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Current «socletal» challenges

for civil engineerino
i i

Partnership for 1 oo Zere Hunger
the Goals 17 100 b
Social ;E:“-‘- Justice Good Health &
trong 16 80 3 well Bein E i
Institutions ¢ conomic
60 Cl Wat
2dn diter
lﬁ‘?d”cef’_ 15 4 & sanitation
nequalities
2 Affordable
Gendgr 14 5 &CleanEnergy g 2000
Ecjuality
s 1)1 5
Good Jobs
Quality 13 6 &Economic ggﬂﬁéﬁﬁ?h? o ALS
4‘.\\

Edu Ca tl-gr‘l GrUWth w o0 -dll 4 GM mu ’lfll'lﬂl
1 s J 12 Scarna
D PRODUCTION

Al | CO

Climate Action 10 Responsible %0 nsumption
& Production

Life on Land Innovation & " el 10
Infrastructure ‘ -
Envi ronm Ent Life Below 11 8 Sustainable n':" M BELOWWNTR ™
Water Citles & ‘*

Communities

Barbier and Burgess. 2017. The sustainable development goals and the systems approach to sustainability. Economics, 11.

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




Current «socletal» challenges

for civil engineerin
IIIIIIIIIIIIII LT LT

- — ||1
<A

SN NN e

< e
grvr OremRERERERERTRIIN

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



Current «socletal» challenges

for civil engineerino
i
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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
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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 &
y 700000 EU c X|
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Current «socletal» challenges
for civil engineering
i I

https://ec.europa.eu/eurostat/cache/infographs/energy/bloc-2a.html

Energy mix for the European Union
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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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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
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https://ec.europa.eu/jrc/en/news/new-report-analyses-geothermal-energy-sector

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?
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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

Banager -
Prec

RESHEALIENCE
‘ Ultra High Durability Concrete
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1 31 7
2018 2022
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The «ReSHEALience» project consortium
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The «ReSHEALIence» project 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 ReSHEALience project 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 ReSHEALIilence project 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

E =41.7 GPa
G _=5MPa

post local.

- 1D approach (1)
- 1D approach (2)
- 1D e.p. approach

© [%o]

12340

(b)

10
- 1D approach (1)
8 — 1D approach (2)

- experimental curves
- experimental average ¢

= 1D e.p. approach

. . ~\ DEWS P |
0.0 0.5 1.0 1.5 2.0
COD [mm]
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The ReSHEALience project concept

Material innovation: from UHPC to UHDC
SELF-HEALING CONCRETE
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The ReSHEALience project concept

Material innovation: from UHPC to UHDC

Self-healing stimulators: crystalline admixture (Penetron Admix ©)

Stability of mechanical performance — tests made at PO|I|V|I

pre-cracking (b)
re-cracking, 1 m. (shifted)

re-cracking, 3 m. (shifted) #

re-cracking, 6 m. (shifted)
o

|G

ref,1m ref,3m

o, [MPa]

100
-o-w/o CA -e-wCA

80
—test to failure at 1 m.
—test to failure at 3 m. 60 |
— test to fallure at 6 m.

40

IRR [%]

COD [mm] 28.9
20
O' . — O' .
IRR[%] _ ( recr,i ref,z) . 100 , : )
Oref Month 0 Month 1 MoRth, 3
Lo Monte and Ferrara, CBM 2021 20 Healing time [months]
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The ReSHEALience project concept
Material innovation: from UHPC to UHDC

Self-healing stimulators: crystalline admixtures
Stablllty of mechanlcal performance — tests on self- Ievelllng UHDC

Healing Products
CaCo,

2 Healing

TM3000_3699

f@ POLITECNICO
L MILANO 1863

Healing

(Qiu et al., 2019)
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EnCoRe

ENvironmentally-friendly solutions for
COncrete with
REcycled and natural components

TM3000_3707 2014/10/20 20:41 HL D11.1x180 500 um

Al-Obaidi et al., M&S submitted
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The ReSHEALience project concept

Material innovation: from UHPC to UHDC

Synergy between crystalline admixtures (Penetron Admix ®) and
alumina nanofibres (Nafen®) or cellulose nanofibrils/crystals(API Europe®
effectiveness of (|m()permeab|I|ty recovery tests made at PoliMi
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The ReSHEALience project 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

("‘Cl

Green Power
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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 design approach
0

i XA- XA-CA XA-CA XA-CA XA-CA
CEIENEE CA CEMIIl  +ANF +CNC +CNF
CEMI525R 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 082 982 982 082 982
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

"% by cement mass

Reduce cement in concrete?

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




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

t‘ i 4

W
)
)‘ A ,’
3 ol
yia 14
"? «4'. . o
 SHUAY/S 3
h

' Wi
l"“m"" ] I ,l'l ’ |

e ' ?

I

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

Ultra High Durable Concrete (UHDC): “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
S . B
=
5 ———n RF . N [
£ A First Seconc o
kS repair repair  ©
Y 7 A
a :

Required strength

> »
Time Time
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The ReSHEALIence project strategy:

towards a novel holistic design approach
0

performance | —— UHPC cracked

«Dura HR
bl’lty mode’s em be dd_ UHPC uncracked = UHDC Cracked

C
bo Structy ral dESign YWHDC uncracked healing

2DUHDC (t=,)
5 UHPC (t=)

Loss of
G Fiber Cover
S Corrosion
Ordinary Reinf.

45 - M, t y f.

S Reinforced - inC

= Concrete | ntase

= H t Corrosion

n Linitial safety  Ngueeoee- Prestressed ™\ R
ﬁ margin : corrosion prop. i deemed to acceptable

S (loss of area) i residual safety margin

&) M i performance demand
.G 2 """"“' """""""""""""""" A o
-4 9 B B

O e _ W ,_fF .
— £ irs 3 tlme
o HIEEA Ve 3 —

3 v v & Required strength _/ .9

Service Failure Thte MG

Life Hge
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The ReSHEALience project concept

Process innovation: a holistic design approach

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?

UHDC design constitutive model

. feeg
design tensile strength
— h
8CU : >
! €
i

b

/ €ty
fcd

design compressive  Mgq(ty)) =B -b-x-fyq (2 —
strength

B
2

Liberato Ferrara, Department of Civil and Environmental Engineering

) + frea - b = %) -

UHDC cross sectional model (ACI 544.4R) f
8CLI

Ngq =B-b-x-feg — frg - b(h — %)

E_E)N
2 2
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The ReSHEALience project concept

Process innovation: a holistic design approach

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 M,(t)? — chloride attack

(OO et e

— —
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The ReSHEALience project concept

Process innovation: a holistic design approach

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 M,(t)? — chloride attack

M., =10 kN/m3 x (3/vc 1.3 m)3/6 = y. 3.7 kNm/m =5 kNm/m
Ed G VG

2
Mpg (to) = frea - b= 5.6 N/mm? (1m) (60""”) = 10.1 kNm/m
Ccri - Ci
(h—xcrit(t))” Xerit = 2 \/3(t—t0)- Dy * |1 - J( cre ¢ )
Mea(t) = feq b ¢

2
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The ReSHEALience project concept

Process innovation: a holistic design approach

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 M,(t)? — sulfate attack
Mgy =10 kN/m3 x (}/vg 1.3 m)3/6 = y; 3.7 kNm/m =5 kNm/m

(60 mm)2

Mgy (to) = frta * b — =56 N/mm2 (1m) =10.1 kNm/m
h-x()° 60-av)’ .
MRd(t) =thdbu=thdb( ;1 ) Ieachmg
_ 2 b )2
Mey(t) = fry b (h=x(®)" =fr b (60—kt)” erosion

2
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The ReSHEALience project concept

Process innovation: a holistic design approach

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 M,(t)? — sulfate attack 2
B (h—xcrit(t))
Miglt) = fregb-——)——

Erosion: x.it = aVt*+ket=ket

—&— MRd(t) erosion UHDC low! un
—8— MRd(t) erosion UHDC upper b

M,,(ULS-yc=1.35) = 5 kNm/m
Xrit(ULS-y5=1.35) = 18 mm — residual section thickness 42 mm

6 —®— MRd(t) erosion HPC average

—®— xcrit erosion UHDC lower bound

MRd(t) kNm/m

4 —®-— xcrit erosion UHDC upper bound

—@— xcrit erosion HPC average

M,,(ULS-y.=1.0) = 3.7 kNm/m 2
Xgrit(ULS-Y5=1.0) = 24 mm — residual section thickness 26 mm

POLITECNICO MILANO 1863
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The ReSHEALience project concept
Process innovation: a holistic design approach

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

e 7

LOAD CELL

Davolio et al., CCC 2023, submitted
Al Obaidi et al. Proc SHCC5-2022
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The ReSHEALience project concept

Process innovation: a holistic design approach

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 MRd(t)? evolutlon of material constitutive
.._response unde g in aggressive scenarios

SFORZO o [N/mm?]

T T T T T T
0 2 4 6 8 10 120 2 4 6 8 10 12

DEFORMAZIONE & [%] APERTURA DI FESSURA w [mm] Davolio et a|’ 2023 CCC su bm|tted
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ReSHEALIience project: concluding remarks in a

durability and LCA based «structural design» nutshell

SUSTAINABILITY ASSESSMENT - WATER BASIN
wess A
on—structural RC

T T
e oty
10 S

~—Wall 1

- @NE
) mm = Traditional Water Basin
Remolded soi

\B H _ 3 m Green Power INN 1 Water Basin
allast——o—____| =

\Gravel

"""I = |NN 2 Water Basin
. _— S1CA Lce
Soi
l-\ UN IVERSITEIT DUILLINS CUSL DIEERUUWI
Water side GENT €450,000 B nitial cost
Ve 1000 Ve €400,000 I Maintenance cost
€350,000
g /,—-:J 147125 , o 811000 . €300,000
S @ o °© °© © ¢ © © A\_; €250,000
ater side 1000 — —
p 1000 o Soil side €200,000
€150,000
7 T T 5 N\ © 7 =
\ \ o[, . €100,000
I= N\ } \ ) Water side t I . €50,000
< b 107125 Ho 10/250 ————— —
— / / B R e RN = WS SN €0
/'/ / - LSRN LR LR IS 1 1
R 7 N _ oy _ _ A Soil side 3414 ) Tr.aditi.ontual UHDC slab with
Lot F——————<5¢10 with Pitting buttresses
Soil side N

N Traditional with UHDC Uniform

uniform corrosion wall
s m n R ’r ' n c s 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 ReSHEALience project concept

Process innovation: Durability based Design

performance | —— UHPC cracked

«Dura HR
bl’lty mode’s em be dd_ UHPC uncracked = UHDC Cracked

c
.%DUHDS (t=,) Structu ral dESign WHDC uncracked healing
UHPC (t=,) Loss of
Fiber Cover

Corrosion

Ordinary Reinf. .
M, t y Reinj. From end of life
Reinforced .
Concrete |: In Case to new life
: t Corrosion
Linitial safety  Ngueeoee- Prestressed ™\ N
margin : corrosion prop. i deemed to acceptable
: ; (loss of area) i residual safety margin
M ' 5 i performance demand
2 . &

B
=N B
{ﬂ: B \l l'" ti
i 3 ime
. T — T

Required strength _/ %

Service Failure Time Time
Life Tipe . .

«Classical» structural d

Performance
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The ReSHEALience project concept

Process innovation: re/up cycling
I

L-Universita
ta' Malta

POLITECNICO
MILANO 1863

Borg et al., FBE, 2021

7 days 14 days 28 days 56 days

R 50 50 CO2100 50 50 CO2 100 50 50 CO2 100 50 50 CO2100
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The ReSHEALience project concept
Process innovation: re/up cycling
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The ReSHEALience project follow-up
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Current «socletal» challenges

for civil engineerino
i i

Reflection Paper addresses the role of materials in the post-covid society
Published on 24.09.2020 by EMMC - European Commission - A4M_Alliance for Materials - EUMAT

EU MATe Alliance for Material

“The role of Materials in the post-COVID society”

A reflection on how Materials will enable solutions for a healthy, safe, and resilient society to
achieve a sustainable, stable, and stronger economy, able to respond to citizen’s demands.

... to create a less dependent, more resilient European economy by guaranteeing raw material
supplies, by ensuring higher materials durability, higher energy efficiency, higher degrees of
materials re-cycling and re-use and by material-saving through optimized products by design

with enhanced repair
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Current «socletal» challenges

for civil engineerino
i i

EMMC 2030 advanced materials manifesto

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.

https://emmc.eu/wp-content/uploads/2022/02/advanced-materials-2030-manifesto.pdf
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... and of the SMARTINCs consortium ...
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... and of the ReSHEALIents@DICAPolimi
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Thank you for your attention!

RESHEALIENCE
‘ Ultra High Durability Concrete
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The Large Scale Digital Concrete Extrusion Project
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