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Summary

The performance of unconventional resources reservoir is a function of the hydro, mechanical, and chemical properties of
shale formations with compositional and textural heterogeneity across a range of scales. In particular, mechanical
properties (elastic properties, fracture toughness, anisotropy, etc.) are controlled by a variety of geologic variables,
including detrital and authigenic mineralogy, cements, and organic content, and the spatial distribution of these
characteristics. In this work integrated approach of multiscale imaging, mineralogy distribution, nano-indentation, and
numerical simulations is employed to investigate the impact of the micro-lithofacial heterogeneities on pore structure and
mechanical properties for Cretaceous Mancos Shale, a thick mudstone with widespread occurrence across the western
interior of the USA. Detailed petrographic analysis results are mapped to results from axisymmetric compression and
indirect tensile strength testing of this facies at the core-plug scale, and nanoindentation measurements at the micron
scale. As anticipated, there is a marked difference in elastic and failure response in axisymmetric and cylinder splitting
tests relating to loading orientation with respect to bedding or lamination. Shear bands and Mode-I fractures display
contrasting fabric when produced at low or high angles with respect to lamination. Nanoindentation, mineralogy distribution
based on MAPS (Modular Automated Processing System) technique, and high resolution backscattered electron images
show the effect of composition, texture phases, and interfaces of phases on mechanical properties. A range of Young's
moduli from nanoindentation is generally larger by a factor of 1 to 4 compared to axisymmetric compression results,
showing the important effect of pores, microcracks, and bedding boundaries on bulk elastic response. Together these data
sets show the influence of cement distribution on mechanical response. Variations in micro-lithofacies are first-order
factors in determining the mechanical response of this important Mancos constituent, and are likely responsible for its
success in hydrofracture-based recovery operations as compared to other Mancos lithofacies types. This work allows us to
make more accurate prediction of reservoir performance by developing a multi-scale understanding of mudstone response
to reservoir stimulation efforts.



Acknowledgments

■ Laboratory Directed Research and Development program at Sandia National
Laboratories

■ U.S. Department of Energy Office of Basic Energy Sciences, Division of
Chemical Sciences, Geosciences, and Biosciences

■ Thomas Dewers, Mathew Ingraham, Bill Mook (SNL)

■ Peter Mozley, Oh-Tark Kwon (NMT)



SANDIA NATIONAL LABORATORIES OVERVIEW
SANDIA'S HISTORY IS TRACED TO THE
MANHATTAN PROJECT

n my opiniopy... have ...ere an
apporiuniO, rriboyi,trceptiona/
service in the national inierest.

• July 1945
.os Alamos creates Z Division

• Nonnuclear component engineering
• November 1,1949

Sandia laboratory established
• AT&T: 1949-1993
• Martin Marietta: 1993-1995
• Lockhccd Martin: 1995-2017
• I loneywell: 2017—present

SANDIA HAS FACILITIE
ACROSS THE NATION

Main sites

• Albuquerque, New Mexico

• Livermore, California

SANDIA ADDRESSES NATIONAL SECURITY CHALLENGES

1950s r1960s r 1970s r1980s r 1990s r 2000s r 2010s

NUCLEAR

WEAPONS

ENGINEERING

AND TESTING

Arms race

NW + ENERGY: DOE

MULTIPROGRA MULTIPROGRA

— AND OTHER

DoD WORK

End of

Energy crisis I Cold War

DOE EXPANDED

MULTIPROGRA NATIONAL

Stockpile

stewardship

MULTIMISSIO

N LAB: LEPs

CYBER, BIO,

SPACE,

1 security

challenges

'1111111i11111111i

Activity locations

• Kauai, l lawaii

• Waste Isolation
Pilot Plant,
Carlsbad, New Mexico

• Pantex Plant,
Amarillo, Texas

• Tonopah, Nevada

SANDIA'S BUDGET and WORKFORCE

NNSA
Weapons 50.9%

DoD-Nuclea74 l o%
Deterrence

Other Do; 18.1%

Other DOE 7.6%

Other 7.0%
Non-proliferation • 6.4%

12,256 10,940 1,316

EMPLOYEES New Mexico California



Subsurface Energy Activities

• Subsurface energy technologies typically involve the change of fluid
flow, stress, thermal, chemical (aka THMC) status in fractured and
porous media

• Unconventional resources recovery

• Disposal of wastewater and nuclear waste

• Subsurface carbon and compressed gas storage

• To improve modern energy activities and reduce adverse risks (e.g.,
induced seismicity and environmental impact), current
understanding of poromechanics, averaging conceptual models
(e.g., cubic law and biot effective stress), and coupled effects on
flow paths needs to be improved

• Mesoscale analysis — Iinking discrete and complex pore-scale
behavior to continuum (macroscale) reservoir response — is key, yet
remains elusive as a result of the extreme heterogeneity and
resulting scale dependence.
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Fluid Flow: A Basic Research Agenda
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Multiscale Heterogeneity in Compositions,

Pore structure, and Mechanical Properties

► Understand how heterogeneity, pores, cracks, flaws etc. contribute to
shale poromechanics over scales and provide physical basis for core-scale
measured deformational and transport constitutive behavior

► Develop novel techniques and workflow for a linked imaging,
experimental, and modeling-based advancement of shale poromechanics

Quartz area, 20 indents
Load-displacement

nm
80.o

Er (Gpa) =
80.8 ± 1.3 2

Clay-rich area, 64 indents
Load-displacement

4

-
•••••.....



Multiscale characterization of physical, chemical,
and mechanical heterogeneity of nano-porous geomaterials

Macroscopic and
microscopic lithofacies
(optical petrography)

Optical and Confocal Microscopy

3D multiscale microCT
X-ray probe and QEMSCAN for mineralogy

mSEM, Maps Mineralogy

Focused-Ion Beam & Broad-
Ion Beam for milling

SEM, EDS

Electron Microscopy

(Ultra) Small Angle Neutron Scattering
1 0-3rn 19-6m



Approach

• 40 cm diameter core of Mancos Shale
— Interlaminated fine mud, medium/ coarse
mud, and very fine sand
— 1-3 mm laminae
— Parallel lamina, wavy lenticular
lamina, ripple forms, and bioturbation

• Mineralogical and textural
characterization

— Macroscopic
— Optical petrography/microscopy
— Micro-CT
— FIB-SEM
— BSE
— MAPS Mineralogy

• Mechanical tests
— Uni-/Tri-axial compression (1x2")
— Brazilian Test (1x0.5")
— Nanoindentation

• Computational modeling

B Face of XRD
Cut A

XRD cut A

0 Brazilian and
High Bay

> High Bay
Tests

10 cmBrazilian Tests  

Yoon et al. (AAPG, Memoir 2019, in press)
Dewers et al. (AGU, Monograph, 2019, in press)



MAPS Mineralogy

• SEM-based automated mineralogical
measurement, analysis, data integration

— Collection, overlay and re-registration of
multiple images from different modalities
— SEM, SEM-EDS, optical, CL, EBSD
— QEMSCAN measurement algorithms

• Mineral identification
— Spectral matching
— Each pixel — single/multiple minerals
— Elemental substitutions
— Simultaneous mineral element and count maps
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Mineralogy Mapping
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Mineralogy Mapping:
Scale/methods dependent
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Mineralogy Mapping:
Scale/methods dependent
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Influence of geological attributes on mechanical
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lithofacies
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QFPs

Carbonate

Clay

Organics

Conceptual Model of Anisotropic
Layered System
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Axisymmetric Compression Testing
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Axisymmetric Compression Testing
Horizontal slice
through the central
part of sample

One primary &
two secondary
fractu res

Curved main
fracture

A. Loaded parallel to bedding (15B)

B. Loaded perpendicular to bedding (28A)

Fracture intersection &
bifurcation with small
aperture microfractures

M icrofractu re
propagation in between
quartz grains

Microfracture patterns
in between quartz
grains
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Indirect Tension Results
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Tensile Strain Distribution

(Digital Image Correlation)
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Numerical Simulations of Brittle Fracturing
l e

• Phase field model for crack
representation (Heister et a1,2015)

Stiff Soft• Shale is modeled as two- 46

constituent brittle materials layeri layter

with stiff and soft layers:

• Young's Modulus

• (Pore pressure)

• (Chemo-mechanical
coupling)

Crack phase
field (y)

Differential Equations Analysis
Library. II (Bangerth et al., 2007; 2013)
DEAL.11 Open Source Finite Fully
Element Library Cracked

J3 ile1 1 ,E,
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Effective Properties of Heterogeneous

Materials
• Transversely isotropic effective medium for elastic parameters (Berryman, 1998)

• Spatial homogenization procedure leads to much simpler crack patterns than

those from the layered isotropic materials

• Crack paths in the effective medium are less tortuous due to (probably)

filtering out mesoscopic information via homogenization

• Smaller surface area created by the fracture process yields the reduced

tortuous crack paths with a diminished amount of energy dissipation

(much higher effective fracture toughness)

(a) Transversely isotropic
(horizontal)

(b) Transversely isotropic
(inclined)

(c) Transversely isotropic
(vertical)
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Nanolndentation

• Depth sensing/instrumented indentation
— highly accurate load-displacement record
— Analytical models to determine modulus,
hardness and other mechanical properties using
the load-displacement data

• Analytical concept
— Purely elastic deformation upon initial unloading Q-0
— Contact between a rigid indenter and 9
homogeneous isotropic elastic half spacing
— Compliance of the sample and indenter tip —
springs in series
— Hardness = load/contact area
— Elastic modulus determined by stiffness (S)

• Dynamic Modulus Analysis at nm scale

Berkovich
indenter

hc FCR E=1
h FOR E=0.72

DISPLACEMENT, h

POSSIBLE
RANGE FOR

hc

max

Oliver & Pharr (1992)



Initial Indentation Results

Indentation array: 16 x 16, 20 um spacing
[Hysitron Tribolndenter 900]
Indentation strain rate = 0.1 (Oliver et al., 1997)
(current change in displacement/current total disp.
Maximum load = 10 mN
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Calcites
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151 katites
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Multiscale Indentation Testing

Loading-unloading cycle
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Nanoindentation Impressions

IL
,

2µm

Low-clay percentage samples.
(1&2): surface of pure quartz
and feldspar having higher
values of mechanical
properties such as elastic
modulus and hardness.
(3): dissolution surface of
feldspar
(4-6): grain-to-grain boundary
and edge-of-grain, which have
lower mechanical properties
values.

NOTE: Q=quartz, P=pyrite,
C=carbonate, F=feldspar, and
IL=illite)
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0 V IS/ 20 000 CBS 20.00 kV 3.2 n4 10.4 0.0 • 4.2 non BNB... 1819 Helios GE

bias frame mag m det HV curl' HFW tilt WO SEM Mode 1-2 pm-i
OV ISA! s 2000* CBS 20.00 kV 3.2 11/1 10.4 rta 0.0 • 4.2 non Fleld.he• lalg Helros GE

Yoon et al. (in prep)



Effect of Compositions and textures on
Mechanical Properties

High variability
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Upscaling for Mechanical Properties
• Phase field modeling for averaging mechanical properties

• Spatial mineralogical mapping with compositional heterogeneity

• Development of correlation with nanoindentation results

• Evaluation of soft cement or multi-mineral regions on mechanical responses
with various conditions (e.g., defects, layering, anisotropy)
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Velocities of Mancos Shale lithofacies
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Other Ongoing Works



Chemo-mechanical Processes:
Chemical Flooding in Nano-porous Chalk

Long-term (512 days) creep testing with chemical flooding (Liege Chalk)

A
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Altered
zone

12.50 250 15
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FIB-SEM
(-10 µrn)

Mg
concentration

3D
EDS

Plasma
FIB-SEM
(-1.5mm)

E

Calcite
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Mg-rich
-Calcite/
Dolomite

Unflooded sample

H

3D EDS
(Ca
conc)

I. 3D microCT

Flow
Samples from Nermoen et al., (JGR,2015) Yoon et al. (In prep)



Fracture Patterns: Borehole Breakout Test
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Permeability Control and
Proppants' Behavior in Fractures
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Multiphysics Simulations

CFD simulation flow field

Multiphase flow
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Methane flow in kerogen "tubule"

5 nm = effeeuve
size of pore throat
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Seismic Signal Acquisition and Analysis

• Full waveform measurements with AE
and seismic wave
transmission/reflection:
• Delineate the stages of crack initiation and

propagation
• Use bi-& tri-axial loading conditions and

crack orientations to achieve mixed-mode
loading with and without pore pressure

• Experimental data will be analyzed in
conjunction with computer simulations:
• Identify all possible components of the

signals (body wave, converted modes,
guided modes, etc.)

• Interpret the hydraulic properties of
fractures

• Develop the relationship between the
interpreted stiffness of the fractures and
fluid flow (w/ micro-CT images)
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Multiscale network and flows with ROMs + ML

Horn River Shale Gas (CA)

• International collaboration with Korea
Gas Corporation (KOGAS)

• Extensive Reservoir characteristics (3D
seismic data & microseismic data, well
logs (gamma ray, resistivity, sonic,
porosity, etc), core sample analysis)

• Integrated 3D reservoir model &
geomechanical and geophysical model

• Dynamic production data
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Microseismic data
(courtesy from KOGAS) Ref: Kam et al. (2015, SPE-171611-PA)

Production
data

20114,u g-5D 2013-dan-11 201.4-May-213 2D-I 5-13ct-Da 20

U.S. Major Shale Plays (with UT-BEG)

• Can we explain and predict future
technology shifts and well performance?

• How large is the uncertainty around well
performance?

• How should ML algorithms be trained
(supervised, un-(or semi-)supervised)?
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Summary
• Integrated multiscale imaging and mechanical testing with

numerical simulation provides a robust approach to advancing
our understanding of shale (poro-) mechanical behaviors

• Texture/mineralogical characterization
— Recent advances in mineralogical mapping with high resolution imaging
over the large area
— Multiscale mineralogical and geologic features lead to considerable
heterogeneity of mechanical properties

• Mechanical tests
— Macroscopic and microscopic lithofacies have distinctively different
mechanical properties
— Bulk properties/averaging theory may be misleading as they can
represent averages of mechanically heterogeneous rock
— Microscopic heterogeneity of mechanical properties can control the
spatial distribution of fractures
— This heterogeneity should be taken into account for realistic mechanical
modeling and can scale up by rigorous theoretical and numerical
modeling



Thank You!!!



XRD vs. MAPS Mineralogy
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