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Bone as a MULTI-FUNCTIONAL material
Minerals=strength M U LTI —

blood vessels=energy supply

e FUNCTIONAL!

Concrete and
multifunctionality
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Capitalizing on cement chemistry: OUT-OF-EQUILIBRIUM

Concrete is a remarkably rich deposit of interesting and contemporary research questions,
all contained in its ambiguities: granular or continuous?, liquid or solid?,
crystalline or glassy?, smooth or rough?, “porous”, brittle or ductile?, material or process?
Henri Van Damme, CCR (2018)

Mir ¢'m 10
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+ Optical microscope, CCD + Confocal microscopy + Underwater Raman

Operando

Clinker components Hydration products Raman mapping In-situ monitoring Real-world condition

H,0 CH C,S/CsS

€35

calcium silicates (yellow)

1000 900 800 700 400 ettringite (green)
CH (blue)
WAVE NUMBER jcm-')

Loh et al., Langmuir (2021)

Raman spectroscopy + Cement chemistry

Raman spectroscopy had limited applications due to its poor signal-to-noise ratio
Optical microscope added the spatial resolution
Confocal Raman micro-spectroscopy enabled fast acquisition — temporal resolution

Underwater Raman enabled monitoring in real-world conditions with higher temporal resolution

In-situ underwater Raman stage for cement hydration monitoring

N = -
)
——

b

Hyun-Chae Loh

« Allows in-situ Raman while the sample cures underwater

Notation
« Water dissipates heat and prevents sample damage gfgiaoo
- 2
* Close to the real-world curing (hydration) conditions :f;‘lz%
- 2¥3
F = Fe,0,
Mir © M Lohetal, Langmuir (2021) 12
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+ Underwater Raman

Operando real-world condition OPC w/c=0.4

Raman

spectroscopy +
Cement
chemistry

Underwater Raman enabled
monitoring in real-world conditions
with higher temporal resolution

Loh et al., Langmuir (2021)

Loh et al., Langmuir (2021)

Early stages of cement hydration

Discovery of OUT-OF-EQUILIBRIUM/transient phases
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Multifunctional
concrete

CLIMATE CHANGE

ENERGY TRANSFORMATION
RESILIENCE
SUSTAINABILITY

SOCIAL JUSTICE

CO, uptake in
concrete over
time: problem or
opportunity?

Late-stage carbonation leads to
pH drop associated with
reinforcement corrosion and

concrete Spalling.

But:
CARBONATION = CARBON SINK!

How to reconcile the two
phenomena

Electrical
conductivity
and energy

storage

CONCRETE'S FUTURE

Clinker
replacement

Carbon capture
and storage

Fuel substitution

"Less is more"
by design

Improved longevity
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Stefaniuk et al., PNAS Nexus, 2023

Carbon capture

Permanent carbon storage M l |‘ I I_

Early strength development due to seeding

FUNCTIONAL!

Schematic representation of early-stage carbonation

Stefaniuk et al., PNAS Nexus, 2023

Cementing CO, in concrete

Up to 15% of total CO, emissions can be permanently stored in cement
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Morandi bridge

Genova - ltalia
August 14 2018
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Roman aqueduct Pont du Gard
France 60 AD - today
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mMir ¢&'m

concrete?

Roman concrete mix

Hydraulic cement mortar
Calcium-aluminum-silicate-hydrate
(C-A-S-H)

mir ¢'m

What are the origins of extreme long-term durability of ancient Roman

Ca Si Al

How relict lime clasts are
formed in ancient samples and
can they be the missing link in
“self-healing” picture?

©ONational Ready Mixed Concrete Association
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Roman concrete: Long-lasting, self-healing ancient materials

imm

lpm
Hypothesis: Relict lime clasts serve as the long-term source of
reactive calcium
sey t al.. Sci Ad 2023 Linda Seymour
Illil_ 0 E eymour et al., Science vances,

Hot-mixing could create low-humidity conditions in lime clasts

g Exothermic hydration of quicklime in the mortar:
HOt mIXIng » Creates low-humidity conditions around lime particles
USi ng preventing the dissolution. _ _ _
. . * Promotes and accelerates hydraulic reactions (solving the
q U|Ck| ime issue of Roman concrete setting time)
Illil- 0 m Seymour et al., Science Advances, 2023

26
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Roman concrete: Long-lasting, self-healing ancient materials

- 1mm Seymour et al., Science Advances, 2023
i ¢'m

Design of self-healing modern concrete incorporating hot-mixing strategy

Imm
- ., Sci 202
IIIII 0 m Seymour et al., Science Advances, 2023
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2,050-year-old Roman tomb offers insights on ancient
concrete resilience
Linda Seymour
/Crack
Crack
Seymour et al., JACerS, 2021
Mir ¢ m
Self-healing mechanism
Nir ¢ m Seymour et al., Science Advances, 2023
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Media coverage Ggel}%lian

The MIT News article: Riddle solved:
Why was Roman concrete so durable is

the most-viewed article ever to appear on
MIT News.

mMir ¢&'m

31

MICROFRACTURE WATER INFILTRATION SEALED CRACK

Exposed reinforcement Process of self-healing
activated by water

Fractures up to 0,6 mm

Technology made of inexpensive and readly available material precursors

Roman-inspired self-healing concrete (50% lifespan extension at 50% cost reduction compared to other self-healing solutions)

mir ¢'m
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CONCRETE'S FUTURE

Fuel substitution

Clinker "Less is more"

replacement by design
Multifunctional —_—
concrete longevity

CLIMATE CHANGE
ENERGY TRANSFORMATION
RESILIENCE

SUSTAINABILITY

SOCIAL JUSTICE
Carbon capture
Electrical and storage
conductivity and
energy storage

Challenge: Shift to green energy requires
massive storage solutions & structures

Current Battery Technology NOT scalable | Need for NEW Bulk Storage Solutions
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Electron Conductivity? —

Get Real: Concrete is Strong,
Everybody can make it... & it has a
huge environmental footprint.

But it’s an Insulator —

IS THERE ANY CHANCE TO ADD THIS FUNCTIONALITY TO
CONCRETE?

Know how: a proper dispersion of nCB particles is the key

How to mix and disperse hydrophobic nCB particles in water?

Hydrophobic Water | Dead Sea scrolls ink!

nCB particles

Carbon black
+

+ = Water
+
Arabic gum

Step 1l

Portland cemeD

Step |

Hydrophobic Water | | Superplasticizer | | nCB ink | ecs

nCB particles

+ )
o~
J

Highly repetitive due to the physical chemistry driven process

Slide 36

[1] Pellenqu ef al. (2018-2020). Electron i bon-based cement, method of making it as supercapacitator. Patent.
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Hydrophobicity of Carbon Hydrophilicity of Cement leads to Competition of (1) and (2) lead to
Leads to clumping Hydration (solid formation w water) Volumetric Wire

NG s

Percolation of a Volumetric Wire through a
load-bearing cement skeleton

A Physical Chemistry Driven Process = Highly Repetitive

Patent pending

PRO PERTY Electron Conductivity ~ 1/Resistivity

Electron
Conductivity

Vulcan

At 2-3%wt VOLUMETRIC WIRE W/c=0.43 - 0.52
percolates through the solid
skeleton

Vulcan
(w/c=0.58)

insulator conductor PBX (w/c=0.8)

©ONational Ready Mixed Concrete Association
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3
Opportunities of electron conducting carbon concrete eC

Freeze-thaw
resistance
(Hydrophobicity)
Longevity of structures

Resistivity vs. cost [1]

ec? (electron
conducting carbon

Self-heating

(Joule effect)

De-icing bridges, sidewalks,
airport runways, etc.
Radiant floor heating

concrete)

Energy storage
(Structural supercapacitor);
Renewable energy buffer
Autonomous housing
Smart charging roads

HPEM" shielding

References
[1] http://www-materials.eng.cam.ac.uk (F.a.raday cage effect)
[2] https://www.militaryaerospace.com/power/article/14072339/ Military structures
[3] The New York Times; Photographs by SCIEPRO and mikromans, via Getty Images = Data storage
Human health

Ill" 0 m *High Power Electromagnetic impulses

Cement + HOW DOES A SUPERCAPACITOR WORK?

Carbon +
Porosity =
Supercapacitor

Battery = Change electrical energy
into chemical energy

Supercapacitor = Electrical Charge
stored in a shell around the

EEIRN (19 Gl [Reeen) CONCRETE AS “structural” SUPERCAPACITOR:

- Porosity of cement paste (for Electrolyte)

- Carbon-Cement Composite for Energy Storage

©ONational Ready Mixed Concrete Association
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We use the How does it work?

“natural”
porosity of
cement as
transport
porosity
(electrolyte)

Patent pending

How does it work?

Energy Storage Capacity Increases linearly with surface

We use the area of disordered nanocarbon.
nanoporosity of

carbon black for

charge storage

) ~ ENERGY STORAGE CAPACITY
Patent pending

©ONational Ready Mixed Concrete Association
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For more details see the recent paper in PNAS
(Proceedings of the National Academy of Sciences)

PNAS cover by James C. Weaver

Slide 43

Increasing global interest

MIT News

ON CAMPUS AND AROUND THE WORLD

Slide 44
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Multifunctionality: Concrete as a “Battery”

Electron-Conducting Cement-Based Materials

ec?
supercapacitor:

17 (~2.5 cm)

mir ¢'m
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https://www.businessinsider.com/charge-electric-car-while-driving-technology-cornell-2021-5

Future: Smart charging roads

Road as a renewable energy storage

Wireless charging of cars

Future: Energy Storage Everywhere

Scalable bulk supercapacitors for renewable energy storage

©ONational Ready Mixed Concrete Association
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Future: decentralized electrical energy supply

Integrated Vascular Networks | Home foundations and walls as batteries

For reference:
Daily residential energy consumption: ~10 kWh ~ 40 m3 EC3-Concrete

Multifunctional concrete

Enhanced durability: Roman-inspired self-
healing concrete (50% lifespan extension at
/ 50% cost reduction compared to other self-
/ healing solutions)

Early-age CO, sequestration in cement:
up to 15% of total CO, emissions
associated with cement production could
be mineralized.

Renewable energy storage: scalable and
\ inexpensive carbon-cement composites for
large energy storage applications.

mir ¢'m
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