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CMS Workshop

The workshop on ,,Cracking of massive concrete structures”, held
on 17 March 2015 in Cachan, France, was organised by Ecole
normale supérieure de Cachan (ENS-Cachan), supported
by Ecole Francaise du Béton. It was dedicated to the problems
of early-age cracking in massive concrete structures.

The aim of the workshop was to establish an international forum
of experts and promote discussion as well as exchange of

knowledge in the domain of early-age behaviour of concrete
sfructures.

Hereby we present the proceedings of the CMS Workshop.
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Case studies of massive concrete constructions:
hydroelectric and nuclear power plants

Eduardo M. R. Fairbairn'!
TCOPPE/UFRJ — The Post-Graduate Institute of the Federal University of Rio de Janeiro
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Methodologies

Thermo-chemo-mechanical model

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 6
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Chemo-mechanical coupling

do = C(¢):(de — de? — def — de’ — a(&)IdT — B(§)1dé)

(o} — stress tensor

C(x) — tensor of elastic properties(n Constante) C(x)=C(E(x))
£ - total strain tensor

&P - plastic strain tensor

& - long-tern strain tensor

& - short-term strain tensor

a(x) - coefficient of thermal dilation

B(x) - coefficient of autogenous shrinkage

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 7/
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Thermo-chemical coupling
eyl = LE+kV'T

- %\*},vw&#%m‘ P éq';;?',v o
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C — specific heat
1% — density

L — latent heat

k

— thermal conductivity

0<é<1 - hydration degree

— normalized affinity

— activation energy

— universal gas constant
— femperature

— QO S

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 8



Cachan, 17 March 2015

) & Wt S 1) T A A O - S ol o L

s TN
o i P freqrsts jj

Methodologies

Thermo-chemo-mechanical experimental facilities

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 9
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Materials and Structures Laboratory @ COPPE/UFRJ

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn




Mo’rriols and Structures Laboratory @ COPPE/UFRJ

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim
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Materials and Structures Laboratory @ COPPE/UFRJ

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 13
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Materials and Structures Laboratory @ COPPE/UFRJ

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim
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Thermal diffusivity and thermall
expansion coefficient

Specific heat

Termémetro do.corpo,
de prova

Materials and Structures Laboratory @ COPPE/UFRJ

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 15
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Materials and Structures Laboratory @ COPPE/UFRJ
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Materials and S’rruc’rres Laboratory COPPE/UFRJ

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 17
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Ambient temperature variation of 700°C

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn
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transducer F transducer

display

f

time- Feceiver
measuring » amplifier

a) scheme

tuve

Pacolation thy eshold

L J

b) photograph c)typical response

UVP device used to determine the percolation threshold &,.
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Methodologies

Data mining techniques

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 20
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Solucao atraves de Algoritmo Genético

CrHacio de novos
individuos através do
cruz amento
de individuos ja existen tes
pelo operador de Crossover
gerando

Forma do gene de um individuo Populacio criada uncio Pnpl_la;ju HTE“;"‘I" novos fatores de escala
EE?.IH O Yalor da
- -
criado al::::;lgaal::zt:Tugundu mess funcio de fitness ‘ ‘ t
ELE2[E3h i Yazieofase 3 ;| ) OO
Melhores valor de OO
In Ih g Fitness do melhor oo
para formar Individuo insatisfatirio
nova populacao
(-
M-Lh:;iu-“g;?: " valorde Nova Alteraciio de
Resposta do Ftness do populacio individuos através iln
problema mehhor De tamanho operador de Mutagao
individuo n+x ordanada gerando novos fatores de
satis fatorio segundo escala
valor da sites.google.com

funcio de filness

en.wikipedia.org

https://linux.ime.usp.br

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim
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Binary representation of an
individual: chromosome

“crossover”

_ IMutate

0
g

http://www.ewnh.ieee.org/

E.M.R. Fairbairn et al. | Computers and Structures 82 (2004) 281-299 mutation

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 22
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Methodologies

Computational implementation

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 23
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 Parallel architecture.

« Computer code DAMTHE/COPPE allows the simulation of layered construction.

Cluster 32 dual nodes

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 24
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DAMTHE/COPPE
Dynamic partfifioning
of domains for parallel
computing of layered
construction

High speed ups
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Case study 1 (academics)

Optimization of the construction of a small dam

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 26
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GIVEN ’rhe geome’rry of the s’rruc’rure |

= 1.0m

DETERMINE X' ={Hc, Fl, Tc, Tl)} :
The height of the lifts (HC)

10.00 m

The placing frequency (Fl)

8.00m

The type of concrete (TC)

The placing temnperature (T1)

Minimizing :
The cost C(X) = C(Hc, Fl, Tc, Tl)

Avoiding cracking : ECr(X) = ECr(Hc, Fl, Tc, Tl) =0

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 27
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. FEM
Input vanables
- height of the hfts Hydration degree
Y - placing frequency R temperature
- placing temperature
- type of concrete l
Thermal strains
Genetic algorithm Autogenous shrinkage
Cost evaluation l
E— penalty -> cracking stresses
Choice of new input 1
variables -
cracking ?

L- Optimal variables

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 28
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Custoy Veontor = €t = (CFio T Coomp(T€) Terc(TI)+ cgp(He, Fl))

cm(Tc:H cxe(TT)+ cﬁ?{Hﬂ'q FI)

Normalized cost: c(x)= c(x)eley, 1]
Ct max
Objective function:  f(X)=¢(X)
Fitness function: FX, )= X)+P(X.1;)
nplast
Cracking extension: 2V
racking extension: ECr=2E__ . ECre[0.1]
2> Vi
iel=1

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 29



R 1 'ﬂ
{ J?.' )‘l L‘[‘)’i

, CMS Workshop “erdd% m5| ncreie ‘sﬂ’ﬁciures" '
L & chhan 17 Ac c:l'r2015 J A I g

¢ CI—n-: l’ Frrarses i e T e VI W ¢
1-¢_. se ECr(X) = E{Trﬁm(rg)
= 1-2&.
PECH(X).1,) ECH(X)—=2 _ ¢ ECr(X) < ECr(,)
Penalty: ECrim(t5)
ECr, ECTimo 0<t<Ng/2
o -t .se 0<t<Ng/
ECh,(t,)=y ™ ¢ Ng/2 s
0 .se Ng/2<t_<Ng
AECry (1) AP
Ecrh'm,ﬂ i
U -4
t, ECr(X)
| | }_ : b
t=0 Ng Ng 1
2
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Initialize the population (M)

>y

Evaluate the fitness of

each individual
Yes
BEST
NED
New Population

Copy the best individual
(Elitism)

»

GA flowchart

 J

Select two parents by
tournament selection [Nt)

!

Perform one point
crossover to create two
offsprings

Probability (Pc)

!

Perform mutation
Probability (Pm)
|

Generational Loop

New Individuals - Loop
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He(m) e {0.50:0.75:1.0:1.25:1.50:1.75:2.00:2.5}

8.00m

IO

Fl(dias)e{6:7:8:...:20:21}
Tee{1:2:3:4:5:6:7:8} Concretes from FURNAS database

TI(°C)e{10:11:..:20:25}
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He(m) e {0.50:0.75:1.0:1.25:1.50:1.75:2.00:2.5}

Fi(dias)e{6:7:8:...:20:21}

Hc (m)
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Evolution of

the algorithm
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Optimum
construction scheme

D:SE \
\

0.3

0.28

0.26
W
0.24 A

th-t-ﬂ-ﬁ-!-ﬁ-x“

022
0.2
0 5 10 15 20 25 30 35 40 45 50
Geracgdes(tg)
Optimal variables: {Hc =1,25m, FI =6 days, Tc =8, TI= 19°C}
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Optimal variables: {Hc =1,25m, FI =6 days, Tc =8, TI= 19°C}

€0 2.3
=] ]
o [qu.a f [1 o1
e 43.6 o) 1.52
-40.4 -1,13
-37.2 -0.74
-4 -0.35
=30.8 -=0.04
27.6 -0.43
<4.4 -0.82
21.2 =l.&£1
18 -1.6

Temperatures (°C) stresses o, (MPQ)
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Case study 2
Tocoma dam Venezuela

Analysis of two construction schemes
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‘ﬁ”ﬂ -.'.:; .

CMS Workshop “Cracklng of massive concrefe structures”
Cachan, 17 March 2015

TSR TN [0 s Frewiesins WA S T DRI S || PR SN R IO e W LR

;2: _:7- f'—— HH"V HVH” HHVYY Adddadalasssnsslasssanslsassnsslsnsssaslssssnznlsssnanalaad
;.~~lu.|.‘ 2] TSP PPPPITIT T CODPPPPPRTT R
Sestinm O g
e ‘
. .‘ .’ . . m~" . L SRS R vyl e . -‘_4“" .

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 4]



1 ‘:‘ﬁ-“'r’ e l ?5« u.:étf_ ly,?., Yo : & .-“‘\3‘” « Qo ’:w : A weis ""l
~ CMS Workshop “Cracking of massive concrete structures”
Cachan, 17 March 2015

. 2 SN T T 0 o Frewisins WA TR S| PR N R IO W RO

o A

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 42



S Vs
EEER ; ‘.: e, ".l °

o o g e B ol CMS Workshop “Cracking of massive concrete structures” &
o Tt e ko P o ) | Cachan, 17 March 2015 ‘

Vrmegy 32 e . iz . 2 I SV T T 0 L O Frewiesins WA S T DR S || PR SN R T e W R O

Y i
il /

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim




AN VAT

)
Al T

07, 08, LA Seae PSR
i N
o'l ll.

=TT =
2 LRI
B SRS S,

i \4 LAV

M
f* -
{ . v I et 111 7 el ad 22 - A

o CMS Workshop “Cracking of massive concrete structures”
Cachan, 17 March 2015

B 20 SN T TN L S ez WA S SRR S| SRR W IR W RO

-

+

-

2L — . \ ¥ _ \
1 VAT - !
padtdaa . VIR [
by i" i lgggilw WIS W
A S A 0 /)

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim

A
\ ,‘kﬁ‘\-‘-‘:\i

b
.~

N

A
\
W




/ LINEA BASE

JEI. 131,25
EL 1300 —

FLUJO

/ CL UNIDADES

EL1167 — A

EL1055 — A

EL. 97,5

NAVE DE GENERADORES

LEYENDA

[

Dofrodo Convencional
ofrcdo Deslizante
Dcreto 2da Etapa
EIJ Convencional

Premoldeado

EL. 104,7
\x CL CARRETERA DE

f SERVICIO

EL. 91,2 ‘
- EL. 90,79
-l
EL890 7] EL. 85,2
|~
EL. 78,0
EL760 —
s L.71,6 | EL740
B7s50 —7 ~J l — l y EL710
EL68O N H
1.0 EL 660 — 71
REVESTIMIENTO TUBO DE NARIL |y RS
ASPIRACION EL. 57,5
TAJAMAR _ 2
EL550 7
EL. 51,54
'
< \‘/
N 37,0 7 41,3

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn

45



CMS Workshop “ercking of masm /e cc ncreie sh‘uciures

Y chhan 17 \a c:h 2015 A iy

Study of two solutions

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 46



e JOIR),
@T;urlv ﬁ_‘lz"i ”‘ - _] ’

A,

b CMS Workshop “erck‘ing?of masm ncreie sﬁuciures !

chhan 17 o c:h 2015 131 e

i u..u... I W ¢

Study of two solutions

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 47



o CMS Workshop “ercklng of massive concrete structures”
Cachan 17 Mqrch 2015

. 210 SN VP T TN 1 X G Frewiesns N S "SRR R | PN b R T o W KR

2.256.511 tetrahedral 4.445.325 tetrahedral
linear elements linear elements
419.262 nodes 816.189 nodes

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 48



CMS Workshop “Cracklng of massive concreie structures”
Cachan, 17 March 2015

TN 12 S Frowiesins I S SRR S | RN S W T v W R

Mesh - detail

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 49



S

4 1;‘ w' b v 4 ] ) o t J : P;T. _. \‘ 0”8
R S i v
| [ESEE e ,: CMS Workshop “Cracking of massive concrefe structures”

Cachan, 17 March 2015

. 2 I SN Y T T [0 o Frewiesins WA S T DRI S | PR Y N T T o S ¥ Mo

Mesh
deftall

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 50



CMS Workshop “Cracking of massive con
Cachan, 17 March 2015

VL I SNV T T L O ez WA S TR S| SR N T W LR

M iywegmy 37 J.EN Ly
Altura da LeetC Temperatura de :
Etapa Lancamento o Material
Camada (m) : Lancamento ("C)

Eapa ol
Voume o1 |_Eiapa 02
Eiapa 03
Eiapa 04

Eiapa 07
Eiapa 09
Voume o3 | _Etapa 10

[Volume 08

Volume 14
Volume 07

[ volume 12

Volume 11 [Volume 09

[Volume 05 Volume 10 Casa de forga
- Diviso segundo
plano de concretagem
e zoneamento da
temperatura

Frapa 11
Fiapa 12
Fiapa 13 . . Z
Eiapa 14 . . g

Fiapa 15 . . e

- -
. .
- -
. .
- -
Volume 04 :

Etapa 22

—forazs 125 j j construction schedule

Etapa 25

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim

S1



Volume 05

Volume 06

Volume 07

Volume 08

Etapa

Etapa 26
Etapa 27
Etapa 28
Etapa 29
Etapa 30
Etapa 31
Etapa 32
Etapa 33
Etapa 34
Etapa 35
Etapa 36
Etapa 37
Etapa 38
Etapa 39
Etapa 40
Etapa 41
Etapa 42
Etapa 43
Etapa 44
Etapa 45
Etapa 46
Etapa 47

Idade de

Temperatura de
Lancamento (°C)

Altura da

Camada (m) Langcamento

* t;" - -:1'3},"6).'& ¥ % 4 k‘ e

T

CMS Workshop “Cracking of massive concrete structures”

. 21 SNV T T L0 O e WA S TR S| PR RN R T W R

Material

S S
£ IS

AL Avrat

Cachan, 17 March 2015

Volume 08

|VVolume 07

Volume 14
[Volume 09

Casa de for¢a
Divisao segundo
plano de concretagem
e zoneamento da
temperatura

I
|
||

[ volume 12
Volume 11

[Volume 05
|

Fundagdo - Material Inerte

construction schedule

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim

52



T8 4 _ , I king of massive concrete structures”
ey --'n} o o Cachan, 17 March 2015

3 AR L . 21 SNV T T 0 O e WA TR S| PR N R T W A

Jusante

Etapa 56
Etapa 57
Etapa 58
Etapa 59
Etapa 60
Etapa 61
Etapa 62
Etapa 63
Etapa 64
Etapa 65
Etapa 66
Etapa 67
Etapa 68
Etapa 69
Etapa 70
Etapa 71
Etapa 72
Etapa 73

Volume 08

L=

[\olume 07 |
Volume 14 S
e |

l _\/u\ume 01
) (]

Volume 03
[Volume 05 Casade forga

Diviso segundo
L plano de concretagem
e zoneamento da
temperatura

M

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

0=
J

431 2
438 4
445 4
452 4
459 4
466 4
473 4
480 4
487 4
494 4
501 4
508 4
515 4
522 4
529 4
536 5
543 4
550 4

| Etapa56 | 20 |
| Etapass | 21 |
| Etapaes | 30 |
| Etapa67 | 15 |
| Etapa70 | 20 |
| Etapa72 | 30 |
|_Etapa73 | 35 |

<

Fundagdo - Material Inerte

construction schedule

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 53



L 1

»

43.204
39.679
- 36.153
32,628
29.102
25.577
22.051
18.526

I

z

A,

Temperatura

Step 47 — 368 days

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn

54



gl Sl cms Workshop “Cram"%‘i‘ﬁw
: "‘HE;“ T 5 ‘ M Cachan‘ 17 M

- L A T T TN A oot

Step 47 — 368 days

Ternperatura_
43.044
' 39.539
- 36.033
32.528
29.022
25517
22.011
18.506
[15]

z

Ay

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 55




Cachan, 17 March 2015

2 2y T L P N S R W I Y

48 49 50 51 52 53 54 55 56 57 S8 59 60 61 62 63 64 65 66 67 68 69 70 71 72

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 56




e i L
e e

e ’.."
Ty i % \«; ""‘&ﬂﬂ.
k
| " QM“"’ .

| "“-f-n.lxuﬁ

e TN L SO Prowisns |

Cracking index, t = 198 days

Indice Fissura

053333
046667

[ I‘-DA

0.33333
0.26667
0.2
2 0.13333
A 0.066667
2 ]

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 57



“r 9 n %"‘1\ f""&!“!.
% "‘\ﬂxub "‘ ““,_'._“.M TOSSS v . - el
e ' CMS Workshop “er rn SiV ’\ nc*r” 2 st
Cachan Z‘

»

nn" Freszses I ] “ = -

Indice Fissura

I 0.44444

= Cracking index, t = 375 days

- 0.33333

0.27778
0.22222
0.16667
2 041111
A 0.055556
2 ]

. ' 2015 J A.J'-"‘w»k_d-.(‘

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn

58



liHcH
‘h\ g

g it %“h\"\‘}f TR
Ry

\‘ A

> CMS Workshop “Cra ‘ma ssi

Cachan 17, \arch 2015

b ’ ' : 4 “;
TS T (N G Frowiesins WA S 27 (" 2y

e

Cracking index, t = 550 days

Indice Fissura

0.54222
0.47444
- 040667

0.33889
027111
0.20333
Z 0.13556

A y 0.067778

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbairn 59



- Cachan, 17 Mqrch 2015

—_ mmm o 4 . T T Dl

0.15 | | |

0.12

0.09

frequency

0.06

0.03

0
0 0.5 1 1.5 2
cracking index
Il one power house
L

CASE STUDIES OF MASSIVE CONCRETE CONSTRUCTIONS | E. M. R. Fairbaim 60



n QR
_‘T i o l'lv'.l--." g R “7(,',\‘

QS ..~ L I s CMS Workshop “Cracklng of massive concreie structures”
iy, T TR Ty e S Cachcm 17 March 2015

X W o ¥R ‘ g PR =T T P, Frogiesine DotV ST, (T R DT B0 o 0 - ok

Case study 3
Tocoma dam Venezuela

Analysis of a spillway — complete analysis
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construction schedule Vertedor
Idade de
Altura da Temperatura de .
Etapa Lancamento Material
Camada (m) (dias) Langamento (°C)

Volume 02 | Etapa 01 9.3 0 15.00 M. 4
Volume 03 | Etapa 02 13 7 10.00 M. 4
Etapa 03 4.2 14 10.00 M. 4

Etapa 04 4.2 21 10.00 M. 4

Volume 04 | Etapa 05 42 28 10.00 M. 4
Etapa 06 42 35 15.00 M. 4

Etapa 07 40 42 15.00 M. 4

Etapa 08 2.1 49 15.00 M. 3

Volume 06—+ pa 09 22 56 15.00 M. 3
Etapa 10 3.0 63 15.00 M. 4

Volume 07 | Etapa 11 2.4 70 15.00 M. 4
Etapa 12 2.4 77 15.00 M. 4

Etapa 13 4.0 84 15.00 M. 3

Volume 08 |—¢ - o 14 2.3 91 15.00 M. 3
Etapa 15 3.0 98 15.00 M. 4

Etapa 16 3.0 105 15.00 M. 4

Volume 09 |—Etapa 17 4.0 112 15.00 M. 4
Etapa 18 4.0 119 15.00 M. 4

Etapa 19 43 126 15.00 M. 4

Etapa 20 53 133 15.00 M. 4

Etapa 05 4.2 28 15.00 M. 4

Etapa 06 4.2 35 15.00 M. 4

Etapa 07 4.0 42 15.00 M. 4

Etapa 10 3.0 63 15.00 M. 4

Volume 05 7 211 2.4 70 15.00 M. 4
Etapa 12 2.4 77 15.00 M. 4

Etapa 15 3.0 98 15.00 M. 4

Etapa 16 3.0 105 15.00 M. 4
Etapa 21 3.0 140 12.00 M.5 "
Volume 10 | Etapa 22 6.6 147 12.00 M.5*
Etapa 23 14 154 12.00 M.5*
Etapa 24 43 161 12.00 M.5*

Volume 11 Etapa 25 2.3 168 12.00 M. 4
Volume 12 | Etapa 26 2.7 175 15.00 M. 3

* Adotado Material 5 = Material 3
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Temperatura

t = 140 days
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Cracking index
t = 140 days

I 0.13334
9.1478e-06
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Cracking index
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Case study 4
Tocoma dam Venezuela

Determination of the adiabatic temperature rising
by inverse analysis
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Fitting of adiabatic temperature rising curves

n

d — d
AT = AT

Variables: x={x1, xy x3}={T= k. n }

Fitness function: F(x)=ET(x)

pr(:‘E) N ;‘Tpm (8,) =T, o (%2, j
ET[EE]=F=IT EF{I:l= —

Optimization problem:
Find x that minimizes F(x)
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Case study 5
Tocoma dam Venezuela

Analysis of post cooling system and sliding
formwork
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Tocoma - Spillway gate pier
approximately 33 m height

Simplified model of the gate pier:
114.943 nodes
610.931 elements
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Simplified FEM model
Gate pier: sliding formwork 10cm/hour

Pre-analysis: initial 2.0 m
Placing temperatures: 20°C; 15°C; 10°C
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The post-cooling system implemented in Tocoma: 35 days for the
cosntruction of the pier instead of 118 days with the traditional formwork.
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Geominas, vol. 37, no. 8, 2009
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Case study 5

Tocoma dam Venezuela
Other studies
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Monolith #02
3 initial layers
1.893.713 el.
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Case study 6
Angra lll nuclear power plant
Rio de Janeiro, Brazil

Foundation of auxiliary building
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Case study /
Angra lll nuclear power plant
Rio de Janeiro, Brazil

Reactor dome
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Mesh: 2.233.880 elements e 404.129 nodes
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Case study 8
Angra lll nuclear power plant
Rio de Janeiro, Brazil

Foundations of auxiliary building
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Logistics for the construction of the several volumes
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Case study 9
Angra lll nuclear power plant
Rio de Janeiro, Brazil

Other studies
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early-age stresses in concrete walls
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Concrete sfructures subjected 1o
early-age cracking

massive * thick slabs,
. . e blocks,
internally-restrained e gravity dams

. . e fank walls,
medium-thick e nuclear containment walls,

externally-restrained * bridge abutments,
e retaining walls
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Early-age stresses in walls

w Uxx,s-ind xx res Gxx,tot

D i
%) ;
- ‘/ Oxxres,max

Dominating influence of the thermal restraint stresses.

O yx totint

O xx tot.sur

Gxx,tot, max

DEGREE OF RESTRAINT IN EARLY-AGE CONCRETE WALLS | A. Knoppik-Wrébel 143



(r { ‘ 4‘\ \\ .\"-

""««Mbﬂm &m;fa"“" 1.1 Q/VS

Tl \f"‘&'&" w.g sem T i a |

CMS Workshop Cracﬁ'%m siv ncreie‘ t‘hﬁes
Cachem 17 ch~2015 J u it gl

L s '7"”4 Frearsos i Yo + Ty -q' ot

3

Cracking pattern vs. mode of restraint

base- and end-restraint mixed modes

-

A/ iz ////7

QT . r§

T

DEGREE OF RESTRAINT IN EARLY-AGE CONCRETE WALLS | A. Knoppik-Wrébel 144




/B A\ e
S /A ‘ \A\\ WA
AN 7 ) e B T "“L“‘ Mﬁ (WS
. ‘:L ™ S, A0 ..‘;.‘.' : S ' l CCCCCCC
Lo T i TR s gttt 4§
N I I CMS Workshop “Cracklng of massive concreie structures”
Rl o e, 2 S v BN Cachcm 17 March 2015
\ N ey YEE ‘ g RS T P, Pzt RS T =L LT

Theoretical background

degree of restraint concept
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[JSCE standard, 2011]
|

due to internal restraint due to external restraint

\ A

N

axial force N bending moment M
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axial force N bending moment M
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Degree of restraint

Models using the concept of the restraint factor as
representation of the degree of restraint:

1. standards
- Japan: JSCE Guidelines for Concrete, JCI Guidelines;
- USA: ACI Report 207.2;
- Europe: Eurocode 2 Part 3 + CIRIA C660;

2. other methods
- Sweden: Luled University of Technology [Nilsson, 2003];
- Poland: Cracow University of Technology [Flaga, 1990].
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Strategy for analysis

modelling
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To analyse the character and magnitude of
early-age stresses occurring in concrete walls
due to thermal-shrinkage effects and to
investigate the influence of restraint conditions
iIncluding the soil-structure interaction.
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Degree of restraint in numerical analysis

Lule& Technical University (LTU)
Sweden

E /’; /.-:,; 'V':' Z

Anders Hosthagen

Majid Al-Gburi

@

Local Restraint Method (LRM)
Equivalent Restraint Method (ERM)

analysis of
cross-section

\ 4

self-induced
stress, O,

[

total stress
O = Yr Oy

LRM or ERM
(general-purpose 3D
FEM software)
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Numerical model

Strategy: reverse of LRM/ERM VR

Phenomenological model for simulation of
thermo-hydro—-mechanical behaviour  of
concrete structures taking Into account
construction sequence and soil-sfructure
iInteraction.
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Thermal-moisture analysis

- concrete: coupled thermal-moisture equations [Klemczak, 2011]

- soil: partially coupled equations; moisture diffusion
dependent on temperature [Clapp and Homberger, 1978]

- initial conditions: initial temperature and moisture content
- boundary conditions: 3@ type

- concrete source function in thermal equation and sink
function in humidity equation — hydration heat rate
- g =0, Q(t) - approximation with exponential function,
- based on cement composition [Schindler and Folliard, 2005]
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Stress analysis — concre’re

- viscoelasto-viscoplastic material model with consistent
conception [Klemczak, 2014]

- yield surface and boundary surface are rate-dependent

- modified 3-parameter Willaom-Warnke (MWW3) failure
criterion [Majewski, 2004; Klemczak, 2007]

- creep function acc. to Model Code 1990 [Guénot et al., 1994]

- maturity development expressed with time development of
mechanical properties [Model Code 2010]

- equivalent age of concrete
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Stress analysis — soll

- elasto—-plastic material model [Majewski, 1995]
- Drucker—Prager failure criterion [Majewski, 1995]

- Mechanical parameters acc. o Duncan and Chang [Dunkan
and Chang, 1970] modified by Majewski [Majewski, 1995]

- Soil-structure interaction by application of contact
elements [Majewski, 1995]
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INnfluence of restraint condifions

external restraint, geomeitry and dimensions,
support condifions, soil-structure interaction
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Verification and comparison on the

benchmark tunnel wall in Sweden S5
[HOsthagen, 2014]
1.2m
WJ'QO 13.80 .20 10.30 «0014910{1} T — 17.5m R — 175 m
[ ) )

: 15.00 ! 11.40 L]2.49] |

‘ ¢ 1 T
o | o \ = |
3| 9| :

: : 1 8.75 m 175 m 875 m 1.75 m
S % —— ‘ 1z
S ir| | I Y AA

Lo 380 | 3.50
8.5 m
1.2m
analysed wall 175 m
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INnfluence of walls dimensions
H& A yol? ”_)?
e 12wallswith L/H from 1.41t0 10 | i

« several walls with equal L/H but

different L and H JES (oo [

| |

3.50 m ' 1.75m

« Ac=Arand . =1;

.
H.=Hrand B, = B;
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INnfluence of walls dimensions

Numerical calculations Analytic approach
yH 1y/H 1.01 — 01
94 — 02
03
<7 — 04
h & 05
B 06
— 07
0.5 —— 08
0.41 ; ; — 09
0.3- 10
—_—1
0.21 e 12
0.1
03 -02 01 00 01 02 03 04 05 06 07 08 09 03 02 01 00 01 02 03 04 05 06 07 08 09
restraint factor restraint factor

Conclusion: results comply to some extent only. In walls with

equal L/H ratio the degree of restraint is not the same.
|
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Walls with equal lengths

. . . .
+~Normalised” restraint factor | Influence of walls height
1.0 9 1.01 Ml 1.1 T
yH ——04 yH ——04 -
0.8 ——05 0.81 ——05' 2 oo-
. o U
06 06 8
0.6 1 0.6 I ; g
0.4 1 0.4 ‘)/’ — )/R ',‘g 07' 7 7
YR R My 2 m L=15m — L=15m
0.2 021 B 051 ¢ 1=10m — L=10m
0-8 A £ A L=7Tm ——L=7m
-02 00 02 04 06 08 03 00 03 06 09 12 15 @ L=5m ——L=5m
restraint factor normalised restraint factor 0.3 T T i '
03 05 07 0.9 11

walls height ratio

i/Hbas

Conclusion: with the increasing height of the wall the magnitude of
the restraint decreases. This relationship becomes more
pronounced as the length of the wall increases.

DEGREE OF RESTRAINT IN EARLY-AGE CONCRETE WALLS | A. Knoppik-Wrébel 164



.’7 ' g CMS Workshop “ercking of masm ncreie siruciures

Bk Cachan, 17 Ma c:h 2015 T, T
o T LA P I S R T T

b

Walls with equdl L/H ra’rios

. . .
,Normalised” restraint factor | Influence of walls area
1.01 1.0- 3 1\42 1.7 1
yIH 03 yH : 03 _
0.8- ——05 0.8 'tl ——05' =)
——07 A11[ ——07' % 151
0.6- 0.6 - &
Y 5
0.4 - 0.4 \‘ ]/’ _ YR = 1.3
VR \\ R M 5 | 2 B UH=7 — UH=7
sl 021 T 114 ¢ UH=5 — LH=5
—o6 . ' T } a0 \ =] A L/H=3 —— L/H=3
02 00 02 04 06 08 0.2 0.0 0.2 0.4 0.6 ® LH=2 —— LUH=2
restraint factor normalised restraint factor 0.9 T T T ]
0.8 1.8 2.8 3.8 a8

walls area ratio

i/Abas

Conclusion: with the increasing area of the wall (increasing length,
increasing height) the magnitude of the restraint decreases. The
influence of the walls area increases with the increasing L/H ratio.
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Influence of support condi’rions

Two walls: > - - T
+ short (L/H = 1.4) 54 - lb
* long (L/H =7) :
Two types of soill: D
« soft
* hard

Khara > Ksot ~ X100

Gharg > Geot
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Influence of suppor’r condi’rions

Long wall
ylH 1.0

0.8

0.6-

0.4+

=@= numerical, tot restraint

=®= numerical, hard soil
numerical, soft soil

= analytic, rotation

— analytlc no rotation

\vnvan)

-0.3 0.0 0.3
restraint factor

0.6

0.9

Short wall
y/H

e nUMerical, tot restraint
=@ numerical, hard soil
numerical, soft soil
----- analytic, rotation
analytic, no rotation

-0.3 0.0 0.3 0.6 0.9
restraint factor

Conclusion: effect of support conditions visible in long wall;
effect of soil: occurrence of rotation + translational restraint
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Influence of support condi’rions

little rotation —

little effect on y",

small length —

little effect on v/,
>

total rotational hard soil soft soil

restraint — large rotation —
stress redistribution large effect on y,

due to cracking

r ngth —
ecton v,
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ConcIUS|ons

1. In determination of the degree of restraint not only
the L/H ratio but also the individual dimensions of
the wall (L and H) must be taken into account —
scale effect.

2. Real support conditions must be provided in
analysis of walls which means intfroduction of the soil
block to simulate:

* the founding soil with its real properties (stiffness)

 the possibility of loss of contact between fthe
foundation and the soil as a result of ends liffing due
to rotation of the structure.
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Photo courtesy of O.M. Jensen
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In’rroduchon

Photo EAB Koenders San Francisco Airport, 2014
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Classical approach for early age stresses

AG(t) Al o) T Ees(q) T Bas )] (ﬂ) ‘R

&G(t" T) = ‘&G(t) | W(t’ T) . | g —elastic stress increment
J 2o
o(t)=2_ Aoft.7) I S— —

8 9 10 11 12 13

time steps
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In’rroduc’non Deformation
A

Relaxation factor

Stress

Relaxation

Elastic stress
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Classical approach for early age stresses

o, (1)

Breugel (1985)

o, (1)

v(t, to,,a)=exp(-] —1+134- 0" -1, - (t—1)" - —2])
OLh (Ti) h (T )
Other approach (Schlangen (2006): T = time when the stress increases
wcCr = w/c-rafio
W(t) — Efactor (t) 'tfactor (t) o = degree of hydration
d = constant depending on the

hydration rate of cement,

E factor (tl ) =

slow cement: d =0.3

E
t=168h N = constant factor = 0.3

tfactor (tl) =-0.05- In(ti _ti—l) +1

INTERNAL VISCO-ELASTIC MODULUS OF EARLY-AGE CONCRETE | E.A.B. Koenders and W. Hansen 177



»Jm Pt A". Bo 2 ; e b1 .
CMS Workshop “Crack‘lng of mdsm e co ncreie sﬂ'uciures |
chhan 17 \a c:h 2015 LT i N T (g

1, -"'h. ,\‘g’%‘&\;’,«:{&_

6

In’rroduc:’non i J—

E 41 Relaxation

= ?|<—Cracking
ConcepT Of EOrly_Age g 2 IS‘;_eIf_—induIced_stress
Self-iInduced Tensile o Terste gt
Stresses due to L

. 0 2 4 5] 8 10

ReSTrQ|ned Time (day)
Deformation Assuming 2

Autogenous deformation

. 6\ |
Stress Relaxation S i e
T B s SN E T I LB
o ! ~
Bigntegaard, @., “Thermal Dilation 5
and Aufogenous Deformation as 2 %
Driving Forces to Self-induced Stresses 1T
in High Performance Concrete”, PhD oS ol s B
Thesis, NTNU, 1999, 255 pp. tg Time (hours)
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In’rroduc’non

TISTM Testing Principle

embedded bar
7

j insulation ) actuator
. j]j

| | . load cell
750 mm

"CLAWS"
#8%’0/? To measure early age stresses and deformations
e
1995
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TSTM Testing Principle

Early age stress measurements

Lokhorst
TU Delft
1995
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Infroduction

TISTM Testing Principle

Lokhorst

TU Delft .
1995 Early age deformation measurements
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TSTM Testing Principle

Temperature

| |
I >~
N

Lokhorst _p- 28 d
TU Delft e
1995 Compressive strength
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Hydration of cementitious materials in concrete is affecting its autogenous
shrinkage and the associated viscoelastic stress development

'll-

Autogenous shrinkage — ;
e — < >
Uniform moisture gradient Free autogenous Stress status if autogenous
due to self desiccation shrinkage shrinkage is restrained
! !
Drying shrinkage
—
|
e —>
Differential moisture gradient Free drying Stress status if drying
due to external drying shrinkage shrinkage is restrained
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Inroduc’rion

Autogenous stress [MPa)
4
|

. e Experimental data Cracked at 3.28 MPa
el ] 3 | WCT I:I.-I1- § __,.f

— Temperature 20 “C /

2.1 0.0 -0.1 -0.2
autogenous deformation [ %. ]

Autogenous stress versus deformation
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Free and Restrained Au’rogeﬂOUS Sh”“kgge .

Specimen

LvDT

Specimen hook

Specimen

0.8in !

Mortar hook LvDT N 3 “
osin | DR Sealed curing by double layer plastic
0.8in i .1/4”rebar
— Movable end plate

with LVDT aftachment

1.2in 1.6in 1.2in

Rebar restrained shrinkage

Friction control by rubber pad lining
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Free cmd Res’rralned Au’rogenous Shrlnkoge
0.35 w/bratio paste

== \\\/ith rebar ===\\/ithout rebar

-1200
o -1000 7
S /
500 - x -800
Free shrinkage .g 600 '/ =
-400 - = N el
» -400 Pg
S g _ P
S -300 200 &
5 200 - 0
£ _ _ 0.1 1 10 100
1005 Restrained shrinkage Time, day
N 00 s sw  ww () 35w/brafiomortar (40% sand)
Rebar Restrained shrinkage 0
g.(t) 100 Time, hours =With rebar ===Without rebar
-1200
c(t) &(0) £(t)
S| L —.i - -1000
GRS PRSY Rebar in compression = -800
R < 3 % . X
S%Le Concrete in tension -
......... o £ -600
o ,
Structural analysis & 400 7~
-200 - _:
0
0.1 1 10 100
Time, day
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Bondslip relationship

$ «— Tensile strength

Shear stress

0,5 - Shear stress inrebars

Strength/stress, MPa
": ()
% | |

0 5 10 15 20
Age, day
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Free and Restrained Au’rogenous Shrinkage
0.35 w/bratio paste

: .> %L(L\*‘}f 5"“&’;5"'

= \N\/ith rebar ==\N/ithout rebar
esn(0)
E o E n —_ 1 o -1000 7
v S S/( gs(t) ) ‘;1— 800 ’ /
g o / g
-400 i
od
Where: '202 7~
eqn(t)= free shrinkage of plain mix, &,(t)= steel 01 1 10 100
. . . Time, day
deformation in RC mix 0.35 w/bratio mortar (40% sand)
AC= area of concrete, ——With rebar  ====Without rebar
A= area of steel, 1200
= steel ratio g 00
Ng ¢ < -800
E;= steel modulus, £ -600
E,= viscoelastic hydration modulus. @ 400 g
-200 -2
0
0.1 1 10 100
Time, day
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Hydrc’non Modulus E ond Young's Modulus E

1000 Ev = 8,500 MPa

800 g

‘é‘ “~  Ec=232.000MP

= 600 €22 a

-

£

Z 400

= 200 % 035-paste A 035-20%agg.

0035-40%agg. ©035-60%agg.
0 - I I I I ]
0 200 400 600 800 1000

Restrained strain, 10-6

Low Hydration Modulus due to High Internal Deformation Capacity (Interlayer
& Capillary Pores)

* Young’s Modulus controlled by Aggregate Stiffness and High Volume Fraction
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Cmponen’rs for ’ro’rol Tensne S’rress Predlc’rlon

The Pickeftshrinkage model: &, = &,(1 — V)"

1800
1600 & v, Agg. content
=) S - .
T 1400 > e &€, Concrete shrinkage
_g’ 1200 =~ Sse N €, Paste shrinkage
= | - - L
£ 1000 BT S PO
% 800 ~~m L S =l Y=_ Concrete Range
E 600 --.--"'-__ “'-“‘:.*.__-"".._‘ —-"'"'"-'
S 400 e
g 200 ? T -‘:—?‘—~+“‘:: 2
= ~ -/-‘
< 0 | | S |

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
Aggregate content

¢ 7day m 28day
A 90day x 365day
= = Pickett model (7day) — = Pickett model (28day)

The Pickett shrinkage model is ideally suited for modeling autogenous shrinkage as it is
developed for a uniform paste shrinkage stress within a cross section.
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Mechoncol CoponenTs for TTCI| Tensile S’rress Predl’rl

Static modulus development Strength development

40000 « 80 10 _
- - s 70 a
& e - 60 -8 =
s 35000 —“m E= =
N il 2 50 i =
%) P S 6 2
= 30000 A 5 40 g
3 / @ 30 L4 B
= ’ 3 20 2
25000 ¥ yai a -2 &
, 5 10 @

20000 | | 50 ' ' ' 0

Age, days Age, days
® Measured static modulus _
— — Modeled static modulus o Compressive strength —CEB-FIP model
a Split tensile strength —S-curve model
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EorIyAge Tensile S’rress Predlc’rlon MeThodoIogy

Tensile stress Otensile (t) = Othermal (t) + O shrinkage (t)

Thermal stress from TSTM Cthermat () = (Tzero —Tc) X CTE X E¢ X Ry

Shrinkage stress Oshrinkage(t) = Eyp X €51 (t) X Ry

R : Restraint factor (0-1)
CTE : Coefficient of thermal expansion

E¢ . Elastic tension modulus
E., : Internal visco-elastic modulus
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m.l-bhm > 4 £=1 ML St

Eorly Age Tensne S’rress Predlc’non Me’rhodology

b

Stress from autogenous 6, inkage(t) = E, X £6,(8) X Ry

Autogenous deformation [ %e ] 0 4Autogenous deformation [ %o ]

0.4 | | ' | |
---------- Experiment ------=- Experiment
HYMOSTRUC | 0.0 HYMOSTRUC ||
0.4
%‘_——-\i\fi — -0.4
0.8 S
Portland cement paste Portland cement paste wer 0.3

16 | | 1.2 ‘

0 100 200 300 400 500 0 400 800 1200 1600

time [hours] time [hours]
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Eorly Age Tensile S’rress Predlc’rlon Me’rhodology

Stress from autogenous o inkage(E) = E,, X €6, (t) X Ry

1200
E
£1000
=- ~~ S~
Z 800 .
b~ o X
-5 o
20 600 St O
3 il T
5 200 i, 2 < 25
= A _
= 0 s
0.30 0.35 0.40 0.45 0.50
w/c ratio

A3-day 0O7-day x14-day ©O28-day <©56-day x 90-day
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Early Aée Tensile S’rress Predlc’rlon Me’rhodology

b

Stress from temperature G 0rmat(t) = (Tyero — Te) X CTE X E..

Tzero ——TSTM measured stress - = Temperature
0.5
0.4
0.3 o
5 .
0
E 0.2 -.::’
3 0.1 O
@ 0]
o o
5 0 £
.0.1 2
-0.2
-0.3
-0.4 - : -0

Clock time, hour
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‘ Proboblll’ry me’rhod for ’rensne fCII|UI’e e SHenst

(Lokhorst) /\(W

\mrmal distribution *

8%

tensile strength f/
time
safety factor y [-]
Ll ree—— T —
— Coefficient of variation V. —
54 Via) = 10% :

L Ve ,p,) =8% |
121 T s D
1.0
0.8
0‘6 [T TR :d“ [ | :

10" 102 103 10¢ 10° 0.3 04 0.5 06 0.7 0.
probability of failure P; [-] allowable siressfstrength ratio 1 []

1% probability of failure ~ 0.56 stress/strength ratio
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Eorly A Tensile Stress Predlc’rlon WIThOUT Thermal Effec’rs

HPC (0.35 w/c ratio)

Elastic stress
7

Tensile strength

1% failure limit
||

|l Predicted
shrinkage stress
0 | |
1 10 100

Time, days

Tensile Stress,MPa

Shrinkage stress prediction for 28-day autogenous shrinkage (~ 172x 109

28-day shrinkage stress is significant
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Impor’rcn’r parcme’rers

So: What are now the important parameters?

Pore structure model adsorption layer
Paste:

» Relative Humidity: RH

- » Pore size distribution: ¢

 Pore pressure /humidty + Blaine: [m?/kg]
SRR R W/C rCIﬁO

Concrete:
« Aggregate ratio

microstructure : .
 Reinforcementratio

Pore structure in microstructure dependent
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Conclusions

« The internal Shrinkage Modulus E, is obtained from
Autogenous Shrinkage Measurements

« Total Stress Analysis of High Performance (low w/c
ratio) Cementitious Materials incorporate significant
conftribution from restrained Autogenous Shrinkage
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Structures made with cast concrete are submitted to high loads at early
ages. Their effects, particularly the creep strains, are significant.

Structures made with reinforced Undergroud structures (soil

concrete (shrinkage induces pressure effect)
creep) A} U
Evolving applied loading Constant applied loading

How the creep develops in reinforced concrete at early ages?
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Projet National de R&D

F(tons)

formwork and | | | | |

isulaitionremoved'_T__}___‘__T__}___
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Tlme from castlng (h)

| . X
TR b

04— —

204 —

Restrained shrinkage (6.10m x 0.80m x 0.50m)

|
| |
RG8b: reference concrete and reinforcement Z{” ”{0 0
204 _l _1_ Strut 1
| | |
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I B |
sl __|__?4 mmmg
| | Total |
force 5
50 | | + | | b

Second crack "%
Flrst crack
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Restrained solidification in concrete

At early ages, local stresses occur on reinforcement in
reinforced concrete due to shrinkage.
This implies creep which can lead to microcracking.

O, €L

A\ i/ .

shrinkage creep

v

C A C H A N
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Concrete: a heterogeneous complex material

Concrete is formed by a chemical process between cement and water
and aggregates are used for the consolidation. Many chemical reactions
occur and give a lot of different phases with different properties.

-~

Infrastructure Concrete  Mortar Hydrates

(T r‘ |
-
-
Macro Meso Micro
How fo model its mechanical behavioure
Standards Poro-mechanical Chemo-poro-mechanical
Mechanical behaviour Iowl behaviour law behaviour law
I
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What is the interest in the development of multiscale models for concrete?

For standard and macroscopic models, laboratory
experiments are expected to characterize material properties
and some coefficients which are used to define
micromechanisms (interactions between components)!

In case of nhew materials or complex conditions, laboratory
investigations are long and difficult fo analyze without a good
comprehension of the micromechanisms.

Experiments need to be assisted by micromechanical models:
multi-scale methods are expected!
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Study of the coupling between creep and damage at early ages (a)

Understand the micro-mechanisms which induce creep (b)

l

a) Experiments

l

l

b) Modelling

l

Developpement of an original device
for flexural creep tests

Developpement of a numerical
multiscale model

MSTRUCTURE EFFECTS ON AGING BEHAVIOUR OF CONCRETE | F. Grondin and A. Loukili

208



:1 \\\\
' () o\, A :
— > ‘..,.m.“ pes ',7,' ,

< ' JEE. G 1 SR CMS Workshop “Cracklng of massive concreie structures”

=y

Cachcm 17 March 2015

ALl W A | ; 3 "
X My gy el ' ‘ ¢ PR =G TN L P Frogisaing LW S 1 FTL A O T - B ol ©

-t AL

New experimental device for
creep tests
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Creep of mature concrete has

been studied by many authors
(Bazant et al., 88; Sanahuja et al., 09;
Omar, 04; Reviron, 09; Saliba, 2012)

The creep study of young Lack of flexural creep tests
concrete has been studied on concrete

by compressive and tensile
tests (Briffaut, 10; Jiang, 14...)
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o
|

i
o
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Fluage propre (um)

N
o

-+ 70%
- 85%

2 3 4 5 6
Age du béton (mois)

Omar et al.,, 2009.

Saliba et al.,, 2012

»Device developed at GeM Institute

Limitations of this device?
® Failure tests (stress relaxation + can not measure the crack opening)

® Only one control mode (by force load)
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Presentation of the new device

Capteur LVDT
Advantages
Plaque de support pour
eaper T @ Failure tests (no stress relaxation + measurement of
the crack opening)
© Two control modes (by CMOD and by force load)
© Creep tests on cracked concrete beam
Appm
Plaque métallique pour Capteur
supporter le capteur COD d’ouverture d’entaille Damage Creep Fdi’ure
F A F A F A}
I o
I - L]
L, Deflection
R Time
212
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P _max A
Po™*/P Constant load

Bearing load The bearing load gives much
‘ larger displacements than those
i Age obtained by a constant load
0 -
120
saomaspmtiapme AP
bt
100 ~B&aring load
—_ Palier 1 Palier 2
2 e
80
20 -
=
Complex creep loads oL 8 T
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Force | Fculure behaviour after creep
30% | - The bearing load most contributes
Frax Deflection to the loss of rigidity with a small
30d  Time decrease in the flexural strength
CMOD
16
Constant load
14 A/ - Bearing load
=12
=10
o
o
o
LL

Loading age 24h

0 100 200 300 400 500
Deflection(um)
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Force 411 F 1 Failure behaviour after creep on pre-damaged
beams
qux
90%F ax
Loss of rigidity and significant
307F max - 5 — decrease in the flexural strength
. > eflection
30d Time for the pre-damaged beams
CMOD
1461 Undamaged beam
/ -
n 12 Pre-damaged bea
é 10
o 9
S 6 -
£ 4]
2 ing age 24h
0

0 100 200 300 400 500
Deflection (um)
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In brief >Developpefneni of a new dewce to perform flexurql iesis

b

=Of creep at early ages
=Of failure after a creep period without stress relaxation
=Of creep on pre-domaged beams
»Characterization of the delayed behaviour
=Amplitude of the basic creep is important in the case of a bearing load

»Characterization of the mechanical behaviour after creep

oUndamaged beams under a constant load
=Negligible effect of creep

oUndamaged beams under a bearing load
=Loss of rigidity with a low decrease of the flexural strength

o Pre-damaged beams under a constant load
= Loss of rigidity with an important decrease of the flexural strength
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Sharing i
Te.;l 53";71;2 1 environmental \ & - Tensile Force .
mechanical loa temperature
is applied : - i =1 t=2 t=3 =
Reference sample: * Identical ultrasonic Identical ultrasenic Identical concrete !
mechanical load : receivers sources samples ' B
free H i &2
P — — — — : B
i H |
' Air Applied force Testcoda  Reference coda ;
; lemperature  magnitude  signal records  signal records .
Asl/\csl A Cs.? "ﬁ"z:a. Time
o 0 O 0 v -
>—> Same signal ! ]I huu_r I 1 1 hour |1
ol < - .
processing |ﬁ|; axation iRelaxation
» procedures ° : H : !

v Acquisition
Ul
signal System

20 — -0.25
L @  Tensile force — ) ) )
— —— \elocity variation ar 02 & A portion of the velocity reduction
z 15— S remains within the concrete body and
P 015 2 accumulates affer each loading fest.
5 10 = =
(V' [ —
a =
S - S
@ 005 =
7] -t
0 0
15 16 17 18 19
Time [h]
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Modelling of early-age creep
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What is the interest in the development of multi-scales creep models
for concrete?

At the mesoscopic scale, we make some assumptions on the visco-elasticity
of the matrix but we do not consider explicitly the viscous behaviour of C-S-
H as recommanded by many authors.

The influence of C-S-H on creep of concrete is more important at early
ages. Because the volume fraction of C-S-H increases significantly and its
viscous behaviour plays an important role. It allows limiting the micro-
cracking due to early-age shrinkage. But it leads to a redistribution of local
stresses and can cause new micro-cracking.
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Theory: focus on the The main theory adopted to explain the secondary creep
Secondqry creep is the inding of the calcium silicate hydrates (C-S-H)

/— Loading r Unloading

Time

Recoverable
deformation water

Irrecoverable
deformation

Time

[Emborg, 89]

Bazant and Prasannan (1988) have introduced the solidification theory to explain the
creep of concrete: The aging is treated as a consequence of volume growth of the
load-bearing solidified matter (hydrated cement) whose properties are nonaging and
are described by a Kelvin chain with age-independent moduli and viscosities.
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Presentation of the Concrete
multiscale model

Mortar

Cement paste

Matrix;: CSH+ pores

Step 1: Inverse approach to determine the viscoelastic paramters of the
maftrix at the lowest scale (CSH in this study) without evolution of the volume
fractions.

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

Step 3: Validation of the model by experiments
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Presentqhon of the mulhscale model
Homogeneization of the cement paste and the mortar (Tran et al., 2011) :
Rigid 1 31 o
inclusions ‘Jmatrix(t) - E +Zk_(1_e )
matrix =1 ™
Viscoelastic
matrix
2 (& =" (v

LC
Effect of the pores guantity on the coefficients of the cement paste matrix (Ricaud et al
2009): é,i
For each Kelvin- | 4.7 i Characteristic coeff. defined for
. . i Z. 4 klnt &
Voigt chain K. = AT = ) At \\ an unvolving material
Porosity
222
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Chemlcal relations

Residual clinkers v, )=V, f, 1 =&, ()

Residual water V.()=V.. - VXE (1
Cs8 + 5.3H — CSH + 1.3CH (O =Ve =D VEEWD

C28 + 4.3H — CSH + 0.3CH with v =y, "ePelx My
nypg/ Mg
C:AF + 10H — C5(AF)H; + FH; + CH Hydrates V)= ClE ()
CsA + 3CS5H; + 26H — CeAS:Hss r /M
— —_ . 3 . ) .

C.AF + 3CSH; + 30H — CyAS:Hs: + FH; + CH wWith ¢/ =7e, %

203A + CgASsHs +4H — 3C.ASH;
2C4AF + CsASsHs; + 12H — 3CsASH + 2FH; + 2CH | Gypsum

ngp (1)=Veo 'fgvp (- ﬂ'(3§csa (1) - 3§C4AF (1))
Ettringite

Ve @) =V, (0 )A=0.56 (1) =0.5¢¢_r (1))
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O g @© g 40 Mortar scale: choice of the
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®© g 30 Concrete scale: choice of the o g paste parameters

o E mortar’s parameters g & 30

- E 20 O = 20 ¢ —e=calculée par le modéle | |

Q 5 i i =e—Calculée par la formule
= | O=10 —e—Calculée =—e=Mesurée 10
O
S 0 0 ¢
E_ 0 3 6 9 12 15 0 3 6 9 12 15
% Time (days) Time (days)
O 60 E(GPa) k'y, (GPa) k2 (GPa) k¥ ,(GPa)
(7)) _
| © 590 Mortar 22.4 776.7 472 98.1
V|i2a
E ®© 2 40 Paste scale: choice of the N Aggregate 60 -

- CSH+pores) parameters =
=~ CELE 30 ( P ) p | | Cement paste 18 300 100 90

S E20 1 — ‘

e calculée par le modele sand grains 80 .

~10 =e=Calculée par la formule |
0 ¢ CP matrix 12 150 80 65
0 3 6 9 12 15 CP inclusions 45 -
Time (jours)
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Inverse approach

The characteristic viscoelastic parameters of the cement paste matrix were
derived from previous results by using the analytical formula of Ricaud and
Masson (2009):

> 'l e e

L 4K

mt

“T3AL,) 3L

fp k' bc
(%) | (GPa)

Basic coefficients of the cement paste matrix
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Homogeneization

Age (h) E(GPa) k',.(GPa) k?,.(GPa) k3,.(GPa)

16 9.5 103 55 45
(CSH+pores) | -, 105 142 76 62
>48 12 150 80 65 v
16 13 170.4 56.8 51.1
oas ™ 24 159 286.2 95.4 85.9
S48 167 300 100 90 v
16 17 483.9 294.1 61.1
Mortar 24 21 7455 453 94.2
>48 24 777 472 98 ¥

MSTRUCTURE EFFECTS ON AGING BEHAVIOUR OF CONCRETE | F. Grondin and A. Loukili 226



. 0 cMs Workshop “CraWBf 'ma%SI : structures”
Cachen 17 0 ch'gOIS J »

' A -
T TN N Preainsine M 4 "7 —

Creep-damage coupling

Non-linear viscoelastic behaviour law: g(y)=C(y,§( ))1(£(J’)—§fp(,1’))

Damage model linking the total stress to the
effective stress [Fichant et al., 99] :

-1

5ly)=c’ly):£°ly) and g(z)=§(_»£(3_f)):(§°(z)) 5(v)

Damage evolution: d =1- _exp[B:(ng - geq] g :\/<8e>+ 3<89>+

eq
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Simulation of fhe creep tests
Force e
100 24h e o
F . Palier 1 Palier 2 o aa—d—tT4"
IS
1 ?80 r_r-—‘*"_ AT
% o A,‘/N:“"’M
iﬁ_ Exp (palier)
8 40 =& ' Sim (palier)
30% |_|7 =& ' Sim (cst)
F _____ 20 v —— Exp (cst)
max
> o 1
30d Time 01 5 10 15 20 25 30
Temps (jours)

CMOD

A little gap is observed
between simulation
and the measurement
for the bearing load

Constant load
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Future couplings

Consideration of the shrinkage
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The mlcromechamcal approach
The local hydro-mechanical problem

E Micro Macro
div 0=0 inV
c=C :¢ inV,
o=Ce-p.o inV, )
I —_— = 4y
§=5(=2+’Z@) = = = =

“0'.2” =0 and ||g|| =0  ondlV
u=£y onT’,

Changing of the capillary pressure (Coussy et al., 2004)

2.(5) =M(S_”m _l)(l—m) M = 37,55 MPa and m = 0,46 are material constant parameters which
< define the liquid saturation of the cement paste.
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The mlcromechanlcal approqch

1 pc ( khom . k;qom)
khom kw . kilom

The homogenized strain of the cementpaste  dE¥ =

Calculation of the chemical shrinkage (Mounanga et al., 2004)

Ae(1) = Aoy, M, +Ne s oMy (0 +Aey M, (0 + Aoy Mo (D + A6, oMy, (0 +A6,, M, (1)
s}
30 F b
— 25
S
I5e)
E 20 r
° Chemical shrinkage: simulation —
§ 15 Chemical shrinkage: test -+—
= Autogenous shrinkage: simulation —
0 " Autogenous: test ——
g
n] b

0 5 10 15 20 P 0 * 40 45
Age [h]
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Cracking due to shrinkage

Laser sensors (D)
PVC plates (C)

Water flow Thermocouple  Steel mould
(Control of the (Measure of the (A)
temperature in temperature in

the mould) concrete)
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Future couplings
Modelling of ITZ
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Bulk
Cement Paste

Interfacial
Transition Zone

<
Aggregate

(radius ) thickness 9)

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

Thickness between 20 and 50 um!

Finite element modelling:

If ITZ is represented the REV dimension to
size ratio is oversize

element

W onase

=
[E~)

=
o

o

DAasE

& * L

Cement volume fraction in the cement paste (Nadeau, CCR, 2002):—+ &=+ L seirel]
. distance from aggregate/|TZ interface [um]
o (r) = Qic [] + Hc(r_?_ﬁ)_ Fa <F<r;+0 (Scrivener et Pratt, 1996)
i r>rat+b
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Definition of a new interphase
Grondin and Matallah, 2014

Interphase properties = Average (layers of ITZ + a bulk fraction)

Homogenization
of EMI
—

2
o
7 ]
L
S

et

e
&
s

e

e
.‘. .

.___
S
o,

5
W
k505
-

Agaregate !
ITZ  Bulk
Cement volume:
. i:)Jrr';.+f: 5 4
V.=v 14+ p ot - C‘i‘: / {1 + a (—r_r;_ ) ]r‘zdr + O V—%naﬂ(ra—l- 5)°
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0.99
0.94
0.90
0.35
0.80
0.75
0.71
0.686
0.61
0.585
0.52
I 0.47
0.42
0.37
0.33
0.28
0.23
0.18
0.13
8.73E-02
3.97E-02

Modelling of the direct tensile load
Grondin and Matallah, 2014

Damage

30000

= Without ITZ
—&— [TZ=20um
—&— TZ=50um

\ — —ITZ=20um ; ft inf

— —TZ=50um; tint
20000 ‘\

15000 -

25000

.20E-05
.90E-05
.60E-05
.30E-05
.00E-05
.TOE-05
.40E-05
.10E-05
.80E-05
.50E-05
.20E-05
.90E-05
.60E-05
.30E-05
.00E-05
.TOE-05
.40E-05
.10E-05
.00E-06
.00E-06
.00E-06

Load (N)

10000

5000 4

m
DG @ R NN N W W W GG @

-“‘*-~__

1] T T T T T T T T
o 0,00001 0,00002 0,00003 0,00004 0,00005 0,00006 0,00007 0,00008 0,00009

Displacement (m)

Crack opening

Note: More the hydration is advanced, more
the difference between ITZ and bulk decreases.
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- Assessing the thermal dilation of concrete since early ages

- Continous monitoring of concrete E-modulus (EMM-ARM) in the
context of the construction of a bridge

- Other recent works and further ongoing research of interest for
TC-CMS
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Assessing the thermal dilafion of concrete

since early ages
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Scope / Motivation
= Early ages of concrete -> hydration heat -> stresses;
= Limited knowledge about thermal dilafion coefficient (TDC);

= Need for new experimental approaches applied to concrete.

Objectives / Organization

= Development of new method to measure TDC;

= Possibility of measuring TDC since early ages;

= Very short temperature cycles and internal cooling;

= Pilot experiment.
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Techniques for measurement of the thermal dilation coefficient (TDC)

Techniques based on the

Volumetric techniques longitudinal length variation
of a specimen

'1. v

Loser et. al., 2010

.. . AASHTO-T336, 2011
Limitations:

v Sample size Only applicable to hardened concrete

v Material suitability

TDC not measured at early ages
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New method for TDC measurement: requirements and considerations

O Temperature cycles to which the specimen is subjected

* Short enough to maximize the number of measurements of TDC;

* With enough amplitude to generate measurable volumetric variations.
Q Applicable to concrete specimens

e 150mm diameter and 300mm length (standard size);

* Internal pipes to accelerate thermal equilibrium state (12mm);

* Internal strain monitoring with vibrating wire strain gauge.
O Average temperature of 20°C, avoiding maturity corrections

e Cycles between ~17.5°C e 22.5°C;

* 180 minutes of duration for each complete cycle (2 measurements per cycle).
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Proposol of a new methodology for TDC meosuremen’r
Geometry and study of internal pipes

Pipes for water
circulation

Vibrating wire

I

:

i

.

.

.

o
oo 18

.

strain gage ”
T4

1245

143

:

:

:217

L te< 0,35 horas. 0.1
Toms g 2
I
Tas

:
laza
lar
lana

T
[ER
instante: 1,11 horas 1205
T misg V8
Teeng, min; 20 "

150mm diameter
300mm length

FEM Thermal simulation
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Proposol of a new me’rhodology for TIDC measurement
Specimen and surrounding bath

Water ramification

o device
150 ' ’
37,5 o wf 75 ok 375 Section B-B /

Section A-A’

A ‘/ pipes
2 B Internal pipes T

_—— | Water pipes

— 480
405

1 300

Vibrating wire p4——"
strain gage

puMp

Vibrating wire

strain gage

wooden base

Positioning of specimen within

surrounding bath

CHARACTERIZATION OF CONCRETE PROPERTIES AT EARLY AGES | M. Azenha and J. Granja 246



7'..'

el ; ‘ CMS Workshop “erckmg of massive conc_rete structures”
~_«Cachan, 17 Mqrch 2015 |

Proposol of a neW rhe’rhodology for TDC meosuremen’r a
System for heating/cooling the bath

Refrigeration
machine \ 380 320

Thermostatic conftroller

Serpentine [~

575

Elevation pump

@1 @ T“&

Circulation pump
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Pilot experiment — General information

Q Cycles 17.5°C-22.5°C with 180 min duration;
A Test starts 40 min after casting;

d Concrete composition:

Quantity (kg) per m3 of
concrete

Cement (kg) 500,0
Sand (0-4) (kg) 851,6

) (
Gravel (4-8) (kg) 822,9
Superplasticizer (kg)

Water (kQ) 181,6
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Internal pipes

Thermally insulated
hoses

Water circulation

Submersible
pump
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submersible
pump

Brass adaptor h ,-'
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Pilot experimen’r — main results

25
. —1 Temp. specimen
L ,
o AAAARAUARGAAAALAAAAAARAAaRARLARRERAS
LA aarn —{Temp o
0]
s [IUUVUNRRERBYRVVINULNUVRVURVURRIVRVNNLY
: 15 | . | . T Temp. bath 2
0,0 1,0 2,0 3,0 4,0 5,0
Time (days)
150,0
1000 Autogenous and |
’ thermal strain Autogenous strain Thermal strain
E 50,0 3
00 ,,,,,,_I:.:I_||h||III|J|L||1|r| AR A ARARARAL fgaf i i 'll i |{|'|'1'r'|'|'1' 'J',i;'l,'l
c i
g_SD'D "F"’I I, ||..|||HH|I|H|| |||1.||| |||H.|||=|I|| il
100,0 - 1! 'Jii]iilf'iii!ll'll'l |,1.I..:.{1IHIIIIII. anneenreey
1000 Time (days)

CHARACTERIZATION OF CONCRETE PROPERTIES AT EARLY AGES | M. Azenha and J. Granja 251



By cMs Workshop “Cradﬂ'ﬁt@fma&m ‘ tures”
* ..Cachan, 17 " cthIS J

» B -
T TR L Prewinsins MR Tt L

Pilot experiment — main results

[ Evolution of the thermal dilation coefficient

14.0 -
—_ o,
$ 120 N M
@ 100 M
w
3 'Y *
S 80 Instant of
2 ga solidarization
4.0 T T T T T T T T 1
00 10 20 30 40 50 60 70 80 90
Time (days)
14.0 0,00 %00 0,
812.0 *
C *
\]0.0 '3
g 80 -
g 6.0 ——\Q—O—O—M—O—QWI
8 40 ,
g'g 1| TDC of the sensor

0.0 5.0 10.0 150 200 250 300 350
Time (hours)
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Conclusions

Qd Proposal of an innovative methodology for measurement of
concrete TDC since early ages;

d Main originality: internal pipes (accelerated equilibrium states);

Q Pilot experiment with cycles of 180 min, starting shortly after setting;

d Good performance of strain monitoring;

Q Values/evolution of TDC plausible in view of the literature.
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Continous monitoring of concrete E-modulus (EMM-ARM)

INn the context of the construction of a bridge
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EMM-ARM - E-Modulus Measurement through Ambient Response Method

- Continuous monitoring of the elastic modulus of cementitious materials
from the moment of casting;

- General principles of the technique (Azenha et al., 2009):
Casting a mould with the material to be

tested
Cylindrical mould
Acrylic mould
ﬁi\ )
Horizontal rods Vertical connectors
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EMM-ARM
- Placing the mould in a simply supported condition and monitoring
the accelerations at mid-span;

Accelerometer

PR N
/\/\/\ /\/\/\

; Supporfsé

- |dentification of the first resonant frequency of the composite beam
at each instant while the curing of the material occurs inside the
mould.
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Elv\lv\ ARM Frequency Iden’nﬂco’non

5 min accelerograms Testing beam
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Evoluo’non of Concrete E-Modulus (Bosed on Modal ID)

Based on the equations of free motion of a simply supported beam with
a concentrated load at mid-span

$(0 p

| .
k g/ ' EI, = constants
L L
it is possible to relate the 15 resonant frequency of the composite beam w
with its stiffness El (which is the only unknown in the following equation):

OOO<
27077

—]/(2k)[ El a’sin(a L)2 w’m_+2cosh(aL)kw’m, sin(aL)+cosh(a L)2 w’m_Ela’
+2(ET) a®sin(aL)cosh(aL)—ET a’sinh(aL)’ w’m, +2cos(aL)(ET ) a®sinh(aL)- ‘ E_l = E | 4 E]

4cos(aL)k ET a’cosh(aL)+cos(aL)’ w?m, ET a® +2cos(aL)w?m, ET a’cosh(aL)-

2cos(aL)kw’m,sinh(al) |=0 with a= 4’V\|'E|m

Concrete E-modulus is obtained.
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EMM-ARM !

vertical rods

. | |d hor. rod

PN <

# 100
| " Concrete cube Acrylic beam QZﬁ‘ hor. rod
‘[:A' Top view \f‘\

hor. rod vertical rods
TIDO f 300—— 300 t——300———
lid |
iy Concrete cube
Section A-A'

T Concrete cube Accelerometer [units: mm]

Lateral view

Several drawbacks:

Difficult fo cast;

Nof robust;

Non reusable mould;

Very sensitive to contaminations of
the environmental noise.
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EMM-ARM improvements — test setup

- Beam span reduction and new mould material
- Implementation of new beam supports

L PVC-1.0-SB
Dilde=86/90

< ACR-1.0-SB
K. || ilge=92/100

~ ACR-1.8-SB

BilPe=92/100 . .
New supports

- Similar results were obtained, thus validating span reduction and
changes in both mould material (PVC) and supports.
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Elv\lv\ ARM mprovemenTs Tes’r se’rup

New reusable mould

- Two halves of a PVC tube
- Accelerometer «  Aluminium reinforcement rings

j’/ «  Wooden lids
~PVC mould
Di/Fe=96/110
A aminiumarings « Robust test setup

~Horizonta
S 2=12

Steel supports

Q Similarresults were obtained, thus validating
the reusable mould
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Elv\lv\ ARM improvements — Modal analysis ’rechnlque

- Comparison between ambient vibration and forced vibration
tests:
- Excitation applied through custom non contact electromagnetic actuator.

1E-2 L 1 1E-2 1E-8 L L 1 1 1E-2
) Excitagcao - —— VA - PSD Resposta
----- —— VF-FRF

N Resposta 1E-94 [ 1E3
5E-3 ‘ \ " I5E-3 "
A\ _ ] "
G > 1E-10 -
g il 2 8
o 0 <« O 1E-114 2
= L 1E-5 &
- j:; < 1E-5 g

o < 1E-12 4
5E-31 1 -5E-3 6
1E-13 4 :
'155.3 Hz Er
VY 1.43 1.44 Tk 0 50 100 150 200 250
Frequency(Hz)

Time(sec)

Q Allows the reduction of the sensitivity to environmental noises
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EI\/\M ARM IN- sfru ophca’non validation

Foz do Ddo bridge:
« EMM-ARM implementation to support decision making in pre-stress
applications

in-situ Lab
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EMM-ARM in-situ aplication: validation

0 Extended experimental campaign:
= Comparison between several types of EMM-ARM beams (reusable,
PVC e acrylic);
= Comparison with classical cyclic compression tests (CC);

45
40 - % ¢

W
—35 1 4

“ 10 —PVCnormal ¢ CC

O T T T T
0 2 4 6 8 10
Equivalent age [days]

O Good repeatability of the EMM-ARM results
1 Excellent coherence between EMM-ARM and CC results
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Elv\lv\ ARM IN- sfru opphco’non E VS fcm relationship collbro’non

0 Comparison between results under the same curing conditions:
Q Compressive strength (cubes)
O E-modulus (EMM-ARM beams)

| B [8.208E3 "
Fitting to the
i cxperimental data ' 40
35 4
40 i ————————
— 30 _
5 5 o’
~ 301 $ 25 A
2 220 .
§ 20- f_, 15
= ) + Res. Exp. 10 - —EMM-ARM
101 Ajuste 1.887 |8.228E°/0.353 | | 5 o Cubes
----- EC2 22 | 10 | 03
0 T T T T 0 T T T T T T
0 10 20 30 40 50 0 1 9 3 4 5 6 v

Compressive strength (MPa) Equivalent age [days]

Ecm = A(fen/B ¢
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Temperature
sensor in the real

structure

Temperature
control
system

Q Preliminary test

Temperature matched
chamber

Data

acquisition 35
system
9)
o_ 30+
o
Temperature %
sensor O
Q 25
-
O
|_
—— Chamber
— Imposed
20 T T T T Ip
0.0 15 3.0 45 6.0 7.5 9.0

Time (hours)
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Thermocouple TN
EMM-ARM specimens :

Temperature ‘

Temperature matched control

chamber system
Data 60
- . acquisition
system
_50
Q
L 40
5
<
330
= —In-situ concrete piece
EMM-ARM beam 1 = 20 - —Chamber
—EMM-ARM specimen
10 T T T
0.0 0.5 1.0 1.5 2.0
Time [days]
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30. Excellent coherence

201

Compressive strength (MPa)

PVCR-1.0-SM
10 = Cubos
0 T T T
0 2 4 6 8
Time (days)

a Applicability of EMM-ARM under in-situ conditions successfully confirmed.
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Other recent works and further ongoing research
of inferest for TC-CMS
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Other recent works

| | ENGINEERING

Application of air cooled pipes for reduction of early age cracking risk | | STRUCTURES
in a massive RC wall / | -

Miguel Azenha *, Rodrigo Lameiras, Christoph de Sousa, Joaquim Barros

Engineering Structures 62-63 (2014) 148-163

7| Temperature
(°C)
I a0

!a7

‘34
31
28
-]' 12.7m 3m—+=—-6. 25
3 W o
Studied: R Bt NI PN, PRERYOG | , 16
e e k
Concrete " 1 & [
ﬁ saliency & =]
v

downstream

Cooling ducts Cooling ducts not
considered considered
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Other recent works

Early-age behaviour of the concrete surrounding a turbine spiral case: %Nrg'l',‘gggg
Monitoring and thermo-mechanical modelling e |

José Conceicdo®, Rui Faria®*, Miguel Azenha”, Flavio Mamede ©, Flavio Souza
Engineenng Structures 1 (2014) 327-340
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Ongoing research
VisCoDyn Project — FCT - EXPL/ECM-EST/1323/2013

The intent of this work is to explore the possibility of using dynamic approaches to contfinuously assess
viscoelastic properties of concrete, with the proposal of a new methodology termed VisCoDyn. This
innovative implementation can be achieved through the submission of a concrete specimen (e.g. a
beam) to a known dynamic excitation.

Task 1: Equipment acquisition, training and software development

Shaker

Task 2: Assembly of the experimental setup and testing o i

Task 3: Experimental program and round-robin testing

Steel rod

. . . |
Task 4: Analytical and numerical evaluation of creep data |
| Dynamic load
i cell and

accelerometer

Task 5: Dissemination of results and connection with indus’rryAfcur*y*gc

Concrete

PP Vertical steel rods

Steel
supports
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COST TU1404 — Short Term Scientific Mission — UMinho - EPFL

José Granja, Cyrille Dunant, Miguel Azenha, Arnaud Muller

3D Model
Cement Paste: '
« Chemical composition
« w/cratio

« PSD of the particles

« Reactions

Meshing

Y
.

Back analysis to L

‘ Compare

Hydrated and anhydrated
phases:
« Mechanical properties

*

Several unknown
properties!

EMM-ARM for cement pastes

et the

Top view g i ]
0 - properties — 8 1

O &
S SR
L 4
Front view 550 Lateral view — 2 -
0 u

== ;

—EMM-ARM
= -Simulation

1 2 3 4 5
Equivalent age [days]
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Focus on the influence of the
water safuration of aggregates

on shrinkage induced cracking
risk of concrete

E. Roziere, S. Staguet, R. Cortas, A. Haomami, A. Loukili,
M.-P. Delplancke-Ogletree
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o Observaﬁons

Early-age cracking of concrete
(before 24 hours) :

Case 1 : Slabs.
Influence of aggregate type. 19
Water/Cement =0.5-0.6

Case 2 : Raft slab foundations, ‘
walls.

Influence of aggregate water
saturation, paste volume and

W_/C.
W./C = 0.45
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e Restrained shrinkage caused cracking

ORIGINAL LENGTH

UNRESTRAINED -

SHRINKAGE
- --—I--ﬁ- ﬁ
g -n—I—.-- L~

RESTRAINED SHRINKAGE
DEVELOPS TENSILE STRESS

)

IF TENSILE STRESS IS
GREATER THAN TENSILE
STRENGTH, CONCRETE CRACKS

[ACI 224 — 01]

MAAANY
AN
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Time of measurement, hours

 13—Tensile stress and strength of semiplastic and
ic mortar made with Cement B (Type 1) and cement
C (Type V), exposed to climatic conditions Ez)20

Tensile strength, Tensile stress
Climatic conditions :
20°C, 45% HR, Wind 20 km/h

Ravina & Shalon, ACI, 1968
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0,7

08 T ====lom=u=w

: |
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03 +--==F==

Stress (MPa)

L

01 + === =t===~-~ L ot

0,0

0,1 -
6 8 10 12 14 16 18 20

Time (hours) )
Self generated stress under various exposure

conditions, and uniaxial tensile strength :
- Sealed (*S”, 20°C),

- Sealed and cooled ("S, 20-10°C"), exposed
to air (“ES, 20°C")

- Exposed to air and cooled (“ES, 20-10°C").
Hammer et al., Materials & Structures, 2007
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Ouﬂine

- Experimental program
» Measurement of early-age shrinkage
> Mix design

- Early-age shrinkage
» Autogenous and plastic shrinkage
» Porosity
» Strength
- Cracking
> Experimental approach
» Effect of water saturation of aggregates
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Plashc shrinkage Autogenous Capillary depression
shrinkage

Capt. déplacement
= Couvercle de cu )
TR Capteur de pression
EEEE? — Platine support

% N '/E dylb/’r % Ticio iiibe Ceramlque poreuse
% = Couvercle de m 70 mm
:E\_ S\ Moule PVC
% E\ Thermocouple
%Ef § il = |nsert
= ) == oo e [TURCRY, 2004]
- * BTJADE
TU R C R Y, 2 004
[ ] [BOULAY, 06] ,
Drying Drying

§488488848488888888844¢4¢

$4884488448888888488484¢¢

Unsealed

Unsealed Sealed
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| Experimental procedures
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Dry aggregates
Aggregat
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E - water
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Water in concrete : deflnlhons and experimental choices

Added water Variable | -
Effective water}]  -—-- Variable

Total water Constant Variable

[AL HOZAIMY, 09],
[TOMA, 99],

References P EFﬁLR?Ne;LO%’j,fQ]’ [KHOON Ng & CHINg, 11]

Porosity of

aggregates

Volume of paste

WEff = EAdded/Dryaggregates_ EAbsorbedbyaggregates
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|
|
|
| Results and analysis
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Dry
aggregates aggregate aggreqgate
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Aggregates Aggregates Aggregates i‘;
S
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O ©
e =
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g e} Water in aggr. Water in agagr. 9
(D — e - — mir a8 = -
= O O
s e Vil S IS Added water s
o O 2 Added water | 3 S
g5 - 5o "5 - %
)
G 2 S
= < =2
o3 0
0% 100 % 50 % >
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i Results and analysis

m":;-wwﬂ‘ LI Iy { ]

Natural limestone gravels
Aborption (WA,,) 3,2 %
(Standard NF EN 1097-6)

Initial water saturation :
0%, 50% et 100%

W/C:0.5 -E/C: 0.6
Portland cement CEM | 52,5

Drying :
20 °C - 50 % RH

Same influence of initial water
saturation of gravels

JX GG _a Ow

Plastic shrinkage (um/m)

Capillary depression (kPa)

Cachan, 17 March 2015
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Plastic shrinkage

1400 I I I
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1200 -{| = BV 100%
-+ BV 0%
1000 | -~ BV 0% 0,6
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Age (h)
0 +—r¢
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o 1 2 3 5 6 7 8 9 10 11 12
0 - ! !
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5 | |
10 O ~<-BV50% | |
15 ‘A%\\\ =BV 100% | |
" 20 %\ 4BV 0% 06 |
25 Capteut de pressi - BV 0% -
,
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Early-age shrinkage

—~ 1400 0

£ UENBENSSS . e e o el

& 1200 /" ~-BV 50% 2 o e and

= ~

Z 1000 -= BV 100% =

o -+ BV 0% = ~0

g 800 ‘ w £

R .~

c 2 E£0

£ 600 st O3 ey

c e

“ 00 v oo +BV50% | |

2 o = BV 100%

8 200 2 0 - +«~BVO0% | |

S Age (h) 0 16 24 32 40 48
0

0 4 8 12 16 20 24 Age (h)

® Relatively low autogenous shrinkage

Same influence of initial water saturation of gravels :
water,/cement rafio
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evidence of absorpt

Microstructure
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Results and analysis

Early-age shrinkage
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Mercury infrusion porosimetry
0,08 Micjroporosi’r | I Macroporosit 20
-~ Y I I Y [ Macroporosité
% 0,06 N 4.4: ’; > B Mésoporosité
2 1 8 1 159 £ Microporosité
= ‘ O —
= “\ | 2>1 -+ BV 0% S
£ 0,04 2 — =
° I g | -~ BV 100% 8 10 1
= | ~- BV 50% 8
3 0,02 ﬁ | E
: » }' L
: . 5
O
0
0,001 0.01 0.1 1 10 100 1000 0 -
Pore diameters (um) BV 0% BV 50% BV 100%

Age : 24 hours

@ Porous structure dependent on initial saturation of gravels
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| Compresswe strength

50 4
45 - —]
:.6 40 ////
2 35 S _—
N e
2 30 /f;/ + BV 50%
£ 25 /4 = BV 100%
g 20 - A BV 0%
¢ 15 1/
(o
£ 10
S 5
0
0 7 14 21 28

Age (days)

Same influence of initial water saturation of gravels (cf. autogenous and
plastic shrinkage) => Influence of added water on macroporosity
(evidence) and interfacial fransition zone (to be confirmed)
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Expenmenial procedures

NEEE RO L W 1w gl |

‘ Direct tensile testing rig

New experimental method (Roziére et al., 2012)

Electric actuator

Load cell
Concrete
specimen LVDT2
Spherical pin Steel mould :
connection

&}VDTl

< Image a

LVDT 2
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Ulirasonic monitoring of elastic modulus - FreshCon

c #
AL w e 3

- Poisson ratio : vy,
- Elastic modulus : E,

Edyn =V P

= o density of fresh concrete,
= v, compression wave velocity,
= v, shear wave velocity.

[Reinhardt and Grosse, 2004]
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Ultrasomc monliorlng of elas’rlc modulus

30 |
25 | Z
g-_;? 20 - -+ BV 0%
) —~ BV 50%
c 157 = BV 100%
>
©
W0 -
s| 0 |
; Age (h)
0 *‘ﬂ‘:"‘:‘é‘g/ I I I T
0 4 8 12 16 20 24

=> Significant influence of water saturation of aggregate on elastic
modulus (2-10h).
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Cracking
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Assessmen’r of crackmg sensmvﬂy due to AUTOGENOUS shrinkage

10,000

Traction .
Elastic model :

°" = of) = eff)-E(

-

=
o
o
o

Stress — Strength (MPa)
o
o
o
o

-+ Strength
0,010 & <{ — Stress
0,001
0 4 8 12 16 20 24

Age (h)

=> Time period when stresses due to to restrained shrinkage exceed
tensile strength.
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Influence of water saturahon on cracking due to AUTOGENOUS
shrinkage

BV 0%

BV 50%

2.0 ~ ‘ | 10,000 10,000
< Tractio -+ Résistance PR Traction = Traction
% 15 -~ Contrainte % 1,000 ilo h ﬂﬁ’ % 1,000 j}ﬂ [
0 1,0 ~ j‘% ~ 4 f
g $ 0,100 o $ 0,100 650 |-
£05 c /{/Zf’ c
T = — = = Rési
S 00 e € o010 | “neeance || € oo e
o T P AN N N AT S <~ Contrainte =
O-O . Compression S o001 ! ! 8 0.001
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Age (h) Age (h) Age (h)

= Limestone gravels (Abs : 3,2%)
= Cement : 350 kg/m?3
= E/C:0,5

Critical period between 4 and 10 hours
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TSTM (Temperature Stress Testing Machine) :
Restrained shrinkage tests

Steel frame Concrete  Load cell

Rig for testing of self generated stress
[Hammer et al., 2007]
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Conclusions

 An experimental procedure was designed to investigate the
influence of water saturation of gravels of early-age shrinkage
(before 24 hours) and cracking sensitivity of concrete.

 Significant variations of the plastic shrinkage and early age
autogenous deformations were observed.

e Due to the kinetics of absorption of gravels, the water
content remaining in cement paste was different from the
effective water content.

e The evolutions of elastic modulus and tensile strength were
experimentally assessed and used to compare the cracking
sensitivity of the three studied concretes by evaluating the self
generated stresses.

SHRINKAGE INDUCED CRACKING RISK | E. Roziere et al.

296



-OcuUs on the influence of the
type of aggregates on shrinkage
iInduced cracking risk of concrete

S. Staquet, E. Roziere, A. Hamami, B. Delsaute, A. Loukili

s L
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Ovutline
Experimental program

» Mix design
» Measurement of thermal expansion coefficient
» Experimental approach for shrinkage induced cracking

Early-age autogenous shrinkage : effect of type of aggregates

» Autogenous shrinkage, capillary pressure, thermal expansion
coefficient

» E modulus
» Autogenous shrinkage induced cracking

Early-age drying shrinkage: effect of type of aggregates
» Free shrinkage
» Restraint shrinkage
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Properties of aggregates
Water absorption WA,, Density
(%)

Sand 0/4 mm
Sea sand 0.6 2.58
Limestone sand 0.8 2.65
Gravels 4/20 mm
Quartz (Q) 0.8 2.59
Dense limestone (DL) 0.74 2.65
Porous limestone (PL) 3.2 2.46

Same water saturation degree
(50%) before concrete mixing
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| Properhes of aggregates

S
o))
=
a
o)
Q
Gravels 4/20 mm T 100 B
ks -0~ Quartz (Q)
Quartz (Q) 0.8 g 80 11 =+ Dense limestone (DL)
Dense limestone (DL) 0.74 3 Porous limestone (PL)
Porous limestone (PL) 3.2 é e
o
5 40 /r
Same water safurafion degree | 7
(50%) before concrete mixing o
50 fﬁ/
. 1 10 100
% Size (mm)
o.
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Properhes of the studied concretes
PL Q DL
Gravel (kg/m3) 1016 1057 1086
Sea sand (kg/m3) 378 378 378
Limestone sand (kg/m?3) 389 389 389
Cement (kg/m3) 350 350 350
Superplasticizer (Sp) (kg/m?3) 1.25 1 1
Effective Water: W (kg/m3) 175 175 175
Water from superplasticizer (kg/m3) 1 0.8 0.8
Total Water (kg/m3) 211 186 188
Water absorbed by sand: W, (kg/m?3) 23 23 23
Water absorbed by gravels: W, ., (kg/m?3) 16 4 4
Added Water: W, ., (kg/m?3) 172 159 161
W_.,/C 0.50 0.5 0.5
W_y0/C 0.49 0.45 0.46
Paste Volume (L/m3) 288 288 288

| Same water saturation degree (50%) before concrete mixing
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Properhes of the studied concretes

Displ. transducer

e
- Container cap
7 b
% Y —— Support plate
e AN
~ Guided rod
~ =~~~ Mould cap
R \ g
< - \Ring
= € — PVC Mould
— \\%‘
— { = \Thermocouple
%“ N k
=TT Insert
b {% I
i, AJ l L
S — — Insulated container
S B — —
BTJADE

[BOULAY, 06¢]

Au’rogenous deformohon test dewce
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Measurement of CTE ! i
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Properhes of the studied concretes
24 23°C - Tank temperature 10
,*—::7"‘""‘\ - Concrete temperature 0
Concrete total deformation
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120 min

17°C
16 | | | | -50
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Equivalent age (hours) AU, (ti+1] — AU, [tg]
L 4]

AB, : Temperature variation betweentand t, ||t [tg] — g g
AU, : Displacement of the concrete. A (’-Lz+13| —A I}(tij
dg : CTE of the concrete sample (a)
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Setting

Elastic properties
(ultrasonic wave propagation)

Tensile strain capacity
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Initial time

Deformations

Hardening

Stiffness
development

Tensile strength

(direct tensile testing)

at early age
A

Y Risk of cracking

Thermal Autogenous Drying
(BTJADE) (TSTM)  (TSTM)

Capillary pressure

Restrained shrinkage

Stresses
(TSTM)
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Experlmenial program

— Linear horizontal device
— 400 kN compression/traction jack
— Computer controlled
— Dog bone shape
e length=1.3m
. e Section =100 x100 mm? )
— Fixed and mobile heads
— Surrounded by a plastic film
e Autogenous conditions
— Displacement sensors without contact
e 75 cm spacing
— Thermal regulation
— Twin mould
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TSTM (Temperature Stress Testing Machine)

Linear horizontal device
400 kN compression/traction jack
Computer controlled

Dog bone shape
e length=1.3m
e Section =100 x100 mm?

Fixed and mobile heads

Surrounded by a plastic film
* Autogenous conditions
Displacement sensors without contact
e 75 cm spacing
Thermal regulation
Twin mould

SHRINKAGE INDUCED CRACKING RISK | S. Staguet et al.

F|xed head




TSTM (Temperature Stress Testing Machine)

— Linear horizontal device
— 400 kN compression/traction jack
— Computer controlled

— Dog bone shape
e length=1.3m
e Section =100 x100 mm?

— Fixed and mobile heads

— Surrounded by a plastic film

[ * Autogenous conditions ]

— Displacement sensors without contact
e 75 cm spacing

— Thermal regulation

— Twin mould
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TSTM (Temperature Stress Testing Machine)

— Linear horizontal device
— 400 kN compression/traction jack
— Computer controlled
— Dog bone shape
e length=1.3m
e Section =100 x100 mm?
— Fixed and mobile heads
— Surrounded by a plastic film
e Autogenous conditions

[— Displacement sensors without contac
e /5 Ccm spacing

*]

— Thermal regulation
— Twin mould
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ISTM (Temperature Stress Testing Machine)
— Linear horizontal device
— 400 kN compression/traction jack
— Computer controlled
— Dog bone shape
e length=1.3m
e Section =100 x100 mm?
— Fixed and mobile heads
— Surrounded by a plastic film
* Autogenous conditions

— Displacement sensors without contact Lesende
. ] Aluminium
® 75 cm spacing Il Regulation thermique
. E Isolan
— Thermal regulation -
— Twin mould tomd e
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Cachan, 17 March 2015

TSTM (Temperature Stress Testing Machine)

Linear horizontal device
400 kN compression/traction jack
Computer controlled

Dog bone shape

e length=1.3m

e Section =100 x100 mm?
Fixed and mobile heads
Surrounded by a plastic film

e Autogenous conditions

Displacement sensors without contact

e 75 cm spacing
Thermal regulation

Res’rroied head

leed head Fixed head

Freeheod

Twin mould
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e Traction / compression

e Sedaled / unsealed conditions
e Force / displacement conftrol
e Various temperature

o Mulfiple stress levels
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10 2.5
. Deformation
) - . Deformation Mould 1 | " threshold:
= 1-.1;:111111111 "I } summ 2
E N lIONNNNNNN NN Ny 5
g—l[] . Thermal —_
‘; deformation +— 1.5 E
o Cumulated g.,
@ -20 1 deformation Deformation v
E Mould 1 Mould 1 1 @
o T —
— corrected Wy
g -30 - Stress
a0 - + 0.5
50 0
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84
Age (hours)
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Expenmenial program

10 21.6
0 - ' ' ' ' 21.4

— Thermal deformation
£ -10 s~ 2 1.2
S @)
5-20 - +21 <
= 0
2 -30 7 + 208 3
o Deformation Mould 2 o
E -40 A Deformation corrected -+ 20.6 g
e Mould 2 c
v -50 ~ - 204 o
- —

-60 - - 20.2

Temperature
-70 - - 20
-80 19.8

0 12 24 36 48 60 72

Age (hours)
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Deformation threshold:

Agg, =4 pm/m

Deformation Mould 1

Deformation (um/m)

Stress increase
Ao;
-12

30 32 34 36 38
Age (hours)

-16

40

e 05 (7/VS

AN,
AL 2
EMEE g E @_.hﬁ
e me el PSR-l C A C H A N

1.8

[ERY
D
Stress (MPa)

1.2

TSTM (t ) —

Ao,
A&,
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& =&y tE&, T & T &, Measured by mold 1 of TSTM
(restraint deformations)

E.- =&+ & Measured by mold 2 of TSTM
th (free deformations)

&) — &) =&y +gcr

By knowing the elastic part, creep deformations can be obtained by the
difference between deformations measured with the two molds of TSTM
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No clear correlation
between autogenous
shrinkage and capillary
depression

Autogenous shrinkage (um/m)

Capillary depression (kPa)
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-+-Dense Limestone
<Quartz
-+-Porous Limestone

w T T T T T T T T T T

0

6

12 18 24 30

36 42 48 54 60 66 72 78 84

Age (hours)

¢ Dense limestone

O Quartz

A Porous limestone

hd v oY v

T Initial setting
<—— Final setting

0

6

12 1

8 24 30 36 42 48 54 60 66 72 78 84
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Results and analysis

CTE of quartz gravels
is equaled to about

dense and porous
limestone gravels

twice the CTE of —

Autogenous shrinkage
(um/m)

Coefficient of thermal
expansion (um/m/°C)

—

100
90

Cachan, 17 March 2015

-+-Dense Limestone
<*Quartz
-&-Porous Limestone

6 12 18 24 30 36 42 48 54 60 66 72 78 84

Age (hours)

11 4
10

Meanvalue i i —o— Quartz
-------- Q:9.86 B R R &
DL:5.18 ! ! —e— Dense limestone | !
PL:5.07 | —A— Porous limestone | |
52 54 56 58 60 62 64 66

Equivalentage [h]
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Early age autogenous "
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Rapid increase of
Edyn from 2 to 12-18
hours

1T

Edyn (GPa)

50
45
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35
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25
20
15
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E :J,
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Evoluhon of dynqmlc modulus by ulirasound monitoring

--Dense Limestone
+Quartz

-4-Porous Limestone

12 18 24 30 36 42 48 54 60 66 72 78 84

Age (hours)
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Influence of type of aggrega’res on crqcklng due o AUTOGENOUS shrlnkage

10,000 DL 2,0 Q
""""""""""""" 1,5 -
1,000 - =
o
7 s
s 2 10
= 0,100 - o
g &
& -o-DL Tensile stregnth 0,5 1 QTensile strength
0,010 @ c-cboccboocboooioooae —Q Stress
DL Stress 0,0 1
0,001 'T T T T T T T T T T T T T —0,5 T T T T T T T T T T T T T
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 0 6 12 18 24 30 36 42 48 54 60 66 72 78 84
Age (hours)
10,000 r PL Age (hours)
10h
000 | Critical period between
_ 6 and 10 hours
&
S 0,100
g
g -+-PL Tensile strength
0,010
—PL Stress
0,001 T T T T T T T T T T T T

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84
Age (hours)
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Influence of type of aggregaies on crqcklng due to DRYING shrlnkqge
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Influence of type o;aggregaies on cracking due to DRYING shrinkage
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Restraint shrinkage

R Mg il 7L ,
S i T e Cachan, 17 March 2015
Influence of type of aggregates on cracking due to DRYING shrinkage

0\
30 -

20 -~
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0 -
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20 -

—Porous limestone

---Dense limestone
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-30 -

Cumulated strain (um/m)

\ PL
DL
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Age (hours)
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Influence of type of aggregaies on cracking due to DRYING shrinkage
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Influence of type of aggregates on cracking due to DRYING shrinkage
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Influence of type of aggregaies on cracking due to DRYING shrinkage
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ype of aggregates

Cachan, 17 March 2015
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Conclusions

A comprehensive monitoring of the main properties of early
age concrete was designed with the Temperature Stress
Testing Machine to investigate the effect of dense limestone,
porous limestone and quartzite gravel on the shrinkage
induced cracking sensitivity of concrete.

 No effect of the type of aggregates was observed on the
setting and the early age development of tensile strength.

At very early age, until 18 hours, a very rapid increase of
capillary depression, autogenous deformations, and elastic
modulus was observed.

°The results showed that the risk of cracking was relatively
high for dense limestone concrete and porous limestone
concrete, from the ages of 6 and 10 hours respectively.
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ype of aggregates

Conclusions

e TSTM tests were carried out in drying conditions. The three
concretes cracked after 54 to 79 hours at similar stress levels.
Under restrained conditions, moderate drying shrinkage can
result in cracking of normal-strength concrete in isothermal

conditions.

e Concrete made with quartzite gravel showed delayed risk of
cracking thanks to initial expansion, and lower shrinkage
magnitude. The expansion occurring simultaneously with initial
temperature peak was attributed to thermal deformation.
Quartzite aggregates actually show higher coefficient of
thermal expansion than limestone aggregates.

op “Cracking of massive concrete structures”
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CONITEXT

- Extension Paris subway line No.4
- Final tunnel lining : 10m formwork
(thickness ~50cm)

- Shotcrete support

- Objectives of the study

- study the impact of different fibers on the
"susceptibility” to cracking at early age
(can fiber replace anti cracking girds)

- Comparison of different types of fiber

- Polypropylene micro-fiber (PMiF)
- Polypropylene macro-fiber (PMaF)
- Metallic fiber (MF)

- Methodology
- Laboratory test
- Tunnel lining simulation

Cutting rﬁochine (support)
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Cracking mechanism: self-restrained shrinkage
CONTEXT o o

v Gradient of temperature strain and drying shrinkage
between the skin and the core of the element

\

$ T(D), (1) ¢ o(t)

core '[> \/

b T, &) t o
=¥ N t
i-( surface '[> \

Skin cracking
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Crocking mechanism: restrained shrinkage

v" Thermal and autogenous restrained shrinkage

Shotcrete R

W), "

% . .
£5e , —> Tunnel lining
—

F F coeur [ \
trac trac >
AO GU) Tension
r s tI{t
Rock { >

g V
Compression

Tunnel /
lining r’[

> Crossing crack

Shotcrete
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OUTLINE

- Experimental part : Cracking sensivity
- Presentation of ring ftesfs
- Classical ring test : drying and autongeneous shrinkage
- Thermal active ring test : thermal shrinkage

- Simulation of thermal active ring test
- Brief model presentation
- Thermal active ring test

- Tunnel lining cracking simulation

- Influence of each phenomena
- Influence of reinforcement by fibers

RING TEST FOR EARLY CRACKING SENSITIVITY OF FRC: APPLICATION ON TUNNEL LINING | M. Briffaut et al.
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Experimental part: cracking
sensivity

Presentation of ring tests
Classical ring test: drying and autongeneous shrinkage

Thermal active ring test: thermal shrinkage
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Conftrolled environment (temp, RH)

Classical ing fest

Concrete
Strain gage
20
£ N Tme) / %
S~ v I I I I I
E 20 (0] \0 100 150 200 250 300 Brass -
= \ th. 3cm
- 40
é 60 \‘
5 - \_\\W ‘ (o)
-100 >
, \ 3
Classical ring test : Passif Orthoradial stress profil
v Thermal shrinkage not taken into account
v No cracks for concrete with high W/C 10cm  44cm
- ‘ oem [
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Thermal ring test
thermostatic Laiton

bath

( Thermal ring test : actif A
v Principe: thermal expansion of metallic ring
v Advantages:
- Axisymmetric geometry
- Temperature, creep, rupfture,... . _
_ v Complex test -> Model benchmarking? y Ring fest affer casting
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Thermal ring ’res’r resul’rs

Strain (um/m)
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Cracked concrete ring

Time (h)

Experimental results
Temperature brass and concrete
Deformations measured on the inside radius of brass (low dispersion)
Strain gap: cracking of the concrete ring
Study of rebars, construction joints [Briffaut et al. 11]

AIENIENIEN
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FRC : concretes mix

(kg/m3) REF FRC-PMIF-0.9 FRC-PMIF-1.8 FRC-PMaF FRC-MF
(Reference Mix) (0.9 kg/m?3) (1.8 kg/m?d)

Sand (0/4) 905 905 905 905 9205
Coarse aggregates (4/20) 9205 9205 9205 9205 905
Cement 385 385 385 385 385
Total water 170 170 170 170 170
Superplasticizer 4.62 4.62 4.62 5.12 4.62
Fibres (PMiF, PMaF or MF) 0 0.9 1.8 7 43
Slump (mm) 230 225 220 210 218
Enfrained air (%) 1.3 2.4 4.4 NM* NM*

PMaF stands for "polypropylene macrofibres", PMIF for "polypropylene microfibres” and MF for "metal fibres".
*: Not measured.

Designation Density Type Length Tensile strength Young's modulus Fibre content
(mm) (MPQq) (GPa) (kg/m3)
PMaF 0.92 Polypropylene 50 600 5.0 7.0
PMIF 0.91 Polypropylene 12 577 4.2 0.9/1.8
MF 7.85 Steel 50 1,050 210.0 43.0
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Classical ring test results

Autogeneous (ref. Concrete)

60 T
-------- Drying (ref. Concrete)

Drying Concrete with PMiF (0.9 Kg/m3)
Drying Concrete with PMiF (1.8 Kg/m3)

40 +

20 4

0

20 +

Strains (um/m)

-40 + 60 + e Drying Concrete with PMaF

60 + = == Drying Concrete with MF
40 +
= Drying Concrete with steel reinforcement

-80 +

20 /A& || eeeeeeees Drying (ref. Concrete)

-100 + _
= 0 i if |

. £ 100 /A T
Time (hours) g. 20 + i
p 2 40 ¢ |
: Ju |0
v No cracks under autogeneous shrinkage A 60 1 &
|

v Under drying shrinkage : 80 4
v Micro fiber : slight delay of the crack

v Macro fiber and reinforcement : real
delay of the crack -120 +

\ W,
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REF
FC-PMIF-0.9
FC-PMIiF-1.8

FC-PMaF
RC-MF

Steel reinforcement (1 rebar ¢8)

Thermal expansion

REF
FRC-PMIF-0.9
FRC-PMIiF-1.8

FRC-PMaF
FRC-MF

Steel reinforcement (1 rebar ¢8)

Age of
cracking (h)

92
95
96
104
109
98

Age of cracking

(h)
80
83
83
94
97
91

Freaiesis M 2750

Quon’n’rc’nve nng tests resul’rs
Drying shrinkage

Fibre content

(kg/m3) (W)
0 140
0.9 130
1.8 130
7 120
43 100
0 90
Fibre content Number of
(kg/m3) cracks
0 1
0.9 1
1.8 1
7 2
43 2
0 2

Mean crack opening

Crack opening (um)
measured at 50°C
700
550
450
400 and 250
225 and 150
200 and 150
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Simulation of thermal active ring
test

Brief model presentation
Thermal acftive ring test

Focus on coupling between creep and damage
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