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 U M M A R Y 

ight sandstone reservoirs, as a sort of widely distributed unconventional hydrocarbon resource, are characterized by
omple x micr ostructural featur es that giv e rise t o intricat e elastic wav e responses. In this study, w e estimat e the wav e
roperties of tight sandstones using a reformulated digital rock physics method. Nine tight sandstone cores from the
ichuan and Ordos Basins in China are selected for X-ray diffraction and ultrasonic measurements under varying pres-
ures and fluid saturations. Variations in elastic wave velocities with respect to effective pr essur e ar e analysed for both
as and w ater satur ation. Computed tomogr aphy (CT) scans at two resolutions are conduct ed t o reconstruct multiphase
igital rocks and inv estigat e the effects of mineral boundaries (MB). Numerical simulations using the finite element and
nite difference methods are then performed and compared with the ultrasonic data. The results show that the simula-

ions can effectively estimate elastic properties when accounting for the effects of MB. Furthermore, the resolution of CT
cans determines the scale of micr ostructur es captur ed, which in turn dictates the pr essur e range over which the numer-
cal simulations produce valid results. The findings indicate that the wave responses derived from these simulations are
ntrinsically linked to the scan resolution. 

ey words: Elasticity and anelasticity; Finite element method; Image processing; Numerical modelling; Acoustic prop-
rties; Wave pr opag ation. 

 INTRODUCTION  

ight sandstone reservoirs are a key component of global unconventional hydr ocarbon r esour ces, characterized by low porosity and
ermeability. Their complex microstructural features influence elastic wave propagation, creating challenges in interpreting seismic
esponses and quantifying reservoir properties. In recent years, digital rock physics (DRP) has demonstr ated adv antages in quantifying
or e structur e, modelling multiphase fluid motion and pr edicting wave r esponses. The dev elopment of tight sandst one reserv oirs in
hina can address the shortage of conventional hydrocarbons and enhance energy security (J. Wang et al . 2016 ; M. Pang et al . 2022 ,
023 ; S. Zhang et al . 2024 ). These reservoirs typically exhibit porosity below 10 per cent. How ev er, reserv oir het erogeneity causes
orosity variations at different depths and zones, so local porosities exceeding 10 per cent in specific rocks do not conflict with the
verall tight nature of the reserv oir syst em. In situ permeability generally does not e x ceed 0.1 mD. Their pores primarily consist of
econdary dissolved and intergranular pores (C. Zou et al . 2012 ), with poor connectivity and complex distribution patterns, which
ontribut e t o the complex mechanisms of elastic wav e pr opag ation (Z.Q. Guo et al . 2023 ). Thus, the effectiv e charact erization of elastic
ave responses is crucial for the development of tight sandstone hydrocarbon reservoirs. 

DRP technology can be used to create 3-D models of rocks using Computed tomography (CT) scans, mineral composition analysis
nd volumetric property analysis (H. Andrä et al . 2013a ; C. Madonna et al . 2013 ; R. Kadyrov et al . 2022 ). It enables the acquisition of
ey petrophysical properties such as permeability and elastic moduli (S. Karimpouli & P. Tahmasebi 2016 ; N. Saxena et al . 2019 ; M.
ang et al . 2024 , 2025 ) and has emerged as a complementary approach for rock characterization (H. Andrä et al . 2013b ; C.F. Berg et al .
C © The Author(s) 2026. Published by Oxford University Press on behalf of The R oy al Astronomical Society. This is an Open Access 
article distributed under the terms of the Creative Commons A t tribution License ( ht tps://creativecommons.org/licenses/by/4.0/ ), 
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Table 1. Physical properties of the rock samples. 

Samples A B C D E F G H I 

Depth (m) 2427.36 2171.08 1980.52 2636.55 1996.8 2228.1 1996 1800 1804
Porosity (per cent) 11.97 3.90 10.10 6.80 4.63 6.45 9.28 8.85 8.24 
Dry-rock density (g cm 

−3 ) 2.34 2.32 2.39 2.47 2.44 2.47 2.37 2.41 2.43 
Permeability (mD) 0.7294 0.0268 0.2203 0.1705 0.051 0.099 0.205 0.177 0.158 
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2017 ; J. Kang et al . 2022 ). The results are particularly effective in analysing pore structures, porosity and permeability. It significantly
reduces computational costs and turnaround time compared to traditional experimental approaches. 

Numerical simulation methods overcome the limitations of laboratory experimental tests by r epr oducing the intrinsic relationships
among micr ostructural por e charact eristics, int erfacial pr operties and macr oscopic elastic r esponses (Y. Wang & S.S. Rahman 2023 ).
These simulations provide valuable insights into the patterns of oil and gas accumulation (G. Cao et al . 2024 ; J. Li et al . 2024 ), the fluid
flow characteristics (H. Wu et al . 2021 ) and the mechanisms of elastic wave pr opag ation (J. Gao et al . 2021 ). A.B . Andhumoudine et al .
( 2021 ) simulated the effective elastic moduli of coal rocks using a 3-D digital model and finite element method (FEM) and calculated the
P - and S - w av e v elocities. L. Zhang et al . ( 2019 ) computed the rock permeability and overcame the limitations of traditional rock physics
experiments by simulating fluid flow in the pores of digital cores based on the Na vier–Stok es equations. M. Tan et al . ( 2021 ) investigated
the effect of fracture density, fracture opening and fracture length on the carbonate elastic properties of penetr ating fr actures using
CT scans and FEM. E.H. Saenger & S.A. Shapiro ( 2002 ) and E.H. Saenger & T. Bohlen ( 2004 ) extended the rotated staggered-grid
finite-difference method (RSG-FDM) from 2-D elastic media to 3-D viscoelastic anisotropic media, maintaining high accuracy while 
improving computational efficiency. 

Previous studies indicated that simulated elastic wave velocities in r ocks ar e often higher than actual wave velocities (A.B. Andhu-
moudine et al . 2021 ; J. Zhu et al . 2025 ; M. Pang et al . 2025 ). E.H. Saenger et al . ( 2016 ) suggested that the discrepancy between numerical
and e xperimental r esults is primarily due to unr esolved featur es in the original images, particularly at grain contacts. These neglected
local heterogeneities may lead to an overestimation of wave velocities in the simulation. Thus, we consider the effects of segmentation
and mineral boundaries (MB) on the wave response. Segmentation is the process of identifying different components, or phases, within
a 3-D rock image, such as pores, mineral grains and fluids, with a range of grey levels. 

To address the issue, we collect two groups of tight sandstone samples from the Sichuan and Ordos Basins in China. X-ray diffrac-
tion, cast thin sections (C TS), C T scans at tw o r esolutions, and ultrasonic e xperiments ar e used t o det ermine r ock pr operties, as well as
wav e v elocity variations under different effectiv e pr essur es under g as- and w ater-satur ated conditions. By considering the influences of 
the r epr esentativ e v olume element (RVE), MB and C T scans, a new multiphase digital core was construct ed based on the mineral anal-
yses of the samples. Effective elastic simulations are performed using the FEM and FDM, and the r esults ar e compar ed with ultrasonic
experimental data at different pressures. 

2  E X P E R I M E N T S  

2.1 Rock samples 

This study considers four samples (A–D = group I) from the Shaximiao Formation in the Sichuan Basin and five samples (E–I = group
II) from the Chang 7 Member of the Yanchang Formation in the Ordos Basin. Both areas are rich in hydrocarbon resources (Q. Chen et
al . 2007 ; T. Yang et al . 2024 ). All samples are prepared as standard cylindrical specimens. The diameters of the two groups range from
25.27 to 25.28 mm and 25.08 to 25.15 mm, respectively, with lengths of 49.06 to 49.68 mm and 48.80 to 50.09 mm. 

In this study, rock porosity ( φ) and dry-rock density ( ρdry ) are measured using a helium porosimeter and permeability is determined
by the unst eady-stat e pulse transient decay technique (L. Zhang et al . 2022 ). The physical properties of the samples are given in Table 1 .

2.2 X-r ay diffr action (XRD) and CTS 

To further analyse the structur al char acteristics and miner al compositions of the rocks, CTS and XRD are conducted. The scans enable
micr oscale observation of r ock fabric, grain composition and por e types (S. Dong et al . 2019 ). Figs 1 and 2 show the C TS of the tw o
groups under orthogonal and single-polarized light, respectively, indicating a densely packed rock with minute pore spaces and an 

overall tight structure. The primary pore types are intergranular pores, dissolution pores and microfractures. 
We perform XRD measurements to analyse the miner al fr actions of the samples (Fig. 3 ). The sandstone samples from group I (A–

D) are mainly composed of quartz, feldspar, cuttings and a small amount of clay, with the cuttings consisting of igneous, metamorphic
and sedimentary components. The sandstone samples from group II (E–I) are primarily composed of quartz and feldspar, with small 
amounts of clay and carbonate minerals (mainly calcite and dolomite). 
26



Elastic wave properties of tight sandstones 3 

Figure 1. Orthogonal images (cast thin sections) of the rock samples. 

Figure 2. Single polarization images (cast thin sections) of the rock samples. 
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Figure 3. Mineral fractions of two rock sample groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/245/3/ggag096/8650491 by O

G
S (Istituto N

azionale di O
ceanografia e di G

eofisica Sperim
entale-O

G
S) Borgo G

rotta user on 23 April 20
2.3 CT scan experiments 

C T scans at tw o r esolutions ar e performed t o charact erize the cor e samples and analyse the effects of r esolution on numerical simu-
lations. The resolutions for groups I and II are approximately 4 and 16 μm , respectively. The greyscale values of all samples range
from 0 to 65 535, corresponding to varying density distributions from air to the rock matrix. The wider greyscale range provides more
accurate imaging data for quantitative analysis of physical properties, such as porosity and fractur es. 3-D gr eyscale images of the nine
samples are shown in Fig. S1 (Supplementary Material). 

2.4 Ultrasonic experiments 

We use the ultrasonic pulse transmission method to measure the velocities of elastic waves. The experimental procedure is as follows:
Samples ar e car efully cleaned, dried in a 70 ◦C oven for 48 hr, then gradually cooled to 25 ◦C and left to rest for several days before
testing . Pr essur e-dependent elastic pr operty tests ar e conducted on the two sample groups at confining pr essur es of 20, 25, 30, 35, 40,
50 and 60 MPa, and 20, 30, 40, 50 and 60 MPa, respectively, with corresponding pore pressures of 10 and 15 MPa. We then measure P -
and S - w av e v elocities. 

N e xt, the dry samples are placed in a vacuum chamber filled with water and evacuated for 2 hr until no bubbles escape from
the specimen surfaces. We confirm full water saturation by comparing the weight of water (the product of the pore volume and fluid
density ρ) with that of the sample. Finally, P - and S - w av e v elocities ar e measur ed at each pr essur e point using the same pr ocedur e as
for gas saturation. 

2.5 Results 

The results are given in Fig. 4 , which show that the P - and S - w av e v elocities ( V P and V S ) of all samples increase with effective pres-
sure (confining minus pore pressure) at gas- and w ater-satur ated conditions. The increase is mainly due to the closure of pores and
micr ofractur es. 

It is worth noting that sample B, which has the lowest porosity, also exhibits the lowest V P and V S . This may be due to micr ofractur es
that are not clearly identified in the CT scans (with a vo x el r esolution of 4 μm ), possibly missing micr ostructural heter ogeneity. 

Furthermore, water significantly influences wave velocities. Under the same effective pr essur e conditions, w ater-satur ated samples 
have a higher V P , while V S remains almost the same. This is consistent with Gassmann’s equations (F. Gassmann 1951 ; J.M. Carcione
2022 ). 

Moreov er, the elastic wav e v elocities of group II (E–I) ar e slightly higher than those of gr oup I (A–D), which is attribut ed t o
differences in mineral composition. Group II has a higher quartz and feldspar content and also contains carbonate minerals (see Fig.
3 ). 

3  C  ONS  TRUCTION  OF  MULTICOMPONENT  D I G I TAL  CORE S  

Fig. 5 shows the workflow for constructing a multicomponent 3-D digital core, using the same workflow for both resolutions. Starting
with the original CT data, median filtering and threshold segmentation are applied, followed by mineral-boundary (MB) identification, 
selection of r epr esentativ e v olume elements and miner al fr action analysis. This pr ocess yields the multicomponent digital cor e used
in subsequent simulations of the elastic properties of tight sandstone. 
26



Elastic wave properties of tight sandstones 5 

Figur e 4. Corr elations betw een effectiv e pr essur e and P - (a) and S - w av e (b) v elocities for Group I and P - (c) and S - w av e (d) v elocities for Group II, 
under gas-and water saturation. 
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.1 Data pr e-pr ocessing and thr eshold segmentation 

o process the C T images, w e first apply a 2-D it erativ e median filt er (three it erations on XY planes) for noise reduction, followed
y normalizing the greyscale hist ogram t o the full 16-bit dynamic range (0–65 535). For multiphase segmentation, initial thresholds
re calculated by using the multithreshold Otsu algorithm (N. Otsu 1975 ). These specific gr eyscale thr esholds ar e then it erativ ely
ne-tuned until the volumetric fractions of the segmented digital phases match the quantitative mineralogy obtained from the XRD
nalysis. Group I is classified into pore, clay, cuttings, quartz and feldspar phases, while group II is classified into pore, clay, quartz,
eldspar and carbonate minerals. 

.2 Identification of the mineral phases 

revious studies typically assign elastic properties directly to each phase in segmented images, which can result in significant discrep-
ncies between numerical estimates and ultrasonic data. This bias largely arises fr om micr ostructural featur es within the r ock that ar e
ot taken into account (E.H. Saenger et al . 2016 ). These regions are susceptible to wave pr opag ation. 

Mor eover, r epr esenting them as an independent phase in the numerical simulations helps to more realistically capture the in-
uence of the actual micr ostructur e on the effective elastic parameters and P - and S -wav e v elocities, ther eby r educing systematic
iscrepancies between numerical predictions and experimental results. Therefore, we extract the interfaces between the phases. 

Specifically, based on the CT images segmented with the thresholds, slight morphological opening and closing operations (by using
 3-D cubic structuring element with a size of three voxels, i.e. 3 × 3 × 3) are applied to optimize the continuity and integrity of the
hase boundaries, thereby improving the segmentation accuracy. 

For MB, we first construct a binary mask and define candidate boundary vo x els as those in the 26-neighbourhood that are adjacent
o at least one MB vo x el. The gradient vector and magnitude are computed using a 3-D extension of the Sobel operator (I. Sobel 1995 ;
.A. Hafiz et al . 2011 ; S. Supiyandi et al . 2024 ) to detect edges in the volumetric image data. The gradient vector ∇f at each vo x el is
efined as 

f = 

[ 
G x G y G z 

] T 
, (1) 
26
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Figure 5. Flowchart of the construction process for the 3-D multicomponent digital core by considering MB. 
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where G x , G y and G z represent the approximate partial derivatives of the image intensity function f in the x , y and z dir ections, r espec-
tively, obtained via convolution with 3 × 3 × 3 Sobel kernels. The gradient magnitude G at vo x el position ( n x , n y , n z ) is then calculated
as: 

G ( n x , n y , n z ) = 

√ 

G 

2 
x + G 

2 
y + G 

2 
z . (2) 

This magnitude quantifies the edge strength, with higher values indicating sharper intensity transitions, which are crucial for 
subsequent boundary segmentation. 

Aft erwards, w e apply the watershed algorithm (S. Beucher & F. Meyer 2018 ; R.A. Ketcham 2025 ) to refine the boundaries, ensur-
ing precise delineation of mineral phases. The watershed algorithm interprets a grey-scale image as a topographic r elief, wher e pix el
values r epr esent altitudes. We further adjust the boundaries of these phases by incorporating CTS and XRD measurements. Finally,
morphological operations (opening and closing) are used to optimize boundary continuity. 

Fig. 6 shows the volume fractions of the components after considering the boundary conditions. The effective moduli of elasticity
of these boundary vo x els (MB) ar e set to 10 per cent of the value of the moduli of elasticity of the matrix (skeleton) minerals adjacent
to the MB (E.H. Saenger et al . 2016 ; M. Balcewicz et al . 2021 ). This approach accounts for these undet ect ed grain contact below the
r esolution thr eshold. Specifically, for the samples in Gr oup I, the MB consists of media between the clay and cuttings and the adjacent
matrix minerals, whereas for the samples in Group II, it consists of media between the clay and carbonate minerals and the adjacent
matrix minerals. 

Subsequently, the effective moduli are calculated using the Voigt–Reuss–Hill averaging method (A. Reuss 1929 ; R. Hill 1952 ; W.
Voigt 1966 ; J.M. Carcione 2022 ). The input properties of all phases are summarized in Table 2 (G. Ma vk o et al . 2020 ). This approach
incorporates boundary specificity while avoiding arbitrary parameter choices. 

3.3 Representativ e v olume element analysis 

To determine the appropriate RVE, this study extracts multiple cubic subvolumes from the 3-D digital core at random positions for
various edge lengths. The coefficient of variation (CV) for each mineral component’s volume fraction is calculated to quantify statistical
 26



Elastic wave properties of tight sandstones 7 

Figure 6. Segmented mineral components of the samples. 

Table 2. Elastic properties of each phase. 

Phase Bulk modulus K (GPa) Shear modulus G (GPa) Density p (g cm 

−3 ) 

Pores 0.001 0.001 0.32 
Clay 6 4 1.57 
Cuttings 15 8 2.35 
Quartz 37 44 2.65 
Feldspar 37 15 2.65 
Carbonates 76 32 2.71 
Boundary vo x els (A–D) 1 0.5 1.96 
Boundary vo x els (E–I) 3 2 2.14 

Figure 7. RVE analyses of two samples. 
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et erogeneity. The v olume element is r eg ar ded as statistically r epr esentative when the CV is below 5 per cent. This threshold is chosen
ased on the criterion that fluctuations in mineral properties become negligible relative to the mean, indicating that the sample has
chieved a macroscopically homogeneous state (N. Saxena et al . 2019 ; M. Balcewicz et al . 2021 ; R. Kadyrov et al . 2022 ). 

Fig. 7 shows the relationship between the coefficients of each mineral component and the element size for the samples. It can be
bserved that the coefficient stabilizes when the cube side length e x ceeds 300. In this study, RVE with a vo x el size of 400 × 400 × 400
s selected. The RVE analysis results for the remaining samples (B–D and F–I) show similar stabilization trends and are provided in
igs S2 and S3 (Supplementary Material). 

Fig. 8 presents the 3-D digital core models of the samples. 

 NUMERICAL  S I M U L AT I O N S  

he FEM and the RSG-FDM are applied to estimate the P - and S - w ave velocities of 3-D digital core models representing tight sand-

tones. 026



8 J. Baet al. 

Figure 8. The final constructed 3-D digital cores of the nine samples. Samples A–D have a side length of 1600 μm , while samples E–I have a side length 
of 6400 μm . 
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4.1 Finite element method (FEM) 

To estimate the elastic wave velocities of the digital cores, we perform a static homogenization analysis using FEM (J.M. Carcione
2022 ). The simulation domain consists of a grid of 400 × 400 × 400 vo x els derived fr om the segmented digital core. The local elastic
pr operties ar e assigned t o each v o x el based on the constituent phases summarized in Table 2 . 

To balance computational efficiency with prediction accuracy, a single-step mixed loading strategy is used. Simultaneous normal 
strains ( ε ii = 1.0 × 10 −3 ) and tensor shear strains ( ε ij = 5.0 × 10 −4 , equivalent to engineering shear strains γ ij = 1.0 × 10 −3 ) are applied
to the digital volume. This vo x el-based FEM workflow remains a standard and robust approach in modern digital rock physics (Y.
Alkhimenkov 2025 ). 

Assuming the digital core is macroscopically isotropic, the effective bulk modulus ( K ) and shear modulus ( G ) are derived from the
v olume-av eraged stress and strain fields. Consistent with the fundamental averaging principles (R. Hill 1963 ; R. Ahmad et al . 2023 ),
the effective moduli are calculated as 

K = 

σ̄xx + σ̄yy + σ̄zz 

3( ̄ε xx + ε̄ yy + ε̄ zz ) 
, (3) 

where σ̄ii represents the v olume-av eraged normal stresses. 

G = 

τ̄xy + τ̄yz + τ̄xz 

γ̄xy + γ̄yz + γ̄xz 
, (4) 

where τ̄i j denotes the volume-averaged shear stresses. 
Based on the obtained bulk and shear moduli, V P and V S of the 3-D digital core are determined using the standard elastic wave

equations (G. Ma vk o et al . 2020 ) 

 P = 

√ 

K + 

4 
3 G 

ρ
, (5) 

 S = 

√ 

G 

ρ
, (6) 

where the density ρ is obtained as the w eight ed av erage of the component densities. 
The global system of linear elastic equations is solved using the pr econditioned conjug ate gradient method to ensure memory

efficiency. The convergence process of the solver is detailed in Fig. S4 (Supplementary Material). The gradient norm and the relative
energy change decrease monotonically, indicating that the solution satisfies the first-order optimality conditions and reaches a stable 
global equilibrium state. 
26



Elastic wave properties of tight sandstones 9 

Figure 9. 2-D snapshots of the vertical displacement wavefield at time t = 0.204 μm during the numerical simulation for (a) Sample A and (b) Sample 
E. 
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.2 Finite difference method (FDM) 

he rotated staggered-grid finite-difference method (RSG-FDM) is used to estimate P - and S - w ave velocities in 3-D digital cor es. Wher e
he effective elastic properties are derived by solving the elastodynamic wave equations 

∂ 2 u i 

∂ t 2 
= 

∂ 

∂ x j 

(
c ijkl 

∂ u k 

∂ x l 

)
+ f i (i = 1 , 2 , 3) , (7) 

here u denotes displacement, c ijkl is the elasticity t ensor, f denot es the source, t is time and i indicates the subindices of the spatial
ariables. 

To estimate the effective elastic properties, a digitized rock sample is embedded in a homogeneous elastic medium characterized
y stiffness tensor components c 11 = 66 GPa, c 44 = 22 GPa and density ρ = 2.54 g cm 

−3 . These parameters are used only to facilitate
umerical simulations; they do not r epr esent any internal mineral phases and do not affect the calculat ed effectiv e wav e v elocities of

he digital core. 
The numerical domain consists of 804 × 400 × 400 grid points, with spatial and temporal increments of d h = 1.48 μm and d t =

63 ps, respectively. A plane source generates either a P - or S -wave at the top of the model. 
The source wavelet is the first derivative of a Gaussian, pr oviding br oadband e x citation with a dominant frequency of 3.38 MHz.

his frequency satisfies the long- w avelength condition, as the wavelength is much larger than the pore size. The simulation uses
econd- order finite- difference spatial operators and a second-order time-stepping scheme, with periodic boundary conditions applied
erpendicular to the wavefront. 

Fig. 9 shows a representative 2-D snapshot of the propagating wavefield (sample E). Receiver planes at the top and bottom of the
odel r ecor d these wavefields to measure the time delay of the average plane wave. Comparing this delay with that from a homogeneous

 efer ence model yields the effective wave velocities and elastic moduli (E.H. Saenger et al . 2000 ; E.H. Saenger et al . 2004 ). 
26



10 J. Baet al. 

Figure 10. Comparison of simulation results with ultrasonic data at different pressures. P - (a) and S - w ave (b) velocities. 
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5  R E S U LT S  

5.1 Simulations 

Fig. 10 compares the FEM and FDM results with the experimental data. The simulation falls within the range of the data. The figure
also shows the trend of simulated V P and V S as a function of porosity. Results indicate that V P and V S exhibit a decr easing tr end with
incr easing por osity , though not monotonically . The results indicate that the simulated V P and V S generally exhibit a decreasing trend
with increasing porosity, but this decrease is not monotonically decreasing. 

Notably, Sample B (3.90 per cent porosity) exhibits lower velocities than Sample E (4.63 per cent), deviating from linear trends.
This indicates that elastic moduli depend on multiple factors, such as mineral composition and micr ofractur es, rather than solely on
por osity. Such comple xity highlights the limitations of simple empirical models and validates the necessity of the digital rock physics
approach. 

Furthermore, we analysed the aver age v alues across a range of pr essur e conditions. The simulations are basically consistent with
the mean values of the samples at different pressures (see Fig. S5 in the Supplementary Material). For V P , the relative errors of the
FEM and FDM simulations compared to the experimental averages are 5.44 and 7.50 per cent, respectively, for Group I, and 3.34 and
3.05 per cent for Group II. The corresponding errors for V S are 4.79 and 10.36 per cent in Group I, and 1.83 and 3.99 per cent in Group
II. Based on the reformulated digital core method, accounting for the effects of mineral phases, it can effectively predict elastic wave
velocities. 

We conduct a correlation analysis between the predicted and experimental values (Fig. 11 ). The central fitting curve illustrates the
linear correlation between the simulations and e xperiments, wher e the outer and inner shaded bands r epr esent the pr ediction and
confidence int ervals, respectiv ely. The narrow er the confidence interval, the more stable the mean estimat e. A narrow er prediction
int erval indicat es smaller prediction uncertainty and few er outliers. The coefficient of determination ( R 

2 ) of FEM and FDM for the
predictions and experiments is 0.968 09 and 0.967 16, respectively. 
26



Elastic wave properties of tight sandstones 11 

Figur e 11. Corr elation analysis of FEM and FDM wav e v elocities with the experimental ones. 
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.2 The influence of CT resolution on pressure-dependent responses 

o evaluate the effect of CT resolution on simulations, we calculate the relative errors between the measured and predicted (FEM
nd FDM) values at each effective pr essur e. At both r esolutions, the arithmetic means of the err ors in elastic velocities ( V P and V S )
imulated by the two methods for the two sets of samples are calculated. These averages preserve the overall error trend and show the
r essur e dependence of the two data sets across different resolutions. 

Fig. 12 shows two groups of experimental samples, the mean relative errors between the measured V P and V S and those predicted
y FEM and FDM simulations across a range of effective pressures. The errors in group I (A–D, high resolution) are smaller in the

ow-pr essur e range, while gr oup II (E–I, low resolution) exhibits lower errors at high pressures. This difference may be relevant to the
ccuracy of CT resolution in characterizing micr ostructur es. 

High-resolution CT images capture more details of micropores, pore throats and grain boundaries, which better reflect the inho-
ogeneity of the rock at lower pressures. Consequently, simulation accuracy improves at this stage. As pr essur e incr eases, micr opor es

nd micr ofractur es gradually close and the boundaries become flattened; as a result, the numerical model can increasingly not describe
he state of the rock, leading to greater error. 

On the contrary, the error for group II (low resolution) is higher at low pr essur es. How ev er, as pr essur e incr eases, the r ock gradually
ecomes more homogeneous and is better described by the low-r esolution model, r esulting in decr eased err or. Mor eover, the err ors at
edium to high pr essur es ar e less than 5 per cent. 

Overall, the results demonstrate the importance of CT scan resolution in characterizing rock microstructures. High-resolution
aptur es mor e details (corr esponding to low pr essur es), while low r esolution cannot detect all micr oscopic structur es. 

 CONCLUSIONS  

e estimate the wave properties of tight sandstones using a reformulated DRP method, including mineral boundaries. We examine
ine tight sandstone cores from the Shaximiao Formation in the Sichuan Basin and the Chang 7 Member of the Yanchang Formation in

he Ordos Basin. XRD, CT scanning and ultrasonic measurements are used to determine the elastic properties, mineral composition and
elocities V P and V S as functions of effective pr essur e under gas- and w ater-satur ated conditions. The results show that wave velocities
ncrease with pressure. Elastic wave velocity simulations are performed using FEM and FDM. The results show that the DRP, which
onsiders mineral phases, is effective in estimating rock properties. The accuracy of numerical simulation depends on the resolution
f the CT scan and can reflect and correlate with pr essur e. High r esolution offers advantages for simulations at low pr essur es, better
escribing the rock microstructure. This approach could provide effectiv e t echnical support for the detailed characterization of tight
andst one reserv oirs. 
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Figure 12. Comparison of mean relative errors between measured and simulated wave velocities at different pressures for the two sample groups. The 
bars r epr esent the mean r elative err or and the dashed lines with markers illustrate the corr esponding tr ends. (a) gr oup I and (b) gr oup II. 
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