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Multiscale pore structures of carbonate rocks

4 µm

Porosity map Entry pressure mapCT grey-scale map

Solid
Microporosity

6.5 µm, 1316×1316×1087 voxels

(Wang et al., WRR, 2022)

In-situ CT 
scanning of 
quasi-static 
drainage 
process
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(Durner, WRR, 1994)

Bimodal of VG

Presenter
Presentation Notes
Pc-s curve, we use biomodal of VG  to recover or define macropores and micropores.
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Questions

(Hefny, Qin,  Saar, and Ebigbo, Int. J. 
Greenhouse Gas Control, 2020)  

1. How does the heterogeneity of 
pore structures influence Land 
trapping coefficient?

2. How does wettability influence 
Land trapping coefficient?

(Alyafei and Blunt, AWR, 2016)

𝑆𝑆𝑛𝑛𝑛𝑛,𝑟𝑟 =
𝑆𝑆𝑛𝑛𝑛𝑛,𝑖𝑖

1 + 𝐶𝐶𝑆𝑆𝑛𝑛𝑛𝑛,𝑖𝑖

Land trapping coefficient
(Land, 1968)  

Presenter
Presentation Notes
There have been many studies on this topic, and the research is ongoing. 
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Numerical models for multiscale porous media

Dual-pore-network 
model (DPNM)

Micro-continuum 
model (MCM)

Pore-network-
continuum model 

(PNCM)

Multiscale pore-
network model 

(MPNM)

Mehmani, 2014 Soulaine, 2023 Qin, 2024

 The MPNM is most efficient, but it needs calibration and verification.

 The PNCM can balance efficiency and accuracy.
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The multiscale pore-network model (MPNM)

1. Modeling of permeability and formation factor of carbonate digital rocks: dual-pore-network and 
pore-network-continuum models. Transport in Porous Media, 152:37, 2025

2. Modeling of flow and transport in multiscale digital rocks aided by grid coarsening of microporous 
domains. Journal of Hydrology, 633:131003, 2024

Macropores

M
ic

ro
po

ro
si

ty
Solid WatershedsSegmentation

1.2 mm

Blue: resolved 
pores
Red: 
subresolution 
elements

https://digitalporousmedia.org/
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Pore-network-continuum model – coarsening algorithm

CG1 CG2 CG3

微孔区

固体

大
孔

Packing of porous particles

Depressurization process 

(AWR, 2024; JoH, 2024)
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4003的测试岩心

Computational mesh for the PNCM modeling 

https://www.digitalrocksportal.org/

Verification of MPNM: rock sample (Wang et al., WRR, 2022)

Presenter
Presentation Notes
我们测试400 cubic的岩心，因为计算量的原因，对于PNCM和MCM。后面会测试全岩心。
In-situ CT scanning to characterize the pore size and porosity of microporosity voxels!

https://www.digitalrocksportal.org/
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Verification of MPNM: mean pore size of watershed

10

① Average based on 
sphere-assumption

② Average based on 
voxel-counting

③ Entry-pressure-based 
sub-rock typing (Wang 
et al., 2022)

Estimation of microporosity 
permeability distribution

①

②

③

Presenter
Presentation Notes
Solid line is the original data; dashed line is the distribution for multiscale pore-network model.
Watershed element：in MPNM, what is the average parameters (mean pore size?), we need it to estimate permeability. 
The ML-based model for calculation of mean pore size of microporosity element.
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Digital rock Mean pore size 
(µm) By the MPNM (mD) By the PNCM 

(mD)
By the reference 

model (mD)

ES3.1 0.61 109 116 117
ES3.6 0.74 34 37 37

ES6.5-1 1.81 28 18 18

ES6.5-2 Estimated by 
entry pressure 12① / 205② / 112③ 128 174

Digital rock
By the multiscale 

pore-network model 
(-)

By the pore-network-
continuum model (-) By the reference model (-)

ES3.1 17.24 19.61 19.23

ES3.6 23.81 23.81 23.26

ES6.5 18.52 20.41 19.23

The sub-rock typing is essential to the MPNM 

The prediction of electrical formation factor is satisfied 

Verification of MPNM: absolute permeability and formation factor

Transport in Porous Media, 152:37, 2025
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Verification of MPNM: capillary pressure curve
Nonwetting saturation [-]

0.0 0.3 0.6 0.9

Flow direction
0 1.0

Saturation [-]

0.5

①

②

③

PNCM

MPNM

Advances in Water Resources 206 (2025) 105138
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 Drainage experiment[Wang et al., 2022]

Randomly distributed pore 
sizes in microporosity

The  PNCM can well predict 
the curve

Real one

Verification of MPNM: capillary pressure curve
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Verification of MPNM: capillary pressure curve
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 Drainage experiment[Wang et al., 2022]

① Average based on sphere-assumption

Overestimation
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 DPNM-five micropore radius

 DPNM-math average

 Drainage experiment[Wang et al., 2022]

③ Entry-pressure-based sub-rock 
typing (Wang et al., 2022)

② Average based on voxel-counting

 The sub-rock typing is essential to the efficient multiscale pore-network model.

 4003 size is adequate to the prediction of capillary pressure curve.
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Capillary pressure (the full image of ES6.5)

Macropores

Five microporous 
regions

Marker-based watershed 
segmentation

Macropore
network

Merge into a set of 
microporous units

Dual-pore-network

Macropore

Solid

Sub-resolution
pore

Marker-based 
watershed segmentation
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930-930-1087

Presenter
Presentation Notes
Sub-rock typing is necessary for good match for MPNM.
DPNM should be MPNM!!!
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 DPNM-899-948-1087-Krnw
 Steady-state measurement[Bultreys et al., 2015]-Krw
 Steady-state measurement[Bultreys et al., 2015]-Krnw

Early flow 
pathways of the 
nonwetting

The cross point is well predicted

Relative permeability (the full image of ES6.5)

Presenter
Presentation Notes
Flow  capacity under two-phase occupation.
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Capillary trapping

Do not consider Ostwald ripening and remobilization
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ES6.5: heterogeneous microporosity Assuming constant mean 
pore  size of microporosity
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Capillary trapping

(b)

𝑆𝑆𝑛𝑛𝑛𝑛,𝑟𝑟 =
𝑆𝑆𝑛𝑛𝑛𝑛,𝑖𝑖

1 + 𝐶𝐶𝑆𝑆𝑛𝑛𝑛𝑛,𝑖𝑖 Tune the wettability of macropores

https://czqin.github.io/publication/zhao-master-2022

https://czqin.github.io/publication/zhao-master-2022
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Conclusions and outlook

Conclusions
 A high-efficient multiscale pore-network model (MPNM) is developed, and 

verified against the high-resolution pore-network-continuum model (PNCM).
Microporosity of ES rocks has strong heterogeneity of mean pore sizes.
 Three types of averaging microporosity voxels are tested. It is found that the 

sub-rock typing is necessary to guarantee the reliable predictions of both 
single-phase and two-phase flow parameters.

We can predict absolute permeability, formation factor, capillary pressure and 
relative permeability.

 Heterogeneity of pore structures enhances capillary trapping? 

Outlook
 Advance the modeling framework to two-phase flow dynamics.
 Understand how microporosity influences material properties, and extend 

capillary pressure and relative permeability empirical models.

Presenter
Presentation Notes
Sub-rock typing is necessary for good match for MPNM.
DPNM should be MPNM!!!



Thank you for 
your attention!

https://czqin.github.io/

Chao-Zhong Qin（秦朝中）

Presenter
Presentation Notes
我的汇报完毕，衷心感谢各位评审专家！

https://czqin.github.io/
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Test samples of carbonate digital rocks

Digital 
rock

Voxel 
size (μm) Microporosity Image size (voxels)

Total 
Porosity  

(%)

Absolute 
permeability (mD)

Experimental

ES3.1 3.1 Uniform mean 
pore size 2000×2000×1725 25 260 ± 60

ES3.6 3.6 Uniform mean 
pore size 1000×1000×1000 29 /

ES6.5 6.5 Heterogeneous 1316×1316×1087 25 202.4 ± 86.9

https://www.digitalrocksportal.org/

ES3.1 and ES3.6 have the MICP curves; ES6.5 has 

the porosity map and the entry-pressure map of 

subresolution microporosity.  

(a) (b)
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The porosity map of ES6.5 

https://www.digitalrocksportal.org/
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Predictions of absolute permeability and formation factor

Subvolume of 
digital rock Pore regions Original 

voxels Volume fraction In the MPNM In the PNCM

ES3.1
Macropores 6332318 9.9% 3569 3569

Microporosity 21562493 33.7% 8375 3929815

ES3.6
Macropores 5040267 7.9% 2172 2172

Microporosity 32676964 51.1% 13228 4494989

ES6.5
Macropores 3694907 5.8% 3827 3827

Microporosity 40618405 63.5% 7930 4147069

90% 
reduction in 
computational 
grids

Digital rock Mean pore size 
(µm)

By the MPNM 
(mD) By the PNCM (mD) By the reference 

model (mD)
ES3.1 0.61 109 116 117
ES3.6 0.74 34 37 37

ES6.5-1 1.81 28 18 18

ES6.5-2 Estimated by 
entry pressure 12 128 174

Why does the MPNM 
underestimate the 
absolute permeability? 

Digital rock By the multiscale pore-
network model (-)

By the pore-network-
continuum model (-) By the reference model (-)

ES3.1 17.24 19.61 19.23

ES3.6 23.81 23.81 23.26

ES6.5 18.52 20.41 19.23

The prediction of 
formation factor is 
satisfied 

Presenter
Presentation Notes
Key parameters are the porosity and mean pore size of microporosity.
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Why do we need the sub-rock typing?
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 The sub-rock typing helps with the prediction, but the CT-based 

characterization is costly and time-consuming！

 If only the MICP data is used, the correlation of pore sizes should be taken 

into account.

Randomly generated

Presenter
Presentation Notes
Now, let us look at the prediction of pc-s and relative permeability of the two models.
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