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Abstract 
This study presents the development of three-dimensional (3D) input datasets of natural rock salt at 
the laboratory scale, intended to support digital twin simulations of creep and permeation behavior. 
These simulations aim to improve the interpretation of experimental results and facilitate more reliable 
upscaling to reservoir-scale conditions. The 3D digital twin models introduced here account, for the first 
time, for internal grain size variations, providing a more realistic representation of sample heterogeneity 
to support advanced simulation workflows. 
Natural rock salt exhibits significant heterogeneity in grain size and impurity content, further compli-
cated by artifacts introduced during coring and laboratory preparation. Understanding how this hetero-
geneity influences deformation and fluid transport remains a key challenge. 
Core samples from a Danish salt diapir were analyzed using multiscale imaging techniques, including 
reflected-light microscopy, slab-scale imaging in 2D, and 3D micro-computed tomography (CT). Grain 
sizes were quantified using semi-automated segmentation of thin sections and slab photographs, as 
well as a machine learning-based classification of CT data. A random forest classifier was trained on 
the basis of 2D data to segment CT volumes into distinct grain size classes and anhydrite-rich phases. 
Creep and permeation test results were linked to the internal grain size distributions of each sample.  
Grain sizes measured from thin sections aligned well with creep rates predicted by established pressure 
solution creep laws, whereas coarser-grain estimates from CT and slab analyses underestimated de-
formation rates, likely due to unresolved fine grains or the passive role of large grains. In permeation 
tests, samples with larger grain sizes and mega-grain inclusions exhibited increased fluid transport, 
suggesting reduced healing efficiency and enhanced flow along coarse-grain boundaries.  
Notably, discrepancies between 2D and 3D grain size estimates – particularly in samples exhibiting 
pronounced layering or coarse-grained facies with tabular-shaped grains – underscore the importance 
of considering spatial heterogeneity and directional textural variation when interpreting the mechanical 
and transport behavior of rock salt. 
This study emphasizes the necessity of accurately capturing microstructural heterogeneity in digital 
models to better understand the mechanical and hydraulic response of rock salt. The generated 3D 
datasets serve as a foundational resource for future digital twin simulations, which will explore how 
internal grain size variation and structural anisotropy influence localized deformation and fluid flow. 
 
 
 
Key words: rock salt, 3D digital twin models, digital rock physics, grain size facies, 3D anisotropy  
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1. Introduction 
 
The objective of this study is to generate laboratory-scale, three-dimensional input datasets of natural 
rock salt for integration into digital twin simulations. These simulations are designed to analyze creep 
and permeation behavior at the sample scale (see Baumann et al., this issue), serving as benchmarks 
for experimental procedures and enhancing the interpretation of laboratory test results (Schmatz et al., 
2024, Hermann et al., in press, Schmatz et al., in press).  
Natural rock salt exhibits inherent heterogeneity due to variations in impurity content and grain size 
distribution (e.g., Ter Heege et al., 2005, Schwichtenberg et al., 2022, Schmatz et al., 2024). Addition-
ally, subsurface core samples often develop artifacts such as microcracks and dilated grain boundaries 
caused by stress relaxation, as well as dissolution features resulting from exposure to drilling fluids. 
During laboratory testing, these samples undergo geometric modifications influenced by experimental 
conditions and the activation of microphysical processes. Interpreting test results remains challenging 
due to the limited understanding of stress-strain localization mechanisms and their interaction with per-
meation pathways in heterogeneous salt matrices.  
Digital rock physics (Andrä et al., 2013a and Andrä et al., 2013b) offers a promising approach to over-
coming these challenges by enabling the detailed analysis of internal sample structures, which are 
otherwise difficult to monitor in standard laboratory setups. It allows for the simulation of various reser-
voir conditions (e.g., different pressures, fluid types) without physically altering the sample and is par-
ticularly useful when physical core samples are limited or unavailable. By integrating digital twin simu-
lations at the core scale with pore-scale and field-scale data, digital twins can support a comprehensive 
upscaling approach, bridging the gap between laboratory experiments and reservoir-scale processes 
(Noiriel and Soulaine, 2021). 
Several approaches have been employed to characterize the three-dimensional, spatially resolved de-
formation and permeation behavior of rock salt. These methods include acoustic emission measure-
ments to localize the initiation of brittle deformation (Manthei, 2005; Li et al., 2019), four-dimensional 
in-operando X-ray tomography to monitor strain localization in real time (Schwichtenberg et al., 2022), 
and post-mortem CT investigations to analyze permeation behavior following deformation (Zhang et 
al., 2020; Schmatz et al., 2024), among other advanced imaging techniques. 
However, investigating grain boundary-scale processes, such as dissolution-precipitation during pres-
sure solution creep, requires extremely small specimens to achieve the spatial resolution necessary for 
detailed analysis. As a result, to accurately visualize individual grain boundaries, sample dimensions 
must be reduced to the millimeter scale (e.g., Thiemeyer et al., 2015; Ji et al., 2022), which in turn 
complicates upscaling due to the limited representativeness of such small-scale measurements. 
The deformation and permeation behavior of heterogeneous rock salt has been extensively studied for 
decades and results demonstrate that creep behavior in the pressure solution creep regime, as well as 
permeation along microcracked grain boundaries, is strongly governed by grain size (e.g., Urai et al., 
1986, Spiers at al., 1990, Schulze et al., 2001, Popp et al., 2015, Urai et al., 2019). In natural rock salt, 
grain size variation can be extreme, with alternating layers of fine-grained matrix halite (sub-millimeter 
scale) interspersed with halite mega-grains – tabular grains reaching sizes in the decimeter- to meter-
scale (Barabasch et al., 2023, Küsters et al., 2008). Commonly, when testing natural rock salt using 
standard laboratory core cylinders (5–10 cm diameter), these grain size variations may affect the rep-
resentativeness of the sample material and complicate the interpretation of bulk strain and permeation 
behavior. Paterson and Wong (2005) advise that the smallest dimension (radius of the test cylinder) 
should exceed the largest grain by a factor of 10. However, due to the possible presence of mega-
grains or large second phase inclusions this is not always feasible in common laboratory settings.  
The 3D digital twin models presented in this study account, for the first time, for internal grain size 
variations and are designed to support digital twin simulations. These simulations aim to more accu-
rately constrain local microphysical processes, thereby enabling more reliable upscaling of creep and 
permeation test results. A comparison with laboratory test data provides an initial evaluation of the 
impact of a heterogeneous grain size distribution within a test specimen on the outcomes of both creep 
and permeation experiments. Digital twin simulations based on the presented 3D models, replicating 
the conditions of the physical creep tests, are the focus of a complementary study by Baumann et al. 
(this issue). 
 

2. Samples 
 
The samples used in this study originate from core material extracted from a salt diapir in the Northern 
Permian Basin in Denmark. Prior to laboratory testing and CT scanning, which served as the basis for 
the 3D models, the samples were cut and ground to the required dimensions: approximately 60 mm 
(2.36”) in diameter and 120 mm (4.72”) in length for permeation tests (Schmatz et al., 2024), and 70 
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mm (2.76”) in diameter and 140 mm (in 5.51”) length for creep tests (Baumann et al., 2022, Schmatz 
et al., in press). 
After testing, the cylindrical specimens were sawn in half along the long axis and perpendicular to 
macroscopically visible planes, which could indicate bedding, creating slab sections. From one slab of 
each sample, thin sections, measuring ~50 mm × 70 mm (1.97” × 2.76”) with a thickness of ~1 mm 
(0.04”), were prepared from the center of the sample for microstructural analysis. 
In total, four 3D models were generated: two models from creep-tested samples (sample IDs: 01_m1 
and 06_m1), and two models from permeated samples (sample IDs: 01_p1 and 04_p1). 
 

3. Methods 
 
Grain size measurement at the thin section scale 
Reflected-light micrographs with a pixel resolution of 3.45 µm (4e-5”) were utilized to determine the 
grain size of matrix grains within thin sections. To enhance grain boundary visibility, thin-section sur-
faces were etched following the protocol outlined by Urai et al. (1987). This process involved immersing 
polished thin sections in slightly undersaturated NaCl-brine for 8–13 seconds, followed by brine removal 
using pressurized air. 
Grain size determination (Figure 1) was performed using a semi-automatic segmentation tool designed 
for the rapid manual segmentation of grains from reflected-light micrographs of the etched surfaces. 
Grain size was quantified using the equivalent circular diameter (d). Most grain boundaries and individ-
ual grains contained secondary phases, such as fluid inclusions and small anhydrite grains or grain 
clusters. The segmentation algorithm was specifically developed to exclude secondary phases located 
at grain boundaries while retaining those within grains as part of the measured grain area. Additionally, 
grains intersecting the image or thin-section edges were excluded from the analysis to ensure accurate 
size measurements. 
 
Grain size model at the slab scale 
Core-piece slabs were analyzed to quantitatively assess the degree of heterogeneity within various 
rock salt lithofacies. To account for this heterogeneity, the microstructure was first examined using 
transmitted and reflected light flatbed scans of core-piece slabs, which were cut from the center of each 
core parallel to the long axis. These scans were acquired at a pixel resolution of 10 µm. The observed 
heterogeneity was primarily attributed to local variations in grain size, often associated with subvertical 
layering and variable second-phase dust content. This dust consisted of micron-sized inclusions, com-
monly consisting of anhydrite and polyhalite, dispersed along halite grain boundaries. 
To quantify grain size variations at the slab scale, we applied a grain size classification scheme for 
polycrystalline rocks, following Kozlov et al. (2006) (Figure 2(1)), based on visual inspection of slab 
surfaces. Grain size classes were defined by their minimum and maximum d values (Figure 2(1)). How-
ever, at the thin-section scale, grain size distributions typically follow a log-normal pattern (Figure 1 and 
Figure 2, Ter Heege et al., 2005). To model these distributions, we calculated log-normal distributions 
for all grain size classes using the observed minimum and maximum grain size values. This calculation 
assumes a variability range expressed through different standard deviations (σ = 0.005–1, Figure 2(3)), 
applying the following equations: 
 
Eq.1: 

𝜇 =
ln(min 𝑑) + ln⁡(max𝑑)

2
 

 
Eq. 2:  

𝜎 =
ln(min 𝑑) + ln⁡(max 𝑑)

2z
 

 
With µ: mean, σ: standard deviation, min d: minimum grain size value, max d: maximum grain size 
value, and z: z-value of the 99% quantile of the standard normal distribution. 
 
To quantitatively describe the spatial distribution of grain size classes, slabs were manually segmented 
into distinct grain size class areas (Figure 2(4)). This segmentation process involved comparing trans-
mitted and reflected light photographs of the slabs with the corresponding physical samples and thin-
section images. The segmentation results were independently reviewed by two experts to ensure ac-
curacy. The relative distribution of grain size classes (Figure 2(5)) was then used to compute the aver-
age grain size of each slab, based on the theoretical log-normal distribution of the grain size classes 
(Figure 2(6)). An example of slab segmentation and grain size class distribution for core piece 01_s1, 
a sister sample representing the initial state of samples 01_m1 and 01_p1, is provided in Figure 12(4). 
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It is important to note that macroscopic investigations tend to overestimate grain size due to the optical 
properties of grain boundaries, which can obscure smaller grains. Consequently, very small grains may 
be overlooked in such analyses. 
 
 

 

 
Figure 1.  Grain size measurements at the thin-section scale. Panels a), d), g), and j) show the 
thin sections of samples 01_m1, 06_m1, 01_p1, and 04_p1, respectively. Panels b), e), h), and k) 
present the corresponding grain size measurements obtained from reflected light micrographs. Panels 
c), f), i), and l) display the associated grain size distributions in the form of histograms. 
 
 



6 

 
Figure 2. Grain size model at the slab scale. The visualization illustrates the spatial distribution 
of grain size classes across the slab surface. For details on the segmentation methodology, grain size 
classification, and interpretation, refer to the main text. 
 
 
3D digital twin model  
All samples were scanned in three dimensions using micro-computed tomography (micro-CT) with a 
Nikon METRIS 3 X-TEK XT H 320 LC scanner with voxel sizes of 85 µm (3.4e-3”) for samples 01_m1 
and 06_m1, and 74 µm (2.91e-3”) for samples 01_p1 and 04_p1. 
Several post-processing steps were required to enhance the visualization of features of interest. The 
raw imagery, consisting of 32-bit float data, was provided in .vol file format and imported into Fiji 
(https://imagej.net/software/fiji/) for further processing. Initially, the data were cropped to isolate the 
sample volume. If a noticeable radial gradient was present, it was identified and subtracted from the 
original dataset using mathematical operations. Contrast enhancement was then applied to facilitate 
the identification of fractures, pores, and anhydrite. Finally, these features were analysed using 3D 
filtering, local thresholding, and noise removal to quantify their proportions and visualize their spatial 
interactions. 
Following the principle that fine-grained sample volumes, which have a higher density of grain bound-
aries, typically exhibit lower overall densities than coarse-grained volumes, we identified different grain 
size classes by analysing contrast variations (pixel variance) in the CT data (Figure 3). Additionally, the 
presence of fine, dispersed second-phase dust (anhydrite) along grain boundaries served as an indi-
cator of grain size class, with higher dust concentrations corresponding to smaller grain sizes. 
Since grain size classes could not be reliably determined by thresholding voxel grey values, due to the 
low signal-to-noise ratio in the CT data, a machine learning algorithm based on random forest classifi-
cation was employed to segment the 3D volume according to grain size classes. A random forest clas-
sifier (e.g., Breiman, 2001) is an ensemble learning method composed of multiple decision trees, each 
trained on a random subset of the training data. These trees independently predict the class label, and 
their outputs are aggregated to produce a more accurate and stable classification. To generate the 
training dataset, approximately 100 sample patches per grain size class were manually labelled. This 
classification process was supported by manual ground truth preparation, which involved the segmen-
tation of individual grain size classes in selected 2D CT slices, combined with insights from previously 
classified sample slabs (Figures 6-10). Resulting digital models categorized the halite matrix into three 
distinct grain size classes, alongside the anhydrite phase, which was identified through local threshold-
ing. The average grain size on the sample scale was computed from the relative phase distribution 
using the same schema as described above for the 2D grain class distribution derived from the slab 
segmentation. 
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Figure 3. 3D CT Model training data. Left: sample patches for the different grain size classes. 
Right: raw CT scan slices from 3 orthogonal sides in the centre of the core piece cylinder 01_m1 with 
the 3D segmentation result for second phase anhydrite (green) and pores (red) in the lower left. 
 
 
Creep Tests 
Between 2014 and 2016, an experimental program (Bérest et al., 2017, 2019, 2022) supported by the 
SMRI demonstrated that, within the 0.2–1 MPa (29-145 psi) deviatoric stress range, natural rock salt 
creeps at rates several orders of magnitude faster than those extrapolated from standard laboratory 
tests conducted at 5–20 MPa (725-2900 psi). Following this protocol, uniaxial creep tests were per-
formed in a mine gallery under controlled environmental conditions to minimize strain fluctuations 
caused by external factors. The gallery maintained a stable temperature of 8 °C (46.4 °F, with annual 
variations ≤0.01 °C) and a relative humidity of 67.3 (with fluctuations ≤0.5% RH). Creep tests were 
conducted on samples 01_m1 and 06_m1, using dead weights to ensure consistent stress application. 
The samples were positioned between duralumin plates, and stress was calculated based on their initial 
cylinder dimensions. The applied stress levels were 0.6 MPa (87 psi) for sample 06_m1 and 3.0 MPa 
(435 psi) for sample 01_m1 (Figure 4). Prior to testing, both samples underwent hydrostatic precondi-
tioning at 90 °C (194 °F) and 20 MPa (2900 psi) for approximately 80 hours. To ensure brine saturation 
within the sample assembly before preconditioning, the samples were encased in an elastomer jacket, 
and saturated NaCl brine was introduced. Further details on the test protocol and microstructural as-
sessment can be found in Schmatz et al. (in press). 
 

 
Figure 4. Result uniaxial creep test with strain rates for thin section (_TS), slab, and CT segmen-
tations calculated after Spiers et al. (1990). 
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Permeation Test 
Permeation tests were conducted at the IfG – Institut für Gebirgsmechanik in Leipzig, Germany, using 
hydraulic creep apparatuses equipped with a triaxial cell, following the methodology of Popp et al. 
(2015) with two key modifications: 1. a small differential stress was applied to simulate a non-isotropic 
stress state at a cavern wall and 2. saturated brine was used instead of inert gas as the permeating 
fluid, representative for the abandoned cavern case and allowing for possible fracture healing through 
brine precipitation. Cylindrical samples (01_p1 and 04_p1) were encased in rubber jackets to isolate 
pore pressure from the hydraulic oil. The experiments were conducted at 40 °C ± 0.2 (104 °F), with 
prior calibration ensuring an equal temperature in the whole sample. Radial stress (i.e., confining pres-
sure) was maintained at 15 MPa (2175 psi), and an initial isostatic stress phase facilitated sample 
compaction before increasing the axial stress to a differential stress of 1 MPa (145 psi). 
Permeation tests lasted 30–50 days, during which axial displacement was continuously logged to de-
velop a stress-strain curve. However, achieving a steady-state strain rate within this timeframe was 
unlikely (Figure 5). A 3 mm borehole, sealed with an epoxy-cemented metal rod, created a miniature 
cavern ("mini-cavern") within each sample. Brine injection induced radial flow, which exited through a 
porous mesh and sintered filter plate. A Quizix® syringe pump-controlled injection pressure and ad-
justed flow rates, automatically stopping at excessive flow (indicating some permeable pathway has 
formed) and subsequently pressure decay monitoring. To maintain full brine saturation, the brine 
passed through a salt powder reservoir before injection. Real-time data monitoring enabled efficient 
experiment management. 
Upon breakthrough at high pressures, injection was automatically halted, allowing for potential fracture 
healing before increasing pressure again to further investigate permeation behaviour. 
Further details on the test protocol and microstructural assessment can be found in Schmatz et al. 
(2024) and Hermann et al. (in press). 
 

 
Figure 5. Permeation test results. For details on the methodology, results, and interpretation, 
refer to the main text. (See the main text for English units). 
 
 

4. Results and Discussion 
 
3D models creep tests 
Both the manual slab photograph segmentation and the 3D segmentation of the CT scan yield relatively 
similar average grain sizes for the creep-tested sample 01_m1 (Figures 6 and 10), with values of 6.32 
mm (0.25”) (Std. Dev. = 1.18 mm (0.05”)) for slab segmentation and 5.30 mm (0.21”) (Std. Dev. = 0.99 
mm (0.04”) for CT segmentation. In contrast, for sample 06_m1 (Figures 7 and 10), a significant dis-
crepancy of approximately 2 mm (0.08”) is observed between the 2D and 3D segmentation results, with 
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an average grain size of 6.39 mm (0.25”) (Std. Dev. = 1.19 mm (0.5”)) from slab segmentation and 8.38 
mm (0.33”) (Std. Dev. = 1.55 mm (0.06”)) from CT segmentation. 
Assuming a homogeneous medium, stereological principles (e.g., Underwood, 1970) would permit a 
direct extrapolation from 2D to 3D for a cylinder without additional correction factors. However, the 
pronounced difference in 2D versus 3D segmentation for sample 06_m1 is primarily attributed to a 
greater abundance of the very coarse-grained fraction, which occurs in regular, gently tilted layers in-
terspersed with finer-grained facies. This results in a highly anisotropic 3D texture that cannot be fully 
represented within a single 2D slice. Conversely, in sample 01_m1, the very coarse-grained facies are 
spatially confined within the sample volume, embedded in alternating layers of finer-grained facies. The 
overall finer-grained matrix does not produce significant anisotropy due to the limited lateral extent of 
medium-to-coarse grains in the z-direction. 
For both samples, the average matrix grain size obtained from thin-section segmentation (Figure 1) is 
relatively similar: 1.99 mm (0.08”) (Std. Dev. = 2.70 mm (0.11”)) for sample 01_m1 and 1.79 mm (0.07”) 
(Std. Dev. = 2.86 mm (0.11”) for sample 06_m1. It is important to note that the grain size measurements 
obtained from thin-section reflected-light micrographs, with a pixel resolution of 3.45 µm (4e-5”), are 
substantially more accurate than those derived from slab images. This is primarily due to the threefold 
higher pixel resolution of thin-section images and the enhanced visibility of grain boundaries facilitated 
by surface etching and the optics of a 10X objective lens. In contrast, slab image segmentation based 
on a visual inspection of transmitted light photographs may overlook very small grains and tightly bound 
grain boundaries. However, in heterogeneous rock salt, the thin-section dimensions may not be fully 
representative of the overall grain size distribution, particularly if the rock contains abnormally large 
grains exceeding several centimeters in diameter. 
A strain rate versus stress diagram (Figure 4) comparing the creep test results with previous experi-
ments clearly indicates that the dominant deformation mechanism is linear pressure solution creep, 
governed by dissolution-precipitation processes. This allows for a direct comparison using the creep 
law established by Spiers et al. (1990). When calculating the strain rate based on the average grain 
size and applying this creep law, a strong agreement is observed for the grain size derived from thin-
section segmentation (01_m1_TS and 06_m1_TS, Figure 4). However, the strain rates computed using 
grain size data from slab (01_m1_slab and 06_m1_slab, Figure 11) and CT (01_m1_CT and 
06_m1_CT, Figure 11) segmentation are more than two orders of magnitude slower than the predic-
tions from Spiers et al. (1990). 
Several potential explanations exist for this discrepancy. One possibility is that the grain size obtained 
from slab and CT segmentation significantly overestimates the actual mean grain size, as a substantial 
number of smaller grains may be overlooked due to their size and the optical properties of tightly bound 
grain boundaries. Alternatively, it is plausible that creep is predominantly controlled by the smallest 
grain size fraction, corresponding to the medium-sized grains measurable at the thin-section scale, 
while larger grains behave as passive inclusions with minimal contribution to the overall creep rate due 
to their relatively low surface-area-to-volume ratio. To further investigate these mechanisms, digital twin 
simulations that incorporate grain boundary processes alongside local stress–strain relationships offer 
valuable insights into the factors controlling creep rates in heterogeneous rock salt (e.g., Ma et al., 
2023). Kottwitz et al. (in press) and Baumann et al. (this issue) test the first of these hypotheses that 
grain size is overestimated on the slab scale by conducting simulations in which the grain size class is 
reduced by one category. This adjustment leads to a plausible match between simulated and actual 
laboratory creep results, supporting the hypothesis. 
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|-----------------------------2D--------------------------| |----------------------------3D--------------------------| 

  
Figure 6. Segmentation result creep test sample 01_m1. a) transmitted light scan slab, b) 2D 
segmentation scan (see a) for legend), c) transmitted light photograph test cylinder (diameter is 70 
mm), and d) 3D model (see a) for legend). 

|----------------------------2D---------------------------| |---------------------------3D--------------------------| 

  
Figure 7. Segmentation result creep test sample 06_m1. a) transmitted light scan slab, b) 2D 
segmentation scan (see a) for legend), c) transmitted light photograph test cylinder (diameter is 70 
mm), and d) 3D model (see a) for legend).  
 
 
3D models permeation tests 
The overall observations regarding the rock fabric in the 3D models used for permeation tests are 
largely consistent with those used for uniaxial creep tests. Both manual slab photograph segmentation 
and 3D CT scan segmentation yield comparable average grain sizes for the creep-tested sample 01_p1 
(Figures 8, 10, and 11), with values of 7.38 mm (0.29”) (Std. Dev. = 1.37 mm (0.05”)) from slab seg-
mentation and 6.99 mm (0.28”) (Std. Dev. = 1.30 mm (0.05”)) from CT segmentation. For sample 04_p1 
(Figures 9, 10, and 11), a noticeable discrepancy of approximately 1 mm (0.04”) is observed between 
2D and 3D segmentation results, with an average grain size of 7.02 mm (0.28”) (Std. Dev. = 1.30 mm 
(0.05”)) from slab segmentation and 8.14 mm (0.32”) (Std. Dev. = 1.50 mm (0.06”) from CT segmenta-
tion. The difference between 2D and 3D models in this sample is primarily attributed to its more pro-
nounced anisotropy, which is associated with the presence of the layered, very coarse-grained facies. 
In contrast, the layering in sample 01_p1 is predominantly controlled by finer-grained facies and 
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abundant anhydrite dust, resulting in less anisotropy in the third dimension compared to the tabular, 
very coarse grains present in sample 04_p1. 
Similarly, in the permeation samples, the 2D matrix grain size measured from etched thin-section sur-
faces is comparable between both samples, with values of 2.03 mm (0.08”) (Std. Dev. = 2.34 mm 
(0.09”)) for sample 01_p1 and 2.22 mm (0.09”) (Std. Dev. = 2.32 mm (0.09”)) for sample 04_p1. 
The sister samples 01_m1 and 01_p1 exhibit a similar trend across all three segmentation methods. 
However, sample 04_p1 shows an approximately 1 mm (0.4”) larger average grain size for the 2D slab 
and 3D CT segmentations, which can be attributed to a higher abundance of very coarse-grained in-
clusions within the test cylinder compared to sample 01_m1. 
Figure 10 presents a close-up view of the central region of the permeation samples, with a semi-trans-
parent visualization of the different grain size facies and the tubing with the mini-cavern at the centre. 
In both samples, the mini-cavern is positioned centrally, ensuring contact with all three grain size clas-
ses. 
Both permeation samples (01_p1 and 04_p1) exhibit similar permeation behaviour (Figure 5), charac-
terized by an initial breakthrough occurring within the first few days of testing. However, after a short 
healing period and a gradual, stepwise increase in fluid pressure, brine breakthrough reoccurs once 
the pore fluid pressure reaches the minimum principal stress. Sequential healing cycles allowed for the 
repeated triggering of multiple breakthroughs. The primary difference between the permeation behav-
iour of the two samples lies in the total volume of brine permeated at comparable pore fluid pressures. 
Specifically, the volume of brine permeated through sample 04_p1 is approximately twice as large as 
that of sample 01_p1. This discrepancy may be influenced by microstructural factors, particularly grain 
size and the distribution of second-phase dust: Sample 04_p1 exhibits an overall larger grain size and 
a higher proportion of very coarse grains. According to Schmatz et al. (2024), grain boundary healing 
(Houben et al., 2013) is less effective along the boundaries of very large grains (mega-grain (-rem-
nants)), potentially resulting in more sustained permeation and localized fluid flow along these bound-
aries. Additionally, sample 04_p1 contains layers of medium-grained halite interspersed with millimetre-
sized anhydrite inclusions and finely dispersed second-phase dust. These layers may introduce a form 
of mechanical stratigraphy, which could further influence permeation behaviour by promoting or restrict-
ing fluid flow along specific structural planes. 
Future digital twin simulations will address the effect of internal heterogeneity on local variations in pore 
pressure and fluid flow within permeated specimens. While the digital creep test presented in Baumann 
et al. (this issue) is based on our CT-scanned data, upcoming simulations will extend the digital twin 
framework to incorporate a mini-cavern geometry and include time-dependent boundary conditions 
from the physical permeation experiments—such as applied load and fluid pressure—to mimic their 
real-world counterparts. This will allow for a detailed investigation of the interplay between local stress 
distribution, fluid–solid coupling, and pressure-driven permeation, influenced by second-phase impuri-
ties and segmentation geometries derived from microstructural characteristics. The results are ex-
pected to provide important insights for cavern abandonment scenarios. 
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|----------------------------2D--------------------------| |-----------------------------3D--------------------------| 

  
Figure 8. Segmentation result creep test sample 01_p1. a) transmitted light scan slab, b) 2D 
segmentation scan (see a) for legend), c) transmitted light photograph test cylinder (diameter is 60 
mm), and d) 3D model (see a) for legend).  

|----------------------------2D----------------------------| |----------------------------3D--------------------------| 

  
Figure 9. Segmentation result creep test sample 04_p1. a) transmitted light scan slab, b) 2D 
segmentation scan (see a) for legend), c) transmitted light photograph test cylinder (diameter is 60 
mm), and d) 3D model (see a) for legend). 
 

 
Figure 10. Close-up, 3D visualisation with semi-transparent overlay of the segmented grain size 
classes and the tubing (orange) and the min-cavern (green) in the centre of the test cylinder. 
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Figure 11. left: average grain size from thin section (TS), slab, and CT segmentation, right: grain 
size class fraction from slab and CT segmentation. (See the main text for English units). 
 

5. Concluding Remarks 
 
The integration of 2D and 3D segmentation techniques across both creep and permeation test samples 
provides a comprehensive assessment of grain size distributions and their implications for deformation 
and fluid transport in heterogeneous rock salt. While thin-section analysis offers high-resolution insights 
into matrix grain size, slab and CT-based segmentations capture larger-scale structural features and 
highlight anisotropies not visible in 2D sections alone. Notably, discrepancies between 2D and 3D grain 
size estimates, particularly in samples with pronounced layering or coarse-grained facies, underscore 
the importance of considering spatial heterogeneity and directional textural variation in the interpreta-
tion of mechanical and transport behavior. 
The mismatch observed between predicted and measured strain rates, derived from different segmen-
tation methods, suggests two possible explanations: deformation may be primarily governed by the 
finer-grained matrix fraction, with larger grains acting as inert components contributing little to strain; 
and/or visual grain size estimates based on slab or CT data may overestimate the actual average grain 
size due to limitations in resolution and segmentation accuracy. 
Permeation behavior appears to be modulated by microstructural features such as mega-grains, sec-
ond-phase dust, and mechanical stratigraphy, all of which influence the effectiveness of grain boundary 
healing and the development of fluid pathways. 
These findings emphasize the need for multi-scale characterization when evaluating the mechanical 
and hydraulic performance of rock salt. Future work involving digital twin simulations will be instrumen-
tal in disentangling the coupled effects of grain size distribution, microstructural heterogeneity, and local 
stress conditions on both creep and fluid transport phenomena. 
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