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Summary: We use persistent homology to measure air phase distributions in sandstone rocks; and 
relate the air phase structure to subsequent mobilization and trapping during brine flooding. The 
correlation between persistent homology-based metrics and fluid trapping is valid for a range of 
sandstone types, initial air conditions, and image parameters. 

 
1. INTRODUCTION 

 
When fluids flow through porous rocks or soils, small bubbles (“ganglia”) of oil or gas may become 
trapped in the pore structure of the rock. This occurs during many natural and engineered processes 
(e.g., rainfall infiltration into soils, enhanced oil recovery, geologic carbon dioxide sequestration, 
contaminant remediation of pollutants in soils). In this study, we analyze the small‐scale 3‐D structure 
(length scales on the order of microns) of porous sandstone rocks to determine the structural controls 
on ganglion trapping, and compare to results from a series of fluid flow experiments. The analysis uses 
persistent homology in order to quantify structure in terms of geometry, topology, and spatial 
distribution. Based on the persistent homology results, we define a new metric which combines these 
structural impacts; then, we demonstrate that the new metric provides a universal correlation for 
ganglia trapping levels for a variety of sandstone types and initial fluid configurations, and also applies 
to 3‐D data sets derived from different imaging and image processing protocols. 
 

2. EXPERIMENTAL METHOD 
 
Two-phase fluid flow experiments were conducted in three types of sandstone micro-cores: 
Bentheimer, Berea, and Leopard sandstones. These sandstones represent a wide range of petrophysical 
properties; e.g., lattice‐Boltzman derived absolute permeability values for these sandstones are 4.25, 1.2, 
and 0.21 Darcy for Bentheimer, Berea, and Leopard respectively. The experiments started with the 
samples saturated with X-ray attenuating brine; then, air was injected into the samples, displacing brine 
(termed “drainage”), followed by brine re-injection (“imbibition”), which mobilized some of the air; 
however, in all situations, some air remains trapped within the pore space of the sandstones. High 
resolution 3D X-ray computed tomography was used to visualize and quantify the distributions of 
fluid phases within the rock samples at the endpoints of these drainage and imbibition flow processes. 
In addition to the new experiments, experimental data from a separate study of fluid flow in 
Bentheimer samples was also included for comparison (Herring et al., 2015). 
 
Tomographic images were segmented into three phases using active an active contour segmentation 
routine (Sheppard et al., 2004) and image arithmetic. Volumetric air trapping levels were measured 
from the segmented images. The topology and geometry of the air phase (as it existed prior to final 
brine injection) was measured using the persistent homology software package Diamorse (Delgado‐
Friedrichs et al., 2015).  
 

3. RESULTS 
 
From the persistent homology analysis, we identified structural features of the air phase relevant to 
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capillary-dominated fluid trapping, namely: 
• the size, frequency, and spatial persistence of air ganglion bodies (β0 features) 
• the size, frequency, and spatial persistence of loops formed by the air ganglia (β1 features) 

These quantities are easily accessible from the persistent homology analysis. Considering the physics of 
capillary-dominated fluid displacements, we define a new composite metric (denoted 𝑃𝑃𝑃𝑃𝛽𝛽1

𝛽𝛽0

) that 

quantifies the relative importance of features which form flow mobilizing pathways (β1 features) relative 
to those which form fluid-trapping pore bodies (β0 features). We demonstrate that air distribution, 
quantified using this metric, is strongly correlated to subsequent air trapping levels during the final brine 
injection (Figure 1, modified from Herring et al., 2018).  
 

 
 

Figure 1. Air trapping efficiency (SR,NW/SI,NW) as a function of the persistent homology based metric 𝑃𝑃𝑃𝑃𝛽𝛽1
𝛽𝛽0

, from 

the air present in each “initial” state (prior to final brine injection) data volume. 2D Tomographic slices of each 
sandstone type demonstrate the range of pore space topologic and geometric structures investigated. 

 
References 
 

Delgado‐Friedrichs, O., Robins, V., & Sheppard, A. (2015). Skeletonization and partitioning of digital images 
using discrete Morse theory. IEEE Transactions on Pattern Analysis and Machine Intelligence, 37(3), 654–666. 

Herring, A. L., Andersson, L., Schlüter, S., Sheppard, A., & Wildenschild, D. (2015). Efficiently engineering pore‐
scale processes: Force balance and topology during nonwetting phase trapping in porous media. Advances in 
Water Resources, 79, 91–102. 

Herring, A. L., Robins, V., & Sheppard, A. P. (2019). Topological Persistence for Relating Microstructure and 
Capillary Fluid Trapping in Sandstones, Water Resour. Res., 55(1), 555–573, doi:10.1029/2018WR022780. 

Sheppard, A. P., Sok, R. M., & Averdunk, H. (2004). Techniques for image enhancement and segmentation of 
tomographic images of porous materials. Physica A: Statistical Mechanics and its Applications, 339(1‐2), 145–151. 


	1. INTRODUCTION
	2. EXPERIMENTAL METHOD
	3. RESULTS
	Figure 1. Air trapping efficiency (SR,NW/SI,NW) as a function of the persistent homology based metric ,𝑃𝐻-,,𝛽-1.-,𝛽-0..., from the air present in each “initial” state (prior to final brine injection) data volume. 2D Tomographic slices of each sand...
	References
	Delgado‐Friedrichs, O., Robins, V., & Sheppard, A. (2015). Skeletonization and partitioning of digital images using discrete Morse theory. IEEE Transactions on Pattern Analysis and Machine Intelligence, 37(3), 654–666.
	Herring, A. L., Andersson, L., Schlüter, S., Sheppard, A., & Wildenschild, D. (2015). Efficiently engineering pore‐scale processes: Force balance and topology during nonwetting phase trapping in porous media. Advances in Water Resources, 79, 91–102.
	Herring, A. L., Robins, V., & Sheppard, A. P. (2019). Topological Persistence for Relating Microstructure and Capillary Fluid Trapping in Sandstones, Water Resour. Res., 55(1), 555–573, doi:10.1029/2018WR022780.
	Sheppard, A. P., Sok, R. M., & Averdunk, H. (2004). Techniques for image enhancement and segmentation of tomographic images of porous materials. Physica A: Statistical Mechanics and its Applications, 339(1‐2), 145–151.

