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About COST ACTION TU1404

Cement-based materials (CBM) are the foremost construction materials worldwide. Therefore,
there are widely accepted standards for their structural applications. However, for service life
designs, current approaches largely depend on CBM strength class and restrictions on CBM
constituents.

Consequently, the service life behaviour of CBM structures is still analyzed with insufficiently
rigorous approaches that are based on outdated scientific knowledge, particularly regarding the
cumulative behaviour since early ages. This results in partial client satisfaction at the
completion stage, increased maintenance/repair costs from early ages, and reduced service
life of structures, with consequential economic/sustainability impacts.

Despite significant research advances that have been achieved in the last decade in testing
and simulation of CBM and thereby predicting their service life performance, there have been
no generalized European-funded Actions to assure their incorporation in standards available to
designers/contractors.

The main purpose of COST TU1404 Action is to bring together relevant stakeholders
(experimental and numerical researchers, standardization offices, manufacturers, designers,
contractors, owners and authorities) in order to accelerate knowledge transfer in the form of
new guidelines/recommendations, introduce new products and technologies to the market, and
promote international and inter-speciality exchange of new information, creating avenues for
new developments.




About the 2"d Workshop of COST ACTION TU1404

The 2" workshop had several objectives related to Work Group 2 (Modelling of Cement-based
Materials and Structures) of the Action:

» to promote scientific discussion on the modelling activities, models development, etc. between the
members of the Action as well as with the invited external participants;

« to integrate the modelling community within the Action;

« to discuss further developments leading to recommendations/guidelines in collaboration with
WGS3;

« to share ideas and extend the contents of the simple benchmarking campaign;

» to discuss and define a draft of benchmarking activities related to the experimental results of WG1;

« to discuss and define benchmarking activities related to case studies.

In addition to the scientific activities, the 2" MC meeting of the Action took place during the workshop
(20 September 2015).

Place and dates of the workshop:

Vienna University of Technology (TU Wien), Vienna, Austria, 19-20 September 2015.
Number of participants: 77 participants representing 27 countries

Webpage of the workshop: http://www.tu1404.eu/september-2015-vienna
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About the 2"d Workshop of COST ACTION TU1404
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Workshop organizers (WG2):
Mateusz Wyrzykowski mateusz.wyrzykowski@empa.ch
Farid Benboudjema farid.benboudjema@dgc.ens-cachan.fr

Local workshop organizers:

Bernhard Pichler bernhard.pichler@tuwien.ac.at
Dirk Schlicke dirk.schlicke@tugraz.at
Martina Pall martina.poell@tuwien.ac.at

Chair of the Action:
Miguel Azenha miguel.azenha@civil.uminho.pt

Vice Chair of the Action:
Stéphanie Staquet sstaquet@ulb.ac.be
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Members of COST TU1404

— 29 COST Countries
— 1 NNC — Ukraine (Algeria also coming in)
— 1 IPC - Australia (Japan also coming in)

— 226 individual members
— 42% are Early Stage Researchers
— Gender balance: 75% Male; 25% Female
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What a year! :)

. LJubIJana Slovenia, April 2015

57 participants

/8 participants
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What a year! :)
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Extended Round Robin Testing
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v1.0

28" May 2015

RRT+ instructions
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Opening session

What a year! :)
e Total of 6 STSM's

e

En  <5h
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Multiscale continuum micromechanics:
application to cementitious materials

Bernhard Pichler, Christian Hellmich

Vienna University of Technology (TU Wien)
Institute for Mechanics of Materials and Structures

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 1/18
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Outline:

e Fundamental aspects
» Why multiscale modeling?
» Modeling philosophy in continuum micromechanics

e Application to cementitious materials
» Elasticity homogenization
» Strength homogenization
» Creep homogenization

e Conclusions

e References

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 2/18
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Why multiscale analysis?

»Simple physical laws at microscale translate into complex
macroscopic behavior due to nontrivial microstructural interaction

Modeling philosophy in continuum micromechanics:

»Introduce as few material constants at microscale as possible
»Upscale to material scale (“homogenization”)
» |dentify microscopic material constants from experimental set A

* All material constants are quantified

* No fitting parameters !
» Check predictive capabilities by comparing model predictions with
results from independent experiment set B

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 3/18
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Multiscale modeling: continuum micromechanics

Material phases in scale-separated hierarchical organization

Chatterji and Jeffrey, Nature, 209, 1966 http://www.fhwa.dot.gov http://www.fhwa.dot.gov

Key properties of material phases

Volume fractions (dosages) Mechanical properties
Characteristic shape Interaction

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 4/18
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Continuum micromechanics is based on Eshelby-Law problems
= non-trivial three-dimensional strain concentration problem

o Uniform remote loading concentrates
infinite boundary

&) =Eo-z into uniform strain in inclusilon
infinite 3D matrix: €p = []I +P,: (C, — Cop) : B

stiffness: C
0 Eshelby, Proc.R.Soc.Lond.A. 241, 367-396,1957

Laws, Journal of Elasticity, 7(1), 91-97, 1977

mmm)> use for heterogeneous materials

loading of RVE (via strain average rule)

ellipsoidal (3D) inclusion:
stiffness: C,

Stiffness of infinite matrix is related to
stiffness of RVE (according to type of
interaction)

. Loading of infinite matrix is related to

__________________________

Zaoui, Lecture Notes, Ecole Polytechnique, 1997 Zaoui, J.Eng.Mach (ASCE) 128(8), 808-816, 2002

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 5/18
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Estimate of homogenized stiffness

o3 1B E-r {3 B @)

Zaoui, Lecture Notes, Ecole Polytechnique, 1997 Zaoui, J.Eng.Mach (ASCE) 128(8), 808-816, 2002

Powers, Brownyard, Res.Lab.Port.Cem.Ass.Bull, 22 101-992, 1948

.. accounts for ...

Acker et al. in Concrete at Early Ages, ACI, 33-48, 1986

w/c = 0.50

©
-
Q)
n
™
<
o
c
3
™
n )
S
Q
@)
.
®)
>
wn
| l

O elastic phase stiffnesses
(from nanoindentation)

O phase shapes

phase interaction

Volume Fractions |

0
0 025 05 075 1
Degree of Hydration [-]
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Phase volume fractions depend on composition and maturity

Powers, Brownyard, Res.Lab.Port.Cem.Ass.Bull, 22 101-992, 1948  Acker et al. in Concrete at Early Ages, ACI, 33-48, 1986

hydrate foam j'; . J hyd . 43.15¢
md = 75— =
# L= fctin 20§ + 63 (w/C)
: fi,0 63 (w/c) — 26.46 ¢
ngo T — T
- fclin 206 + 63 (w/c)
Ja' ) - fair 3.31§
air  — — 7
cement paste L fdm 206 +63 (w/ C)
Foi = 20(1 —¢) for = 20£ + 63 (w/c)
i 90 + 63 (w/c) "I 790 + 63 (w/c)
mortar
s/c
r _ Psan = y
fsan— 1 w/e s/c fcpzl_fsan
Pelin PH;0 Psan
COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 7/18
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D | or Mechanics of Materials and Struc
Vienna University of Technolo:

Isotropic phase elasticity constants

bulk modulus shear modulus

Phase k [GPa] 1 [GPa]

Clinker K = 116.7 o = B8
Water km,o= 0.0 wa,0= 0.0
Hydration products  kpyq = 18.7 Mhyda = 11.8
Air e = 11 tair = 0.0
Quartz (sand) Kooy = 308 e = 4l

Acker, Proc. CONCREEP@MIT, 15-26, 2001
Bernard et al. CCR 33 (9) 1293-1309, 2003
Cp, =3k, J + 2, KK

Ulm et al. Mat. Struc. 37(1), 43-58, 2004
Pichler and Hellmich CCR 41 (5) 467-476, 2011

Liquid phases in drained conditions

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 8/18
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Multiscale modeling of strength of cementitious materials

dev dev

Héa;(}x T hyd,p,9 < T hyd, cmt]

stress peaks in hydrates < hydrate strength
* Microscopic hydrate failure = macroscopic material strength

 Cementitious materials are intact, if deviatoric [

Scale transition to stress peaks: = —p2,q . O[Chom]™!
via 2" order stress averages 4?7 T\ Gpiao \ O /

Identification of hydrate strength macroscopic stress
» Nanoindentation testing on low-density C-S-H:

* cohesion ¢ =50 MPa

+ angle of internal friction ¢ =120 Corsentiices i, It feport 2000
» This implies:

* Unaxial compressive strength of hydrates f., ., =123.5 MPa

* von Mises-type deviatoric strength o7 .., =71.3 MPa

Pichler Hellmich Eberhardsteiner et al. Concreep, (2013)
COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 9/18
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Pichler Hellmich Eberhardsteiner et al., Concreep, (2013)

CEMI 42.5 N, = 042 : H
g CEMITAEST o =08 ‘Model vs. tests performed in Vienna
P ; : ;
= 5 501t : S A Pichler Hellmich Eberhardsteiner et al., CCR (2013)
. 2 2 = 99.34%
E g 40 I Y A
% g 30 = cement pastes tested by Lafarge
-] i SR - S 0 50 55 5 e
2 s =
g & | . EF o 1, w/c— 0508 _ - ...atLCR
o g W 5 o Il w/e=050 | _ 1 _ ,
= Sl GE-’ 2 o0l m 101, w/c=033| 5 Plchler Hellmich Eberhardsteiner et al., CCR (2013)
g% 2 3 ® 111, w/c=0.50 / |
= : : L oa &
= 0 i model
0 0.2 0.4 06 2 % ' '
hydration degree ¢ [-] S E SO g @G
= S = cement pastes tested by Lam et. al.
é = t;z:Oﬁ 150 - - cme e L Ebe R iaE
E 0 - : : O o O w/e=0.19
= 0 0.2 04 0.6 08 » = 2 O w/e=024|:
hydration degree & [] £ L 100F o '} O w/e=030 |-
7 3 A w/jc=050
a o model
g = '
S g SOrASS
... by Lam et al. CCR (2000) =¢
o ©
= 0 ; ; ;
= 0 0.5 1 1.5
OPC hydration degree & []
COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 10/ 18
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Model validation: continued
Pichler Hellmich, CCR (2011)

o
=] —

=
(=)

o
b

=

dimensionless compressive strength
Fo f(max Fo, ), feu/(max fo,) [-]

bound water content H/C [-]

=
B

IMwWs

Cement paste level

0 0.05 0.1 0.15 0.2 0.25 .
"l = 0057 — ... Taplin (1959) data
"""" 1y @ w/ie=025 " """
: : p wie=0.35
........... - x o
: . X .
_______ T af . S ... ewc=050
- o9 X ) : ....... wfe = 0.65 Pichler Hellmich Eberhardsteiner et al., CCR (2013)
_____ [ Y A ol w/c = 0.80 (b) 120 ...... mortarstested by Catharin
P ok = -.-II '
0 02 04 06 08 | £s model
hydration degree £ |- 3;_' 80 |- SRR, AR
2 5 : : :
ESQ 60 [
S | | |
S5 40 Gy
=1}
g = : :
U ' ' '
S5 20 iDL
0 B
Mortart level T o os oe  os

... Catharin (1978) data

gel-space ratio y [-]
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Multiscale modeling of creep of cementitious materials

Hydrates: only creeping component of cementitious materials.
Hydrates exhibit deviatoric creep, modeled by Burger’s model

Acker, P, Concreep6, 15-25,2001 Bernard, Ulm, Germaine, CCR, 33(8), 1127-1136. 2003

L x10° Validation of model

|dentification of creep properties
0.1 f : ; ; O age=1day |
, ‘ L Oage=2days [........................
: : : : 3.5 ¢ age =3days : :
008 e P O —_ V age =4days
a ; ‘ ; ' 7 3r{Aage=6days [, SRR
&, = ¥ age =8days | &% o
~o006f o L00S -1 ST e G o m
_ O A A
= <) 2 Ay B . o. ... ... .
00.04F SRR = i
ad, . —
§o§ )| O age —20 hours i Y 7 &0 77777777777777777777777
Ti.)‘d : || O age — 27 hours 5.1331 5 :
0.02f -, O R | © age=3days gy j
' ‘ || V age=7days S R AR EEEEEEREEEE
: : | A age =28days :
% 002 004 006 008 O 0.5 R
Laplante ~
'jcotﬁc,llll [1/GPa] 0 i
0 1 2 3 4
Laplante, P: PhD thesis, ENPC, France , 1993 JQushi [(GPa - s5)7 1 x 1072
Scheiner and Hellmich JEngMech, 135(4), 307-323 2009 Atrushi, D, PhD thesis, NUST, Norway, 2003
COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 12 /18
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Modeling: Matrix-interface
composite

solid phase interface phase

Viscous interface behavior:

* Nointerface opening

* Shear traction proportional
to rate of dislocations: 7' = 7 [¢]
[Shahidi Pichler Hellmich, Eur J Mech A/Sol, 2014]

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 13 /18
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Scale transitions in matrix-interface composite: o
e . T=n"[¢]
Concentration-influence relations  solid phase interface phase

[(]=A:E+D-T

Macroscopic state equations

w
(Sl
=

gzghom:é—’_ﬁ'z

| >>2a

Behavior of matrix-interface composite described by differential
equation in macrostress and macrostrain

. 1 3 2— g 16d 1— s : 3 2_ s 8
E$z—+zmzﬁ[ ( V)—|_ ( y)}zzEmz—'_zEmz ( V)TFH
I 8an™ (1 — v,) 8 (1 — vg) an™

[Shahidi Pichler Hellmich, J Eng Mech (ASCE), In Print.]
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Kelvin-Voigt-type Standard Linear Solid Model: [shahidi Pichler Hellmich, J Eng

1 Mech (ASCE), In Print]
EEVAVAVAVAVANEE

He
AN e

i -
C Y

T
T 1 1
Lle il 251 Le il

Behavior of rheological model similar to behavior of matrix-
interface composite.

» ldentify links by comparing coefficients:

T =D, He = Hs
3 (2 — v,) 771:277d
16d (1 — vy) d

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 15/18
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Conclusions:

e Continuum micromechanics = powerful tool for homogenization of
(hydrating) cementitious materials

e Straightforward extension towards consideration of eigenstresses
and/or eigenstrains is based on phase pair influence tensors

Pichler, Hellmich, J Eng Mech (2010)

e Future outlook: explain creep of cementitious materials by means
of shear dislocations of microscopic viscous interfaces

Shahidi et al., Eur J Mech A/Sol (2014)
Shahidi et al. ] Eng Mech (2015)

Many thanks for your attention

COST TU 1404, WG2 Workshop, Vienna, September 19-20, 2015  B. Pichler - TU Wien 16 /18
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Multiscale modeling of shotcrete in the framework of NATM safety analysis:

*Hellmich, Mang (2005) Shotcrete elasticity revisited in the framework of continuum micromechanics: from submicron
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Effects of Capillary Porosity and of Unhydrated Clinker Grains on the Macroscopic Strength of Hydrating Cement Paste:
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ISBN: 978-0-7844-1311-1.
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Explanation of macroscopic creep of interfaced materials by slip of viscous microscopic interfaces:

* Shahidi, Pichler, Hellmich (2014): Viscous Interfaces as Source for Material Creep: A Continuum Micromechanics
Approach. European Journal of Mechanics - A/Solids, 45, 41 - 58.

* Shahidi, Pichler, Hellmich (2015): How Interface Size, Density, and Viscosity Affect Creep and Relaxation Functions of
Matrix-Interface Composites -- a Micromechanical Study. Acta Mechanica. In print.

* Shahidi, Pichler, Hellmich (2015): Interfacial Micromechanics Assessment of Classical Rheological Models I: Single
Interface Size and Viscosity; Il: Multiple Interface Sizes and Viscosities. Journal of Engineering Mechanics. In print.

* Qu, Verma, Shahidi, Pichler, Hellmich, Tomar (2015) Mechanics of Organic-Inorganic Biointerfaces - Implications for
Strength and Creep Properties. MRS Bulletin, 40, 349 - 358.

Extension of homogenization towards consideration of eigenstrains and/or eigenstresses:
* Pichler, Hellmich (2010) Estimation of Influence Tensors for Eigenstressed Multiphase Elastic Media with Non-
Aligned Inclusion Phases of Arbitrary Ellipsoidal Shape. Journal of Engineering Mechanics,136, 1043 - 1053.
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The State of the Art
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C-S-H properties — Experimentally

(a) NON-DEGRADED C-8-H

67%

16
14 -

12
140

Frtqunnt:y::
« On mature paste 1
- On artificial C-S-H CToeg e oo D e e ds
* Need deconvolution o DEGRADED C-5-#

T0%

Back-calculation from
homogenisation

-'I 2 3 4 5 & 7 B 9 10 11 12 13 14 15 168 17 18
Modulus of Elasticity (GPa)

1. Constantinides and Ulm, Cem Conc Res, 2004
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C-S-H properties — Analytically

« Assume shape

« Assume values from experiment

- Get possible evolution form early age

- Sealed vs drained? Shape?

- valid for o < 0.5

drained cement paste (ky,0=0) sealed cement paste (ky,o = 2.3GPa)
—15 ....... EEE I [ e e ) 15_
2~ . - < :
a. acicular hydrates wic=0.35 n — wic=01.35
o » —  — spherical hydrates ‘/ w/e=0.40 (2, w/c=0.40
i) : : wie=045 5 wle=045
U (] SRR O S P R S0 wle=0.50
g w/e=0.50 = w/c=0.55
S wie=0'55 B Wwle=0.60
7  wie=0.60 2 ‘
= = =
g = S
=] % =
E : L ([ f ] : acicular hydrates
= G = Lt ‘ ﬁ - — + — spherical hydrates
£ 0 Fr s i ; ; =l b '. : . ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

=~}
e

degree of hydration [-] degree of hydration [-]

1. Pichler et al, Acta Mechanica, 2009
2. Sanahuja et al., Cem Conc Res, 2006
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C-S-H properties — Analytically

Assume shape
Assume values from experiment

Get possible evolution form early age
Sealed vs drained? Shape?
valid for a < 0.5

925

= 20 =

oL Ay

O I <3

% 10 -

e S
0

1. Pichler et al, Acta Mechanica, 2009
2. Sanahuja et al., Cem Conc Res, 2006
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Requirement for an analytical scheme

Shape must be known
- in this case, needles and foils, and things in between

Porosity should be known
- Also the shape of the pores

Bounds are assumed to be perfect
Everything should be isotropic
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Requirement for an analytical scheme

- Shape must be known
- in this case, needles and foils, and things in between

* Porosity should be known
- Also the shape of the pores

- Bounds are assumed to be perfect
- Everything should be isotropic

All assumption violated

- Needles and foils and things in between
« Which C-S-H?
- Shape of the pores?
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Problems and Objectives

- An analytical scheme is required
- It should relate C-S-H properties to C-S-H porosity
- Experimental values required

Method

- EMM-ARM for paste properties
- "H NMR for porosity
- uic for the microstructure, AMIE for FE calculations

1
|

.
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Experiments

Experiments

1
|

.



Experimental C-S-H homogenisation scheme | DUNANT ET AL.

EMM-ARM

E-Modulus Measurement through Ambient Response
Method

Fourier analysis (1822) and beam theory (ca. 1750)
Modern sensors. ..
Single unknown is the modulus of the paste

1. Azhenda et al. Cem Conc Res 2012
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EMM-ARM

Frequency [Hz]
=

5
0 1 2 3 4 5 & 7 -
Time [days] Time (days)

a) b)

E-Modulus Measurement through Ambient Response
Method

Fourier analysis (1822) and beam theory (ca. 1750)
Modern sensors. ..

Single unknown is the modulus of the paste

1 —G-0.35-20°C- 1

0 2 1 b

1. Azhenda et al. Cem Conc Res 2012
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Results on white cement

W1-0.40-10°C-1 W1-0.40-10°C-2

14 » CSH gel water + Capillary water 1
e d - 0.9
« Complements 210 gg .
calorimetry/NMR % i ] 8‘;%’
- Changes in %’,’f Bl e SO 0:4E
reflected in 5 4 - 03
dt . 0
« Microstructure? g i 8.1

Time (days)

1. Analysis by A. Muller-and J. Granja
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Results on white cement

Complements

calorimetry/NMR

dE
Changes in dt

reflected in dt
* Microstructure?

1. Analysis by A. Muller-and J. Granja

ml of water / g of cement

0.30

0.25

0.20

0.15

0.10

0.05

0.00
0.01

wic =048

A A
AT, A, A

w/c = 0.40

Gl

wic =0.32

100




Experimental C-S-H homogenisation scheme | DUNANT ET AL.

Finding when inner production starts

* Inner only forms
after outer has filled
space

* |[nner amount can be
known from volume
of anhydrous

* based on this
information, we can
construct a model
microstructure

0.12
A From NMR
0.1 o
° From cement A
-5—:, 0.08 consumption
. A
N
A\ 0.06 a0
o (]
5 5
[
& o004 !
k3]
& A
= 002 °
@ @ L
0 0:2 0.4 0.6 0.8

Hydration degree

1
|

.



Experimental C-S-H homogenisation scheme | DUNANT ET AL.

Mic and AMIE Modelling

Mic and AMIE Modelling
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Mic Modelling

- Parameters fitted to match phase content
* Produce representative microstructures for all o

» uic produces voxel files

1 ﬁ,&“" 1
0.9 f” 09 |

5 08 - 7 L 08

507 f,f 8.7 4

% 0.6 1 / 50.6 |

7 05 1 yd % 0.5 -

204 - I

g U. 0.4 -

203 - /!

E ) }‘Jl@ 03 -
0.2 f"ﬁ ne J
0.1 - T . U 1

0 T“?'fﬁﬁ&w T ot e i il '
Dbt 1 10 100 !
Size (um)

B
A f/
7
;’f
:
f s W1-0.40-20°C
!l — Model W1-0.40-20C
!: T I I
0 200 400 600

Time (hours)

800

1
|

.
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AMIE Setup

- Read the voxel files
- Compute apparent modulus of paste at each step

- Back-calculate modulus of C-S-H to fit paste stiffness
(assume v)

—_
o

—W1-0.4-20°C
—-~Model W1-0.4-20°C i
— Outer CSH Stiffness

4 6
Time (days)

S — N Wk Ul o ©
Outer CSH Stiffness (GPa)
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Results and Conclusions

Results and Conclusions

1
|
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Experiments vs simulations

20

W/C=0.32

W/C=0.40

W/C=0.48

Modulus [GPa]

0 20 40 60 B8O

Time [h]

Single E(¢) relationship.



Experimental C-S-H homogenisation scheme | DUNANT ET AL.

Relating to published results

—Experimental values

35 —self-consistent scheme v=0.01
E 10 - —self-consistent scheme v=0.49
@)
)5
"
n

15 -
o
Sl
i

0 I I [
025 0.45 0.65 0.85

Porosity of Outer CSH

This setup behaves as though it was drained, and lies clearly between
spheres and needles.
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Conclusions

* Produce an empirically measured homogenisation scheme
for C-S-H
- Need to also take into account v

- Need to extend the approach to other systems

 promising results: the value derived here for white cement
were found to work well for grey cement mixes

1
|

.



1404

COST ACTION

Back to the list of presentations




Multiscale modeling of concrete

From Mesoscale to macroscale

Jorg F. Unger

Federal Institute for Materials Research and Testing, Germany

Vienna - 2015/09/19



Multiscale modeling of concrete | Jorg F. Unger

Motivation
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Outline

Modeling mesoscale geometries
Discretization
Constitutive models for concrete

Multiscale models
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Grading curve

* \ \ T T T 1]

= 1] e monodisperse O

S
=
L
a - |
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v
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Cnin diameter d max
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Grading curve

* \ \ T ] [ ]
@ 11 —o— monodisperse C -
s ..l bidi :
& m-- bidisperse
L
L i -
)
£ . ...................
E O \ : \ \ I I N B
dmin diameter d dmax
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Grading curve

mass CDF F},,(d)

I

\ \ T ] [ ]
11 —o— monodisperse O -/
--M-- bidisperse
—— polydisperse :
- — |
P(d) = (dm
5[N] R
O \ \ \ I I N |
dmin

diameter d
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Mesoscale modeling of concrete

RSA

@ random sequential addition

@ very efficient at low ¢
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Mesoscale modeling of concrete
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Mesoscale modeling of concrete

RSA

@ random sequential addition

@ very efficient at low ¢
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Mesoscale modeling of concrete

RSA

@ random sequential addition

@ very efficient at low ¢

@ fixed black particles block red
particles
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Mesoscale modeling of concrete

EDMD

@ random sequential addition @ event-driven molecular dynamics

@ very efficient at low ¢ @ able to reach jammed packings

@ fixed black particles block red @ movable particles allow
particles rearrangement
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Example

Further information:[Titscher and Unger, 2015]
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eXtended Finite Element Method(XFEM)

Displacement interpolation

Ntot Nenr

d(X) :Z¢i,std(x)di,std + Z qj(x)gbj,em“ (X>dj,en'r
i=1 i=0

¢i sta  standard shape functions
\ ®i.enr enriched shape functions

Enrichment function W

Heaviside cracktip distance function

| J

[Unger et al., 2007]

|\ J/
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Levelsets as enrichment for material interfaces

XFEM enrichment

@ enrichment function ¢ = |d(x)| with
d : signed distance function

@ function d(x) approximated using FE-shape
functions

Damage distribution at the peak load in [%]
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Constitutive models for concrete

Combined damage-plasticity model [Unger et al., 2011]

@ evolution of stresses
oc=(1—-w)D (e —eP)
@ combination of Drucker-Prager and Rankine yield surfaces

@ damage evolution driven by nonlocal equivalente plastic strain

i
Rd

=1—e f(G fct7 )
Yield surfaces Welghtlng function
1—0)‘
= = R R T
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Gradient enhanced damage model

Governing equations
V-o=0 with o= (1—w(Eq))Ce

Damage evolution via history variable «

w=w(k), K20, Eq—K<O0, Flleq—kK)=0

Boundary conditions

@ displacements @ non-local equivalent strains
d(xr) = dr Véeq(zr) - M(21) =0

\ \ \ \/E \ \
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Stochastic character of concrete

g o,
(Q\F Y
(@)
o
i
O k

|

|
| o
| Lo
60| o

:

|
(0] 8‘
QQ —
\’/‘ it

100 A

Stress-strain curve

4 | . | . |
simulation —

3
experiment —
2 F -
1
0

o[N/mm?]

Damage distribution Causes of stochastic behaviorg

@ heterogenous material structure

@ random distribution of material
parameters

Correlated random field

@ p12 = 0.8, leorr=bcm, 100x100cm

SOO00000
WNFROFENW

@ efficient implementation using series
expansion and FFT
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Coupled hierarchical multiscale model

General procedure for FE?-type of methods

@ apply macro strain as boundary condition to the fine scale

@ solve fine scale problem

@ pass back average stress and algorithmic stiffness to macro scale

Macroscale IP with attached fine scale

O can bridge multiple scales

O simulates real physics

Qo high computational effort

QM
= o Q una_ble _to repre_sent
[ — — N I localization on fine scale
ov = f(e) NI (YR : :
oo @ requires Representative Volume

Elements (RVE)
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Hill-Mandel lemma - standard approach

Energy equivalence

1
sz/ﬂawée

x) d)

displacements periodic displacements

@ d=c"X
@ prevents localization
at the boundary

@ generally too stiff

v \

I S S I

[ 4 ¥ I ¥ F ¥ ¥ ]

@ implementation using
constraint
e — =0

@ spurious localization at
single nodes

@ generally too soft

od =d +MX - X"

@d =d +M(XP - XY

@ localization only for
vertical /horizontal crack
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FE>-X! - Energy scalin
Macroscopic element

in 2D
Boundary conditions

Q

u=:X u=:X+ H(X)[u]

@ two fine scale models per macro IP

@ distinction between crack opening
and homogeneous strain

@ constrained equation

v -1
e¥ =+ o ([uj@en+nalu))

[further information:[Unger, 2013] J
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Three-Point Bending Test

nihtegratnion“ poirnl’rt; ' _ -
with homogeneous ;
fine scale model \.
1.0 T 0.005
IR E_ 0.8 ! 4] E— 0.004
i el m/mlg & O
N = 06 B - 0.003
E 0.4 E 0.002
= 0.2 = 0.001
! E 0.0 54 E 0.000 )
: = initial crack =4
integration pc;ints -
with damaged
fine scale model \V,

\
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Heterogeneous multiscale approach

Macroscale model — damage Coupling the scales

Favay
Vs,

s
AV
o

=
X
R
7¢va
o
5

A
Vi “&:ﬁu
ReSS e

&
=
55

s
<
ViV

S

N

N

coupling
boundary

RS

P RN

P
e, g’;ﬂg‘ﬁgb

S vl
PAV, FAVAVATAY
i %Aﬁu%v #;vgaimy

INONAHAKRT AT,
ATATAYa Yy aVATAYT oyl
DX KBRS

coupling
boundary

macroscale 0@o macroscale

sub—domain £ 0% .99 sub—domain mesoscale macroscale
AN mesoscale sub—domain AN sub—domain sub—domain

further information:[Unger et al., 2011]
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Coupling of different domains

Strong coupling Weak coupling

QM oM oM

a e |

Qm Qm

I I\
constraint equations mortar method arlequin method

m(z) = uM(z) Yol /[um—uM]ch:O /[um—uM]dQC:O

C

u

C
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Adaptation

Generation of a new mesoscale sub-domain

. o inner zone
adaptation |
g border zone
principal stress
initial macroscale model multiscale model after first adaptation mesoscale sub—domain

|\ J

Enlargement of an existing mesoscale sub-domain

enlargement

damage distribution mesoscale sub—domain damage distribution
prior to enlargement after enlargement after enlargement
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Adaptation

Generation of a new mesoscale sub-domain

. o inner zone
adaptation
border zone
elastic border
principal stress zone
initial macroscale model multiscale model after first adaptation mesoscale sub—domain

|\ J

Enlargement of an existing mesoscale sub-domain

enlargement

damage distribution mesoscale sub—domain damage distribution
prior to enlargement after enlargement after enlargement
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L-shaped panel (Experiments by Winkler)

Specimen geometry material parameters [N, mm)|

Concrete  Mortar  Aggregates I'TZ
N E 20000 18500 37000 500000
| v 0.18  0.18 0.18 -
iy s = 2.60 = 1.30
g G/ - 014 - 0.07
A thickness: 100 mm R o O ' 75 o o
[mm] | 250 ; 220 A30 (8 — — — 1.0
Load-displacement curve Number of active dofs
107 5
— 8.0 d "
< e
E ¢ < 1068 PR 7
> 6.0 — b e qz’ 3 a
Ay B ]
S S 10° o
S 4.0+ a o
— ]
S 2 4
£ 2.0 7 — experiment f g 10 E — mesoscale
g —— multiscale, constraint eq. = ] —— multiscale, constraint eq.
0.0 — multiscale, mortar method 103 1 —I multisclale, mort?r methoclj
0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.10 0.20 0.30 0.40 0.50
vertical displacement w, [mm] vertical displacement u, [mm]

_
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L-shaped panel — Damage




Conclusions

@ mesoscale models capture complex macroscopic phenomena
@ multiscale models required to simulate real problems

@ concurrent or hierarchical methods suited to model localization
phenomena

References

@ Titscher, T. and Unger, J. (2015).
Application of molecular dynamics simulations for the

generation of dense concrete mesoscale geometries.
Computers & Structures, 158:274-284. @ Unger, J., Eckardt, S., and Kénke, C. (2007).
@ Modelling of cohesive crack growth in concrete
Unger, J. (2013). structures with the extended finite element method.
An FE2-X1 approach for multiscale localization Computers Methods in Applied Mechanics and
phenomena. Engineering, 196(41-44):4087-4100.
Journal of the Mechanics and Physics of Solids,
61(4)2928—948. Unger, J. F., Eckardt, S., and Koenke, C. (2011).
A mesoscale model for concrete to simulate
@ Unger, J.F. and Eckardt, S. (2011). mechanical failure.
Multiscale modeling of concrete - from mesoscale to Computers and Concrete, 8(4):401-423.
macroscale.

Archives of Computational Methods in Engineering,
18(3):341-393.
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Micro-scale modelling of cement hydration and properties evolution| Ye Guang

Current microstructural models

embedded
particles

expansion caused by
embedded particles

CEMHYD3D / VCCTL HYMOSTRUC3D
Bentz, 2005/Bullard, 2014 van Breugel, 1991, Koenders, 1997, Ye 2003 Bishnoi/Scrivener, 2008




Micro-scale modelling of cement hydration and properties evolution| Ye Guang

Cement hydration and Stoichiometry

Hydration of Portland cement o 1997)

2C.S + 5.6H,0 > C,S,H,; + 2.6CH, AH = 120 cal/g
2C,S + 3.6H,0 > C,S,H; + 0.6CH, AH =62 cal/g

C;A + 3CSH, + 26H,0 > C,AS;H;,, A H = 207 cal/g
C,AF + 3CSH, + 30H,0 > C,(A,F)S;H5, + (A,F)H; + CH

What phases present?
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Kinetics of Cement hydration

= CA

/

»

Portland cement

Heat rate (J/g/h)

O C3S
HmC2S
H C3A
E C4AF
H other

Degree of hydration of poly-mineral and poly-size systems
Degree of hydration is a weighed average
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Cement hydration - single particle

o A

Outer acc.

product

Stages in hydration process

Diffusion
controlled

time
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Cement hydration - single particle

Cement CH .

Phase-Boundary Nucleation Diffusion controlled
reaction reaction




Micro-scale modelling of cement hydration and properties evolution| Ye Guang

Particle kinetics

Phase-Boundary reaction

For a spherical particle with radius
ro=X/2 of the reactant and penetration
depth 6,,(t), the degree of hydration is:

5in;x (t) :|3

o

ax25in o 1 i |:1 A

the penetration depth 5,(t) is

1
0. s a1, X{l_(l—ax;émxy}



Micro-scale modelling of cement hydration and properties evolution| Ye Guang

Particle kinetics

Diffusion controlled reaction

OH-

Cement

Ca++

e Jander

Jerie s s

ro
e Ginstling and Brownshtein
Za.

0= ](161)3—

e Carter
2 2

[I+@v-Dxa P +(v-Dx(1-a)’ —v="kt

v, the ratio of the v. of the reaction products relative to that of the dissolved part of the reactant
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Particle kinetics

aA

Hydration follows
particle kinetics _ _ =

Hydration obtained
from experiment

Time
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Particle interaction

20% hydrated paste

dense gel w4 layer of acicular gel

Cranju & Maso (1984)
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Integrated kinetics - HYMOSTRUC

Chemical reaction affected by physical contact
between hydrating cement particles

B

Interaction between hydration kinetics and
microstructural development

e B

Integrated kinetics




Micro-scale modelling of cement hydration and properties evolution| Ye Guang

HYMOSTRUC embedded

particles

expansion caused by
embedded particles

outer product

inner product

Particle interaction due to outward growth, van Breugel 1991



Micro-scale modelling of cement hydration and properties evolution| Ye Guang

Particle i j time
Basic rate formula:
r N\ A
do. . o(oL.
— =K, ,*Q, *Q,*Q, *F *F, *« ( 1)>
dt \ O _

Rate of penetration of reaction front in particle i
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Input for simulation

» Particle size distribution

»  W[C > Number of cement particles

» Simulation body (shape and
size)

~

Particles random distribution
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3D Microstructure simulation

0.6 |

0.4

0.2

0 ! ! ! ! T !
1 10 100 1000 10000 100000

Time(hrs)

>

3D simulated cement paste (w/c=0.35)
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Connectivity of solid phase

Percolation of solid phase and the setting of cement paste

1.0

0.8

0.6

Fraction Connected

—— Solid phase w/c = 0.30

0.4+

0.2

0-0 ' ' : v I e e o | T T T ™
0.01 0.1 1

Log Degree of hydration (a)

G. Ye, K. van Breugel, and A.L.A. Fraaij, “Experimental study and numerical simulation on the formation of microstructure in
cementitious materials at early age”. Cement and Concrete Research, vol 33, No.2, 2003, pp 233-239.
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Connectivity of solid phase

Percolation of solid phase and the setting of cement paste

(a) Initial status: solid particles suspend (b) Solid phase is percolated
in water, o = 0% at a = 2%

G. Ye, K. van Breugel, and A.L.A. Fraaij, “Experimental study and numerical simulation on the formation of microstructure in
cementitious materials at early age”. Cement and Concrete Research, vol 33, No.2, 2003, pp 233-239.
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Connectivity of solid phase

Contact area concept . ._

Contact area

Sun, Z, Ye, G, & Shah, SP (2005). Microstructure and early-age
properties of Portland cement paste - effects of connectivity of
solid phases. ACI materials journal, 102(2), 122-129
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Connectivity of solid phase

60

Portland Cement Pastes
Temperature=25 °C O

(&)
o
I

N
o
I

y = 349.3x - 2.0049 m
R2

Compressive Strength (MPa)
w
o

20 B w/c=0.35
Aw/c=0.5
10
o w/c=0.6

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Specific Effective Contact Area (um?/pm°)

Sun, Z, Ye, G, & Shah, SP (2005). Microstructure and early-age properties of Portland cement paste - effects of connectivity of
solid phases. ACI| materials journal, 102(2), 122-129




Load (mN)

200 -

150

100 -

50 -

Mechanical Performance Evaluation

Step 9

Step

Step 38106

\

E=13 GPa

ft=20 MPa

Fracture Energy=22 J/m?

0.5

1.5

2 2.5 3

Displacement (um)

3.5

4.5 5

Qian, Z., Schlangen, E; Ye, G, et al
(2010), Prediction of mechanical
properties of cement at microscale,
MATERIALES DE CONSTRUCCION.,
60 297 P7-18
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3D Pore Structure

0.6 |

0.4 -

0.2

-

0 ! ! ! ! T ;
1 10 100 1000 10000 100000

Time(hrs)

>

3D simulated cement paste, Pore structure (w/c=0.35)
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» Isolated pores
» Dead-end pores

g S 3 \ > Critical link (necks)

Ye, G (2005). Percolation of capillary pores in
hardening cement pastes. Cement and
concrete research, 35, 167-176.
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Connectivity of pore phase

» De-percolation of capillary porosity

1.0+
0.8

0.6

Fraction Connected

0.4+

0.2

0.0

= Pore phase w/c = 0.30

.

0.01

Ye, G (2005). Percolation of capillary pores in hardening cement pastes. Cement and concrete research, 35, 167-176.

0.1

Log Degree of hydration (o)

1



Transport properties: Lattice Boltzmann Method

Micro-
scale
solver

- EEEEEEEEEEEEE——————

Mingzhong Zhang, Guang Ye, Klaas van Breugel, Modeling of ionic diffusivity in non-saturated cement-based materials using
lattice Boltzmann method, Cement and Concrete Research, 42 (11), 2012, 1524-1533
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DiffLBS Module: Diffusion in cement paste
(a) (b)

0.75 |\

o
on

I

-
O
N
(6)]

o

. 0“

We airect
piffust

Concentration distribution of chloride ions in the connective pore

structure of cement paste

Mingzhong Zhang, Guang Ye, Klaas van Breugel, Modeling of ionic diffusivity in non-saturated cement-based materials using
lattice Boltzmann method, Cement and Concrete Research, 42 (11), 2012, 1524-1533
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DiffLBS Module: Diffusion in cement paste

1.E-08

{b] ! _ —&— LB Simulation
w/c=0.5 Halamickova 1995
Care 2008
Diab 1988
Terashima 1976
Ngala 1995
Poupard 2004
MacDonald 1995

1.E-09

1.E-10

FEEE N>

Effective diffusivity D., . ([m?/s)

1.E-11
1.E-12 -
1.E-13 i i
1 10 100 1000
Curing age (days)

M Zhang, G Ye, K van Breugel (2014), Multiscale lattice Boltzmann-finite element modelling of chloride diffusivity in cementitious
materials. Part Il: Simulation results and validation, Mechanics Research Communications 58, 64-72 1



Micro-scale modelling of cement hydration and properties evolution| Ye Guang

SCMPLBS Module (Moisture Distribution)
(a)

The equilibrium distribution of water-gas system with a degree of water
saturation of 83% in the microstructure and pore structure of cement paste

M Zhang, G Ye, K van Breugel (2014), Multiscale lattice Boltzmann-finite element modelling of chloride
diffusivity in cementitious materials. Part I: Algorithms and implementation, Mechanics Research
Communications 58, 53-63.
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SCMPLBS Module (Relative Diffusivity)

0.8
=== | B simulation (Cement paste, w/c=0.4)

0.7 1 === | B simulation (Cement paste, w/c=0.5) ]
5 0.6 - LB simulation (Cement paste, w/c=0.6) ’
?_ B Nielsen [2003] (Mortar, w/c=0.5)
£ 054 X deVera[2007](Concrete, w/c=0.6) /
W
£ 0.4 -
=
2 03
5
e 0.2

0.1 -

0 +— T

10 20 30 40 50 60 70 80 90

Degree of water saturation §,, (%)

M Zhang, G Ye, K van Breugel (2014), Multiscale lattice Boltzmann-finite element modelling of chloride diffusivity in cementitious
materials. Part |: Algorithms and implementation, Mechanics Research Communications 58, 53-63.




Multi scales simulation of concrete

250%250%x250
voxels with a
resolution of
250%x250%250 0.4 mm/voxel
voxels with a
resolution of 32
100x100x100 um/voxel

voxels with a
resolution of 1
HMm/voxel

M Zhang, G Ye, K van Breugel (2014), Multiscale lattice Boltzmann-finite element modelling of chloride diffusivity in cementitious
materials. Part Il: Simulation results and validation, Mechanics Research Communications 58, 64-72 1
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Link different scales: Upscaling techniques

Volume averaging technique

Concrete (cm) Mortar (mm) Matrix (pum)

M Zhang, G Ye, K van Breugel (2014), Multiscale lattice Boltzmann-finite element modelling of chloride diffusivity in cementitious
materials. Part Il: Simulation results and validation, Mechanics Research Communications 58, 64-72 1
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The spherical harmonic expansion

Anm Model§ nable better concrete modeling

r(6,9) =
Z?LO=O Zn =—n anm Ynm (6: (,0)

Yom (6, 9) = \

\/(2n+ 1)(n—m)! P (cosd) el

4t (n+m)!

Zhiwei Qian
& Ed Garboczi

An irregular shape sand particle
described by spherical harmonics

Z Qian, EJ Garboczi, G Ye, E Schlangen, 2014, Anm: a geometrical model for the composite structure of mortar and
concrete using real-shape particles, Materials and Structures, 1-10.
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Contributor

« Klaas van Breugel
* Eddy Koenders

« Zhiwei Qian

« Qi Zhang

* Mingzhong Zhang
* Pen Gao
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@ Computed with
A
N ATENA T @@FEM.OPE

e




Outline

« Multiscale framework of thermo-hygro-mechanical model
— Heat and moisture transport
— Creep and shrinkage model
— Damage model and cracking
— Validation
« Model for carbonation and chlorides including cracks
— Formulation
— Validation

COST ACTION TU1404 SLIDE 2/19



Thermo-hygro-mechanical model

Heat and
moisture
transport

Long-term
mechanical
model

4

Short-term
mechanical
model

Macroscale
(Structural scale)

Temperature and humidity fields T, &

Microscale in integration points
(Material, concrete scale)

Five-component concrete model
Cement
Water

Filler R
Aggregate "
Air

Cement paste

B3 model for concrete creep and
shrinkage

Equivalent time, basic creep, drying
creep, drying shrinkage, autogenous
shrinkage

Fracture-plastic material model
Plastic strain, fracture strain, crack
orientation, crack width, fracture
energy, plasticity surface

ATENA

Microscale:

Affinity hydration model
Heat capacity

Thermal conductivity
Hydration heat

Water consumption

Macroscale:
Balance equations
Creep depends on
moisture

[L. Jendele, V. Smilauer, J. Cervenka: Multiscale hydro-thermo-mechanical model for early-age and mature concrete structures.
Advances in Engineering Software. 2014, vol. 72, p. 134-146.]
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Affinity hydration model

 Modified model from Cervera et al., 1999
4 parameters

- : B ; DoH
Ass(DoH) = By + DoH | (DoH., — DoH)exp | —1fj———
DoH.. DoH ..
- E 1 1
Ap=Apsexp| =2 ————  — —
P IR \2mI5y2s T 50
= 400 4
=
d DoH - k- 350 4
——— = Aq(DoH)j,, 5 300 4
¥
di @
I Z ]
.fnlrl;:} - [1 + la — f[L].?}I':] g 200 4 CEM 1 32.5R Mitani
T = 150 4 CEM I42.5 R Mokra s—
72 CEM 1 42.5R Prachovice e
iﬁ 100 CEM 1525 Princigallo e
B CEM [I/A-S 42.5 MOKra s
Q(Z') 50 CEM II/B-S 32.5R Mokra ——
pot o lults CEM 11I/B 32.5 Mokra
I R | L L oo T ETTE
0.1 I 10 100 1000
Wl’l == O.23CC¥ Hydration time at isothermal 25°C [days]

[W. da Silva, V. Smilauer, P. Stemberk: Upscaling semi-adiabatic measurements for simulating temperature evolution of mass
concrete structures. Materials and Structures. 2015, vol. 48, no. 4, p. 188-197 ]
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Heat and moisture transport

General mass balance equations

oH
—=-V-g+ ... heat

o1 q Qh

ow .
—=-V-J+0 ... moisture
ot =

Kunzel's heat/moisture coupled model

OH OT 00
e N NI - =S Y AV
ow oh

=V (DVh+S5V(h- =
S =V (D5, (h p) -,

COST ACTION TU1404 SLIDE 5/19



Long-term mechanical material model
» Creep and shrinkage - B3 model
£ (f) = j J(t,t,h,T)do(t) + &, (t,t,, h,T) + £,(T)
0

J(t,thT)=g +C,(t,t '\ T)+ C,(t,t"t, ,hT)
Ac, =E (Ag, — Ag))

- Effect of moisture on drying shrinkage and drying creep
« Effect of temperature on equivalent time

COST ACTION TU1404 SLIDE 6/19



Short-term mechanical material model

* Fracture-plastic model: orthotropic smeared crack model
« Strain decomposition

> gt e Pk s finite element A
0; = Dy (€l — € —€u)

e

« Rankine criterion, Hordijk’s softening law

«  Crushing based on plasticity, Willam and Menetrey 3 parametric
surface

COST ACTION TU1404 SLIDE 7 /19




Validation — Oparno bridge

2.3 m

COST ACTION TU1404

Highway Prague — Dresden, 2008-2011, arch span 135 m

Arch’s cross section close to abutment

17),kapsa|pr6 vedent

svarn N Kapsa : veaen! cnranicel @ (% 5
tenzomer, — tenzomeh
= =

; = s e o (157 om -2 5 5 A“Zu“p."'“"‘ R o o e !
i) 16)17920/150 \ (19 ) 1
3 WNE T
s J ©
2 a 7)2x29812 7 ] - =4
& T b Sl o 2 (a8 dq s 2
S S = ]
S =) @ 8 2 |= (=) 3
® = 7S | —r— = E
£ §)2x29912 B
7 o o * i \ 6 S
i
20) |
oo o\ oo b odo
e i 7 i BEET RS
tenzomet [
i 18)4x1568 \(D 8 . _ prut vyentvaliet 2 predehozt lamely 2 Wxtses N1z
o - prut prikigdang v féto etaps
@ | (D13s40, 1. vrstva Tus, 2. vrghva bks L G (913040, 1. vrsiva 6ks, 2. vrshva Tks
o
'.7,% 4100 )
(4)920/200, di. 4.10m, ks 29 @
100 ol
(1895012/450, dI. 0.57m, ks 39 S AL 18 3200 i
P ulddént motné nesikmit (Y00 00 g1 1.55m ks 232 @92920/1000, . 320m, ks 12 o
O“ Dich: 1-9om, ks (9R0g32 /1000 I 390m L 12 (ARRAR /400 Al 0 RIm

7n

Width 7.0 m
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Validation — Oparno bridge

» Temperature field

70 -
?(i 60 e -~
o —
é 50 4
5 401
2
2 304
o
& 204
5 10- ATENA ——
= In situ casting .
0 1 1 I 1 1
0 20 40 60 80 100
40 h 100 h Hydration time [h]
« Relative humidity field Cracks e

000000000

BT |
E3f- 5

FiU BE FEEEEE BERREE "7~
[ELEXTRERREETREER
EIYBE BEREEF BEEEEE U
fooge nheieh fpglas




Carbonation
Papadakis & Tsimas, 2002

2D, co. : -
T, = ,(,()3002 \/Ezﬂl\/i

0.218(C

D.co, =6.1-107° (

Acceleration by cracking, Kwon & Na, 2011

+ kP)

(W — 0.267(C + kP)]/1000

3
2.2
C+kP | W ) (1 - RH)

Pe W

zo(t) = (2.816v/w + 1) A1Vt

[www.cmc-concrete.com]

Crack width (mm) Concrete C=400 kg/m3 Concrete C=200 kg/m3
P(fly ash)=50 kg/m3 P=0 kg/m3
w/b=0.45 w/b=0.45
0 246 year 157 year
0.1 69.7 year 44.5 year
0.2 49.2 year 31.4 year
0.3 39.1 year 24.9 year

COST ACTION TU1404
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Chloride ingress

1D transient ingress

Glat) = llmj
ftf

Dn(t) =

£ T
‘ref ref ref
— dr = . < lp,
r‘ ) l—m( t ) ' B
ik m
i)nt t - IJIE T 3 t EE t 1
(t) f{ t (1—!:;)}(1‘3) &

» Acceleration by cracking (Kwon, Na, Park, Jung, 2009)

),

f(w) = 31.61w? + 4.73w + 1
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Chloride ingress and validation

» 10-year exposure in highway environment (Luping & Utgennant,
2007)

COST ACTION TU1404

10.00 5 10.00 5 1.0 OPC I, w/b=0.4
7 1.5 yr ——

& & 45 yr =mmne

N—-\. I N‘\-\. s 0.8' . 98 yr ______

é 1.004 E 1004 § 100 yr e

& + L g 5 0.6-  Dr0427- 107" m7s

o : ° ;: g0y
- i - S g4lf m=0:37_

-~ i B | i = S tg=30 years., _

e BN S 0103 * Fose, CEM1+5%SF  + 5 . H o,
s + S " 42.73e-15exp(11.95 wib)

o CEM1 + a . 95% CEM | + 10% SF  x

6.433¢-15-exp(10.5 w/b) % 0.29e-15exp(15.0 wib) .
0.01 - T T T T ] 0.01 4 T T T T | 0.0 . | | , = u\..i'.l
03 04 05 06 07 08 03 04 05 06 07 08 0 10 20 30 40 50
w/b ratio (-) wib ratio (-) Depth (mm)
10.00 5 10.00 5

2 = Crack width (mm)| Concrete
1= 1 E 151

o 1003 " o 100 w/b=0.55

' -+ f

=] L}

- - 0 74.58 year
S 0104, 3 S 0.0 0.1 36.02 year
3 5

= CEM IVA-S (10-15% slag)  + a CEM IVA-LL (6-15% limest)  + 0.2 15.70 year

19.1e-15-exp(7.13 w/b) 8.1e-15.exp(9.24 w/b)
0.01 4 . ; . ; . 0.01 4 ' . : : . 0.3 7.76 year
03 04 05 06 07 08 03 04 05 06 07 08
w/b ratio (-) wib ratio (-)
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ConCrack RGS8 - Validation

» Restrained shrinkage

: _ \ ,“ !
http://cheops.necs.fr/ ¥

[V. Cervenka, J. Cervenka, L. Jendele, V. Smilauer, V.: ATENA simulation of crack propagation in CONCRACK
benchmark. European Journal of Environmental and Civil Engineering. 2014, vol. 18, no. 7, p. 828-844.] @ ATENA
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ConCrack RGS8 - Validation

Relative displacement C-D

[mm]

Relative Displacement C-D

60

Time of Concrete Hydration [hours]

—Experiment

{




ConCrack RGS8 - Validation

60

 Temperature

50 -

B
o
1

Temperature (°C)
W
o

ATENA core ==

ATENA bottomn ==
Experiment core
Experiment bottom
Ambient air temperature

Elern Total Temperat
Totalterp
[°c]
1}
535
47
40.5
34
75
a1
145
8

Time: 1.53000



ConCrack RG8 - Validation
« Cracks at 30 days

Crack Width
Codl

1]

0.000172

0.000151

0.000129

0.000108

8.62e-005
6.46e-005
4.31e-005
2.15e-005

i
Titne: 30.0000



ConCrack RGS8 - Carbonation

* Induction time for carbonation (70% RH)

Cracks decrease induction time 248—70 years

Carbonation Data at #
Inducttirne

[yrear]
243.54
226
204
132
160
137
115
93
70.767
Time: 30.0000



ConCrack RG8 — Chloride ingress

* Induction time for chlorides (30 mm cover, marine environment)

Chlorides Data at All
Inducttirne
[yeat]

16893

2.43
218
1.93
1.47
1.42
1.16
0.906

0.65166
Time: 30.0000

Cracks decrease induction time 2.69—0.65 years



Conclusions

* Thermo-hygro-mechanical model
— Affinity hydration model
— Prediction of crack width
* Cracks 0.3 mm decrease induction time about 6x

« Synergy within TU1404 working groups
— WG1 — Material Parameters
— WG2 - Benchmarking, multiscale models
— WG3 — Crack mitigation, recommendations, sensitivity analysis

Acknowledgement
J. Cervenka, V. Cervenka, L. Jendele
Internal CTU project SGS15/030/OHK1/1T/11
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

SUMMARY

Introduction

Experimental and numerical methods

Analysis of the creep of concrete at early ages

4Oy
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

INTRODUCTION

Concrete structures cast in place are subjected to high loads at early ages. The effect of
such loads, particularly in terms of creep deformation, is very significant in the following
cases:

= i

Underground structures High buildings Reinforced or prestressed
(due to the soil pressure) concrete structures

Creep is very complex !!

© Stresses relaxation due to restrained shrinkage when in traction

® Prestress loss even if linear

® Important settlements in high building

® Negative effects when coupled with microcracking (creep-damage coupling)

At 1 month: is concrete damaged or sound?

404
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

INTRODUCTION

L ast studies

Studies on the creep of mature concrete (compression,
tension, flexural) (Ghosh 1974, Bazant et al.,88;
Bissonnette et al.,95; Sanahuja et al., 09; Omar, 04;
Reviron, 09; Saliba, 2012, etc)

Studies on the creep of young concrete

v'In compression: (Delahaie, 97; Jiang et
al., 14, ...)

v'In tension: (Atrushi, 03; Ostergaard et al.,
01; Briffaut, 10, etc)

No work on the flexural creep
of young concrete!!!

With low creep loading rates (<30% of the strength), mature concrete has a linear viscoelastic
behaviour. But what about at early ages?

14H0OY
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

INTRODUCTION

Does microcracking occur at low loading?

Zhang, Abraham, Grondin, Loukili, Tournat, Le Duff, Lascoup, Durand, Ultrasonics, 2012
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

EXPERIMENTAL AND NUMERICAL METHODS

Creep and failure methods

Competition between solidification and creep

Failure after

Vérin
électromécanique

Creep creep
Force ¢+ € (G =
CI‘C‘CP sz]ut‘(:‘ Canteur de force
A a0 Capteur LVDT
F
Capteur d’ouverture
d’entaille
/ 16 -
14 —0
9 12 e
% F A
28 i.'
6
CMOD ld 4 —_—
L‘E 2 Courbe maitresse
CMOD 0 N E—
0 5 10 15 20 25 0
Temps (jours) 3
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

EXPERIMENTAL AND NUMERICAL METHODS

Multiscale model

Concrete

Mortar
Cement paste

14H0OY
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

EXPERIMENTAL AND NUMERICAL METHODS

Multiscale model

0 The solidification theory (Bazant 1977)
»So0 in a visco-elastic model the viscous
parameters of CSH has maintained
constant.

Concrete

0 The solidification theory s
adopted at a early ages !

Mortar . .
cementpaste > How to consider the influence of

the porosity on the viscous
behaviour of CSH?

14H0OY
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

EXPERIMENTAL AND NUMERICAL METHODS

Multiscale model

Ci8+53H — CSH+ 1.3CH

€38 +4.3H — CSH + 0.3CH 0 The solidification theory (Bazant 1977)
Ao et e ~So in a visco-elastic model the viscous
G+ %fg;—ﬁf:}i—- fgx:H:] L B parameters of CSH has maintained
At CAS . L tH acam. constant.

2(.'_3.'\ -—(.'ﬁf"Lf_)'_gH_gg +4H — ?!(.'4.!\?)"’113
2CuAF + CyAS;Hsz + 12H — 3C.ASH; + 2FH; + 2CH

Bernard, Ulm, Lemarchand, 2003 0 The solidification theory is

adopted at a early ages !

Residual water and saturation -> porosity

V() =V — ZVEXfx(t)

with & Sl

Mortar

cementpaste > How to consider the influence of
the porosity on the viscous

Hydrates volume:

. e behaviour of CSH?
AGEPNAAG :
B Gy L
: n;p I M,
The material is defined by a representative volume and an effective viscoelastic behaviour calculated by
homogenization of a viscoelastic matrix and elastic inclusions (Ricaud and Masson, 2009)
= ik =hom e 0 :
<8 (t,y)> =S () <O'(t,y)>V s 3.A(fp)ky,
Vv car e R e
4

HO4
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

EXPERIMENTAL AND NUMERICAL METHODS

Multiscale model

Step 1: Inverse approach to determine the « characteristic » visco-elastic parameters of CSH

Concrete

(Fan) =7 0:(c6),

Mortar
Cement paste (Ricaud and Masson, 2009)

ot 3.A(fp).k%,
car — 4

Step 2: Study on the age influence due to the porosity evolution on the creep of concrete

Step 3: Operating model for the analysis of the flexural creep at early ages
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

EXPERIMENTAL AND NUMERICAL METHODS

Multiscale model

> Coupling between visco-elasticity and damage O (Z) = g(_, s (X )) (ﬁ()’ )_ 2 4 ()’ ))

T 1, T
> Kelvin-Voigt model with 3 chains 173, (1)+k g (¢)=5(t) o mmm—- o
kp A A
» Damage evolution d—l—@ex BAc,,—le ]
g = PIP\Ea0 [
6'eq
T = Aggregates
with & = \/<ge> :<5e> +,B{:g’:>-: #5’>
& + P ar e
[Mazzotti et Savoia, 2003]
[Saliba et al., 2013] Mortar

Saliba, Grondin, Matallah, Loukili, Boussa, Mech Time Depend Mat, 2013
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ANALYSIS OF THE CREEP OF CONCRETE

Multiscale modelling of the creep tests g Bl
“;_': 100 - Y1 i _ N
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P > D (] e e
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

ANALYSIS OF THE CREEP OF CONCRETE

Multiscale modelling of the creep tests
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

ANALYSIS OF THE CREEP OF CONCRETE

Multiscale modelling of the creep tests

How to explain this difference ?

2 Assumption 1: Damage is underestimated by the model.

0 Assumption 2: There is a damage created by the loading in the
experiments that is more accentuated by the increase in the load applied

during the bearing load.
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

ANALYSIS OF THE CREEP OF CONCRETE

Multiscale modelling of the creep tests

Assumption 1 : underestimation of damage

Creep tests results for pre-cracked beams

(24h-90% post-peak)
Force 4 17 F t

F
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30%F,
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

ANALYSIS OF THE CREEP OF CONCRETE

Multiscale modelling of the creep tests

Assumption 1 : underestimation of damage

Creep tests results for pre-cracked beams
(24h-90% post-peak)

Rigidité structurelle
(kN/m)

Age de

chargement (h) Etat de la poutre
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ANALYSIS OF THE CREEP OF CONCRETE

. . The ieritary creep fias noi peen
Multiscale modelling of the creep tests |- o
E reached
Assumption 1 : underestimation of damage 5 40 ot =
T ’
Creep tests results for pre-cracked beams = 30 -
(24h-45% post-peak) = i ]
[}
(3]
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Micromechanical studies of delayed deformations and damage of concrete| FREDERIC GRONDIN ET AL

ANALYSIS OF THE CREEP OF CONCRETE

Multiscale modelling of the creep tests

Assumption 2 : damage due to loading to reach the creep force

Comparison of the initial loading between simulations and experiments

After 3 minutes After 9 heures

Déplacement total (um)
S
o

— Exp (24h-charg en palier) |

-@-Sim (24h-charg en palier) = After 1 day

0 5 10 15 20 25 30
Temps (jours)

.QOE-02

The elastic part in the experimental measurement is
more important than that of the simulation
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» The multiscale model will be improved by introducing the ITZ

(Mehta and Monteiro,
« Concrete: microstructure,
properties and materials »)

Grondin, Matallah, Cement Concrete Res, 2014
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§ 15000
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Displacement {m)

» The experimental method for creep at early ages will be improved
by modifying the loading method

» The damage model will be modified in order to be more significant
at microscale
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Outline

v Introduction

v General approach to modeling concrete

v Mathematical model of concrete at early ages
v"Numerical solution and validation of the model
v Examples of application

v Final remarks
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Introduction: motivation

e 6th Street,
s, USA
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Introduction: model development

» HTM model of building materials:

» CHTM model of concrete at high temperature:

» CHTM model of concrete at early ages:

» CHTM model of concrete exposed to salt deterioration:

fundamentowej nowego bloku energetycznego Elektrowni Betchatow, Budownictwo Technologie Architektura, 2007,
Vol 40 (4), 5..56-61.
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Introduction: model development

» CTHM model of concrete exposed to calcium leaching:

» CHTM model of concrete exposed to ASR:
» HTM model of fully sat. concrete exposed to freezing / thawing:

» HTM model of partialy sat. concrete exposed to freezing / thawing::
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Introduction: model development

» Cooperation of University of Padova & £.6dz University of Technology

> ltalian team:

» Polish team:
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Approach:

considering chemo- hygro- thermo- mechanical couplings

-Effect of salts on the sorption
isotherm

reaction

- Effect of the reaction
products on the thermal
properties

Phenomena Hygral Thermal Chemical Mechanical
Hygral - Capillary water flow - Heat convection - Effect of RH on the - Shrinkage
- Adsorbed water flow - Latent heat of phase change reaction kinetics - Creep
- Vapor flow - Effect of RH on the thermal
- Effect of RH on the transport properties
properties
Thermal - Effect of temperature on the - Heat conduction - Arhenius law - Free thermal expansion
moisture transport properties | - Effect of temperature on the | (activation energy) - Effect of temperature
- Thermo-diffusion of water & thermal properties on the mat. strength
vapor properties
Chemical - Osmosis - Latent heat of chemical - Kinetics law - Effect of RH on the

chemical strains

Mechanical

- Effect of cracks on the
permeability

- Effect of cracks on the sorption
isotherm

- Effect of cracks on the
thermal conductivity &
convective heat transport

- Effect of material
cracking on the

reaction kinetics (e.g.

crystallization)

- Effect of mechanical
degradation (cracking)
on the mat. strength

COST ACTION TU1404
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Approach: components and transport mechanisms

Capillary water (free water):
v' advective flow
Physically adsorbed water:
v' diffusive flow
Chemically bound water:
v" no transport
Water vapour:
advective flow
diffusive flow
Dry air:
advective flow
diffusive flow
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Approach: components and transport mechanisms

Capillary water (free water):
v' advective flow
Physically adsorbed water:
v' diffusive flow
Chemically bound water:
v" no transport
Water vapour:
advective flow
diffusive flow
Dry air:
advective flow
diffusive flow
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Approach: phase changes and reactions

Evaporation: capillary water + energy = water vapour

water vapour = capillary water + energy

Desorption: phys. adsorbed water + energy = water vapour

water vapour = phys. adsorbed water + energy

Dehydration: solid matrix + energy = bound water water

chemically bound water = solid matrix + energy

COST ACTION TU1404 SLIDE 10



MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Approach: multiphase system

B-B

TETTRRATIANNTTINGY
W

p <0

w
p">0
CARRAARALEARARARARAAEAERERARRLLERA

e
o

o

Solid skeleton
(adsorbent grain)

..
L

G-
£

|xey

e == A POy
rlI.:-‘I:' [a = E pa>0 § p..)o
= '\-.;_'. '_-', pr{U § R |- AR PO S pur _0§ —
A
Moist air

(water vapour + dry air)

Physically adsorbed water

Capillary water

The pores are filled by two phases:
-Liquid phase
-Gas phase (vapour + dry air)
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Approach:

Evolution of reactions / processes in a rate form

Free water —

~ Ea
7 — AF(thdr )eXp(_RTj

m
where thdl” = Z = hydr

X oo Mpydyoo

Ar (F hydr) - hydration degree-related, normalized affinity, y, - hydration extent,

£, — hydration activation energy, R - universal gas constant, ¢- time.
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Approach: Micro — Macro averaging

T T T T

Solid skeleton
! (adsorbent grain)

J,
o . Vg
Moist air
(water vapour + dry air’

LOCAL FORMULATION

(MICRO-SCALE, DETAIL OF THE REV)

/ - | \
e

|]|] Upscaling

System of governing equations:

-Mass conservation equations of the phases;
-Linear momentum balance equations;

-Mass balance equations of the species.

Thermodynamically
Constrained
Averaging Theory
(Gray & Miller, 2005)

The Representative Elementary Volume
( REV) at microscopic level must be
large enough so that averages of
properties are independent of the
sample size.

The REV must contain all phases.

REV represents a point in the
macroscopic description: REV must be
small enough so that partial derivatives
at macroscopic level make sense

~N

MACROSCOPIC
FORMULATION

Closure
relationships

NUMERICAL SOLUTION

FEM (in space)
FDM (in the time domain)




Mathematical Model: evolution equations

" EVOLUTION EQUATIONS:

v" Evolution equation for hydration/dehydration
v Evolution equation for material damage (cracking)
v Evolution equation for termo-chemical damage

\_ /

-
INTERNAL VARIABLES:

v’ Hydration/Dehydration degree — Iy, 4,
v' Mechanical damage degree — d
v' Thermo-chemical damage degree - V




MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Introduction: modelling of concrete at early ages (& beyond)

Creep in concrete Hydration of cement
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Mathematical Model: the multiphase system

-

Concrete is treated as a porous solid and
porosity is denoted by ¢, so that the volume
fraction occupied by the solid skeleton is €5=17- ¢.
The rest of the volume is occupied by the liquid
water (&); and the gaseous phase (&9).

» Anhydrous cement: Cs b
1 Solid phase s:  Aggregates: As
* Hydrates: Hs )

Liquid water

1 liquid phases I
1 Gaseous phase g:

Water vapour: Wg
Dry air: Ag




MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Chemo - hygrothermal interactions : the hydration process
A

The first peak corresponds to The kinetic of cement

[ the initial hydration of the hydration results from the

SLIE(ES BT B R oS different hydration rates
largely involving the C,A : : !

In some cements there is also a third of its compounds and

peak related to a renewed reaction of

II C,A, due to the exhaustion of gypsum their interactions. Bemg

the hydration of cement

11 an exothermic reaction
the heat production is a
direct indicator of the
hydration rate

Heat of hydration

Dormant
phase

.j. ] :

SLIDE 17
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Chemo - hygrothermal interactions: hydration evolution

x - (unhydrated cement) + w - H,O — z - (hydrated cement)

Ar

X " M unhydr * WU ater - Z " M pyar

_ dN unhydr dN water dN hydr

dy = = =
it —X —w Z

where
AF(thd,,) - hydration degree-related chemical affinity, y - hydration extend,

1 — chemical potential, AN — mole number, x, w, z - stoichiometric coefficients.
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Chemo - hygrothermal interactions: hydration evolution

drhydr
dt

- E
= Ar (Tpyar ):qu(rhyd’”’(p)eXp(_R;j

X Mpyar
where Ihyar = — =
Xo  Mpydreo

A F(I“ hydr) - hydration degree-related, normalized affinity, v, - hydration extent,

£, — hydration activation energy, R - universal gas constant, ¢— time.

e A
AF(thdr) o Al (K_Z e Kothydr) (1 o thdr)exp(_ﬁ thdr)
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Chemo - hygrothermal interactions
Evolution of the hydration process
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Chemo - hygrothermal interactions

Evolution of the hydration proces

5,E-06

4,E-06

3,E-06

2,E-06

Hydration rate [1/s]

1,E-06

0,E+00

\

C

N

0,2

0,4 0,6
Hydration degree [-]

N

0,8 1

thydr 8tha’r a’/nhya’r
= o = —2 AH
o/ E Ohyar o/ v
om, or
" . hvdr | hydr m
hydr — at n At hydrOO

Hydration rate

where:
My, 4. — Mass of chemically bound water,
Qnyar — heat of hydration
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Hygro-structural - chemical interactions
Evolution of the material properties
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14 \ w S
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1,0E-01 Q. 4 0E-20 —|—&—k = f (porosity) \\T
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Hygro-structural - chemical interactions

Evolution of the material properties
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MACROSCOPIC MODEL FOR FE ANALYSIS OF CONCRETE EARLY AGE — MULTIPHASE, POROMECHANICAL APPROACH D. GAWIN

Hygro-structural - chemical interactions

Evolution of the material properties
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Mathematical model
Hydration dependent desorption isotherm

Saturation degree of the liquid

The desorption isotherm is closely linked with the microstructure of the cement paste
that shows important changes during hydration (refinement of the porous network).
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0,6

0,4

0,2

1

0,0

Desorption isotherms: the numbers in the
diagram indicate the hydration degree
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o, — e

0.25 ~ T~

Capillary pressure [MPa]

Van Genuchten modified
analytical expression

-

b
I
S, =11+ pc( ’j

=
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a

Hydration degree
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Mathematical model
Constitutive relationships for thermal properties

2.45E+06 : 1.7 ‘
——Pc=0[Pa] ——Pc=0[Pa]
2.40E+06 5.00E+07 [ < SIN 1.00E+08 ||
& 235E+06 jceibed £ \ — 2.00E+08
(3 ——2.00E+08 E ‘ N 4.00E+08
3 2.30E+06 T 4.00E+08 | > 1.5 6.00e+08 T
2 \ 6.00E+08 S | 5.00E+07
S 2.25E+06 2 \ :
S AN S 14 —
& 2.20E+06 ™~ 3 | \
£ 2.15E+06 i —~— 313 SR
H \ — ©
o L -
£ 2.10E+06 — E \\
~ @ 1.2 \
2 1.
2.05E+06 = S
I
2.00E+06 11 ‘
20 70 120 170 220 270 320 370 20 70 120 170 220 270 320 370

Temperature [°C] Temperature [°C]

4np" S
(1-n)p’

Xa :Xdo[l"'Ax(T_]:;):l

pga

Pcp - (l_n)pSCpS -|—n|:SpW pr +(1_S)(pgcpga +ng(CPgW -C )):|

Ley = Xa(T)| 1+

pC,, =pC,,[1+4.(T-T,)]
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Mathematical model
Constitutive relationships for concrete at early ages

——

atha’r _ 8tha’r Q _ aWlhya’r AL

ot ot hydroo ot hydr
. . amhya’r . 81—‘hyafr
Mpyyar = ot - ot M pydyoo

k(thdr ) = koo : IOAkrrhydr

n(Thyar ) = oo + Ay(Thyar — 1)

Ps(T.Cpyar )= p° (T)[1=n(Tpyr ) |

4np"S,, }
(1-n)p°

o \b/(b-1) T1/D
p j }

j’eﬁr :ﬂ’dry(T)|:1+
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Chemo- mechanical interactions
Strain components

In general, a total strain of maturing concrete, g, can be split into :

free thermal strain

thermo-chemical strain

creep Strain

mechanical strain (caused by mechanical load and shrinkage)

P COPEDEF

Strain decomposition |dg, .., = de,;, —de. —de, — dg_,

Free thermal strain strain
Shrinkaqge strain
d ] a d ws i WSdC dst:ﬁSdTI
wi Tyt (dx"™p + 2" dp° )1 Thermo-chemical strain

dgch = Bch drhydr 1
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Chemo- mechanical interactions
Strain components

1.E-04
0.E+00 +— QL) o5 =0 ( thdr ) drhydr
-1.E-04 S\

-2.E-04 - \\\____ Ehem - Chemical strain
-3.E-04 +—
-4.E-04 —
-5.E-04 +—
-6.E-04
-7.E-04
-8.E-04 S
-9.E-04
-1.E-03

STRAINS [-]

N~ >

0 72 144 216 288 360 432 504 576 648 720
TIME [hour]

Caused by:
mechanical load and shrinkage

—total =—creep chemical mech. & shrinkage [—thermal
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Hygro-mechanical interactions
Shrinkage of concrete

Coefficient x

3,5E-01

":> GZ — GS + aIpS 3,0E-01 /.—~
2:0E-01 /
1,5E-01 /

pS — pg — stpc 1,0E-01 o
S 5,0E-02 pad
’ /
0,0E+00
0,0 0,2 0,4 0,6 0,8 1,0
Saturation [-]

where x!” is the solid surface fraction in contact with the wetting film,
| - unit, second order tensor, o - Biot’s coefficient,

ps - pressure in the solid phase
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Mathematical model
Constitutive law for creep strain

dt? =D(de-de, -dg, -dg,,)

+dD(e-¢, —¢€, —¢€,)

de, = de, +dg,

LA Wie o Fltef (t)Itef (;I) Effective stress
4 a4 SR T
ydr

Hydration degree

£, - creep strains (as sum of viscoelastic and viscous (flow) term);

g, - Viscoelastic term;
gr - flow term;
- viscoelastic microstrain;

7
i apparent macroscopic viscosity
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Mathematical model
Constitutive law for creep strain

||]|:> ®(t—t)=g,In 1+{§]

1 _ 1 where @ (7—t'} compliance function

V (t) thdr (t) q, - parameter from B3 model
S - microprestress ;

L _ p§P D,C - positive constants;

n P V(1) - volume fraction of the solified matter;
A - constant usually equal to 1;

0

o,m  -constants of the material;
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Validation: Autogenous shrinkage in HPC paste

v Cubic specimen — 50x50x200 mm;

v' Initial conditions:
T,= 293.15 K, 9,= 99.0% RH, T}, 4=0.1;

v" Boundary conditions:

- convective heat and mass exchange: sealed (adiabatic)
- surface mechanical load: unloaded

v Properties of the cement paste:
- Elastic modulus measured prior the test (1, 3 and 7 days),
- curing temperature 20°C
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Validation: Autogenous shrinkage in HPC paste

1 ‘ 1 w
! ! ! ¢ RH !
099 | - A S ——b=4, fc=10 e G S—
L ‘ ‘ ! ——b=2.8, fc=10 i 0.8 |
| | m . I I
t 0.98 + w
= 07+ L7
(=) o
% 0.97 - g 06 -/ -1
ﬁ 0.96 |+ - - CZ) 051/ - T: ””” 7: ”””” 3 ””” 0 Experiméntal
> = 1Y A ——b=40r2.8,fc=10|
- 04 - + 1
< 095 - é ! !
= 503¢ -
x 0.94 r02 - -1 o o o
0.93 : : : : : : 0.1 : : : : :
0 24 48 72 96 120 144 168 0 12 24 36 48 60 72
TIME [h] TIME [h]
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Numerical example
Autogenous shrinkage in HPC paste

0.0E+00
_5.0E-05 | e ol S
Z 10E-04 + T
_ -15E-04 + =@ -~ - = - - Ll
@ | | |
J | .
L 20E-04 + " 4 | & total - experiment
5 | | | ] B shrinkage - experiment
= 25E-04 + - - R A . _ _|=—=total - numerical

; | | ' |——shrinkage - numerical
-3.0E-04 | | | | |
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

RELATIVE HUMIDITY [-]
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Numerical example: tests of L’Hermite (1965)

v’ Square prism — 7x7x28 cm; equiv. cylinder ¢=7.6 cm;
v' Material: concrete C30
O - final porosity: 0.122, density: p= 1900 kg/m3,
O - intrinsic permeability: k,= 51019 m? ,
[0 - Young modulus: E= 38.5 GPa, water/cement ratio w/c=0.45.
v Initial conditions:
T,= 293.15 K, o= 99.9% RH, I,,4,=0.3;
v' Boundary conditions:

Shrinkage (from day 1)

- convective heat and mass exchange: a,=2W/m?K; 3,=0.0013m/s; RH,,,,=50%
- surface mechanical load: unloaded or load=4.9, 9.8 and 12.3 MPa at 7, 21, 90 and 180 days

Maturing in water (from day 1)
- convective heat and mass exchange: RH,,,=99.99%; o,=2W/m?K,  B.=0.01m/s

Sealed (for the first day and basic creep)
- convective heat and mass exchange: no exchange
- surface mechanical load: load=4.9, 9.8 and 12.3 MPa at 7, 21, 28 and 90 days
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Numerical example: tests of L’Hermite (1965)

v' Square prism — 7x7x28 cm; equiv. cylinder ¢=7.6 cm;
v' Material: concrete C30

| | A AL A AL A O A Rl aYaYALL L e~

equivalent cylinder

AN
=]
=
Q

prism specimen used
I In experiment

AR

—
i
=

]
o 2
o)
oo
=~

Finite Elements Mesh

'S

.
\

5
~
C

- Conyv
Seals

T COn\'GULIVG Iodtu diiuv 111douov UAUIL IdI IHG. v uAavul idi IHG

- surface mechanical load: load=4.9, 9.8 and 12.3 MPa at 7, 21, 28 and 90 days
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Numerical example: tests of L’Hermite (1965) — RH = var

v’ Square prism — 7x7x28 cm; equiv. cylinder ¢=7.6 cm;
v’ Material: concrete C30
O - final porosity: 0.122, density: p= 1900 kg/m3,
O - intrinsic permeability: k,= 1-10-19 m?,
[0 - Young modulus: E= 28.5 GPa,
[0 - water/cement ratio w/c=0.45, aggregate/cement ratio a/c=3.95
v' Initial conditions:
T,= 293.15 K, ¢,= 99.8% RH, I',4,=0.3;
v Boundary conditions:
Shr. inkage (cyclic conditions)
- convective heat and mass exchange in air: a,=2W/m?K; 3,=0.00013 m/s; RH,,,,=50%
- convective heat and mass exchange in water: o,=2W/m?K; ,=0.00026 m/s; RH,,,=99.9%
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Numerical example: tests of L’Hermite (1965) — RH = var

50% RH 100% RH  50% RH 100% RH 50% RH
0.00E+00

BO0E05 &
-100E-04 - -~~~ --~---- -~ L
A50E-04 | - - - - - - - - -l - - - - - o b e e
-2.00E-04 - d I
250E-04 \ - - - - - -"‘+----~"-~-~-~"-~"-“"“-~—~“"p-—-— - NN
SB300E-04 + . 71—~ s I N
-350E-04 - - - - ----'-"7"- LN\
4.00E-04 777 —mmeisagrsot s | TN o

450E-04 + - - - - ¢ exp. data-n18 ] R
-5.00E-04 ‘

TOTAL STRAIN [-]
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TIME [days]
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Numerical example: tests of L’Hermite (1965) — RH = var

0.00E+00
-2.00E+06

~+ -4.00E+06

-6.00E+06

+ -8.00E+06

EFF. STRESS [Pa]

+ -1.00E+07
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-1.20E+07
0 500 1000 1500 2000 2500

TIME [days]
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Example of application: repaired beam

Force [kN]
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Example of application:
concreting of a massive concrete structure
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Gradient Temp.[K/m]

Example of application:

concreting of a massive concrete structure

______________________
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F — |
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Example of application: repaired beam

Force [kN]
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Conclusions

A general approach to modeling concrete as multiphase porous material
by means the mechanics of multiphase porous media for the analysis of
its thermo-hygral-chemical and mechanical behaviour has been
presented.

A mathematical model of concreto at early ages and beyond had been
presented and experimentally validated

Effective stresses are consequently used for description of concrete
strains (shrinkage and creep)

Hydration is described in the rate form to account for variable hygro-
thermal environmental conditions

Some examples of the model application has been presented
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Industrial context

« Extension Paris subway line No.4

— Final tunnel lining : 10m formwork
(thickness ~50cm)

— Shotcrete support
— Tunnel lining = prevention of water inflow
(no structural role)
* QObijectives of the study

— Calibration and validation of macroscopic
model on global l[aboratory test

— Blind crack prediction to test macroscopic
modelling of early age cracking

Cutting machine (support)
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Scientific issues

Cracking mechanism: restrained shrinkage

v" Thermal and autogenous restrained shrinkage

AL

/Qg t/a@

coeur {
>

GU) Tension
AE E@®) 4¢

- R:
ﬁ t !
Rock > ®

Compression

Tunnel /
lining ﬁt

Crossing crack

Shotcrete
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OUTLINE

— Model presentation

« Thermal model

« Mechanical model
— Model parameters identification

« Focus on activation energy

« Validation on a global laboratory test

* Focus on coupling between creep and damage
— Application to tunnel lining

 Classification of involved phenomena
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Chemo-thermal model

Heat equation with source
C = C (¢, T, concrete mix) = Volumetric thermal capacity

CT = V(kVT)+ Léf k =k (§, T, concrete mix) = Thermal conductivity

L = L (concrete mix ) =Total heat release

Hydration degree evolution [Regourd et al., 80] [Lackner et al., 04] [UIm et al., 98]
e e~y - F
- =A(&)ex (— - ]
&= A(S)exp =
Mechanical parameters evolution [De Schutter et Taerwe, 96]
X(&) = Xoo[‘f(” _50) poikr
500 4 50

Autogeneous and thermal strains [Laplante, 93][Mounanga et al., 06][UIm et al. 98]

E; = K@é@j pour &> &, gljh = ol 0;
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Creep model

Rheological modelling
4 O/ft(t=t,)

- = v Kelvin-Voigt chains (KV) :
1 n
nbc 77bc
t
t — | B
0
A
v Differential equation of one KV:
y ‘c_;_ba_S_iC.Qre.ep———— _______ i ~
r E-;_baii_c_c_re_e_p _____ Priesd [ kbc (59 T) T & S
Tbcgbc iz z-bc i +1 gbc WS
E:instantaneous kbc (59 T) kbc (f’T)
f e . t v Characteristic time of one KV:
au ogenous snrin age > l Cé)
(ki il

ARG,
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Mechanical model

Strains decomposition
G = E(g)éel = E(g)(étot —E it =t éth)
Equivalent strain [Mazars 84][Mazzoti, 03]
3 _\/ o)yt BEs), (Ex), K, P

Tensile behavior law of
cement paste

Damage threshold

< = ftoo ( 5_50 jca
Eoo goo_éo

Damage variable evolution [Nechnech, 00]
D, (& ( ) = 1—?[(1+ a ) exp(—bz (E—KO))—at exp(—2bt (5—1(0))}
Regularization by fracture energy [Hillerborg, 76][De Schutter, 99]
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OUTLINE

— Model parameters identification
« Focus on activation energy
« Validation on a global laboratory test
* Focus on coupling between creep and damage
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Global calibration strategy

« Standardized »
. test AN Active ring test

4 )

Hydration Creep Shrinkage

Chemo-thermo-mechanical model

Thermal strains Mechanical prop. Evol.

Coupling + Representatives boundaries /;
\_c_Qmimgns\" S

Structures
modelling
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Hydration degree

Hydration degree evolution [Van Breugel, 97]

é_‘(r) — m., (T)

n?cm: (f = 0) 2 e
Identification thanks to calorimetry jm g Essai QAB
m_ (¢) (LCPC)
s a@)xEams o bl
mch (t 2 OO)
85
Semi-adiabatic calorimetry 75
2 65 |
g : : v Heat losses
Principle : reaction progression 2% cortrection | — T intemne (QAB)
. & —Tex roi QAB
proportional to heat release 3 ;‘: e e siabatique
K
" . . . 25 B
Determination of adiabatic temperature 5 | ‘ ‘ |
0 100 200 300 400
Temps (heures)
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Activation energy

Chemo thermal model
. - C = C (¢, T, concrete mix) = Volumetric thermal capacity
CT =V(kVT)+L¢E

k =k (€, T, concrete mix) = Thermal conductivity

_ L = L (concrete mix ) =Total heat release
— D= E
&= A(g)eXp( —

RT
T, 1,2m
Activation energy influence > XN |
Low variation ((£ 2%) o4 |
-> high influence in w40 S X
predicted temperature £ | |l 2L
=25 R e
o g TERER
15 \ \ \ |
0 20 40 60 80 100 120
Temps (h)
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Activation energy

Chemo thermal model

CT =V(kVT)+L¢E

&= Z(é‘)eXp(— = )

RT

Influence of couple
A(¢) and E,
High variation(x25%): low
influence [Briffaut et al. 12]

Cause : ad
Alt)=¢ i Af exp ok
= Te T RT(t)

Approximated value is

sufficient [Kishi et Maekawa,
94][Schindler, 04]

|

C

= C (¢, T, concrete mix) = Volumetric thermal capacity

k =k (€, T, concrete mix) = Thermal conductivity
L = L (concrete mix ) =Total heat release

Températur
w
o

‘F 1,2m

1,9m

X
Y /AR /AR

0 20 40 60 80 100 120
Temps (h)
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Global calibration strategie

« Standardized »
. test AN Active ring test

4 )

Hydration Creep Shrinkage

Chemo-thermo-mechanical model

Thermal strains Mechanical prop. Evol.

Coupling + Representatives boundaries /;
\_c_Qmimgns\" S

Structures
modelling
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Thermal ring test

thermostatic
bath

Thermal ring test : actif

v Principe: thermal expansion of metallic ring
v Advantages:
- Axisymmetric geometry
Temperature, creep, rupture,...
v Complex test -> Model benchmarking?

Ring test after casting
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Thermal ring test : results

700 -

600 -
E 500 1 fissuration AT =21,3°C __.-"....
— "
S 400 - \
== -
= 300 e
8 200 ____..-""
D 00 | __..--""F

0 : '.."h"il_I'. | | | ‘ . Bét‘on brut l :
0" 20 40 60 80 100 120 140 ST R
-100 Cracked concrete ring
Time (h)
Experimental results

v Temperature brass and concrete
v Deformations measured on the inside radius of brass (low dispersion)
v Strain gap: cracking of the concrete ring
v Study of rebars, construction joints [Briffaut et al. 11]
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Model & parameters validation
Equivalent strain [Mazars,84][Mazzoti, 03]

g :\/<ee>+ 2<86>+ +ﬂ<8bc>+ :<8bc>+

1000 : :
O Exp - vitesse lente
900 O Exp - vitesse normal
* Exp - vitesse rapide
8001 Num homo - vitesse lente
"""" Num homo - vitesse normal
700 . . ¥
"""" Num homo - vitesse rapide A
g 600 =gk
g #
= 500 ,
g
& 400
It O
300 s 600
e OOO
_ o0
200 I . O 50O
100555 J“OOO
0 20 | 40 60 80 100 120 140 160 180 200

time (days))
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Model & parameters validation

Equivalent strain [Mazars,84][Mazzoti, 03] D
E = \/<Se>+ . <88>+ -.0:5

O Exp - vitesse lente
1000 © Exp - vitesse normal
* EXp - vitesse rapide

900H Num homo - vitesse lente
"""" Num homo - vitesse normal

800H " Num homo - vitesse rapide
— Num meso - vitesse lente

700H — Num meso - vitesse normal

—Num meso - vitesse rapide | *
S 2

600

500

Msoscopic mesh
[Nguyen et al., 10]

400

Strain(um/m)

300 =
G0
200

100—;

20“ 40 60 80 100 120 140 160 180 200
time (days))
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OUTLINE

— Application to tunnel lining
 Classification of involved phenomena
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Tunnel lining simulations

0 b s \
< 5
4 Manual layout Y )
.- L of crackin W fmoA- "PF‘,M,L -
5§§'€E§§§$§E§§§§g§§$’§§§§§- PRI A 9 i W
i U LY . 200 | pattern
oy Q‘ “ — u 'Hnml aT
[ Q'3 3.00 L |
“‘\ g . i |
' Temperature prot g . il |
HE'I (for maturometry) § 2 N 400 ) .0, Ty 01— 0} ﬂ:’: = T =
o [ ] [ /
il & / \\ 5.00 f—
7] g ‘
[y = 25 tg
/ — 6.00 i |
20, Al bl
_ 7.00 @ ‘,
’Tln situ data 7.50 | —— |
—model
15
0 50 100 150 200 250 300 D
Time [h] 0 10

Decrease of tensile strength due to scale effect
(40%) [Van Vliet and Van Mier, 00]: otherwise
no crack is predict

Coupling coefficient : 0,4

Cracking pattern similar to the one observed
Vertical crossing cracks
Horizontal crack




Modeling thermo mechanical behavior in massive concrete structure | Briffaut et al.

Phenomenon classification

Damage field due to both thermal
and autogenous shrinkage after 360
hours
(in considering creep)

Damage field due to thermal
shrinkage after 360 hours

Damage field due to both thermal
and autogenous shrinkage after
360 hours
(in neglecting creep)

D

iD.?E

0.5
ID.25

0

High influence of
creep (as expected)

Main phenomena
involve ‘in cracking
Thermal evolution
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Conclusion

* A global strategy coupling complex and innovative test with
chemo-thermo mechanical modelling was used to identify a
macroscopic concrete model

« With this model an approximate value of activation energy is sufficient but
the whole set of parameters validation required a global laboratory test

« Coupling coefficient between creep and damage is explained by strains
incompatibilities but remains still to calibrate for macroscopic modelling

« Blind cracking prediction on a real structure is very closed to
the observed pattern

« Main phenomena involves in tunnel lining cracking is thermal shrinkage
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Thermo-mechanical behaviour of concrete structures: Material characterization, in situ monitoring and numerical simulation | FARIA et al.

Initial considerations

* In concrete structures the heat released by the cement hydration
reactions, combined with the low thermal conductivity of concrete,
promotes significant temperature rises and thermal gradients.

« Combined with external and internal restraints to the free
deformation of concrete, these thermal effects may lead to tensile
stresses during the concrete early ages, responsible for the
occurrence of cracking.

* This is particularly severe when dealing with:

— Massive concrete structures (dams, thick slabs, etc.)
— High cement contents in the concrete mix

— Fast construction

COST ACTION TU1404 SLIDE 2 | 22
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(o)

* Presently thermo-mechanical (T-M) numerical modelling of concrete
structures, at a macro-scale level, is feasible with many available
advanced Finite Element codes.

« The main difficulty lies on the susceptibility of T-M predictions to the
material parameters and boundary conditions (frequently difficult to
assess) that are considered in the analyses.

« . These difficulties can be minimized by using as much as possible:

— Suitable experimental characterization of concrete T-M
properties (macro-scale).

— In situ monitoring of concrete temperatures and strains, for
adjustment of the model and validation of results.

COST ACTION TU1404 SLIDE 3 | 22
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Contents

1. Overview of the T-M numerical modelling
2. Characterization of T-M material properties

3. Case study with in situ monitoring:

— Concrete embodying the Turbine Spiral Case of the Power
Station of Batalha dam (Brazil)

4. Conclusions
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Thermal problem

kv (VT)—I_ Q - 'OCT Arrhenius Law
T 0=a f(o)e B/

« Boundary conditions (convection-radiation): |¢=7%.,(7,—1T))

* Nonlinear problem on 7 (solved via the N-R method)

— Geometrical discretization (FEM) T=NTF°

= Temporal discretization (backward-Euler) T, = (T =T )/ At
n+ n+ n
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Mechanical problem

» The mechanical model is activated after the thermal one, from which it
gets the temperatures, indispensable for computing the concrete
strains and also the evolving material properties.

» Concrete stresses are evaluated via a viscoelastic linear model, which
accounts for basic creep and material ageing.
J(@,t) = L, 4
E,(r) E ()

- Double Power Law @) "@-r)"

« Evolutions of f.(¢), f.(¢) and E (¢) are characterized in the lab at a
temperature 7, and corrected for the temperature history at each
integration point using the Equivalent Age concept:

_Ea(l_lj
t T
t —Ie RUT@) T dr

eq_o
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Characterization of heat generation

| Main bath 25 .
=z

20 - — CA - CEM IV/B 32.5N

15

10

Heat generation rate (W/ kg)

Time (h)

350
300 - 60°C
250
200 -
150
100 -

50

50°C [CA - CEM IV/B 325N

lCA - CEMIV/B 32.5N

a=1.74994x10° W
E,=3.6509 kJ mol"!

0..=279.5kJ kg
0 20 40 60 80 100

0 0.2 0.4 0.6 0.8 1 Time (h)

Accumulated heat (kJ/ kg)
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» Experimental results
— Equivalent age (EC2)

t (days)

0 5 10 15 20 25 30

¢,=0.5; m=0.05; n=0.15; E=1.0 E_(t)

32 7 o 140 -

ii ] o 264 308 120 | o 999090 R.AALE- SOt
=20 - o 209 e
?5 16 - ¢ 18.3 ;\ 80 - Q_Wwo--s‘ss"'o'o"’o o ¢ o ©
~ 15.4 = A5
) lz : = 461((; 4 E H f»xxmxx%?-‘--z‘--*"""&'

4]0 62 i ' o 3d > 7d
0 i t (days) 20 94t b« 28d 1/E
‘ ‘ ‘ ‘ ‘ ‘ 0 : : T T =\ T T T T T 1
0 5 1015 20 25 30 0 10 20 30 40 50 60 70 80 90
t (days)
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EMM-ARM for continuous measurement of £,

Top view

110
=)
o
o

Lateral view
151

110

Front view

Power [mg2/Hz]

Qi/Be=96/110-.
\
T 20 =
) = Frequency [Hz] 15 10 O
' -
40
35 -
530 1
9.25 1
g
= 20 1
215 -
S —PVC reusable
m 10 —PVC normal
5 —Acrylic
0 o CC-7days
0 2 4 6 8
Time [days]
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Novel method for assessing concrete tensile
creep - Variable Restraint Frame (VRF)

load cells

2
T
sy,

Restrained
specimen
formwork

electric strain and
temp. sensors

'. ; / frame

\ .| threaded

reaction

| hydraulic
- 3| Jacks

\\\\ N \\\ v (\\\’ fré
R\ P A
N dummy
formwork
Eg Eg
Ecc(t) = Es,sh(t) 1+ Ec(t) pl— EcD,sh(t) + ES,AT(t) 1+ Ec(t) p)—

Es
—(ae — ag)AT(E) + £, () (1 + E.(t)

0)-

N(t)
Ec(6) A

- Ec,a(t)

COST ACTION TU1404

SLIDE 10 | 22




Thermo-mechanical behaviour of concrete structures: Material characterization, in situ monitoring and numerical simulation | FARIA et al.

Some results from the VRF

ue Creep strain

50
40
30

20

6 146 26 346 16 546 646 16 846 946 10

05 (h) 0 t (h)

46 146 246 346 446 546 646 746 846 946

* It also allows assessment of the £ (7) evolution  |re Specific creep
(via short duration unloading/reloading cycles
performed along the test).

25
20

15

 The VRF works even if the restrained concrete
specimen cracks.

10

t(h)

46 96 146 196 246 2%
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Sensors for monitoring 7 and strains

Vibrating Wire Strain Gages - 7and ¢_ Electrical strain gages - ¢,

Plastic casing

PT100 thermal sensors - T
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Case study

Section A-A

[

Section B-B

A

0 5 10 15 meters

. Superstructure

. Substructure 1% phase (hardened concrete)

. Substructure 2™ phase (hardening concrete)

0.72m
0.80m

1.56m

2.75m

Concrete embodying the Turbine Spiral Case of
the Power Station of Batalha dam (Brazil).

4 concrete casting layers, with thicknesses: 2.75m,
1.56m, 0.80m and 0.72m.

18t layer consumes a concrete volume of 250m3;
the others ~100m3.

The spiral is made-up of steel and contains water
under pressure during the casting operations.
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FEM model (with the 15t concrete casting layer)

1
hardened
concrete

A v
oY v’ L !ﬂ‘#ﬂé‘. -
< AT

1st concrete layer
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Monitoring of T and strains

0.70m Section 1-1

>

0.90m

(750.42)

Il.62m 0.57m

0.14m
0.20m

1

0.74m

747 .87
v 0.20m

3.49m 0.55m 0.70m 0.23m

« 6 Carlson sensors (strains and temperatures) were installed on the 1st
casting layer, mostly on Section 1-1.

» Temperatures monitored on S6 helped validation of the adopted 4,
coefficient.
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Carlson sensors

Concrete o Pow. Ve o ¥a o

Is3||oc*

Monitoring the ‘stress-free’

concrete volumetric strains
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Properties for the thermal analysis

Material k (Wm K1) | pe (kdm3K-1) 3::::@—2:; s Q;ﬁ[;;f%]
Concrete 3.0 2420 ;E :sﬁl
Water 06=4.0 4187 f::g i?f}g
Soil 2.87 2261
= 1.0
Interface h,. (Wm2K-1) = o0g
Concrete-air 10 Zz
Concrete-formwork-air 4.3 0w -
a
0.0 5 o 0.-4 - - 1
* [Initial temperature of concrete: ~32°C. a=1.74994x10°W
E,=3.6509 kJmol-!
» Average daily ambient temperature: ~25°C. 0. = 8.6757x10° Jm?
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Properties for the mechanical analysis

Soil: E£,=1.1GPa; v,=0.2; o, = 10x106°C"

Water: K =2.11 GPa; G, =0 GPa; a,,,= 100x10°°C-"

Concrete: v_.=0.2; a,=10%x10° °C-" (evaluated based on S3 measurements)

> Experimental

—— Adjusted

20 25 30

32 A o 2.1
;i i o 264 308 1.8
= 20 - ¢ 209 - L5
S 209
g 0.6
o 62
4 A 0.3
0 T T T T T 1 0'0
0 5 10 15 20 25 30
t (days)

$,=0.5; m=0.05; n=0.15; E,= 1.0 E,, (t) 40
140 - 35
120 1 0000800 A0R-A-0--a-- 30
Lioo | & 25
— e 20
x 80 A I e X T I T IS PN s
:;:? 60 7 o o S e K Fen F E‘:Q 10

J40 <
= 09 { o 3d - 7d © 5
20 44t P« 28d 1/E 0
0 H :I T :I T T T T T 1 -5
0 10 20 30 40 50 60 70 80 90 -10
t (days) -15

Spec. 1 (30°C)
— -+ = Spec. 2 (30°C)
— = = - Spec. 3 (30°C)
o 30°C average
> 23°C average

20 40

. o
T L 5] T ST 1

O ®o
60 80 100 120 140
..
t (days)
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Temperatures (°C) — Section 1-1

g1
a7

—{ 54
—{ 52
— a0
—{ 45
— 43
—{ 43
— 41
—{ 39
— 36
— 34
32
30
27
25

10.0 days 17.0 days
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Concrete 7: numerical vs. monitored

Sensor S1

Sensor S2

> Monitored

> Monitored

Numerical

Numerical 50 4
;6 40 A 2’3 45
= 35 1 SR
30 35 A
] 30 -
25 T T T T 1 25 T T T T T 1
0 6 9 12 15 18 0 3 6 9 12 15 18
t (days) t (days)
Sensor S4 Sensor S5
55 -~ 50 -
50 <>  Monitored > Monitored
Numerical 45 1 Numerical
;6‘ 40
=359
30 4 >
25 T 7 T ' . 25 T T T T T )
0 6 9 12 15 18 0 3 6 9 12 15 18
t (days) t (days)

747.87
v

750.62
v

0.90m

0.57m

0.14m
0.20m

0.74m

0.20m

3.49m

0.55m 0.70m 0.23m
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Concrete total strains: numerical vs. monitored

Sensor S1 Sensor S2
210 - . 200 N p N
% > Monitored > Monitored
180 1 ¢ Numerical 150 1§ Numerical
150 -
2 120 1001
SN 2
= 90 - 2 50 -
w
60 T 0 T T T T T 1
30—% 506 3 6 9 42 15 18
0 T T T T T 1 ) ] t (days) >
0 3 6 9 12 15 18 -100 - 0.90m
t (days)
0.57m
0.14m
Sensor S4 Sensor S5 0.20m
950 200 0.74m
P > Monitored >  Monitored ey 0.20m
200 Numerical 150 _é Numerical
3.49m 0.55m 0.70m 0.23m
= 150 A —_
2 2100 A
@ 100 A w
50 4 50 A
0 T T T T T 1 0 T T T T T 1
0 3 6 9 12 15 18 0 3 6 9 12 15 18
t (days) t (days)
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Conclusions

« Temperatures predicted numerically by the T-M model due to the cement
hydration reactions were in close agreement to the ones monitored in situ.

« Concrete strains monitored in situ were fairly predicted by the numerical
framework.

 Difficulties on getting good matches for the strains rely mostly on the unknown
instant at which the sensors start to adequately measure concrete deformations,
and in some cases on the disturbance on the local strain field introduced by the
sensors themselves. (Need for a new generation of sensors !)

« Success of the actual numerical predictions relies moistly on:

- Completeness of the experimental characterization of the concrete T-M
properties.

- Use of in situ monitoring, to assess the values of /. and other T-M
boundary conditions.
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Motivation

m High Performance Concrete (HPC)
m Low w/c ratio
m High cement content
m Silica fume

m Fine structure of porosity
m High stiffness and strength

m High potential for cracking at early ages
m Autogenous shrinkage + drying shrinkage WHIEE M 2
m Thermal deformations Burj Kalifa, Dubaj, 2010

source: wikipedia
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Outline

m [ntroduction
m Autogenous shrinkage and drying
m Poromechanical modeling of early age concrete
m General description of the model
m Description of water loss and shrinkage
m \Water migration during internal curing — meso-level
m Internal curing — macro-level

m Simulations
m Modelling water transport during drying of HPC column

m Effect of internal curing (high RH maintained) on thermal and
shrinkge deformations
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Introduction
Self-desiccation and autogenous shrinkage

- Self-desiccation:
drop of internal RH due to
consumption of water in pores
of decreasing dimensions
(capillary effects)

« Autogenous shrinkage:
bulk strain of a closed,
Isothermal, cementitious
material system not subjected
to external forces

e (MPa)
3

Kelvin radius

Kelvin radius (nm)

_ Capillary pressur

Jensen and Hansen, CCR 2001 e e
Lura, Jensen, van Breugel, CCR 2003 Relative humidity (%)
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Introduction
Effects of moisture loss

Moisture
: loss
|nterna| externa'
0 10000
E -20 P cap
Chemical shrinkage Loss of moisture to = 1 1000 =
(self-desiccation) the environment g £
D ol {100
0 - =]
o o
> 0 10 S
E Kelvin radius E
=-100 =
=3 X
Emptying of pores l RH 27‘00519'VW S !
larger & smaller radii r-RT P I P
100 90 80 70 60 50 40
@ Relative humidity (%)

Decrease of internal RH

Shrinkage
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