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CONCRETE!

«It IS simply a remarkably good building material»
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~ 10 bln ton/year (= 4 bln m3)
More than twice the toal of all other building materials (e.g. steel = 1.7 bin t/y)
The second largest used material after water

HIIH

i : ; i M ok Horizon 2020
Liberato Ferrara, Politecnico di Milano e European European Union funding RESHEAL|ENCE

Commission for Research & Innovation .- U



Durability and Sustainability of concrete

structures
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Testing the durability of concrete structures !?
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Durability and Sustainability of r/c structures

year cost of CORROSION (direct+indirect): g%
1 trin USD (3.1% US GDP) -

Source www.nace.or
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Durability and Sustainability of r/c structures

UL LD LD

CON-REP-NET project, showed that 50% of the
repaired concrete structures failed once again, 25% of
which In the first 5 years, 75% within 10 years and
95% within 25 years. This iIs just an example of the
urgent need of a profound rethinking of the concept
and design processes for new and repaired R/C
structures In aggressive environments In view of cost-
effectiveness demands.

Matthews S. (2007) CONREPNET: Performance-based approach to the remediation of reinforced
concrete structures: Achieving durable repaired concrete structures. Journal of Building Appraisal 3(1):
6-20.
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Durability and Sustainability of r/c structures
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Mankind has become a «geological force»!
Our collective choices continuously shape the scenario!
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Museu do Amanhd — Rio de Janeiro

We need a «scenario based» durability modelling framework!

. . . . . * Horizon 2020
Liberato Ferrara, Politecnico di Milano e Euro . :
5r pean European Union funding RESHEALIFNCE
ot Commission for Research & Innovation W, Ve e oume Canarie




The ReSHEALIence project
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ReSHEALience (H2020 — GA 760824) — PoliMi coordinator (2018-2021)
www.uhdc.eu

Rethinking coastal defence and green Energy Service infrastructures
throunhg ehNhanEd derAbility high-performance fibre reinforced cement
based materials
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http://www.uhdc.eu/

The ReSHEALiIence project

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”.
UHPC + functionalities = UHDC
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ofibers
densification of sealing crack initiation
matrix and ITZ of cracks and growth

A) DURABILITY B) IMPROVED CONCRETE C) INCREASE OF
PROBLEMS IN XS / XA AND DESIGNS SERVICE LIFE

Liberato Ferrara, Politecnico di Milano

Horizon 2020
Eur°pe.an_ European Union funding
Commission

. RESHEALIENCE
for Research & Innovation

‘ Uttra High Durability Concret



The ReSHEALIience project modelling approach

i . raw output rocessed output
usercaseinput  Tightly coupled models P P P

Diffusion/chemical continuous model (model 1)

Chemical reaction and
diffusion for corrosion

/TN

i Chemical reaction and | Moisture and

Radial expansion
of bars
Reduction of
steel cross-
section of bars

i diffusion for sulfate heat diffusion :) > hRe_duIction :f )
1 attack and dissolution ! physica /mEIE ani
1 cal properties of
UHDC
N Aging degree,
N Temperature,

. n . relative humidity.
Chemical reaction equations

A t of
for cement hydration, ssessment o

lani . d self. 1 serviceability
pozz? anic reaction, a.n self- ! limit states and
healing over-all reaction ] = prediction of
. the service life
of structures
Mechanical model for rebars (model 2)
Rebar necking or
Mechanics —_ fracture
>
of steel bars Bond law between
concrete and steel
Mechanical mod% UHDC (model 3)
- y Damage and crack
Mechanics of > localization -
UHDC Load bearing

capacity
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The ReSHEALIience project modelling approach
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Physics of the model

combines the chemical processes of binder hydration and self-healing with heat, water,
oxygen and ions transport processes and corrosion

.40 —
Cement (and cement substitute) hydration D;f -
= 30 — ® ® =
da —E 2
C ac o
= A.(a,, h)e /RT 7 20 —
dt \ _% _
oa —E,q E,. hydration activation energy gm —
> = A (ag, h)e /RT a, degree of hydration £
ot h relative humidity © 0

0 10 20 30
Time[days]

A o
A ) = A (524 @) (@f — ade /¢ [1 + (a - an)] ™!
A Ac2' d, b' nc \

1 . .
p;rameters to be calibrated asynptotic degree of hydration
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The ReSHEALIience project modelling approach

L LR L LR L LD DL L L L L
Physics of the model

combines the chemical processes of binder hydration and self-healing with heat, water,
oxygen and ions transport processes and corrosion

oT L
Heat transfer pc, = = —V-q+ Q. + Qs

heat of hydration for cement and

cement substitutes
ow(h,a., ay)

ot

water flux linked through water permeability coefficient to humidity gradient

Jw=—-Dy(h,T,d)Vh

Water diffusion —

=V-J]y

S aC, :
Oxygen diffusion - ot Vilo=JwVio +0 \ source/sink term due to chemical

reactions
concentration gradient
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The ReSHEALIience project modelling approach

L LR L LR L LD DL L L L L
Physics of the model

combines the chemical processes of binder hydration and self-healing with heat, water,
oxygen and ions transport processes and corrosion

aC,, \
dat bound chlorides concentration

c

+ =V-J.— JWwVC. +

Chloride ions diffusion —

free chlorides concentration

Carbon dioxide diffusion — 9Cco,

=V-Jco, + Cco,

aC :
Sulphate ions diffusion — (’)_ts =V-J,— J,VC, + Cs

dCc,
dt

=V -Jca— JwVCcq + Ccq
source/sink terms due to chemical
reactions

Calcium ions diffusion —
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The ReSHEALIience project modelling approach

L LR L LR L LD DL L L L L
Physics of the model

combines the chemical processes of binder hydration and self-healing with heat, water,
oxygen and ions transport processes and corrosion

Self-healing modelling
PROGRESS REPORT ‘EEX%PR?ELDS
INTERFACES

Self-Healing Materials
www.advmatinterfaces.de

Research Progress on Numerical Models for Self-Healing
Cementitious Materials

Tony Jefferson,* Etelvina Javierre, Brubeck Freeman, Ali Zaoui, Eddie Koenders,

and Liberato Ferrara
Adv. Mater. Interfaces 2018, 1701378
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The ReSHEALIience project modelling approach

L LR L LR L LD DL L L L L
Physics of the model

combines the chemical processes of binder hydration and self-healing with heat, water,
oxygen and ions transport processes and corrosion

dA —E
. . sh ash
Self-healing modelling o = A, (Ap)e /RT
Contents lists available at ScienceDirect ASh = ASh (1 - A‘Sh)
Cement and Concrete Composites .
SE ol hamapage: i leeten oo oo . Autogenous healing analogous to
cement hydration
Numerical modeling of mechanical regain due to self-healing in [y .
cement based comp%osites ¢ ¢ \”ﬁ 7\’Sh = Self hea“ng degree
Giovanni Di Luzio *, Liberato Ferrara ®, Visar Krelani *° . « .
:;‘lmve':ﬂly 'ﬁ?fﬂcul:l!:l:;znd Technology, Kalabria, 100‘;‘:7!.![1:2;1(:;; i!:’ul:::g fasza teandich do Vinc 32 20733 Mty Ash = Se If h e a I I n g affl n Ity
f ") 1 Agp = Agno fh (h) fw (W)
h = ~ ~ ~
1+ (ap — aph)bnr _ shO
(ay nht) Asho - Ashl (1 — a; )C + AshZ Shst—adm

fw(W) = {1 — [aw _ aw(l - W)]bw}_l

autogenous and stimulated healing
dependence on relative humidity h and crack width w
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The ReSHEALIience project modelling approach

L LR L LR L LD DL L L L L
Physics of the model

combines the chemical processes of binder hydration and self-healing with heat, water,
oxygen and ions transport processes and corrosion

Self-healing modelling The model so far does not consider:

Composites 86 (2018) 190205

Contents lists available at ScienceDirect

- the water pressure: a liquid flowing faster
through the crack would wash out the
deposited healing products, preventing the

self-healing from occurring;

- the leaching or dissolution, since an
aggressive fluid that leads to a leaching or
dissolution reaction can affect the healed
crack;

- the stability of the crack over time, as
affected by sustained through-crack stress

Cement and Concrete Composites

ELSEVIER journal homepage: www.elsevier.com/locate/ce mconcomp

Numerical modeling of mechanical regain due to self-healing in [
cement based composites S

it of Civil P
® University for Business and Technology, Kalabria. 10000, Prishtiné. Kosovo
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The ReSHEALIience project modelling approach

L LR L LR L LD DL L L L L
Model output

Coupled with a smeared crack mechanical modelling approach (microplane M5)
Galerkin space discretization of partial differential equations rewritten in weak form.
Crank—Nicolson method (a central difference method) time discretization.

When solving the aforementioned equations for diffusion and chemical processes at
macroscale it is assumed that damage is constant, i.e. physical and chemical
properties are controlled by mechanical properties (damage) from the previous time
step as obtained in input from the mechanical model.

The output of the model is interpolated for the material description of the mechanical
model, calculating the values on each element, to provide

- all the chemical quantities that characterized the hydration and self-healing;

- moisture and temperature field;

- volume expansion and reduction of physical/mechanical properties.
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The ReSHEALIience project modelling approach
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Validation of the self-healing modelling

WITHOUT | WITH I
ADMIXTURE | ADMIXTURE
Cement [kg/m3] 300 300
Water [kg/m3] 165 165
Sand 0-8 mm [kg/m3] 975 975
Gravel 8-20 mm [kg/m3] 975 975
Superplasticizer [1t/m3] 3 3
Crystalline admixture [kg/m3] - 3
1600
p 1400 ’\\
1200 .
£.1000 N
S 800 N
50 T 600 N
I f © 400 \)\
@ D\ clip gauge @ 208 Y/ \\
) 450 ) 0 100 200 300 400
1 00 7 CMOD [pm]
L L

... immersion in water and exposure to air for up to 12 months
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The ReSHEALIence project modelling approach
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Validation of the self-healing modelling

Curing - model output: relative humidity inside the specimen
RelatvHumidity

097778
N A,‘,A | Curltlme Gays | () D5554
“w / \%‘“" “"'W‘g&y ‘am _"
ek RAoRd 053333
oLl
ing time: 12
e () RERRD
0y BonaT
0, Bepddd
JCuing tme: 31 cays 082222
.
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The ReSHEALIience project modelling approach
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Validation of the self-healing modelling

Precracking — model output: load vs. crack opening curve

1600 —
@ ® @ FE:xp pre-crack
1200 — + Exp. pre-crack
Mumerical simulation

400
0 T T
0 100 200 300 400 500
CMOD [um]
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The ReSHEALIience project modelling approach

LR LR LR LR L
Validation of the self-healing modelling

Post-cracking curing — model output: relative humidity inside the specimen

In water after pre-damage: 32 days

PR TR SO A NDERRE
SN ARRe

A NRFR RelativHumidity

I 09778
93556

In water after pre-damage: 60 days

In water after pre-damage: 90 days

(93335

In water after pre-damage: 120 days 7 In air after pre-damage: 120 days v l ) ';;'I ] l I
S0 St () KRR/

(L RAGET
In water after pre-damage: 180 days

D R222D
In water after pre-damage: 1 year

(5
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The ReSHEALIience project modelling approach

LR LR LD DL LR LR
Validation of the self-healing modelling

Testing to failure after healing — model output: load vs. crack opening curves

1 month water 12 month water

1.6

AUTOGENOQOUS HEALING
EFFECT OF CURING TIME

—
o]

Z Z
E 0.8 © 0.8
S S
04 0.4
0 0
0 200 400 600 800 0 200 400 600
CMOD [pum] CMOD [um]
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The ReSHEALIience project modelling approach

LR LR LD DL LR LR
Validation of the self-healing modelling

Testing to failure after healing — model output: load vs. crack opening curves

12 month water 12 month water

AUTOGENOUS VS. STIMULATED
HEALING

Load [kN]

0 200 400 600 0 200 400 600
CMOD [um] CMOD [um]
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The ReSHEALIience project modelling approach

LR LR LD DL LR LR
Validation of the self-healing modelling

Testing to failure after healing — model output: load vs. crack opening curves
12 month air

12 month water

1.6

STIMULATED HEALING
WATER VS. AIR POST-CRACKING
CURING

1.2

Load [kN]

0.8
04
0
0 200 400 600 0 200 400 600
CMOD [um] CMOD [pm]
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The ReSHEALIence project modelling approach

.. BUT ...
Material model 4
Scientific
Empirical Design of outstanding
structures
Design of _

common Material

Model free structures research
L
Deterministic Semi- Probabilistic Fuzzy- Fuzzy Uncertainty

probabilistic probabilistic model
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The ReSHEALIience project modelling approach

. a Life Cycle Analysis approach is required ...

A
LCA framework ® B \
O
r N 7 G
Goal and scope Direct applications: g A ‘N FIrSt. Secqnd
definition R repair repair
- Product development o)
and improvement o .
i Required strength :
- Strategic planning >
lgﬁzg,t:g Interpretation - Public policy making A
- Marketing [—
T B o
- Other \

mpact \ P

assessment

Cost

Time
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The ReSHEALIience project modelling approach

. a Life Cycle Analysis approach is required ...

A
LCA framework
(4]
4 X 7 =
m
Goal and scope Direct applications: g ! l 1 l rv e 1-0-r}
definition @)
- Product development g
di t )
i and improvemen 5 ﬁ
- Strategic planning Required strength
| t : & >
gler;:g Interpretation - Public policy making
T ) 1
- Other
Impact \ / 7
. assessment o
S
W\ J
!

Time
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The ReSHEALIience project modelling approach

. a Life Cycle Analysis approach is required ...
... from durability testing to service life prediction ...

—Senza additivo =——Con additivo ——Contenuto critico

Senza additivo

B Senza additivo (dati)
Con additivo 4
A Con additivo (dati)
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20

o
=
S

e

=)
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[=]
=
)
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~
»
| |

1

o o
o o
(9] ©o
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\

Chloride content at bars surface [%mass)
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The ReSHEALIiIence project: what next?

LU L L L L L L L L L
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”.

. Offshore wind Ocean energy Geothermal energy = 1000 >00 Aquaculture . °
~ LW
— /‘_//“J«.) i B E 200 R - 5
3 p = T 100 |5 2 2 =
= o ; ® o a)
<Q O o Team m T o 4
— < — | 300 Q
%) 1.000 W 5
v o £ | 200 =
% thousand o - 300 g 2
=1 jObS <L 1 9 100 )
o = o v ]
= =500 GW | < 170 . o
o 0.1 0 0
2050 2015 2020 2030
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The ReSHEALIiIence project: what next?

LU L L L L
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”.

6 pilots: Green Energy, Blue Growth, Architectural Heritage Conservation

Cooling towers water basins (IT) Floaters for offshore wind towers (ES) r/c retrofitting (MT)
Geothermal drilling muds basins (IT) Mussel farming rafts (ES)

Breakwater elements (IE)
www.uhdc.eu
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http://www.uhdc.eu/
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