
P R E S E N T E D  B Y

Sandia National Laboratories is a multimission laboratory managed and operated by National 

Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell 
International Inc., for the U.S. Department of Energy’s National Nuclear Security 

Administration under contract DE-NA0003525.  This research is funded by WIPP programs by the 
Office of Environmental Management (EM) of the U.S. Department of Energy.

SAND #: 

Small-Scale Reconsolidation Studies

E d  M a t t e o  ( S N L  - o r g .  8 8 4 2 )

T e a m :  T o m  D e w e r s ,  M e l i s s a  M i l l s ,  B e n  R e e d l u nn ( S N L )

R o b  L a n d e r ,  L i n d a  B o n e l l ,  a n d  J i m  G u i l k e y ( G E O C O S M ,  L L C )

Jo h n  S t o r m o n t ,  B e n j a m i n  G a l l e g o ,  a n d  E v a n  B a b c o c k  ( U N M )

SAND2022-14732CThis paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in
the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.



Overview

Overview of  the Research Strategy

Highlights from Activities

◦ We have used computational tools to simulate many rubble pile packings, courtesy of  
GEOCOSM, both monodisperse and polydisperse, including salt shape geometries and 
spheres (for sanity check and comparison).  

◦ Preliminary experimental tests on polydisperse salt rubble piles (at 1:10 scale)

◦ Development of  CFD analysis of  the GEOCOSM packings (to construct porosity 
permeability relationships), as well as perform validation tests on the 1:10 scale salt piles 
while measuring permeability and porosity (and verifying the porosity measurement via 
micro CT). 

◦ In progress: 

◦ CFD of  GEOCOSM packs 

◦ Validation tests, using micro CT at SNL – post-test data processing underway

◦ Computational compaction of  GEOCOSM rubble piles

Summary and Conclusions
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1. Generate synthetic rubble pile realizations

1. Verify approach using monodisperse 
spherical packs

2. Vary clast shapes and size distributions

2. Simulate compaction with various levels of 
sophistication

3. Use CFD to compute permeability

1. Explicitly represent macroflow channels 
and implicitly represent microflow 
channels

4. Validate against crushed salt or small-scale 
rubble compaction experiments

1. Vary the grain size distribution, 
temperature, and compaction pressure

Synthetic Rubble Pile

Research Strategy3

Expected outcomes - understanding of sensitivities to particle size 

distributions (esp. polydispersity), but also particle shape geometries



Workflow and Coordinating Interfaces between SNL, 
Geocosm, and UNM Teams
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1. Characterization of rubble size and shape using X-ray micro-

computed tomography

2. Image analysis to include solid segmentation and grain separation, 

using a variety of filters and watershed methods.  (This did not 

work!)

3. Particle Shape Geometries via Sieve Analysis on ROM Salt

4. Creation of grain size distributions of rubble piles

5. Creation of grain surface meshes extracted from the separated 

particles, using the distribution as a guide. 

6. Cyberstone modeling of rubble consolidation, extracting 

representative shapes and sizes using the provided STL files and 

the resulting volume distribution as a guide. 

7. CFD modeling of gas transport in the consolidating rubble piles 

from the Cyberstone results. 

8. Validation against UNM 1:10 scale experiments

June 

2020

Oct. 

2022

Project 

Start

2018



DEPOSITION SIMULATIONS

Milestone 2
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Clast Deposition Simulations

Vetting results (“Sanity” checks)

◦Angle of  repose simulations

◦Sphere packs with uniform sizes

Deposition simulations

◦“Gentle” vs. “Mass Dump” results

◦Shaking and low friction

◦Uniform size vs. sieve size 
distribution

◦Spheres vs. mCT based shapes
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Cyberstone Angle of Repose Simulations (Sanity Check #1)

Drop clasts from 
same x/y position 
at a constant height 
above the top of  
the sediment pile

Use same friction 
values for floor as 
for clasts
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Angles of Repose:  UNM and Cyberstone

39°

38°

38°40° 35°

37°34°

Simulations:  static and dynamic friction coefficient 0.767 (tan 37.5°)

~16K clasts

5 cm

8



Uniform (Monodisperse) Sphere Simulations (“Sanity Check” #2)

5 cm cube

m 0.10 + shaking:  Porosity 36.4 vol% m 0.77:  Porosity 40.4 vol%

https://en.wikipedia.org/wiki/Random_close_pack
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Rubble Deposition Simulations: mCT Shapes

Variables

◦Mass dump vs. gentle deposition

◦Friction coefficient

◦ Shaking
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Alternative Rubble Deposition Modes
Container Diameter 12 cm

“Gentle” “Mass Dump”

Min Max Color

Sieve A 38.1 57.2

Sieve B 19.1 28.6

Sieve C 9.5 14.3

Sieve 4 4.7 7.1

Sieve 6 3.4 4.1

Sieve 8 2.4 2.9

Sieve 10 2.0 2.2

Sieve 12 1.7 1.8

Sieve 14 1.4 1.5

Sieve 16 1.2 1.3

Sieve 18 1.0 1.1

Opening, mm

~32K clasts ~37K clasts

POROSITY 

RESULTS

• Gentle:  37.4%

• Mass Dump:  

37.0%
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Shaking with Same Friction (m = 0.77)

Porosity 37.0 vol% Porosity 33.6 vol% after shaking

6 cm cube

Porosity 37.0 vol% (Benchmark)
Porosity 33.6 vol% (After Shaking)

Porosity Loss from Shaking

• UNM lab experiment ~3%

(35 → 32% porosity, J. Stormont, pers 

comm)

• Cyberstone simulation ~3.4%
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Sieve Size Distribution:  Impact of Shaking + Low Friction

Porosity 37.0 vol% (m = 0.77) Porosity 26.9 vol% (m = 0.10 + shaking)
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Rubble Deposition Simulations
mCT Shapes and Sieve Size Distribution

Run Configuration
Friction 

Coefficient

Porosity, 
vol%

Gentle 0.77 37.4

Mass dump 0.77 37.0

Shake 0.77 33.6

Mass dump 0.66 34.6

Mass dump 0.58 34.8

Shake 0.10 26.9
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UNIFORM (MONODISPERSE) VS. 
SIEVE SIZE DISTRIBUTIONS 

(POLYDISPERSE)
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Why Variations in Clast Sizes Impacts Depositional 
Porosity

Monodisperse
MonodispersePolydisperse

Polydisperse
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Uniform (Monodisperse) Simulations

Size:  2.88 mm 

◦mid point for sieve 8 fraction

Sieve 8 shapes

◦Scaled so that minimum sieve 
pass through size = 2.88 mm

Friction coefficient = 0.77

Mass dump deposition mode

Sieve 8 (2.4 – 3.4 mm)
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mCT Shapes:  Uniform vs. Sieve Size Distribution (m = 0.77)

Porosity 47.0 vol% Porosity 37.0 vol%

6 cm cube

5 cm cube

Porosity 37.0 vol%Porosity 47.7 vol%

Permeability calculations will tell us how important these differences are, 

e.g. are the porosity-permeability surfaces different based on size 

distribution
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SPHERES VS. mCT SHAPES
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Clast Deposition Simulations:  Summary

Good agreement with UNM 
experiments

◦Angle of  repose

◦D porosity from shaking

Rubble results

◦Best result for initial WIPP 
conditions:  ~37% porosity

◦Important variables:  clast 
size distribution, clast shapes, 
shaking, friction

Mode Clast Shape Size Distribution
Friction 

Coef.
Porosity, 

vol%

Gentle deposition mCT scans WIPP Sieve 0.77 37.37

Mass dump mCT scans WIPP Sieve 0.77 37.04

Shake mCT scans WIPP Sieve 0.77 33.62

Mass dump mCT scans WIPP Sieve 0.66 34.56

Mass dump mCT scans WIPP Sieve 0.58 34.75

Shake mCT scans WIPP Sieve 0.10 26.94

Mass dump mCT scans Uniform 0.77 47.73

Mass dump Sphere WIPP Sieve 0.77 25.69

Shake Sphere WIPP Sieve 0.10 20.03

Mass dump Sphere Uniform 0.77 47.73

Shake Sphere Uniform 0.77 40.38

Shake Sphere Uniform 0.10 36.39
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Monodisperse:  Spheres vs. Sieve 8 mCT Shapes

Porosity 47.7 vol% Porosity 40.4 vol%
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Monodisperse:  Spheres vs. Sieve 8 mCT Shapes

5 cm cube

Porosity 47.7 vol% Porosity 40.4 vol%
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Sieve Size Distribution:  Spheres vs. Actual Shapes (m 0.77)

Porosity 37.0 vol% Porosity 25.7 vol%
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Sieve Size Distribution:  Spheres vs. Actual Shapes (m 0.77)

Porosity 37.0 vol% Porosity 25.7 vol%

6 cm cube

Porosity 37.0 vol% Porosity 25.7 vol%

Shape matters w.r.t. porosity -> we have observed that larger fragments tend to be 

less spherical. 

Of course, lower porosity doesn’t necessarily equate to lower permeability
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MECHANICAL COMPACTION

Milestone 3
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Initial State: 0 MPa
f = 37 %

Final State: 15 MPa
f = 6 %

Uniaxaial Compaction Simulation

1. Salt Behavior

1. Elasticity

2. Pressure solution 
creep

3. Dislocation creep

4. No damage or 
fracturing

2. Uniaxial Strain

1. Piston on top

2. Other boundaries 
rigid
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Steady-State CFD Simulation of Air Flow

Pore Space Air Flow Streamlines and Speed 
(m/s)

Clasts
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EXPERIMENTAL VALIDATION

Milestone 3
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1/10th Scale Porosity and Permeability 
Measurements

~ 1 
m

Outlet 
manifold

P

Vacuum

Inlet manifold

Porosity / 
Permeability Valve

Reservoir

P

Q k (m2) f (%)

ROM 5x10-9 37

Rubble 3x10-8 39

Preliminary Results

Experimental Setup
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Salt particles contained within plastic liner 

that serves as jacket for vacuum permeability 

and porosity measurements.  

Connect reservoir of known volume and pressure to unknown pore volume of salt under vacuum, 

and then allow to equilibrate.   Porosity interpreted from equilibrium pressure. 

~ 1 

m

Box 

permeameter

Outlet 

manifold

P

Vacuum
Q

Inlet 

manifold

Valve to switch 

between permeability  

and porosity 

measurements. 

Porosity test configuration 

Box is portable.  Permeability and porosity 

measurement systems can be disconnected. 

Reservoir

P
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Salt particles contained within plastic liner 

that serves as jacket for vacuum permeability 

and porosity measurements.  

Vacuum induces flow through salt.  Pressure drop (P) and flow rate (Q) measured to interpret permeability.

~ 1 

m

Box 

permeameter

Outlet 

manifold

P

Vacuum
Q

Inlet 

manifold

Atmospheric 

air flow during 

permeability 

measurements. 

Valve to switch 

between permeability  

and porosity 

measurements. 

Permeability test configuration 

Box is portable.  Permeability and porosity 

measurement systems can be disconnected. 

Reservoir

P
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Two “types” of granular WIPP salt 

tested:  ROM and rubble
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Permeability 

(m2)

Porosity (%)

ROM 5x10-9 37

Rubble 3x10-8 39

Preliminary Results
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Angle of repose 

measurements on ROM salt 

Average from 8 

measurements = 35.4°
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Summary and Future Work37

Summary

• Developed a capability/workflow to examine the effects of 

particle shape, size, and size distribution on depositional porosity

• Depositional Study shows importance of friction parameter, as 

well as shape and size distribution

• Angle of repose and study on spherical studies provide some 

measure of confidence in the depositional methodology

• Shaking tests (both computational and experimental) suggest a 

good correspondence, and imply that ~3% porosity reduction is 

possible without mechanical compaction

In Progress:

• Permeability analysis of deposition derived meshes via CFD ( in 

process)

• Validation study of 1:10 scale box permeameter using microCT

• Comparison CFD permeability 

(Test completed Spring 2022 – post-processing in progress)

• Mechanical compaction work (in process)

• Biaxial/triaxial stress

• Viscoplastic deformation

• Pressure Solution
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Brief Overview of Literature

Key Points:

◦ Mode of  construction

◦ Sequential Deposition results in 
lower porosity than Monte Carlo

◦ However, transport depends only 
on porosity

◦ Random and homogenous 
packing
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CLAST LIBRARY

Milestone 1
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Clast Library

Create collision hulls for clast 3D shapes derived 
from mCT scans

◦ Needed for deposition simulations

Relate clast dimensions to sieve opening size

◦ Clasts’ long axes are larger than the opening of  sieves 
that retain them

Rudimentary analysis of  clast 3D shapes as a 
function of  size
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31 / 68

Size Range for Sieve Opening: 19 - 38 mm

First 

number

smallest sieve 

pass through 

size in mm

Second 

number

long axis in mm

31

6

8
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Shape Metrics

Sphericity

◦ Area for equal volume sphere / area

Aspect Ratio

◦ Minimum Ferret length / long axis

Convex hull fill

◦ Volume / Convex hull volume

Sieve A: long axis 67.7 mm Sieve 8: long axis 3.6 mm

S = 0.7

AR = 0.5

CHF = 0.7

S = 0.9

AR = 0.7

CHF = 0.9
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Salt Clast Shape Metrics

Min Max Color

Sieve A 38.1 76.2

Sieve B 19.1 38.1

Sieve C 9.5 19.1

Sieve 4 4.7 9.5

Sieve 6 3.4 4.7

Sieve 8 2.4 3.4

Sieve 10 2.0 2.4

Sieve 12 1.7 2.0

Sieve 14 1.4 1.7

Sieve 16 1.2 1.4

Sieve 18 1.0 1.2

Opening, mm
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23 / 3929 / 45

31 / 68

23 / 36

33 / 54 29 / 49

26 / 44

Sieve 19 - 38 mm

First 

number

smallest sieve 

pass through 

size in mm

Second 

number

long axis, mm
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Clast Size from Shape Analysis vs. Sieve Opening Size

31 mm

68 mm

95% of analyses within 10% of expected sizes
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