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Concrete T-H-M Context

French waste management policy for HLW / ILL: former Parliament law
of December 1991 (2006) 3 main lines

C@Z] — L1: Partitioning and transmutation
— L2: Deep geological repository
— L3: Surface/sub-surface long-term storage

Research areas for L3
— Storage concepts and technology aspects
— Canister concepts...

— Scientific R&D programmes:
« Spent fuel long-term behaviour
» Steel canister corrosion

» Concrete Thermo-Hydro-Mechanics
— Material properties
— Models development
— Structures behaviour

CEA/DANS/DEN/DPC/SCCME/LECBA Mol, 06/06/2006 2



Concrete T-H-M Context

Overall aim: definition of time and temperature operation domains of
concrete structures in storage environment

Maximum

temperature?

What kind of
damage?

Mechanical
property loss

Operational objectives:
— Structures durability at high T°C
« Limitation of aggressive elements transport in concrete
Concrete microstructural properties evolution with temperature

— Structures integrity at high T°C
» Understanding of damage processes in heated concrete
Effect of temperature gradients and pore pressure on concrete

— Containements retreavability during the structure life-time
« Understanding of damage processes in concrete due to heat cycles
Effect of temperature cycles on concrete properties
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Concrete T-H-M Structure of the R&D

Concrete T-H-M data acquisition (material scale):
— Experimental database Modelling
* Micro (porosity, transport...)
* Macro (modulus, strength...) P
e cements, formulations...
— Highlight main mechanisms
— Influence of temperature

Behaviour in
temperature

Mat. properties Structures

Large scale experiments (structure scale):
— T-H-M behaviour of representative structures

— Functional analysis in real conditions for concept performance
assessment (durability, dimensioning)

— Validation of the T-H-M models
— Evaluation of the structures damaging risks (spalling)

Model development ( coupled T-H-M models)
— Description of coupled phenomena
— Transient and long-term
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Concrete T-H-M Data acquisition

Microstrutural damage
early damage at 60°C
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Concrete T-H-M Data acquisition

Heating rate effect Limited impact... depends on the parameters considered !!!
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Concrete T-H-M Large scale experiments

MAQBETH experiment (2001):
— Reinforced concrete cylinder: 25 000 kg
— Reinforcement: 2 200 kg
— 60 temperature sensors
— 8 Pore pressure sensors

— 8 Hygrometers  —= .
— 44 HT Strain gages o
— 4 HT LVDT - —
3m MEAL
:
— —v \5”’., .

1m n—

[ 22m

=L

Hygrometers
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Concrete T-H-M Large scale experiments

Thermal insulation

Heating device
Gauges and

Thermocouples

Heating programme

300.0
HEATING RATE 0,1 °C/min
250.0 1
:G 200.0 -
° Iy
% ©150.0 150°C
E \ THERMAL CYCLE ON
2 100.0 CONCRETE BEFORE CONTROL
IS EXCESSIVE DRYING
& 75°C (REVERSIBILITY OF T-M
50.0
. BEHAVIOUR)
0-0 T T T T T T
0.0 200.0 400.0 600.0 800.0 1000.0 1200.0 1400.0
T|ME (Hrs)

CEA/DANS/DEN/DPC/SCCME/LECBA Mol, 06/06/2006



Concrete T-H-M Large scale experiments
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Cracks network Experiment main lessons

formation and Rigid structures are very sensitive to low thermal gradients (cracking starts at
water release 80°C)

Through going cracks strongly modify the mechanical behaviour of reinforced
concrete structures (lead to free expansion),

Significant pore pressures were observed (7-8 bars) and are located in
regions containing liquid water

Pore pressures decrease faster in the hottest zone where transfer properties
strongly increase (liquid  vapor phase change),

The important water release observed through cracks shows the prevailing
influence of a connected mesh of cracks on the fluid transport (H-M coupling)
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Concrete T-H-M Large scale experiments

BETHY experiments (2003):
— No reinforcement
C@Z] — T, pore pressure, RH, strains
— Mass measurement ( MAQBETH) j
— Crack mitigation (  MAQBETH)

80 cm

80 cm

A4
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Concrete T-H-M Large scale experiments

2 heating rates
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Concrete T-H-M Large scale experiments

Profil des pressions de Bethy |
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Concrete T-H-M

Large scale experiments

Revétement
étanche (silicone)

A-A

140 mm
'

138 mm

NN

Séchage face inférieure

SESBI experiments (2004):
— H-M behaviour
— Effect of cracking
— T=30-80°C, RH=50%

LA

655 mm

705 mm
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Concrete T-H-M Large scale experiments
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Concrete T-H-M

Large scale experiments
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Concrete T-H-M Models development

Simplified T-H model for concrete at high temperature: THYDR

— 2 phases considered within in a rigid matrix: liquid water, vapour (dry
air is neglected)

— Mass transfer is driven by pressure gradients: Darcy’s law

i1 {1 Wi:-%Kikri(S)N(pi)

— Evaporation/condensation and dehydration (d(T) = release of bound

water) ﬂ \\
t

C(T)g = v/ (S AN(T)]- Lo (1), - Loy d(T)

r(1)- ru{p T ()2 = (s, T, a)N(S )+ o)

— Coupled heat and water transfer equations solved by FEM with the
code CAST3M

CEA/DANS/DEN/DPC/SCCME/LECBA Mol, 06/06/2006 16



Relative Humidity (%)

Concrete T-H-M Models development

Pore pressure

o
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o
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MAQBETH experiment:
2D axisymetric T-H analysis

— THYDR modelling
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Concrete T-H-M Models development

T-M behaviour is modelled using a plasticity approach: Drucker-Prager 2

— A plasticity model using two yield criteria: a Drucker-Prager criterion in
compression and a Rankine criterion in tension

— The model is isotropic
— Softening behaviour in tension and compression
— Evolution of the materials properties with temperature

Uniaxial compression
test (T°C)

Biaxial tension test
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Concrete T-H-M

MAQBETH experiment:
2D axisymetric T-M analysis

— Drucker-Prager 2

Vertical strain
evolution

Models development

Temperature
evolution
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Concrete T-H-M Models development

Development of fully coupled T-H-M model: THMs

— Idem THYDR, 2 phases considered: vapour & liquid water (dry air
neglected)

— Transport driven by pressures (Darcy)
— But deformable matrix (Bishop)

s =C,:€-bpa- 3akTa
— Heat & water transfers (coupled with mechanics)

o(s.a) g =R /(8. ANT]- Ly (1), - Lo, (T)(T)

‘H T

R (b, T
o~ (b +NADAT)
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Concrete T-H-M Models development

2D axisymmetric application to
BETHY experiments (CAST3M):

— Input data from concrete
characterization

— Permeability to liquid fitted EEEp
— Comparison with experimental results

/ \

Pressure

Strains

Mass loss
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Concrete T-H-M

ONDRAF/NIRAS supercontainer concept (2005):
— Underground disposal of vitrified HLW
— Heating phase
— Prediction of T-H behaviour of the concrete buffer

Applications
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Concrete T-H-M

Methodology used:

1. Preliminary thermal calculation

2. Extraction of boundary conditions (concrete buffer)

3. Prediction of T-H behaviour of the concrete buffer (THYDR)

1. Thermal calculation:
— 1D axisymmetric

— Initial temperature uniform 16°C

S )
S
I Q&qg}- & §\§ & &
g 2 & « & & « &3 S $
S L §F & &F S S
o0 ¢ U® SO U Q
| Slo 2
| 0,215 _|£&3]0,05 0,65 | 0,301 0,35 23,000
) Described part of the .
supercontainer
T=100°C T=16°C

Applications
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Concrete T-H-M

Applications

2. Temperature evolution at the boundaries of the concrete buffer:
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Concrete T-H-M Applications

2. Temperature evolution at the boundaries of the concrete buffer:
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100 " of the buffer
90 -

80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

O T I T I I

0,0001 0,001 0,01 0,1 1 10 100
Time (years)

\ External surface

Tint-20°C of the buffer
Text-20°C
Tint-60°C
Text-60°C

Temperature (°C)

CEA/DANS/DEN/DPC/SCCME/LECBA Mol, 06/06/2006 25



Concrete T-H-M Applications

3. Temperature evolution at the boundaries of the concrete buffer:
— 1D axisymmetric
— No water exchange (liner & overpack)

Internal surface External surface
of the buffer of the buffer
0.658 m 0.958 m

— 2 configurations investigated (concrete):
1. Cure at20°C  S=0.81
2. Partial preliminary drying at 60°C ~ S5,=0.18
— Input data taken from LECBA database - Gallé et al. (2001)
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Concrete T-H-M

Applications

Temperature evolution within the concrete buffer:

110

--.x---100 years ---4 - - -2 years
--.o---5days  ---a---

---0---50 days
---¢---Initial

f!

g e%ooo'o‘()goceeo W
(] 70 OOOMM . .
5 Configuration 2: cure at 60°C
© Doy,
o L (S,=0.18)
o 50 %M- 110
g -.----100years ---+---2years ---=---50days
= Moy, -.-s--.5days ---a---1day -+ -a---Initial
30 AA_MIAA“AAA :
09 9OV 09IV AODON0O0IHSBOBONENN g
10 I I I I I I :
03 04 05 06 07 08 0¢3
Radius (m) g
. . o
Configuration 1: cure at 20°C £
(S,=0.81) =

0.6

0.7
Radius (m)

CEA/DANS/DEN/DPC/SCCME/LECBA

Mol, 06/06/2006



Concrete T-H-M

Dehydration and porosity increase:
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Concrete T-H-M

Overpressure induced by vapour creation:
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Concrete T-H-M

Applications

Saturation evolution within the concrete buffer:
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