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Current «socletal» challenges

for civil engineerino
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Current «socletal» challenges

for civil engineerin
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Current «socletal» challenges

for civil engineerino
i
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Current «socletal» challenges

for civil engineerino
i i

WHICH SCENARIO?

CONCRETE: ... a remarkably good building material
made with locally available constituents and raw materials
ideal candidate for tailored “scenario-based” solutions

10 bin tons each year: the second largest used material worldwide
twice as much than the total of all other building materials
10 bin tons/year concrete: 4 bnl t/y cement and 48 bin t/y aggregates

«IF YOU REPLACE CONCRETE WITH ANOTHER MATERIAL, IT WOULD
HAVE A BIGGER CARBON FOOTPRINT»
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Current «societal» challenges

for civil engineering

Reduce CO, from clinker production

¥

Reduce clinker in cement

Reduce concrete in buildings and structures

.

More efficient (re) use of buildings and structures
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Current «socletal» challenges

for civil engineerino
i i

WHICH PERFORMANCE? WHICH METRICS?
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Current «socletal» challenges
for civil engineering
i I

Transportation Infrastructures :
1% GDP investment in mfrastructures results into +1.5% GDP in 4 years

Every year road interruptions and traffic congestion delays cost an average of EUR 4000 to
each household!
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http://ec.europa.eu/growth/sectors/construction/index_en.htm

Current «socletal» challenges
for civil engineering
i I

Transportation Infrastructures :
1% GDP investment in mfrastructures results into +1.5% GDP in 4 years
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http://ec.europa.eu/growth/sectors/construction/index_en.htm

Current «societal» challenges
for civil engineering
i I

~ Coastal protection: Europe has a 66000 km coastaline (3 times as much the one of US)
Coastal de I re market: 660 bn€/y + 4% year growth f en
a very likely increase @ ' 2 100-year extreme sea level o
| and of 58—172 cm under &
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Current «socletal» challenges
for civil engineering
i I

https://ec.europa.eu/eurostat/cache/infographs/energy/bloc-2a.html
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Current «socletal» challenges
for civil engineerin

Green growth: promoting the growth of clean energy production
Offshore wind
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— Denmark mmmmm Netherlands mmmm Others
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https://ec.europa.eu/maritimeaffairs/policy/blue_growth_en

Current «socletal» challenges
for civil engineering

Green growth: promoting the growth of clean energy production
EGS: engineered geothermal system - stimulating deep hot resources that are otherwise not

exploitable - provided technological challenges are overcome, the installed capacity of EGS
technology could reach between 1200 GW to 12000 GW worldwide (currently it is 60 GW)
https://ec.europa.eu/|rc/en/news/new-report-analyses-geothermal-energy-sector

Model temperature

at 5 km depth (°C)

. E <o
£ 0. 20

.. 40]

.. 60]

.. 80)

.. 100]
.. 120])
.. 140]
.. 160])
.. 180)
.. 200]
.. 220])
.. 240]
.. 260]
.. 280)
.. 300]

ssssssssss

Liberato Ferrara, Department of Civil and Environmental Engineering POLITECNICO MILANO 1863


https://ec.europa.eu/jrc/en/news/new-report-analyses-geothermal-energy-sector

Current «socletal» challenges
for civil engineering
i I

o minimum minimum | maximum
minimum cement

e T Maximum w/c compressive [ concrete

content

strength cover
kg/m3 MPa mm mm
0.40-0.65 300 - 400 25 - 40/50 25-75 0.1-0.4
275
25/30to

0.45-0.65 325 0.1-0.3
40/50

325

YEARLY COST OF CORROSION: 2.5 USD TRILLION (3.4% WORLD GDP)
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The ReSHEALilence project challenge

The challenge
Improved material durability in buildings and infrastructures, including offshore
13 (+1) partners + 3 LTPs from 7 (+1) countries | < A o é\ “Dev
5.5 M€ [ af | 2 |

53
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The «ReSHEALience» project consortium

COORDINATOR fﬁ‘-o POLITECNICO

IR F

f MILANO 1863

2222 UNIVERSITAT TECHNISCHE 1%
Material production  [{{{J]|.;) POLITECNICA UNIVERSITAT -+
%/ DE VALENCIA e

S M ES D R ES D E N CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

' L-Universita Lo -
I PENETRON Lhiversith | () BenGuon niversity

Large scale

end user

Green Power

C 0 NG

VVVVVVYY

sdlstress

nd construction
Engineering consultancy - SME BANAGHER (\.7 RDC and constructio

PRECAST CONCRETE

Universities and research centers

MARITIME

Infrastructure project

Precast concrete construction and engineering consultancy - SME

Liberato Ferrara, Department of Civil and Environmental Engineering POLITECNICO MILANO 1863




The «<SMARTINCs» project consortium
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This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sktodowska-Curie grant agreement No 860006.
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The strategy

Durability based
Design

Ultra High
Durability
Concrete

Process

innovation Context

innovation

Product
innovation

Extremely Agressive

The strategy Exposures

Develop a Ultra High Durability Concretes (UHDCs) and a methodology for Durability modelling
of materials and Durability Assessment-based Design of buildings and structures to improve
durability and predict their long-term performance under Extremely Aggressive Exposures
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The strategy
Material innovation: UHPC
Ultra High Durability Concrete (UHDC): “strain-hardening fibre/textile reinforced cementitious

material with micro- and nano-scale functionalizing constituents, especially added to obtain a
high durability in the cracked state under extremely aggressive exposure conditions”.

“if you replace concrete/cement-based materials with any other construction material ...
it will have a bigger CO2 footprint!”.
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The strategy

Material innovation: UHPC

How do we identify design material parameters for UHDC ?
DEWS test results: calibrate a direct tension model curve
and simulate 4pb tests on thin and deep beams

(a) (b)
re-local.| post local. E =41.7 GPa - experimental curves
1P P G =5MPa 10 - experimental average |,
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Lo Monte and Ferrara, M&S 2020
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The strategy
Process innovation: uscalin
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The ReSHEALience project strategy -
Context innovation: 6 full scale pilots

=4 pilot 4 (Xs, TRLG)

Ireland

UHDC precast breakwaters
along the Northern Atlantic
coast

[

’] Pilot 3 (XS, TRL7)

Valencia coast (Spain) / Q)

UHDC precast pre-stressed floating 7\1 /

raft for mussel farming 44)| Pilot 1 (XA, TRL6)| |
— Y O

/

Larderello (Italy)
UHDC reduced size basin

= close to an operating basin
] m Pilot 5 (XS, TRL6) , in a geothermal power plant

= s |
\g Mediterranean coast (Spain) @:\] Pilot 2 (XA, TRL6) (
4 ilot & [

! UHDC reduced size floater
for off-shore wind tower Y

E% Pilot 6 (XS, TRL7)

Monterotondo (ltaly) Malta

UHDC mud collection basin Reparation with textile UHDC
in a drilling platform of damaged water tower close
tothe sea
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The ReSHEALIence project strategy:
towards a novel holistic de3|n approach
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The ReSHEALIence project strategy:

towards a novel holistic design approach

Green Power
) ¥

- The resulted connection E————
- i between the precast panels | —
3 via 20*20 cm UHDC “ —
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The ReSHEALIence project strategy:
towards a novel holistic desin approach

Reduce cement in concrete?

350 kg/m3 cement
10 cm thickness S = VTS
35 kg/m? cement A% o
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600 kg/m3 cement
4 500 kg/m3 slag

3 cm thickness
18 kg/m? cement

Reduce concrete in structures!  15kg/m?slag
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0

. XA- XA-CA XA-CA XA-CA XA-CA
COMEIILEE CA CEMIIl  +ANF +CNC +CNF
CEMI1525R 600 - 600 600 600

CEM 111 - 600 - - -
Slag 500 500 500 500 500
Water 200 200 200 200 200
Steel fibers 120 120 120 120
Azichem Readymesh 120
200
Sand 0-2mm 982 982 982 982 982
Superplasticizer 33 33 33 33 33
Glenium ACE 300
Crystalline admixtures 3 3 3 3 3
Alumina nanofibers - - 0.25 -
Cellulose - - - -
nanocrystals” 0.15
Cellulose nanofibrils” - - - - 0.15

1
% by cement mass

What nanos can do?
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0

APjte
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Enhancing the world with nano

Alumina nanofibres

Nanofibers content (by . Porosity reducer BioPlus CNC [TAPPIT412
weight) [1S0 3251] 10% Moisture in pulp, paper | Flexible
" a———— * | water penetration under and paperboard]
Particle size [SEM] e . 4-5 nm diameter,
Length: 100-900 nm pressure Particle size [SEM/TEM] 50 — 500 nm length
Surface area [BET] 155 m?/g Media Water
Dispersion basis Deionized Water * Anti-shrinkage agent Crystallinity [XRD] 97%
= s Appearance Paste
PH [ASTM D1293] o B i * Self-healing promoter

Crystalline admixture

BioPlus CNF [TAPPI T412
Moisture in pulp, paper | Flexible
and paperboard]
Particle size [SEM/TEM] [ 50270 2™ 2t L5
Media Water
Crystallinity [XRD] 88%
200 nr Appearance Paste
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Cellulose nanocrystals

Cellulose nanofibrils
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0

(a) ®)
i 0.5
- - experimental curves —
7 R0 - experimental average| T
Dee ‘ B,eams - 1D approach (1) L04
_ p- - 1D approach (2)
,5,20— s - 1D e.p. approach 03
o - 3D num. approach . 53___
=15 _
J 0.2 —

— vsCO];.‘""‘- 01
——x;hvsCOD ."'""'-—.._
o 1 2 3 4 5 8
COD [mm] COD [mm]
YR L Average crack spacing (mm)
n° of cracks 8 P 8

Reference 2/7/12 30
Alumina nanofibres 9/12/15 17
Cellulose nanofibrils/crystals 6/7/9 21
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The ReSHEALIence project strategy:

towards a novel holistic desin approach

i i & 2X 0y \‘L i’ .
- - X6 _,CP — CP 4pbt monotonlc
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1 month healing h 4x o : p—
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0

25 T K , Index of stiffness/Damage Recovery (IDaR)
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The ReSHEALIence project strategy:

towards a novel holistic design approach
|

150%

UHPFRC:
1 Month_Tap Water
A 3 Months_Tap Water

120% -+
=1 Month_Geothermal Water

) ® 6 Months_Geothermal Water
| A UHPFRC + ANFs:
90% -+ .
1 A a m © 3 Months_Geothermal Water
A .- [ ] A
A ¢ ‘ @ 3+3 Months_Geothermal
Re A
60% - = ® 6 Months_Geothermal Water

UHPFRC + CNFs:

+ 1 Month_Geothermal Water

Index of Damage Recovery [-]

30% -

. 4 1+2 Months_Geothermal Water Cuenca et al.
.A R 4 1+2+3 Months_Geothermal Water CBM 2021

“ 1 Month_Moist Room CCC 2022

0% 0 ' 1’0 ' 2=0 ' 3=0 ' 4=0 ' 5=0 ' 60 ™ 1+2Months_Moist Room Materials 2022
Crack Width [um] = 1+2+3 Months_Moist Room CBM 2023
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0

Index of Stress Capacity Recovery (ISR)

25 — gl
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0

150%
UHPFRC:
® © Crystalline Admixture
120% 1 Month_Tap Water
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o
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The ReSHEALIence project strategy:
towards a novel holistic desin approach

With/without alumina nanofibres — curing in moist room

" ;. é o
- 2 . J
EMY w15 00 W S A = ME.SE2 2 MY = 15 D0 S A = ME-2E2 Dete & 24 2019 em
WD+~ 69 mm Mags 1012KX Tema 122331 WD = 7 6mm Mags 001 RX Time 132640

Cuenca et al., CCC 2022
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The ReSHEALIence project strategy:
towards a novel holistic desin approach

With/without alumina nanofibres — curing in geothermal water

Cuenca et al., CCC 2022

Liberato Ferrara, Department of Civil and Environmental Engineering POLITECNICO MILANO 1863



The ReSHEALIence project strategy:
towards a novel holistic desin approach

With/without cellulose nanofibrils/crystals — curing in moist room
AVAP® CNC AVAP® CNF

»

Deze et al., Materials Today 2022
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
0

A real case Study Enel Green Pwer
Chiusdino (SI) 3
(Italy)
18
D 0!‘4 Muro 1\ <
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’ \M \Muro 2/ Muro 4— 1| <f
uro 4
0,4
<\
o™
Muroz/
7 e Y, Al-Obaidi et al., CSCM, 2022
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
0

A real case Study Al-Obaidi et al., CSCM, 2022
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
0

Al-Obaidi et al., CSCM, 2022
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A real case study
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Mix-design UHPC

Costituents [Kg/m3]

CEM 1 52.5 600
GGBS 500

Water 200

Steel fibres (20/0.22) 120
Sand (0-2mm) 982
Superplasticizer 33
Crystalline admixture 4,8
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
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A real case study

Sezione
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Al-Obaidi et al., CSCM, 2022

Mix-design UHPC

Costituents [Kg/m3]

CEM 1 52.5 600
GGBS 500

Water 200

Steel fibres (20/0.22) 120
Sand (0-2mm) 982
Superplasticizer 33
Crystalline admixture 4,8
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towards a novel holistic design approach
0

Ultra High Performance Concrete: “strain-hardening (fibre reinforced)
cementitious material with functionalizing micro- and nano-scale constituents
(alumina nanofibers, cellulose nanofibers/crystals, crystalline admixtures,
especially added to obtain a high durability in the cracked state under
extremely aggressive exposure conditions”.

A A

B
2 . B o
© : 17 \
= A First Seconc o
kS repair repair  ©
> 7 A
a :

Required strength

- »
Time Time
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H,O H,0 H.0 .
L1l Ll _l_i_l_l_l‘ Chloride
Xer induced
corrosion
Initiation time Prop.agatlon
time
2° Fick’s law Unlform Hen;usphencal
corrosion pit model
//1'\\\ 1
/ \
f \
\ . /
\
X 9 3(t ¢ ) D 1 (Ccrit - Ci) ~_ 7 X
. = - . . — _ um _
crit 0 app Cs — C; Corrosion speed: 100 Jear Corrosion speed: 30,54 ';::r
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Variazione momento resistente tempo Variazione momento resistente tempo i’ — ‘.
Pitting Emisferico Corrosione Unifrome E
120 120 =) ®10/125 ) © 10/250 E
: — My ! — Mg, j Q
g Tempo=16anni | @ M;p=Mgy " Tempo= 17 anni | ® M;p=Mgy N
T 100 : M_,=\100,5 kNm - - = 20% Arm. Sup. Perso T 100 : - - = 20% Arm. Sup. Perso
< I < 1
% 801 % 80 Carichi esterni Suolo
'% 60| % 60f
s | o : 5
g 40| g 40 )
cE> ITempo= 3 anni cE> ITempo= 6 anni
= ! S |
20, 20r z
5 : . | | | 5 : . | | | Med
o 20 40 60 80 100 o 20 40 60 80 100 Acqua
Tempo [anni] Tempo [anni]
For the Ordinary Reinforced Concrete basins, it has been taken into account the v
loss of 20% of the cross section of the reinforcement bars
(corresponding to internal pressure due to corrosion products expansion “aeern s
generating splitting tensile cracks up to 1 mm opening). I

This occurs every 3 or 6 years depending on the type of corrosion propagation.
8 to 16 maintenance interventions over 50 years (3 major ones)?
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
i
Design for durability

What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

UHPC design constitutive model UHPC cross sectional model (ACI 544.4R) f
8CLI

o, frd 1 By B — —
design tensile strengthh &'5 ", X Bx E
Eey [ \ IR I I F é
: € | , ______________________________________________ E(
: / Ctu b Fe s e
Ngg =B-b-x-feq — fpg - bth —x)
fcd
— 2
design compressive  Mgq(ty) =B-b-x-feq (2 — g . x) + fpq - bth — %) - (g — %) = fria'b h?
strength
g Al-Obaidi et al., Infrastructures, 2020
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0

Design for durability
How can we «scale up» to higher level approaches?

What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

How do we evaluate Mg,(t)? — chloride/sulphate attack

(OO et e

— —

A

Al-Obaidi et al., Intrastructures, 2020
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0

Design for durability

What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

How do we evaluate M, (t)? — chloride/sulphate attack

- 1 2 _ (Ccrit T Ci)
Mga(t) = frg b G xczlt(t)) Ferit = 2\]3(t = to) * Dapp - |1 _\/ Cs — C; ‘
2 2
Mpgi(t) = freq b @ = frg b (60_3\/?) leaching
_ 2 1 )2
Mg (t) = fry b (h=x®) _ freig b (60-k,0) erosion

2 2

Al-Obaidi et al., Infrastructures, 2020
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Design for durability
What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

How do we evaluate Mg (t)? — chloride/sulphate attack
How do we evaluate SLS(t)?

50 Carichi esterni Suolo

150

£ 140 8
B4 —_
= E
5190 30 E
£ S “
(e} =1
= Ime = 37.0 years 100 8 — e
g 50k — T Shift from ULS governed design
& e Mg=Mgol{10 to SLS governed design and maintenance planning
= —Tip displ. 4 1000 mm £
=0 = Limit displ. \ E—
0 N 1 1 1 0 ® 14/165 O 8/1000 Q
0 20 40 60 80 100 —'Q—‘Q—'—\
Time [years]
1 maintenance in 50 vears di Summa et al., Structural Concrete 2023, submitted
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
0

Design for durability

What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

How do we evaluate M,(t)? — chloride/sulfphate attack

— Mg, Iy P -
— % T T 7L L lb—r =
£40 o Mgy=Mpg : : .
= | |
< 30} ] : ; (1-1)b
> : |
= 20 ] | V, L
£ : }
gw- . X '/\ P
= Time = 62.0 yea . % T 7
2 s 2 z [ L L =vh
Y
% 20 40 60 80 100 Tar a2 A
Time [years]
no maintenance in 50 vears di Summa et al., Structural Concrete 2023, submitted
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The ReSHEALIence/SMARTINCs strategy:
towards a novel holistic desin approach

Design for durability
|dentify the real «in structure» material behaviour

LOAD CELL
LOAD CELL

Davolio et al., CCC 2023
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
|
Design for durability

|dentify the real «in structure» material behaviour

Grips to anchor theends 7 -

el - IR

ol i i
H E Davolio et al., CCC 2023
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The ReSHEALIence/SMARTINCs strategy:

Design for durability

towards a novel holistic design approach
0

|dentify the real «in structure» material behaviour

X0
12x CA-REF couples
CA-REF R CA-REF ;] XS
2x 1.65x1.50 m? slabs 72x 500x100x30 mm? beams 12x CA-REF couples I'month
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XA
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CA+CNC " CA+CNC XS 27x couples
2x 1.65x1.50 m? slabs 72x 500x100x30 mm? beams 12x CA+CNC couples
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12x CA+CNC couples

Davolio et al., CCC 2023
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The ReSHEALIence/SMARTINCs strategy:
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|
Design for durability

|dentify the real «in structure» material behaviour

Production Stage (i) Stage (ii) Exposure Stage (iii)

Pre-cracking

NFV tests UPV tests UPYV tests

Davolio et al., CCC 2023 ' Crack width
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Design for durability
|dentify the real «in structure» material behaviour

40
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Crack width Davolio et al., CCC 2023
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Design for durability
|dentify the real «in structure» material behaviour

14
Cracks formed at precracking
12 HEZZZ] Cracks healed after curing -
‘@ Cracks formed at failure ” -
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Design for durability

|dentify the real «in structure» material behaviour
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Davolio et al., CCC 2023
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i
Design for durability

How do we evaluate Mg,(t)? — evolution of material constitutive
response under sustained loading in aggressive scenarios
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
i
Design for durability

Evolution of material constitutive response under sustained loading in
aggressive scenarios: extrapolation through numerical modelling

Geothermal water(XA)

1 axial displacement (m)
e . -1.041e-04 0.000 1.041e-04
LTl N
[mesi] -
Chloride exposure (XS) / \
""""""""""""""""""""""" crack opening (m)
T 1.000e-06  5.000e-6 9.965e-06
: o
Davolio et al, 2023 CCC
" oo mest - Cibelli et al., ASCE JEngMech 2023, submitted
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Design for durability

How do we evaluate Mg ,(t)? — evolution of material constitutive
response under sustained loading in aggressive scenarios

Soave et al., in preparation
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
0

Design for durability

What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

How do we evaluate M,(t)? — sulphate attack

Variazione momento resistente e deformazione nel tempo Carichi esterni Suolo
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no maintenance in 50 years? Soave et al., 2023, in preparation
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The ReSHEALIence/SMARTINCs strategy:

towards a novel holistic design approach
i
Design for durability

What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

How do we evaluate Mg,(t)? — chloride attack

Variazione momento resistente e deformazione nel tempo
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Soave et al., 2023, in preparation
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Design for durability

What direct durability indicators related to specific degradation
mechanisms mean in terms of structural performance?

How do we evaluate M,(t)? — sulphate attack
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no maintenance in 50 vears di Summa et al., Structural Concrete 2023, submitted
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Global warming [x10% kg CO2 eq]
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Basin_2_UHPC1_U —— Construction phase
and

Basin_2_UHPC2_U

Maintenance phase
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di Summa et al., Structural Concrete 2023, submitted
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Concluding remarks: always advancing

Nanofunctionalized UHPC:
the «material to be» to drive the green transition

Reaching climate neutrality, circularity, healthy food-systems and
sustainability in agriculture, transportation, construction, packaging, electronic
appliances, as well as completing the transition to renewable energy sources are
among the greatest challenges humanity is facing today. Scientific evidence
shows that action on climate change must have an interconnected and systemic
response and this is exactly where advanced materials can and must deliver
solutions. To achieve these solutions, Europe must maximise the sustainability
features of new advanced materials and their visibility using advanced
digital technologies. Sustainable advanced materials are a key driver for
Innovation, creating new opportunities on multiple dimensions and sectors. Our
vision to enable the EU’s twin green and digital transitions is anchored in good
design principles combined with synergies between advanced materials,
circularity, digital and industrial technologies.

Liberato Ferrara, Department of Civil and Environmental Engineering POLITECNICO MILANO 1863







... and of the SMARTINCs consortium ...
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... and of the ReSHEALIents@DICAPolimi
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Thank you for your attention!
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