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CZa  INDUSTRIAL CONTEXT

Power Plant reactors dismantling
- Metallic nuclear waste -
Disposal? f\

Dimensional
Stability?

Alkali-activated slag
(AAS) mortar
Chosen with respect to
corrosion behavior

J

PhD final objective:

Thermo-chemo-mechanical 3D Model - cracking risks during package lifecycle
( + effects of waste corrosion)

Need for experimental data for validation/determination of
AAS) mortar el
( ) Hydration models and Mechanical behavior laws
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C2A ECOFRIENDLY MATERIAL

Application of recycled
materials in civil
engineering

O 1 ton of cement produced =1 ton of CO,
released - searching for new solutions

O Volume of cement produced = 555
kilos/person/year (2013)

A Applications of industrial alkali-activated Construction using alkali-activated
] materials due to shortage in Portland

by—pro_ducts : Blast furnace slag BFS Cement in USSR

(steel industry), Fly Ash (Carbon

combustion) ..
CO, emission (t) calcination blending Silicate sol. | Total Reduction
Portland Cement 1.000 0.020 1.020 0
Recycled slag 0.140 0.018 0.050 0.208 80%

CO, emissions reduction in blast furnace slag binders fabrication
[Davidovids, 2014]



DE LA RECHERCHE A LINDUSTRIE

EARLY-AGE CRACKING RISK ORIGINS?

Stresses generated by

self-restraint

Thermal Gradient
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Container

Stresses generated by

external restraints

Shrinkage restriction
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C2A9 MODELLING STRATEGY

« Classical » tests « Electro-chemical/mechanical »
(identification) coupled tests

Il

Deformatious within hydraulic binder matrix
g(t) = £2(t) Ne™(t) + e™(t) + P (t) + €97 (¢)

Study in Et%) + restrictions 1
autogenous ,
conditions Stress generation o(t)

a(t) > F(£)?? 1

Material cracking ??

Instrumented

V4 mock-up (thermo-
Thermo-chemo mechanical couples, DIC,
modelling Strain gauges)

Validation Tests

\ Modelling of Scale 1 packages
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MODELLING STRATEGY

Thermo-Chemical Numerical Model

a Heat Balance Equation + Hydration Heat Source

. . C = Volumetric thermal heat capacity [.C'.m?]- C (T, t,) = C
(T = V(kVT) + Lg k = Thermal conductivity [W.C'.m1] - k(T,t,) =k

\_ L = hydration latent heat )
f Hydration (Thermo-activation) \
. - E.
E=A(S )exp(— E] [Ulm et Coussy, 1998]

v Chemical Affinity : polynomial function
v Thermo-activation : Ahrrenius’ law
\\/ Time Correction (Maturity equivalent time)

a Hydration Reaction Advancement Degree
v Hydration reaction heat release : 5 (t) — Q (t)
proportional to the advancement degree &(t) Qoo

\_

J
N

J
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DE LA RECHERCHE A LINDUSTRIE

EXPERIMENTAL TESTS

i adi i i . E,
Semi adlabgtlc Calorimetry method £() = A(ED)exp <_ RT__(t)>
cylindrical specimen (® = 7 cm; h =16 cm) 60 adiab
= 50
36 Specimen L

3 Temperature 2 40

O - - - - Ambient Temperature E \

L 30 <

2 5 &t = ? S 5 \

0 26 & \

g- 24 e ﬁ_‘ § 10

GJ l 0 v nvr VoA mda? At anaserin, W

2 \ \ \\#-l

20 4 ) ) i 0 o?z 0T4 OT6 0.8 1
0 Time [dla?ys] 15 20 Hydration reaction advancement
degree [-]
Hot wire/plane method
Thermal Thermal B
Conductivi Effusivi Specific Heat
onductivity usivity _
__(‘. q (J/(kg-K)) E= APC
| (W/(m.K)) (W.s'?/(m?.K))
2.642 1623 457

ll. Thermo-Chemical Analysis
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NUMERICAL MODEL AND RESULTS

[EEN

© = QPconv T Prad
41 4
C
o 09
™
> 3% T1 S 08
>
<
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— S L o
8) 35 PA1 o ///
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e —=—PA3 O T 05
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& o
G
- o 0.3
PALL[PAZ] [PAS| N :
PALL(PA2J{PAS] &4‘\ 5 o2
a
3 '\.\\. 0.1 J
20 L : : T 0 L] L L L
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v Rise of 20°C in the center of the package

—

v Low thermal gradient = low cracking risk associated to thermal shrinkage
self-restraint
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DE LA RECHERCHE A LINDUSTRIE

Classical Approach
Hydration Reaction

advancement degree

APPROPRIATE MODELLING APPROACH ??

Eurocode Approach
Equivalent Time

empirical model

~

t
= )
t.(t, T) = | exp|——|=— dt
f <€ €0> e J R\T Tref
& - Hydration degree at setting time T.or - Reference temperature
é Autogenous Shrinkage Evolution
au -

= K§5ij 5 > é:O gau(te) = [ﬁc]niau ) g_au28

. v = f (binder composition) v &%y /: shrinkage at the age of 28 days

VA

(oung’s Modulus

Mechanical Propertiesﬁvolution

~

E@) = Fo £

Tensile Strength
ft() = ftoo faﬁ

@e Schutter et Taerwe, 1990]

28
(te - t0>+

- setting time

v Eyg, ft 28 = properties at the age of 28 day

/

E(te) = [,Bc]n_E ) 528

fe(te) = [.Bc]n_f 'Lt,28

lll. Mechanical Analysis

F.RIFAI | FraMCos-9 | MAY 16 | PAGE 14



AUTOGENOUS SHRINKAGE MEASUREMENTS

Equivalent Time [days]

LVDT displacement ~ _ ° . v - o o0
monitoring on 3 S 200
duplicate samples = * Experimental
v -200 points —
B 300 { -
& \I\
kY
< -400
Hydration Degree [-] ‘=
0 4 — 4 4 4 | 5 . s 0.374
-50
ONZ 0¥ 5 0§ 0.8 1.0 o " L
-100 3 -600 €™ g 200
¢
=200 -700
£
E * Experimental\ ?
2T pone D e W (te) = [Bl"=™ - e%ia
Q —— Affinity linear model
'© -400 : ;
(Va]
\ \i ,Bc = exp|s 1— — ) ]
-500 T — 0/+
" =5y pour’s> g K
-600
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CQ@ TENSILE STRENGTH AND YOUNG MODULUS EVOLUTION

3 points flexural test on 3 Ultrasonic measurements
duplicate samples on 3 duplicate samples
f 4x4x16 : , 4x4x16
ft — 1_fé L2 ;F,) E Ed
' [ — S12
[EC2, 1992] B— T
0 \W /{’— E(te) = [.Bc]nE ’ E28 “
35 [:‘
'E‘ /
% 3.0 =1 + Experimental |
= s T | points »5
_.—S ) 4/3 R I
2 20 / Model _ = 24 /{—
¢ & 23 I%
& 15 ~ L
% 1.0 7 g 21 _ §/I * Experimental
c Ne) L points
L 05 { g 20 A Model
0.0 = } } } } i L 1 /{
0 20 40 60 80 100 % 18 // s 0.374
Equivalent Time [days] S 17 ne | 0.176
- 16 E 28 235
:« . s | 0374 15 ; ;
fr(te) = [Be]™ - fr28 nft 1.09 1 10 100
Ft 28 313 Equivalent Time [days]
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Cea MECHANICAL ANALYSIS PARAMETERS - SUMMARY

Basic creep relaxation effect taken into
/ account in calculation tensile strength

[EC2, 1992]

Elastic strains tensor
g(t) = &(t) — (™ (t) + e™(t) + £P¢(¢))

- e = arT s e (te) = [Be]™= - e

Young Modulus and Tensile strength evolution

E(te) = [Bc]" - Eag; fe(te) = [BcI™ - fr2s ng =0.176; ng = 1.09

ft
Giving the Tensile strain threshold Ko = T

Isotropic elastic damage model
Effective stresses tensor based on Mazars Model

G=E&e =F (¢ — gt — glth _ ghc) el o=(1-D)d

Apparent stresses tensor
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C2A9 MECHANICAL BEHAVIOR DAMAGE LAW

Mazars Damage Criterion

f=£&—xo; &= (ea)s:{ea)s  Equivalent tensile strain tensor

Damage Variable in tension & > Kk, Regularization using
fracture energy
D=1-%0]@ Y _2Bé / .
é [( + At)exp( tg)_ A[ eXp( ,[8)] D|SS|pated energy
density at failure
A0 A0

f1+A/2)
te) = L
d ¢ (te) B (&)
Decreasing
. G, (t)
FE size g ] (te) _ ft

Cpnstant B;

Finite Element
g’ characteristic

length

[Hillerborg et al., 1970]
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ELSATIC CALCULATIONS RESULTS

Geometric model with
boundary conditions

% N
[PA1[.|PA2]l{PA3 [PAL[IPA2]IIPA3

lll. Mechanical Analysis

Vertical stresses [MPa]

Early age
Thermal

effect
/ —PAL |

——PA2

—=— PA3

[y
[N

5

Time [days]

10 15

—

v Early age thermal effect
results in surface tension,
core compression

v Shrinkage restraint

—>High stresses at

advanced ages

?? Steel/binder interface

debonding

BN B ®
N

10 15
Time [days]

20
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DAMAGE MODEL RESULTS

Original Geometry — Interfacial elements -

without interfacial 5cm
elements (f.=1/3)
1 4 13
0.8 0.8
° ——PA1l o L
S0 —Pr2 | Sos6
5 —=—PA3 =
>0.4 =04
[a] [a)
0.2 0.2
0 : : : : 0 Iy
0 5 10 15 20 0 5 10 15 20
Time [days] Time [days]

1stexperimental
points

Mt~ 10

ng

Damage occurs at very early age —
just after setting

YoungsModdis | 9.3 OPC binders

Tensile Strength

Relative Value

—

Need to refine Tensile Resistance
and Young’s modulus development :
laws 013 15 30 s

Equivalent age [days]

v
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C2A CONCLUSIONS AND PERSPECTIVES

O Waste package : more sensitive to proper deformations restriction than
temperature gradient

O Unexpected quick numerical damage - Dynamic to static E conversion
Experimental points at early age
Mechanical properties evolution
Self-Healing??

O High radial stresses at mortar/container interface - Steel/Slag adhesion?
Tensile creep ?

O High Autogenous shrinkage strains + significant evolution after 100 days
- Internal relative humidity? > Phenomenological models

 Meso-scale Calculations - Rigid inclusion shrinkage restraint
Thermal-equivalent corrosion strains
Macro Properties - waste % in packages
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