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Motivation 1

Flow in Rough Fractures. Applications

Geothermal Energy

Source: Department of Energy

CO2 Sequestration

Source: Yohanes Nuwara

Contaminant Transport

Source: Leharne (2019), ChemTexts

Others: Oil & Gas, Biotechnology, etc.

https://www.energy.gov/eere/articles/geothermal-energy-glance-back-and-leap-forward
https://yohanesnuwara.medium.com/about-my-ambitious-project-introducing-carbon-sequestration-into-carbonate-formation-in-indonesia-7979ac523bc5
https://link.springer.com/article/10.1007/s40828-019-0079-2


Motivation 2

Single fractureTransport
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Source: iReservoir

COUPLED PHYSICAL PROCESSES IN STRESSED, ROUGH FRACTURES

https://www.ireservoir.com/case_fractured.html


Motivation 3

ØExperimentally investigate 
the interplay between 
fracture deformation & flow
& mass transport

ØDevelop an experimental 
setup that allows direct 
visualization of different 
physical processes under 
stress at real time

Single fractureTransport

Spatial 
correlation

Contact area

Aperture

Matedness

Roughness

Closure

Flow

After Olsson & Barton (2001)

COUPLED PHYSICAL PROCESSES IN STRESSED, ROUGH FRACTURES
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Single fracture
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Real rock fractures
[Musandam limestone]

3D-printed fracture 
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Single fracture
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Numerical generation of rough fractures:
Self-affine surfaces (Brown 1995, JGR)
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ROCK FRACTURES
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Numerical generation of rough fractures:
Self-affine surfaces (Brown 1995, JGR)
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DIGITAL FABRICATION OF ROUGH 
ROCK FRACTURES
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PRESSURE-CONTROLLED HELE-SHAW CELL
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Lab-Field scaling
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EXPERIMENTAL PROTOCOL
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HYDRAULIC MEASUREMENTS 
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HYDRAULIC MEASUREMENTS 
(PERMEABILITY)
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FRACTURE DEFORMATION & MASS 
TRANSPORT Tracer
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§ Fracture analogs
§ Scaling
§ Pressure-controlled 

Hele-Shaw cell
§ Experimental protocol
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FRACTURE DEFORMATION & MASS TRANSPORT

Ap
er

tu
re

 M
ap

s

A
pe

rt
ur

e 
de

pt
h 

[μ
m

]

Increasing normal stress

C
on

ta
ct

 a
re

a 
[%

]

Co
nc

en
tr

at
io

n

N
or

m
al

iz
ed

 c
on

ce
nt

ra
tio

n

Time

N
or

m
al

iz
ed

 c
on

ce
nt

ra
tio

n

Normalized time



Flow simulations 13

DETERMINATION OF THE FLOW FIELD: LOCAL CUBIC LAW

Relative error ~ 5-10%

System losses ~ 180 μm

Simulations vs. Experiments
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Flow simulations 14

DETERMINATION OF THE FLOW FIELD: LOCAL CUBIC LAW

Normalized effective pressure, σeff/E
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PARTICLE TRACKING SIMULATIONS
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PARTICLE TRACKING SIMULATIONS
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TRACER INJECTION EXPERIMENTS
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Fracture Deformation & Flow Mass Transport ConclusionsMotivation Methods

Ø Developed new experimental methodology combining
digital fabrication of rock analogs and a novel pressure-
controlled Hele-Shaw cell.

Ø In-situ measurement of aperture maps + geometric
characteristics

Ø Stress-dependent permeability + flow field topology

Ø Evolution of mass transport dynamics

Increasing normal stress

A
pe

rt
ur

e 
de

pt
h 

[μ
m

]

Fracture Deformation & Flow Mass Transport ConclusionsMotivation Methods Increasing normal stress

𝑇! = 𝑎 / 𝑒"#@AA

Uniform 
flow

Highly 
channelized flow

B𝒕 ~ 𝟎. 𝟎𝟓 B𝒕 ~ 𝟎. 𝟏𝟎 B𝒕 ~ 𝟎. 𝟐𝟓 B𝒕 ~ 𝟎. 𝟓𝟎 B𝒕 ~ 𝟏. 𝟎

x

yN
or

m
al

iz
ed

 co
nc

en
tr

at
io

n

B𝒕 ~ 𝟏. 𝟎

B𝒕 ~ 𝟏. 𝟎

B𝒕 ~ 𝟏. 𝟎


