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Leonardo’s Parachute




Hydraulic Conductivity: Physics

hysics-inspired: 2 3
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Hydraulic Conductivity: Data

Hydraulic conductivity k [cm/s]
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Hydraulic Conductivity: Data

Hydraulic conductivity k [cm/s]
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Hydraulic Conductivity

e Physics-inspired:
Hagen—Poiseuille
Kozeny-Carman

¢ Data-driven:

-» Robust model
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Hydraulic Conductivity

Physics-inspired:
Hagen—Poiseuille
Kozeny-Carman

Data-driven: -

-» Robust model

(for water)
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Pore Network

Log (d_,,./micron)

pore!
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Uncorrelated
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preferential flow along interconnected large pores



Hydraulic ConductiviiMggetig=ls BR{e]e €

Marcellus shale outcrop

Rel. number of governing fractures
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Void ratio e [ ]

k, Compression: Data

40
Data (Mesri and Olson, 1971)
30 A
[
@
20 A
®
@
10 A
@
@
@
O ! I ! I ! ‘I
0 1000 2000 3000

Vertical effective stress c' [KPa]



Void ratio e [ ]

k, Compression: Model
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k, Compression: Model
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Compression: Data
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Physics Inspired
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van der Waals (6 +o, —og)(V, -\V.)=a
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Compressibility + Permeability: Coupled HM
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Compressibility + Permeability: Coupled HM
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Hydro-Frac.

Compressibility + Permeability:

Microscope
/ Digital camera

Pressure
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Compressibility + Permeability: Hydro-Frac.
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Hydraulic Fracture: FEM (MCC - no cohesion)
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HF in Soils: ab initio

1D Consolidation

Soil is in compression EVERYwhere



HF in Pre-structured Media (Shales)

opening

closing

Self-propping



HF in Pre-structured Media (Shales)
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k, Loading

Soil Units
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Oedometer: Improvements
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Sampling effect
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Small Strain Stiffness

k, Loading: Fabric change
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Velocity-Stress: Soils v _a(c'ﬁc'yjﬁ
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Sediment Response During Shear
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Plane Strain

Contractive sample: rnd(e)=0.92-1.02 (Note: e..= 0.82)
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Sediment Response During Shear
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Plane Strain

Void ratio
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| ocalization?

Strain localization
shear band
compaction band

Grains migration
clogging

piping erosion
sand production

Fluids
viscous fingering
density tears

Fluid-driven
desiccation cracks
gas or oil-driven
hydraulic fracture
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piping & wormholes
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Stress - Strain - Void Ratio  First Cycle
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Stress - Strain - Void Ratio N Cycle

terminal void




Stress - Strain - Void Ratio N Cycle

ratcheting
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Stress - Strain - Void Ratio N Cycle

shakedown
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Settlement kO COndlthnS (coarse sand)
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Eugenia Canyon
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Bakun-Mazor et al. (2011)
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Grand Canyon Skywalk

Eric Sakowski



Entering Carlsbad Cavern - NMx
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Brezno (Czech Republic)

4/18/2013

Jan.Novotny@arcadis.cz



Brezno (Czech Republic)
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Properties: IT Tool

NETFLIX

Dr. M. Terzariol
(KAUST)

Fractured rocks:
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Closing Thoughts

Geotech 100 yrs:

Models & correlations

Properties:

Coupled HTCBM:

Repetitive loading:

Localizations:

comprehensive revision + pruning + expansion
(starting with classification)

physics inspired... data driven
geo-databases: ready for a global community effort

revolution in experimental methods

boundaries, variability and internal scales

what we want to measure ... what we think we measure
complex ... even ¢’ (the most common HM)

ubiquitous ... fertile territory for research

ubiquitous and problematic



Characterization, Modeling,
Monitoring, and Remediation of This presentation and support information:

FRACTURED ROCK

(1)

(2) egel@kaust.edu.sa
or uperc.kaust.edu.sa

The National Academies of

SCIENCES - ENGINEERING - MEDICINE
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Pope Francis

An invitation to “care for our common home”

how can we -GeoEngineers- contribute?
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Pope Francis

An invitation to “care for our common home”

how can we -GeoEngineers- contribute?

Soil & rock = terroir (latin)

In Argentina = Malbec, Torrontes...
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An invitation to “care for our common home”

how can we -GeoEngineers- contribute?

Soil & rock = terroir (latin)

In Argentina = Malbec, Torrontes...

We did not develop TRUBALL (DEM)

we developed GREATBALL !
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An invitation to “care for our common home”

how can we -GeoEngineers- contribute?

Soil & rock = terroir (latin)

In Argentina = Malbec, Torrontes...

We did not develop TRUBALL (DEM)

we developed GREATBALL !

It takes two to tango

enjoy wonderful colleagues !

Welcome to Argentina !!

Pope Francis
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