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Outline

I. Context, Problems and Strategy



Dimensional 
Stability?

Durability?

INDUSTRIAL CONTEXT

Alkali-activated slag 
(AAS) mortar

Chosen with respect to 
corrosion behavior

Power Plant reactors dismantling 
 Metallic nuclear waste 

Disposal?

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
Hydration models and Mechanical behavior laws

(AAS) mortar
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ECOFRIENDLY MATERIAL

 1 ton of cement produced = 1 ton of CO2 
released  searching for new solutions

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

 Applications of industrial alkali-activated 
by-products : Blast furnace slag BFS 
(steel industry), Fly Ash (Carbon 
combustion) ..

Application of recycled 
materials in civil 

engineering

CO2 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%

CO2 emissions reduction in blast furnace slag binders fabrication
[Davidovids, 2014]

Construction using alkali-activated 
materials due to shortage in Portland 

Cement in USSR



EARLY-AGE CRACKING RISK ORIGINS?

Stresses generated by 
self-restraint

Stresses generated by 
internal/external restraints

Thermal Gradient
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t

Fully-restricted :

�̇�𝝈 𝒕𝒕 = 𝑬𝑬 𝒕𝒕 �̇�𝜺(𝒕𝒕)
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EARLY-AGE CRACKING RISK ORIGINS?

Stresses generated by 
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MODELLING STRATEGY

𝜎𝜎 𝑡𝑡 > 𝑓𝑓 𝑡𝑡 ? ?

𝐸𝐸(𝒕𝒕)+ restrictions

𝜺𝜺 𝒕𝒕 = 𝜺𝜺𝒆𝒆 𝒕𝒕 + 𝜺𝜺𝒕𝒕𝒕𝒕 𝒕𝒕 + 𝜺𝜺𝒂𝒂𝒂𝒂 𝒕𝒕 + 𝜺𝜺𝒃𝒃𝒃𝒃 𝒕𝒕 + 𝜺𝜺𝒃𝒃𝒄𝒄𝒄𝒄𝒄𝒄(𝒕𝒕)

𝑺𝑺𝒕𝒕𝒄𝒄𝒆𝒆𝑺𝑺𝑺𝑺 𝒈𝒈𝒆𝒆𝒈𝒈𝒆𝒆𝒄𝒄𝒂𝒂𝒕𝒕𝒈𝒈𝒄𝒄𝒈𝒈 𝝈𝝈(𝒕𝒕)

𝑴𝑴𝒂𝒂𝒕𝒕𝒆𝒆𝒄𝒄𝒈𝒈𝒂𝒂𝑴𝑴 𝒃𝒃𝒄𝒄𝒂𝒂𝒃𝒃𝒄𝒄𝒈𝒈𝒈𝒈𝒈𝒈??

𝑫𝑫𝒆𝒆𝑫𝑫𝒄𝒄𝒄𝒄𝑫𝑫𝒂𝒂𝒕𝒕𝒈𝒈𝒄𝒄𝒈𝒈𝑺𝑺 𝒘𝒘𝒈𝒈𝒕𝒕𝒕𝒕𝒈𝒈𝒈𝒈 𝒕𝒕𝒉𝒉𝒉𝒉𝒄𝒄𝒂𝒂𝒂𝒂𝑴𝑴𝒈𝒈𝒃𝒃 𝒃𝒃𝒈𝒈𝒈𝒈𝒉𝒉𝒆𝒆𝒄𝒄𝑫𝑫𝒂𝒂𝒕𝒕𝒄𝒄𝒈𝒈𝒎𝒎

« Classical » tests
(identification)

« Electro-chemical/mechanical »
coupled tests

Thermo-chemo mechanical
modelling

Validation Tests

Modelling of  Scale 1 packages

Instrumented
mock-up (thermo-

couples, DIC, 
Strain gauges)

Study in 
autogenous 
conditions
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II. Thermo-Chemical Analysis
• Modelling Strategy
• Experimental Tests
• Numerical Model and Results



MODELLING STRATEGY

C = Volumetric thermal heat capacity [J.C-1.m-3] - 𝐶𝐶 𝑇𝑇, 𝑡𝑡𝑒𝑒 = 𝐶𝐶
k = Thermal conductivity [W.C-1.m-1] - k 𝑇𝑇, 𝑡𝑡𝑒𝑒 = 𝑘𝑘
L = hydration latent heat

Heat Balance Equation + Hydration Heat Source

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

Thermo-Chemical Numerical Model

 Hydration reaction heat release :
proportional to the advancement degree  𝜉𝜉 𝑡𝑡

Hydration (Thermo-activation)

Hydration Reaction Advancement Degree

𝜉𝜉 𝑡𝑡 =
𝑄𝑄 𝑡𝑡
𝑄𝑄∞

[Ulm et Coussy, 1998]
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Temperature
Ambient Temperature

Semi-adiabatic Calorimetry method 
cylindrical specimen (Ф = 7 cm; h = 16 cm)

Thermal 

Conductivity

(W/(m.K))

Thermal 

Effusivity

(W.s1/2/(m2.K))

Specific Heat

(J/(kg.K))

2.642 1623 457

𝐸𝐸 = 𝜆𝜆𝜆𝜆𝐶𝐶

Hot wire/plane method
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 Rise of 20°C in the center of the package

 Low thermal gradient  low cracking risk associated to thermal shrinkage
self-restraint

𝜑𝜑 = 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝜑𝜑rad
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• Modelling Approach
• Autogenous Shrinkage
• Tensile Strength and Young’s Modulus
• Summary
• Behavior law
• Elastic Calculations
• Damage Model Results



APPROPRIATE MODELLING APPROACH ??
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Classical Approach
Hydration Reaction 

advancement degree

Eurocode Approach
Equivalent Time 
empirical model

̅𝜉𝜉 =
𝜉𝜉 − 𝜉𝜉0
𝜉𝜉∞ − 𝜉𝜉0 +

𝜉𝜉0 - Hydration degree at setting time

 =  f  (binder composition)
0ξξδξκε >= pourij

au
ij


κ

For 

𝑡𝑡𝑒𝑒 𝑡𝑡,𝑇𝑇 = �
0

𝑡𝑡

exp −
𝐸𝐸𝑎𝑎
𝑅𝑅

1
𝑇𝑇
−

1
𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟

d𝑡𝑡

𝑇𝑇ref - Reference temperature

𝜀𝜀𝑎𝑎𝑎𝑎 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝜀𝜀𝑎𝑎𝑎𝑎 � 𝜀𝜀𝑎𝑎𝑎𝑎28
 𝜀𝜀𝑎𝑎𝑎𝑎28 = shrinkage at the age of  28 days

Mechanical Properties’ Evolution

Autogenous Shrinkage Evolution

Young’s Modulus

Tensile Strength

𝐸𝐸 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝐸𝐸 � 𝐸𝐸28

𝑓𝑓𝑡𝑡 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝑓𝑓 � 𝑓𝑓𝑡𝑡,28

 𝐸𝐸28, 𝑓𝑓𝑡𝑡,28 = properties at the age of  28 days

𝐸𝐸 𝜉𝜉 = 𝐸𝐸∞ ̅𝜉𝜉𝑎𝑎𝐸𝐸

𝑓𝑓𝑡𝑡 𝜉𝜉 = 𝑓𝑓𝑡𝑡∞ ̅𝜉𝜉𝑎𝑎𝑓𝑓𝑡𝑡

𝛽𝛽𝑐𝑐 = exp 𝑠𝑠 1 −
28

𝑡𝑡𝑒𝑒 − 𝑡𝑡0 +

𝑡𝑡0 - setting time
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s 0.374

𝑛𝑛𝜀𝜀𝑎𝑎𝑎𝑎 11.8

𝜀𝜀𝑎𝑎𝑎𝑎28 200

𝜀𝜀𝑎𝑎𝑎𝑎 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝜀𝜀𝑎𝑎𝑎𝑎 � 𝜀𝜀𝑎𝑎𝑎𝑎28

𝛽𝛽𝑐𝑐 = exp 𝑠𝑠 1 −
28

𝑡𝑡𝑒𝑒 − 𝑡𝑡0 +

LVDT displacement 
monitoring on 3 

duplicate samples
4x4x16 cm  
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TENSILE STRENGTH AND YOUNG MODULUS EVOLUTION
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Ft 28 3.13

𝑓𝑓𝑡𝑡 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝑓𝑓 � 𝑓𝑓𝑡𝑡,28

𝑓𝑓𝑡𝑡 =
𝑓𝑓𝑟𝑟𝑓𝑓
1.6

s 0.374
ne 0.176

E 28 23.5

𝐸𝐸 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝐸𝐸 � 𝐸𝐸28

𝐸𝐸𝑠𝑠 =
𝐸𝐸𝑑𝑑
1.2
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[EC2, 1992]



MECHANICAL ANALYSIS PARAMETERS - SUMMARY
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𝜺𝜺𝒆𝒆 𝒕𝒕 = 𝜺𝜺 𝒕𝒕 − (𝜺𝜺𝒕𝒕𝒕𝒕 𝒕𝒕 + 𝜺𝜺𝒂𝒂𝒂𝒂 𝒕𝒕 + 𝜺𝜺𝒃𝒃𝒃𝒃 𝒕𝒕 )

Isotropic elastic damage model 
based on Mazars Model 

Elastic strains tensor

̇𝜀𝜀𝑡𝑡𝑡 = 𝛼𝛼𝑇𝑇�̇�𝑇 𝜀𝜀𝑎𝑎𝑎𝑎 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝜀𝜀𝑎𝑎𝑎𝑎 � 𝜀𝜀𝑎𝑎𝑎𝑎28

Basic creep relaxation effect taken into
account in calculation tensile strength

Young Modulus and Tensile strength evolution

𝐸𝐸 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝐸𝐸 � 𝐸𝐸28 ; 𝑓𝑓𝑡𝑡 𝑡𝑡𝑒𝑒 = 𝛽𝛽𝑐𝑐 𝑐𝑐𝑓𝑓 � 𝑓𝑓𝑡𝑡,28 ; 𝑛𝑛𝐸𝐸 = 0.176 ; 𝑛𝑛𝑟𝑟𝑡𝑡 = 1.09

Effective stresses tensor

��̇𝜎𝜎 = 𝐸𝐸 ̇𝜺𝜺𝒆𝒆 = 𝐸𝐸 ( ̇𝜀𝜀 − ̇𝜺𝜺𝒂𝒂𝒂𝒂 − ̇𝜺𝜺𝒕𝒕𝒕𝒕 − ̇𝜺𝜺𝒃𝒃𝒃𝒃

Giving the Tensile strain threshold 𝜅𝜅0 =
𝑓𝑓𝑡𝑡
𝐸𝐸

Apparent stresses tensor

𝜎𝜎 = 1 −𝑫𝑫 �𝜎𝜎

15 JANVIER 2020
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[EC2, 1992]



MECHANICAL BEHAVIOR DAMAGE LAW

15 JANVIER 2020 |  PAGE 18

Mazars Damage Criterion

𝑓𝑓 = ̂𝜀𝜀 − 𝜅𝜅0 ; ̂𝜀𝜀 = 𝜀𝜀𝑒𝑒𝑓𝑓 +: 𝜀𝜀𝑒𝑒𝑓𝑓 + Equivalent tensile strain tensor
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1 0
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Regularization using 
fracture energy

Dissipated energy 
density at failure
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)(
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tteft tB
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)(
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Finite Element 
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[Hillerborg et al., 1976]
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Geometric model with 
boundary conditions
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 Early age thermal effect 
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debonding
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|  PAGE 20

Original Geometry –
without interfacial 

elements

Interfacial elements –
5 cm

(ft = ft/3)

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20

D 
-V

ar
ia

bl
e

Time [days] 

PA1
PA2
PA3

PA1 PA2 PA3 PA1 PA2 PA3

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20

D 
-V

ar
ia

bl
e

Time [days]

Damage occurs at very early age –
just after setting 

Need to refine Tensile Resistance 
and Young’s modulus development 
laws 0

1

0 15 30 45

Re
la

tiv
e 

Va
lu

e

Equivalent age [days]

Young's Modulus
Tensile Strength

15 JANVIER 2020
F.RIFAI | FraMCos-9 | MAY 16III. Mechanical Analysis

D

0

1
D

0

1

𝑐𝑐𝑓𝑓𝑡𝑡
𝑐𝑐𝐸𝐸

≃ 10 

2-3 OPC binders 

1rst experimental 
points

1 3



JANUARY 15, 2020

|  PAGE 21

CEA | 9 OCTOBRE 2014

Outline

IV. Conclusions and Perspectives



CONCLUSIONS AND PERSPECTIVES

|  PAGE 22

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

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

 High radial stresses at mortar/container interfaceSteel/Slag adhesion?
Tensile creep ?

 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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