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Abstract 

The exploration of petroleum resources is currently extended to unconventional oil/gas reservoirs, such as tight sandstones. 
These reservoirs require theoretical and experimental studies on the wave response. This study conducts ultrasonic mea- 
surements on three tight sandstone samples under varying confining pressures and fluid conditions. To estimate the inverse 
quality factors of P-waves and S-waves, the spectral ratio theory is employed. With increasing pressure, the P- and S-waves ve- 
locities rise, while the attenuation declines. The pressure has the greatest influence on the anelastic properties. At the same 
pressure, the unloading process exhibits lower attenuation and higher velocities compared with the loading process. This 
is due to the fact that the cracks do not completely return to their pre-loading state after unloading. A rock-physics model 
is developed through the Voigt-Reuss-Hill average, the differential effective medium theory, and the squirt-flow model. The 
model results agree with the experiments. The modeling also shows that with increasing pressure, the attenuation peak in the 
water-saturated and oil-saturated state gradually shifts to higher frequencies, while the peak in the gas-saturated state shifts 
to lower frequencies. Water-saturated rocks are less pressure-dependent than oil-saturated rocks, while fully gas-saturated 
rocks undergo the greatest deformation. This study supports seismic exploration in tight oil and gas reservoirs. 

Keywords tight sandstone; wave attenuation; pressure; pore structure; loading; squirt-flow model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

basis for understanding reservoir capacity and revealing oil and 
gas accumulation patterns. 
Seismic wave propagation leads to energy dissipation, which 

is affected by different mineral proportions, pore and crack struc- 
ture, confining pressure, and fluid types (Johnston et al. 1979 ; Ba 
et al. 2017 , 2018 ; Zhu et al. 2024 ). Previous research has revealed 
that pore fluids are an important cause of wave scattering and at- 
tenuation (White 1975 ; Biot 1956 , 1962 ; Bourbié et al. 1987 ; Sams 
et al. 1997 ; Ba et al. 2024 ). When waves propagate through rock, 
pressure gradients are generated inside the fluid phase, called 
wave-induced fluid flow, causing friction between the fluid phase 
and the solid phase, leading to energy dissipation (Sams et al. 
1997 ; Chapman 2003 ; Carcione et al. 2010 ; Müller et al. 2010 ; Pan 
et al. 2023 ; Chen et al. 2023 , 2025 ). 
Many experiments have investigated how porosity, permeabil- 

ity, saturation, fluid type, and pressure influence wave attenua- 
tion (Dvorkin et al. 1994 ; Tao et al. 1995 ; King 2005 ; Adam et al. 
2009 ; David et al. 2013 ; Chapman et al. 2016 ; Ma et al. 2019 ; Ma & 
Ba 2020 ). Gardner et al. (1964 ) showed that attenuation enhances 
with saturation and declines with pressure. Winkler & Nur (1979 ) 
reported how wave velocity and attenuation are affected by fluid 
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1. Introduction 

Exploration in the oil and gas industrial sector today takes uncon-
ventional resources into account (Zou et al. 2019 ). In 2020, China
produced nearly 70 million tons of oil equivalent from these re-
sources, marking a new phase in the country’s oil and gas de-
velopments (Zou & Qiu 2021 ). Oil and gas have been found in
tight sandstones, limestones, and other rocks. Notable examples
of tight gas include the Xujiahe Formation in southwestern China
and the Shanxi and Shihezi Formations in northern China, while
tight oil mainly occurs in the Jurassic tight sandstones and lime-
stones in southwestern China and the Mesozoic tight sandstones
of the Yanlong Formation in northern China (Zhu et al. 2018 ). The
focus of this study is on tight sandstone formations with strong
heterogeneity, developed microcracks, and complex pore struc-
tures (Zou et al. 2013 ). The heterogeneity results from factors such
as the arrangement of clay particles, cracks, layering, and low as-
pect ratio pores (Zhubayev et al. 2016 ). As micropore structures in-
fluence petrophysical attributes and pore fluid distribution, accu-
rately predicting these characteristics is essential for efficient ex-
ploration and production. We must provide a crucial theoretical
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Table 1 Properties of tight sandstone samples. 

Samples TS1 TS2 TS3 

Dry-rock density (kg/m3 ) 2440 2350 2590 
Porosity (%) 8.53 11.27 3.30 
Permeability (mD) 0.1490 0.3985 0.0445 
Feldspar (%) 22 22 22 
Quartz (%) 61 61 64 
Lithic (%) 17 17 14 

Figure 1 Thin section images. (a) TS1, (b) TS2, (c) TS3. 
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aturation, and Toksöz et al. (1979 ) investigated how fluid and
inerals affec t P- and S-w ave attenuation at ultrasonic frequen-
ies. Johnston & Toksöz (1980) and Oh et al. (2011 ) found that
he attenuation in gas saturation samples is lower than that in
ater saturation. 
Previous studies have established a variety of models to charac-

erize the elastic wave dispersion and attenuation, including mod-
ls with single and double porosity (Ba 2013 ; Zhang et al. 2017 ).
iot (1956 ) proposed a theory of energy dissipation in homoge-
eous rock because of the global flow induced by the relative
otion of pore fluid and rock matrix. Dvorkin & Nur (1993 ) com-
ined the global Biot flow and microscopic squirt-flow theories
o obtain a unified model, referred to as the BISQ model. Berry-
an & Milton (1991 ) extended the Gassmann equation to mate-
ials containing two different pore systems. Given the complex
ore structures and significant heterogeneity of tight sandstone
eposits, additional research on wave attenuation in these rocks is
arranted. 
This study presents ultrasonic investigations of tight sandstone

amples. To obtain the attenuation of P- and S-waves, we use the
pectral ratio method. A model is formulated using the squirt-flow
odel, Voigt-Reuss-Hill (VRH) average, and differential effective
edium (DEM) theory. The influence of fluid types, loading and
nloading on the P-waves and S-waves velocities, attenuation and
ore structure are studied, which provides valuable insights for ex-
loration practice in tight reservoirs. 

. Experiments 

.1. Samples 

he Sichuan Basin is a large superimposed petroliferous basin and
erves as a crucial base for China’s oil and gas industry. Among
he discovered hydrocarbon-bearing formations, the continen-
al Jurassic system hosts the shallowest reservoirs. The Juras-
ic Shaximiao Formation is one of the key productive strata. The
ongmenshan frontal structural belt is located in the western
ichuan Basin, between the two thrust faults—the Guankou Fault
nd the Pengxian Fault. It is bounded by the Longmenshan frontal
ault zone to the west and adjoins the Chengdu Depression and
he Xinchang structural belt to the east. The tight sandstone sam-
les originate from the gas reservoirs of the Shaximiao Forma-
ion in this region. The Shaximiao Formation is a near-source sedi-
entary sequence with a thickness of 700–800 m, consisting of in-
erbedded sandstone and mudstone layers. The sandstone reser-
oirs exhibit considerable lateral variations, strong heterogeneity,
nd a complex pore structure with a weak impedance contrast
o the surrounding rocks. The reservoirs exhibit a shallow water
elta front depositional system with multiple submarine distribu-
ary channels. It is described as low porosity, low permeability,
nd thin layers. These rock types include feldspathic and feldspar-
ithic sandstones. 
Three samples are prepared as cylindrical specimens (50 mm in

ength, 25 mm in diameter). Table 1 lists the properties of the sam-
les, with mineral composition identified by a thin-section anal-
sis. The samples have low porosity and permeability, less than
5% and 1 mD, respectively. The thin slice images of three sam-
les are shown in Fig. 1 , with quartz being the predominant min-
ral, followed by feldspar and lithic fragments. The cementing ma-
terials consist mainly of clay and calcite. Sample TS2 has relatively
larger mineral grains, with more pronounced sericitization and
clay on the feldspar surfaces. We measure the porosities and per-
meabilities of the samples by using the automatic permeameter
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Figure 2 Porosity and permeability under varying confining pressures. 

Table 2 Physical properties of pore fluid. 

Nitrogen Brine Kerosene 

Density (kg/m3 ) 129 1003 758 
Viscosity (cP) 0.0181 0.892 7.86 
Bulk moduli (GPa) 0.0278 2.252 1.342 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Estimation of the S-waves attenuation for sample TS3. (a) 

Selection of time windows for aluminum, gas-, water- and oil-saturated 

samples; (b) Fourier transform to obtain the spectra; (c) estimation of Q 
with a logarithmic least squares fitting based on the spectral ratio. 
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of the core measurement system. Figure 2 gives the porosity and
permeability results at different confining pressures, showing that
the porosity and permeability decrease with increasing pressure.
The trend is primarily attributed to the closure of pores/cracks un-
der pressure conditions. 

2.2. Ultrasonic tests 

This study considers the effec t s of three fluid types on the tight
sandstone samples: nitrogen, brine, and kerosene. The specific
fluid parameters are provided in Table 2 . The gas(nitrogen)-
saturated samples are placed in a core ultrasonic meter.
A confining pressure of between 12 and 60 MPa is applied,
including nine pressure points of 12, 15, 20, 25, 30, 35, 40, 50, and
60 MPa. After each loading, the samples are stabilized for a certain
time to ensure pore pressure equilibrium. The stabilization time
is influenced by the permeability and the fluid viscosity (sam-
ples with lower permeability and higher fluid viscosity require
longer stabilization time). The frequency of the generated pulse is
approximately 500 KHz. 
During saturation with oil or brine, the samples are saturated

under vacuum pressure due to their low porosity and permeabil-
ity. The samples are deposited in a vacuum chamber saturated
with kerosene or 5% NaCl solution until no more bubbles are vis-
ible on the sample surface. The sample is considered completely
saturated when no further change in mass is detected on repeated
weighing and when the product of pore volume and fluid density
matches the increase in mass. After saturation, the samples are
loaded into the ultrasonic measuring device. Then we pump the
corresponding fluid to maintain pore pressure. The further pro-
cedures are the same as for the experiments with gas-saturated
samples. 
2.3. Estimation of the wave attenuation 

This article uses the spectral ratio theory to calculate the atten-
uation of P- and S-waves (Toksöz et al. 1979 ; Quan & Harris 1997 ;
Zhang & Ulrych2002 ; Picotti & Carcione2006 ). The plane wave am-
plitudes of the rock and aluminum sample are 

A1 ( f ) = G1 ( x) e−α1 (f ) x e−i(2 π ft−m1 x) , (1a) 

A2 ( f ) = G2 ( x) e−α2 (f ) x e−i(2 π ft−m2 x) , (1b) 

where the subscripts 1 and 2 refer to rock sample and aluminum,
respectively, x is the distance, f is the frequency, t is the propaga-
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Figure 4 Effects of loading (blue symbols) and unloading (black symbols) on the velocities. (a), (c), and (e) indicate the P-waves velocities under gas-, 

water- and oil-saturated conditions, respectively; (b), (d), and (f) show the corresponding S-waves velocities. 
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ion time, m1 , m2 are wave numbers, and G1 (x) , G2 (x) are geomet-
ic factors independent of frequency. The attenuation factors are

α1 = π f 
Q1 V1 

, α2 = π f 
Q2 V2 

, (2)

here f is frequency, Q1 and Q2 are the quality factors, and V1 , V2
re the wave velocities. 
Since the quality factor of rock is much lower than that of alu-
inum, α2 can be assumed to be zero. Therefore, 

ln 

(
A1 ( f ) 
A2 ( f ) 

)
= − πx 

Q1 V1 
f + ln 

G1 ( x) 
G2 ( x) 

. (3)

Figure 3 shows the estimation process of S-wave attenuation for
ne of the samples. The waveforms of the reference material and
ample with differ ent fluid types are given and several periods are
elected as time windows (Fig. 3 a). A Fourier transform is applied
o obtain the spectrum at full water saturation (Fig. 3 b), calculate
he spectrum ratio curve, perform a linear fit in the main frequency
and (Fig. 3 c), and obtain the quality factor Q . 
3. Experimental results 

The effect of loading and unloading processes on the P-wave and
S-wave velocities is displayed in Fig. 4 . When the confining pres-
sure increases, both velocities increase, with a greater increase
observed at low pressures. This indicates that, at low pressures,
the closing (or opening) of cracks is more pronounced. At higher
pressures, the cracks exhibit a tendency to close and the rate of
velocity growth decreases. At the same confining pressure, the
velocities are higher under the unloading conditions, which is
due to the inelastic deformation during loading, as the cracks
are closed during loading and are unlikely to fully reopen during
unloading. 
In addition, at the same conditions, the P-waves velocity is high-

est under water saturation. For S-waves, the velocity exhibits max-
imum value in the gas saturation state, followed by the oil and wa-
ter states. This illustrates how the type of fluid affec t s the pr opa-
gation of elastic waves, with significant effects on the velocities. 
Figure 5 illustrates the influence of loading and unloading on

the attenuation. When confining pressures elevate, wave attenu-
ation exhibits a reduction due to crack closure and the restriction
of fluid motion between fractures and intergranular spaces. Under
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Figure 5 Effects of loading (blue symbols) and unloading (black symbols) on the attenuation. (a), (c), and (e) indicate the P-waves attenuation under 

gas-, water- and oil-saturated conditions, respectively; (b), (d), and (f) show the corresponding S-waves attenuations. 
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the same confining pressures, attenuation is highest in the water-
saturated state, followed by the oil case. This trend is due to the
viscoelastic behavior of solid-fluid interactions during wave trans-
mission (Wang et al. 2006 ). Compared with the gas-saturated state,
water saturation increases the anelasticity of the rock, resulting in
greater viscous absorption of the elastic waves and higher attenu-
ation. 
The velocity–attenuation relationships for the three samples

are shown in Fig. 6 . When the confining pressures elevate, the ve-
locities increase while the attenuation decreases. 

4. Squirt-flow model 

4.1. Modeling process and methods 

A suitable model is required for interpreting the experiment re-
sults regarding the impact of confining pressure and pore fluids
on P- and S-wave propagation. Figure 7 illustrates the modeling
process. First, the dry-rock moduli are calculated by using the VRH
average and the differ ential effec tive medium model (Reuss 1929 ;
Hill 1952 ). A squirt-flow model is applied for fluid substitution to
analyze wave responses under varying confining pressures and 
saturating fluids. 

4.1.1. P- and S-waves velocities and attenuation 

Gurevich et al. (2010 ) presented a model for porous media, which
has stiff and soft pores. At low-frequency limit, the model adopts
the Gassmann equation (Gassmann1951 ). At high-frequency limit, 
it approaches the Mavko-Jizba equation (Mavko & Jizba1991 ). The
assumption of this model is that soft pore is saturated and stiff
pore is not. Within a single wave cycle, the pore fluid pressure gra-
dient is not equilibrated at high frequencies, resulting in a non-
relaxed state. 
The modified frame bulk and shear moduli are determined with

1 

K mf 
= 1 

K h 
+ 1 

1 
1/ K d (P c ) −1/ K h +

1 
φs (1/ K ∗f −1/ K g ) 

, (4a) 
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Figure 6 Cross-plots of P-wave velocities and attenuation (1000/QP ) at full saturation. (a) and (b) show the gas-saturated case; (c) and (d) show the 

water-saturated case; (e) and (f) show the oil-saturated case. 

Figure 7 Modeling chart to incorporate the squirt-flow effec t s. 
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1 
μmf 

= 1 
μd (P c ) 

− 4 

15 

(
1 

K d (P c ) 
− 1 

K mf 

)
, (4b)

here Kd (Pc ) and μd (Pc ) are the respective moduli of the dry frame,
h is the bulk modulus of the dry rock with soft pores closed, Kg is
the bulk modulus of the mineral mixture, and φs is the soft (crack)
porosity (Carcione 2022 , section 7.15; Berryman 2007 ; Gurevich
et al. 2010 ; Pan et al. 2023 ). 
The complex fluid bulk modulus can be represented through

the following equation as 
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Figure 8 Dry rock bulk and shear moduli. (a) and (b) represent sample TS1; (c) and (d) represent TS2; (e) and (f) represent TS3. 
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K∗
f =

(
1 − 2 J1 (ka ) 

kaJ0 (ka ) 

)
Kf , (5)

where Kf is the bulk moduli of fluid, J0 is the first-order Bessel func-
tions, J1 is the second-order Bessel functions. ka can be obtained
by 

ka = 1 

α

(
−3 iωη

Kf 

)1 / 2 

, (6)

where α is the aspect ratio of soft pore, ω is the angular frequency,
η is the viscosity of fluid. 
The bulk and shear modulus are 

μsat = μmf , Ksat = Kmf . (7)

The dissipation of P-waves and S-waves is 

Q−1 
p = Im (V 2 p ) 

Re (V 2 p ) 
, Q−1 

s = Im (V 2 s ) 
Re (V 2 s ) 

, (8)

where the P-waves and S-waves complex velocities are 

Vp =
√ 

Ksat 
ρ

+ 4 

3 
V 2 s , Vs =

√ 

μsat 

ρ
. (9)
The phase velocities can be expressed (Carcione 2022 ) as 

Vp =
[
Re 

(
1 

Vp 

)]−1 
, Vs =

[
Re 

(
1 

Vs 

)]−1 
. (10) 

The bulk density can be expressed as 

ρ = ρd (1 − φ(Pc )) + φ(Pc ) ρf , (11) 

where ρd is the density of dry rocks, ρf is the density of fluid, and
φ(Pc ) is the total porosity. 

4.2. Wave response 

By using the equation of Batzle and Wang to calculate the proper-
ties of fluid (Batzle & Wang 1992 ), Table 2 gives the properties of
pore fluid (nitrogen, brine, and kerosene) at 30◦C and pore pres-
sure of 10 MPa. 
The mineral compositions are identified with the single- and

orthogonal-polarized thin sections. The minerals are mainly 
quartz, including feldspar and lithic fragments. The pore-filling 
materials are mainly clay and calcite. The predominant pore types
are intergranular (stiff or equant pores) and microfractures (cracks
or soft pores). The VRH average is applied to obtain grain’s bulk
modulus. Furthermore, the DEM model is utilized to estimate the
dry rock moduli. Figure 8 indicates that as confining pressure
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Figure 9 Soft porosity and aspect ratio vary with confining pressure. (a) and (b) represent TS1; (c) and (d) represent TS2; (e) and (f) represent TS3. The 

solid and dashed lines represent loading and unloading conditions, respectively. 
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ncreases both moduli increase. The trends under loading and un-
oading conditions are similar, with higher values at unloading
onditions. Based on the experiments, the relationship between
ttenuation and frequency as a function of confining pressure is
btained by using Equations ( 4 to 11 ). 
According to the data of Table 2 and Fig. 8 , the model parame-

ers are given, including fluid density, viscosity, and bulk modulus,
s well as the bulk and shear modulus of dry rocks. By utilizing
quations ( 4 to 11 ), the velocities and attenuation are modeled.
hen the simulated results generally align with the experimen-
al data, the soft-pore porosity and crack aspect ratio parameters
re obtained through modeling. The soft porosity and aspect ra-
io (obtained with modeling) is shown in Fig. 9 . The stiff and soft
orosities are difficult to measure experimentally, but can be cal-
ulated with empirical equations. In this study, Han et al.’s (2018 )
ethod is used, with the pore aspect ratio treated as a fitting pa-
ameter (Han et al. 2018 ). The initial soft porosities for samples
S1, TS2, and TS3 are 0.0008, 0.0009, and 0.0007, respectively, and
he corresponding aspect ratios are 0.0035, 0.004, and 0.003. At
ow confining pressures, a significant decrease in both properties
s observed, which depends on the saturating fluid, with lower val-
es for gas. The differences between the water and oil cases are
ess pronounced, with higher values for water. 
After unloading, both properties are lower than their original
values, indicating that non-elastic deformation has occurred and
the cracks have not been fully recovered. Water-saturated spec-
imens show higher values, indicating that the deformation after
compression is influenced by the nature of the fluid. 
The variation pattern under oil-saturated conditions is consis-

tent with the under-water-saturated condition. The example is
given for the water-saturated case in this study. Figures 10 and 11
indicate the theoretical P-wave and S-wave attenuation of three
tight sandstone samples under gas and water saturations dur-
ing loading contrasted with the experimental data. The two sets
of data show good agreement. Furthermore, for all fluid types,
the peak P- and S-waves attenuation decreases with rising pres-
sure as a result of the closure of soft pores, which limits the lo-
cal pore fluid flow. In addition, with increasing pressure, the at-
tenuation peaks will shift to higher frequencies for water and oil
saturations, whereas for gas saturation, the peak shifts to lower
frequencies. 
The same results for unloading are shown in Fig. 12 and Fig. 13 .

The peak attenuation values are slightly lower than for those in
loading, with the S-waves showing a clearer difference. The model
predictions basically fit well with the experimental data. For sam-
ple TS3 under gas-saturated conditions, a slight discrepancy is
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Figure 10 P-waves and S-waves attenuation at the gas-saturated case under loading conditions. (a) and (b) represent the sample TS1; (c) and (d) 

represent TS2; (e) and (f) represent TS3. The red circles represent experimental data. 
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represent TS2; (e) and (f) represent TS3. The red circles represent experimental
loading conditions. (a) and (b) represent the sample TS1; (c) and (d) 
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Figure 12 Same as Fig. 10 for unloading conditions. 
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Figure 14 P-waves and S-waves velocities of sample TS1 under loading conditions and full saturations. (a) and (b) show the gas-saturated case; (c) and 

(d) show the water-saturated case; (e) and (f) show the oil-saturated case. The red circles represent experimental data. 
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bserved at high pressures (see Fig. 12 e and f), which may be at-
ributed to the low porosity of the sample. 
Conversely, Fig. 14 and Fig. 15 indicate that the wave veloci-

ies for the loading/unloading tests of TS1, respectively, compared
ith the data of experimental measurement. The results basically
gree with the experimental data. 

. Conclusions 

his study conducts the ultrasonic experiments on saturated tight
andstone samples under loading and unloading conditions. The
nverse quality factors of P- and S-wave are calculated using the
pectral ratio method. 
The results indicate that with increasing pressure the wave ve-

ocities rise and attenuation declines. At a given pressure, the P-
ave velocity is the highest for water-saturated conditions; con-
ersely, the S-wave velocity follows the opposite trend. Attenua-
ion is stronger for the water saturation case, followed by oil and
as saturation cases. 
The velocity of P-wave and S-wave are lower in loading than

hose in unloading, and attenuation is higher in loading. This is
ttributed to the fact that the cracks cannot fully recover after
nloading. A rock physics model is developed by using the VRH
verage, the DEM theory, and the squirt-flow model. The modeling
ndicates an agreement with the experimental measurement data,
nd provides a suitable characterization of the wave response of
ight sandstones. 
Additionally, the study illustrates the variation of pore structure
arameters with pressure and fluid type. During loading, the soft
orosity and aspect ratio decrease the most under gas saturation
onditions and show the greatest change. After unloading, these
roperties are highest in the water-saturated case, followed by the
il-saturated case. Consequently, deformation is the lowest in the
ater-saturated case. 
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