0% to 11%. Water saturations range from 25% to 100%, with most ranging from 50% to 70%. The clay (shale) 
content curve derived from data at GR indicates that tight sandstone is predominant above a depth of 2,020 m. 
It is interbedded with mudstone layers, which are characterized by high clay content. Below this depth, mud/
shale is the main lithology. The P-wave velocity ranges from 2,750 to 4,800 m/s. The analysis shows a strong 
correlation between P-wave velocity and porosity within the sandstone layer. Log data from the tight sandstone 
layer, characterized by low clay content, are selected for analysis and comparison with the experimental data. 
The full-waveform signals are recorded at 13 receivers with a spacing of 0.1524 m and a distance of 3.12 m from 
the source to the first receiver. Figure 4b shows the signals recorded at 2,030 m depth in Well C. The signals 
have a center frequency of about 10 kHz. The attenuation is estimated with the statistical average method (Sun 
et al., 2000),

𝑄𝑄𝑃𝑃 (𝑧𝑧) =
Φ̂𝑛𝑛(𝑧𝑧0) − Φ̂𝑛𝑛(𝑧𝑧) +𝑄𝑄−1

𝑃𝑃
(𝑧𝑧0)𝑡𝑡𝑛𝑛(𝑧𝑧0)

𝑡𝑡𝑛𝑛(𝑧𝑧)
� (3)

where Φn = 2 ln An (z, f)/f, An is the nth receiver's spectrum, tn is the propaga-
tion time, and z and z0 denote the reservoir and reference depths, respectively. 
The Akaike information criterion algorithm is used to determine the arrival 
time of the P wave from the full-waveform data (Akram & Eaton,  2016). 
The attenuation is affected by the  window length and spectral range. A 
time window of 120 μs after the first arrival is used to extract one period 
of the signal, avoiding interference from S waves and multiple reflections 
between layers. The selected pulses are converted to amplitude spectra by 
using Fourier transform. The attenuation of the sonic log data is obtained by 
using a portion of the spectra near the center frequencies. Application of the 
statistical average method further increases the robustness of the attenuation 
estimate.

Figure 3.  Microstructural properties of the specimens. (a, b) Show the distribution of pores (blue) and mineral grains 
(white) and the corresponding probability density histogram of pore diameter for sample TSD1; (c, d) are the corresponding 
information for sample TSD8. The fractal dimensions (Df) of the pores are estimated.

Depth (m) Sample Porosity (%)
Permeability 

(mD)
Dry-rock 

density (g/cm 3)

1,997 TSD1 5.1 0.018 2.44

1,949 TSD2 5.8 0.020 2.51

2,012 TSD3 7.2 0.020 2.49

2,121 TSD4 9 0.078 2.41

1,994 TSD5 9 0.036 2.42

2,102 TSD6 9.2 0.038 2.44

1,800 TSD7 9.2 0.066 2.41

1,996 TSD8 10.2 0.096 2.37

Table 1 
Properties of Eight Tight-Rock Samples
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The seismic profile through the three wells in the study area is shown in 
Figure 4c. The thickness of the deposit is ∼104 m, with porosity ranging from 
2% to 12%. The shale layer has good continuity, indicated by the presence 
of a highly reflective interface. The seismic traces near the boreholes are 
used to determine the velocity and attenuation. The seismic velocity of the 
sandstone layer is determined by a pre-stack three-parameter inversion (Aki 
& Richards, 2002), while the attenuation is estimated by using an improved 
frequency shift method (Hu et al., 2013)

� (4)

where fc0 and fc1 are the centroid frequencies of the reference and target layers, 
respectively, and t is the propagation time. The attenuation estimated from 
seismic data may be affected by the errors associated with seismic processing 
(migration, deconvolution, and frequency content), and it is locally depend-
ent on the subsurface reflectivity (C. Zhang & Ulrych,  2002). A strong 
reflective interface above the target reservoir is considered as a reference in 
Figure 4c. The method eliminates the effects of the shape of the spectrum 
and noise and ensures a stable estimate. The generalized S-transform is used 
to perform a time-frequency analysis of the seismic data, which provides a 
suitable frequency resolution for identifying the interlayer information that is 
not identifiable by the short-time Fourier transform. The centroid frequency 
is approximately 30 Hz. Reservoir properties around the well, such as poros-
ity, clay content, and saturation, are determined based on the corresponding 
log data.

3.  P-Wave Velocity and Attenuation
3.1.  Effects of Porosity, Permeability and Clay Content

The properties of eight samples are shown in Figure 6. Figure 6a shows a 
linear relationship between porosity and log of permeability, with dry density 
decreasing with increasing porosity. Figures 6b and 6c show the P-wave veloc-
ity (VP) and attenuation (1,000/QP) of oil-saturated samples as functions of 
porosity and clay content, respectively. Velocities decrease with increasing 
porosity from 4.955 to 4.687 km/s, except for sample TSD1, which has an 
unusually low value. This deviation can be attributed to the presence of a 

crack, as is shown in Figure 3a. It is observed that attenuation increases with higher clay content. Additional 
energy dissipation could occur due to squirt flow between the intercrystal clay pores and the granular pores (Ba 
et al., 2016).

Figures 7 and 8 show the density distribution of velocity and attenuation data obtained from sonic log and seismic 
data. As porosity increases, velocity gradually decreases and attenuation increases. The velocities are mainly 
distributed in the range between 4.4 and 4.6 km/s, while the attenuation is mainly between 13 and 23. The seismic 
wave velocities are mainly in the range of 4.3–4.5 km/s, while the attenuation is between 24 and 27. The velocity 
and loss change significantly when the porosity is constant. This indicates the presence of strong heterogenei-
ties, such as fractures and fluid patches, which may affect the wave responses. Some lithological variations may 
also effect on the scatters. The effect of fluid saturation on the velocity of tight-oil reservoirs is relatively small, 
compared to the velocity fluctuation observed in the sonic log data and seismic data presented in Figures 7 and 8.

3.2.  Effects of Fluid Properties and Saturation

Figure 9 shows the P-wave velocities and attenuation of eight samples as a function of water saturation for partially 
oil- and water-saturated tests. The P-wave velocities initially decrease and then increase with water saturation, 
as observed for the first arrivals of sample TSD6 in Figure  4a. This trend differs from previous ultrasound 

� =

√

�5tf�1� 2
�0

16
(

� 2
�0 − � 2

�1

) ,

Figure 4.  Waveforms recorded from ultrasonic measurements, sonic log and 
seismic observation. (a) P-waveforms of sample TSD6 and first arrivals (red 
lines) at different oil saturations. (b) Sonic-log signals recorded at 2,030 m 
depth from well C. First arrivals of P waves are indicated. (c) Seismic profile 
crossing well C.
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measurements (e.g., Ma et  al.,  2021), which may be due to the complex 
fluid distribution properties in tight rocks (e.g., El-Husseiny et  al.,  2019). 
P-wave attenuation is stronger at partial saturation and generally peaks at 
high oil saturation due to the fluid flow induced by the waves at mesoscopic 
scale. The attenuation variation with saturation can also be affected by fluid 
distribution. Relative to the water-saturated condition, the maximum rates 
of velocity change with saturation range from 1.42% to 5.71% for different 
samples, with an average of 3.01%, while the maximum rates of attenuation 
change range from 7.95% to 47.07%, with an average of 23.75%. The attenu-
ation attribute is very sensitive to changes in fluid saturation.

Figure 10 shows the sonic and seismic velocities and attenuation as a func-
tion of saturation and porosity. Both velocities increase with water saturation. 
Attenuation is generally stronger at partial saturation, suggesting that hetero-
geneities in fluid distribution may contribute to energy dissipation in addition 
to WIFF between stiff and compliant pores. Sonic and seismic data suggest 
that low porosity reservoirs generally have high water saturation, while high 
porosity reservoirs tend to have high oil saturation based on the available 
data.

3.3.  Effect of the Wavelength

P-wave velocity and attenuation at the various observation scales are affected 
by factors such as measurement wavelength, saturation, porosity, and mineral 
content. The measured multiscale data sets under in-situ condition are shown 
in Figure  11. The P-wave velocity shows a strong scatter with frequency, 
while the attenuation appears to be stronger at relatively low frequencies. The 
sonic-log attenuation exhibits a wide distribution range due to the complex 
stratigraphic features and the selection of dense observation points.

Interpretation of geophysical data should be performed at the scale of 
the representative element volume. The transition from ultrasonic to 
seismic measurements involves a change in wavelength that significantly 
affects wave propagation in media with heterogeneities of different sizes. 
For a given lithology, velocity and attenuation measured at ultrasonic 

Figure 5.  Log curves of well C, including P-wave velocity (VP), density, porosity, water saturation (Sw), and shale content 
(SH) from left to right.

Figure 6.  Relationships between the various properties of the eight samples. 
(a) Variations in porosity with respect to permeability and dry density. 
Variations in P-wave velocity (b) and attenuation (c) as a function of porosity 
and clay content in oil-saturated tests. Error bars are given.
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frequencies are governed by factors such as porosity, microstructure, 
and saturation, while reservoir properties obtained from sonic logs can 
be affected by fractures and interstitial material. Seismic properties are 
influenced by major heterogeneities such as fractures, stratification, and 
pelitic striations. Therefore, the variation in elastic and anelastic proper-
ties of multiscale data can reflect the heterogeneities at different spatial 
scales. Figure  12 shows descriptive statistics of the three velocity and 
attenuation data sets as a function of the measured wavelengths. The 
indicated are the median and quartiles of the data sets. The velocities 
decrease with increasing wavelength. The mean velocities decrease from 
4.883 to 4.521 km/s as the wavelength increases from ∼0.89 cm at the 
ultrasonic frequency to ∼45  cm at the sonic frequency, with a velocity 
dispersion of about 8.02%. Mean velocities decrease slightly as the wave-
length increases from ∼45 cm to ∼148 m at the seismic observation, with 
a velocity dispersion of about 2%. As the wavelength increases, the mean 
attenuation increases from 16.13 to 25.56.

4.  A Fractal Model for Partially Saturated Pore-Crack 
Media
Pore structure and fluid distribution are considered typically fractal in shal-
low crusts and reservoir rocks. Previous fractal partially-saturated models 
of poroelasticity mainly analyze the patchy saturation of immiscible fluid 
mixture, but have not considered the heterogeneity within fabric/pore struc-

ture (e.g., Horikawa et al., 2021). In this study, we assume that the pore-crack media are partially saturated with 
two immiscible fluids. The matrix with stiff pores (e.g., intergranular pores) serves as the host skeleton and 
contains a small volume of inclusions with compliant pores of different sizes (e.g., microcracks, cracks and 
fractures), as are shown in Figure 13. The host skeleton is assumed to be partially saturated while the inclu-
sions are saturated. This is because the microcracks or grain contacts are usually saturated first due to capillary 
forces and water wettability of the interstitial material (X. Li et al., 2001). By assuming that the size distribution 
of spherical inclusions and fluid patches corresponds to statistical self-similarity, a fractal model for partially 

saturated media can be proposed. Based on the differential  effective medium 
theory, the additions of inclusions and fluid patches can then be divided into 
an infinite number of components with different radii and discretized into 
k values (rI,1 > rI,2 > … > rI,k and rF,1 > rF,2 > … > rF,k) with a probability 
distribution. In the mth addition, a set of equal inclusions with volume vI,m 
and fluid patches with volume vf1,m are embedded in the host skeleton, and 
form a triple-porosity system. It is assumed the medium porosity is ϕ, while 
the porosities of the host and inclusion are ϕH and ϕI, respectively. When 
the medium only contains stiff pores, the total porosity is ϕ = ϕH, and the 
inclusion porosity is ϕI = 0. The host saturated with fluid 1 has an absolute 
porosity ϕHf1,m = (1 − vI,m)ϕHSf1, while the host saturated with fluid 2 has an 
absolute porosity ϕHf2,m =  (1 − vI,m)ϕHSf2 and the inclusion saturated with 
fluid 1 has an absolute porosity ϕIf1,m = vI,mϕI, where Sf1 and Sf2 are the satu-
rations of fluid 1 and 2 in the host, respectively, and Sf1 + Sf2 = 1. Fluid 1 and 
fluid 2 have the densities ρf1 and ρf2, viscosities ηf1 and ηf2, and bulk moduli 
Kf1 and Kf2, respectively. The media can be considered as a simplified double 
double-porosity media (Ba et al., 2019) adding inclusions with radius rI and 
incremental porosity dϕI  =  ϕIdvI, and adding fluid patches with radius rF 
and incremental porosity dϕHf2 = (1 − vI)ϕHdSf2 into the host skeleton. The 
strain energy of the considered media depends on the strains of the solid and 
fluid components based on Biot's theory. By including the relaxation effect of 
WIFF at the interfaces between different phases in the strain potential equa-
tion, the strain energy is obtained as follows (Ba et al., 2017),

Figure 7.  Density distribution of the P-wave velocity and attenuation obtained 
from the sonic log data.

Figure 8.  Density distribution of the P-wave velocity and attenuation obtained 
from the seismic data.
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(

�̃ + 2�̃
)
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1 − 4�̃�2

+ 2�̃1�1
[

��1 + ��1�1����� + ��1�2(1 − �� )�����2
]

+ �̃1
[

��1 + ��1�1����� + ��1�2(1 − �� )�����2
]2
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��2 − (1 − �� )����1��1�2
]
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��2 − (1 − �� )����1��1�2
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� (5)

where I1 and I2 are the first and second strain invariants, and ξH1, ξI1, and ξH2 are the displacement divergence 
fields of fluid 1 in the host, fluid 1 in the inclusions and fluid 2 in the host, respectively. The scalars ζH1I1 and 
ζH1H2 denote the fluid strain increments at the interfaces between the host and inclusion saturated with fluid 
1 and between the hosts with fluid 1 and fluid 2, respectively. The analytical relations between the stiffness 
coefficients and the measurable properties of the rock and fluid can be derived by the method  of gedanken 
experiments (Johnson, 1986). The unjacketed rock is subjected to both pure shear deformation and hydrostatic 
pressure based on the idealized experiments (Ba et al., 2011). The stiffness coefficients are

�̃ = ��,

�̃ = (1 − � − ��� )�� −
2
3
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��1
− �̃3

��

��2
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�(1 − � − ��� −��∕��)(1 − �� )����1��

�(1 − � − ��� −��∕��) +��∕��1[�(1 − �� )�� + ����� ]
,
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(1 − � − ��� −��∕��)�������
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�(1 − � − ��� −��∕��) +��∕��2[�(1 − �� )�� + ����� ]
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,

�̃2 =
[�(1 − �� )�� + ����� ]�������

(1 − � − ��� −��∕��) +��∕��1[�(1 − �� )�� + ����� ]
,

�̃3 =
[�(1 − �� )�� + ����� ]������� (1 − �� )�����2
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Figure 9.  P-wave velocity (a) and attenuation (b) of eight samples as a function of water saturation.
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where Ks is the grain bulk modulus, and Kb and μb are the bulk and shear moduli of the skeleton, respectively. The 
dilatation ratio β of the fluid bulk strain between the host with fluid 1 and inclusion (Ba et al., 2011) is

𝛽𝛽 =
𝜙𝜙𝐼𝐼

𝜙𝜙𝐻𝐻

[

1 − (1 − 𝜙𝜙𝐻𝐻 )𝐾𝐾𝑠𝑠∕𝐾𝐾𝐻𝐻

1 − (1 − 𝜙𝜙𝐼𝐼 )𝐾𝐾𝑠𝑠∕𝐾𝐾𝐼𝐼

]

� (7)

where KH and KI are the bulk moduli of the host skeleton and inclusion, respectively. The dilatation ratio is 1 at 
the fluid boundary between fluid 1 and fluid 2 within the host.

According to Ba et al. (2017), the kinetic energy of the considered medium, where the fabric structure of two 
pore phases (stiff intergranular pores and soft pores/cracks) is presented in the solid skeleton, while at the same 
time the main skeleton with stiff pores are patchy-saturated, can be derived, for the case when the effect of WIFF 
is not incorporated.

Figure 10.  P-wave velocity and attenuation as a function of water saturation and porosity. (a, b) Correspond to sonic log data 
while (c, d) to seismic data.
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Figure 11.  P-wave velocity (a) and attenuation (b) for the ultrasonic (red), sonic log (blue) and seismic (yellow) data sets as a 
function of frequency and water saturation.

Figure 12.  P-wave velocity (a) and attenuation (b) for the ultrasonic, sonic and seismic data sets as a function of wavelength. 
The maximum, quartiles, median and minimum are given by statistical analysis.
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where n = 1, 2, and 3 correspond to the triple porosities of the host saturated with fluid 1, the inclusions saturated 
with fluid 1, and the host saturated with fluid 2, respectively, and ui and Ui (i = 1, 2, and 3) are the solid and fluid 
displacement components, respectively.

The analytical relation between the radius of the spherical inclusions and 
the fluid increment can be derived for the kinetic energy associated with the 
WIFF process. The interactions between inclusions are neglected by assum-
ing a sparse distribution of inclusions. The kinetic energy can be derived on 
the basis of the Biot-Rayleigh model (Ba et al., 2011) as
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∑
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3
��1�̇ 2

�1�2�
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�1���2

� (9)

The density coefficients are

�̃11 = ����1(1 − �� )����1,

�̃22 = ����1����� ,

�̃33 = ����2(1 − �� )�����2,

�̃01 = ��1(1 − �� )����1 − �̃11,

�̃02 = ��1����� − �̃22,

�̃03 = ��2(1 − �� )�����2 − �̃33,

�̃00 =
(

1 − � − ��� − ��Hf 2
)

�� − �̃01 − �̃02 − �̃03,

� (10)

Figure 13.  Inclusions with compliant pores and fluid patches in porous rocks at various scales. The radii of the inclusions 
and fluid patches follow a self-similarity distribution.

Rock Fluids

ϕ 10.74% Kfw (water) 2.5 GPa

Ks 38 GPa ηfw 1 mPa · s

μs 44 GPa ρfw 1.04 g/cm 3

Kb 11.8 GPa Kfg (gas) 0.05 GPa

μb 13.9 GPa ηfg 0.015 mPa · s

KH 17.1 GPa ρfg 0.117 g/cm 3

KI 1.2 GPa Kfo (oil) 1.27 GPa

ρs 2.65 g/cm 3 ηfo 5 mPa · s

vI 3.70% ρfo 0.79 g/cm 3

ϕH 10%

ϕI 30%

κH 0.01 D

κI 1 D

Table 2 
Rock and Fluid Properties
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where ρs is the grain density, and αH and αI are the tortuosities of the host and inclusions, respectively.

The Biot dissipation accounting for the friction effects between the skeleton and pore fluids in the system is

2𝐷𝐷 =

∑

𝑛𝑛

𝑏̃𝑏𝑛𝑛
(

𝐮𝐮 − 𝐔𝐔
(𝑛𝑛)
)

⋅

(

𝐮𝐮 − 𝐔𝐔
(𝑛𝑛)
)

� (11)

where bn is the Biot dissipation coefficient, u and U are the solid- and fluid-displacement vectors, respectively.

By considering the Biot loss and the dissipations induced by the two WIFFs, the dissipation function (Ba 
et al., 2017) is

2� = �̃1
(
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(
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3
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2
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3
����1�̇2�1�2�

2
� [(1 − �� )�� ]3�2

�1���2∕�̃�
� (12)

where 𝐴𝐴 𝐴𝐴𝐴𝐻𝐻 is the host permeability.

In accordance with Hamilton's principle, the Lagrangian density of the system is given by the equation L = T − W. 
The governing equations of wave propagation are derived by substituting the kinetic energy, potential energy and 
dissipation functions into the Lagrange equation, namely

�̃∇2� +
(

�̃ + �̃
)

∇� + �̃1∇
[

��1 + ��1�1����� + ��1�2(1 − �� )��dS�2
]

+ �̃2∇[��1 − (1 − �� )����1�1] + �̃3∇
[

��2 − (1 − �� )����1��1�2
]

= �̃00�̈ + �̃01�̈
(1) + �̃02�̈

(2) + �̃03�̈
(3)

+ �̃1
(

�̇ − �̇(1)
)

+ �̃2
(

�̇ − �̇(2)
)

+ �̃3
(

�̇ − �̇(3)
)

� (13a)

Figure 14.  Theoretical P-wave velocity and attenuation in rocks saturated with different fluids. The fractal dimension is 2.6 
and the radii range from 0.01 to 100 mm for the inclusions and fluid patches.
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𝑄̃𝑄1∇𝑒𝑒 + 𝑅̃𝑅1∇
[

𝜉𝜉𝐻𝐻1 + 𝜁𝜁𝐻𝐻1𝐼𝐼1𝜙𝜙𝐼𝐼𝑑𝑑𝑑𝑑𝐼𝐼 + 𝜁𝜁𝐻𝐻1𝐻𝐻2(1 − 𝑣𝑣𝐼𝐼 )𝜙𝜙𝐻𝐻𝑑𝑑𝑑𝑑𝑓𝑓2

]

= 𝜌̃𝜌01𝐮̈𝐮 + 𝜌̃𝜌11𝐔̈𝐔
(1)

− 𝑏̃𝑏1

(

𝐮̇𝐮 − 𝐔̇𝐔
(1)
)

� (13b)

𝑄̃𝑄2∇𝑒𝑒 + 𝑅̃𝑅2∇
[

𝜉𝜉𝐼𝐼1 − (1 − 𝑣𝑣𝐼𝐼 )𝜙𝜙𝐻𝐻𝑆𝑆𝑓𝑓1𝜁𝜁𝐻𝐻1𝐼𝐼1

]

= 𝜌̃𝜌02𝐮̈𝐮 + 𝜌̃𝜌22𝐔̈𝐔
(2)

− 𝑏̃𝑏2

(

𝐮̇𝐮 − 𝐔̇𝐔
(2)
)

� (13c)
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� (13d)

𝜙𝜙𝐼𝐼

[

𝑄̃𝑄1𝑒𝑒 + 𝑅̃𝑅1(𝜉𝜉𝐻𝐻1 + 𝜁𝜁𝐻𝐻1𝐼𝐼1𝜙𝜙𝐼𝐼𝑑𝑑𝑑𝑑𝐼𝐼 )
]
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where e is the solid divergence field. The complex wave numbers are computed by the plane-wave analysis 
method, and we obtain the complex moduli of the composite media. After each addition of inclusions, the 
composite media can be treated as a dissipative homogeneous porous medium containing an equivalent fluid. 
The fluid bulk modulus can then be computed using the Gassmann equation (Gassmann, 1951), which takes into 
account the fluid properties in the host at the next addition.

At each addition, the size of the inclusions and fluid patches follow the correlation function 𝐴𝐴 𝐴𝐴𝐴𝐴𝐼𝐼 = 𝜙𝜙′

𝐼𝐼
(𝑟𝑟𝐼𝐼 )𝑑𝑑𝑑𝑑𝐼𝐼 and 

𝐴𝐴 𝐴𝐴𝐴𝐴𝑓𝑓2 = 𝑆𝑆 ′

𝑓𝑓2
(𝑟𝑟𝐹𝐹 )𝑑𝑑𝑑𝑑𝐹𝐹 (Klimeš, 2002), respectively. Then, the wave propagation equations of the proposed model 

are

Figure 15.  Theoretical P-wave velocity and attenuation with different fractal dimensions (Df) and radius ranges (r) at 
gas-water saturation. The gas saturation is 10%.
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Figure 16.  Theoretical P-wave velocity and attenuation as a function of water saturation at 1 Hz, 10 kHz and 1 MHz in 
the gas-water saturated case. The fractal dimension is 2.6 and the radius range is 0.1–100 mm for the inclusions and fluid 
patches.
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where the stiffnesses 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝑁𝑁  , 𝐴𝐴 𝑄𝑄1 , 𝐴𝐴 𝑄𝑄2 , 𝐴𝐴 𝑄𝑄3 , 𝐴𝐴 𝑅𝑅1 , 𝐴𝐴 𝑅𝑅2 , and 𝐴𝐴 𝑅𝑅3 , and the density coefficients 𝐴𝐴 𝜌𝜌00 , 𝐴𝐴 𝜌𝜌01 , 𝐴𝐴 𝜌𝜌02 , 𝐴𝐴 𝜌𝜌03 , 𝐴𝐴 𝜌𝜌11 , 𝐴𝐴 𝜌𝜌22 , and 
𝐴𝐴 𝜌𝜌33 can be obtained based on the above discretization procedures of Equations 5–14. P-wave velocity and attenu-

ation can be computed with the P-wave numbers (k) at the final iteration, as

𝑉𝑉𝑃𝑃 =
𝜔𝜔

Re(𝑘𝑘)
� (15)

𝑄𝑄−1

𝑃𝑃
=

2Im(𝑘𝑘)

Re(𝑘𝑘)
� (16)

where ω is angular frequency.

The frequency- and saturation-dependent seismic wave responses of the fractal partially-saturated media are 
analyzed with this model. The rock properties in the numerical modeling are based on the parameters of Ba 
et al. (2011) and Pride and Berryman (2003), as are shown in Table 2. The radius distributions of the inclusions 
and fluid patches satisfy the self-similarity features. The volume fractions are related to the scale ranges of the 
inclusions and fluid patches as 𝐴𝐴 𝐴𝐴 = 1 − (𝑟𝑟min∕𝑟𝑟max)

3−𝐷𝐷𝑓𝑓 , where Df is the fractal dimension while rmin and rmax 
are the minimum and maximum radii of the inclusions and fluid patches, respectively. The inclusions and fluid 
patches have identical values for both fractal dimension and radius range, with the former at 2.6 and the latter 
between 0.01 and 100 mm. Figure 14 shows the frequency-dependent velocity and attenuation in porous rocks 
saturated with different fluids. When the rock is saturated with a fluid, the attenuation is associated with the 
WIFF between stiff and compliant pores. When the rock is partially saturated with gas and water, a strong attenu-
ation peak occurs in a higher frequency range due to the WIFF between the interfaces of the two fluid types. The 
WIFF at oil-water interfaces is weaker due to the similar fluid properties.

Figure 15 illustrates the velocity and attenuation as a function of frequency under partial gas-water saturation for 
different fractal dimensions and radius ranges. The fractal dimension and radius range of the inclusions and fluid 

Figure 17.  Comparisons between the theoretical results at 4% and 12% porosities and the measured data sets at different 
saturations and porosities. (a, b) 0.55 MHz, (c, d) 10 kHz, and (e, f) 30 Hz.
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patches are the same. When the radius range is constant, the velocity decreases slightly with increasing fractal 
dimension, while the loss shows similar behavior. The inflection point of velocity dispersion and loss peak caused 
by the two WIFF mechanisms shift to lower frequencies as the radius minimum increases.

Figure 16 shows the P-wave velocity and attenuation as a function of water saturation for a fractal dimension 
of 2.6 and a radius range of 0.1–100  mm. At ultrasonic, sonic and seismic frequencies, the P-wave velocity 
initially decreases and then increases rapidly with increasing water saturation. This is due to the comparable or 

greater effect of the equivalent density of gas and water mixtures on veloc-
ity compared to the equivalent P-wave modulus in the presence of water. A 
similar relationship between velocity and saturation is observed in Batzle 
et al. (2006). The attenuation peak shifts toward lower water saturation with 
increasing frequency. The proposed model is able to describe the strong veloc-
ity dispersion in saturated rocks, whereas most previous partial-saturation 
models, which only consider heterogeneities caused by fluid distribution, 
give similar velocity predictions at the full saturation for the seismic and 
ultrasonic frequencies (e.g., Müller et al., 2008).

5.  Modeling and Analysis
Modeling is performed to understand the wave responses of the considered 
tight reservoirs at different saturations and frequencies. The bulk modulus 
of the grain is 38.78 GPa, calculated by using the measured mineral compo-
sitions based on the Hashin-Shtrikman limits (Hashin & Shtrikman, 1963). 
The average density is 2.65 g/cm 3. The bulk moduli of the host skeleton are 
26 and 20 GPa, while the shear moduli are 23 and 18 GPa for porosities of 4% 
and 12%, respectively. The permeabilities are 0.0068 and 0.2377 mD with the 
corresponding porosities based on the measured pore-permeability relation-

Figure 18.  Comparison between the theoretical model results at different saturations for 4% and 12% porosities (circles with 
bar), and the measured data sets falling within each rectangular box at the observed frequencies.

Rock Fluids

ϕ 6.40% Kfg (air) 0.002 GPa

Ks 37 GPa ηfg 0.018 mPa · s

μs 44 GPa ρfg 0.00129 g/cm 3

Kb 5.0 GPa Kfo (oil) 1.27 GPa

μb 6.2 GPa ηfo 150 mPa · s

KH 11.5 GPa ρfo 0.89 g/cm 3

KI 0.035 GPa

ρs 2.64 g/cm 3

vI 2%

ϕH 6.12%

ϕI 15%

κH 0.024 D

κI 0.24 D

Table 3 
Rock and Fluid Properties of Sample Fon3 (Zhao et al., 2021)
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ship. The content, bulk modulus, and shear modulus of the inclusions with 25% porosity are 0.04, 0.75 GP, and 
0.61 GPa, respectively, while their permeabilities are an order of magnitude larger than those of the host material 
due to the compliant pores with good connectivity. The bulk modulus, density, and viscosity of water and oil are 
2.273 and 1.99 GPa, 1.004 and 0.89 g/cm 3, and 0.981 and 8 mPa · s, respectively, under in situ conditions accord-
ing to the formula of Batzle and Wang (Batzle & Wang, 1992). The fractal dimension of the inclusions with 
cracks is determined to be 2.67 and 2.45 at 4% and 12% porosity, respectively, based on the pore structure analysis 
in Figure 3, while the radius range is adjusted to match the observed multiscale data sets. The fractal dimension 
of the fluid patches is the same as that of the inclusions, while their size is adjusted based on the measured data. 
Figure 17 compares the model results with the ultrasonic, sonic log, and seismic data at different porosities and 
water saturations. Figures 17a and 17b show the velocity and attenuation at the ultrasonic frequency. The radii 
of the inclusions and fluid patches are set to 0.32–25.1 μm and 0.1–4 μm at 12% and 4% porosities, respectively. 
The results show that the velocity decreases with water saturation, while the attenuation, consistent with the 
measured results, is stronger at high oil saturation. The inclusions and fluid patches are larger in samples with a 
higher porosity, which affects the ultrasonic loss. Figures 17c–17f show the sonic and seismic data, respectively. 
The bulk and shear moduli of the host skeleton are 24–21 GPa and 18–16 GPa for 4% and 12% porosities, respec-
tively, due to the presence of larger heterogeneities. In contrast, the bulk and shear moduli of the inclusions with 
larger cracks change to 0.35 and 0.24 GPa, respectively. The radii of the inclusions and fluid patches are set to 
0.32 μm to 2.8 mm at 12% porosity, which corresponds to 0.32 μm to 0.25 mm at sonic frequencies, and 1 μm 
to 2.8 mm at seismic frequencies. The radius ranges from 0.1 μm to 0.06 mm at sonic frequencies and 0.1 μm 
to 0.5 mm at seismic frequencies for 4% porosity. Similar velocity-saturation relationships are observed in the 
measured frequencies, while the attenuation-saturation relationships are different between the different frequency 
ranges. Discrepancies between the model results and observed data are attributed to a variety of factors, including 
the uncertainty in input parameters, the presence of minor gas, and the scattering effect. The parameters used 
for modeling are determined with experimental measurements, that may not fully reflect the in-situ reservoir 
properties. Figure 18 presents the ranges of model results with different saturations for 4% and 12% porosities 
compared to the ranges of measured data at the observed frequencies. The model results generally fall within the 
boxes representing the measurement data sets and are consistent with the trend of measured P-wave velocities and 
attenuation with respect to frequency. The proposed model well describes the wave responses across a broadband 
frequency range of tight oil reservoirs.

The extensional attenuation data (1/QE) of a partially air-oil saturated Fontainebleau sandstone sample Fon3 
is obtained between 1 and 2,000 Hz by using the stress-strain oscillation experiments by Zhao et  al.  (2021). 
The sample, 37.9 mm in diameter and 51.4 mm in length, is approximately 99.9% quartz and has a porosity of 
6.40%, a permeability of 24 mD, and a density of 2.472 g/cm 3. A micro-CT image and scanning electron micro-
scope micrograph show numerous grain contacts and narrow microcracks. The sample is saturated by using the 
pseudo-imbibition saturation method, resulting in an oil saturation of ∼90%. Oil saturation is then changed to 
∼84% by pumping air into the sample. Low frequency experiments are performed at both saturation states. The 
rock properties are listed in Table 3. The fractal dimension of the inclusion and air patch is 2.45, while their size 
ranges are considered as fitting parameters. Figure 19 compares the modeling results with the measured data 
and shows the agreement. The  theoretical extensional attenuation is estimated based on the equation (1 + υ)/

Figure 19.  Comparison between the theoretical and measured extensional attenuation at different oil saturations.
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QE = (1 − υ) (1 − 2υ)/QP + 2υ(2 − υ)/QS (Winkler & Nur, 1979), where 1/QS is the S-wave attenuation and υ 
is the Poisson ratio. The crack radii range from 0.16 to 7.9 mm. The radii of the fluid patches are 5–20 mm and 
4–15.8 mm when the oil saturation is 84% and 90%, respectively. The damping peaks at the lower frequencies 
are attributed to the WIFF at the air-oil interfaces, while the peaks at the higher frequencies are attributed to 
the WIFF between compliant cracks and stiff pores. The damping peaks observed in the data are interpreted 
by Zhao et al. (2021) to be caused by mesoscopic flow from air patches with a radius of 11 mm, as well as by 
microcrack-induced squirt flow. The discrepancy between the observed and predicted attenuation at relatively 
high frequencies can be attributed to the vibration of the oil-gas interfaces. Furthermore, only the Biot global flow 
is considered for S-wave attenuation estimation in our model, leading to a smaller theoretical value.

6.  Discussions
6.1.  Saturation Effect on Different Rock Types

The effects of saturation and frequency on tight rocks may vary due to differences in lithology and saturation 
methods, independent of measurement setups and conditions. The relations between rock responses and satu-
ration and the discrepancies between different measurement methods in tight rocks are analyzed. The P-wave 
velocity-saturation (VP − Sw) relationship measured in this study, which shows that velocity decreases first and 
increases with water saturation, differs from those reported in literature. Some measurements indicate that VP 
increases with Sw at oil-water saturation tests (e.g., Ba et al., 2017; El-Husseiny et al., 2019) while other stud-
ies show that VP at oil or partially oil-saturated conditions is larger than that saturated with water (e.g., Pei 
et al., 2011; Xie et al., 2022). In our measurements, VP decreases until Sw reaches 40% or 60%. Clay minerals may 
swell when interacting with water, resulting in softening of the rock skeleton. The rock may also be stiffened by 
the coupling effect between oil and rock skeleton due to the higher oil viscosity. Moreover, the fluid distribution 
may change when oil is injected into water-saturated rocks, resulting in a variation of the VP − Sw trend. Further 
study of the effects of saturation history is needed to improve understanding of the oil accumulation characteris-
tics of tight reservoirs.

Various wave-induced flow mechanisms can occur at different observation scales, including local fluid flow at 
the pore and mesoscopic scales and WIFF caused by the inhomogeneous distribution of pore fluid at the meso-
scopic and macroscopic scales, leading to wave dispersion/attenuation. In our study, the loss variation is affected 
by the crack size and properties, and fluid  saturation and distribution. If the saturation changes slightly, the larger 
loss variation may be due to the pore fluid distribution changing significantly from heterogeneous patches to a 
homogeneous distribution on the pore scale. Microscopic squirt flow has also been considered as a mechanism 
leading to the measured velocity dispersion (e.g., Mikhaltsevitch et al., 2016; Spencer & Shine, 2016). In a porous 
rock, fluid can flow from a compliant microcrack to a less compliant neighboring pore depending on the shape 
and size of the inclusions (O'Connell & Budiansky, 1977). In addition, the scattering effect and other dissipa-
tion mechanisms that may affect wave propagation, such as intergranular friction, and slip at the interface in the 
tangential direction between the inclusions and the host, are not considered (He et al., 2022; Winkler et al., 1979). 
The proposed model can be extended by including these factors. The rock physical parameters used in modeling 
could be more accurately determined by accounting for the significant differences in measured porosity and 
permeability caused by spatial heterogeneity and scaling (J. Li et al., 2020; Mukhametdinova et al., 2020). The 
model assumes spherical inclusions, which is  a simplification of the actual geometry of fluid patches and frac-
tures in reservoirs. The geometric characteristics of heterogeneities are more complex than the simple approxi-
mation, which may affect the attenuation behaviors.

6.2.  Implications on Tight Reservoirs

Interpretation of multiscale data, from core plug to seismic, must take into account the various scales of heteroge-
neities with geologic and physical significance. A unique correlation resulting from a theory of multiscale wave 
propagation can constrain the seismic profile with logging and core data, improving the accuracy of the inversion 
(e.g., Batzle et al., 2006; Borgomano et al., 2019). To address the problem of scaling in seismic exploration, 
Partyka et al. (2000) established a correspondence between seismic data and experimental observations using 
the Backus average and demonstrated the validity of the approach. Dvorkin and Wollner (2017) hypothesized 
that a rock-physics transformation can be scale-independent. This is confirmed by the consistency between the 
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velocity-porosity relationship determined from cores and that inferred by the resulting rock-physics transform 
from log data in carbonates (El-Husseiny et al., 2019). However, our observations differ from this case due to 
the complex relationships between velocity/attenuation and porosity/saturation, which are primarily determined 
by various factors (e.g., cracks or fluid distribution) at different scales. Core properties are controlled by micro-
structures and fluid and exhibit marked heterogeneity due to diagenetic processes. Reservoir properties are also 
affected by large-scale structural features. This discrepancy arises because the core plug does not substantially 
exhibit large-scale heterogeneities. Tight oil reservoir modeling shows that various heterogeneities, including 
pores, fractures, and fluid patches, must be considered when upscaling elastic properties and attenuation.

Rock and fluid properties can be predicted based on the proposed model and seismic data if the relationships 
obtained from well logs and seismic data sets are representative of the tight reservoirs (e.g., Luo et al., 2023). 
Variations in wave velocity and attenuation with saturation may be indicative of pore geometry and fluid distribu-
tion. Velocity decreases while attenuation increases with crack content. Rock samples with higher crack contents 
are expected to be more sensitive to saturation changes. The measured experimental data show that the veloc-
ity variation is less than 6% with saturation, while the attenuation variation averages 23.75%. The relationship 
between attenuation and saturation does not follow a monotonic trend, resulting in the saturation inversion being 
non-unique. The changes in seismic properties at different saturations can be represented by combining elastic 
properties and attenuation (i.e., attenuation divided by velocity), which provides a better indication of oil and gas. 
In addition, studies have shown that structural heterogeneity, characterized by pore scale and spatial distribution, 
can influence oil recovery during waterflooding (e.g., Al-Shalabi & Ghosh, 2016; Y. Xu et al., 2017). For rocks 
with high porosity, water is displaced more quickly and easily in connected pores than in isolated or microscale 
pores with lower permeabilities, leaving a large amount of water behind and resulting in high water saturation. 
Conversely, rocks with a more homogeneous pore structure, consisting mainly of intergranular pores, may exhibit 
more homogeneous displacement of fluids. This could correspond to the expected changes in seismic signature 
caused in practice by oil production or flooding with water for enhanced oil recovery, which can be described by 
the proposed fractal model.

The P-wave velocity and attenuation characteristics observed in this study, which vary with saturation and 
frequency, are specific to the tight-oil reservoirs of the Ordos Basin. Significant differences can occur in sand-
stone and carbonate reservoirs with higher fracture content or higher gas saturation (e.g., H. Li et al., 2020; Y. 
Wei et al., 2021). The presence of methane or CO2 injections, which can significantly alter rock properties, can be 
investigated in another study. Future work could extend the frequency range of the experimental measurements, 
since only three data sets with different frequencies are currently available. Data from broadband experiments 
(e.g., Borgomano et al., 2019) and vertical seismic profiles (e.g., Sams et al., 1997) can be acquired so as to 
investigate the multiscale relationship at broader frequency ranges. In addition, multiscale observations can be 
used to create the training data sets and use a deep neural network to create a rock physics transform relationship, 
making it suitable for field applications.

7.  Conclusions
Laboratory, well-log, and seismic data are collected from the Ordos Basin tight-oil reservoirs in China. Ultrasonic 
tests are performed on eight sandstone samples under in situ conditions, and the wave responses of the corre-
sponding sandstone layers are determined. Intergranular pores, dissolution pores, and microcracks with a small 
amount of clay on the grain surfaces are observed in the cast thin sections of the samples. The pore diameters are 
mainly between 0.05 and 8 μm, and the fractal dimensions of the pores are between 2.45 and 2.67 at the reservoir 
porosity range. The probability density of cracks with aspect ratio less than 0.01 is about 0.03. A linear relation-
ship is also observed between sample porosity and log of permeability.

P-wave velocities and attenuation are determined with the multiscale wavedata sets. Velocities decrease with 
porosity, while attenuation is stronger with partial saturation. Descriptive statistics of the three data sets show 
that the average velocity dispersion is 8.02% as the wavelength increases from ultrasonic to sonic measurements. 
In contrast, a dispersion of 2% is observed as the wavelength increases from the sonic to the seismic observation. 
The average attenuation increases with increasing wavelength from 16.13 to 25.56. A partial-saturation model 
that accounts for fractal inclusions and fluid stains is derived based on the differential effective medium theory 
and the double double-porosity model. Modeling results show that the fluid properties, saturation, and scale 
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range of heterogeneities significantly affect the wave responses. The relationship between attenuation and satu-
ration depends on the measured frequencies. By matching the model results with the measured multiscale data, 
the radii of cracks and fluid patches are considered to range from 0.1 μm to 2.8 mm in tight-oil reservoirs. Based 
on the proposed model and seismic data, the reservoir and fluid properties can be inferred from the quantitative 
characteristics of rock physics.

Data Availability Statement
Experimental waveform data for this article can be found at https://doi.org/10.5281/zenodo.8174303. The 
measurements of a Fontainebleau sandstone sample can be found in Zhao et  al.  (2021) (https://doi.org/ 
10.1093/gji/ggaa551).
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