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LIST OF SYMBOLS AND ABBREVIATIONS

1 Symbols
A = Activity of a radioactive matter (Bq)

= Shortened notation of AD;
A, = Absorption coefficient of the aggregates (%)
Ac = The surface of a concrete sample on which a loagpdied (m?)
A = The section of a concrete sample where tensileiremiccurs (m?2)
An = The surface of a mortar sample on which a loaghBied (m?2)
Ao = Initial activity of a radioactive matter (Bq)
a = Type of radiation
ap = Degree of hydration (-)
or = Coefficient of thermal expansion (um/m/°C)
Oo = Percolation threshold (-)
B = Constant value (-)
Bq = Becquerel, measure of radioactivity decay
Br = Temperature dependent residual resistance fagtor (-
B* = Type of radioactive decay
B = Type of radioactive decay
C = Amount of cement (kg/m3)

= Shortened notation for CaO
Co = Specific heat of concrete (J/(RG))
Cr = Heat capacity of concrete (J/(A@))
D = Absorbed dose (Gy)
D;® = Effective mass transport coefficient (m2/s)
dm = Mass of an element (kg)
dN = Amount of nuclear mutations (-)
Dr = Dose rate (Gy/s)
ds = Distance from the irradiation source (cm)
dt = Time interval (s)
Drr = Average absorbed dose of radioactive type R indids(Gy)
de = Amount of absorbed energy (J)
Al = Length change (um)
AT = Temperature gradient (°C)
Ag = Longitudinal deformation gradient (um/m)
g, = Transversal deformation gradient (um/m)

List of symbols and abbreviations



fccublOO
fccublOO,T

fccublSO
fccubZOO
fck

fet

Fet
fctsp
Fctsp
fct,act
fct,lab
fote

fc,prism

Stress gradient (MPa)

Apparent activation energy (kJ/mol)

Modulus of elasticity of concrete (GPa)

Kinetic energy (J)

Spring stiffness of branch k (Maxwell) (GPa)

Specific energy level of photons (eV)

Modulus of elasticity of steel (GPa)

Effective dose (Sv)

Positron

ElectronVolts (1.6 x 18° J)

Electron

Uni-axial strain (um/m)

Final value of the autogenous deformation curve/(pm
Swelling peak in the autogenous deformation cupre/(n)
Elastic strain when creep load is applied (um/m)

Strain decrease after removal of creep load (pm/m)
Thermal deformation (Lm/m)

Ultimate strain (um/m)

Radial deformation (um/m)

Axial deformation (um/m)

Tangential deformation (Lm/m)

Shortened notation of @3

Cylindrical compressive strength of concrete (MPa)

Maximal load at rupture of concrete in compressigbaviour (kN)
Compressive strength of concrete cube, side 10(vPa)
Compressive strength of concrete cube, side 100 abgmperature T
(MPa)

Compressive strength of concrete cube, side 15(vPa)
Compressive strength of concrete cube, side 20(vPa)
Characteristic concrete compressive strength (MPa)

Pure tensile strength of concrete (MPa)

Maximal load at rupture of concrete in pure tenbgdaviour (kN)
Splitting tensile strength of concrete (MPa)

Maximal load at rupture of concrete in splittingséde behaviour (kN)
Actual tensile strength of the structure (MPa)

Tensile strength determined in laboratory condgi@viPa)
Long-term tensile strength (MPa)

Compressive strength of concrete prisms (MPa)

Height of the splitting plane (mm)

Local force behind mass transport

Length of the splitting plane (mm)

Maximal load at rupture of mortar in compressivadgour (kKN)
Compressive strength of irradiated mortar samplegM
Compressive strength of reference mortar sampleajMP
Relative compressive strength ratio (-)
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cht

Gy/s
C[CAY

Yer

>j>*o—|—n>~—>~—
- a

S £

To<s <5225 2L

Qx

Relative splitting tensile strength ratio (-)

Amount of aggregates (kg/m3)

Gray per second, measure of absorbed radiation dose
Temperature dependency function (-)

Type of radiation

Cracking index (-)

Shortened notation of J@

Planck constant (3.626 x 16J-s)

Convective heat transfer coefficient (W/{h@))

Total equivalent absorbed dose (Sv)

Heat production source (W/m2)

Equivalent absorbed dose of radioactive type Rssue T (Sv)
Halving thickness of an absorbing medium (cm)
Thermal conductivity (W/(riC))

Temperature dependent coefficient (-)

Length of cylindrical conductor (m)

Initial length of the material (m)

Desintegration constant{s

Wavelength (m)

Maturity of concrete (h)

Mass of dry aggregates (g)

Final mass of concrete sample (kg)

Mass of wet aggregates (g)

Initial mass of concrete sample (kg)

Attenuation coefficient of the absorbing materiah()
Neutron

Amount of radioactive atoms or energetic photohs (-
Initial amount of radioactive atoms or energetiofoins (-)
Poisson’s ratio of concrete (-)

Frequency of a wave (Hz)

Antineutrino

Neutrino

Proton

Total porosity (%)

Amount of powder (kg/m3)

Initial internal pressure (Pa)

Maximal pressure build-up (Pa)

Total pressure build-up (Pa)

Amount of (hydration) heat production (J/g)
Heater power of heat source (W/m)

Rate of convective heat transfer (W)

Rate of conductive heat transfer (W)

Rate of radiant energy (W)

Heat production rate (JHD)

Maximal available kinetic energy for radiation (J)
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qmax

Omax,10°C
Omax,20°c
Omax,30°C

Qmax
Quot
Qe
O20°c
Qr2n
0

8o

r

R

I

l'o

rq max,20°C

Rthermal

Pc

Maximal heat production rate (J/XgQ)

Maximal heat production rate at 10 °C (3{y

Maximal heat production rate at 20 °C (Y

Maximal heat production rate at 30 °C (H{y

Maximal heat of hydration (J/g)

Total amount of hydration heat (J/g)

Thermal power output of radioactive waste (W/tHM)
Heat production rate at 20 °C (JKD

Accumulated adiabatic heat of hydration after 7aredJ/g)
Temperature (°C)

Starting or initial temperature (°C)

Reaction degree of the hydration process (-)

Universal gas constant (0.0831 kJ/(mol-K))

Inner radius of cylindrical conductor (m)

Outer radius of cylindrical conductor (m)

Reaction degree at appearance of the maximal hedtigtion rate at 20
°C()

Thermal resistance (°C/W)

Volumetric weight of concrete (kg/m3)

Standard deviation on the mean value (-)

Shortened notation of SO

Saturation degree (-)

Stress in the i-direction (MPa)

Maximal stress in the i-direction (MPa)

Specific surface of the aggregates (m#/kg)
Normal stress in the radial x-direction (MPa)
Shear stress in the x-y-plane (MPa)

Normal stress in the axial y-direction (MPa)
Normal stress in the tangential z-direction (MPa)
Sievert per hour, radiation dose equivalent
Uni-axial load (kN)

Stefan-Boltzmann constant (5.676 X*M¥/(m2°C?))
Concrete stress (MPa)

Internal splitting tensile stress (MPa)

Applied creep stress (MPa)

Time interval (s)

Temperature (°C, K)

Casting time (s)

Highest fluorescence threshold (-)

Thickness of layer i (m)

Inner temperature in the opening of the HC (°C)
Lowest fluorescence threshold (-)

Time of appearance of the maximal value of a cedaiantity (h)
Maximal temperature (°C)

Outer or ambient temperature around the HC (°C)
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tp

tqmax
tqmax,lO°C
tqmax,20°C
tqmax,SO“C

Tref
to

ty
Tap
T7on
Ty
Unmax
Uy
Uy
VW
W

WC
WL
Wuee
Wout
WRr
Wscc
Wt
Wiat

Time of appearance of the autogenous deformatiak (®

Time of appearance of the maximal heat productda ¢h)

Time of appearance of the maximal heat productide at 10 °C (h)
Time of appearance of the maximal heat productide at 20 °C (h)
Time of appearance of the maximal heat productide at 30 °C (h)
Reference temperature (°C, K)

Time zero (h)

Time of placement of creep load (h)

Time of removal of creep load (h)

Half-life of radioactive material (s)

Temperature after 72 hours (°C)

Retardation time of branch k (Maxwell) (h)

Maximal displacement (mm)

Radial displacement (mm)

Axial displacement (mm)

Volumetric weight (kg/m3)

Amount of water (kg/m3)

Wind velocity (m/s)

Water content (%)

Weight loss (kg)

Amount of water added to the SCC based mortar csitipo (kg/m?3)
Outer or ambient wind velocity (m/s)

Radiation type weighing factor (-)

Amount of water added to the SCC composition (kjj/m?

Tissue weighing factor (-)

Total amount of water (kg/m3)

Coordinate of the Fourier equation (m)

Type of radiation

Fluorescence in each point within the zones in betwthe thresholds (-)
Coordinate of the Fourier equation (m)

Number of dots with a specific fluorescence (-)

Number of protons in the nucleus (-)

Number of the amount of testes samples (-)
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2 Abbreviations

AAR = Alkali Aggregate Reaction

AC = Aluminate Cement

ACI = American Concrete Institute

ALARA = As Low As Reasonable Achievable

ALI = Annual Limits on Intake (mSv/year)

ANE = Anemometer

AS = Autogenous Shrinkage

ASR = Alkali Silica Reaction

BBRI = Belgian Building Research Institute

BFS = Blast Furnace Slag

BFSC = Blast Furnace Slag Cement

CcC = Composite Cement

CEA = Commissariat a I' Energie Atomique

CEMI = Another appellation for Ordinary Portland Cement

CH = Calcium Hydroxide

CSH = Calcium Silicate Hydrate

CTE = Coefficient of Thermal Expansion

C.A = Tricalcium Aluminate

C,AF = Tetracalcium Alumino Ferrite

C,S = Dicalcium Silicate

CsS = Tricalcium Silicate

DD = Displacement Difference

EBS = Engineered Barrier System

ECC = Engineered Cementitious Composites

EDX = Energy Dispersive X-rays

EDz = Excavation Disturbed Zone

EFNARC = European Federation for Specialists Constructioen@bals and
Concrete Systems

FA = Fly Ash

FANC = Federal Agency for Nuclear Control

FB = Final Batch

FBFC = Franco-Belge de Fabrication de Combustibles

HADES = High Activity Disposal Experimental Site

HC = Half-Scale Container

HLW = High Level Waste

HPC = High Performance Concrete

HSR = High Sulphate Resistance

IAEA = International Atomic Energy Agency

ICRP = International Commission on Radiological Protection

IF = Interface of the buffer and the overpack

ILw = Intermediate Level Waste

ISIB = Institut Supérieur des Ingénieurs de Bruxelles

JNC = Japan Nuclear Cycle Development Institute

LA = Low Alkali amount
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LF

LH

LL

LLW
LVDT

M

MBE
MFS
MOX
NAGRA
NIREX
NFS
NPP
NSSP
ONDRAF/
NIRAS

OPC

PA

PCL

R

RH

rom

SCC
SCK-CEN

SEM
SF

SG
SP
SPC
SRB
SS

1

B
TC
D
tHM
THM
™
TSA
TVC
U0).4
uv

imestone Filler

ow Heat production

Long-Lived

Low Level Waste

Linear Variable Displacement Transducer
iddle of the buffer

ortier de Béton Equivalent

elamine Formaldehyde Sulphonate
ixed Oxide Fuel

L
L

M
M
M
M

Nationale Genossenschaft fur die Lagerung Radieakfbfalle
Nuclear Industry Radioactive Waste Executive
Naphthalene Formaldehyde Sulphonate

Nuclear Power Plant

= Non Steady-State Probe

Belgian Agency for Radioactive Waste and Enrichedsife
Materials/ Nationale Instelling voor Radioactiefvaf en verrijkte
Splijtstoffen

Ordinary Portland Cement

Passing Ability

Precast Lid

Radiation type

Relative Humidity

Rotations per minute

Self-Compacting Concrete

Studiecentrum voor Kernenergie/Centre d’Etude déndigie
Nucléaire

Scanning Electron Microscopy

Spent Fuel

Silica Fume

Slump Flow

Strain Gauge

Superplasticizer

Special Protection Concrete

Sulphate Reducing Bacteria

Sieve Stability

Tissue

Trial Batch

Thermocouple
Temperature Difference
Tons of Heavy Metal
Thermal Hygral Mechanical
Thermal Mechanical
Thaumasite Sulphate Attack
Traditional Vibrated Concrete
Urate Oxidase

Ultra Violet
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VF V-Funnel

VMA = Viscosity Modifying Agent
W/C = Water to Cement ratio
W/P = Water to Powder ratio
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SUMMARY

Radioactivity plays a major role in numerous amdlins, relevant for the existence of
human-beings: provision of electricity by meansatlear power plants, treatment of
diseases and other medical applications, induspiagrams, research activities,

military applications, aerospace science, etc. Asomsequence, several types and
considerable amounts of radioactive waste are preserldwide. The past decades,

solutions are being searched and disposal posigibifire investigated to counteract the
presence of these radioactive waste forms. NowadhgsBelgian reference design

concept for the disposal of High Level Waste (HL8)d Spent Fuel (SF) assembilies,
is based on cylindrical Supercontainers, deeplgatied in clayey Host Rock layers.

The Supercontainer is based on the use of an attywaste package composed of a
carbon steel overpack surrounded by a concreteebbitised on Ordinary Portland
Cement. Two types of concrete are being considienethe buffer: a Self-Compacting
Concrete (SCC) and a Traditional Vibrated Conc(€¥C). Preference is given to the
SCC.

This doctoral research study project focuses on @hdy-age thermo-mechanical
behaviour of the concrete buffer of the Supercoetaiduring the four construction
stages: (i) the fabrication of the buffer insideydindrical stainless steel envelope, (ii)
the insertion of the heat-emitting overpack contajrthe radioactive waste canisters,
(iii) the filling of the remaining annular gap undéermal load and in the presence of a
radiation source and (iv) the closure of the Supmtainer by fitting the lid (Chapter 1).
The feasibility of construction of the Supercontinand the early-age cracking
behaviour of the concrete buffer, can be seena@swhb main objectives of this study.
Through-going macrocracks in the concrete bufferstmiobe avoided at all times,
because they will ease considerably migration @hdrgossible transport mechanisms
of potentially aggressive species (present in thestHRock) through the
Supercontainer, once placed in the disposal gaflefThis will have a detrimental
effect on the durability of the Supercontainer.

To a certain extent, everything around us is rattiea. In Chapter 2, the principles of
radioactivity, the different types of radiationethadiological protection mechanisms
and the various types of radioactive waste areagxpdl. Based on their activity and the
half-life of the included radionuclides, conditiehgvaste is subdivided into different
categories. The main intention of the Supercontast deeply dispose vitrified, heat-
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emitting HLW and SF assemblies. Only gamma rayspearetrate through the carbon
steel overpack, alpha and beta particles are bibcked the flux of neutrons is
considered low enough to be neglected. The thicknéshe concrete buffer layers is
calculated to provide sufficient attenuation of thgamma photons during
transportation. Therefore, a thickness of approtéiga70 centimeters is satisfactory.

Worldwide, various disposal concepts are suggestednvestigated, depending on the
type of Host Rock present at the country. The mpairpose of disposal is to isolate the
waste and its radioactivity from the human envireninfor time periods sufficiently
long enough to enable disadvantageous impact eratiEarth’s surface. Therefore, in
the Belgian reference design concept, the HLW &edSF assemblies are surrounded
by an Engineered Barrier System: (i) the carbomelst@erpack contains the waste
canisters, (ii) the concrete buffer surrounds thierpack, and (iii) a stainless steel
envelope encloses the buffer. Each of these layave their specific functions. The
concrete buffer has to facilitate handling and wgdmind transportation into the deep
disposal galleries (operational safety) and it setm create a favourable chemical
environment, with high pH, to prevent or slow dotire corrosion processes of the
different metallic parts of the Supercontainer (@ka3).

The concrete study investigates the three contagéss present in the Supercontainer:
the buffer, the filler and the lid. Several paraengthave an effect on the concrete, its
properties and the durability during its expectddtime. Due to the heat-emitting
radioactive waste, heat and radiation are introduct the system, leading towards a
temperature elevation and irradiation of the déférconcrete layers. Hydrolysis of the
pore water, internal gas pressure build-up andadtgion of the mechanical strength
are known processes caused by those two param@tre: durability related issues,
such as gas production due to corrosion, microaaivity and other degradation
mechanisms are briefly discussed in Chapter 4.

The two types of concrete considered for the ceithgud buffer around the overpack,
SCC and TVC, have their specific needs in ordeyuaranty the operational safety and
the long-term safety. In Chapter 5, the processhobsing a reference SCC and TVC
composition is explained, taking into account tlelyeage behaviour of massive
concrete structures and the restrictions the coitipes need to follow. These
requirements significantly differ from the prestigms used in classical structures. To
create the high pH of the cementitious buffer ¢forrosion protection purposes), OPC
is used in combination with limestone aggregates lanestone filler. The hydration
heat production needs to be limited to avoid eadg-thermal cracking of the massive
concrete buffer. Also high sulphate attack resistais highly desired and the Alkali
Aggregate Reaction cannot be overlooked. Finatiygared to TVC, more limestone
filler and a higher superplasticizer amount is ysadrder to make the composition
self-compacting.

To determine the most relevant thermal, mechamiodl maturity-related properties of
SCC and TVC, and to come to a good comparison eftést results of the two
compositions, an extensive laboratory charactéomgbrogram is executed (Chapter
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6). Compared to TVC, SCC acts more like an insulaiee to the lower value for
thermal conductivity, and SCC has a higher valuethef adiabatic hydration heat
production. The mechanical strength propertiesh agthe compressive strength, the
tensile strength, autogenous shrinkage and crelegvimur, however, are also higher in
case of SCC. The higher amount of fine materialshsas limestone filler, added to
SCC in order to make it self-compacting, can beegplanation for the differences
between SCC and TVC.

Once the buffer is cast and cured until a sufficieggree of hardening is attained, the
heat-emitting HLW or SF assemblies will be insertedo the buffer. As a
consequence, the buffer, the filler and the lid eomto direct contact with the
overpack containing the radwaste, they suffer fed@vated temperatures up to 100 °C
and they are irradiated by gamma photons. The teffegamma radiation (with a
relevant dose rate) on the mechanical strengttaafeming SCC based mortar, and the
influence of elevated temperatures (between 20 i€ E05 °C) on the mechanical
strength of hardened concrete is investigated iap@r 7. Indications of a possible
compressive strength loss up to 15 % — 20 % appe&ed with an increasing
capillary porosity trend (without statistical sifjoance), investigated by means of
fluorescence microscopy.

The main purpose of the doctoral research is ttuat@the possible early-age cracking
risk of the concrete buffer of the Supercontainerirdy the construction stage out of
hot cell and the construction stages in hot celdwthe radwaste is inserted). The
comprehensiveness of the behaviour of the harde8®§ and TVC is obtained by

means of finite element simulations via HEAT/MLSh@pter 8), and by means of

Half-Scale Tests for the validation of the simuatiresults (Chapter 9). The obtained
concrete properties are implemented into the n@tddtabase of the simulation tool,
and stress calculations are performed.

For the first construction stage, no early-age kdrar is expected. Via a sensitivity
analysis, the effect of changed material properttbanged dimensions of the buffer
and altered ambient boundary conditions is studiEdpecially the exothermal
hydration reaction of the cement leads towards hagisile stresses near the outer
surface, and in some cases (e.g. high ambient wahacity or high environmental
temperatures in the vicinity of the buffer, poorsutation conditions, increased
thickness of the buffer due to design alteratiats,) adequate measures need to be
taken in order to prevent early-age cracking. Th@nnmechanism behind early-age
cracking is the thermal gradient between the middlldne buffer and the outer surface,
but also the convective heat transfer coefficigrtha interface of the outer surface of
the Supercontainer and the environment, and thendieconductivity of the concrete
buffer strongly affect the early-age cracking risk.order to validate the first stage
simulation results, and for the evaluation of ttmastruction feasibility, Half-Scale
Tests are conducted. Therefore, the casting obttfier is executed in practice, and a
system of registration equipment is provided. Théaimed temperature development,
the displacement and the deformation data procgetiie casting of the Half-Scale
Container are compared with the simulation resefitan identical casting situation. A
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rather good comparison is obtained: especially gowotlarities are obtained on behalf
of the critical thermal gradient. The visual insfi@t indicates that no early-age
macrocracks appear in the first construction stafgthe buffer, and the conclusions
drawn by means of the simulation tool HEAT/MLS @&a&fe and conservative. The
Half-Scale Tests also revealed some difficultiegesping during mixing and pumping
of the considerable amount of SCC needed for ttetintp of the buffer, e.g. the
determination of the water content of the aggregatee pumping of the concrete in
one fluent movement, the manual addition of limastpowder during the mixing of
the concrete, etc.

Also the construction stages in hot cell, i.e. itheertion of the heat-emitting overpack
and the closure of the Supercontainer by castiedfitter and the lid, are simulated
once the buffer is in a certain state of hardenifigree main mechanisms cause an
internal stress build-up in the buffer of the Swpetainer: (i) the hydration heat due to
the hardening filler and lid, (ii) the heat origimay from the heat-emitting radioactive
waste, and (iii) the expansive behaviour of therpaek containing the radwaste.
Although the reality is underestimated via thetfssnulation method (no early-age
cracking is expected), where the effect of the paek is only implemented as a
boundary condition (via the convective heat transfeefficient), the effect of altered
casting situations is investigated. Different cas@ins can be drawn: a prolongation of
the preceding cooling period of the radwaste hiasreficial effect, the insertion of SF
assemblies instead of HLW affects the cracking nsigatively, the use of a TVC
buffer or a precast lid does not have an influemcéhe internal stress build-up inside
the buffer, and delaying the insertion time alseslaoot have a considerable effect on
the early-age behaviour of the Supercontainers hatter, and more realistic to also
consider the expansive behaviour of the overpatiaioed via implementing the
overpack as a macro layer (the second simulatipe)tyin that case, a considerable
cracking risk near the outer surface of the buiefound, mainly depending on the
coefficient of thermal expansion of the overpackpé&cially tangential cracks (due to
the axial stresses) can appear, which is confirmethe Half-Scale Tests. In practice,
it is better to use a carbon steel overpack instfad stainless steel overpack, in
combination with a cooling period of 70 years tcemome cracking. The internal
eigenstresses, present in the buffer after thé dosstruction stage out of hot cell,
counteract the stress creation due to the threeigusly mentioned stress creating
mechanisms and a significant safety barrier isinbth to counteract the negative
effect of heat and radiation on the strength ofdbecrete buffer. The presence of the
stainless steel envelope reduces the tensile stredge to the prevention of the
expansive behaviour of the buffer and the introdictof additional beneficial
compressive stresses. Also the appliance of adime f(e.g. by screwing a top plate on
the mantle of the envelope) can also induce bdméftompressive stresses that
counteract the tensile stress build-up in the buff® cracking is expected in the filler,
which is compressed due to the expansive behawibtlre overpack and the hindering
of its own displacement by the surrounding buffisiso early-age cracking is not at
state in case of the lid, which is confirmed by meeaf the Half-Scale Tests.
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SAMENVATTING

Radioactiviteit neemt een belangrijke plaats intélijvan toepassingen die relevant zijn
voor het bestaan van de mensheid: de voorzienimgelaktriciteit met behulp van

kerncentrales, de behandeling van ziektes en dpasséng in andere medische
applicaties, industriéle activiteiten en onderzeekisiteiten, militaire toepassingen, de
ruimtevaart, enz. Bijgevolg is er wereldwijd eemzanlijke hoeveelheid radioactief
afval geproduceerd in uiteenlopende vormen. Delafiga decennia werd er intensief
gezocht naar mogelijke oplossingen die antwoordnatiete bieden omtrent de
opslagproblematiek van het radioactief afval. Vaglabestaat het Belgisch
referentieconcept, voor de opslag en de bergingheagactief en langlevend afval, uit
cilindrische Supercontainers. Deze betonnen mastedozullen geborgen worden in
stabiele (kleiachtige) geologische bodemlagen nadiat extreme periodes van
radioactiviteit van het afval danig zijn afgezwakior radioactief verval.

De Supercontainer bestaat in de eerste plaatenikeolstofstalen verpakking die het
radioactief afval insluit tijdens de thermischeefasn deze verpakking is omgeven door
een betonnen buffer (met gebruik van Portland cémdiot slot wordt de betonnen
matrix omgeven door een cilindrische roestvrij estabeslagring. Twee betonsoorten
worden beschouwd voor gebruik in de buffer: eefveellichtend beton (SCC) en een
traditioneel verdicht beton (TVC). De voorkeur gadtnaar het gebruik van SCC. De
Supercontainer wordt aan de oppervlakte gebouwdnande finalisering van de
constructie getransporteerd naar de ondergrondsejga.

Dit doctoraatsonderzoek bestudeert het vroegtijdegmomechanisch gedrag van de
betonnen buffer van de Supercontainer tijdens deaonstructiefases: (i) de fabricatie
van de buffer in de cilindrische roestvrij staleeslagring, (i) de plaatsing van het
warmteafgevend afval (omgeven door de koolstofstalerpakking), (iii) de vulling
van de overblijvende ruimte tussen de verpakkingebuffer en (iv) de plaatsing van
het deksel en de sluiting van de Supercontainerof@étuk 1). De constructieve
uitvoerbaarheid van de Supercontainer en de stiatiehet vroegtijdig scheurgedrag
van de betonnen buffer worden als de hoofdobjegetiexan deze studie beschouwd.
Macroscheuren doorheen het beton van de bufferedi¢e allen tijde vermeden te
worden om transport van potentiéle agressieve estofhanwezig in de geologische
bodemformatie) en migratie van schadelijke radieaet straling doorheen de
Supercontainer tegen te gaan.
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In zekere mate is alles rondom ons radioactieHdnfdstuk 3 worden de principes van
radioactiviteit, de verscheidene stralingtypes,rhethanisme van radioprotectie en de
verschillende soorten radioactief afval besprok&@econditioneerd afval wordt
onderverdeeld in verschillende categorieén, gelbdsep de activiteit en de
halfwaardetijd van de aanwezige radionucliden. Emgjeenma straling kan doorheen
het koolstofstalen vat penetreren, de alfa en teédtjes worden afgezwakt of gestopt
(attenuatie) en de neutronenflux is laag genoegverwaarloosd te worden. De dikte
van de betonnen buffer wordt berekend zodat denwtee van de gamma fotonen
voldoende groot is gedurende het transport vanugerSontainer. Een dikte van 70
centimeter is toereikend.

Wereldwijd is het onderzoek naar mogelijke bergopjsssingen vooral afhankelijk
van de beschikbare geologische bodemformatie. Hefddoel van de berging is het
garanderen van de isolatie van het radioactiefl &vam de radioactiviteit in het afval
veilig te laten vervallen zonder schade te berokkesan de mens en het milieu. In het
Belgisch referentieconcept wordt het hoogactieflamglevend afval omgeven door
meerdere barrieres, die samen het ‘Engineered eBaBystem’ vormen: (i) de
koolstofstalen verpakking met daarin de radioaetiafwalvaten, (ii) de betonnen buffer
die het koolstofstalen vat omgeeft, en (iii) eeastwast stalen omhulsel. Elke barriére
van het systeem heeft specifieke functies. De Imetobuffer moet het transport en de
bediening van de Supercontainer naar de ondergeogdderijen vereenvoudigen
(operationele veiligheid) en creéert een gunstglech klimaat (met hoge pH), dat de
corrosie van de verschillende metallische onderdedn de Supercontainer vertraagt
of zelfs verhindert (Hoofdstuk 3).

De betonstudie onderzoekt de drie betonnen lagen atinwezig zijn in de
Supercontainer: de buffer, de filler en het dekgelscheidene parameters hebben een
effect op het beton, de betoneigenschappen enuteaiimheid. Door de aanwezigheid
van het warmteafgevend radioactief afval wordt armte en straling ingeleid in het
systeem, waardoor de drie betonnen lagen onderworp@rden aan een
temperatuurverhoging en aan gamma bestraling. Rieohyse van het poriénwater,
interne opbouw van gasdruk en degradatie van déanéche sterkte zijn gekende
gevolgen van het bestralings- en verwarmingsefféatdere aan duurzaamheid
gerelateerde kwesties, zoals corrosie gerelategasgroductie en microbiéle activiteit
worden besproken in Hoofdstuk 4.

De twee, voor de cementgebonden buffer beschoub&tensoorten, SCC en TVC,
hebben hun specifieke vereisten om operationelégkieid en veiligheid op lange

termijn te kunnen garanderen. In Hoofdstuk 5 wordenbetonsamenstellingen van
SCC en TVC bepaald, rekening houdend met specifiekeisten en eisen betreffende
vroegtijdige scheurpreventie. Er bestaat een saamif verschil tussen de eisen
gedefinieerd voor klassieke constructies, en denei®dig om de veiligheid van de
Supercontainer te garanderen. Portland cement, dmbimatie met kalksteen

granulaten, wordt gebruikt in de beide betonsaneditglen, om de gunstige hoge pH
te realiseren ter preventie van corrosie. Bovendisn het gewenst dat de
warmteproductie ten gevolge van de hydratatieresctheperkt  blijft om het
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vroegtijdig thermisch scheurgedrag van de masshketennen buffer te beperken.
Wegens duurzaamheideisen dient de samenstellingnid@n te beschikken over een
hoge sulfaatweerstand en dient de alkali silicactieabekeken te worden. Om de
zelfverdichtende eigenschap van het SCC te vendigaam worden additionele
hoeveelheden kalksteenpoeder en superplastificetrelgevoegd.

Aan de hand van een uitgebreid programma van l&drarenproeven zijn de relevante
thermische, mechanische en maturiteit gerelateeigenschappen van SCC en TVC
bepaald en vergeleken (Hoofdstuk 6). In vergelgkinet TVC, heeft SCC een lagere
thermische conductiviteit, waardoor het een grisiglerend vermogen heeft. Tevens is
er een hogere productie van gecumuleerde adiabatisgdratatiewarmte vastgesteld
bij SCC, in combinatie met hogere mechanische w®efowel in trek als in druk),
hogere autogene krimp en groter kruipgedrag. Dichal in eigenschappen kan vooral
toegeschreven worden aan de grotere hoeveelheid figgr materiaal (zoals
kalksteenpoeder) dat is toegevoegd aan SCC ommdenstelling zelfverdichtend te
maken.

Eens de buffer gestort is, en het beton reeds ekloende maturiteit en graad van
verharding bereikt heeft, zal het warmteafgevenughetief afval in de buffer geplaatst
worden. Hierdoor komen de buffer, de filler en deksel in direct contact met het
koolstofstalen vat dat warmte en gamma stralingtnaialt afkomstig van het afval. Het
effect van gamma straling (met relevant stralingsst® op de mechanische

eigenschappen van verhardend SCC mortel, en deeidwlan verhoogde temperaturen
(tussen 20 °C en 105 °C) op de mechanische eigapgeh van reeds verhard beton,
wordt besproken in Hoofdstuk 7. Er zijn indicatiemn een mogelijk (druk)sterkte

verlies tot 15 tot 20 %. Dit sterkteverlies kamwiigten zijn aan een toenemende trend in
capillaire porositeit van de matrix, waarbij echtgeen statistische significantie

gevonden werd (bestudeerd aan de hand van fluoréstécroscopie).

Het hoofddoel van dit doctoraatsonderzoek bestaat em het risico op vroegtijdig
scheuren van de betonnen buffer van de Supercentéénevalueren, en dit zowel
tijdens de constructiestappen in hot cell als dasiteh. Het gedrag van het verhardend
SCC en TVC wordt bestudeerd aan de hand van siesikei HEAT/MLS (Hoofdstuk
8), en met behulp van Half-Scale Tests ter vakdain de bekomen gesimuleerde
resultaten (Hoofdstuk 9). De bekomen betoneigemgmra zijn geimplementeerd in de
materialen database van de gebruikte simulatie , to®h spannings- en
sterkteberekeningen worden uitgevoerd.

Er wordt geen vroegtijdige scheurvorming verwadjaiehs de eerste constructiestap.
De desbetreffende sensitiviteitsanalyse analysaenvolgens de invioed van
gewijzigde materiaaleigenschappen, van gewijzigteedsies van de buffer en van
variaties in de randvoorwaarden op de bekomen te¢snl Vooral de exotherme
hydratatiereactie van het cement leidt tot hog&spanningen ter hoogte van het
buitenopperviak van de buffer. In sommige situafieiproorbeeld bij aanwezigheid
van hoge externe windsnelheden of hoge buitenteatypen) dienen er adequate
maatregelen genomen te worden om vroegtijdig selmevain het beton te voorkomen.
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De thermisch gradiént, die ontstaat ten gevolgeheaiemperatuursverschil tussen het
inwendige beton van de buffer en het buitenoppkrvéan de buffer, is de voornaamste
oorzaak van het vroegtijdig scheurgedrag. Daarrsgmeden de convectiecoéfficiént ter
hoogte van de interface van het uitwendige oppkrvin de Supercontainer met de
omgeving, en de thermische geleidbaarheid van tinben buffer een belangrijke rol
in het vroegtijdig scheurgedrag. Om tot een vaidae komen van de eerste
constructiefase en om de uitvoerbaarheid van dsteatie van de buffer te bepalen,
zijn er Half-Scale Tests uitgevoerd. Hierbij worddmtemperatuursontwikkeling en het
verloop van de verplaatsing en de vervorming vam iaede praktijk gestorte buffer
geregistreerd aan de hand van een uitgebreidesetsip en vergeleken met de
bekomen simulatieresultaten. Een goede overeenkwmoslt bekomen, vooral wat
betreft de kritieke thermische gradiént. Bovendieont een visuele inspectie van de
buffer aan dat vroegtijdige macroscheuren niet komen in de eerste constructiefase,
en dat bijgevolg het eindige elementenprogramma HEAS veilige en
conservatieve besluitvorming toelaat. Enkele migédiden gedurende het mengen en
tijdens het verpompen van het verse beton, dieeterimg vragen in de toekomst, zijn
geidentificeerd tijdens de Half-Scale tests: deabeg van het watergehalte van de
gebruikte granulaten, het verpompen van het beatoéén vlioeiende beweging, het
handmatig toevoegen van het kalksteenpoeder, enz.

Tot slot worden de verschillende constructiestapperde hot cell, namelijk het
inbrengen van het warmteafgevend afval en de istuitan de Supercontainer door het
storten van de filler en het deksel, gesimuleendafdnet moment dat de buffer een
bepaalde verhardingsgraad bereikt heeft. De intgpa@ningsopbouw in de buffer van
de Supercontainer is gerelateerd aan drie mecheanisifi) de hydratatiewarmte
afkomstig van de hydraterende filler en het hydeatd deksel, (i) de warmte
afkomstig van het radioactief afval, en (iii) héizattingsgedrag van het koolstofstalen
vat dat het radioactief afval insluit. De eerstmdaties, die enkel de eerste twee
mechanismen beschouwen en het koolstofstalen el eals randvoorwaarde in
rekening brengen, onderschatten de werkelijkheid: werdt geen vroegtijdige
scheurvorming verwacht. Via deze simulaties wordt idvloed van gewijzigde
stortsituatie bestudeerd, en enkele conclusies durmyetrokken worden: een langere
afkoelingsperiode van het warmteafgevend afval isistjg, er is een verhoogd
scheurrisico indien SF ingebracht wordt, het gadbnan een TVC buffer of een
geprefabriceerd deksel heeft weinig invloed op ikerne spanningsopbouw in de
buffer, en het uitstellen van het inbrengen van hBtal heeft eveneens geen
significante invloed op het vroegtijdig gedrag \@a Supercontainer. Het is bijgevolg
realistischer om het uitzettingsgedrag van hetoatief afvalvat eveneens in rekening
te brengen, door dit vat als een macro elemenmjdeimenteren in de simulaties
(tweede simulatietype). Hierbij wordt er wel eemaanlijk scheurrisico aangetroffen
aan de buitenkant van de buffer, dat vooral afhiikkés van de thermische
uitzettingscoéfficiént van het vat. Vooral tangélei scheuren kunnen aangetroffen
worden (ten gevolge van axiale spanningen). Dezeintimg wordt bovendien
bevestigd door de Half-Scale tests. Om scheurvayntén vermijden, wordt in de
praktijk aangeraden om een koolstofstalen vat teugken in plaats van een roestvast
stalen vat, en dit in combinatie met een afkoelweg®de van het radioactief afval van
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70 jaar. De inwendige eigenspanningen, aanwezigdén buffer na de eerste
constructiestap buiten de hot cell, heffen de sipgsontwikkelingen ten gevolge van
de drie vernoemde mechanismen gedeeltelijk op,r én wldoende veiligheidsmarge
om het mogelijke sterkteverlies van de buffer teevaljge van de warmte en de
bestraling op te vangen. De aanwezigheid van lbestvast stalen omhulsel
veroorzaakt een reductie van de trekspanningen dotoductie van gunstige

additionele drukspanningen, die ontstaan door tebmering van de uitzetting van de
buffer. De toepassing van een last aan de bovenkant de Supercontainer
(bijvoorbeeld door het opschroeven van een stakeksel aan de mantel van het
roestvast stalen omhulsel) kan eveneens gunstigiespiinningen opwekken die de
opbouw van trekspanningen in de buffer tegenweSkheurvorming in de filler, die

samengedrukt wordt door de combinatie van de tiiigetvan het vat en de eigen
verhinderde vervorming door het omgevende beton,rdwoniet verwacht.

Scheurvorming van het deksel is niet van toepassiadg) bovendien bevestigd wordt
door de Half-Scale tests.
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CHAPTER 1:

INTRODUCTION AND OBJECTIVES

1 Introduction

The ongoing battle against global warming, theahod# fossil fuels exhaustion and the
development of renewable energies nowadays are hetrytopics which are being
discussed worldwide. To comply with the popularrggedemand and to reduce the
carbon energies, the promotion of nuclear energye amain cannot be overlooked.
Nuclear power is entering its renaissance age. ihgaout of consideration whether
nuclear power is a good or a bad thing, mattenof is: several types and considerable
amounts of radioactive wastes are present worldwides waste originates from
different producers and various applications: narccigower plants (in Belgium, more
than 50 % of the electricity production is providegd NPP’s), medical applications
and treatment of diseases, industry, researchasntmilitary applications, aerospace
technology, etc.

The past decades worldwide research started tostiga¢e the possibilities and
solutions for decommissioning the long-term radinv@cwaste. The back-end of the
management of radioactive waste is its disposalp@al is defined as the placement
of waste in approved repositories without the ititen of retrieval [Rahman, 2008].
The maintenance and the guaranty of safety towdwelslisposal concept, both on the
short term as on the long term, is inevitable. §baeral goal and the vision on deep
geological disposal consists of a safe isolatioradfoactivity towards people and their
environment and this for a long period of time aodminimize the amount of
radioactive waste [Umeki, 2008]. The radioactivest@amanagement policy must
prevent, at all times, contact of radioactive wasgté the biosphere.

The Supercontainer is the current Belgian referarmeept for the final disposal of
heat-emitting waste designed by ONDRAF/NIRAS, thelggan Agency for
Radioactive Waste and Enriched Fissile Material®e Toncept is based on a multiple
barrier system where every component has its owacifsp safety function
requirements [Bel et al., 2005].
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2 The Belgian reference concept: the Supercontainer

During the past 25 years several preliminary rapogiconcepts were studied. Today,
the Supercontainer is considered to be the moshiginog Belgian reference design
concept for the final disposal of heat-emitting teadesigned by ONDRAF/NIRAS. In

this reference concept, the vitrified High Level $#a (HLW) and Spent Fuel (SF)

assemblies are encapsulated into a watertight nasteel overpack surrounded by a
cylindrical concrete buffer and an outer stainletsel envelope (Figure 1.1). This
approach using several protecting layers is béttenwn as an Engineered Barrier
System (EBS). After construction of the Supercarsi it will be transported into

underground galleries and disposed in a deep algr I(Host Rock) after backfilling

the disposal gallery (Figure 1.2).

The carbon steel overpack, surrounded by the ctntneffer, is used to provide the
confinement of the waste. The concrete buffer plesi a favourable chemical
environment and ensures a uniform corrosion meshaor the overpack on a long-
term safety approach. In a short-term view, thefdsughould ensure operational
shielding during fabrication and transportationeT3upercontainer provides complete
containment of the radionuclides and other contants at least through the thermal
phase (statement of ONDRAF/NIRAS). The disposalegals should have sufficient
strength in order to avoid a collapse. The clagtaynust have a beneficial behaviour
and retention capacity towards radionuclides mignatA wide range of experiments
have been conducted in the past decades to cocintbealimited range of experience
and knowledge concerning the long-term behavioutlay materials, in contact with
highly alkaline matter, such as concrete, and uelierated temperature. Radionuclides
must be confined during the thermal phase (HEATIN@&hd HEATING 2, statement
of ONDRAF/NIRAS). In such a way, the most importafiinction of the
Supercontainer is defined: the encapsulation obeadive waste. The Supercontainer
must also provide radiological protection durirgnsportation.

On a long-term approach the conceptual evolutionthef Supercontainer can be
subdivided into four different phases:
- Phase 1: Fabrication of the Supercontainer.
- Phase 2: Heating under aerobic conditions (HEATING
- Phase 3: Heating under anaerobic conditions (HEAT ).
- Phase 4: Cooling under anaerobic conditions (CO@)INhe pore water of
the Host Rock comes into contact with the Supesinat.

This study examines the early-age thermo-mechablahviour of the Supercontainer
during construction or fabrication (Phase 1).
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Overpack

Canister

Concrete lid

Envelope

Figure 1.1: The Belgian Supercontainer concept:\8&w [source: ONDRAF/NIRAS]

Figure 1.2: The Belgian Supercontainer concept:\8&w of the disposal gallery

[source: ONDRAF/NIRAS]

Stage 1

Stage 2 Stage 3 ]I I |
§ : fl 9'

Stage 4

hl

Figure 1.3: The four construction stages of the€3opntainer
(steps b to h performed in hot cell) [source: ONBRWRAS]
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3 Objectives

In the framework of the feasibility demonstratiorrogram of the Belgian
Supercontainer concept, extensive laboratory tewtsfinite element calculations were
performed to accurately simulate the Thermal (Hygwechanical (THM) behaviour
of the Supercontainer concrete buffer during carsion and to predict and prevent
early-age crack formation.

A laboratory test program has been set up and Ergle tests are performed, to allow
the characterization of the mechanical, thermal msadurity-related behaviour of two
types of concrete currently considered for the obaif the cementitious buffer: a Self-
Compacting Concrete (SCC) and a Traditional Viltat€oncrete (TVC). The
measured data are used to simulate the behaviodheofconcrete buffer during
construction by using a 2.5D thermal and crack rlimdeprogram. This includes the
fabrication of the concrete buffer, the emplacementthe heat-emitting waste
canisters, and the closure of the container (Figuse Table 1.1). It is possible to take
into account different casting conditions and tareine changes in concrete properties,
environmental conditions and dimensions via a $eitgianalysis. The objective is to
prevent through-going cracks in the concrete buffdrich will considerably ease the
transport mechanisms inside the Supercontainereghace the radiological shielding
role of the buffer.

The final objective of the doctoral thesis is tarimstrate the feasibility to construct
the buffer with the explicit demand of crack aveida during construction. The
necessity of concrete reinforcement in order tovemé thermal cracking during
construction must be determined by means of thigyst

Table 1.1: The four construction stages of the Sgrgainer (short-term approach)

Four construction stages (Figure 1.3)

Stage 1 Fabrication of the concrete buffer insideeal envelope (a)

Emplacement of the carbon steel overpack contaithiag

Stage 2 waste canisters inside the concrete buffer (b,c)
Stage 3 (Féllér;g the remaining annular gap with the fillender thermal load
Stage 4 Closure by fitting the lid (f,g,h)
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CHAPTER 2:

RADIOACTIVITY AND RADIOACTIVE
WASTE

To a certain extent, everything around us is radiea. Even our own human body
emanates a small amount of radioactivity. Radie#gtiis a natural phenomenon
happening at the infinitesimally small level of thacleus. Man did not invent this
phenomenon, he discovered it by observation towdnelend of the I9century. Since
then, the knowledge concerning radioactive materidpanded, leading to peaceful
improvements towards medical science, energy ptamuand industry. Unfortunately
every advantage has its downsides: the use of aucieapons or the inevitable
creation of nuclear waste is like a blot on theuesreon of nuclear science. However,
nowadays valuable solutions exist to ensure a dwodlling of nuclear waste and to
prevent the possible harmful consequences of rathgty on mankind and its
environment.

1 Radioactivity

1.1 Definition of radioactivity

Radioactivity is a natural phenomenon that occuthalevel of the building blocks of
matter, the infinitely small: i.e. the nuclei of oais [source: website
ONDRAF/NIRAS.]. To understand the phenomenon, westnget right to the heart of
the matter. Generally, atoms are stable. For am dtobe stable, there must be an
equilibrium between the numbers of different pdescin its nucleus. In some atoms,
that equilibrium is disrupted. There are too manytgns compared to the number of
neutrons, or too many neutrons compared with thmbmu of protons, or even too
many of both. In other words: there is an overdosenergy in the nucleus. This
nucleus is then described as unstable or radi@ac8wooner or later every unstable
nucleus will undergo changes in order to get ridhaf excess energy. The energy is
expelled in the form of particles or pure energyeg¢gomagnetic waves). This
spontaneous process is known as radioactive déaasrgy is expelled until a new
equilibrium is established in the nucleus. This take place in several stages. The
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activity of an amount of radioactive material graliipgdiminishes until it has virtually
disappeared. Decay continues until the unstabléenschas become stable and non-
radioactive.

The radiation deriving from radioactive materiaigeg off energy. When this radiation
passes through matter, it reacts with atoms or entds of this matter and transfers
some of its energy to them. An electron can be atuaty from an atom or a molecule,
or can be absorbed by it. In this way an electyicatharged atom or molecule, an ion,
is created. This phenomenon is called ionizatioadi®ion emitted by radioactive
materials is called ionizing radiation, becauser@ates ionization by contact with the
matter and the matter gets irradiated. lonizingatamh emits so much energy that it
can alter the structure of the matter into whigheihetrates.

Two types of ionization can be distinguished:

- Direct ionization: electrons are released by meainslectrical interactions
(Coulomb forces).

- Indirect ionization: this is caused by non-chargadticles or electromagnetic
radiation. Charged particles are formed and ionidedctly by means of
interaction processes.

1.2 Types of ionizing radiation

Different types of radiation can be described: alphd beta radiation, gamma rays, X-
rays and neutrons [Reynaert and Thierens, 2008nRah2008].

1.2.1 Alpha radiation

One of the ways in which an unstable radioactiwmatan decay, is by emitting an
alpha particle. Alpha radiation consists of ratlaege particles: helium atoms with two
neutrons and two protons that are released withaatfecay. Alpha decay can be seen
as a form of nuclear fission where the parent aspiiis into two daughter products.
For example:

BPU > BiTh+ SHe (2.1)

Most of the produced helium comes from the alpheageof underground deposits of
minerals containing uranium and thorium. The helignbrought to surface as a by-
product of natural gas production.

Alpha radiation has a corpuscular character aniiréxtly ionizing. The alpha particles
are mono-energetic. This type of radiation can adgur with heavy nuclides with a
large amount of protons (Z > 82, lead: Z = 82, @umber of protons in the nucleus).
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Figure 2.1: Emission of an alpha particle by thequa nucleus. The atom transmutes into an
atom of a different element [source: website erapatdia Encarta]

Alpha radiation is not highly penetrable and isilgddocked because of their relatively
large mass. It has a short range. Even a thin efigaper or a small layer of air can
stop the alpha particles, who have a typical kinetnergy level of 5 MeV and a
velocity of 15 000 km/s.

1.2.2 Beta radiation

In nuclear physics, beta decay is a type of radieadecay in which a beta particle (an
electron or a positron) is emitted. The beta rémhatonsists of smaller particles
released after beta decay.

The electrons and positrons of the beta radiatism laave a corpuscular character and
they are directly ionizing. Kinetic energy of betarticles has a continuous spectrum
ranging from O to the maximal available energy)(Qvhich depends on parent and
daughter nuclear states participating in the de@gpically Q is of the order of 1
MeV, but it can range from a few keV to a few tehdleV.

In B” decay, the weak interaction converts a neutrotin(o)a proton (p) while emitting
an electron (¢ and an antineutrino, an uncharged elementarycfgamith negligible
mass. This can only occur if the amount of neutrisntarger than the amount of
protons. For example:

n+p=137 n+p=137 -4
p=55CS - —sBate tv 2P

In B* decay, energy is used to convert a proton (p) anteeutron (n), a positron ‘e
and a neutrino, an uncharged elementary partidie mégligible mass. Thg* decay
requires energy, the mass of the neutron beingebitdign the mass of the proton.

An example:
n+p
p

=22 n+p=22 +
iNa - "iNe+e +V[] (2.3)
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Beta particles with a speed of 270 000 km/s castbgped by steel or aluminium with
a thickness of a couple of mm, or by an air layith & thickness of 3 meter.

1.2.3 Electromagnetic radiation: gamma rays and X-rays

The nucleus is often found in an excited stater @figha or beta decay. To achieve the
lowest state of energy and repair the initial staftequilibrium, electromagnetic rays
are emitted: gamma rays. An example:

240 * 240

94Pu - 94PU+y (2.4)

Sometimes the energy is expelled in the form ottedas leaving the nucleus. An
internal conversion process starts, leading toappearance of X-rays. Nucleons in
atoms have certain energy levels which are muchehithan those of electrons. When
a nucleon moves from a higher energy level towarttsver energy level, gamma rays
are emitted in the order of keV or more (1 eV eguab x 10° J). X-rays originate
from the transition of atomic electrons from a kEgkenergy state to a lower energy
state and hence the X-ray energy level is lowen tthe gamma ray energy level.
Gamma emission and internal conversion are cometitactions.

The electromagnetic radiation in general consittgaves which are characterized by a
wavelengthA', and a frequencyy. The quantum of an electromagnetic radiation is
known as photon and its energy level is given by:

E.=hlu (2.5)

where: h = the Planck constant (= 6.626 x*{0-s)
v = the frequency of the wave (Hz)

These electromagnetic rays have no mass, have daamrtorpuscular character and
are indirectly ionizing. X-rays and gamma rays haweery high frequency (> 1bHz)
and consequently their photon energies are als. iighe energy of the photon is
higher than the binding energy of an electron target atom, ionisation of the target
atom is caused. Gamma rays have the highest fregyuabove 18 Hz) and energy
level (above 100 keV), and also the shortest wanggtle (below about 10 picometers),
in the electromagnetic spectrum and travel with sheed of light (300 000 km/s).
Because the wavelength of gamma radiation is sa,shaingle incident photon can
impart significant damage to a living cell and aassrious damage when absorbed by
living tissue. Gamma rays have a large penetratépth. They can only be stopped by
heavy matter such as iron, concrete or lead witlsufficient thickness. The
electromagnetic radiation can easily travel seMeualdred of meters through air.
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1.2.4 Neutrons

Neutrons are uncharged particles that are indyre@hizing. They occur after
spontaneous reaction, but especially after nucfesaion in nuclear reactors. For
example:

235 92 141
SUt+tn -  Kr+ [ Ba+3n (2.6)

Notice that one neutron is used, but three neutaoagproduced. These three neutrons,
if they encounter othe? U atoms, can initiate other fissions, producingreveore
neutrons. In terms of nuclear chemistry, it is atowing cascade of nuclear fissions
called a chain reaction.

Figure 2.2: Chain reaction in a nuclear reactor [sme: website CliffsNotes.com]

Neutrons can be characterized according to theetki energy Elevel:

- Slow neutrons: E<0.5eV
- Medium fast neutrons: 0.5 eV « E 200 keV
- Fast neutrons: 200 keV < E 20 MeV

- Relativistic neutrons: 20 MeV <E

As neutrons are uncharged particles, they do rexttrelectrically with the electron
cloud of the atom. They undergo physical collisievith atomic nuclei losing energy
in every encounter.

1.3 The unity of radioactivity

The following explanation is based on an applicatid the Royal Decree of 20of
July 2001, dealing with the protection of the Beatgipopulation, employees and
environment against the dangers of ionizing ragdimfivebsite FANC, Federal Agency
for Nuclear Control].
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1.3.1 Activity

The activity A of a radioactive matter with a camtanergy level is expressed as the
total amount of spontaneous mutations of radioactiuclei from that certain energy
level in a certain amount of time:

dN

A=—=AIN (2.7)
dt

where: dN = expectation of total amount of spontarsemutations of nuclei (-)

dt = time interval (s)
N = amount of radioactive atomts at time t (-)
A = disintegration constant (5 h*, d*, y*)

The unity of activity is better known as Becquef8t). One Becquerel equals one
decomposition per second. For example, the waténdroceans has an activity of 12
Bq per litre, the human body has an activity of Btpper kilogram. The progress of
the amount of radioactive atoms with time is gibgrequation (2.8). Substituting (2.8)
in (2.7) leads to equation (2.9) giving the expdiardecrease of the activity A of a
radioactive matter with time.

N (t)=N, & (2.8)
where: N = amount of radioactive atomts attime t=10 (-)

A = disintegration constant (5 h?, d*, y*)

t=time (s, h,d,y)
Alt)=A, 6" (2.9)
where: A = the activity of a radioactive matter at time t0=Bq)

1.3.2 Absorbed dose D and equivalent dose H

The absorbed dose D is the total absorbed energgrdunity of mass dm:

de

D=— (2.10)
dm

where: & = amount of energy transferred by the ionizingistidn (J)

dm = mass of the element (kg)

The unity of the absorbed dose is Gray (Gy). Orey@ruals one Joule per kilogram.
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Biological radiation damage does not only dependtenabsorbed dose D, also the
type of ionizing radiation has a significant infhee. Some types of radiation cause
more ionisation: alpha radiation causes more dartteage gamma radiation. Therefore
a new variable was brought into life: the equivaldose H .

Hy g =w, [D; (2.11)

where: v, = radiation type weighing factor (-)
Values of w are given in Table 2.2 according to ICRP 30 report
(International Commission on Radiological Proteaiio
D1 r = average absorbed dose in a tissue or organ thebody due to a
radiation type R (Gy)

Table 2.1: Radiation type weighing factor [accomglito ICRP 30 reports]

Radiation type WR
X-y 1
B-p* 1
n 5-10
a 20

The unity of the equivalent dose is Sievert (Svhew the radiation field is composed
by more than one radiation type with differerg-values, the total equivalent dose is
obtained by using equation (2.12), expressed imeBie

Hy =Y w, D, (2.12)

If the obtained equivalent dose over a certain athaf time T due to a certain
radiation type at a certain point of timgid desired, equation (2.12) needs to be
integrated over that time period:

to+T

H(1)= [H,(t) et (2.13)

If T is not specified, a duration of 50 years for axl@hd 70 years for children is
specified.
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1.3.3 Effective dose £

Finally the effective dose-Hs the sum of all equivalent doses in all tissaied organs
of the human body caused by internal and extematiaenination:

E, = ZWT H, ZZWT @WR D, . (2.14)

where: w = tissue weighing factor of the organ or tissué)T
Values of w are given in Table 2.2 according to ICRP 30 report
(International Commission on Radiological Proteafio

The integrated effective dose in the various tissaed organs T can be calculated
according to equation (2.15):

E(r)=>w, ®,(r) (2.15)

1.3.4 Radioactive decay

Just as a fire dies down as time passes, the tgctif/iradioactive materials does to.
Each time an atomic nucleus of a radioactive sulost@mits energy to attain better
equilibrium between the number of protons and mewstr another variant is created,
which may or may not be radioactive. An ever-desirga amount of the original
radioactive material thus remains. This is calledioactive decay. The time it takes for
the activity to reduce to half of its initial valués called the half-life 7, of a
radioactive material (Figure 2.3). To calculatg €quation (2.16) is used.

In2
7 =In< (2.16)
1/2 A
where: A = disintegration constant (5 h?, d*, y")

After 10 half-life periods, only about one thous#n(@L/2*%) of the original activity is
left. Each radioactive material is specified byatgn half-life. Some have half-lives of
just a few seconds, others of thousands or evelionslof years. Some examples of
radioactive materials and their half-lives are giwe Table 2.3.
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Table 2.2: Tissue weighing factor of the organissue T [according to ICRP 30 reports]

Organ or tissue Wy
Bladder 0.05
Red bone marrow 0.12
Bone surface 0.01
Colon 0.12
Ovary 0.2
Breast 0.05
Oesophagus 0.05
Liver 0.05
Lung 0.12
Skin 0.01
Stomach 0.12
Thyriod 0.05
Rest of body 0.05
Total body 1

Table 2.3: Radioactive materials and their halélffvebsite ONDRAF/NIRAS]

Field of application Half-life
lodine-123 Nuclear medicine: diagnostics 13 hours
Iridium-192 Nuclear medicine: therapy 74 days
Cobalt-60 Nuclear medicine: therapy 5.27 years
Caesium-137 Nuclear me_du_:me: therapy 30 years

Important fission product
Carbon-14 Age determination of materials 5 730yea
Plutonium-239 Production of nuclear fuel 24 065rgea
Uranium-235 Production of nuclear fuel 704 000 géars

Radioactivity and radioactive waste
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Figure 2.4: The three principle of protection agstimadiation
[source: website ONDRAF/NIRAS]
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Figure 2.5: The Nuclear Fuel Cycle [source: Worlddiear Association]
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2 Radiological protection

The subject matter of radiological protection deaith ways and means of protecting
human beings and their descendants, both individaald collectively, as well as the
environment, from the harmful effects of ionizingdration. Radiological protection
aims to do more good than harm to individuals alé ageto society [Rahman, 2008].

The tools and techniques available to protect asnagjionizing radiation are based on
the following three principles (Figure 2.4):

- Exposure time: the shorter the exposure time, iiedlsr the dose.

- Distance from source: the further away the radivacource, the smaller the
dose.

- Shielding and containment: water, glass, lead, mdacand many other
materials shield from radiation effectively. Thecapsulation or containment
of radioactive substances in such materials prevehem from being
dispersed into the environment. Adapted clothesraadks limit the risk of
contamination.

In Belgium, the population and the workers are geted by the ARAB/RGPT (Belgian
legislation and general regulations on safety agalth protection at work) and by the
Royal Decree of 20 of July 2001, dealing with the protection of thel@an
population, employees and environment against @mgekrs of ionizing radiation.

Three important principles are handled:

- Principle of justification of practice: the advagés of radioactivity must be
exceeded by the disadvantages.

- Principle of optimizing the protection: the absatliose must be kept as low
as reasonable achievable (ALARA) taking into actdhe economical and
social factors.

- Principle of individual dose limits determined ftime population and the
employees.

On the basis of recommendations of the ICRP in 128 according to the ICRP 30
reports, different ALl values (Annual Limits on &ke) are determined. A total
tolerable effective dosetEof 1 mSv/year may not be exceeded for the populati
People who are exposed to radiation by virtue @®profession may be subjected to
a total effective doseEof 20 mSv/year. The equivalent dose, cumulated avygeriod

of 50 years, K1) should not exceed 0.5 Sv for each tissue or orjaase values are
in addition to the cosmic (background) radiatioegemt in nature and soil, that can
reach a value up to 10 mSv/year .
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3 Radioactive waste

3.1 The Nuclear Fuel Cycle

Radioactive waste originates in every stage of tlnelear fuel cycle: from the

excavation of uranium ore, to the dismantlementuaflear power plants (NPP’s), until
the disposal in deep geological layers (Figure.ZlBe amount and the radioactivity
varies with the type of radioactive waste. Varityses of radioactive waste in various
physical and chemical forms were and are produsegklgium. This waste originates
from different producers and can be subdivided thtee major categories:

- Generation of electricity by means of nuclear eperymost 80 % of the
radwaste in Belgium derives from the energy progigiciompanies: NPP’s in
Doel (4 reactors) and Tihange (3 reactors), pradncof nuclear fuel by
FBFC International in Dessel, and research at daudevel at SCK-CEN,
Mol.

- Utilization of radioactivity in medical applicatisrand hospitals, industry and
agriculture. On a daily basis, radioactive matsriahd ionizing beams are
used in hospitals to detect (scanner) and treatades (cancer). In order to
make the medical instrumentation sterile, radio@gtis being used. Germ-
control and the prolongation of the conservatiofioold is an other branch for
the use of radioactivity. In the industry, the exaation of welded joints and
the detection of construction faults are examplesxecution by means of
radioactive beams and electromagnetic radiation.

- The shut down and dismantling of nuclear installai creates additional
radwaste.

3.2 Classification of radioactive waste

Radioactive waste can be classified in many differ@ays: according to source,
physical state (solid-liquid-gas), level of raditreity, half-life, final disposal route or
radiotoxicity. The two most significant and wideljged parameters which are taken
into account for waste classification are (i) thalffives, and (ii) the activity
concentrations. Looking at the short-term managemée classification only takes
into account the activity of the radwaste. Thretviyg levels can be distinguished: (i)
Low Level Waste (LLW), (ii) Intermediate Level Was{ILW) and (iiij) High Level
Waste (HLW).

The LLW has a contact dose rate smaller than 5 mSvhly minimal shielding is
necessary during processing. Approximately 75 %heftotal volume of radioactive
waste has a low activity according to ONDRAF/NIRAS.

The contact dose rate of the ILW, representing 2df%he total radwaste volume, lies
in between 5 mSv/h and 2 Sv/h. This waste form nestotally encapsulated and
shielded with thick concrete and leaded layers emgt be handled from a certain
distance.
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Roughly 95 % of the total activity of the radioaetiwaste in Belgium is represented by
less than 1 % of the total amount (ONDRAF/NIRASat@ent): waste which is very
radioactive and in which temperature may rise Sicgmtly as a result of its
radioactivity. The HLW has a contact dose rate éigthan 2 Sv/h, emits heat and
needs careful handling and sufficient shielding.

On a long-term base, the classification of thegadiive waste takes into account both
the activity and the half-life of the radioactiveatarials, leading towards three
categories: (i) A-level waste, (ii) B-level waste @i) C-level waste, according to
Table 2.4. The half-life consideration is consisteith the disposal route: Long-Lived
(LL) require long-term isolation from humans ance thnvironment, preferably in
geological structures. Based on the half-life o ttadionuclides that need to be
confined, the type of solution needed for the lteign disposal is determined.

The A-level waste originates from NPP’s, nucleadiv@ applications, agriculture and
industry. The dismantling of a NPP delivers thgdest amount of A-level waste. These
wastes are generated from normal plant operatioostine maintenance work,
refuelling operations and consist of protective tleds and shoes, disposable
handkerchiefs, etc. It contains small amounts oflioruclides with short or
intermediate half-life (< 30 years). The amountatfha radiation is limited. In the
Belgian concept, this type of waste will be preffdysstored on ground level during the
time it takes for the activity to drop with a facttO00 [Bel et al., 2005]. In June 2006,
the Belgian Federal Government decided to dispgusé\tlevel waste in Dessel (Figure
2.6).

Table 2.4: The Belgian Waste Classification: thiygees of radioactive waste

Activity
=1
— — 5 — T
-
D o o 3 D =
5% |38 | 3%
@ 5
D
Short-lived (SL) : Half-life < 30 years A A C
Long-Lived (LL) : Half-life > 30 years B B C

Serious amounts of radionuclides and alpha radiatith half-lives larger than 30
years is subdivided in B-level category. Due toltmger period of time for radioactive
decay, the reference solution in the Belgian confmpthe disposal of B-level waste is
the geological disposal by means of concrete MémoliBel et al., 2005]. The general
design principle is to enclose a number of wastekages by a sufficiently thick
concrete layer (Monolith) to reduce the dose raté en from the outer surface to a

maximum of 25uSv/h (Figure 2.7).

Radioactivity and radioactive waste 19



In comparison with B-level waste, the C-level wasés a higher concentration of beta
and gamma radiation, resulting in the heat emiktgdhis type of waste. It can also
have a considerable amount of alpha radiation,aéxiplg the long half-life in some
cases. C-level waste mostly originates from fisgorducts and from the reprocessing
of nuclear fuel and untreated SF.

ONDRAF/NIRAS is responsible for the inventory arte testimation of the total
amount of radioactive waste present in Belgiumyvidtes assessments, based on data
facts of ' of January 2001, indicate that the total volumeuants up to 70 500 m3 A-
level, 8900 m3 B-level, and 2100 m3 — 4700 m3 Gelavaste in the year 2070.

3.3 Radioactive waste according to present activity

Waste with high activity and within the fuel cyckontains three key types of
radionuclides:

- Activation products: these arise from interactioh neutrons with reactor
materials. Some important activation products'&e*Cl, *°Co, **Ni or ®Ni.

- Fission products: these arise when a nuclide uwgsrgfission. Some
important fission products arésr, *°zr, *°Tc, **%, **'Cs or'*""Ba. They are
radionuclides with a relatively short half-life.

- Actinides: these radionuclides are produced whetil€dsotopes, like”*?U,
absorb neutrons that lead to the production ofsttamanic actinides, such as
%Py (Tyz: 24390 y),2Pu (Ty,: 6540 y),*Pu (Tyz 15 y),?*Pu (Ty: 3.9-16
y), 2*Am (Ty2: 462 y) or®Np (Tyz 2.2:16 y). The decrease of activity of
these actinides can be very slow.

The energy of radiation originating from radioaetigecay produces the heat emitted
by vitrified HLW and SF assemblies. This processaminated by a few radionuclides,
such as’Co (~ 5-10° W/Bq), *°sr (~ 1.8-18° W/Bq), **'Cs (~ 1.35-1%° W/Bq) or
137MBa (~ 1.35-10° W/Bq). Some actinides such #Am, **°Pu or®**Pu with a heat
production of approximately 8.9-1bW/Bq only arise in the SF assemblies, explaining
the higher and longer lasting heat production ef 8F in comparison with vitrified
HLW.

Relative activity (in comparison with the radiotoity of the mined uranium ore) of
vitrified HLW is most likely expected to last a que of thousands of years (Figure
2.8). The first hundreds of years, the activitytié fission products and activation
products has the greatest impact on the total inctiwhen the activity of the fission

products drops, the actinides and its daughters ttashighest contribution to the total
activity. The same behaviour is noticed for SF,etcfor the much higher original

relative activity (factor 100), and the lower raaitive decay (factor 100) due to the
higher amount of certain actinides. Relative attiv(iin comparison with the

radiotoxicity of the mined uranium ore) of SF asbées is most likely expected to last
a couple of hundreds of thousands of years.
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3.4 Vitrified HLW versus Spent Fuel

The current Belgian reference design for heat-@mgitHLW and SF assemblies is
based on the so-called Supercontainer concept ¢Ball., 2005]. The same design
principle occurs as for the concrete Monoliths. Tmensions and the weight of the
Supercontainer also depend on the type of radigaathaterial that needs to be
disposed: (i) Vitrified HLW, (ii) Spent Fuel (UOX)r (iii) Mixed Oxide Fuel (MOX)
(Chapter 3). MOX is a nuclear fuel composed of atane of plutonium oxide and
natural uranium oxide, reprocessed uranium or deglerranium. MOX originates
from the separation of still fissile materials frahe Spent Fuel. The Supercontainer is
intended for the disposal of Vitrified HLW and fdirect disposal of SF assemblies
(Table 2.4, category C).

SF and vitrified HLW are durable waste forms thaill wlissolve and release
radionuclides very slowly (i.e. over periods ofgdn hundreds of thousands of years
or, in the case of SF, even longer) under the timmdi expected to exist in the
repository. SF is irradiated nuclear fuel that hasbeen chemically reprocessed. HLW
is primary waste, either liquid or solid, that adsfrom the chemical reprocessing of
SF.

Vitrified HLW consists of an amorphous structuregidiss holding large quantities of
radionuclides, with many different types of glasmiulations (e.g. borosilicate glass).
The waste loadings of the radionuclides is aboul0 20 % of the total weight of the
waste package. The glass matrix with its vitriffession products is surrounded by a
stainless steel overpack (Figure 2.9). The thedoeding per unit mass of vitrified
HLW is lower compared to SF caused by the remofabme heat-producing actinides
in case of HLW. The heat output depends on thegagéfore reprocessing, the storage
before disposal, the inventory and the total mass.

As a waste form, the SF rods can be subdivided mtdtiple radioactive sources
(Figure 2.9). The U@matrix consist of volatile fission products migrdtto voids,
cracks, gaps and grain boundaries and 5-metatfeatiA'“C crud at the outer surface
of the rod can be formed from the irradiation oblemt water. Concerning the radiation
field of SF, it initially has a high alpha, betadagamma content. After 1000 years,
mostly alpha irradiation remains.
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Figure 2.6: 3D view of the Belgian concept for Adkwaste [source: ONDRAF/NIRAS]

Concrete Container
Mortar

200L Drum

Concrete lid

Figure 2.7: The Belgian concept for disposal oeBel waste: 3D view of the Monolith
[source: ONDRAF/NIRAS]
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CHAPTER 3:

DISPOSAL OF RADIOACTIVE WASTE

The management of radioactive waste is inescapatdgd with its disposal. Disposal
is defined as the emplacement of waste in an approzpository without the intention
of retrieving it [Rahman, 2008]. Before the disdpsadioactive waste is subjected to a
number of pre-disposal management steps: (i) dallec (i) characterization, (iii)
sorting, (iv) pre-treatment, (v) treatment and dtioding, (vi) storage and (vii)
transportation as well as the cleanup activitidse §oal is to prepare the waste for the
long-term containment in a disposal facility andigolate the waste from the human
environment.

1 Radwaste Management

The two basic safety objectives for the disposalradioactive waste are listed
according to IAEA (1994):
- Protection of human beings and the environment fteenharmful effects of
wastes, either radiological or non-radiological.
- Disposal of the waste in such a way that the teansff responsibility to future
generations is minimised.

According to Chapman (2008) the objectives of ggiclal disposal are:

- Isolate radioactivity from people by deep buriathie Host Rock.

- Maintain a stable geological cocoon for the engieeéecontainment system
for hundreds of thousands of years.

- Contain radioactivity for many thousands of yeargilu99.9 % of the
radioactivity has decayed.

- Prevent any releases in harmful concentrationshiegcpeople and the
environment.

A considerable amount of work is already done andeswork is still ongoing in order
to overcome the disposal problemacy and to realgdicable safety standards in the
pre-closure or operational phase and the post4dgsliase. The concept and practices
of radioactive waste disposal are intricately lidkeith the waste categories (Chapter
2). Low Level Waste (LLW) with a short half-life gaires isolation for a relatively
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short period of time (hundred of years) and heneg be disposed at surface facilities
(surface disposal). LLW with longer half-life regeiia longer period of isolation and
more severe criteria must be considered, which mnealised by means of near-
surface disposal. Long-lived Intermediate Level Wa$LW) and High Level Waste
(HLW), independent of the half-life, require a lopgriod of isolation. This can be
achieved by deep underground disposal, better krasageological disposal. There are
various disposal options, based on different ddateuch as waste category and the
considered and available Host Rock. Our focusdiethe geological disposal of HLW.

The isolation of radioactive waste from the humarvinment is achieved by
applying the general principle of defence in defRahman, 2008]. The higher the
activity-level or the longer the half-life of the aste, the more rigorous is the
application of defence in depth principle. A mukéigparrier concept is used to isolate
the HLW and the long-lived ILW. The multiple bamseof the geological repository
consist of (i) an Engineered Barrier System (EB&prising the waste form, the
waste containers, the buffer mass and the baaki@terial, (i) the natural barrier
comprising site geology (Host Rock), and (iii) thesphere comprising atmosphere,
soil and surface waters. The idea is that the coatimn of the EBS and the natural
barrier will offer a barrier that is robust enougind will contain activity for a
sufficiently long period of time during which adti will decay sufficiently to have
any significant impact on either human beings otf@environment. Containment of
radioactive waste is assured, in first instance,th®sy EBS of the disposal facility,
including the waste form itself and the completé @k man-made barriers placed
around it. Next, the natural barrier assures camant of the radioactive substances
that can escape from the EBS after some time. Tdyghdof disposal and the
characteristics of the host formation further ngusirantee isolation of the waste from
the biosphere and from potentially disturbing fastsuch as climate changes. Each
barrier has its specific safety functions. The belrshould (i) isolate the EBS from the
biosphere, (ii) remain geomechanically stable) fifiovide a favourable geochemistry
for the EBS and (iv) limit groundwater flow. Thennel backfill keeps the EBS in
place, keeps the tunnel stable and prevents fattwpgs for release. The mass
transport inside the buffer is diffusion limitedhd buffer isolates the waste containing
canister from the Host Rock, conducts heat anéréilicolloids. Finally the waste
canister provides aid during the emplacement ofathste, also conducts heat, isolates
waste from the ground water and must withstand angichl loads [Apted, 2008].

Disposal of radioactive waste aims at containing @&@wlating it over time periods
sufficiently long enough to preclude any adverspadnt on life at the Earth’s surface

(10%, 10,10... years).
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2 The Belgian reference concept for the disposal of igh Level
Waste and Spent Fuel assemblies: the Supercontainer

2.1 Supercontainer design concept

During the past 25 years several preliminary répogiconcepts were studied. Today,
the Supercontainer is considered to be the moshiginog Belgian reference design
conceptfor the final disposal of heat-emitting waste desidf by ONDRAF/NIRAS,
the Belgian Agency for Radioactive Waste and EmitlFissile Materials. The
Supercontainer is intended for the disposal of-eeditting vitrified High Level Waste
and for the direct disposal of Spent Fuel assemi§liEDX, MOX). Depending on the
type of waste that needs to be disposed off, theedsions of the Supercontainer vary
(Figure 3.1a, Table 3.1).

In this concept (Figure 3.1b, Figure 3.1c, Figurkd}, the vitrified waste canisters or
SF assemblies will be surrounded by a carbon stesipack, a concrete buffer and a
stainless steel envelope. The Supercontainer witdnstructed at surface level, before
being transported underground for disposal. Thetavisms first are enclosed in a
carbon steel overpack of about 30 mm thick. Thierpack has to prevent contact of
the waste with the water coming from the host fdromaduring the thermal phase i.e.
several 100’s of years for vitrified HLW, and sealet000’s of years for SF.

Table 3.1: Dimensions and weight of the Supercaetai

Vitrified HLW UOX MOX
Length 42m max 6.2 m 6.1m
Outer diameter 20m 2.1m 1.6m
Weight 30t max 60 t max 31t
Canisters or SF > 4 1

assemblies

For corrosion protection purposes, the overpacknigeloped by a high pH concrete
buffer (high alkaline concrete) based on OrdinargrtBnd Cement (OPC). A

protective oxidizing layer is formed on the metaffaces of the overpack due to the
reaction with the highly alkaline pore water. Tpiassivating layer is believed to be
either ferrous hydroxide or a lime-rich iron oxidemplex. It protects the metal against
corrosion, even in the presence of oxygen, b dnly stable for pH values in excess
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of 9 [De Belie, 2007]. The concrete buffer pas®sgahe outer surface of the overpack.
This buffer, with a thickness of about 70 cm, algerforms as a well-defined
radiological protection buffer for the workers, eiifying underground waste
transportation operations. It can easily be cathéndesired cylindrical form. Concrete
is a well studied matter with a broadly ranged eguee field. The thickness of the
Supercontainer is determined by radiological pridecaspects related to the tolerable
dose limits (Chapter 2). The buffer is surrounded & stainless steel cylindrical
envelope. The concrete buffer is used to providectinfinement.

Figure 3.1a: 3D view of the Supercontainer for th&posal
of UOX (right), vitrified HLW (middle) and MOX (tgf
[source: ONDRAF/NIRAS]

Buffer phase 1
Buffer phase 2

Overpack

Canister

Buffer phase 3

Envelope

Figure 3.1b: 3D view of the Supercontainer for ifikd HLW
[source: ONDRAF/NIRAS]
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Figure 3.1c:Side view of the disposal gallery for vitrified HLW
[source: ONDRAF/NIRAS]
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Figure 3.1d: Cross-section of the disposal gallfenyvitrified HLW
[source: ONDRAF/NIRAS]
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Once the primary waste is post-conditioned, theeBtgntainer will be transported and
disposed in the underground disposal galleriesufei@.2) and the remaining annular
gap will be backfilled. The disposal galleries sldduave sufficient strength in order to
avoid a collapse. The geological clay layers habereficial behaviour and retention
capacity towards radionuclides migration (the oaekpmust confine the radionuclides
at least during the thermal phase). Because cléneimain barrier against radionuclide
migration, the materials of the Supercontainer khamot induce large perturbation
towards the retention capacity of the Host Rock.

To conclude, the two main objectives of the Supet@ioer are given:
- Provide confinement of the radionuclides duringttermal phase (long-term
safety function).
- Provide radiological shielding (nuclear operatiorsafety function). The
thickness of the Supercontainer (approximately M) is determined by dose
rate calculations.

2.2 Design functions

In the Supercontainer concept, the vitrified HLWhisters, or the SF assemblies will
be surrounded by (i) the carbon steel overpacktt{gé concrete buffer and (iii) the

stainless steel envelope (Figure 3.1c). The maietions of the three Supercontainer
components will be discussed. The Supercontainagristructed at ground level before
being transported underground for disposal (Figr®) [Galson Sciences Report,
2005].

2.2.1 The overpack

The overpack, manufactured from 30 mm thick carfteel, will surround the vitrified
HLW canisters or SF assemblies and provides then rbairier against radionuclide
release during the thermal phase. Carbon stedloisen over a low-alloy steel because
of its better resistance to sulphide attack andbse of its more predictable behaviour.
A thickness of 16 mm for the overpack is calculatedesist to the mechanical and
thermal stresses. An additional thickness (14 nsnfdrieseen for corrosion purposes.

The overpack will be inserted into the center of ttoncrete buffer. Good quality
concrete surrounding the overpack is particuladyofirable for controlling and

limiting corrosion because it will lead to passigatof the steel. Under all redox states,
the corrosion rate is expected to be sufficientw,l less then 2.5 pum per year.
Consequently there is a sufficient certainty lethalt the overpack will not fail during

the thermal period (Chapter 4).
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(IN EXPLOITATION)

MG TR e LILW-LL REPOSITORY SECTION (CLOSED)

Figure 3.2: Artistic view of the HLW & ILW repasiy (Belgian reference concept)
[source: ONDRAF/NIRAS]

2.2.2 The buffer

2.2.2.1 Introduction

There are three layers of cementitious componeside the concrete buffer: (i) Phase
1 concrete buffer, (ii) Phase 2 filler, and (iifpdse 3 concrete end-piece and lid (Figure
3.1b). The discussion of each of the mentionedrtaigegiven below. Before discussing
the different concrete phases, a general remarlgiien. To create favourable
conditions from a corrosive point of view, the sation of the buffer should take place
as quickly as possible. Under saturated condititnasisport of any oxidizing and/or
aggressive species will be diffusion controlled. dase of a fully saturated buffer,
reached by a curing and storage under water, tesepce of the envelope has no
detrimental influence on the chemical environmentiad the overpack. Once the liner
is perforated, the transport of species throughbtlier is controlled by diffusion. If
the buffer is not completely saturated, the preseofcthe envelope will retard the
transport of aggressive species but once perfarttede species could very soon reach
the overpack due to capillary suction.

2.2.2.2 Phase 1 concrete buffer

A concrete buffer (Phase 1) will be fabricated witthe envelope. The two reference
compositions that are considered for the buffer|l ik defined and tested
experimentally, respectively in Chapter 5 and Céaiapt a Self-Compacting Concrete
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(SCC) and a Traditional Vibrated Concrete (TVC)eTdoncrete composition includes
a Portland cement CEM 1 that has not been intergfowith materials other than
gypsum, contains no slag and has an &mtent preferably not exceeding 2 %. Coarse
and fine limestone aggregates are specified andaicomot more than 2 % of
magnesium, silicum and aluminium (as oxides) (Céapy}.

The concrete buffer has two major functions:

- To create a favourable alkaline environment witphhpH around the carbon
steel overpack, during the thermal phase of theefwmtainer (Chapter 1,
HEATING 1 and HEATING 2). The highly alkaline comte passivates the
carbon steel of the overpack and reduces the dorroate [Crawford et al.,
2004]. Also a sufficiently low hydraulic conductiyito retard the migration of
aggressive species originating from the clayey HRustk is desired.

- To provide radiological protection during the trpogation of the
Supercontainer to the underground disposal gadlefithe dose rates at the
outer surface of the Supercontainer must be asabweasonable achievable
(ALARA, Chapter 2). Possibly, the containers musthandled without using
shielding equipment. This will simplify undergroungerations.

2.2.2.3 Phase 2 filler

Once the Phase 1 concrete buffer is cast intottirless steel envelope and hardened
sufficiently, the vitrified HLW canister or the Skssemblies in its overpack will be
inserted into the created opening. The remainingui@n gap between the Phase 1
buffer and the overpack will be filled by means tbé Phase 2 filler. The inner
cylindrical cavity must be large enough to permgdrtion of the overpack (the largest
aggregates used in the concrete can have a diametés 20 mm). The principal
function of the filler is to fill the void space #te overpack surface, thereby ensuring a
good contact between the overpack, the buffer bediller itself. This is to contribute
to the minimisation of the overpack's local cofoms and to allow heat transfer
deriving from the overpack.

Three types of Phase 2 filler materials have bespgsed. They are preferably
compatible with the proposed composition of thedehh concrete buffer, they should
provide a high pH environment, minimise overpackresion and they should have
beneficial behaviour towards emplacement in theukamngap. The three considered
materials are:

- Afluid mortar (grout).

- A concrete mixture, preferably with a compositiorerided from the
previously mentioned SCC composition (Chapter 5)soAthe use of
expansive additives is being considered to impriine contact between the
buffer, the overpack and the filler [Areias, 2009].

- A powder (e.g. portlandite powder).

Advantages regarding the corrosion aspects statdtth use of a cementitious grout or
a concrete is more appropriate because they slyualdintee a better quality (stronger
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bond strength, lower porosity, higher homogeneitiydhe interface with the steel than
a powder. It is also more likely for a grout or@ncrete to have a more uniform and
constant thermal conductivity in comparison to avger, in a way that preferential

pathways for heat transfer are avoided.

Considering the placement under hot cell conditigeut or SCC seems to be the
most appropriate material, because it does not tteedise of external and additional
vibration energy. The use of powder will produceoasiderably larger amount of dust
compared with grout or SCC. Also the emplacemesatifitwill be easier with a fluid
mortar or concrete than with a powder. On the otfaerd, the (hardening) behaviour of
fresh grout or fresh concrete in contact with tloe surface of the overpack is still
unknown and further research needs to be providate nearby future to overcome
this potential disadvantage.

A concrete mixture based on the SCC compositiaiémnically more compatible with
the buffer composition of the Phase 1 concrete als provides a higher pH
environment, which minimises overpack corrosioraitarger extent, compared to the
cementitious grout. The grout even can induce gdit danger for the expansive
Alkali Aggregate Reaction (AAR), in case siliceasend is used in the mix. Even a
portlandite powder would create a better chemicalirenment. The proposed wet
mixtures could be replaced by dry powders: dry empinent does not have the
adverse property of introducing additional comgiexelating to the behaviour of the
water near the hot overpack. Also the use of gastis to facilitate the pouring of the
wet mixtures is not needed. Finally, a dry powdan te preferential because of its
ability to penetrate into small cracks and its @liation of macroscopic void spaces at
the overpack surface. Table 3.2 summarizes thensalyes and the disadvantages of
the use of the three proposed Phase 2 filler nadgemevertheless, additional research
is needed and is ongoing to investigate the corafiant methods, the emplacement
methods and the quality control.

Table 3.2: Advantages and disadvantages of theiset mortar, wet concrete or dry powder
for the Phase 2 filler

Grout Concrete Powder
Compatibility with buffer + ++ -
Compatibility with Host Rock + + ++
Corrosion protection + ++ ++
Emplacement ++ ++ +
Behaviour near hot surface - - ++
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2.2.2.4 Phase 3 concrete end-piece and lid

The main functions of the Phase 3 concrete aresahge as for the Phase 1 concrete.
Therefore it is preferable that it has the sameca composition as the Phase 1
concrete buffer. The end-piece and the lid mustgmethe rapid passage of external
fluids to the surface of the overpack. Thereforgpad bond between the Phase 1 and
Phase 3 materials is desirable.

Problems might occur with casting of fresh conciietéhot cell. Out of the limited

experience level (nuclear sector, oil industry) ilade concerning the casting of
concrete under elevated temperatures, the saméus@ms can be drawn: it is a very
complex process with a considerable amount of ¢akiin problems occurring and
with the undesirable demand of organic plasticizbed can occur. More information
on this topic can be found in Chapter 4.

The comparison between a precast lid and a freddy lid must be made from the
‘contact’ point of view. Freshly cast concrete lose the Supercontainer is slightly
preferred (better contact between the Phase 1 aadeP2 concrete, but a complex
process of casting in hot cell appears). The wiatehe poured Phase 3 concrete is
heated by the heat-emitted radioactive waste, rgumsigration to the Phase 1 concrete
and the Phase 2 filler by means of the capillargds and the thermal gradient. The
principal advantage of a precast Phase 3 lid isttiganeed to cast concrete close to the
hot overpack would be eliminated. The precast smiubn the other hand, can only
assure a good contact by means of a stepped coatfigu (Figure 3.3a). This could
potentially create preferential transport pathwéys aggressive species originating
from the Host Rock. There remains an uncertaintyceming the quality of the bond
between the Phase 1 concrete and the Phase 3 teoridre mechanism for the closure
of the Supercontainer has not been finalised, fauious possible mechanisms are
being examined [Villers, 2008].
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Figure 3.3a:The precast lid as Phase 3 concrete
[source: Tractebel Engineering]

The precast lid as the solution has the benefd simple placement by bolting and a
good quality control. The disadvantage of castimgh concrete on a hot overpack is
not applicable. Corrosion of the bolts and the aigbermeability in the contact zone
can be seen as a possible disadvantage (Figure 3.3a
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Freshly cast concrete on top of the overpack pesvi better contact buffer/plug and
an improved tightness. There is no need for additionetallic objects that can be seen
as a source of corrosion. Disadvantages of thénlfresast lid are: fresh concrete can
experience early-age cracking behaviour risk dushtinkage and hydration heat and
there is a minimal level of experience concerning pouring of fresh concrete on a
heat source and in hot cell (Figure 3.3b). The rm&fedbration and other operations

inside hot cell environment is complicated, but dam prevented by using self-

compacting compositions.
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Figure 3.3b: The freshly cast lid as Phase 3 cotecre
[source: Tractebel Engineering]

The combining solutions provide a better contadhwihe Phase 1 concrete buffer in
comparison with the precast lid. A concrete prepéste will play the role of thermal

isolator, limiting the temperature when pouring fiveal plug. The disadvantage of
pouring on a heat source is counteracted by usisgaller lid on top of the hot

overpack. The use of additional bolts is not neeffédure 3.3c). This extra lid also

provides radiological protection (shielding) in easf transfer of the Supercontainer
outside the hot cell. This option seems to be y@pmising and needs to be further
evaluated.
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Figure 3.3c: The mixed solution lid as Phase 3 cetec
[source: Tractebel Engineering]

A good contact between the Phase 3 concrete anstébéenvelope is also essential.
Even the welding of the steel liner lid can be arse of additional concrete damage.
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The use of bolts or screwing a top plate on topghef envelope can be seen as a
valuable solution for this problem with the alreadgntioned disadvantage of possible
corrosion.

2.2.2.5 Main roles of the buffer

Conclusions concerning the feasibility to constrti@ Supercontainer are given by
means of the main roles and constraints of theebuff
- Long-term safety: create a favourable environmerdgtimize the lifetime of
overpack (corrosion). The integrity of the overpanlst be guaranteed during
the thermal phase.
- Operational safety: provide permanent shielding ¥eorkers during the
handling of the waste packages.
- Provide efficient heat dissipation.
- Provide sufficient mechanical strength (handlingllegy support, accidental
fall, retrievability).
- Limit chemical disturbances with the clayey HostRo

Therefore an Ordinary Portland Cement (OPC) witthipH, and carbonate aggregates
to eliminate AAR, are chosen. Also the selectiod e limitation of superplasticizers
is being discussed in Chapter 5. The feasibilitygpam has to take into account the
specific safety related constraints when develogiiegconcrete buffer composition, the
preparation and the emplacement methods [Van Huchkb2809].

2.2.3 The envelope

The outermost part of the Supercontainer is a dglimade from a stainless steel sheet
with a thickness of about 6 mm with a solid weldexdtom and a lid that fits on the
concrete buffer at the end of the fabrication pssceCurrently, the stainless steel
envelope is considered in the reference design.abivantages of the envelope are (i)
to serve as a mould to allow the casting of thecoete buffer, thus no additional
chemical agent is needed for demoulding, and ¢iiptovide sufficient mechanical
strength and confinement during transportation lzawadling (= must have). Moreover
it presents the advantages to facilitate revergibéind to prevent water ingress from
the Host Rock (= nice to have) [Crawford et al.p2p For long-term radiological
safety, the envelope is not taken into accountédeulations due to the most probable
risk of local corrosion processes such as pitting.

Whether the use of the outer stainless steel epge desired or whether or not the
use of vents is appropriate, is still under consitien. Vents would reduce the risk of
internal gas pressurisation, but would allow thgréss of water from the surroundings.
The explanation can be found in the degradationhar@iems discussed in Chapter 4.
There will be a considerable amount of gas produdtiside the concrete buffer due to
corrosion (highest share), due to radiolysis ofggbee water under irradiation, due to
water vapour creation caused by the heat of the Hiod/the SF and due to microbial
activity. If a closed design is chosen, with théepwenvelope surrounding the concrete
buffer, an internal pressure build-up due to th@vabmentioned gas producing
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mechanisms is expected and a risk for internalkcfaomation occurs if the tensile
strength of the concrete buffer is exceeded. Ia thise, an open design (without the
outer stainless steel envelope) can be desiredrewthe produced gasses can escape
and the risen internal pressure build-up remaine@atable. Downside in case of an
open design however, is the inflow of groundwatgginating from the geological clay
layers.

Regarding the protection of the overpack, a stamieel envelope contributes as an
additional barrier against the transport of aggvesspecies towards the overpack. On
the other side, once the envelope (in case of sedlsystem) is perforated, aggressive
species from outside the Supercontainer begin trat@ through the concrete buffer

towards the overpack surface. This can initiaterasion. The large uncertainties

related to the lifetime of the envelope and thémgtcorrosion process evolution do not
allow to take into account the potential contribatiof the envelope in the safety

assessments.

On the level of the mechanical support of the Sugeainer inside the disposal gallery
(Figure 3.1c), stress corrosion cracking of theedope can originate. Also there is a
risk of crevice corrosion and pitting corrosiontié ingress of the groundwater reaches
the envelope and it contains a considerable higbuamof aggressive chlorides,
bicarbonates, sulphates and sulphides, but stillef compared to the case of a
Supercontainer without the confining envelope.

From a technological point of view, advantages disddvantages of the use of the
envelope are identified. Advantages: (i) the enpelocan be used as a lost formwork
excluding the need of additional chemical demowdigents. (ii) In case of fall of the
Supercontainer in horizontal position during traorsgtion, the envelope can ensure a
coherence between the concrete pieces. In casanspbrtation in vertical position in
the shaft of the disposal gallery, the envelopé mak insure guarantee for the buffer
integrity. The envelope also has beneficial efféotgards the decontamination aspects
of aggressive species originating from the HostkRoc

Disadvantages: (i) in case of a fall of the Supetaimer without breaking of the
envelope, it will not be possible to visualise tieneral damage and the presence of
cracking in the concrete buffer. (ii) A perfect tact between the envelope and the
buffer is necessary but not easy to guaranteg.Rlacing the stainless steel closing
piece will not be easy and welding of the lid of #nvelope could negatively influence
the vicinity of the concrete buffer. Caution is weoh during the welding of the liner
during construction and during closure to preveartyeage concrete cracking and to
avoid corrosion. (iv) The use of an envelope wifloaincrease significantly the unit
price of a Supercontainer.

The decision about the removal of the stainlessl grvelope in the Supercontainer
reference design is still to be verified. The prnese of an envelope for the
Supercontainer is considered as the referencerdésigur studies.
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2.3 The Host Rock formation

Scientific programs give increasing confidence leycas a natural barrier. Clay is a
suitable Host Rock for the Belgian reference diapesncept for its diverse variety of
properties:

- ltis present as a thick, homogenous layer ovargelarea.

- Itis a stable geological layer at a suitable depth

- ltis plastic and thus has a strong capacity aiildyafor self-sealing following
physical disturbances (for example after the exttanaf gallery shafts). The
creation of an excavation disturbed or damaged #BB&) is expected for all
geological formations showing macrofracturing, rofcacturing and
rearrangement of rock structures resulting in d$iggit increase of
permeability to flow. Experimental data show a cliemdency for self-sealing
processes in disturbed Boom Clay layers [SELFRA@HReport, 2007].

- It has a very low permeability so that the grounghwan the clay is practically
immobile and all transport is limited to a slowfd#ion process and not an
advective transport were particles, such as radiaes, are displaced due to
a ground water flow.

- It has favourable geochemical characteristics amstrang capacity to retain
most of the long-lived radionuclides, leading toexy low mobility of these
radionuclides.

- It does not contain preferential pathways for fasionuclide migration.

The underground laboratory HADES (High Activity pasal Experimental Site) is the
pre-eminent instrument available for research thtopotential for disposing of highly
radioactive and long-lived waste in deep clay layér the heart of the clay foundation
in Boom, numerous experiments are being carried2@6tmeters below ground level
over an area of 200 meters (Figure 3.4). HADESnsuaderground scientific and
technological research facility that investigates teasibility of constructing, operating
and sealing a waste repository in a deep clay layke research activities aim at
gaining proper understanding of the processes ahatimportant in evaluating the
safety and feasibility of deep disposal on a regmtgive scale in time and space. It
must be clear that no radioactive waste is or &uitr be disposed of at HADES and
that 25 years of research and experience is gaur@dable information can be derived
from this underground facility. The practicabilibf the step-by-step process of the
construction and excavation of the shafts and gedflesupplies a wide range of
information, confidence and experience. It confirthat it is technologically and
economically feasible to construct shafts and gabein the Boom Clay in a
reasonable time and that disturbances within tts¢ ¢clay formation are limited.

Vitrified HLW and SF assemblies generate heat eveng period of time (hundreds to
thousands of years). The effect of this heat onBthem Clay is being studied via the
PRACLAY Heater Experiment. The combined thermal agxtavation induced

disturbances of the Boom Clay are the main focushef experiment, essential to
determine the extent to which these temporary ompeent changes could affect the

38 Chapter 3



containment and isolation capacity of the potertiabt Rock. These tests will start in
2010 and are planned to last for ten years.

FIRST SHAFT
1980-1962
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OF URL
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OF TEST DRIFT —
1987 o e —
SECOND SHAFT T iTIo —— | MINE-BY
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Figure 3.4: Step-by-step progress of the HADESqutdsource: website ESV EURIDICE]
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Figure 3.5: Example of hard rock as Host Rock: REmnish reference concept (left)
[Tanskanen, 2007] and the Swedish reference cor{dgpt) [Pedersen, 1999]
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3 International policy on geological disposal

For HLW and long-lived radioactive waste, the in@ional consensus is that deep
disposal is the best option currently availablékaly to be available in the foreseeable
future. There are mainly 3 types of Host Rock faiores allowing deep disposal of
HLW and SF assemblies. The rock formations mogtiglied for deep disposal depend
on the availability of these formations in the ctsyrand are listed below:

- Sediments: clays, marls, volcanic sediments, shales

- Hard crystalline rocks: granite, gneiss, tuffs, anedrphic basement.

- Evaporites: salt domes, bedded salts, anhydrites.

These rock formations have different advantagescamgdtraints but it seems difficult
to claim that one is better than the other (Tab8.3There is no unique solution. The
Host Rock preferably must provide a stable deepremment: low groundwater flow

rates and volumes around the EBS, stable hydroctenfor the EBS, stable stress
regime, not susceptible to tectonic events (seismidcanic), well buffered from

dynamic surface processes caused by changed cligtateThe overall aim is to find

environments where conditions at depth evolve sipallowing the EBS to act and
evolve as envisaged. Different environments havenbeonsidered by different
countries (Table 3.4). Preference goes to simplectstres with a low geological

complexity.

To conclude this chapter, some examples of thenat®nal policy on the disposal of
radioactive waste are given. The Finnish referethegign concept is based on hard
crystalline rock (granite) as the Host Rock on thiand Olkiluoto, and will be
operational in 2020. The SF is placed in a copjaatister and is surrounded by a
bentonite buffer. Bentonite is a smectite-rich dlagt easily absorbs water and swells.
It is a very impermeable material and retards #oionuclides via ion-exchange and
surface adsorption. It is also permeable to gaterAfmpletion, the EBS is transported
and placed inside the disposal galleries (500 nthdephe remaining gap is backfilled
with a sandy bentonite mixture (Figure 3.5). In pamson with the Belgian reference
concept, a considerably smaller amount of concistebeing used: during the
excavation of the underground galleries, the faaes covered with a concrete
(shotcrete) to insure sufficient mechanical strhrtgtprevent collapse. Just before the
backfill is placed, the shotcrete is removed. Rbestcrack formation in the EDZ is
being filled with a cementitious grout to reduces thossible groundwater ingress.
Partial inflow of groundwater is desired to indweelling of the bentonite backfill and
to assure a good contact and seal between the BBSha crystalline Host Rock
[Tanskanen, 2007]. The Swedish repository has alasindesign as the Finnish
reference concept. The galleries located in Forsnmarstable hard rock, are about 500
meters below ground surface and will be operatiom2024. The copper canisters are
placed inside the vertical shafts of the gallergcidilled with bentonite blocks and
afterwards, the galleries are also backfilled viiintonite (Figure 3.5). The bentonite
prevents groundwater flow around the canisterscamdains the radionuclides in case
of failure of the canisters. The Host Rock itselbyides a durable mechanical and
chemical environment [Pedersen, 1999].
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Table 3.3:Requirements and Host Rock performanchagpman, 2008]

Hard Rocks Sediments Evaporites

(e.g. granite) (e.g. clay) (e.g. salt)
Heat conduction good variable extremely good
Hydraulic conductivity good very good extremely goo
Stable near-field hydrochemistry variable very good extremely good
Low-flux geological environment variable extremglyod extremely good
Intrusion potential good variable poor
Construction flexibility extremely good variable ab

Gas dispersability

extremely good variable to podow relevance

Table 3.4:Considered environments for radioactieste disposal [Chapman, 2008]

Host Rock

Countries

Crystalline basement
Non-basement crystalline rock
Agrillaceous sediments

Salt domes

Tuffs and volcanic sediments
Basalts

Below small islands

Very deep boreholes

Under sea bed

Sweden, Finland, Canada

Spain, UK, Koreaabap

Belgium, Switzerland, Frari8main, Germany, Italy

Germany, USA, Denmark, Netherlands

Japan, USA
USA
UK

USA, Sweden, Switzerland, UK

UK, Japan

Disposal of radioactive waste
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The Swiss reference design sees the use of Opdliaysas a suitable Host Rock. The
buffer around the HLW consist of a bentonite malesiearly compatible with the Host
Rock. For LL-ILW (long-lived), the waste is emplacenside a concrete matrix
[Palmu, 2008].

The reference repository design in USA (Yucca MaimtNevada) intends to dispose
SF and HLW in tuff and volcanic sediments, 300 metelow ground surface and 300
meters above the groundwater table via a horizoataplacement in open drift
(currently no backfill). The high heat load leadsinitial drying of the tuff, delaying
onset of corrosion and preventing aqueous releadesadionuclides. Available
groundwater flows around the drifts and an addéiodrip shield above the waste
package (surrounding the waste package itselfprazvided to prevent water from
contact with the waste (Figure 3.6) [Apted, 200djst, the canisters of waste, sealed
in special casks, are shipped to the site by tmckrain. The shipping casks are
removed, and the inner tube with the waste is pldnea steel, multilayered storage
container. An automated system sends storage ocensaunderground to the tunnels.
Finally, containers are stored along the tunneistheir side (Figure 3.6). The Yucca
Mountain site has already been studied since 188d,the controversial permit for
exploitation is submitted in 2008.
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Figure 3.6: Example of volcanic sediments as HastkRUSA reference design at Yucca
Mountain [Apted, 2008]

In Germany, it is planned to dispose of radioactivaste in a repository in deep
geological formations several hundred meters belosvsurface in salt mines. This
mineral layers posses particularly good isolatimgpprties for radioactive, heat-
generating wastes. The investigations of reposisitas in Germany thus concentrate
chiefly on rock salt formations as a Host Rock (fxample in the Morsleben
repository or Project Gorleben). The concrete, iwmmed for the backfiling and
sealing of the repository contains crushed salteats of natural aggregates, as the
material should be as similar as possible to thtergek (compatibility). The filling of
the opening with salt concrete, mixed in a planbwab ground and pumped
underground, corresponds to massive concrete stagctwith high requirements
regarding low heat of hydration and little or nacking potential [Gutsch et al., 2009].
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CHAPTER 4:

PARAMETERS AFFECTING THE BUFFER

During fabrication of the Supercontainer, the thceacrete layers (buffer, filler, lid)
come into contact with the heat-emitting overpadktaining highly active waste.
Therefore it seems interesting to take a look atefiect of temperature and radiation
on the most relevant thermo-mechanical propertighe concrete considered for this
research study. Afterwards, when finished, the Bugrgainer will be transported into
the disposal galleries of the Host Rock. Other affesuch as corrosion processes,
microbial activity and concrete degradation, theill play a significant role in the
durability of the Supercontainer. An overview oé$le processes seems interesting to
be aware of the parameters that affect the Suptioen, however further analysis lies
out of the scope of this early-age study. For thisearch study, only the short-term
effect of elevated temperature and gamma radiatiorthe concrete buffer, will be
evaluated and considered in the following paragsaph

1 Temperature effects

1.1 Fundamentals of heat transfer

There are three models of energy (heat) transferdaction, convection and radiation.
All heat transfer processes involve one ore morthe$e discussed models [Welty et
al., 2000].

1.1.1 Conduction

Energy transfer by conduction is accomplished io tays:

- Molecular interaction: the greater motion of a necole at a higher energy
level (temperature) imparts energy to adjacent oudées at lower energy
levels. This type of interaction occurs in all €8t in which a temperature
gradient exists and in which molecules of a sdiéiid or gas are present.

- The second mechanism of conductive heat transfdsyismeans of free
electrons: this is primarily significant in pure takic solids. The
concentrations of free electrons varies considgréin alloys and becomes
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very low for non-metallic solids. Pure metals ame best heat conductors as
they posses a high concentration of free electrons.

The general equation describing the molecular beatluction phenomenon is stated
by Fourier’s first law in the form (4.1) and expses the heat flux as proportional to the
temperature gradient, with the thermal conductikitgs the proportionality constant.
The negative sign in equation (4.1) indicates thedt flow is in the direction of a
negative temperature gradient, going from a higérgynlevel to a lower energy level.
The thermal conductivity k is assumed to be pritpaifunction of temperature and is
independent of the direction, thus equation (4Aplias for an isotropic medium.
Common values of k are given in Table 4.1. Therttadrconductivity measures the
capacity of a material to conduct heat.

Uve - ey (4.1)
A

where: 4.,,.= the heat transfer rate in the x-y-z direction)(W
A = the area normal to the direction of the heatfl(m?)
k = the thermal conductivity (W/(m-°C))

[T = the temperature gradient (°C/m)

The thermal conductivity of concrete is affected sgveral factors of which the
proportions of the concrete components, the miogiehl composition of the
aggregates and the saturation degree are the mpsttant ones [Kaplan, 1986]:

- The cement paste has lower thermal conductivityn thfze majority of
aggregates. At ambient temperatures, an OPC baaste pas a thermal
conductivity of about 1.1 W/(C) to 1.6 W/(nC). Therefore, if the
amount of aggregates inside the concrete incretisek;value increases.

- The mineralogical nature of the aggregates stroraffect the thermal
conductivity of the concrete. For calcareous grasulhe thermal conductivity
is about 2.3 W/(rmiC) to 2.8 W/(m°C), which is translated into a k-value
between 1.9 W/(mMC) to 2.8 W/(m°C) for calcareous concrete.

- A saturated concrete has a greater tendency toucbribat better than an
unsaturated concrete due to the higher thermal waivity of water in
comparison to air (Table 4.1). A dry concrete hasi@an k-value of 1.85
W/(m-°C) where a more humid concrete has a mean k-vdl2e2 W/(m°C).

1.1.2 Convection

Heat transfer due to convection involves the enesghange between a surface and an
adjacent fluid. Two types of convection need tddd&n into account:
- Forced convection: a fluid is made to flow pasbhdssurface by an external
agent such as a fan or a pump.
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- Free or natural convection: warmer (or cooler)dlnext to the solid boundary
causes circulation because of the density differenesulting from the
temperature variation throughout a region of thifl

The rate equation for convective heat transferateb known as the Newton rate
equation or Newton'’s law of cooling.

9=p @1 4.2)
A

where: g = the rate of convective heat transfer (W)
A = the area normal to the direction of the heatfl(m?)
h. = the convective heat transfer coefficient (W/{@})
AT = the temperature difference between surfacefind (°C)

Equation (4.2) is not a law but a definition of tbmefficient i. This convective heat
transfer coefficient is thus a function of the getrp of the system, of the fluid and
flow properties, and of the magnitude of the terapee difference. Approximate
values are given in Table 4.2.

1.1.3 Radiation

Radiant heat transfer between surfaces differs frontluction and convection in a way
that no medium is required for its propagation. Bmergy transfer by radiation is
maximal when two surfaces, which are exchanginggnere separated by a perfect
vacuum. The rate of energy emission of a perfemtiobody is given by

q a
1 =0glT 4.3
(4.3)

where: g = the rate of radiant energy (W)
A = the area of the emitting surface (m?)
T = the absolute temperature (°C)
o= the Stefan-Boltzmann constant (= 5.676 £ Y0/(m2-°C))

Both the amount of radiation and the quality of thediation depend on the
temperature. Radiation of a hot object will be @ifnt in quality than radiation
originating from a body at lower temperature. Atbe colour of the objects has an
influence on the radiation behaviour.

Radiation travels at the speed of light, havinghba@ave properties and particle-like
properties. The radiation between wavelengths @f &hd 100 microns is termed
thermal radiation. The thermal band of the spectimciudes a portion of the
ultraviolet and all of the infrared regions.
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Table 4.1: Approximate values of the thermal cotiglitg [Welty et al., 2000]

k
W/(m-°C)
Material 20 °C_ 100 °C__ 300 °C

Metals

Aluminium 229 229 230

Copper 386 379 369

Iron 73 68 54

Stainless steel alloy 16 17 23
Non Metals

Concrete 1.21 - -

Glass (Pyrex) 1.09 1.16 1.45

Wood 0.3 - -
Air 0.00241 0.00317 0.00450
Water 0.56 0.68 0.56

Table 4.2: Approximate values of the convective traasfer coefficient [Welty et al., 2000]

h

H C
Mechanism Wi(me-C)
Free convection (air) 5-50
Forced convection (air) 25 -250

Forced convection (water) 250 — 15 000
Boiling water 2500 — 25 000
Condensing water vapor 5000 - 100 000
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1.1.4 Combined mechanisms of heat transfer

It is rare, in actual situations, that one of theeé previously discussed models of heat
transfer is the only mechanism involved in an epdrgnsfer system. In most cases
heat transfer is accomplished by a combinatiome$¢ mechanisms.

Considering a composite wall as given in Figure 4dnstructed of i material layers
and with its surfaces held at constant temperatlies steady state heat transfer rate
per unit area between a hot gas at temperatuoe The left side of the wall and a cool
gas at temperature, ®n the right side, can be determined by applicatibequations
(4.1) and (4.2). Each temperature difference igesged in terms of,@nd is given by
equations (4.4a) to (4.4d).

1
A EEhC,, DL\J (4.42)
t
T-T, = : 4.4b
1712 = [EklljJ (4.40)
t
T_.-T-= — 4.4
i-1 i qx I:Ek, J ( C)
T.-T =q, LN (4.4d)
hcl, A

k1

1

Figure 4.1: Steady-state heat transfer through mposite wall, thermal resistance due to
conduction and convection
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Combining equations (4.4a) to (4.4d) and solvimyfp leads to equation (4.5).

T-T, AT

qX = =
( 1 Ll L,— + 1 j z Rthermu/

(4.5)

+ b ,
h, [k, A kA h_ A

This relation can be applied to steady state maaster systems of other geometries as
well. The thermal resistance termyd?.a Will change in form for cylindrical or
spherical systems, but once determined, it cartitized in equation (4.5). The thermal
resistance of a cylindrical conductor with innedits £ and outer radius, rand length

L, is given as an example in equation (4.6).

%)
= 1/ (4.6)

Rthermul - 277k

1.2 Thermal analysis of the Supercontainer concept

To avoid boiling of pore water fluids within therarete buffer, it has been suggested
that the temperature of the buffer may never exce °C [Wickham et al., 2005].
The maximum temperature attained during the fabdoaof the Supercontainer
depends on the thermal power of the vitrified HLWS® assemblies. Most of the time,
irradiation goes along with an increase of tempeeadbf the elements in the nearby
environment of the radioactive source. Conductiod aonvection of heat, thermal
radiation and heat originating from the absorptibgamma photons and neutrons give
cause to elevated temperatures. In case of theQumainer concept, two temperature
related problems can occur: the difference in tlatrexpansion of the different
construction parts of the Supercontainer can leachitro- and macrocracking of the
concrete buffer [Madigan et al., 1997]. Therefdresimeaningful to carefully choose
the different components of the Supercontainer @ndeduce the thermal gradients
inside the Supercontainer. Concrete elements witto@d thermal conductivity are
preferable.

Preliminary studies concerning the temperaturewgiai inside the Supercontainer due
to heat-emitting vitrified HLW and SF indicate thdte maximum temperature is
already achieved a couple of years after emplacemérihe canisters inside the
concrete buffer (Figure 4.2) [Wickham et al., 200@jis temperature increase depends
on a cooling period of 50 to 70 years of the raclive waste preceding the
emplacement. Also the thermal conductivity of tlemarete, the saturation degree of
the concrete buffer and the thermal conductivitythaf surrounding Host Rock affect
the temperature. Finally, the choice of an appedpriconcrete composition with its
specific hydration heat production rate has anuarice on the presented results. A
sensitivity study indicates that the thermal coniity of the buffer influences only
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temperatures of the overpack and the buffer itgélfle the thermal conductivity of the
host formation (estimatedgdem ciay = 1.69 W/(m-°C) for undisturbed and saturated
Boom Clay) has a large influence on the entire &napire field and the temperature
rise in the concrete buffer due to the heat-engttivaste canister. This is why the
thermal conductivity of the clayey Host Rock mustdetermined very accurately.

Taking into account the heat output from the demlalLW and SF, it is necessary to
investigate the effects of this thermal sourcel@nEBS and the first meters of the host
formation. Therefore, SCK-CEN performed 2D axisyrrival thermal scoping
calculations for the near field, in order to detemnthe maximum temperatures to
which the overpack and buffer materials are exposednd to determine which
parameters can be changed by design choice havounsiderable influence on the
results [Weetjens and Sillen, 2006]. The peak teatpee in the concrete buffer is
attained between 5 and 10 years after waste emmpéate For vitrified HLW, the
maximum temperatures at the buffer-overpack interfaurface reach 111 °C, 92 °C
and 77 °C for pre-cooling periods of 50, 60 and y#ars respectively after
approximately 5 years. For SF, these values agbthlihigher and occur later (after 10
— 12 years): 111 °C, 99 °C and 89 °C (Figure 4T3 initial temperature in the
disposal zone and the clayey Host Rock is assumée t15.7 °C. Also the additional
temperature increase due to the heat-emitting wadtee neighboring gallery is taken
into account. This effect is negligible in case S, where the gallery spacing is
considered to be 120 meters. These temperaturatevotata will be used to simulate
the effect of an outer heat source on the stressl@ement due to the thermal gradient
inside the Supercontainer concrete buffer (Chegjter

When the annular gap between the disposal galleny #he Supercontainer is
backfilled, only conduction plays a role. On théesthand, an evaluation of the heat
transport in an unbackfilled annular gap around Sercontainer revealed that the
contribution of the different processes (conducticonvection and radiation) depends
substantially on the emissivity value of the stassl steel envelope. However, it seems
that radiation is the largest contributor to them heat transfer in case of an annular
unbackfilled gap.

1.3 Thermal power of vitrified HLW and SF assemblies

The heat generated by vitrified HLW and SF can &tmated by using the formula
derived by Put [Put et al., 1992]. It can be writtes:

Q, = ZA, rah 4.7)

where: Qe = the thermal output (W/tHM, Watts per ton of HgaMetal
equivalent)
Ai, A = coefficients described in [Put et al., 1992]
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Figure 4.2: Thermal evolution inside the Supercargafor vitrified HLW. OPC based concrete

(with limestone aggregate) is chosen for the buffermeter is 2028 mm, k equals 1.7 W/(m-°C)
and a cooling period of 50 years is being considdiickham et al., 2004]
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Figure 4.3: Temperature evolution at the buffermpaek interface for vitrified HLW and SF
assemblies after cooling periods of 50 — 60 — Ay/@Neetjens and Sillen, 2006]
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The variation of the power output of the waste withe is given in Figure 4.4 and
Figure 4.5.

Put's formula for HLW is in good agreement with @dhtions made using the
ORIGEN code and independent data from NAGRA and JRi@Qure 4.4). Each
canister contains approximately 1.333 tons of haaeyals and there are two canisters
in one Supercontainer totalizing a length of royghi8 meters. Taking into account a
pre-cooling period of 50 years, the heat emissibrthe HLW canisters can be
determined and converted into (W/m): 360 W/m. Ryeliag periods of 60 and 70
years will lead to a thermal output of respectivedp W/m and 240 W/m.

In the scoping calculations according to [Weetjang Sillen, 2006] only the spent fuel
type UNE with a burn-up of 55 GWd/tHM is consideréecause this type of fuel has
the largest heat output per assembly. UNE55 fugirates from the Doel3 and
Tihange2 nuclear power reactors. A higher thernugghat over an extended period of
time is noticed for SF (Figure 4.5).

10000 ;

1000

360 W/m

100
—Vitified HLW (Put)
* Vitrified HLW (ORIGEN)
3| = NAGRA Vitiified HLW =
& ING-H12 Vitrified HLW

| ————————— szl
1 10 50 100 1000 10000
Time after waste production (a)

Thermal output (WAHM)

Figure 4.4: Thermal power output of vitrified HL\Rt et al., 1992]
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Figure 4.5: Thermal power output of UNES55 SF [Vj&ret and Sillen, 2006]
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1.4 Effect of temperature on mechanical properties

Usually, concrete can resist temperatures in ther@mment of 200 °C to 300 °C. A
decomposition of the main components of the comcraatrix, such as CSH and
portlandite Ca(OH) can occur though and lead to a deterioration ef ¢bncrete
properties. The effect of high temperatures on miechanical properties depends
strongly on the nature of the aggregates, the cemgre, the W/C ratio, the
conservation conditions (humidity) and the duratidrexposure. The heating rate, the
temperature peak, the phase transformation (ga&Hieppor) and the incompatibility
between aggregates and cement influences the d¢endrehaviour at elevated
temperatures [Piasta et al., 1984, Chang et aR9]19herefore it is quite hard to
generalize the observations and to make a globatlgsion. A summary is given
below.

Eurocode 2 (NBN EN 1992-1-2) defines a formula #dcalate the reduction of the

characteristic compressive resistance of concrefariction of the temperature and in
case of a fire.

£ (1) =k (1)1 £, (20°C) (4.8)

where: f(T) = the characteristic compressive strength atperature T (MPa)
k(T) = atemperature dependent coefficient (-) :

- k(T =1 if T=20— 100 °C

- k(T) = (1600-T/1500) if T=100 — 400 °C
- k(T) = (900-T/625) if T=400 — 900 °C
- k(T)=0 if T=900 — 1200 °C

Other expressions are found in literature usingsidual resistance factf: the ratio
of the compressive strength of heated concreterapérature T to the compressive
strength of unheated concrete. Different authove giifferent formula’s of3t. These
equations only apply in case of exposure to fiigyfe 4.6a and Figure 4.6b).

Malhotra (1982):

B, = 1—$ if T=20-2300°C (4.9a)

B.=0.95 —% if T =300 — 800 °C (4.9b)
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Bhal and Jain (1999):

T 3.0295
—o.oosam@m)
ﬂr =€

for concrete tested warm (4.10a)

T \L6274
—0.04665[1—
100

,BT =e for concrete tested cold (4.10b)
Figure 4.6a and Figure 4.6b give the comparisoth@fstrength reduction of concrete
of the previously given equations. In case of eledaemperatures up to 800 °C, a
compressive strength reduction of 75 % — 95 % iscaed. Concrete exposed to an
elevated temperature of 100 °C due to fire leads teaximal reduction of 5 % (Table
4.3). In case of fire exposure of concrete withultsg temperature elevation less than
100 °C a strength reduction up to 1 % to 8 % isced depending on the considered
equation.

According to Kaplan (1987) the compressive strengtifuction of different types of

concrete, under elevated temperatures during atqmeyiod of time, varies between 10
% and 35 % for a temperature near 100 °C (Figufg Zhis reduction can be caused
by an internal microcracking due to the hinderetbeation at the interface of the

aggregates and the cement paste during heatingecrease of 15 % is observed for
concrete with calcareous aggregates exposed tatetbvemperatures for periods
varying from 1 to 8 months [Neville, 2000]. The das strength is higher for concrete
with W/C ratio of 0.6 in comparison with a W/C @bf 0.45. The highest strength loss
occurs in the first two hours of exposure to eledatemperature. The duration of
heating has no significant effect on the strengthuits [Neville, 2000].

Vodak et al. (2004) determined a compressive sthelogs of 15 % due to an increase
of temperature from 25 °C up to 100 °C. Furthera@ase of temperature (up to 285 °C)
has a beneficial effect on the compressive strenfifo an increase of porosity is

noticed. The test samples are based on a rapi@émagicement with small addition of

fly ash and slag.

The compressive strength of an OPC based concesteces with a temperature
increment from 100 °C up to 600 °C (75 % reductif@gad et al., 1996]. By adding
silica fume, a smaller reduction is noticed, legdio a 20 % reduction of compressive
strength at 600 °C. Also the tensile strength redweith temperature. The porosity and
the water absorption increase with higher tempegatu

Arios (2007) tested OPC based concrete with limesstaggregates or river gravel on
temperature effects. The results indicate a welgbs with increasing temperature.
This loss becomes significant at 800 °C. The Wi rand the type of aggregates have
a smaller influence on the test results. Also angjth reduction is recorded, which is
higher in case of river gravel used as aggregatas.concrete is totally deteriorated at
1200 °C (Figure 4.8).
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Table 4.3: Values of the residual resistance faatoF = 100 °C

Formula Br
Eurocode 2 (1992) 1.000
Malhorta (1982) 0.983
Bhal & Jain (1999)ested cold 0.954
Bhal & Jain (1999)ested hot 0.995
1 =
R Eurocode 2 (1992)
097 el - hBAr?;Tgr?a%g(%)ge) hot
TN . —— Bhal & Jain (1999) cold
0.8 N
0.7
0.6
Br05
0.4+
0.3+
0.2+ g <
0.1+ AN ‘
0 T T T T T T T
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 4.6a: Effect of the temperature (up to 8@) &n the compressive strength of concrete

1
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Figure 4.6b: Effect of the temperature (up to 12) 8n the compressive strength of concrete
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Figure 4.7: Influence of elevated temperaturestendompressive strength of different types of
concrete [Kaplan, 1987]

The compressive strength and the modulus of elgst€ two types of concrete (one
based on limestone aggregates and one on siliGgmregates, both with CEM | 42.5
N as OPC) are affected differently due to heati@pvva et al., 2005]. No
superplasticizer is being used. During the firstd2§s of hardening, the test samples
are kept under climatic conditions (20 °C, 90 %d®ee Humidity). Afterwards they
are stored in an environment with 60 % RH and 260f@ years. Afterwards and after
exposure to elevated temperatures (100 °C — 300-°600 °C — 750 °C) the
compressive strength and the modulus of elastariéydetermined. The results show a
slight increase of compressive strength in caséeoiperatures lower than 300 °C
(Figure 4.9a). Temperatures up to 600 °C induceorlgndite decomposition and
simultaneous strength reduction. Further tempegdharease leads to the deterioration
of the test samples and dehydration of the CSH (@0®%0 % strength reduction, 750
°C: 75% reduction). Young’s modulus is more afelcby increased temperature due
to a progressive destruction of the cement mafigure 4.9b). Overall, the strength
reduction is higher in case limestone aggregatbaing used.

The modulus of elasticity strongly affects the bébar of concrete structures, and this
parameter has a non-negligible temperature infleee progressive reduction is
noticed with elevated temperatures between 50 €800 °C [Neville, 2000]. This
reduction depends on the cement amount and the dfpeggregates used in the
concrete mixture, but are less pronounced in cdésguartz or porphyry as chosen
aggregates in comparison with limestone [Maréch@¥,0]. Certain authors indicate a
reduction of the modulus of elasticity up to 15880 % for temperatures near 100 °C
for concrete based on limestone aggregates [Kap&89)].
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Figure 4.8: Relative concrete strength of limestand river gravel concrete [Arioz, 2007]
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Also Poisson’s ratio shows a temperature dependeksynall increase around 50 °C
is noticed followed by a 15 % reduction at a terapge level of 100 °C (absolute
value of 0.25 at 100 °C) for concrete samples sibjeto an uniaxial load [Maréchal,
1970].

The influence of high temperature on OPC based ®{fiClimestone used as filler and
as aggregate is studied by Liu et al. (2006). Updd °C a weight loss is noticed due to
evaporation of the capillary pore water (free watbut little significant influence on
the mechanical properties is shown. Moving on tmperatures up to 400 °C and
higher, decomposition of the portlandite is obsdrve

Overall, it can be concluded that the exposureasfceete compositions to elevated
temperature up to 100 °C affects the mechanicggates and can induce a strength
reduction varying from 15 % up to 35 %. The typeagfjregate and the cement type
used in the concrete mixture considerably affeettést results. Further examination of
the effect of elevated temperatures on the streafjthmestone based SCC and TVC
will be made (Chapter 7).

1.5 Effect of temperature on thermal properties

1.5.1 Specific heat

A mean value of 1000 J/(kg-°C) is common for thec#ir heat of a concrete in a

temperature range of 0 °C up to 100 °C [Taerwe,71.9%he specific heat strongly

depends on the water amount of the concrete, mhadguse the specific heat of water
is somewhat higher than that of concrete: 4190gJ(K. The specific heat of a

saturated fresh concrete is 1.2 — 1.5 times hitjtear of a dry concrete.

The specific heat of concrete increases with teatpeg. Eurocode 4 (ENV 1994-1-2)
defines the specific heat af dry concrete in function of the temperature:

T T Y
c. :900+80[é j—4[é j (4.11)
120 120

where: T = the temperature of the concrete, 20<°C< 1200 °C

A 20 % rise is noticed for calcareous concretes mperature of 100 °C [Mounajed
and Obeid, 2001]. Vodak et al. (1997) measured tilegmal properties of High
Performance Concrete (HPC) based on siliceous ggtge and calcareous filler for the
construction of a nuclear centre at Penly, FraAceeak variation of the specific heat
of the HPC is noticed at temperatures lower thah XD (Figure 4.10). An increasing
tendency in the whole temperature range from -30td@000 °C is identified. No
hysteresis is observed in going up and down withp&rature.
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Figure 4.10: Thermal properties of HPC at elevatedhperatures [Vodak et al., 1997]

1.5.2 Thermal conductivity

The thermal conductivity k (equation (4.1)) of drgncrete (HPC) samples decreases
with increasing temperature, and this tendency agofer the whole temperature range
up to 200 °C (Figure 4.10) [Vodak et al., 1997].

The thermal conductivity of concrete decreases wgmperature according to
Eurocode 4 (ENV 1994-1-2) following the polynomégjuation (4.12):

T TY
k=2-0.24 Eé—j +0.012 Eé—j (4.12)
120 120

where: T = the temperature of the concrete, 20<°C< 1200

An explanation of the reducing effect of temperatoan be found in the lower water
content of saturated concrete samples with wataredrout due to the elevated
temperatures. Saturated concrete has a higher aheonductivity than dry concrete.
In case of partially saturated concrete, the effetttemperature becomes more
complex. The thermal conductivity of calcareous arete even rises with 15 %
between 50 °C and 90 °C, because of the augmemtafiok of the water with
temperature (Table 4.1) [Mounajed and Obeid, 2000].

A comparison of thermal conductivity values of wais siliceous concretes is given in
Table 4.4.
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Table 4.4: Comparison of thermal conductivity ofieas siliceous concretes (W/(m-°C))

[Vodak et al., 1997]

50 °C 100 °C 150 °C
Vodak et al. [1997] 2.20 2.10 2.00
Harwathy [1970] 2.50 2.39 2.22
Abe et al. [1972] 2.53 2.26 2.03

1.5.3 Coefficient of thermal expansion (CTE)

The dependency of the CTE of HPC on temperatustasvn in Figure 4.10 according
to Vodak et al. (1997). A rise of 15 % at a tempme of 100 °C is noticed in
comparison with the CTE factor at ambient tempe&ea{@0 °C). To compare the CTE
of an ordinary concrete and a HPC, Table 4.5 ismiv

Table 4.5: Comparison of CTE of ordinary concretel &IPC (1¢F/°C)

[Mounajed and Obeid, 2000]

20-50°C 50-90°C 90-200°C

Ordinary concrete 11.0 12.0
HPC 14.1 14.6

13.0
16.6
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2 Irradiation Effects

2.1 Radiation originating from the waste canisters

The concrete buffer of the Supercontainer will bbjscted to a radiation flux, owing

to proximity to the vitrified HLW and the SF assdieb. The radiological dose rates in
the concrete layers of the Supercontainer will tb@ maximum level immediately after

waste emplacement and during the thermal HEATINGsph(Chapter 1). Dose rates
will decrease over time as a result of radioaatigeay [Wickham et al., 2005].

A recent study determined the radioactive dosethediose rates originating from the
waste canisters at the interface of the concrettetband the overpack and inside the
buffer [Poyet, 2007]. This radiological inventorlpiconsiders the fissile materials and
actinides placed inside the concrete buffer afteoa@ling period of at least 50 years.
Concerning the type of radiation, only gamma rages eonsidered: alpha and beta
particles are stopped by the carbon steel layershefoverpack surrounding the
canisters, and the flux of neutrons is insignifitariow. Moreover, the shielding
provided by the overpack results in concrete expeing a relatively low dose rate.
According to the calculations, the gamma irradiatimse in the buffer, averaged over
the entire concrete buffer, is 1.635 x*18y/s or 0.589 Gy/h. The values are obtained
via the TRIPOLI-IV code using the Boltzmann equasio[Both et al., 2003].
Approximately 99 % of this dose derives from thenbined decay of*'Cs and its
metastable decay produdf™Ba. At the overpack surface, and closer to theoadive
source, the dose rate has a higher value of 6.38F Gy/s or 22.993 Gy/h. The dose
rate is higher than the average value close tootlpack and lower further away.
From the given values of the time dependent dosesréhe doses, absorbed by the
buffer during the first 300 years after waste empment, can be calculated. The
evolution of the dose and of the dose rate in filmeng the first 300 years is given in
Figure 4.11. The absorbed dose converges to anpasiioal value: 8.86 MGy at the
interface of the buffer and the overpack, and AWME3y in the middle of the buffer.
Initially the dose rate at the interface has a @alfiapproximately 23 Gy/h. After 300
years it is decreased with a factor 1000 to 0.02% Grable 4.6).

2.2 Irradiation-induced physical degradation

The knowledge and research on the effect of irtetison concrete behaviour and its
properties is inevitable for this study. The masportant effect of the irradiation is the
contribution to the gas production in the concrbtdfer due to radiolysis of the

concrete pore water [Bouniol, 2004]. However, the no significant influences to be
expected for the cementitious matrix (ONDRAF/NIRABd CEA statement). On the
other hand, the hardening of freshly cast conanetier the presence of an irradiation
field (for example during the casting of the lid tbe Supercontainer in hot cell) can
occur with some unneglectable and unforeseen diffis. Rather small amounts of
useful information concerning the effect of irratha on concrete behaviour and
properties are available in literature.
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Table 4.6: Values of the dose (D) and the dose(iatgat the interface (IF) buffer-overpack and

in the middle (M) of the buffer (according to [Pty2007])

IF canister-buffer M buffer
Time D Dr D Dr
years MGy Gy/h MGy Gy/h
0 0.00 22.99 0.00 0.59
5 0.95 20.52 0.02 0.53
10 1.80 18.32 0.05 0.47
25 3.84 13.03 0.10 0.34
50 6.02 7.38 0.16 0.19
100 7.95 2.37 0.21 0.06
300 8.86 0.03 0.23 0.00
1.0E+01 1.0E+02
+ 1.0E+01
1.0E+00 T T T
150 200 250
~ o T 1.0E+()’(1
& B 5
= ~
< 1.0E-014 - + 1.0e-0§
é ~ T Y %
- - - 8
e + 1.0E-02
1.0E-02+ .
dose IF buffer-overpack RS o
dose M buffer ® ~ 7 10E03
= = dose rate IF buffer-overpack
= = dose rate M buffer
1.0E-03 1.0E-04

Figure 4.11: Evolution of the dose and the dose sdtthe interface (IF) buffer-overpack and in

Time (years)

the middle (M) of the buffer (according to [Poy2807])
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Gamma radiation has a non-negligible effect on dbacrete mechanical properties
according to Vodak et al. (2005). In this studyna®@te used for the nuclear facilities
in NPP’s, is exposed to doses up to 0.35 MGy iime span of 40 years. Compressive
strength reduction (up to 10 %), reduction of pgpace and an increase of the amount
of calcite CaCQ (irradiation carbonation) are noticed. The coremples, after 90
days of hardening, are exposed to an irradiatield fivith different doses during 90
days, all smaller than 1 MGy and significant doates varying from 130 Gy/h up to
260 Gy/h. The tested concrete contains siliceogseagtes, is based on CEM | 42.5R
as cement and has a W/C ratio of 0.43. Figure 4Hd®vs a compressive strength
reduction with increasing dose. A dose of 0.5 M@xeg a 10 % compressive strength
reduction (compressive strength of unirradiated @as 69.4 MPa after 180 days).
The same dose lowers the tensile strength with Eéaclusions are drawn saying that
the interaction of gamma rays with concrete indyz@® water radiolysis and ends by
formation of calcite, which leads to a reductiontbé pore space and a strength
reduction is caused. This amount of calcite risitk the radiation dose, a phenomenon
called ‘irradiation carbonation’.

These results are not supported by the findingdcatieng that the mechanical
properties of concrete are not influenced by doge® 100 MGy according to Pachner
(1998).

Compressive strength ratio

0,80
0 100 200 300 400 500 600

Dose [kGy]

Figure 4.12 : Influence of gamma exposure on threpressive strength ratio
[Vodak et al., 2005]

Richardson et al. (1990) examined the microstrattohanges of BFSC/OPC mixes,
consisting of Blast Furnace Slag (75 %) and OrdirfRortland Cement (25 %), under
gamma irradiation with a total exposure dose o8By obtained over a time span of 2
years, environmental temperature of 50 °C. Thidhhdgse given over a short time
period, leading to high dose rates, are used ttaieithe behaviour of Intermediate
Level Waste (ILW). Some of the exposed samples showadditional ettringite

formation. The degree of hydration and the CSH pectal are not influenced by the
gamma rays and the CSH gel remains unchanged lincootposition and morphology.
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A smaller amount of Ca(OH)in the irradiated test samples indicates a patitan
reduction as a consequence of the irradiation.

Other studies show the negligible effect of gammediation with doses up to 10 000

MGy [Kelly and Davidson, 1969, Elluch et al., 197¢}n the other hand, the exposure
of the concrete to a neutron flux higher tha’ tlcm? can lead to deterioration caused
by the relative expansion of the aggregates andnitheced shrinkage of the cement
paste due to the neutrons. The related reductiaerisile strength is higher than in

compressive behaviour.

Morigana (1997) suggests an increased reductidheo€oncrete resistance by nuclear
irradiation with higher amount of Siin the aggregates, which indicates an irradiation
enhanced Alkali Aggregate Reaction (AAR). The sabshaviour was found by
Ichikawa et al. (2002), who identified the critichise that leads to this type of AAR (1
— 5 x 16° neutrons/cm?, 0.5 — 5 x 1MGy). The use of limestone can be seen as an
additional safety towards irradiation induced AAR.

A dose rate of 2275 Gy/h leading to an integraledos§10 MGy shows the effect of

gamma irradiation on the transport properties ofmohilized Sr and Cs ions in

cementitious pastes, based on OPC with W/C ratidx3up to 0.6 [Bar-Nes et al.,

2008]. An increased depth of carbonation was foandase of the irradiated samples
related to the marked decrease in the leachedidradf Sr ions. The enhanced
carbonation is associated with the dehydration tdueadiolysis of pore water in the

paste. A small increase of Cs ions, on the othedha&as found on irradiated samples,
associated with the formation of microcracks. lra#éidn can degrade cementitious
materials via two main mechanisms:

- The relocation of atoms from their sites, mainlyeda the recoil of energy of
the radionuclides (mainly beta and gamma), resultim a micro-structural
change in the immobilizing material.

- The most important mechanism is the radiolysisaepwvater and interstitial
water, leading towards internal overpressure arwliraalation of explosive
hydrogen gas (see further).

Irradiation would not change usually the macroscqpbperties of the material [Bar-
Nes et al., 2008].

For the doses expected in the concrete bufferefSipercontainer, no degradation of
the concrete mechanical properties is expected @RABNIRAS and CEA
statement). Most of the cement matrices and grostxd for the containment of
radioactive waste, do not show significant detation due to gamma irradiation. They
have a good mechanical resistance towards phydgcghdation due to irradiation. The
behaviour though, depends on the type of grout andthe encapsulated waste
[Wilding et al., 1989].
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Overall, it is hard to come to a consensus abauptissible effect of gamma radiation

on the mechanical properties of concrete. Moreawmecase of the Supercontainer, the
applied doses and dose rates (doses up to 9 M@y 340 years and a maximum dose
rate of 23 Gy/h) are generally much lower thandbees and dose rates applied in the
previously discussed studies (doses up to 100 OQY eind dose rates up to 2275

Gy/h). Nevertheless, some preliminary irradiati@st$ will be conducted on SCC

based mortars, with more significant dose ratesoup0 Gy/h applied by means of a

9Co source, to study the effect of gamma radiatiothe compressive strength and the
porosity of hardening mortar (Chapter 7).

2.3 Radiolytic Gas Generation

2.3.1 Introduction and Definition

Concrete, mortar and other cementitious materials aften used for nuclear

applications such as nuclear reactor vessels, amuglaste containment facilities and
other disposal media. Due to the ionizing effecthef radioactive radiation originating

from the radioactive materials, the residual poatewof the cementitious materials can
decompose. Radiolysis, a radio-chemical mecharistie dissociation of molecules

due to irradiation and can give cause to an integas production [Bouniol and Aspart,

1998]. According to Burns et al. (2003) every cheahiprocess occurring in an

irradiation field, can be seen as radiolysis. longzradiation has a considerable effect
on other chemical processes affecting the radieaatontainment medium such as
corrosion, radionuclide absorption, organic matedieterioration, etc. On the other

hand, cementitious materials, especially in theeabs of organic components, give
prove of a good resistance towards physical detjadedue to irradiation [Burns et al.,

2003].

The intensity of the radiolysis process dependshenirradiation dose, the type of
irradiation and on the initial composition and pHtlee pore water. Only 2 % of the
total deposed irradiation energy is used for radis| the remaining 98 % is converted
into heat. Radiolysis leads to internal gas prdduacthat can lead to internal cracking
due to over-pressure. Also an accumulation of exttg explosive hydrogen gas; i$
determined. Initially and after hardening of thenemt matrix, residual gasses,(XD,)

are present in the pore volume of cementitious rizd$ée such as concrete. Due to
radiolysis H and additional @are also formed. Water vapor can be formed dubeo
heat-emitting waste. A model is designed to prefiietconcrete pore water behaviour
under influence of irradiation in function of these rate, the saturation degree of the
irradiated material and the initial ,Hamount: CHEMSIMUL [Kirkegaard and
Bjergbakke, 2005]. The radiolysis simulations d&gsad below, using the
CHEMSIMUL code, consider the effect of the radiatidose on the concrete pore
water. Only the effect of gamma radiation will bensidered, as the alpha and beta
radiation is prevented by the overpack and the diuxeutrons is insignificantly low.
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A hardening cementitious material undergoes specHanges due to gamma radiation
[Bouniol and Aspart, 1998]:

i. Hydrogen peroxide $D, is formed due to the hydrolysis of the molecular
water.

ii. H,0, reacts with portlandite Ca(OH)nd the octahydrate Ca8H,O is
formed in case of a minimal dose rate of 0.1 Gl#s reaction consumes,O

iii. The octahydrate is meta stable, little dissolulrid disappears if D, is no
longer present, and again converts into Ca@l peroxide kD..

iv. Next CaQ reacts with the pore water to form portlandite amdygen
according to equation (4.13).

Ca0, +H,0 - Ca(OH), +%0, (4.13)

V. Eventually the portlandite reacts with the £@esent in the air of the pore
volume: calcite is formed. The process charactdrizg equation (4.14) is
better known as ‘irradiation carbonation’.

ca(OH), +C0, — CaCo, +H,0 (4.14)

The interaction of gamma radiation with concreted® to an increase of the calcite
amount and a clogging of the pore volume of theenfet

The CHEMSIMUL model determines the kinetics of themical reactions of a system
in a homogeneous environment and the behaviour wfaterial under influence of
radiolysis. The most important input data are didtelow:

- The material properties of the concrete: the cemdhé pore water
composition, the hydration reaction and hydratiegrée (Powers’ model) and
the pore size distribution.

- The properties of the radioactive source: theahitiose (TRIPOLI-IV code
using the Boltzmann equation [Both et al., 2008} type of radiation, the
evolution of the dose rate and the half-life of thdionuclides.

- The homogeneous radiolysis phenomena: the primarg aecondary
reactions.

- The heterogeneous radiolysis phenomena: the gaspwe by diffusion
(Fick), the gas transport by permeability (Dardiie considered system (open
or closed) and the phase shift.

2.3.2 Primary and secondary radiolysis reactions

The pore water of a concrete material consiststgp8s:
- The liquid water in the capillary spaces and in ploges between the CSH
layers (HO).
- The molecular water, for example present in gyp60asQ.2H,0).
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- The water in the form of OHions, for example present in portlandite
Ca(OH).

About 10" to 10° s after the gamma rays have entered the concraterial, the
decomposition of the pore water (with high initipH) starts and eight primary
substances are formed and scattered uniformly enstiution: four stable molecules
H,, H,0,, OH, HsO" and four unstable radicalgg H, OH, HQ (Figure 4.13). These
primary reactions are the motor behind the radislysechanisms of pore water. A
certain amount of heat Q is produced. Especiaky lifjuid water is affected by the
radiolysis. However, the amount of available watas no influence on the primary
reactions whatsoever.

The efficiency of these primary reactions is expegsby means of the amount of
molecules or radicals formed due to 100 eV absoibediation energy [Bouniol,
2004]. It is influenced by the type of radiationdathe dose rate, the homogeneity of
the concrete material, the pH of the pore waterthademperature.

After the created molecules and radicals are dffushroughout the entire pore
volume, they react with the B solution and its most active substance” @l seven
acid alkaline equilibrium reactions. The eight t¢eglaprimary substances also can
interact between themselves by means of approxiynabety reactions [Bouniol and
Bjergbakke, 2008]. These secondary reactions leatheé secondary production of
molecules and radicals. Besides these radicals,redw/ly formed products are found,
such as @and Q. A change of phase is induced and leads to comeeand diffuse
gas transport. Also the precipitation of the octhhye Ca@8H,0O, which consumes
oxygen, is a secondary reaction. The temperatheepH and the dissolved particles
(carbonates, nitrates, chlorides and iron parfickes/e a considerable effect on the
secondary reactions. The presence of carbonates\gks the radiolysis [Cai et al.,
2001], the nitrates and iron particles slow dowa lth production [Méckel and Koster,
1982].

2.3.3 Gas transport mechanisms

The resistance a gas experiences during the floeugih a material depends on the
molecular properties of the gas, the interactiotih whe material and its pore structure,
the size of the molecules and the nearby presefnediquid in the pore volume. There

are different mechanisms to explain the gas tram$pmugh a material, depending on
the interaction of the gas with the material [B&Q6]. For each transport mechanism,
equation (4.15) can be used.

N, =-D; [F, (4.15)
where: F = the local force behind the mass transport (poees concentration,
etc.)

D;*= the correspondent effective mass transport cziefft (m2/s)
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Figure 4.13 : Chronology of the primary hydrolyséactions [Bouniol, 2004]

The different transport mechanisms have diversandyiforces leading the movement.
Diffusion, permeability, capillarity and migratioare driven by a difference in
respectively concentration, pressure, capillaryemressure and an electric field.

Diffusion is a spontaneous, non-directional spreffiee molecules or ions leading to
a uniform distribution of the matter. The flow go&®m regions with higher
concentrations to the regions with lower conceiarat [Boel, 2006]. Diffusion is a
very slow process that can be expressed by usoigsHaw.

Permeability is the flow of a gas or liquid dueaio enforced pressure gradient and it
can be determined experimentally. The permeabdiy be expressed by means of
Darcy's law.

Capillary suction arises from the surface tensioesent in the pores of a porous
material such as concrete.

Transport of ions through a material due to an roetectric field, is better known as
migration. The positive ions move towards the niggaanode, the negative ions go to
the positive cathode.

2.3.4 Design concept assumptions

The concrete buffer of the Supercontainer will bbjscted to a radiation flux, owing

to proximity to the vitrified HLW or the SF assends [Bouniol, 2004]. The radiolysis

calculations and statements, discussed below, baea attained for three possible
cases.
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All three calculation cases are made at 25 °C,idenisg the encapsulation of vitrified
HLW and using OPC based concrete, and differ ifdhewing aspects:

- An open system (vented envelope) and an unsatucateztete buffer.

- Aclosed system (sealed envelope) and an unsaiuwaterete buffer.

- A closed system with a saturated concrete buffer.

A fully saturated system can be seen as a clossrmayfor gas transport. Only the
effect of gamma irradiation will be considered tlaes buffer is shielded from the alpha
and beta radiation by the canister and the overpHuo& Bouniol calculations take into
account the input data listed in Table 4.7.

2.3.5 Internal pressure build-up due to radiolysis

An open system

In the open system, hydrogen gas generated byaiflielysis can easily escape by
diffusion and therefore essentially no change im tibtal pressure of the system is
noticed. The maximum rate of release gfgas from the Supercontainer is around 9.3
cm3/day at about 5 years and the cumulative amoful}, released from the system is
152 litres after 100 years. An open system has#ulifferences in comparison with a
closed system. First of all, the total pressurddbup is especially related to the
increment of N, which has a greater contribution to the intepralssure than the,H
amount (Figure 4.14). The,Hjas can easily escape via diffusion. Secondlytdted
internal pressure is higher in case of an operesystith the same radiation conditions
as a closed system. Four years after fabricatidnpéacement of the Supercontainer in
the disposal galleries, an internal pressure maximof 0.23 MPa is reached.
Afterwards, this pressure evolves towards an dguilin of 0.12 MPa. These values
are much lower than the tensile strength of thecemia considered for the buffer
(Chapter 6) and only apply in case of a decreadosg rate. The higher the initial dose
rate, the higher the pressure peak, the soonepéh& occurs and the greater the
contribution of H to the total pressure. It can be concluded thatthproduction due
to the primary reactions is ventilated fast by nseaf diffusive gas transport. The
saturation degree plays an important role.
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Figure 4.14 : Pressure build-up in an open syst&uwuniol, 2004]
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Table 4.7: Input data for the Bouniol calculatio@uniol, 2004]

Input data

Cement matrix

Cement type OPC CEM |
w/C 0.36

Oh max 0.857
Total porosity (P) 0.322
Saturation degree (S) 75 %
Pore water pH 13.25
Environmental temperature 25°C

Radioactive source

Isotopes ®Cco
Dose rate 18 Gy/s
Type gamma
Radiation duration 100 years

Initial internal pressure

P (0 20 562 Pa
P (N2) 76 647 Pa
P (H2) 0.05 Pa

P, (vapour) 3166 Pa
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A closed system

The precipitation of the octahydrate Ga8M,0 affects the pressure build-up inside a
closed system. This mineral regulates thea@ H production in a system. Not taking
into account this regulator will lead to greateegsures inside the closed system. The
pressure due to Nand the water vapor remains constant in both #se< (Figure
4.15). As hydrogen and oxygen gases are generataadiolysis, and they cannot
escape the closed system, the gas pressure ins(&agere 4.15).
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o 10 » » P s s m & s 10
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Figure 4.15 : Pressure build-up in a closed sysfBouniol, 2004]

The total pressure in the system is greater th&nMPa in case precipitation is not
taken into account. Otherwise, the total presssir@ound 0.2 MPa. These values are
valid for a decreasing dose rate.

The combination of a closed system with a constinse rate leads towards a linear
increment of total pressure with time. Pressure tdus,, O, and water vapor remains
constant. The higher the dose rate, the highelrihmessure.

It can be concluded that the irradiation (by meaihgamma rays) of a closed system
causes an £and H production (proportion 1:2) until an equilibriusreached.

2.3.6  Parameters influencing the radiolysis process

Little experimental results can be found concerniragliolysis of cementitious
materials. However, a considerable amount of patemmeinfluence the radiolysis
processes [Bouniol, 2004]: the dose rate, the tiadidype, the duration of irradiation,
the concrete composition, the type of cement, tH€ Vtio, the saturation degree, the
type of waste, the geometry of the structure, ¢ineperature, etc.

Type of radiation

The energy of heavy alpha particles is dissipatedy fast and on short distance,
making the alpha radiation differ fundamentallynfrahe beta and gamma radiation
[Schorr et al., 1979]. The total gas pressure dugytirolysis of gamma radiatiof’Co
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source) of cementitious materials, evolves slowlatconstant value, with magnitude
depending on the dose rate of the irradiation. dsecalpha irradiation?(Cm) is
included in the calculations, the gas pressure doesonverge, but rises continuously
with time and can cause a problematic gas pressuile-up.

Alpha radiation gives cause to the formation of ecales whereas beta and gamma
radiation especially creates radicals in the primadiolysis reactions. In case of the
Supercontainer concept, alpha particles are blotikethe carbon steel overpack and
thus can be kept out of consideration.

Temperature

The evolution of the total gas pressure is alstuémiced by a temperature rise, for
example caused by the heat-emitting waste. Takitmdaccount a temperature rise up
to 100 °C, the total pressure can be twice as hgythe case where the temperature is
kept constant (25 °C, closed and unsaturated syq@ouniol, 2004]. This is mainly
caused by the creation of water vapor due to thiéngoof the water in the pores. The
pressure due to the water vapor has a large catioibto the total pressure, in case
high temperatures are considered. The productidd, @nd H is little affected by the
temperature.

Dose rate

The total pressure inside an open system risesingtieasing dose rate (Figure 4.16).
Approximately 5 years after the gamma irradiatinitiates, a pressure peak occurs.
The higher the dose rate, the greater the peakrwdirds, the pressure drops, slower in
case of higher dose rate. Also the \ntilation is higher for higher dose rate (Table
4.8). The higher the dose rate, the higher thegotagm of the convective gas transport
[Bouniol, 2004].

For a closed system, the pressure evolves to aarinslue, independent of the dose
rate. A higher dose rate only leads towards arneegmtessure build-up.

Table 4.7: Maximum total pressure angd ¥ntilation for an open system [Bouniol,2004]

Dose ratey Prot max H, ventilation
(Gyls) (MPa) (cm?/d)
0.001 0.125 19

0.01 0.227 132
0.1 0.276 369
1 0.288 472
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Figure 4.16 : Influence of the dose rate on totagsure of an open system [Bouniol, 2004]
Saturation degree

The gas transport through a cementitious matrigngfily depends on the saturation
degree of the matrix. In case of a fully saturatewhtrix (closed system)
the gas is enclosed by the water and transport nbesomore difficult. The
displacement pressure of the water can have the satker of magnitude as the tensile
strength of a concrete. In case of alpha irradiatd a saturated concrete, the gas
pressure build-up will exceed the tensile strergftthe concrete [Madic and Koehly,
1986]. The hydrogen gas can migrate through theewat diffusion, an extremely
slow transport process. So a higher saturationedelgrads to a reduceg kentilation.
The energy deposit of gamma rays is much more umifitue to the destruction of,H
by means of the produced radicals. The slow diisnigration of hydrogen gas gives
sufficient time for the gamma photons to attackHa¢Bouniol, 2004].

The use of organic additives and the applied W/C t&

In a saturated environment, the presence of styoreglucing organic additives can
induce a quick reduction of oxygenous products.réfoeee, the H is not touched and
can accumulate if the dose rate is higher thanGy/s [Bouniol, 2004]. Due to this
disadvantageous effect, organic additives are akdused as a concrete component.
On the other hand, organic additives, such as plgsticizers, can be added to
improve the rheological properties of fresh coreret

Adding 1 % of superplasticizer (in comparison witle cement mass), considerably
influences the radiolysis processes. NaphthalerlphSoate (NFS), containing two
aromatic chains, has an excellent behaviour towamdsliation: it gives a radio-
resistance to the molecules and partially prevéat®mposing of the pore water due to
radiolysis. In comparison to concrete without NFi$%¢ H gas generation and gas
pressure build-up is lower (Figure 4.17) [Bounid?004]. Another type of
superplasticizer, based on Melamine Sulphonate (Mi& the similar beneficial
behaviour.
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Figure 4.17 : Influence of NFS and MFS on H2 presdwild up, radiation dose rate 41.8 Gy/h
[Bouniol, 2004]

A lower water content, thus a more compact conéiian, experiences a higher
pressure build-up (Figure 4.17). The radiation pdsm to the pore water rises with the
solid to water proportion. The efficiency of thamary hydrolysis reactions and thus
the gas production is higher in case of a lowerewabntent (Compton effect). This is
why the B pressure is higher in case of a more dense cenardtere the opposite
behaviour is expected (higher water content givesemavailable pore water for

radiolysis).

Polycarboxylate based plasticizers (such as Gleniwith no aromatic chains) also
create the discussed beneficial effect of decrgakin pressure build-up, but in a
smaller extent. Other studies confirm those stamsn¢lewis and Warren, 1990,
Palmer and Fairhall, 1993]. Finally, the use of ikdels such as sodium nitrate
(NaNGs) and sodium periodate (Najfalso leads to a reduced production.

The use of calcium carbonate

The radiolysis is little changed by adding CaC®hhe calcite provides a clogging of
the pores, creating a more uniform gas distribuiod spreading inside the concrete

pore volume [Bouniol, 2004].
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3 Gas production and gas transport due to corrosion

3.1 Introduction

As seen as in Chapter 3, the Belgian Supercontam@eept consists of a carbon steel
overpack, surrounding the waste canisters anda@ediby a concrete buffer, creating a
favourable alkaline geochemical environment. Thifdy is enclosed by a stainless
steel envelope, to facilitate the construction #mel handling of the Supercontainer
(Chapter 3). The Supercontainer, after emplacenmethe waste galleries (concrete
blocks, thickness 30 cm), is embedded with a ceiteug backfill. A review was
undertaken to evaluate the corrosion processeshendssociated gas generation that
might occur during the lifetime of the Supercon#inThis gas production of the
overpack and the outer envelope can only occur fttenmoment water is in contact
with these metallic objects. Three corrosion casdsts during the evolution of the
Supercontainer [Gens et al., 2006]:

- Corrosion of the outer surface of the carbon ste&rpack and the inner
surface of the outer envelope due to the watereptdas the concrete buffer.
This corrosion exists under aerobic and anaeratmditions and starts before
penetration of external fluids originating from tHest Rock.

- Corrosion of the outer surface of the stainleselsémvelope, due to the
groundwater deriving from the clayey Host Rock éemal fluids).

- Corrosion of the overpack by water from the HostiR@xternal fluids).

Several potentially aggressive species can bedated by ingression of ground water
and can give cause to corrosion of the steel epeelind the overpack: chlorides,
bicarbonates, thiosulphates and sulphides. Theetdrations of these ions can be
estimated from their concentrations present irpihre water of the Host Rock.

3.2 Corrosion before penetration of external fluids

Corrosion under oxidizing conditions (aerobic) armirosion under more reducing
conditions (anaerobic) are being considerd [Genglet2006]. Especially the gas
generation and the linked gas pressure build-uderthe buffer is very interesting.

Aerobic corrosion

The oxidizing agents present in the Supercontaaneroxygen from entrapped air in
the concrete of the Supercontainer, and the oxymeth other oxidizing radicals

produced by radiolysis. It is quite hard to estendihe duration of the oxidizing

conditions in the underground disposal site. Ediona range from 0.5 years up to 900
years depending on the diffusion capacity of thettabugh the concrete buffer. Near
the overpack, the reducing conditions will devetapre rapidly because the oxygen
will be consumed fast due to corrosion, so reduciogditions can be expected after
about 1 year. This value is probably valid for sated concrete.
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Oxide layers, passivating the surfaces of stainttesl and carbon steel, provide a
protection from corrosion, in case good quality arete is present. The rate of metal
corrosion is related to the thickness and the eadfithis passivating film, and can be
determined by means of electrochemical tests (wébidual passivating current).
Carbon steel, when passivated (due to the formatiderric oxide FgO3), will corrode

at a rate of 0.25 pm/y, whereas the protection agpaf the oxide film of passivated
stainless steel is even better: less than 0.01 [Mvigkham et al., 2005].

Anaerobic corrosion

At a certain period of time, the amount of encloa&dvill be depleted. In this case, the
carbon steel will form a stable magnetite layed #ms relatively rapidly. Long term
corrosion in this case is rather low, with a ragpidally smaller than 0.1 pumly.
Experiments performed by AEA Technology (2004) va#itbon steel corrosion in high
pH and anaerobic conditions, with temperatureséigihan 90 °C also indicate that the
carbon steel and the stainless steel will repassivander these conditions: the
protective film will repair itself and reform. Irepositories, the corrosion potential is
expected to decrease during the transition from taxanoxic conditions, and this has a
definite influence on the initiation and propagatiof localized corrosion [Pourbaix
and L'Hostis, 2006].

Effect of irradiation on corrosion

In absence of radiation, the anaerobic corrosida cd carbon steel is around 0.1
pm/year at 30 °C and smaller than 1 um/y at 80F®&. stainless steel the corrosion
rate is 0.01 um/y [Chambers et al., 1995]. Irradigtin combination with elevated

temperatures will have an effect on the corrosimtess: increasing reactivity, making
brittle, irradiation induced damage positions [Byatheskii, 1970]. Shoesmith et al.
(1992) indicated a rise of the uniform corrosioteraf steel and iron with elevated
dose rates (up to 3 — 10 Gy/h). According to Maethl. (1983) the corrosion rate in
seawater, with an elevated temperature of 90 ighty} rises up to 15 pum/y at a dose
rate of 3 Gy/h. The uniform corrosion rate of abcar steel container enclosing HLW
is 1 pm/y at a dose rate of 3 Gy/h according toy@nad Doherty (1988). In alkaline

and ventilated environments, such as concretejrantisence of chloride ions, carbon
steel gives proof of a very good corrosion resistaand can be seen as a passivated
material. In the presence of large concentratidnshdoride ions, there is a chance
pitting will occur until all the oxygen is consumeghaerobic conditions settle in, and
pitting initiation and even propagation will disagy [Pourbaix and L'Hostis, 2006].

Localized corrosion of stainless steel under infligeof gamma radiation can increase
or decrease [Gray and Doherty, 1988].

Gas generation
A considerable amount of gas is produced insideStifgercontainer due to a variety of

mechanisms: the corrosion of metals, organic degi@a (production of carbon
dioxide and methane), radiolysis, steam and wad@owr production due to the heat-
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emitting radioactive waste and the production digactive gasses [Ortiz et al., 2002].
The contribution of corrosion to the,lgas generation is assumed to be bigger than the
contribution of the gas generation due to the gselis of the water. This postulate is
determined for LLW and ILW, but can also be accepgte HLW. According to Biddle

et al. (1987) approximately 2 x 1fn3 is created due to corrosion in a time spanOof 1
years. Due to radiolysis this amount is estimateiras3.

The hydrogen, produced by the corrosion of steefjeinerated at a rate equivalent to
the corrosion rate (expressed in um/y). This cated amount of gas can be converted
into the pressures (expressed in MPa) that wougk awithin the Supercontainer, in
case of a closed configuration (a closed, non-patéd envelope). Pressure relief due
to reactions between gasses and solids, and theibpibg of the appearance of
additional porosity (due to microcracking), are tkept of consideration. The following
remarks can be mentioned [Wickham et al., 2005]:

- The higher the amount of initially unfilled porosithe lower the calculated
gas pressures. A drier concrete (more porous) negherience lower gas
pressure than a wetter concrete.

- Approximately 800 years after emplacement of thgpeBcontainer in the
galleries, thus assuming 300 years of oxidizingditions followed by 500
years of anaerobic conditions, a total gas pressiuPe6 MPa is calculated for
a concrete with saturation degree of 40 %. A valiué.2 MPa is noticed for a
saturation degree of 75 %. This is in the same roodemagnitude as the
tensile strength of the considered concrete cortiposifor the buffer.

- The calculation results consider that any localpkessure build-up would be
negligible because the gas can diffuse away att@ camparable to its
production rate. In case the envelope becomes rpéefy resaturation of the
buffer will occur quickly. The rate of diffusive moval of hydrogen will
exceed the gas production rate, and therefore e® das phase or pressure
build-up will occur in the Host Rock. An open et gives cause to a
pressure relief: the produced gasses can escapegththe buffer and the
envelope.

3.3 Corrosion after penetration of external fluids

In case a dry concrete is being used for the buffere water originating from the Host
Rock can come in contact with the stainless steetlepe after migration through the
concrete gallery blocks and the backfill. After pgating the corroded steel envelope
and after transport through the concrete buffethef Supercontainer, the pore water
reaches the carbon steel overpack. Therefore, sidemable time span is needed. This
water will have a similar composition as the grouvatter but with a higher pH due to
the high pH of the concrete buffer and filler.

Corrosion of the envelope depends on the ratepdlgwf potentially corrosive species
to the envelope and the electrochemical potentialhe envelope itself. Once the
envelope is perforated, several potentially agdvesspecies can be introduced by
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ingression of groundwater and give cause to furtiherosion of the steel envelope and
migration via diffusion of the aggressive specmsdrds the overpack that can induce
corrosion of the overpack: chlorides, bicarbonatbgsulphates and sulphides. The
concentrations of these ions can be estimated fhain concentrations present in the
pore water of the Host Rock.

Chloride

Chlorides can cause a break down of the passivédiyeg, and this can be a reason of
corrosion of steel (deep pitting). Also differemncentrations of chlorides among the
length of a metallic surface can lead towards @orn Corrosion of stainless steel in

alkaline environment is not expected though witlogtle concentration between 25

mg/l and 400 mg/l determined in the pore watehefpotential Boom Clay Host Rock.

There is little to no risk of localised corrosiof the stainless steel envelope due to
chloride attack because of the low chloride conmetioins and because of the oxygen
consumption leading to a drop in potential of therdess steel which makes localised
corrosion impossible (‘near-perfect protection’,ifkham et al., 2005]).

The level of acceptable chloride concentrationsOigimes higher for stainless steel in
comparison to carbon steel [NuUrnberger, 1996]. &ffect of chloride on the corrosion
of carbon steel in concrete has been studied extngreviously (structures, roads,
buildings in saline and marine environments). Eigere suggests chloride levels
exceeding 500 mg/l as a minimal chloride dose ttabe corrosion, a value much
higher than the expected chloride concentrationsthe pore water of the

Supercontainer due to Boom Clay pore water infithra

Bicarbonate

Bicarbonate can react with cement and reduce thénpHe vicinity of the overpack.
This carbonation process leads to a decrease ianfmint of free lime Ca(OkKpnd
thus lowers the pH value:

ca(OH), +CO, — CaCo, +H,0 (4.16)

If the carbonated zone reaches the metallic susfabe passivating layer is no longer
stable and the steel becomes susceptible to comosi

Calculations based on the amount of bicarbonateepten the Boom Clay pore water,
on the diffusion coefficient of bicarbonate in coete and based on the initial concrete
composition, suggest that the pH of the buffer rtearoverpack will remain higher

than 12.4 for several thousands of years at 25ntChggher than 11 at 100 °C [Wang et
al., 2004]. Stainless steel exhibits low corrosiates because it has the ability to
develop a passive layer even in neutral environment
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Sulphide

Three possible sources of sulphide can appearicdake of Boom Clay considered as
the Host Rock for disposal: pyrite, microbial protian of sulphide by sulphate
reducing bacteria (SRB) and the possible reduatifothiosulphate by corroding iron.
Boom Clay, that can be seen as a plastic selfrgpalay material, is expected to have
insufficient available space in which significanttise microbial populations could
develop [Pedersen et al., 2000]. In addition, SRBvitly may be suppressed if pore
water sulphide concentrations rise far above 400 amgl SRB are also too large to be
transported through pores of the Boom Clay.

A general good experience with stainless steel insthe oil and gas industry is

available. The amount of sulphide at the overpaakxpected to be very low due to the
long period following the perforation of the envao and transport by diffusion.

However, there is currently not enough data to rd@tee the possible effects of

sulphide concerning the envelope corrosion andctineosion of the overpack. Further
studies are justified.
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4 Water content and transport

The initial water content of the concrete buffertioé Supercontainer is an important
parameter which has a considerable effect on #msport through the buffer. In case a
relative dry concrete buffer is considered, a dition effect of the migration of water
through the buffer is expected. Calculations intictéhat it will take several of
hundreds to thousands of years for the harmful ispats to migrate through the
concrete by means of diffusion [Wang et al., 20@FA (Commissariat & 'Energie
Atomique) indicated a duration of 300 years for ®0of the damaging substances
deriving from the Host Rock to migrate through ameatitious layer of 10 cm by
means of diffusion.

On the other hand, transport by means of capflazdan also occur. This type of
transport has a much higher velocity. The influeatéhe different saturation degrees
on the properties of the concrete buffer, is furisglained in Chapter 5.
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5 Redox and pH

5.1 Redox

Redox is an electrons exchanging reaction betweeleaules and/or ions, and in
which atoms have their oxidation state changed.oResl a contraction of reduction
and oxidation:

- Oxidation describes the loss of electrons.

- Reduction describes the gain of electrons.
The reaction can take place in case an electrideailable for the transport of ions.

For the Supercontainer, the initial redox condii@me oxidizing (aerobe phase) after
fabrication of the Supercontainer and emplacemenihé galleries and closure with a
backfill. Due to the consumption of,0n the disposal galleries (mainly due to the
corrosion processes), anaerobic conditions wildgadly settle in depending on the
corrosion rate and the initial water content of $hepercontainer: the higher the water
content, the higher the corrosion rate, thus thdieeathe anaerobe (reducing)
conditions start. Experience deriving from the Qtelr(the Channel Tunnel connecting
France and Great Britain) show that the aerobeitiond last for about 10 to 15 years
in water saturated systems. The analogy with theeRwntainer is only partly true.
Nirex (1995) calculations indicate a fast developmef the reducing anaerobe
conditions for concrete containers surrounded bwceste backfills. Taking into
account the corrosion and leaving out of considtanahe radiolysis of the pore water
due to irradiation, the estimations lead to a vaifi@0 years for the anaerobic state to
settle in. The Supercontainer concept for HLW &€ considering the corrosion
processes and the radiolysis, maintains longeriorgl circumstances: the radiolyse
process produces hydrogen, oxygen and other omgliadicals. Concrete materials
such as hematite and nitrite also can prolong ¢nebe phase.

52 pH

The acidity of an aqueous solution can be expressedheans of the pH. Neutral
solutions have a value of 7 at room temperaturdad Aolutions have a lower pH,
alkaline solutions have a higher pH.

The Supercontainer, with a composition chosen teater a favourable alkaline
environment, will have a pH initially higher thai.1The portlandite Ca(OHl)s the
main factor creating this highly alkaline conditioand thus acts as a pH buffer. At 25
°C the pH will have a value of approximately 12ntldhis value will be sustained for
thousands of years after ingress of pore wateir@iipg from the Host Rock [Wang et
al., 2004]. At elevated temperatures up to 100th€,pH buffered by the portlandite
can drop to 11, due to changes in the solubilitthefportlandite and the change in the
water activity product with temperature.
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6 Mechanical processes

The early-age behaviour of massive concrete strestinas become increasingly
important, and is the main scope of this reseatatlys Massive hardening concrete
elements are very prone to early-age thermal angcttue to the heat of hydration and
early-age shrinkage (autogenous shrinkage) (Ch&)teConcrete, characterized by a
low tensile strength, can often not withstand ttresses created inside the massive
structure. The service life of the concrete eletnean be severely reduced by the
presence of even small cracks [De Schutter, 20B@2¢sses leading towards cracking
can be the result of different actions [Van Nieulueny, 1986]:
- Direct loading of structural elements.
- Restrained plastic shrinkage or settlement.
- Restrained deformation due to a thermal gradientdee to shrinkage
(autogenous, drying, etc.).
- Forced displacement due to differential settlenodistructural elements.
- Expansive forces inside the concrete due to ca@mgshAR, ettringite
formation, etc.

During fabrication, transport and emplacement o Supercontainer, the risk of
cracking is existing and must be examined. Espgci@hrly-age cracking of the
massive concrete buffer, during fabrication and ttu¢he heat of hydration and the
autogenous shrinkage of the cementitious matesad, topic worth considering. The
heat-emitting canisters create a thermal gradiatd the Supercontainer and thus
thermal stresses appear into the concrete of tfferb@Phase 1 buffer, Phase 2 filler,
Phase 3 lid). During transportation and emplacenténthe Supercontainer in the
disposal galleries, undesired circumstances caarpborizontal fall, vertical fall in the
shaft. This can also have a detrimental effectr@enSupercontainer but lies out of the
scope of this study. Microcracking of concretenisvitable and therefore accepted. On
the other hand, macrocracking, which will consithyraease the transport mechanisms
inside the Supercontainer (especially in radial axidl direction), must be prevented at
all times. Preferential paths for water inflow aadionuclides are not desired.

Lab tests, macro-scale tests and simulations aeeutad to predict the early-age
behaviour of the concrete buffer of the Supercomtaduring construction [Craeye et
al., 2009]. The need of reinforcement to limit @tter prevent early-age cracking must
be evaluated. Preference is given to a massiveremnduffer without the use of
additional reinforcement or steel fibers which @aduce additional corrosion processes
and linked gas pressure build-up. In case deceasumnes are taken, early-age cracking
(macrocracks) of the concrete buffer is not expkdiaring construction, even without
the use of additional reinforcement. The subsequleapters give a good overview of
the performed tests (Chapter 6, Chapter 7, Ch&)tand simulations (Chapter 8) to
support the non-cracking postulate. After emplageneé the Supercontainer on the
mechanical supports inside the disposal gallesesses will occur due to the weight
of the Supercontainer and the backfill. At the sapppocation, stress induced corrosion
of the stainless steel envelope can appear.
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7 Microbial activity

Assuming the nearby environment of a disposal gievents the formation or the
survival of microbial organisms is wrong. Sevesglds of microbes have the ability to
resist high radiation doses [Space Studies Board],high pH environments and redox
fronts are well known locations where microbiality is significant [West et al.,
1982, Mayfield and Barker, 1982, West and McKinlé985]. Their activity can be
limited by a lack of available nutrients. Evaluasoof the consequences of microbial
activity on nuclear disposal galleries are avaddblicKinley et al., 1997]: in case of a
simplified homogeneous disposal site for HLW, migad activity can be neglected.
According to a more complex model, that takes attoount the alkaline plume and the
redox fronts, the micro-organisms consume steepraduced H (due to earlier
corrosion or radiolysis) as an energy source. Thesegnce of hydrogen gas is one
requirement for the existence and survival of &ctivicrobial life.

Experimental proof is given of the natural presewnt three types of bacteria into
Boom Clay layers: methane forming bacteria (4.13alphate reducing bacteria (SRB)
(4.17b) and thiosulphate reducing bacteria (4.1@c)iz et al., 2002]. These bacteria
consume Haccording to the following reactions [Madigan kt 8997]:

A4[H,+HCO; +H" - CH, +3[H,0 (4.17a)
4[H,+S0; - ST +4[H,0 (4.17b)
4[H,+S,0; - S +H,S+4H,0 (4.17¢)

A hydrogen source is necessary for the survival tieddevelopment of the micro-
organisms. Micro-organisms can reduce importantpmrants of the ground water,
and they can produce and consume gasses (Fig@e 4.1

Figure 4.18: The underground biosphere in grantens.
H, and CQ are consumed as energy source [Pedersen, 1999]
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Microbial activity has to be considered in the desif a disposal site for HLW and SF
assemblies. The concrete buffer is expected to dirdy fsterile initially, but will
normally contain a few per cent sulphur of S@hich can be assimilated by SRB.
High concentrations of SRB have been observed énStviss Mont Terri research
program. In repository environment, SRB may be ohé¢he principal causes of the
introduction of the reducing conditions [Wickhamadt, 2005]. Some of the bacteria
survive at high pH levels and reactions, such aottidation of HS to HSQO,, and the
reaction even is accelerated due to the high alikaliDe Belie, 2007]. The presence of
H,S and HSQ, (very low pH values may occur locally) can leadiaods a significant
deterioration of the concrete, the carbon steetpack and the outer stainless steel
envelope. Elevated temperatures have a benefidfatteon the sulpheric acid
production. Ventilation can be required to reledke HS and prevent $$0,
production during the aerobic phase. Otherwise, pitealuction of sulpheric acid is
limited when the anaerobic conditions are initiated

Herbert (2002) reviewed the potential microbialivatt in the nearby environment of
the Supercontainer and its disposal galleries Bitlom Clay considered as the Host
Rock. Three factors suggest that microbial activifthin the Supercontainer will be
negligible:

- The lack of sufficient nutrients for the microbesthe EBS give cause to a
limited activity of the microbes, even though thécmobes are known to
persist at high pH.

- A considerable amount of time after placement & Bupercontainer, the
temperature in the buffer will easily exceed valugfs 80 °C. At this
temperature level, most of the thermophilic miciobee killed.

- The radiation inside the Supercontainer (average dates between 23 Gy/h
and 0.1 Gy/h) also tend to kill or suppress théviigtof any microbes present
in the buffer.
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8 Concrete mineralogy and degradation mechanisms

8.1 Concrete mineralogy

The basic constituents of most structural concratescement, water, coarse and fine
aggregates, and some additives (superplasticidan, fily ash, silica fume, etc.).
Portland cement (OPC) is made primarily from a cmation of calcareous material
(limestone, chalk) and of silica and alumina fowsdclay or shale [De Belie, 2007].
Four minerals are regarded as the major constéuaEn®PC: the calcium silicates®
and GS (abbreviations: C = CaO, S = $JQA = Al,O;, F = Fg0s), the calcium
aluminate GA and the tetracalcium alumino ferriteAT-.

The calcium silicates (70 % — 80 % of OPC) contigbmost to the binding power and
strength of concrete. The overall hydration reactaf both silicates leads to the
formation of a calcium silicate hydrate gel, CSHyieh is the main binding agent of
the cement paste, and of crystalline calcium hyidexCa(OH), contributing to the
high pH of concrete and most easily leached fron€@Pcase of chemical attack. The
CSH gel is metastable at lower temperatures and Hiés span of thousands of years.
At elevated temperatures, the gel transforms intoose stable, crystalline phase that
leads towards an increased porosity of the conenetethus more available space for
any internally produced gasses [Wickham et al. 520Portlandite resists temperatures
up to 100 °C and its solubility diminishes with i@asing temperatures [Wickham et
al., 2005].

The reaction of €A with water is very rapid, leads to a quick evaat and
considerable amount of heat is produced without @tidition of gypsum. A high
sulphate tricalcium sulphoaluminate, or ettringiseformed. This component has little
effect on the ultimate physical properties of ceterbut is at most vulnerable to attack
by sulphate solutions. Sulphate resisting OPCedalSR (High Sulphate Resistance),
has a low GA content (below 3 %), whereas normal OPC has asuatmof about 8 %
—11 % of GA.

The GAF reacts at a slower rate and contributes litiléhe strength of the cement. In
the reaction process Ca(QH3 consumed.

8.2 Degradation mechanisms
Different types of concrete degradation can bentjsished [De Belie, 2007]:

- According to the affected material: degradationhef concrete or degradation
of the metallic elements in the concrete (indidkgradation)

- According to the cause: external cause (aggressiuestances from the
environment) or internal cause (impurities in tbaarete itself)
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- According to the reaction process: production dfisle salts leading towards
decomposition of CSH or disruption due to swellhegctions caused by the
formation of products with greater volume than thactant material.

The vulnerability of concrete depends on its peiilgg, alkalinity and reactivity. The
rate and the extent of attack are influenced bwrety of factors: the strength of the
attacking medium, the pH, the physical state ofattecking medium, the temperature,
the availability and replenishment of the aggressnedium, the pressure, the wetting
conditions, etc. The transport properties (e.g.meability) also have a decisive
influence on the degradation mechanisms of conci2te to the large number of
parameters influencing the transport propertieds ihard to fully understand and
analyze the results and come to general conclusibine W/C ratio, the degree of
hydration and the type and amount of mineral adistrongly affect the transport
mechanisms. Self-compacting mixes (e.g. SCC, Chdptegenerally have a lower
oxygen permeability coefficient and water sorptivilepending on the used cement
and filler type. The refined pore structure and tlemser interfacial transition zone
between the aggregates and the cement paste aratheontributers to the enhanced
fluid transport resistance of SCC compared to aificanal Vibrated Concrete (TVC)
[RILEM Technical Committee, 2008].

Carbonation

The carbonation of concrete, influenced by theudifin velocity and the presence of
CO,, leads to a decrease in the amount of portlasaditethus a decrease in pH:

Ca(OH), + €O, — CaCo, +H,0 (4.18)

The proceeding of this process depends on the amofiravailable materials
susceptible to carbonation: the more CSH and Ca{Qifi@sent in the concrete
(especially present in SCC), the lower the carlionadepth. If the carbonation zone
reaches the metals imbedded in the concrete, t&vasing layer on top of the metals
becomes unstable and the metal becomes susceptibterosion. In general it seems
that the carbonation rate of SCC is comparablehtd bf a Traditional Vibrated
Concrete (TVC) [Audenaert, 2006]. The denser ptmgcture, often found in SCC due
to the larger amount of fine particles, leads teduction of the carbonation depth. The
smaller the porosity, the lower the diffusion vétpcA slightly higher vulnerability
can be noticed with SCC containing limestone filler

Acid attack

Acidic substances attacking concrete, being anliatkanaterial, cause leaching of the
portlandite Ca(OH)to restore the equilibrium. The porosity of thencete increases

and the pH drops. The hydrates of the hardened epeste decompose and the
concrete loses its strength and disintegrates. ratee of degradation by acid attack
depends on the preceding carbonation process. Totduged CaC@is relatively
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insoluble and may block the concrete pores, slovdagn the degradation processes
due to acid attack (the infiltration of the acidslswed down). It must be noticed that

even water, having a smaller pH than concrete peageen as an acid towards concrete
degradation.

Attack by salts

The salts of M, NH,", NOy and CI (salt attack) react with the free lime of the
concrete (portlandite) and produce a quite solaaleium salt, which can be leached.
Mg(OH), is a solid blocking the pores and slowing dowriHer attack and causing a
decrease of the pH in the pore solution, making@Bé&l unstable creating magnesium
silicate hydrates with no binding capacity.

Ammonium salts are even more detrimental to copcitein magnesium salts because
pore blocking is no longer possible. These reastiaill not come to an equilibrium
unless one of the reacting elements (the portlaradithe salt) is completely used.

The effect of chlorides on the concrete itself ist roften discussed. Known
consequences are the production of unstable wabteble compounds when reacting
with portlandite, the formation of expansive Friedalts due to the reaction with,A

or the production of calcium oxychlorides [De Bel@007]. The increased risk of
corrosion of embedded metals, however, is the kestvn effect of chlorides when
present in concrete. Chloride ions can break ddwnpiassivating layer of the metals
by forming the soluble Fegl SCC containing a higher volume of powder and an
additional amount of admixtures has an altered riafdobinding behaviour towards
chloride attack than TVC due to the different pemumes and the different ionic
compositions. The chloride diffusivity is highly plendent on the type of cement and
the additional powder added to the mixture.

Sulphates can cause the formation of the solub®COgaalts which can be leached or
react with GA to form ettringite, leading to expansive internahcrete forces (cracks),
due to the high water consumption ability of thériegite. Physical resistance to
sulphate attack is especially important, as it rhayseen as one of the main factors
which differentiates SCC from TVC [RILEM Technic&lommittee, 2008]. Factors
influencing the sulphate attack are once agairtyipe and the amount of added fillers,
the type of cement and the composition of the stkphsolution. The denser
microstructure of SCC prolongs the initiation tifiee sulphate attack in SCC. On the
other hand, the higher the amount of used limestin@emore vulnerable the SCC is to
the thaumasite form of sulphate attack (TSA) [RILBMchnical Committee, 2008].
Sulphate concentrations between 700 mg/l and 1490 MgSQO, promote TSA in
approximately five years. The use of sulphate tiegiscement makes the degree of
attack smaller and the rate slower, in case TSAxjzected. Addition of pozzolanic
material (fly ash, silica fume, blast furnace slagjhe mixture, to reduce the pore size
and densify the microstructure, can lead towarda @8e to the reactive components
(Si, Al) present in these materials.
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Sugars (retarding effect on the hardening of theesd paste), fats, tars and oils can
also attack a concrete material.

Alkali aggregate reaction

If alkali metal hydroxides, reactive siliceous aggptes and water are present in a
concrete mixture, a chemical reaction can occuwtath the alkali metal hydroxides
in the pore water of the cement paste attack thetike silica to give a gel of alkali
silicates. The alkali aggregate reaction (AAR)pdteown as the alkali silica reaction
(ASR), is an expansive reaction that occurs betweertain types of reactive
aggregates and alkali metal hydroxides availablthéncement clinkers. The reaction
products have the ability to absorb water, growatume and cause swelling pressure
within concrete. Therefore, a careful and well d¢deed selection of the main
constituents of the concrete mixture can avoid AAR.

Frost and thaw

Saturated concrete is vulnerable to frost becadistheo expansion of water during
freezing [De Belie, 2007]. These expansive forcam induce an internal pressure
inside the saturated concrete exceeding the tesisdagth values and this can cause
cracking of the concrete. High quality concretel @oncrete with small porosity are
quite resistant to frost because of the lowereezireg point of water in small concrete
pores. The addition of an air entrainment agent caercome the frost and thaw
cracking risk.

Degradation of concrete in saturated environment

Several studies are conducted by CEA, dealing tith degradation of concrete in
water saturated environments. Different types akeware considered:

- De-ionized water
- Water containing bicarbonate
- Water containing sulphates

The leached G4 and OH ions are measured and the concrete is being athiyzee
months after immersion. Higher temperatures leduigber leaching rates, an increase
of pH counteracts the degradation of the concrete.

Under influence of de-ionized water, the erodedepsurface of the concrete has a
zone rich in aluminum and silicates, a zone of G8Id a zone of CSH with ettringite.
The porosity increases in the degraded zones.

In the presence of bicarbonate, as in the casehef Room Clay pore water
(composition of NaHCg), the concrete will create a calcareous crusoprof a dense
layer of calcite (CaCg¢) and CSH. The calcite precipitates in the pores eeates a
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stoppage. In some cases, in aggressive environreeciisas heated Boom Clay, £6©
found in the pore water, hindering the formatioritaf protective calcite layer.

Sulphates create a potential risk of cracking (pedicular to the outer surface) and
spalling (parallel to the outer surface), in casa&ctive cements (highs& content) are
used. Clay, and for example Boom Clay, has a rdthersulphate content and OPC
with high sulphate resistance (HSR) is being carsid in practice, in which case
cracking is not expected.
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CHAPTER 5:

REFERENCE CONCRETE COMPOSITIONS

Two types of concrete are considered for the ceitimmg buffer around the overpack
of the Supercontainer: a Self-Compacting Concr8@Q) [De Schutter et al., 2008]
and a Traditional Vibrated Concrete (TVC). This feuf must provide sufficient
radiological attenuation and protection against manphotons. Other requirements are
the creation of a favourable chemical environméidH pH, long term safety) and the
guaranty of operational safety during transportatiéreference is given to the use of
SCC because it will ease considerably the precasteps and complies with all other
requirements regarding compressive strength, loegmt durability, chemical
interactions, etc.

In this chapter, the process of choosing a referesenposition for the SCC and TVC

will be explained, taking into account the earlyedgehaviour of massive concrete
structures and the restrictions the compositions exposed to. The formulated

requirements differ, at least for some points, ificemtly from those frequently used in

classical structures. Consequently, an appropdhtéce for cement, aggregates and
superplasticizer results from these requirements.

1 Early-age behaviour of massive concrete

1.1 Introduction

The early-age behaviour of massive concrete strestinas become increasingly
important. Massive hardening concrete elementsvarg prone to early-age thermal
cracking especially due to the heat of hydratiohe Tervice life of the concrete
element can be severely reduced by the presenewesf small thermal cracks [De
Schutter, 2002]. Cracks can be seen as preferguatinlvays for water, acids, salts and
other aggressive species that can be introducea tim¢ concrete element and
(negatively) affect the durability of the concré@hapter 4).
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1.2 Properties of young concrete

Initially, when water comes into contact with thentent grains of a concrete mixture,
there is no significant activity. This period isttee known as the induction period or
the dormant phase. The concrete specimen remaiasgand is easily processable but
has no strength or stiffness. After a certain tithe,dormant phase has passed, and the
concrete mixture gains additional stiffness andigadly loses its processability. This is
the start of the setting. Afterwards the stiffnegseases and the mixture develops into
a solid body with an initial strength. This is tked of setting. Now the concrete
mixture starts to harden and the strength of theiee increases. It is desirable that
the dormant phase is long enough to handle thé fteacrete for placement into the
formwork (good workability). On the other hand, tfial setting time may not occur
too late in order to reduce the casting time amtlice the time of completion. The
strength and stiffness development of a hardenowgrete, the ultimate strain and
deformation capacity are important properties gbang and developing concrete [De
Schutter, 1996].

Development of strength

The strength development of a hardening concratdeaelated to time or even better
to the maturity of the concrete, giving the linkeffect of time and temperature.
Alternatively, the strength development can be esped as a function of the degree of
hydration. The degree of hydration can be defiretha relative amount of cement that
has already reacted with the added water [De Sah@&002]. It ranges between zero at
the very beginning of the reaction (when the watat the cement are initially brought
together), and one when all cement in the condratereacted: an ideal situation that
never occurs in real concrete structures. For oesicrete, an ultimate degree of
hydration is taken into account, with a value lowem one.

The compressive strengthificreases with increasing hydration degree, arditha
linear way (Figure 5.1). The strength developmeaits after the induction period is
over. In case of a lower W/C ratio, less watervailable for the cement grains to
hydrate, but also a more dense configuration ofetgrains is obtained. The distance
between the cement grains is smaller, leading fedaced dormant period and thus a
quicker start of the hydration reaction. A lessquar structure with higher strength is
obtained in case of a lower W/C ratio. On the otha@nd a lower ultimate degree of
hydration is received.

Similar conclusions can be drawn for the tensikersith f; development, this time
with a more parabolic progress of the tensile gfiterwith the hydration degree.
Normally, the development of tensile strength &ightly faster in comparison to the
compressive strength development [De Schutter,[1996

98 Chapter 5



Development of stiffness

The development of the modulus of elasticitygges in a more non-linear way (Figure
5.1). The stiffness develops faster than the cosgpre strength. At a young age,
considerable stresses can arise in concrete stesctdue to thermal effects or
shrinkage, which can lead to a noticeable crackisig

The stiffness and the tensile strength of conadeteslop with time. At early age, they
have a rather small value. The modulus of elagtidévelops faster than the tensile
strength, giving cause to a critical phase wheeeitlduced stresses can exceed the
tensile strength and can cause cracking. The dewelot of strength and stiffness
starts once the induction period is over (Figurg),5and the setting time is reached
(time zero). A synonym of this induction period dormant phase is the ‘percolation
threshold’ (Chapter 6).

Strength, stiffness and ultimate strai

Induction period 1
0 0,2 0.4 0,6 0.8 1

Degree of hydration

Figure 5.1: Development of strength and stiffndssoncrete [De Schutter, 1996]
Ultimate strain

As mentioned previously: the strength and stiffnebsoncrete increase with time,
while the deformation capacity decreases (Figutg Fhe ultimate straip, reaches its
minimum after approximately 2 hours to 20 hoursthis critical period, the concrete is
very prone to crack formation, and special coneereds to be given to the curing of
the freshly cast concrete. When the critical pei®dver, the increasing strength and
the increasing ultimate strain lead towards a dishing cracking risk.

It must be noted that young concrete has greattiplasd creep deformation
possibilities and shows notable stress relaxatgiving a considerable stress relief
compared to elastic simulations [De Schutter, 1996]
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1.3 Crack creating actions

1.3.1 Situation

The relatively low tensile strength of concrete sesithe high early-age cracking risk
of young developing concrete. In general, strekessding towards crack formation can
be caused by several crack creating actions [VaowWenburg, 1986]:
- Prevented plastic deformation (setting, swelling shrinkage) of fresh
concrete.
- Prevented deformation due to thermal gradienthionisage.
- Forced deformations due to differential settingtfictural elements.
- Direct loading of structural elements.
- Internal pressure due to the expansion of corrodiefiorcement, or due to the
ASR gels that can be internally formed inside tlenatete and create
considerable internal stresses.

In the Supercontainer case, no additional reinfoem@ inside the concrete buffer is
desired, due to the additional corrosion risk (QGeapl). Cracks due to shrinkage,
setting and swelling of the concrete and cracks tlughermal stresses have a
significant effect on the early-age behaviour afoacrete buffer and therefore will be
discussed subsequently.

1.3.2 Shrinkage of concrete

Shrinkage can be seen as a volume reduction céuysem evaporation of water and in
a smaller extent caused by the hydration reactimhesven the carbonation reaction of
concrete. Too much shrinkage can severely compmoithis concrete’s durability by
increasing the concrete’s cracking risk. Five typéshrinkage can be distinguished,
with a different nature but with a cumulative efffide Schutter, 2005]:

- Plastic shrinkage due to evaporation of water ¢t plastic fresh concrete.
A couple of hours after casting, plastic crackimg occur. If the amount of
evaporated water exceeds the amount of bleedingrweapillary forces are
induced. If the decrease of volume is preventedheyenvironment of the
surface of a structure or due to the internal aéstr tensile forces and
irregular cracks appear.

- Drying shrinkage of hardened concrete caused byaration of water due to
differences in relative humidity between the coterand its environment.
This leads towards the evaporation of the free lleapiwater due to the
development of internal capillary under-pressurdiisTcauses a minor
shrinkage. Afterwards (after a longer period ofdjnmostly for hardened
concrete), a difference in relative humidity existside the concrete, and the
physically bond water will disappear and lead tghler deformations. This
shrinkage has a slight irreversible character.

- Autogenous shrinkage due to the self-desiccatioth@ffresh concrete (there
is a lack of water during the cement hydration) dad to the smaller volume
of hydrated cement and the formed reaction prodtatspared to the original
volume of the unreacted cement and the water aigenage [Craeye, 2006].
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Autogenous shrinkage is a macroscopic volume chamgerring with no

moisture transferred to the exterior surroundingrenment and is a result of
the internal volume reduction linked with the hytitsa of cement particles,
i.e. chemical shrinkage [Holt and Leivo, 2004]. Theocesses of self-
desiccation and chemical shrinkage should not berdhanged: self-
desiccation causes long-term autogenous shrinkage ta differences in
internal relative humidity during hydration wherkemical shrinkage is due
to the hydration products consuming less spacetti@mitial products.

- Shrinkage due to the carbonation of hardened ctsncfde formed products,
such as calcite, have a smaller volume than therets not yet affected by
carbonation.

- Thermal shrinkage due to the thermal gradientsdenghe concrete (see
further).

Another way to distinguish the shrinkage of corerist by looking at its appearing
stage: early and later age [Holt and Leivo, 2004 early age is defined as the first
day, while the concrete is setting and starts tddma Three types of shrinkage can be
noticed at this early age: (i) autogenous, (ii)inigyand (iii)) thermal shrinkage. The
later ages refer to an age of 24 hours and beyomtithe same three types of shrinkage
can occur with addition of a fourth type of shrigka carbonation shrinkage (Figure
5.2).

The drying shrinkage especially is affected by therrounding environmental
conditions (temperature, relative humidity and winélocity). An increase of
evaporation of free water of the fresh and hardgrioncrete goes along with an
increase in magnitude of early-age drying shrinkage

SHRINKEAGE
/ \
Early Age (< 24 hours) Long Term 2 24 hours)
A\ / A\
| Dhying | | Autogenous | | Dirying | | Autogenous |

| Themal | Thermal ||Celrhc:nel|jnn|

Figure 5.2: Shrinkage types and stages accordingitdt and Leivo, 2004]

Therefore, in practice, it is very important to iopze the curing conditions in such a
way that evaporation and drying shrinkage can Mkallyoeliminated. Suggested
measures are listed below.
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These curing measures must be taken as soon akle¢s®It and Leivo, 2004]:
- The use of evaporation retarders.
- Curing of concrete under water.
- Maintenance of high humidity by applying a fog spoa covering by means
of plastic or humid sand.
- Lowering the wind speed by using wind breaking edsi
- In warm conditions: keep the concrete cool to eragel condensation.
- In cold conditions: keep the concrete warm to ared¢ setting.
- The overdose use of superplasticizers will rethedsetting.

In case decent curing measures are taken, prefetatdler water curing, only the
autogenous shrinkage has to be taken into accourthé early-age behaviour of the
concrete buffer of the Supercontainer. In caseleesvaporation limiting techniques
are used, the only shrinkage stresses at earlywélyde attributed to autogenous
deformations. In that case, mainly the materiapprties affect the shrinkage [Craeye,
2006, Holt and Leivo, 2004, Igarashi et al., 2000je main parameters are the amount
of water and the amount and the type of cementaaimiixtures in the mixture. Some
findings concerning the autogenous shrinkage atedibelow:

- The increased use of superplasticizers, and thimwvar W/C ratio, will
increase the autogenous shrinkage and will delaysttting time of the
concrete. Also the dispersion of the cement is awed and therefore
provides a quicker chemical reaction.

- A lower W/C ratio and the use of silica fume andhest pore refining
admixtures will create finer pores. These finergsoexperience a higher
internal capillary pressure resulting in a greateiogenous shrinkage.

- Mixtures made with a rapid hardening cement, ohwithigh GA content,
have autogenous shrinkage with faster development with greater
magnitude. Therefore, it is better to use slowadrating cements that have
lower chemical shrinkage.

- Aggregates restrain the autogenous shrinkage, es@itiount of aggregates
should be maximized to reduce the cracking risk.

- Bleeding is acceptable as the expansive deformai@onact as antipole for
the autogenous shrinkage.

Overall it can be concluded that the total shrimkagreases with increasing W/C ratio
(higher drying shrinkage) and increasing cementwarmdor a given W/C ratio. For
autogenous shrinkage, it is the other way aroumgl:lawer the W/C ratio, the higher
the autogenous shrinkage [Craeye, 2006].

Holt and Leivo (2004) have defined various scemarfor early-age drying and
autogenous shrinkage. If a W/C ratio in excess.4% @s used, no cracking is expected
in case of a good and early curing and in casegtf bleeding. In case the setting time
is delayed (for example by using a considerable taaf superplasticizer), the
cracking risk remains low. A poor curing scenarighwhigh evaporation obviously
increases the cracking risk.
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1.3.3 Creep of concrete

Creep is the increasing deformation in time dueato applied constant load. An

additional amount of physically bond water can bigeh out of the hydrating layers

(seepage) due to the application of a compreseam. |IAlso a distinction can be made
between autogenous or basic creep and drying ¢wesfsteke, 2003].

1.3.4 Plastic settlement of fresh concrete

Finally, plastic setting of the aggregates in ayMi&uid concrete due to gravity can be
disturbed by reinforcement or formwork. Gravityratts the heaviest concrete particles
in the fresh concrete and the water will rise i tthirection of the top surface
(bleeding). This can also lead to the formation coficks if this deformation is
prevented by the formwork or by the reinforcement.

1.3.5 Thermal stresses

Thermal stresses are mainly caused by the exothéehaviour of the hydration of the
cement present in concrete after contact with watethe edges and the outer surface
of a massive concrete structure, heat energy cailyebe exchanged with the
environment. On the other hand, the temperatuidarthe concrete structure increases.
Taking into account the rather small heat conductiapacity of concrete, the concrete
in the core of a massive element obtains a higirapérature in comparison with the
concrete near the outer surface of the element/émtive heat transfer). This induces a
thermal gradient, leading to a tendency of the dorexpand more than the outer
surface. This effect is strengthened by the faat tine hydration reaction goes faster at
elevated temperatures. This can cause a rathez theymal expansion. Due to the
coherence of the concrete, this differential defation partly is prevented, giving
cause to a stress build-up: compressive stresdés icore and tensile stresses near the
outer surface (Figure 5.3). The concrete is inmsafficient state of hardening and has
a large deformation capacity and relaxation, whietluces the created stresses. This
relaxation leads to a smaller cracking risk at thwer surface of massive concrete
elements during the hydration heating phase, afthatracking can occur. Cooling
down of the concrete can also create cracks. Attthee, the concrete has a proper
hardening state with a minimal plastic deformat@apacity. Also Young’'s modulus
has increased and the relaxation is diminished. cdre of the concrete undergoes a
greater temperature drop compared to the outeacesf wants to shrink more, creating
tensile stresses in the core and compressive strasshe edges of the element (Figure
5.1, Figure 5.3) [De Schutter, 1996, Hamfler, 1988]

1.4 Early-age cracking of concrete

Concrete is characterized by a low tensile streng#ipecially young concrete is very

sensitive to crack formation. During the early rguhus immediately after casting,

concrete has the lowest strain capacity (Figuré &l is most sensitive to internal

stresses. Is the tensile strength, at any timetgrehan the tensile stress, then no
cracking is expected.
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Figure 5.3: Stress development in concrete sectiomthe time between heating and cooling
(core: x = 0, outer surface: x = d/2) [De Schutt&ég96]

In that case, the thermal stresses remain in therete element as eigenstresses. In
case the tensile stress exceeds the tensile diremrgtks will occur (Figure 5.4). This
crack formation can occur in two cases: (i) durthg heating of the concrete, the
tensile stresses at the outer surface locally xaeesl the tensile strength. The resulting
cracks are visibly noticeable. The type of formwarld a judicious demoulding of the
element can prevent crack formation. (ii) It iswéard, or even impossible to observe
internal cracks created in the core of the conetment during cooling. In this case,
numerical simulations are needed to bring clearahbe compressive stresses, caused
by the cooling down of the structure, can close ¢heated cracks created during
heating. Stresses that lead to cracks in conceatde caused by different actions such
as direct loading, prevented shrinkage and swelltfifferential settings, etc. The
thermal gradient between the core and the outémciof the concrete can be seen as a
very important parameter on behalf of the early-Bgkaviour of hardening concrete
[De Schutter, 1996]. If movement is prevented g ¢imvironment of the surface of a
structure, tensile forces are induced and cracksappear.

O,z ot

tensile strength

early-age
cracking

tensile stresses
LOCLLLLL LTy b

hardening time

Figure 5.4: Young concrete is very prone to eagg-aracking [De Schutter, 1996]

The main technological problem related to the potida of the concrete buffer of the
Supercontainer, is the effect of the heat of hydmatluring hardening of the fresh
concrete. On the other hand, the early-age shrinkagch as autogenous shrinkage,
must also be taken into account. Finally creepinddfas the time dependent increase
of deformation under sustained load, affects tHerd®ation of structural elements and
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the stress distribution. All these effects shoulel taken into account in design,
construction and maintenance of radioactive wasfgositories. Cracks inside the
concrete buffer can be seen as preferential tranhgadhways for aggressive species
and groundwater once placed inside the undergraiismbsal galleries, and therefore
should be eliminated.

Compared to a traditional vibrated concrete (TV&3If-Compacting concrete (SCC) is
a very fluid concrete showing several advantagesaonenvironmental, human,
technological and economical level. However, beeanfsthe particular composition,
often resulting in a higher fines content and a&aigpaste volume, SCC could be more
sensitive to cracking than TVC [Roziére et al, 4007

15 Crack reducing or crack preventing measures

A side from the earlier mentioned measures in otoleeduce the early-age shrinkage,
several other measures can be taken in order tweegrevent or eliminate early-age
cracking of massive concrete structures [Vuylst@k®3]:

- Reinforcing concrete can limit crack formation ioncrete, but is not desired
inside the Supercontainer during the thermal pldaseto the corrosion risks
and the related jas pressure build-up (Chapter 4).

- The cement type choice is very important. The tessent used, the smaller
the amount of heat of hydration and the smallerdifierential heating and
cooling. Therefore, LH cement (Low Heat) or BFSOhdae considered,
because of their low heat production rate. Forasion protection purposes
(low pH) and irradiation influences (additionalrgtyite formation, Chapter
4), BFSC is not acceptable. LH cement not only ceduthe hydration heat
production, it also reduces drying shrinkage amdptarmeability is reduced as
well.

- Massive concrete structures have a thermal grabietmieen the core and the
edges. Therefore it is often useful to cast thacttire in separate parts with
reduced volumes. The smaller the element, therfesssive it becomes: this
reduces the cracking risks. The time between aagiinthe different parts
must be well considered.

- Insulating the concrete element, which can raiseatlitside temperature near
the outer surface and reduce the temperature gitdatéween the core and the
edges, can prevent cracking. In this case, the tindemoulding is very
important.

- The temperature of the concrete can be loweredsmga cooling system: (i)
using ice instead of water, (ii) using cooled ortteg aggregates, (iii) using
nitrogen as an external cooling agent, or (iv) ggircooling circuit with tubes
connected to the reinforcement conducting a codlirg.

- A hot circuit with tubes conducting a hot fluid calso reduce the temperature
gradient. Afterwards, when the hydration peak isspd, the tubes are filled
with a cement paste. In case of the Supercontairisrgesirable to reduce the
amount of metallic parts inside the buffer. Therefthe use of circuits is not
advised as a crack reducing action.
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2 SCC: a comparison with TVC

2.1 Origin and background of Self-Compacting Concrete

Self-Compacting concrete (SCC) is an innovative ccet® that does not require
vibration for placing and compaction. It is ablefltmv and completely fill a formwork,
under influence of its own weight [RILEM Technic@bmmittee, 2008]. The use of
SCC originates from construction applications wheoepactation was physically
impossible. Examples can be found in underwatecrate constructions, foundation
works using large diameter concrete piling, deepcoete diaphragm walling, etc. In
Japan, SCC has been used for large office buildamgs also for advanced types of
extruded tunnels in combination with steel fibésxes used for such applications had
to be self-compacting. Admixtures, such as plastid, were used to help in the
production of these highly specialized mixtures.

The stream of development of modern SCC originftes Japan, due to the high
postwar demand of buildings. To meet this callpaccete was developed with such a
workability that compactation of the fresh concretex was no longer needed. This
also led to an improvement of the concrete dutgbithe postwar reconstruction of
Japan in the 1950s and 1960s created a buildingrbwloere speedy project delivery
obscured the importance of quality. The creatiodwfble concrete structures requires
adequate compactation by skilled workers. Howetee, gradual reduction in the
number of skilled workers in Japan’s reconstructindustry has led to a similar
reduction in the quality of construction work [Ouet al., 2003]. Within several years,
many reinforced structures started to deterioratesed by the poor and insufficient
compactation of the fresh concrete mixes. Afterwardull-scale trials and
demonstrations were carried out the prove the dagiof SCC. The new, modern
SCC enabled an important step towards the impromewiethe quality of concrete in
general and of its durability in particular [De Sitter et al., 2008].

In modern civil engineering applications, the dethaf high quality and durable
solutions is highly asked for. Also the productvaind the time dependency of a
project is a main goal. The quality, durability agven the visual aspect of reinforced
concrete are very dependent on the workabilityre$hi concrete. High concentrations
of reinforcement, complex formworks and attracto@nstruction forms hamper the
casting process of concrete and increase the nesded power. In case of an
insufficient care during casting and compactindre$h concrete, the concrete element
can suffer from inferior quality [Poppe, 2004]. @r&gain, the use of SCC is imposed.
Nowadays, special interest in a wide range of @irat practice goes to the use of
SCC. The advantages of durability, homogeneitywark force independency are the
main reasons of the increasing interest towards.SCC

Nowadays, SCC has developed in different directioamsthe various national
construction markets. In some cases, the main fisctmund in using SCC as a high-
performance concrete for very demanding structuregthers development targets
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mainstream concrete for conventional applicati®@@C is used for in situ applications
as well as for precast production. With increaskipwledge and experience, an
improving track record has increased confidencethiea market, leading to the
development of production plants and equipment iipally adapted to SCC [De
Schutter et al., 2008].

Researches worldwide are conducted on a wide yadktconcrete topics: thermal

properties, mechanical behaviour, rheological prisgge casting conditions, influence

of the different components (filler amount, typefilier, amount of superplasticizer,

etc.) of SCC on properties, microstructure, eagg-behaviour, creep and shrinkage,
etc.

The increasingly widespread availability of supastiizers in the 1970s also led to

the introduction and use of flowing concrete, withbeneficial advantage towards

different production situations. Thus, the develepmof SCC can also be seen as a
logical step in the exploitation of superplasticitechnology.

2.2 Characterization of Self-Compacting Concrete

2.2.1 The definition of Self-Compacting Concrete

The definition of SCC appears to be quite simpld ahvious regarding its name. It

refers to the behaviour of the concrete mix infitsh state and it separates fresh
concrete mixes which are self-compacting from thaegech are not. SCC has the

ability to flow under its own weight and fill thequired space or formwork without the

need of compactation in such a way that an adelguadenogenous material is formed.

In comparison with a Traditional Vibrated Concréf&C), SCC possesses a very high
workability, it completely resist segregation andmaintains its stable composition

throughout transport and placing [De Schutter e24I08].

Self-Compacting Concrete is defined according toSokutter et al. (2008): ‘a kind of
concrete which needs to possess sufficient fluidityrder to be able to fill a formwork

completely (filling ability) without the aid of o#r forces than gravity, even when
having to flow through narrow gaps (passing abilityut also showing a sufficient
resistance to segregation, during flow and in etatiy conditions (stability).’” First of

all, SCC is a concrete and therefore must complih vall demands given to a
traditional concrete: cement content, W/C ratia, @ntent, strength development,
durability, pore structure, etc. Producing SCGkis finding a compromise between the
fluidity and the stability: a very fluid materias iwanted in order to have sufficient
filling and passing ability, but the needed stapilconditions require almost the
opposite [Feys, 2009].

2.2.2 The properties of fresh Self-Compacting Concrete

Different durability aspects can occur for SCC daethe different mix design in
comparison with TVC. The main difference betweerCShd TVC lies in their fresh
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state properties (rheology), and the absence oétidn energy needed in case of SCC.
A low yield stress, in combination with a suffictgnhigh viscosity forms the base of a
good SCC [Poppe, 2004]. SCC with sufficient flowialgility is able to flow under its
own weight, completely filling the formwork and aeting full compaction, even in
the presence of a dense reinforced network. Sutte3€C needs a combination of
three key distinct properties:

- Filling ability: the ability to flow into and comptely fill all spaces within the
formwork under its own weight. This property is @mbination of total flow
capacity and flow rate.

- Passing ability: the ability to flow through andoand confined spaces
between steel reinforcing bars without segregatiololocking.

- Segregation resistance: the ability to remain hamnogs both during
transport and placing (under dynamic conditions) after placing (under
static conditions).

In rheological terms the first and the third prdjesrrequire a combination of low yield
stress and a moderate plastic viscosity. Diffelemels and combinations of these
properties are required for different applicatiJi®e Schutter et al., 2008]. These
rheological properties strongly affect the flowibghaviour of a fresh concrete [Feys,
2009]. A vyield stress that is too high leads towsaadvery stiff material that does not
flow under its own weight. If the dynamic viscosif/the cement paste is significantly
low the risk of segregation of the concrete raiselsich can lead to blocking of the
aggregates and of the concrete flow near narrownioge and zones with dense
reinforcement configuration. On the other handhé yield stress is too low, the risk of
segregation increases. The casting of the conceetédbe slowed down and the fluent
concrete flow can be stopped if the viscosity i high. A suitable area for SCC can
be defined according to Figure 5.5.

The early development of SCC in Japan establisheassential criteria for achieving
the three key properties [Okamura et al., 1995]:

- Alow W/C (or Water/Powder, W/P) ratio with high sis of superplasticizer
to achieve high flow capacity without instability dleeding. It must be
noticed that SCC with higher W/C ratio also is plolss

- A paste content sufficient to overfill all the veith the aggregate skeleton to
the extent that each particle is surrounded bydmgaate lubricating layer of
paste, thus reducing the frequency of contact amitision between the
aggregate particles during flow.

- A sufficiently low content of coarse aggregatestoid particle bridging and
hence blocking of flow when the concrete passesutiin confined spaces.

The determination of rheological properties sushlygnamic viscosity and yield stress
is hard to establish in practice. A rheometer canubed to determine whether the
dynamic viscosity and the yield stress are situatethe acceptable zone for SCC,
according to Figure 5.5.
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Figure 5.5: Definition of the suitable area for SCC

Alternative test methods are set up to charactehiedresh properties of SCC such as
the filling and passing ability, the segregatiomisgance and the viscosity of the SCC
(Chapter 6): the slump flow, V-funnel, L-box, siestability test, etc.

2.2.3 The constituent materials of Self-Compacting Catecre

SCC can be made from any of the constituent médetiieat are normally used for

structural concrete: cement and additions, aggesgatand, admixtures, fibres and
water. However, SCC mixes are less tolerant taatians in material supply than TVC,

and so uniformity and consistency of supply thraughthe production of the concrete
are essential.

For a concrete, to be considered as SCC, the usepeiplasticizers is recommended
to increase the flow ability of the concrete with@dding an additional amount of
water. In comparison with TVC, SCC also has a larged of additives to increase the
viscosity: fly ash, limestone powder, silica furregc. A well balanced grain size
distribution of fine and coarse aggregates conttwsviscosity of the fresh SCC.

SCC requires a high powder content due to the eguin of fillers and a low W/P
ratio. Additions of all types can be considerediblend with the cement and this has
its own specific influence on the fresh and hardemeoperties of the concrete
mixtures: inert material (limestone powder), poanit (fly ash, silica fume), or latent
hydraulic (BFS). These additions lead to a heatdpecton reduction, a strength
control, a reduced AAR risk, improved rheologibehaviour and improved stability.

A well-distributed overall grading of aggregates 8CC is desirable. For most
applications, the maximum aggregate size is lowan 20 mm, while for TVC coarser
aggregates can be used (Figure 5.6). Fine aggeegatemost suitable for SCC. The
amount of very fine material is of particular imgorce. A sufficiently low content of

coarse aggregates is demanded to avoid blockinggloasting.
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Figure 5.6: SCC has a lower content of coarse aggres in comparison with TVC

Worldwide, there is a wide range of mix proportiottsat can produce SCC
successfully. Expressed in volumetric terms, a remab key composition factors fall
within limiting values [RILEM Technical Committe2008]:
- A paste volume of 34 % to 40 % of the concrete n@u
- AW/P ratio of 0.8 to 1.2 (by volume), with the usfea viscosity agent in case
of values near the upper value.
- Afine aggregate volume of 40 % to 50 % of the movblume.
- A coarse aggregate volume of 30 % to 34 % of theie volume, whereas
typical values of normal concrete are between 4in%45 %.
- A water content of 150 I/m3 to 175 I/m3 in case vigscosity agent is used,
otherwise up to about 200 I/m3.

These ranges are equivalent to a weight of 7500-kg2m?3 coarse aggregates, 710 —
900 kg/m3 fine aggregates, 450 — 600 kg/m3 powddr 250 — 200 kg/m? water. The
microstructure of SCC significantly differs fromoge of TVC due to the application of
fillers, the higher amount of superplasticizers ahd absence of vibration. The
hydration process of SCC is altered, depending hlen type of used fillers and
especially when limestone filler is applied. Inttltase three phenomena occur: (i) a
considerable shortening of the dormant stage, thuglicker start of the hydration
reaction, (ii) an acceleration of the hydrationctems after the dormant stage, and (iii)
in some cases the appearance of a third peak ihaaeproduction rate (Chapter 6).
When an additional amount of filler is used at ¢anscement content, there will be an
improvement on hydration and structure formationdose of the lower proportion of
water compared to the total amount of solid powdeterial [RILEM Technical
Committee, 2008].

To summarize, the three main properties are givigh tive specifications towards the
concrete materials to obtain a Self-Compacting @Gstac
- Filling ability: the ability to flow into and comptely fill all spaces within the
formwork is possible if the amount of the largeggieegates and the maximum
grain sizes are limited. It is desirable to inceedlde dynamic segregation
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resistance during flow, made possible by implenmgnta sufficiently low
water to powder ratio (W/P ratio) and by using &cwusity increasing
admixture.

- Passing ability: this can be improved by using splasticizers and filler
materials. Reducing the internal friction of thencmete materials can be
obtained by reducing the amount of coarse aggregatd by replacing them
by filler materials.

- Segregation resistance: the stability of the cdmcmaust be assured by
reducing the volume of aggregates and by redutiaedargest grain sizes. The
cohesion and the viscosity of the concrete can rbpraved by using a
viscosity increasing admixture or by realizing #isiently low W/P ratio. To
diminish the bleeding effect, the following measunemts can be taken:
reducing the total water amount, obtaining a lowP\ktio, using a filler with
high specific surface and using a viscosity indregaadmixture.

Taking into consideration the indicated recommeindat it is possible to design and
prepare a well flowing, segregation resisting SE@re 5.7). A good reason for
introducing SCC is the avoidance of durability desbs linked to the possible bad
vibration conditions. On the other hand, littleanhation is available on the intrinsic
durability of the material itself (i.e. the durabil paradox [RILEM Technical
Committee, 2008]).

Figure 5.7: Casting of SCC with a good flowing il
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2.2.4 The advantages and disadvantages of Self-Compactingrete

Advantages

Excess in vibration can lead to segregation of TViE exclusion of vibration

with SCC can lead towards the avoidance of segmyatlated issues [Boel,
2006]: precipitation of coarse aggregates, (miditBeding in the cement
paste, large concrete density variations, etc.

The lack of vibration also leads to a reduced wagKorce, working costs and
energy cost and a reduced dependency of the cerureperties on the skills
of the workmen on site. Using SCC has great pradtictadvantages: the

production speed can be increased leading to @ased construction time.

In case of SCC, the casting can practically ocowrie layer, if the formwork

can withstand the occurring pressure.

SCC has an improved homogeneity which beneficiaffgcts the concrete’s
durability.

As SCC does not need any form of compactatiorarit lee pumped from the
bottom of the formwork instead of from the top: tieght of the structure can
be increased and the risk of segregation or lamga@usions due to fall of

concrete from a certain height can be avoided [F2989].

One of the aims of the development of SCC is toichtioe use of external

vibration and thus reducing previously occurringalfe problems such as
‘white finger syndrome’, reduced sense of hearingd aother physical

complaints of workers due to the use of vibratieedies [RILEM Technical

Committee, 2008].

A reduction of environmental problems, caused leyrihise of vibration, can
be achieved [RILEM Technical Committee, 2008].

Due to the good flowing ability of SCC in complexaymetries, the

architectural aesthetics can be improved. The dessgcan increase their
creativity and have a greater freedom in stylirgdbncrete structure.

Disadvantages

One of the most important disadvantages of SCQdsig in the way of a
more frequent use of SCC in comparison to TVChéshigher material cost:
in SCC, higher amounts of more expensive bindeemént and other
powders) and admixtures (superplasticizers) ardaw@ order the make the
concrete self-compacting. On the other hand, teeoiSCC strongly reduces
the working labor and the construction time andrionps the productivity.

The properties of fresh SCC are much more sendibiadterations in one of
its constitutive materials than TVC. Especially ttn®isture content of the
aggregates can lead towards important changeifiaiv ability of the fresh
SCC. A good quality control, and an accurate ddtsation of the water
content of the applied aggregates is one of thghest issues SCC has to deal
with in the concrete industry.

A complete tightness of the formwork used for SGCneeded and the
formwork needs to withstand high pressures.
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3 Special Protection Concrete

3.1 Definition of Special Protection Concrete

In the nuclear industry, Special Protection Coref&PC) is often used because of its
beneficial ability and behaviour towards attenugtinmitigating and blocking
irradiation of a radioactive nature. SPC is a cetecand complies with other types of
concrete (same type of cement, same architectire, except for the addition of
specific components [Bouniol, 1998]. Three typeSBfC are given:

- Heavy Concrete: has a high volumetric mass andsésl dor the protection
against gamma radiation.

- Neutrophage Concrete: a large proportion of lgJetnents is used to provide
protection against neutrons attack and to reali@®iption of neutrons.

- Hybrid Concrete: a well-considered combination e&vy and light elements
which provides protection against electromagnetiweg and photons (gamma
rays and X-rays) and against neutrons attack.

An additional reinforcement is often provided iresithese concrete types to assure
sufficient mechanical strength. Due to the increggise of additives, these concrete
types become more and more compact. This introdacésiproved resistance towards
aggressive environments and additional mechanicaigth.

3.2 Formulating the composition of SPC

To optimize the concrete composition, efforts mhesmade to formulate efficiently the

aggregate skeleton: the type of aggregates (ragigalh mechanical and thermal

requirements), the grain size (requirements comegrithe density and casting

conditions of the concrete) and the grain sizeribistion are of major importance.

Next, a compatible cement matrix must be choserchwigan fill the annular gaps

between the aggregates. This matrix also must gomiph specific requirements: type

of cement (thermal, chemical and mechanical praggetb sustain the environment’s

aggressiveness), amount of cement, W/C ratio (starsiy, durability and strength)

and the amount of filler and/or additives to realia consistent and processable
concrete mix.

To mitigate the present gamma rays, heavy elengmtis as haematite, magnetite and
limonite aggregates are used in combination withex with limited hydration heat to
reduce the thermal cracking risk. At high tempeegy exceeding 50 °C, aggregates
with limited thermal deformation capacities andvated conductivity are preferred.
Ordinary Portland Cement (OPC) or Aluminate Ceméih€), with its typical
beneficial resistance to heat and sulphate attrekhighly recommended [Madigan et
al., 1997]. The use of BFS is discouraged due @cafipearance of additional ettringite
formation under the influence of radioactive gammeams [Richardson et al., 1990].
Colemanite aggregates and AC behaves beneficial toncrete mixture towards
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neutrons attack. In general, a concrete layer withickness bigger than 0.5 meters,
based on a CEM | 42.5 (OPC) and with good heat wotmty aggregates, is very
suitable for protection against gamma rays andraestin environmental temperatures
between 20 °C and 100 °C [Bouniol, 1998]. Table &ufinmarizes three types of SPC
used for different nuclear applications.

3.3 Properties of SPC

The most important property of SPC is the abiltyattenuate radioactive radiation.
Attenuation of electromagnetic waves is the de@ea#sthe total amount of photons
with a specific energy level E due to the travegsif a bundle of the electromagnetic
waves through an absorbing medium. For a certaiangthickness of a concrete
element, the attenuation of the radiation depenmdghe chemical composition of the
irradiated element and can be determined by mefanstioe attenuation coefficient:

ﬂ(Ep):Z{f; Eﬁzl(fp)} Lo, (5.1)

i

where: U (Ep) = the attenuation coefficient of the concreteradat (1/cm)
fi = the mass fraction of component i in the concedéament (-)
(/o) (Ep)= the absorption coefficient towards photons ofmpmnent i in
the concrete element (cm?/g)
o= the volumetric mass of the concrete element (Rg/m

Consider an initial amount\of a bundle of energetic photons with energy ldggel
that invades a layer of an attenuating materiah witcertain thickness a. Due to the
attenuation, the amount of photons that reachesri@in depth x of the irradiated
material is given by:

N (x)=N, &+ (5.2)
where: N = amount of energetic photons at depth x =0 (-)
M = attenuation coefficient of the absorbing mate@acording to (5.1)
(1/cm)

x = depth inside the absorbing material (cm)

By means of the equations (5.1) and (5.2) it issjiide to calculate the necessary
thickness of the SPC to prevent electromagneticewao get through a protecting
material.
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The thickness of an absorbing medium necessaryedoce the initial amount of
energetic photons to its half, is called the hajvihickness HT of an absorbing
medium. To calculate HT equation (5.3) is used.

HT =—— (5-3)
M

where: M = attenuation coefficient of the absorbing mate@cording to (5.1)
(1/cm)

According to Bouniol (1998), the attenuation caméit, for photons with a constant
energy level of 1 MeV, of the Standard concrete thedHaematite concrete (Table 5.1)
equals respectively 0.1527 ¢rand 0.2494 cth For variable photon energy levels, the
use of graphs is necessary to acquire the attemuediefficient and thickness necessary
to reduce the radiation intensity (Figure 5.8). Emample: a Standard concrete needs a
thickness of 150 cm to reduce a photon radiatield fivith energy level of 1 MeV to
10° of its initial value whereas the heavy Haematiiaarete only needs a thickness of
90 cm. Standard concrete with thickness of 250 amreduce a photon radiation field,
with high energy level of 10 MeV, to maximum6f its initial value. Only 175 cm of
Haematite concrete is needed to reduce the samterpbandle to 18 of its initial
value.
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Figure 5.8: Evolution of the attenuation coeffidief Standard and Haematite concrete (left)
Determination of the attenuation thickness for 8tad concrete (right)
[Bouniol, 1998]
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Table 5.1: Concrete compositions of three diffetgpes of SPC (according to [Bouniol, 1998])

Haematite | Magnetite | Standard
Components
concrete concrete concrete
Cement AC 400 CC 350 OPC 350
Water 140 175 150
Superplasticizer 4.25 5.25 1.75
Sand 1 990 (0/1) 200 (0/1) 750 (0/4)
Sand 2 920 (0/6) 1100 (0/5) 420 (4/12)
Aggregates 1680 (6/20) 1800 (5/20) 780 (8/20)
W/C 0.35 0.5 0.43
Oc 4075 3500 2380
k 6.23 3.37 2.26
or 8.5 x1¢f 8.9 x 10 10.0 x 1¢
€ (28d) 140 300 175
f.(28d) 76 44 63
f:(28d) 5.0 35 4.4
E. (28d) 81 42 44
Concrete plug Deep disposal
Utilization radifc?e:ctive Igtriﬂqog(r)-res of fission
: . piating products
disposal site

AC
OPC
CC

Aluminate Cement

Ordinary Portland Cement

Composite Cement

kg/m3
kg/m3
kg/m3
kg/m3
kg/m3
kg/m3

kg/ms3
WI(FAC)
1/°C
um/m
MPa
MPa
GPa
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4 Engineered Cementitious Composites

Engineered Cementitious Composites (ECC), an dlidile concrete, is a unique type
of high performance fibre reinforced cementitiousmposites. To counteract the
negative effects on the durability and the mectarehaviour of cracks in concrete,
ECC's are introduced. The cracks inside these cétieers materials have the ability
to seal themselves, slowing down the water trasgfopugh the cracked concrete.

This self-healing ability of ECC is founded on fimeain mechanisms of autogenous
healing:

- The further hydration of non-reacted cement.

- The expansion of the concrete in the crack flanlestd swelling of CSH.
- Crystallization (calcium carbonate).

- Crack closure by impurities in water.

- Crack closure by loose concrete particles resuftioig crack spalling

Most of the precedent research indicate crystaitimeof calcium carbonate as the main
mechanism behind self-healing of mature concretnfyet al., 2009]. The growth of
calcite inside the tight cracks is found. More stgdare ongoing to indicate whether
this growth is the main mechanism behind the setflihg ability of ECC. Crack width,
water pressure, pH, temperature, water hardnegsy whloride concentration and the
concrete properties are affecting parameters ofhsaling. Crack width is the
dominating factor so that the control of the cradgkith is very much desirable. The
microstructure of ECC before and after self-healimith the typical white residue
present along the crack lines after wet-dry coaditig cycles, are shown in Figure 5.9.
EDX (Energy Dispersive X-rays) analysis resultsi¢gate that the majority of the self-
healed products are characteristics of calciumaraate crystals.

Figure 5.9: Microcracks in ECC before self-healif@ and after self-healing (b)
[Yang et al., 2009]

ECC features high tensile ductility and tensilaistrcapacity: the capability to deform
over 3 % under load, while maintaining a crack tidf about 20 um to 60 um up to
failure (Figure 5.10). This steady state crackestan be seen as an inherent material
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property of ECC. Even with a large number of swefacacks, ECC may behave like
sound concrete with no cracks, by virtue of itdtigrack width control (typically les

than 60 um).
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Figure 5.10: A typical tensile stress-strain crankve of ECC [Li et al., 2001]

A number of other specific conclusions towards-keliling can be drawn:

In order to obtain noticeable self-healing, the ckrawidths within the
cementitious materials must be controlled below 159 preferably below 60
pum.

Four to five wet-dry cycles are necessary to induéell recovery and attain a
full benefit of self-healing.

Self-healing can distinctly enhance the stiffneds coacked ECC (i.e.
mechanical healing).

An increase of ultimate strength and a light deseeaf tensile strain capacity
of self-healed ECC is found with increased tempeest

A recovery of 76 % to 100 % is found in specimeunbjected to a tensile
strain of respectively 3 % and 0.3 %.

The tensile ductility characteristics of ECC armimed due to self-healing of
pre-loaded specimens.

The tensile strain capacity of ECC is approxima&f9 times higher than that
of normal concrete.

The establishment of self-healing and the use df E€ems to improve the long-term
durability of the concrete material after crackirtgowever, further discussion on
behalf of the Supercontainer concept, remains bilteoscope of this study.
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5 Concrete Buffer Composition

51 Introduction and restrictions

In Chapter 3, the main functions of the concretfiebof the Supercontainer are given
(long-term safety and operational safety). Congndethese functions and taking into
account the predefined limitations, a referencecoete composition (Table 5.3, Figure
5.12) for the buffer of the Supercontainer is defaed.

Two types of concrete are considered for the ceitimurg buffer around the overpack:
a Self-Compacting Concrete SCC and a Traditionddrated Concrete TVC. As
mentioned before, preference is given to the useSGC because it will ease
considerably the precast process and complies alitbther requirements regarding
compressive strength, long term durability, chelriit@ractions, etc.

There are certain restrictions to the different ponents of the buffer. It is
recommended that CEM | (OPC), wilimited hydration heat production to avoid or
limit thermal cracking, is used to prevent portla@aonsumption (with additional pH
drop), with additional restriction that the ceméas a low S@and GA content. This
avoids formation of dense hydrogarnet with resgltimcrease of porosity and
permeability. The concrete must havigh sulphate attack resistance to better resist to
sulphur species potentially present in the claymstHRock pore water. It is also
recommended that both fine and coarse aggregatmddsibe limestone (calcium,
calcite) containing not more than 2 % each of mamme, silicon and aluminium (as
oxides). This limits the risk on AAR resulting ixgansion and cracking. No other
organic additives are acceptable except, as lowtgyas possible, a small amount of
superplasticizer.

Other wanted properties are listed below:

- Good workability (preferably pumpable).

- Sufficient tensile and compressive strength in oitderesist to normal and
accidental loads.

- Microcracks are allowed (and cannot be avoided)tbogential and axial,
through-going cracks, that might jeopardize thealadical shielding capacity
and ease the transport mechanisms through therpsffileuld be avoided.

- Good quality, homogeneous and dense concrete isede@0 quantitative
values imposed).

- Areasonable thermal conductivity k to sufficientiynvey the heat originating
from the exothermal hydration processes and frarht#at-emitting waste.

These considerable number of functions are beield at and discussed in the
following paragraphs.
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5.2 The pH of the concrete buffer

One of the major functions of the concrete bufferthe creation of a favourable
chemical environment with high pH in order to pretveorrosion of the canister during
the thermal phase (long-term safety, Chapter 3felPaibly, a pH of 13 is realized by
means of the concrete buffer composition. This lyigitkaline environment intends to
passivate the carbon steel overpack, resultingregdaction of the corrosion rate. The
potential for significant lowering of the pH valussreduced by using only OPC and
by not permitting blending agents, such as FA, $FBBES, which will cause a

significant drop in pH, into the concrete compasiti

5.3 Compatibility with the Host Rock

Scientific programs give increasing confidence inlayey Host Rock as the natural
barrier (for example: Boom Clay). Clay is a suitaliflost Rock for the Belgian
reference disposal concept for its diverse vamétyroperties (Chapter 3). Whether the
clay and its retention capacity is vulnerable tghhpH, needs to be further examined.
Recent studies indicate that concrete types witketopH values (< 11) and low
hydration heat show a greater compatibility withclayey environment [Cau Dit
Caumes et al., 2006]. Clay properties may be degrdy high pH conditions and a
high temperature rise can induce microcrackinghef material. Therefore different
types of concrete with low alkali amount, low hytitva heat and high strength were
examined. Therefore, a part of the cement of OPedbaeference samples are replaced
by silica fume (SF) and/or fly ash (FA). By additiof these additives, the amount of
produced portlandite Ca(OFl)mostly responsible for the high pH of concretg, i
reduced. In case blends of 60 % OPC + 40 % SF & %70PC + 32.5 % SF + 30 %
FA are used, good processable and high strengttretenwith pH lower than 11 was
obtained.

According to Alexander (2008) the use of high pthaete for deep disposal will
induce an alkaline plume (Figure 5.11) in the Hédick in the presence of
groundwater flow. The Host Rock behaviour will Influenced by this highly alkaline
environment. The hydration of the cement based niaégen the underground disposal
facilities by means of groundwater induces an ahisitate of hyper alkalinity (ph
13.5) due to the formed alkali hydroxides and dug¢he portlandite buffer [Atkinson,
1985, Berner, 1987]. In case of an escape of theetwalkaline pore water to the
surrounding Host Rock, interaction with and deteriion of this soil can occur with a
detrimental effect its retention capacity [Hawoethal., 1987].

Whether a lower pH is desirable in the Belgian aaseds to be discussed. One of the
major functions of the concrete buffer is the psau of a highly alkaline environment
to slow down the corrosion rate of the overpacke Thay layers near the disposal
galleries, thus close to the underground repositeily experience the influence of the
alkaline plume in case of a groundwater flow. Hoemre\going further away from the
repository, the effect becomes negligible. Presemaof hyper alkaline conditions
over an extended period of time induces a reduatiothe retention capacity of the
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Host Rock, but an improved sorption of the radidioles via the cement [Hodgekinson
et al., 1987]. Further discussion lies out of tbepe of this doctoral thesis.

Groundwater flow

Alkali plume migration

Cementitious

repository

Leach hyperalkaline

cement porewater

Figure 5.11: The alkaline plume has an impact anlost Rock [Alexander, 2008]

54 Limitation of the hydration heat

Massive hardening concrete elements are very piwribermal cracking at younger
age due to the exothermal hydration reaction ofdtment. Concrete, with its low
tensile strength, hardly sustains the created sssesleveloped inside the structure
attributed to the rather small heat conduction cépaf concrete, leading to thermal
gradients inside a massive structure and givingseato differential thermal
deformations.

To avoid thermal cracking, the choice of a cemeitlh Vimited hydration heat (LH) is
recommended. Reducing the total amount of cemesd,us also possible but could
negatively affect the mechanical strength and #renpability of the concrete.

5.5 Sufficient mechanical strength

Microcracking is inevitable in massive concretaistures and therefore sustained and
acceptable. Through-going tangential or axial memecks, on the other hand, have to
be prevented at all times. This will facilitate ghessibility to get preferential pathways
for water inflow, for straightway flows and for gam rays and radionuclide
preferential paths [Craeye et al., 2009, Benatslet2005]. Previous studies have
indicated that a characteristic tensile strengtl? dflPa is necessary. Finite element
calculations show that the tensile stress dueddtdration heat can be close to 2 MPa
near the outer surface of the concrete buffer mesoases (Chapter 8).

Also the compressive strength should be suffictentvithstand normal and possible
accidental mechanical loads such as a horizonllafréam a certain height. Cracking
could take place when tilting, independent of thespnce of reinforcement or the
stainless steel envelope. Further research is s&geto evaluate the robustness of the
Supercontainer in case of an accidental load (btlteoscope of this research).
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Finally, after the Supercontainer is placed inshiedisposal gallery and the repository
tunneling is closed, the concrete buffer must teufficient strength.

5.6 Ettringite formation and sulphate attack

For the cement, an additional restraint on the athotiSQ (< 2 %) and the amount of
C3A (< 5 %), which is very vulnerable to sulphateaak, is demanded. The ettringite
formation is a very expansive process en can aette hardened concrete structures.
A scattered and branched network of cracks is fdrinethat case. The cement also
must have a high sulphate resistance (HSR) to tréises sulphate attack of the
groundwater (Chapter 4).

5.7 Permeability, water content and desired degreatofation

The heat production due to hydration inside thecoste buffer can be prevented by
means of reducing the total cement amount. Lowettiegcement amount results in an
increasing permeability which can increase theudiffity of water and gas through the
buffer. This is disadvantageous towards the casrogrotection of the carbon steel
overpack around the waste canisters but advantagemards gas production inside
the buffer due to heating and/or radiolysis of ploee water (Chapter 4). This leads to
another discussion: the water content inside tinerete buffer.

A low water content could lead to a reduced gasdymtion due to heating and
radiolysis of the pore water, but an equilibriunegsure of K cannot be established
(Chapter 4). An increased permeability can leathtéonecessity of ventilation of the
buffer to release the produced gasses. This redherdiscussion whether the use of an
outer stainless steel liner is desired (ChapteA3)art of the water used during mixing
of the concrete of the buffer, will be chemicallyumd to the cement during hardening.
There also must be a sufficient amount of wateilavie during mixing to insure a
desirable plasticity. A part of the water is stillailable after hardening and hydration
of the cement, present as free pore water. Thesjiprof the concrete increases with
increasing water amount and W/C ratio. If theseepanterconnect, the permeability of
the concrete will increase. The excess of waterb@mareduced by heating the concrete
in such a way that the pore water is driven ouhefconcrete. The advantages of pre-
heating the concrete lies in the fact that gas yrtdn due to radiolysis is reduced and
the resistance of the concrete increases towaatmperelated changes. A dry concrete
shall induce a lower gas pressure build-up, hagidlermal conductivity and does not
have the same shielding effects towards radiatisnsaturated concrete [Galson
Sciences, 2005].

Finally, the degree of saturation S of the concreteonsidered. This has an influence
on the properties of the concrete. Two limit statesur: dry concrete previously dried
at 60 °C and wet concrete after curing in wateP@t C with their specific (dis-)

advantages (Table 5.2) [Crawford et al., 2004]. Taer inside the wet concrete
buffer will redistribute through the buffer underfluence of the thermal gradient by
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inserting the heat-emitting canisters. Dry concretelergoes a drying process that
leads to a stabilized water content and probatdtrength reduction and an increased
porosity. A wet concrete will have a higher watermeability than a dry concrete,
leading to a higher migration rate of pore watetigioating from the Host Rock)
through the buffer towards the radioactive wastgaioing canisters.

5.8 Choice of cement

One of the main technological issues of the corcbefffer is the creation of thermal
stresses due to the heat of hydration of the cenféwrefore, the choice of a blast
furnace slag cement (BFSC), which produces lessatigth heat and thus creates less
internal stresses than OPC, occurs. This ideaig liismissed for different reasons:

- The use of OPC is stimulated due to its relativeps® chemical properties in
normal and elevated temperatures during the therpltzse of the
Supercontainer. Concrete using BFSC, with a lowatSCratio, has a more
complex mineralogy in case silica aggregates airghesed.

- In a first phase, the Portland clinker inside BF@@cts with the available
water and forms portlandite Ca(OH)This portlandite subsequently reacts
with the blast furnace slag present in BFSC. Thisc@ss consumes
portlandite, leading towards a pH reduction. A pHL8 cannot be achieved
by using a BFSC. This high pH is a desired propeftthe concrete buffer to
prevent corrosion of the canister’s overpack.

- BFSC has a considerable lower amount @8,Cwhich leads to a lower
strength development of the young concrete in coispa to OPC based
concretes and to a later setting time and a slstiféness development.

- Richardson et al. (1990) indicate that in case BS88/OPC mixes, containing
75 % BFSC and 25 % OPC, additional ettringite fdiomais noticed in the
irradiated test pieces. Also the amount of Ca(Ok3s reduced, indicating a
portlandite consumption due to irradiation and legdo a decrease of pH.

- Concretes using BFSC show higher shrinkage afteda@s than OPC
according to Lura et al. (2001). The phenomenonidcde related to the
supposed denser structure of the BFSC paste, vghiolvs smaller pores that
can induce higher capillary forces during the se§iccation process and
increasing the autogenous shrinkage.

The reduced heat production and the increased a@ptesistance (due to higher
amount of present{8) can be seen as the advantages of using BFSC.

This leads to the choice of an OPC, with low alleatiount (LA), to reduce the risk of
AAR and corrosive effects of the alkali’s on thelman steel overpack. The cement has
a limited hydration heat (LH) and high sulphateistasice (HSR). The use of silica
fume and/or fly ash is rejected to avoid a drophh
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5.9 Choice of aggregates

Nuclear irradiation can considerably increase thARAreactivity of silica rich
aggregates (either crystalline quartz as amorplyuastz), even if those aggregates
were chosen for their ability to resist AAR (Ichika et al., 2002).

Limestone (CaCg) calcite) containing not more than 2 % of magn@sisilicon and
aluminium (as oxides), should be used as fillere faggregates and coarse aggregates.
This limits AAR resulting in expansion and crackimgcreases the pH of the concrete
and does not unnecessarily make the mineralogy rooneplex. Dolomite is best
prevented because it can induce magnesium intsystem, which can react with the
silicon present in the concrete. The radiolysifitie changed by adding CaGOThe
calcite provides a clogging of the pores, creatingiore uniform gas distribution and
spreading inside the concrete pore volume (ChaterThe addition of limestone
powder can also lead to an increased viscositystatality of the concrete [De Schutter
et al., 2008].

Out of safety consideration, it can be necessabydaden the thickness of the buffer to
provide better radiological protection and operadicsafety. This can lead to additional
fabrication and transportation problems. To overedhis problem, it can be useful to
replace a part of the limestone aggregates by aal eplume of a heavier aggregates,
such as haematite. Concrete containing haematgtaniaroved thermal conductivity
and attenuating properties [Bouniol, 1998, Wicktetral., 2004].

Finally, the type of aggregates also has an coradidie influence on the behaviour of
concrete submitted to high temperatures: the ag¢gegthermal expansion is partly
opposed to the drying and the autogenous shrinkédgke cement paste. Limestone
aggregates, whose thermal coefficient of expansotower than that of siliceous
aggregates is more favourable to the behaviourigih kemperature of concrete
[Bouniol, 1998].

5.10 Choice of admixtures

Organic admixtures, such as superplasticizers, aiten added to improve the
rheological properties of fresh concrete, espgciallcase of SCC. The adding of 1 %
of superplasticizer (in comparison with the cemmaiss) has a considerable effect on
the radiolysis (Chapter 4). In a saturated anddiated environment, the presence of
organic substances (highly reducing) can accomplifdst reduction of the oxygenous
products. Therefore, the,Hresent in the concrete buffer (due to corrodigdyrolysis,
heating), shall not be deteriorated and can caosenaulation of gas pressure if the
dose rate is higher than 0.1 Gy/s [Bouniol, 2004].
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Table 5.2: Advantages (+) and disadvantages (-)
of wet concrete (high S) and dry concrete (low S)

Wet concrete / High S Dry concrete / Low S
+/- Low gas permeability High gas permeability +/-
- High water permeability Low water permeability +
+ High protection capacity Lower protection capacity
towards irradiation towards irradiation
+ High thermal conductivity Lower thermal conductywit -
Good bond between the Bond bet_ween the d_|fferent
different concrete interlayers concrete interlayers is worse -
due to dehydration shrinkage
_ Higher gas production due to Lower gas production due to
corrosion/radiolysis/heating corrosion/radiolysis/heating
- Risk of steam formation No risk of steam formation +

The fabrication process
needs to take into account a
drying stage

Need of curing after casting,
to limit evaporation

Reduced capillary sorption Increased capillary sorption
of groundwater of groundwater

Reference concrete compositions
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The use of additives is often rejected. NFS (nagdbtte formaldehyde sulphonate),
MFS (melamine formaldehyde sulphonate) and polywarate superplasticizers (such
as Glenium) can have a beneficial effect underdiated conditions towards ,H
production (Chapter 4). It is recommended to lithie amount of organic admixtures
inside the concrete buffer composition except, @g uantity as possible, a small
amount of superplasticizer (polycarboxylate baseid) increase the processability,
flowability and workability of the fresh concretd. must also be noticed that the
addition of superplasticizers can increase theyemyé shrinkage behaviour and can
retard the setting time [Holt and Leivo, 2004].

5.11 Reference concrete compositions of the concreteibuf

Based on this extensive range of requirementsfoll@ving concrete compositions for
SCC and TVC are determined (Table 5.3, Figure 5.AZpboratory characterization
program is performed to obtain to most importamritial, mechanical and maturity-
related properties, and will be discussed in Chéate

Table 5.3: Reference concrete buffer compositidd@E and TVC

Component SCC TVC
Cement CEM 1/42.5N HSR LA LH  kg/m3 350 350
Limestone filler kg/m3 100 50
Limestone 0/4 kg/m3 840 708
Limestone 2/6 kg/m3 327 414
Limestone 6/14 kg/m3 559 191
Limestone 6/20 kg/m3 0 465
Superplasticizer Glenium 27/20 kg/m3 10-14 4-5
Water kg/m3 175 175
SCC-TVC
OPC based Limestone
paste aggregates
Powder E Water E SuperplasticizefE Fine aggregate% Coarse aggregat
(<4 mm) (> 4mm)
CEM1425N

HSR LA LH

Limestone powdeE

Figure 5.12: Constituent componeiof SCC and TV

126 Chapter 5



References

Alexander W.R. (2008)Jordan natural cement analogyeSement and Cementitious
Materials in the geological disposal of radioactiwvaste, ITC School International
Course, Eurajoki, Finland.

Atkinson A. (1985),The time-dependence of pH within a repository fdioactive
waste disposalUKAEA Technical Report AERE-R11777, Harwell, OxdsK.

Audenaert K. (2006)Transport mechanisms in Self-Compacting Concreteligtion
with carbonation and chloride penetratiorDoctoral thesis (in Dutch), Ghent
University, Magnel Laboratory for Concrete ReseaB#igium.

Benats V., de Marneffe L. (2009)emonstration of the Supercontainer design for
S.P.W.D.: Preliminary study if the Supercontaindirst stage concreting and waste
thermal effectsTractebel Engineering Technical Report TIERSDIT4XO06,
000/00050829.

Berner U. (1987),Modelling porewater chemistry in hydrated cemeNtaterial
Research Symposium, Proc. 84, p 319.

Boel V. (2006), Microstructure of Self-Compacting Concrete in raat with gas
permeability and durability aspegt®octoral thesis (in Dutch), Ghent University,
Magnel Laboratory for Concrete Research, Belgium.

Bouniol P. (1998)Bétons spéciaux de protectidRapport CEA BN 3 740, France.

Bouniol P. (2004)Etat des connaissances sur la radiolyse de I'eansdas colis de
déchets cimentés et son approche par simulaRapport CEA-R-6069.

Cau Dit Caumes C., Courtois S., Nectoux D., Lexje6., Bourbon X. (2006),
Formulating a low-alkalinity, high resistance anow-heat concrete for radioactive
waste repositorigSCement and Concrete Research 36, 2152-2163.

Craeye B. (2006)Mitigation of autogenous shrinkage by means ofrirek curing,
Master thesis (in Dutch), Ghent University, Maghaboratory for Concrete Research,
Belgium.

Craeye B., De Schutter G., Van Humbeeck H., Vanti@at A. (2009)Early age
behaviour of concrete supercontainers for radioaetiwaste disposalNuclear
Engineering and Design 239, 23-35.

Crawford M.B., Wickham S.M., Galson D.A. (2004)orkshop on the Evolution of
OPC Buffer and Steel Corrosion in the Belgian Saopetainer Design for HLW
Disposal Stamford, UK.

Reference concrete compositions 127



De Schutter G. (1996undamental and practical study on thermal stressesassive
hardening concrete element®octoral thesis (in Dutch), Ghent University, Nhad
Laboratory for Concrete Research, Belgium.

De Schutter G. (2002)Finite element simulation of thermal cracking in sei@e
hardening concrete elements using degree of hyaratbased material laws
Computers & Structures 80, 2035-2042.

De Schutter G. (2005)Beheersing van krimp bij jong beton: eindverslagn va
activiteiten Laboratorium Magnel voor Betonondefzo&hent University, Magnel
Laboratory for Concrete Research, Belgium.

De Schutter G., Bartos P., Domone P., Gibbs J.8g®elf-Compacting Concrete
Whittles Publishing, Caithness, UK, pp. 296.

Feys D. (2009),Interaction between Rheological Properties and Pimgpof Self-
Compacting ConcreteDoctoral thesis, Ghent University, Magnel Laborgt for
Concrete Research, Belgium.

Galson Sciences (2005Belgian Supercontainer Design for HLW and Spentl Fue
Disposal: Evaluation of the Reference Desighalson Sciences Report 0460-5,
Version 1, 2005.

Hamfler H. (1988)Berechnung von Temperatur-, Feuchte- und Verschigdfeldern
in erhartenden Betonbauteilen nach der Methode fiteten ElementenDeutscher
Ausschuss fiir Stahlbeton, Beuth Verlag, Heft 39%]iB, Germany.

Haworth A., Sharland S.M., Tasker P.W., Tweed 1B87), Evolution of the
groundwater chemistry around a nuclear waste refpogi Science Basis Nuclear
Waste Management. XI|, 645-651.

Hodgekinson D.P., Robinson P.C. (198Wirex near-surface repository project.
Preliminary radiological assessment: Summa#S/RE100, Nirex, Harwel, UK.

Holt E., Leivo M. (2004)Cracking risks associated with early age shrinka@ement
& Concrete Composites 26, 521-530.

Ichikawa T., Koizumi H. (2002)Possibility of radiation-induced degradation of
concrete by alkali-silica reaction of aggregate®ournal of Nuclear Science and
Technology, Vol 39, No 8, p 880-884.

Igarashi S.l., Bentur A., Kovler K.. (2000Autogenous shrinkage and induced
restraining stresses in high-strength concret€ement and Concrete Research 30,
1701-1707.

128 Chapter 5



Li V.C., Wang S., Wu C. (2001)Tensile strain-hardening behaviour of polyvinyl
alcohol engineered cementitious composite (PVA-EQ@)I Materials Journal 98,
483-492.

Lura P., Van Breugel K., Maruyama |. (200Effect of curing temperature and type of
cement on early-age shrinkage of high-performanmecete Cement and Concrete
Research 31, 1867-1872.

Madigan M.T., Martinko K.M., Parker J. (199Bjology of micro-organism$rentice-
Hall, Englewood Cliffs.

Persson B. (2001)A comparison between mechanical properties of cmatipacting
concrete and the corresponding properties of norpwicrete Cement and Concrete
Research 31, 193-198.

Okamura H., Ozawa K. (1995Mix design method for self-compacting concrete
Concrete Library of Japan Society of Civil Engirelio 25, pp 107-120.

Ouchi M., Okamura H. (2003)Self-Compacting ConcreteJournal of Advanced
Concrete Technology, Vol 1, No 1, 5-15.

Poppe A.M. (2004),Influence of additives on hydration and propertiek Self-
Compacting Concrete Doctoral thesis (in Dutch), Ghent University, Nag
Laboratory for Concrete Research, Belgium.

Richardson I.G., Groves G.W., Wilding C.R. (199Bjfect of gamma irradiation on
the microstructure and microchemistry of ggbfs/O&&nent blendsPorceedings of
the Material Research Society Symposum, Vol 176.

Roziere E., Granger S., Turcry Ph., Loukili A. (ZD0Influence of paste volume on
shrinkage cracking and fracture properties of smfnpacting concreteCement &
Concrete Composites 29, 626-636.

RILEM Technical Committee. (2008final report of RILEM TC 205-DSC: durability
of self-compacting concretMaterials and Structures 41, 225-233.

Van Nieuwenburg D. (1986)nvlioed van scheurvorming en belang van betondgkkin
Ghent University, Magnel Laboratory for Concretes@arch, Belgium.

Vuylsteke M. (2003)Betontechnologische studie van opvatting en uiingevan een
ongewapende massieve kaaimudaster thesis (in Dutch), Ghent University, Malgne
Laboratory for Concrete Research, Belgium.

Reference concrete compositions 129



Wickham S.M., Bennett D.G., Crawford M.B., Pourba&x (2004), Supercontainer
Conceptuel Model. Information to support a workstoopthe evolution of OPC Buffer
and steel corrosion in the Belgian Supercontainegsign for HLW/Spent Fuel
Disposal Galson Sciences Limited, Report no 0427.

Yang Y., Lepech M.D., Yang E.-H., Li V.C. (200Rutogenous healing of engineered
cementitious composites under wet-dry cydzmment and Concrete Research 39, 382-
390.

130 Chapter 5



Reference concrete compositions 131






CHAPTER 6:

THERMO-MECHANICAL AND FRESH
PROPERTIES

An extensive laboratory characterization programcimducted to determine the
concrete properties of SCC and TVC. Several themeohanical tests and maturity-
related tests are performed to examine the diftererbetween the two considered
concrete compositions. The applied test methods amdoverview of previously
conducted tests are also mentioned to give a briefview and to compare SCC and
TVC by means of results obtained in literature.

1 Goal and methodology

The determination of the concrete properties oélf-Gompacting Concrete (SCC) and
a Traditional Vibrated Concrete (TVC), with compgasis described in Chapter 5, is
part of an intensive laboratory characterizatioagpam. Several phenomena must be
taken into account to examine the early-age belawb massive concrete structures,
hence leading towards a considerable complexityfBadjema and Torrenti, 2008]:

- The evolution of the hydration processes and tldugon of the temperature
including the release of heat due to the hydratattion.

- The evolution of autogenous and thermal strains.

- The evolution of the modulus of elasticity and thesile strength.

- The description of cracking in tension.

- Basic creep.

- Drying shrinkage and drying creep can be negledtad the early-age
behaviour because the drying process for massiuetstes is 1000 — 10 000
times slower than the thermal one. Therefore, dryofi the concrete and
moisture transport is kept out of consideratiothia study.

Therefore, thermal, mechanical and maturity-relaesis are performed to predict the
behaviour and the differences between SCC and Tigiie 6.1).

The obtained data will be implemented in the matetatabase of the finite element
program HEAT/MLS [Van Beek et al., 2001, Vuylsteked De Schutter, 2004, Craeye
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et al., 2009]. The material database can be sudmivinto three categories: (i) thermal
properties, (i) maturity-related properties ang (hechanical properties. By means of
the implemented concrete properties, the earlytagieno-mechanical behaviour of the
concrete buffer of the Supercontainer during camsion and fabrication can be
predicted (Chapter 8). Also the fresh propertied #me volumetric weight of the

hardened concrete are determined.

Properties
Fresh Thermal Maturity-related Mechanical
SCC g TVC g Specific heat i Activation energy E Autogenous i
deformatio
Slump flow § Slump § Thermal conductivit% Reference % Creep behaviour §
tempertaur
V-funnel i Flow 0 Coefficient of therme. Compressiv-tensile.
i j expansio i strengtl
L-box g Density g Heat of hydration % Modulus of elaslicit%
Sieve stability testg Air conten Poisson’s ratio i
Density ; Setting tim: ;

Air content §

Figure 6.1: Fresh, thermal, maturity-related andahanical properties of SCC and TVC
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2 Principles, test procedures and previous studies
2.1 Concrete compositions and mixing procedure

Within the experimental research program to deteenthe early-age behaviour of the
concrete buffer of the Supercontainer, a Self-Cartipg Concrete (SCC) and a
Traditional Vibrated Concrete (TVC) are proposetidfter 5).

Mix design and fresh properties of TVC are well Wwmo The principal differences in
the mix proportions of TVC compared to SCC are bigboarse aggregates contents,
lower powder contents, higher W/P ratio and a S§icamitly lower superplasticizer
content. The need to obtain a number of distinesHr properties and the potential
combinations of materials of SCC, means that misigte procedures are more
complicated for SCC (Chapter 5). Combining the tituent materials in the optimum
proportions to give concrete with required comboratof fresh and hardened
properties for a particular application, is an aesis¢ part of the SCC production
process. For SCC, three key parameters are need#dtfcomposition to be successful
[De Schutter et al., 2008]: (i) filling ability, ifi passing ability and (iii) segregation
resistance in dynamic and static conditions (Chapteln rheological terms, the first
and the last recommendation can be translatedtletaneed of a combination of low
yield stress and moderate plastic viscosity. Alsame general considerations
concerning the mix proportioning must be taken iat@ount [Okamura and Ozawa,
1995]:

- To achieve a high flow ability without stabilityds or bleeding, a sufficiently
low W/C ratio is needed with high doses of supestptizer.

- A sufficient paste content is necessary to ovedfilthe voids in the aggregate
skeleton in such a way that the contact and collidietween the aggregates
during the flow is reduced.

- To avoid particle bridging and blocking of the flow sufficiently low coarse
aggregate content is desired.

A sufficient stability at high W/P ratios can behaved by applying a viscosity

modifying agent (VMA). VMA can be used to improugetrobustness of the mix in a
way that variations in material supply such asgiagling or the moisture content of the
(fine) aggregates are tolerated. However, in theeBrwontainer concept, the amount of
superplasticizers should be limited in the concbetifer composition (Chapter 5). SCC
without the use of VMA is also known as a powdgretymix. Medians and ranges of
key proportions of SCC mixes can be found in liter@ [De Schutter et al., 2008]. It

must be noted that there is no unique mix of argset of materials to give a particular
set of fresh and hardened properties. Ranges ofrkeyroportions of SCC and TVC

are shown in Table 6.1 [EFNARC, 2005, Domone, 2006]
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Table 6.1: Typical ranges of key proportions of S&8@ TVC mixes
(*TVC with cube strength 40 MPa, 75 mm slump, CERDImm aggregates and typical superplasticizeeylos

Typical Typical
ranges mid-range
SCC TVC*
Coarse aggregates % by vol 27 - 36 46
Fine aggregates % by vol 23-40 25
0,
pbywt 48 55 35
total aggr
Paste (water + powder) % by vol 30-38 29
Powder kg/m3 380 - 600 355
Free water kg/m3 150 — 210 160
WI/P ratio by wt 0.28-0.42 0.45

by vol 0.85-1.10 1.41

Both the compositions of SCC and TVC (Table 6.2hl&.3) have a W/C ratio of
0.50, using 350 kg/m3 cement and 175 kg/m3 watdre Buperplasticizer is a
polycarboxylic ether. It must be noted that the amoof superplasticizer varies
between 10 kg/m3 and 14 kg/m3 for SCC (2 % — 3 %nlags of powder) and between
3 kg/m? and 5 kg/m?3 for TVC (0.75 % — 1.25 % by makpowder).

Limestone aggregates are chosen, having a pastidemainly varying between 2 mm
and 14 mm for SCC and a maximum diameter of 20 omT¥C. The amount of fine

aggregates in SCC is 840 kg/m3, and 708 kg/m? #C.TA higher amount of coarse
aggregates is used for TVC: 1070 kg/m?3 in comparisih 886 kg/ms3 for SCC. SCC
also has a higher amount of limestone filler: 1@@m in comparison with 50 kg/m3
for TVC. The W/P ratio is 0.39 for SCC and 0.44 TC.
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Table 6.2: Proportions of SCC

SCC [ka/ 1 m3]  [m3/ 1 m?I
Cement CEM 1/42,5 N 350 0.113
Limestone filler 100 0.038
Limestone (fine) 840 0.317
Limestone (coarse) 886 0.334
Superplasticizer 12 0.011
Water 175 0.175
Powder 450 0.151
Paste 625 0.326
Mortar 1465 0.643
wi/C 0.50 1.55
w/P 0.39 1.16
C/p 0.78 0.75

Table 6.3: Proportions of TVC

TVC [ka/ 1 m3] [m3/ 1 m?I
Cement CEM 1/42,5N 350 0.113
Limestone filler 50 0.019
Limestone (fine) 708 0.267
Limestone (coarse) 1070 0.404
Superplasticizer 4 0.004
Water 175 0.175
Powder 400 0.132
Paste 575 0.307
Mortar 1283 0.574
w/C 0.50 1.55
W/P 0.44 1.33
C/p 0.88 0.86
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For SCC, the proportions given in Table 6.2 fit ttypical ranges of the key
proportions for a Self-Compacting Concrete (Tahlb),6except for the W/P ratio (by
vol %). In order to fit this value, an additionamaunt of powder is needed:
approximately 25 kg/m?3 extra limestone filler omemnt is enough to fit the proposed
W/P ratio. Comparison of the TVC composition giverTable 6.3 with a typical mid-
range TVC (Table 6.1, TVC with cube strength 40ayiP5 mm slump, CEM 1, 20
mm aggregates and typical superplasticizer doseyvsta lower amount of coarse
aggregates and a higher amount of fine aggregatdspawder used in the TVC
composition expressed in Table 6.3, but still theppsed proportions are acceptable
for a normally vibrated mix.

During the laboratory characterization program émdthe different tests, nineteen
SCC mixes and seventeen TVC mixes are made irreliffgoroportions, varying from
0.03 m3/mix to 1 m3/mix, at three different locai$o (i) BASF, Antwerp (design mix
of 0.05 m3 for SCC and TVC), (ii) SOCEA, Ranst (2 3 for SCC and TVC in order
to obtain thermal and mechanical properties ofrtlirees) and (iii) Magnel Laboratory
for Concrete Research, Ghent (mixes varying fro®30m3 to 0.15 m?3 for the
determination of thermal and mechanical propertiesy the Half-Scale Tests for the
validation of the simulation results (Chapter $)ottest mixes SCC of 2 m3 and seven
final mixes SCC of 2 m3 are made at Kesteleyn, Ghaerd will be discussed later.

At the Magnel Laboratory for Concrete Research, tagers are available with cross
current mixing principle (Figure 6.2) and with apeaity of 0.05 m2 and 0.2 m3. The
mixing procedure is the same for SCC and TVC: fingt fine and coarse aggregates
are placed in the mixer and mingled for 15 secoAdt®rwards the powder (first the
limestone filler, then the cement) is added andeamore mixed for 15 seconds. Then
the water is poured, and the mixing continues footlaer 120 seconds. Finally, the
superplasticizer is added and the composition isedchionce more, for 180 seconds,
totalizing a mixing time of 5.5 minutes.

Figure 6.2: Cross current mixing principle (lefdnd mixer with capacity of 50 liters (right)
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2.2 Fresh concrete properties

2.2.1 Fresh properties of SCC

The fresh properties of the SCC can be evaluatemdgns of standard tests. Only the
tests applied in this study will be briefly disceds Also the density and the air content
of the SCC needs to be determined: the descrigtiche method is the same as for
TVC (see further). However, for SCC no externalraiton is needed to fill the
container with a known volume of 0.008 m3.

Slump flow (EN 12350-8)

The slump flow test (Figure 6.3) is very similar tioe slump test performed on
traditional concrete, using an Abrams-cone (diam2@® mm at the bottom and 100
mm at the top, the height is 300 mm). The condlledfwith SCC in one movement
without compactation and is lifted vertically upwarby which the SCC spreads out on
a base plate. The average diameter of the SCCdsprgas taken as the slump flow
test value. Slump flow values describe the flowigbof a fresh mix in unconfined
conditions. The higher the slump flow spread, treater the filling ability of the fresh
mix. SCC mostly requires a slump flow value largean 600 mm to achieve an
adequate filling ability [De Schutter et al. 2008kile SCC with a value of 900 mm
shows a significant segregation risk [Feys, 2082kn minimal values of 650 mm and
700 mm are often recommended in practice for a retacto be defined as self-
compacting [Boel, 2006]. Visual inspection of thstdbution of the coarse aggregates
inside the SCC cake can give a first indicatiohafizontal segregation occurring.

Abratns cone

Flow table
1000 trorm = 1000 tnm

- Segregation
border

Figure 6.3: Slump flow test

V-funnel (EN 12350-9)

A V-shaped container is completely filled with SC&fterwards, the valve at the end
of the V-funnel is opened. The time SCC needs tptgrthe V-funnel through the
narrow opening at the bottom, is known as the \h&intime (Figure 6.4). The V-
funnel values characterize the viscosity of the Sl©@g flow times indicate that the
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SCC is quite stiff and is not easily deformable doehigh internal friction or high
viscosity of the paste. Blocking due to a lack ohesion of the mortar and thus
coagulation and arching of coarse aggregates heartening can slow down the flow.
On the other hand, low V-funnel values are the Itesfua very fluid SCC with an
increasing risk for segregation.

513

450

150

Figure 6.4: V-funnel test (dimensions in mm)
L-box (EN 12350-10)

To evaluate the passing ability of the SCC, theok-ABpparatus can be used. The L-box
(Figure 6.5) consists of a vertical rectangulaeresir connected to a horizontal part,
hence the L form. The two parts are separated anmef a valve and 3 reinforcement
bars are placed in this transition zone. Once #réical reservoir is filled with SCC
and a resting time of 2 minutes is respected, #heevis opened and the SCC flows into
the horizontal part, trying to level. The ratio the concrete height at the end of the
horizontal part Hto the concrete height in the vertical reservaiidfpreferably higher
than 0.8. In that case the SCC is supposed to thieisntly self-compacting. If the
SCC segregates or blocking near the bars occwalua H/H; lower than 0.8 will be
obtained. In case of a low flow ability, it is hafdr the SCC to flow through the
opening in between the rebars. In case of SCC weitl high flow ability, segregation
can occur near the bars and the flow can be stogpedo blocking.
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Figure 6.5: L-box apparatus (dimensions in mm)

Sieve stability test (EN 12350-11)

The segregation resistance of SCC is evaluated dgnmof the sieve stability test.
After pouring 5 £ 0.2 kg of SCC on a sieve (mese 9f 5 mm, pouring height: 0.50
m) immediately (no initial resting period of 5 mies is applied according to [Feys,
2009]), waiting for 2 minutes (rest period), thecamt of cement mortar which has
fallen through the sieve is weighted (Figure 6®)e ratio of this percolated material
to the total amount of poured concrete is calleddileve stability value. The lower this
value, the more stable the SCC. A value smallen ttfa % is recommended for the
SCC to avoid segregation.

Figure 6.5: Sieve stability test: pouring of theG(eft)
and the amount of mortar fallen through the sigigh¢)
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Classification of SCC

There is no direct association between the rhecébgiarameters (yield stress and
viscosity) and the fresh concrete properties (sldlow, V-funnel time, L-box ratio,
segregation percentage). Therefore, the teststhawe combined in order to determine
whether a concrete can be categorized as self-adinpga Different types of
classifications of applications of SCC with diffateproperties can be found in
literature [Walraeven, 2003, EFNARC, 2005]. Onegilale classification, produced by
EFNARC, is illustrated in Table 6.4. The SCC carshbdivided into different classes
for each fresh property.

Table 6.4: SCC classes proposed by EFNARC (2005)

Slump flow Viscosity Passing ability Segreganon
resistance
Class Slump flow Class  V-funnel Class badx Class Sieve segregation
[mm] [s] -] (%]
SF1 550-650 VF1 <8 PA1 =>0.80(2bars) SR1 <20

SF2 660-750 VF2 9-25 PA2 >0.80(3bars) SR2 <15

SF3 760 -850

An analysis of 68 case studies of SCC worldwidéhaperiod 1993 — 2003 [Domone,
2006] showed that nearly 50 % of SCC has a slump flalue in the range 650 mm —
700 mm, with nearly 90 % in the range 600 mm — 0. V-funnel times varied from
3 sto 15 s. All L-box values are higher than 0.80order to get a slump flow value
higher than 650 mm, ACI (2007) recommends a minjpea¥der content of 445 kg/m3.

2.2.2  Fresh properties of TVC

The fresh concrete properties and thus the consigtef the concrete mixture TVC can
be determined by means of the slump test (Figurg @nd the flow test respectively
according to the Belgian Code NBN EN 12350-2 andNNBN 12350-5. Also the
density of the fresh concrete can be easily det@thby measuring the net weight of a
reservoir with a known volume (0.008 m3) filled lvicompacted TVC. Afterwards, the
air content can be determined by means of the pressmethod. These tests are
described in and performed according to the Bel@Giade NBN EN 12350-7.
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Figure 6.7: Slump test

2.2.3 Previous studies

The fresh TVC composition shows a higher robustribas the SCC composition.

Therefore only previous studies on fresh properfeSCC are briefly investigated.

A previous study was conducted at the Magnel Laboyafor Concrete Research

[Poppe, 2004], to determine the influence of theoamh of superplasticizer (SP) and
filler on the consistency of the fresh SCC. Thaltpbwder content has an amount up
to 600 kg/m3. Some conclusions were drawn:

- It was proved that an increasing amount of SP l¢ads small increase of
slump flow and a small decrease of V-funnel timer&bver, a reduction of
the efficiency is noticed. By adding more SP, eigligcthe risk of segregation
of the concrete mixture increases.

- The influence of the C/P ratio on the slump flowues are insignificant. An
increase of the powder content leads towards al steatease in V-funnel
time.

- Also the type of filler and the cement type afftéhoe fresh properties of the
SCC. No clear correlation is found however. Thargsize distribution, the
form and the surface type of the powder grains @asole in the process
ability of fresh concrete.

A mix design is needed to realize and optimize &CSomposition that fits the
demanded requirements concerning fresh propeniesdss ability, flow ability and

viscosity) and hardened properties (strength andahility). An example of a

previously proposed design method is given by Okanamd Ozawa (1995), including
several steps that must be depicted in order taimlat self-compacting composition:
air content, quantity of coarse and fine aggregéd®s% of the total mortar volume is
the goal), dose of SP, W/P ratio, aid of VMA. O\krthe ideal proportion of all the

components of the SCC must be found via a trial @mdr process [Poppe, 2004].
Therefore, the production of a considerable amaiiritial batches is inevitable. The
values of the tests on fresh SCC can be used aisl@lige in order to optimize the self-
compacting composition.

Sonebi (2004) quoted that statistical models cenplifiy the test protocol required to
optimise a given SCC mix by reducing the numbetriaf batches needed to achieve a
balance among mix variables. Polynomial regressamidentify those primary factors
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(such as filler content, W/P ratio, cement and 8®unt) and their interactions on the
measured fresh and hardened properties. These snoaeiide a design approach that
is valid for a wide range of mix proportioning acléarly state the influence of the key
variables on the SCC properties. W/P had the nigstfisant effect on the slump flow
and the segregation followed by limestone powder @@ment amount for slump flow,
and cement and limestone powder amount for segoegain increase in W/P ratio
and in SP amount led to an increase in segregatidrseparation of the constituents of
the mix resulting in non-uniform distribution, dtethe increase in free water and the
decrease in viscosity of the matrix.

For example [Sui et al., 2009], Figure 6.8 indisatee trade-off between the W/P ratio
and the dosage of SP on the slump flow and the messjye strength at 28 days for
mixes with 340 kg/m3 cement and 75 kg/m? (left) 1&0 kg/m3 (right) limestone
powder. If a minimal slump flow of 700 mm is desirin combination with $gq of 45
MPa, the required W/P and SP amount respectivedyanaapproximate value of 0.55
and 0.80 % in case 75 kg/m? limestone powder i®adth case 120 kg/m? limestone
powder is added, and to achieve the same stremgttslamp flow, only 0.50 as the
W/P ratio and 0.60 % SP is necessary. If we adden®#t in this case of 120 kg/m3
limestone powder addition, for example 0.80 % SPinarease of strength and slump
flow is established, hence indicating the benefigHect on fresh and hardened
concrete properties of addition of limestone powder

e SlUMp flow e -~ f'.28d

SP (%)
SP (%)

0.40 0.45 0.50 0.55 0.60 040 045 0.50 n.sh 0.60

WIP WIP
€= 340 kg/m? LSP =75 kg/m?® €= 340 kg/m? LSP = 120 kgim®

Figure 6.8: Isoresponses of slump flow aggdyfvith W/P and SP for two dosages
of added limestone powder [Sui et al., 2009]
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2.3 Thermal properties

2.3.1 Specific heat

Principle

The specific heat gives the quantity of heat nergss produce a unit change of
temperature (1 °C) in a unit of mass (1 kg) of assance and is expressed in JAKY.
Therefore, it represents the capacity of the mait&sistore heat.

The heat capacity of a material is the amount at tigat can be held by that material.
It is linked to the specific heat by means of théuwmetric weight of the material, using
equation (6.1):

¢ =c,lp, (6.1)

where: G = the heat capacity of the material (J/(A€))
¢, = the specific heat of the material (J/(k@))
P = the volumetric weight of the material (kg/m?3)

Testing procedure

The heat capacity of SCC and TVC is not determigguerimentally. This parameter
has a negligible influence on the prediction okestes and the early-age cracking
behaviour of concrete elements according to Brifewal. (2009). Therefore, the use of
a reasonable approximate value is sufficient amdbsadetermined by using equation
(6.1). The volumetric weight of the concrete candstermined experimentally by
dividing the mass of a concrete sample by its veluancording to the Belgian Code
NBN EN 12390-1. A constant mean value of 1000 J/&pfor the specific heat is
considered and seems to be common for a concretde@mperature range between 0
°C and 100 °C [Taerwe, 1997].

Previous studies

Data on the evolution of specific heat during haidg are scarce. The most common
trend indicates that the specific heat decreagasafly) with time. A minor decrease,
from 1180 J/(kgfC) after 3 days to 1160 J/(RG) after 10 days, was found for cement
mortar by Lofquist (1946). Brown and Javaid (19@6glare a higher decrease of 20 %
of hardening concrete with time. A renewed testhodtby Hansen et al. (1982) took
into account the heat of hydration productionnadir decline from 1920 J/(R€) after
1.5 h to 1650 J/(k§C) after 120 h was found. This decrease behaveslimear way
with the logarithm of time. This test method wagioved by De Schutter and Taerwe
(1995), and a linear decrease in function of thgrele of hydration was reported.
Overall, there seems to be no agreement concethinghagnitude of decrease of the
specific heat of a hardening concrete. This deergages from 1 % to 20 % depending
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on different parameters such as cement type, WIi0, raggregate type, humidity,
temperature, etc. The effect of the temperaturetia@daturation degree on the specific
heat is expressed previously (Chapter 4).

2.3.2 Thermal conductivity

Principle

In physics, the thermal conductivity k, is the pedy of a material that indicates its

ability to conduct heat. The thermal conductivigpends on the type of concrete, the
type of aggregates, the saturation degree, et®m H#le environmental temperature

affects the thermal conductivity (Chapter 4).

Testing procedure

Even though previous studies indicate that the gotidty has a negligible influence

on the prediction of stresses and the early-agekicrg behaviour of concrete elements
[Briffaut et al., 2009], the characteristic valuekdfor SCC and TVC is determined by
ESV Euridice (2007). It must be noted that the cetecbuffer of the Supercontainer
has an important role in efficiently conducting tiemat originating from the radioactive
waste towards the Host Rock in order to reducehtiemal gradients in the buffer..

A probe, measuring the thermal conductivity (typekbeflux FTNO1, range: 0.1
W/(m-°C) to 6.0 W/(nC)), is placed in the middle of a vertically cgmismatic
column with side 600 mm and height 6000 mm (SOCEter 28 days of hardening.
The measurement method is based on the so calledsteady-state probe (NSSP)
technique, which uses a probe (also called thepmmaderties sensor or thermal needle)
in which both a heating wire and a temperature gease incorporated. The probe is
inserted into the concrete. From the responseheating step, the thermal resistivity
(or the inverse value: the conductivity) of the cate can be calculated. In general a
NSSP consists of a heating wire, representing eqeline source, and a temperature
sensor capable of measuring the temperature addhige.

Table 6.5: Influence of the type of aggregate antkiermal conductivity of concrete

k-value
Aggregate type W/(m-°C)
Siliceous rocks (quartzite, sandstone) 24-3.6
Igneous crystalline (granites and gneisses) 19-28
Sedimentary carbonate (limestone, dolomite) ' ’
Igneous amorphous (basalts, dolerites) 1.0-1.6
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The NSSP principle relies on a unique property i@ source: after a transient period
(approximately three weeks after the column is)cts temperature risaT, only
depends on the heater power Q of the test equipraext on the medium thermal
conductivity k of the tested material. By measurihg heater power, and tracing the
temperature in time (typically during 300 secon#ts}an be calculated. Equation (6.2)
can be used to determine the thermal conductiviftke tested material.

r=—2 fin(t)+8] (6.2)

4 rlk

where: T = the measured temperature (°C)
Q = the heat source with constant power (W/m)
k = the thermal conductivity (W/(PC))
t = the time (s)
B = a constant value

Previous studies

The dependency of the thermal conductivity of ceteron the proportions of the
concrete components, the mineralogical compositidnthe aggregates and the
saturation degree according to Kaplan (1989) isaaly discussed in Chapter 4. The
thermal conductivity of different aggregate typggliven in Table 6.5.

Also the volumetric weight and the environmentainperature have a significant
influence. The thermal conductivity drops if thenfgerature rises, mainly due to the
evaporation of the water and the replacement by thiat has lower thermal
conductivity than water (Chapter 4). According teevle (2000), the thermal
conductivity of a saturated concrete is situatedwben 1.4 W/(nfC) and 3.6
WI/(m-°C). The volumetric weight does not have a sigaificinfluence on the thermal
conductivity of a normal concrete, but on the othand, the thermal conductivity of
light concrete is strongly affected by its volunetweight due to the poor thermal
conductivity of the encapsulated air trapped ihtppores.

Finally, a reduction of 28 % of the thermal condkity is noticed during the first
period of hydration of concrete (6 hours until FslgBergstrom and Byfors, 1979].
2.3.3 Coefficient of thermal expansion

Principle

The coefficient of thermal expansion (CTHE) gives the thermal deformation,

expressed in pm/(11C) or 10%°C, due to a variation in temperature and is gibogn
equation (6.3) in case of a linear deformation.
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where: Al = the length change of the material due to vadatin temperature
(um)
lo = the initial length of the material (m)
AT = the temperature change (°C)
&r = the thermal deformation (um/m)

The thermal strains are directly linked to the teragure evolution by means of the
CTE. This parameter tends rapidly to a constantieszabhich only depends on the
concrete mix [Loukili et al., 2000]. The lower t&TE, the lower the deformation of
the material under an external thermal load.

Testing procedure

The CTE for SCC and TVC is determined by BBRI (20@&ix concrete prisms (cured
at 20 °C and 90 % RH) with side 70 mm and lengtB &8n are cast and after a
hardening time of 28 days subjected to a tempegatycle, varying from 10 °C to 60
°C. The deformation during the cycle is measured @intted: thermal deformaticsy
on y-axis, temperature on x-axis. The slope of glatted curve is the CTE (Figure
6.9).

The reference temperature is 20 °C. Evaporatidimised by sealing the test samples
with an adhesive aluminum foil. The water mass isssnaller than 0.05 %.

Previous studies

For concrete, the CTE strongly depends on the eatdfrthe aggregates and the
volumetric fraction of the aggregates in the cotecf&aplan, 1989]. The cement paste
has a higher CTE than the aggregates in the cencfée thermal dilation coefficient
has an influence on the maximal strain value iroacoete structure [Briffaut et al.,
2009]. A porphyry based concrete has a CTE of ¥010%°C, a calcareous concrete
has a CTE of 8.0 x 10°C . The saturation degree has an impact.
According to Kaplan (1989), mean values for the G3fEa calcareous concrete are
reported:

- 6.1 x 10%°C for concrete submerged in water (100 % RH)riuB months at

18 °C.
- 7.4 x 10%°C for concrete stored at 65 % RH during 3 moiaih3 °C.

Fully saturated and empty (dry) pore systems givehmower CTE values than partly
saturated pore systems, mainly due to some kinddditional hygrothermal effect
(redistribution of pore water and change in capiliension) [Neville, 2000].
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Not much data is given in literature concerning thelution of the CTE during
hardening. The value of CTE is highly elevatedaing age and reduces progressively
the first 24 hours of hydration [Bergstrom and Bgfdl979]. The evolution of the CTE
at young age is given in Figure 6.10. The genémdirig is that the CTE starts at a high
value of about 70 x 1%°C before concrete has set, and drops to about 10%°C
during the setting process.

High values of CTE during the fresh state arelaited to the dominance of the water
phase that has high CTE compared to solids. Sotaéveetime dependency of the
CTE during hardening is given in Table 6.6. Theakies are given for conventional
gravel concrete, but can also be used for otherstyd concrete as well [De Schultter,
1996].

The dependency of the CTE of concrete on temperasudiscussed in Chapter 4. A
rise of 15 % is noticed at an elevated temperaifii®0 °C [Vodak et al., 1996].

Thermal deformation (wm/m)

T T T >
1] 20 40 60
Temperature (°C)

Figure 6.9: Determination of the linear CTE

Table 6.6: Relative values of CTE during harderiibg Schutter, 2002]

Fresh concrete 8h-24nh 24 h-144h Hardened
concrete
1.82 1.36 1.09 1.00
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Figure 6.10: Time dependent evolution of CTE [Bemga and Byfors, 1979]

2.3.4 Heat production

Principle

Immediately after contact of water with cement, thalration process of concrete
begins and the different minerals of the cementtresith the water and new
combinations or hydration products are formed wheentually determine the
properties, the strength and the stiffness of tirciete. The main components of OPC
reacting with water are S, GS, GA and GAF (the abbreviations of CaO (C), SIO
(S), ALO; (A) and FgO; (F) as the oxides of an OPC are commonly usederAf
reaction of GS and GS with water (standard abbreviation H), CSH as rhest
important component is formed. In this reactionoalBH (calcium hydroxide) is
formed, which has an important influence, especiafi the highly alkaline character of
concrete.

Not only material transformations occur, also egesiganges occur. The hydration of
cement is an exothermal reaction: during hardeointhe concrete, heat is produced,
due to the heat of hydration of the concrete [Taed®97]. The heat production inside
a pure hydrating OPC paste is measured via theuctind method according to the
Belgian Code NBN B12-213 and starts with an eddgH set and a very high peak in
the heat production rate curve occurs, only lasforga couple of minutes (Figure
6.11). This peak has a negligible contribution loa total heat of hydration,, and
thus will be kept out of consideration. In practit@s peak will not induce significant
stresses into the concrete structure due to the tieeded between mixing, transport
and casting of the concrete. After this first peaberiod of about 2 hours with more or
less no hydration activity is noticed, also knows the induction period of the
hydration process. About 5 to 15 hours after wateadded, a second hydration peak
appears, mainly devoted to the hydration ¢8.0n some case, especially when there is
a high amount of €A in the cement, a third hydration peak occurs. et (1987)
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indicates a minimal amount of 12 % of thgAQontent in the cement for the third peak
to appear. Generally, for OPC based concretes p#fag& most of the time can not be
distinguished. On the other hand, BFSC based ctmansually exhibits a third
hydration peak due to the hydration of the slag after Portland activation: the slag
reacts with the CH formed earlier during the reactf GS and GS. It can be noticed
that the total amount of heat is not released ato®verall, the heat development is
very fast in the beginning of binding and during first hours of hydration and slowly
decreases afterwards (Figure 6.11).

1st peak

.

- I r 2nd peak

r 3th peak

Heat production rate ¢ (J/(gh))

——Induction
period

025 05 10 20 3‘0 L0
Time (h)

Figure 6.11: Heat production rate of concrete dgyian isothermal hydration test
[Taerwe, 1997]

The total amount of hydration heat can be deterchimeg using the hydration heat of
the minerals composing the cement;C GS, GA and GAF) and making a
superposition of the full hydration of each mineralividually [Taerwe, 1997].

In order to investigate the early-age behaviounagsive concrete elements, it is better
to determine the heat of hydration and the heatiymiion rate experimentally by
means of two types of tests that are commonly ugethe adiabatic hydration test and
(ii) the isothermal hydration test. The adiabatidiation tests on concrete will be
discussed as a part of the thermal properties pfineiples of the isothermal hydration
tests of cement pastes are part of the determmatidhe maturity-related properties,
such as the apparent activation energy E, detedminder isothermal conditions.
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Testing procedure

The total heat production Q, and the heat prodoatade q of SCC and TVC can be
determined by using the adiabatic hydration tesbating to De Schutter and Taerwe
(1995). Therefore, the temperature rise of a p#yfécsulated concrete is measured as
a function of time (Figure 6.12). A cylindrical cmete specimen (diameter of 280 mm,
height 400 mm) is surrounded by a temperature ottt water bath. An electrical
heating element connected with an automated steetjoipment keeps the water at the
same temperature of the concrete, hence creatirsgliabatic environment. Insulation
between concrete and water is created by usingraim@. By means of this test set-up,
the adiabatic hydration curve can be obtained o€ %nd TVC, and the immediate
hydration heat production rate can be derived filosicurve.

Steering
equipment

_-Heating element

Concrete cylinder

T ] — Water

Insulation

Figure 6.12: The adiabatic hydration test [De S¢huand Taerwe, 1995]

From the adiabatic curves, more detailed resutisheaobtained by using an expression
of the heat of hydration per unit weight of cemdrite adiabatic temperature curve can
be translated into a heat production curve, acogrth equation (6.4):

alt)=c, E% 6(t) - 6,] (6.4)

where: Q = the cumulated heat of hydration (J{g:)
t = the time (h)
¢, = the specific heat of the material (J/(k@))
P = the density of the concrete (kg/m3)
C = the cement content (kg/m3)
8= the temperature (°C)
& = the starting temperature (°C)
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In case the total heat production Q(t) is calcdabteit of the adiabatic temperature
evolution 6(t) via equation (6.4), the heat production ratg g adiabatic conditions
can be calculated:

q®=g%2 (6.5)

where: Q = the cumulated heat of hydration (J/g:)
g = the heat production rate (Jighenth))

For further analysis of the hydration process of£3@ comparison with TVC, and in
order to obtain a good comparison between therdifteconcrete compositions, q(t)
can be further transformed intgoq(r), with go-(r) as the heat production rate at 20
°C and r defined as the degree of the hydratiootia For completeness, the degree
of hydrationa;, is also defined in equation (6.6b):

[alt)cat
r(t)= alt) _ s (6.6a)
Qmax Qmax
[ale)cate
a,(t)= ale) _ (6.6b)
Qtot Qtot

where: Q.ax= the maximal cumulated heat of hydration at ehdeaction (J/gemen)
Quot = the total cumulated heat of hydration after fajidration (J/@emen)

This transformation can be done by using the mosurate temperature function,
namely the Arrhenius function, according to equati6.8) and after the determination

of E/R, where E is the apparent activation enerfgyh® cement paste (see further) [De
Schutter, 1996].

q(t) = Ayc (t) (g(6,t) (6.7)

where: g@t) = the temperature dependency function, accardinequation (6.8)

g(6,t) = exp| S~ (6.8)
R 1293 273+6(t)

where: E = the apparent activation energy (kJ/mol)
R = the universal gas constant (= 0.0831 kJ/(iKp!
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Previous studies

Poppe (2004) investigated the effect of limestaterfin combination with OPC by
performing adiabatic hydration tests and isothermyalration tests. Although this filler
material is often considered to be inert, experitaleresults show that it does influence
the hydration process.

Considerable amounts of filler contents must beeddb a concrete composition in
order to make it self-compacting. The reason far délddition is to avoid problems with
excessive heat development during hardening ofctirerete by reducing the total
cement content for a constant powder content, tlyugplacing cement by (inert) filler
material. The most important data of this resegmagram dealing with the adiabatic
hydration of Self-Compacting Concrete and traddioconcrete are recited by Poppe
and De Schutter (2005). Four compositions are dened: two self-compacting
compositions and two traditional compositions (Eabl7). The cement type is the
varying parameter. In comparison with SCC, no litoes filler is added into the TVC
(different with the Belgian reference program of tBupercontainer) and more coarse
aggregates and less fine aggregates are addesl taxture.

Table 6.7: Compositions of the mixes (accordinfPmppe and De Schutter, 2005])

Component SCC1 SCC2 TVC1 TVC2
CEM1425R kg/m3 360 - 300 -
CEM 1525 kg/m? - 360 - 300
Limestone filler  kg/m?3 240 240 - -
Sand 0/4 kg/m3 853 853 670 670
Gravel 4/14 kg/m3 698 698 1280 1280
Water kg/m3 165 165 150 150
Superplasticizer  I/m3 2.3 2.2 - -

The experimentally obtained temperature curvesgaren in Figure 6.13. It can be
seen that the maximum temperature rise is systeatlgtinigher for SCC. It must be
noted that a different amount of cement is usedSI6C and TVC. Going more into
detail, by expressing the heat production rateCat@ per unit weight of cement (by
using equations (6.4) to (6.8)), an alterationhi@ hydration mechanism is found when
limestone filler is added to the mix. Especially foPC the heat of hydration of the
cement in SCC seems to be different from the hielaydration developed in TVC. The
hydration reaction is significantly influenced thetpresence of the limestone powder
in SCC. After 40 hours, the adiabatic temperatsir@biout 10 % higher for SCC.
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Figure 6.13: Results of the adiabatic hydratiort tesing two types of cement
[Poppe and De Schutter (2005)]

The hydration models developed for TVC show somscrdpancy with the

experimental results when applied to the case of $&igure 6.14). Also a second
hydration peak is noticed. Isothermal hydratiortstem pure cement and on cement
and limestone filler mixes are carried out and tesults and a more detailed

explanation of the effect of limestone filler orethydration process will be discussed
further on.
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Figure 6.14: Adiabatic test for SCC1 (left, CEM2.8 R) and SCC2 (right, CEM | 52.5)
[Poppe and De Schutter, 2005]
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2.4 Maturity-related properties

Principle

As mentioned before, immediately after water corimts contact with cement, the
hydration process begins and the different mineaaés formed. This process is an
exothermal process, and heat is produced duedadhction at a rate q (Figure 6.11).
Two types of tests are commonly used to deterntieehieat production rate q of a
concrete or cement paste: (i) the adiabatic hyamatest and (i) the isothermal
hydration test. The adiabatic hydration tests omcoete is discussed previously. The
isothermal hydration tests of cement pastes wilubed for the determination of the

maturity-related properties, such as the activatinergy E of the cement paste, under
isothermal conditions.
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The most important maturity-related property is dlaéivation energy E. By varying the
cement/powder ratio, the effect of the filler op thydration reaction can be determined
and E can be derived by the method described ip&(§004).

The activation energy (expressed in kJ/mol) is rantéhat was first introduced by

Arrhenius, who initially investigated the temperatdependency of the reactions of
sugar in water. It can be defined as the minimalrgy that is required in order for a

reaction to occur. This activation concept can beduon a wide variety of chemical

and physical processes, for example the complestiozaof water and cement. Cement
exists of different components and the grains hdifferent sizes. Therefore the

activation concept is based on a weighted averagieectemperature susceptibility of

the simultaneous small partial reactions of théed#nt components of the cement. For
that reason, the activation energy for the hydratieaction of cement is also called
‘apparent’ activation energy [Poppe, 2004]. Theivation energy represents the

sensitivity of the concrete mixture to temperatuhe higher E is, the more sensitive
the concrete mix is to a change in temperature. aldtigation energy is depending on
parameters that affect the hydration kinetics, sashmix design (W/C ratio, type of

cement, fineness of the cement, mineral additietts) and physical variables such as
temperature.

Testing procedure

To evaluate the heat generation in isothermal dmmdi, an eight-channel heat
conduction calorimeter (TAM AIR) is used. All eigkthannels form a calorimeter
block housed in a temperature controlled air thestato Each calometric channel is
constructed in a twin configuration with one side the tested sample and the other
side for a static reference. Each calorimeter dperasing the heat flow principle: the
heat created due to the hydration reactions ot&ment in a sample flows rapidly to
its surroundings. The heat flow is measured by heat flow sensors: one under the
sample and one under the reference. The flow df diethe tested sample, caused by
the temperature gradient across the sensor, gesegiatoltage signal proportional to
the heat flow and is compared directly with thethéav of the inert reference. The
voltage difference gives a quantitive expressiontlod overall rate of the heat
production in the sampléhis comparison enhances the stability and linfits noise
within the system [Gruyaert et al., 2008].

To investigate and compare the hydration processthef SCC and the TVC
composition, isothermal hydration tests are perémiran pure cement samples and on
samples of mixes of cement and filler in differpndportions. Each sample contains 14
gram paste (a mix of OPC, limestone filler and wat&he tested cement is an OPC,
the same cement as used in the reference composftteCC and TVC: CEM | 42.5 N
HSR LA LH. Limestone filler is being used as thiéefi material. Thus, the influence of
any aggregates is excluded.

Table 6.8 gives the different powder mixtures. Fdifferent compositions are tested at
three considered temperatures. The isothermal iocatic measurements are
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performed at different temperature: 10 °C, 20 °€fgirence temperature) and 35 °C.
The WIC ratio, C/P ratio and W/P ratio are alscegivn Table 6.8 and for SCC and
TVC these values are equal to the values listeétable 6.2 for SCC and Table 6.3 for
TVC. The W/C ratio is kept constant. The powderteahis the sum of both the

cement and the limestone filler.

The mixing procedure is performed manually and idatshe calorimeter. First the
cement and the filler are placed into the ampontetdended manually, and afterwards
the water is added. Since mixing takes place oaitidid calorimeter, the first hydration
peak (Figure 6.11) could not be entirely registerdds ‘wetting’ peak only amounted
to a few percent of the total heat liberated anil ttwerefore not be considered in the

further analysis.

Table 6.8: Compositions of the powder mixes forighthermal hydration tests

Component REF TVC SCC SccC
Cement g 9.33 8.52 7.84 6.35
Limestone filler g - 1.22 2.24 4.47
Water g 4.67 4.26 3.92 3.18
w/C - 0.50 0.50 0.50 0.50
W/P - 0.50 0.44 0.39 0.29
C/P - 1.00 0.87 0.78 0.59

In this research program, the isothermal hydrakieat of four types of compositions
with the same type of cement and filler in diffdrproportions are tested to investigate
the effect of limestone filler in combination witbPC and to determine the apparent
activation energy E. De Schutter (1996) gives aeaf 33.5 kJ/mol for the hydration
reaction of OPC. After determination of the maxinhedat production rates of the
compositions at the different temperatureg.{@o-c max,20°c Gmax,30°d derived from the
isothermal hydration tests and assuming a refertmperature of 20 °C, the value of
E of each composition and the mean value of E eaddrived using the least squares
method [Poppe, 2004]. Equation (6.9) must be redluoea value that is as low as
possible (near zero) by adjusting the value E. Eguna(6.8), the most adequate

Arrhenius equation, is used for the expression(@f.g

2
qmax °
3 £ _g(6) (6.9)
6=10-20-35°C qmax,20°C

where:  @axgc = the maximal heat production ra@£10-20-35 °C) (J/(@merth))
Bax 200c= the maximal heat production ratél{ = 20 °C) (J/(Gementh))
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Previous studies

The previously discussed testing procedure is basea previous study conducted by
Poppe (2004). In this study the effect of the défe ratios (W/C, W/P, C/P) on the
hydration reaction of cement pastes is being loaked he reaction rate is influenced
due to a modified nucleation possibility and, inmgocases, the reaction mechanisms
are altered resulting in a new hydration peak. inection period (Figure 6.11) can be
reduced and the hydration process within the fimirs is accelerated. The C/P ratio
seems to be an important parameter for the cenimtdystems.

Conduction calorimetry is used for the evaluatidntiee heat generation of small
samples of cement paste (pure cement as well anteara filler mixtures) in
isothermal conditions according to the Belgian Cbd8N B12-213. The combination
of two types of filler (a limestone filler and a ayteite filler) and three types of OPC
(CEM | 425 R, CEM | 52,5, CEM | 52.5 HSR LA) is ihg looked at. The
combinations of the powder mixes used in the igotlattests, are given in Table 6.9.

Table 6.9: Compositions of the powder mixes forigshthermal hydration tests
(according to [ Poppe and De Schutter, 2005])

Component Mix 1 Mix 2 Mix 3 Mix 4
Cement g 7.5 4.5 4.5 2.5
Limestone filler g - 3 3 5
Water g 3.75 2.25 3.75 3.75
wi/C - 0.50 0.50 0.83 1.50
W/P - 0.50 0.30 0.50 0.50
C/P - 1.00 0.60 0.60 0.33
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Figure 6.14: Heat production rate for mixtures WifeM 1 42.5 R (left) and
with CEM | 52.5 HSR LA (right) with limestone filkgt 20 °C
[Poppe and De Schutter, 2005]
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The heat production rate q as a function of tinsepbtained for all mixes, using
different combinations of the three types of cemand the two types of filler. In
Figure 6.15 the heat production rate for mixturéhVCEM | 42.5 R and with CEM |
52.5 HSR LA with limestone filler at 20 °C are giveSimilar curves can be obtained
using quartzite filler and/or CEM | 52.5. The wudequartzite filler is of less interest to
this study and thus will be kept out of considenati

From Figure 6.14 it can be clearly seen that tlaetien mechanism of the hydrating
cement is altered by the presence of the fillenef# observations are noticed and
some conclusions are drawn:

- The more limestone filler is added, the higherhkat production rate and the
more cumulative heat is released. The rise in cativel heat can be explained
by the varying W/C ratios of the different mixeslsé the environmental
temperature influences the results. The higheraimside temperature, the
more pronounced the hydration peak is and theeedhlis peak occurs. In first
approximation, a linear dependency of the maxingat tproduction rate on
the C/P ratio can be accepted (Figure 6.15).

- Due to the addition of limestone filler (decreasi@fP ratio), the induction
period is shortened.

- Incase of CEM | 42.5 R is used in combination Jiithestone filler, an extra
hydration peak is noticed. In case of Mix 4 (witbry high limestone filler
amount), the second hydration peak is even highen the first peak. This
behaviour is not noticed in case CEM | 52.5 HSRit Ased.

The reduction of the dormant phase and the act®leraf the hydration process are
well known consequences of the influence of addeddtone filler on the hydration of

cement, and are previously found in literature Ifigitg, 2001, Sharma and Pandey,
1999].

Different hypotheses can be listed to explain tbeuarence of the extra hydration peak
appearing in the mixes with a combination of CENRI5 R and limestone filler:

- It might be related to the 8 content in the cement. Bensted (1987) indicates
a minimal amount of 12 % of thes& content in the cement needed for a
visible third hydration peak to appear. This hyamatpeak is related to the
transformation of ettringite into monosulphate, ethcan be activated by the
presence of limestone filler. Proof is given in Uiig 6.14: a decreasing C/P
ratio, thus a higher filler content, leads to aheigthird hydration peak in case
of CEM 1 42.5 R. OPC with high sulphate resistaid&R) has a very low
content of GA (lower than 3 %), which demonstrates the abseficke third
peak in case of CEM | 52.5 HSR LA.

- Another approach starts from the viewpoint of a-im@rt behaviour of the
limestone filler. The limestone filler actually &k part in the hydration
reactions and modifies these reactions resultirggpossible delayed ettringite
formation, but in case of CEM | 52.5 HSR LA, thgsrot expected. A more
detailed discussion can be found in the literafBanavetti et al., 2001].
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Finally, the apparent activation energy E is alséculated using the least squares
method and is listed in Table 6.10. These valuBerdrom the value proposed by De
Schutter (1996) who gives a value of 33.5 kJ/mal detivation of the hydration
reaction of pure OPC. The addition of the limestblter can be seen as the reason for
this alteration. It must be noted that the energgded for the extra (third) hydration
peak is quite high and only is found for CEM | 4R5

7

lative to the value

for the mixture w
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Figure 6.15: Maximal heat production at 20°G,,d20°c
[Poppe and De Schutter, 2005]

Table 6.10: Activation energy of three types of Gff€ombination with limestone filler
(according to [Poppe and De Schutter, 2005])

CEM142.5R CEM|525  CEMI525HSR

LA
E; kJ/mol 43.1 38.6 325
E, kJ/mol 81.8 - -
2.5 Mechanical properties

2.5.1 Autogenous deformation

Principle

The total deformation of a concrete is the sum iffeient components (Chapter 5).
Overall, the origin of the deformation behaviowsliin the paste phase of the concrete,
with especially the properties of the hydrationdurcts and the microstructure of the
paste influencing the behaviour. In case moistehange with the environment is
prohibited, for example in case decent curing messsare taken, only the autogenous
deformation must be considered for the early-ageinisige of the concrete.
Autogenous shrinkage is defined as the externalrasaopical (bulk) dimensional
reduction (volume or linear) of the cementitioustsyn, which occurs under sealed
isothermal unrestrained conditions [Kovler and éen2007]. Autogenous shrinkage
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of hardening concrete remains subject of variosearches entirely devoted to the
subject. In case the free autogenous shrinkage adnarete structure is prevented,
internal stresses are introduced into the conattarly ages, which can exceed the
strength of the structure. As a result, prematuexks can be created, making the
concrete more vulnerable to the ingress of potyteggressive species and thus
severely reducing the durability of the concrete.

The main parameters affecting the autogenous sgmlare the amount of water and
the amount and type of cement and admixtures imtixture [Craeye, 2006]. Some
findings concerning the autogenous shrinkage atedi below [De Schutter, 2005,
Piérard et al., 2005]:

- The increased use of superplasticizers, and thissvared W/C ratio, can
increase the autogenous shrinkage and can delawgeti|mg time of the
concrete. Also the dispersion of the cement is aned and therefore provides
a quicker chemical reaction.

- A lower W/C ratio and the use of silica fume andeot pore refining
admixtures will create finer pores. These finer gzoexperience a higher
internal capillary pressure resulting in a greatgiogenous shrinkage.

- Mixtures made with a rapid hardening cement or veitthigh GA content
have autogenous shrinkage with faster developmemt with greater
magnitude. The use of slower hydrating cements hiaae lower chemical
shrinkage is suggested.

- Aggregates restrain the autogenous shrinkage, es@tfount of aggregates
should be maximized to reduce the autogenous sigmkand the related
cracking risk.

- Bleeding of the fresh concrete is acceptable toesertent, as this expansive
behaviour can act as antipole for the autogenotskstye.

Overall it can be concluded that the total shrimkagreases with increasing W/C ratio
(higher drying shrinkage) and increasing cementwardor a given W/C ratio. For
autogenous shrinkage, it's the other way around:ldlver the W/C ratio, the higher
the autogenous shrinkage

Especially HPC, with a low W/C ratio, experienceshigh early-age autogenous
deformation due to the hydration of cement and myathich consumes less space than
the initial products, and due to the self-desiaratof the concrete matrix during
hydration [Craeye, 2006]. In literature, little @mfation can be found concerning the
autogenous deformation of SCC. The contradicting aaakes it hard to come to a
general conclusion [Poppe, 2004]. According to d 8arcelo (1998) the shrinkage
behaviour is higher for the self-compacting composs in comparison with
traditional vibrated ones. On the other hand, Buil &ontgomery (1999) found a
reducing effect of limestone filler with an adequahosen grain size distribution on
the shrinkage. Therefore it seems interesting terdene experimentally the short-
term and the long-term autogenous behaviour of i@ltonsidered compositions SCC
and TVC (Table 6.2, Table 6.3).
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Testing procedure

Autogenous shrinkage has a strong influence on ghdy-age crack prediction
simulation results [Briffaut et al., 2009]. Theredpthis parameter has to be determined
accurately. At the Magnel Laboratory for Concretseé&arch, a vertical dilatometer for
concrete has been developed to determine the awtogedeformation at early age,
directly after mixing and continuously during thesf 6 days (Figure 6.16) [Craeye,
2006]. The fresh concrete is cast into a vertigéihdrical Teflon tube, and compacted
on a vibrating table in case of TVC. The lengthiaf tube is 30 cm and the tube has an
internal diameter of 6 cm. Additional Teflon fos iprovided in between to reduce
friction between the concrete and the mould. Lineatical shrinkage measurements
can start immediately after casting, by means oD placed on top of a Teflon lid,
that follows the shrinkage behaviour of the corerey means of a bolt. Shrinkage
measurements are performed on two identical spesnmeparallel. At the same time,
temperature measurements are performed on a tpacirsen, in order to take into
account the effect of the heat of hydration on dégenous shrinkage results. The
tests are performed inside a climate room (20 8CY¥6RH). Evaporation is eliminated
by using plastic foil around the concrete and bingisTeflon with a low absorbing
coefficient as the formwork material.

Teflon lid

Teflon foil

bolt
plastic foil

concrete

PvC

Figure 6.16: Linear vertical dilatometer for contee
(On the picture - left : two specimens for defatiorameasurements - right : one specimen for
temperature measurements)
[Craeye, 2006]

To determine the long-term autogenous shrinkadggGE and TVC, two prismatic test
pieces with a cross section of 150 mm x 150 mm 2®@d mm in height are cast
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according to the Belgian Code NBN B15-228. Afteximj, the test pieces are placed
in a climate room (20 °C, 90 % RH) for 24 hoursteAfdemoulding, these specimens
are covered with an adhesive aluminium foil to prevdrying and each plane of the
prisms is provided with four measurement basegidiniength of 200 mm) in the
middle of each plane. The prisms are placed iriraaté room (20 °C and 60 % RH).
The autogenous deformation is determined mechdyiaéth a deformation meter on
the two test pieces: the measurements start atlay bf hardening until the age of 917
days for SCC and 910 days for TVC. Shrinkage istakegative.

Previous studies

The previous research study conducted by Poppetj20Westigated the difference in
long-term autogenous shrinkage behaviour of trawliti concrete and Self-Compacting
Concrete with a comparable strength. The samentegtrocedure is being used
according to the Belgian Code NBN B15-228. The m@omclusion is that similar

results are found and identical behaviour can Ipeeted for the two types of concrete
SCC and TVC. It must be noted that next to the WHfb, the C/P ratio also has a
considerable effect on the autogenous shrinkagpecédly for SCC. The most

important findings of the study are briefly disceds

- By gradually replacing the filler content by an #iehal amount of cement at
constant powder content (C/P ratio increases, thH€ \atio drops), the
(autogenous) shrinkage increases. After 100 dagsatitogenous shrinkage of
a concrete with C/P ratio of 0.75 is approxima&ly% higher compared to a
concrete with C/P ratio of 0.5. After approximatd@00 days, the difference
is smaller (25 %).

- An increase in W/C ratio of a concrete causes ae@dse in autogenous
shrinkage. By increasing the W/C ratio from 0.410td7, the autogenous
shrinkage decreases with 20 % after 100 days atid2i % after 1000 days.

- The use of CEM | 52.5 instead of CEM | 42.5 R a# tise of a more fine
limestone filler, does not have a significant iefige on the results.

It can be concluded, that shrinkage of SCC is wfagnitude entirely comparable with
that of TVC [De Schutter et al., 2008]. Estimatiafsthe (autogenous) shrinkage by
using design and model codes derived for TVC, carused for SCC if the cement
content and W/C ratio is moderate. However, theaismodels and the discussion of
these models are not discussed in this work areteete is made to literature [Poppe,
2004]. To predict the early-age behaviour and thdyeage autogenous shrinkage of
the concrete buffer of the Supercontainer, expanaigesults are used.

2.5.2 Creep behaviour

Principle

Creep of concrete, resulting from the action ofistained stress, is a gradual increase
in strain with time. It can be of the same ordenwfgnitude as the drying shrinkage.
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As defined, creep does not include any immediadstiel strains caused by loading or
any shrinkage or swelling caused by moisture chafigeldman, 1969].

The effects of creep may be harmful, for exampteltdss of prestress due to creep is
well known and accounted for the failure of earttempts at prestressing. Overall,
creep, unlike shrinkage, is beneficial in relievsigess concentrations (Chapter 5).

If moisture exchange with the environment is prdbih only the basic creep
deformation needs to be considered. Otherwise,ngrgireep must be taken into
account. It is useful to define the specific basieep compliance (expressed in
um/m/MPa), which is obtained by dividing the bagieep by the applied compressive
stress, and thus this quantity is independentestiess level.

According to Taerwe (1997) the basic creep compbancreases with:
- Increasing W/C ratio.
- Decreasing relative humidity. This is especiallyportant for the drying
creep, not for the basic creep.
- Decreasing amount of coarse aggregates in the etncr
- Higher amount of cement for a given W/C ratio.
- Decreasing age at loading.

Several factors influence the creep behaviour. §dree factors which govern the rate
of development and magnitude of creep of hardené@ apply to SCC. Concrete that

exhibits high shrinkage generally shows a highgrédso the strength of concrete has
a considerable influence on creep and within a widage creep is inversely

proportional to the strength of concrete at theetiofi application of load [Feldman,

1969]. Experiments have shown that creep contifarea very long time, even as long

as 30 years. However, the rate decreases and gevelwards a limiting value.

If the sustained load is removed (Figure 6.17),dnain decreases immediately by an
amount equal to the elastic strain at the given agé valuee., is generally lower
than the elastic strain on loadiag since the modulus of elasticity has increasedhén t
intervening period (tto). This instantaneous recovery is followed by alged decrease

in strain, called creep recovery, mainly due to ghesence of the aggregates, who are
not susceptible to creep and thus act as rigidosnogs taking a part of the stress at
loading and slowly spring back at relief [Taerw891I]. This recovery is not complete
because creep is not simply a reversible phenomeaiuth a non-recoverable creep
remains.

Testing procedure

Creep strains can be significant at early age amuuld be taken into account
[Benboudjema and Torrenti, 2008]. In order to daiae and compare the basic creep
(compliance) behaviour of SCC and TVC, a prismtgst piece with a cross section of
150 mm x 150 mm and 500 mm in height is testedralireg to the Belgian Code NBN
B15-228. Similar to the preparation method usedHerdetermination of the long-term
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autogenous deformation, the test piece is chromtlg cast, placed in a climate room
(20 °C, 90 % RH) for 24 hours, covered with an ailree aluminium foil to avoid
moisture exchange with the environment, and a nmeasnt base (initial length of 200
mm) in the middle of each plane is provided.

| o :

recoverable creep

P—

non recoverable creep

B

0 t1 t

t

ty t t

Figure 6.17: Creep deformation due to an appliedstant loadg, during a time interval ft]
[Taerwe, 1997]

At the age of 2 days, 7 days, 14 days and 28 dhgstest specimen is placed into a
creep apparatus (Figure 6.18) and uni-axially |daemediately under compression.
It is supposed that the creep behaviour is ideintic@ompression and traction. The
loading is 30 % of the momentaneous strength otabepieces (0:8 yisn). The total
deformation is being measured using a mechanidalrdation meter during a long
period of time (up to 900 days). Strains are messlefore loading and immediately
after loading and repeatedly afterwards. By sulitgahe instantaneous deformation
(when loading is placed on the test specimen) dmd value of the autogenous
shrinkage from the total deformation, the basi@prealue is obtained. The basic creep
tests are performed in a conditioned environmett an overall temperature of 20 °C
and a relative humidity of 60 %. Conventionallyriskage is taken negative.
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Figure 6.18: A schematic view of the creep appasatu
[Craeye et al., 2009]
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Previous studies

The previous research study conducted by Poppe4f20flso investigated the
difference in creep behaviour, both basic as dryingep, of the same traditional
concrete and Self-Compacting Concrete as discuksethe autogenous shrinkage
determination. The same testing procedure is beiggd. It seems that several
parameters have an influence on the creep behaviour

- The C/P ratio has a role in the creep behavioucasfcrete, but no clear
correlation can be found in the effect of thisaain the basic creep.

- The WIC ratio: an increasing ratio leads towardghéi total creep
deformation mainly due to the evaporation of freates, but also no clear
relation can be found for the basic creep.

- The type of filler and the type of cement haversignificant influence on the
total creep behaviour, but in case CEM | 52.5 edusstead of CEM | 42.5 R,
the basic creep is significantly lower (approxinhats % after 100 days and
40 % after 1000 days). According to De Schutteal ef2008) the cement type
does have an influence on the total creep. Alsdfitteness of the additions
does not affect the total creep, but a finer fillsids towards a higher basic
creep, especially after later ages (> 100 days).

Generally, the magnitude of creep of TVC and SQ@deo be similar. Estimations of
the creep by using design and model codes derare@\fC, can be used for SCC if the
cement content and W/C ratio is moderate. Howetlez, use of models and the
discussion of these models are not discussed snvtbrk and reference is made to
literature [Poppe, 2004]. To predict the early-abehaviour of the concrete
Supercontainer, experimental results are usedmalate and evaluate the basic creep
behaviour of SCC and TVC.

2.5.3 Compressive strength

Principle

The strength of the concrete, both in compresssvénaensile nature, considered for
the concrete buffer of the Supercontainer, is ubtily one of the most important
properties of this practical study. Strength gieasoverall picture of the quality of
concrete because it is directly related to thecttine of the hydrated cement paste and
is linked with other very important properties suab durability and permeability
[Neville, 1963]. The strength of the concrete, ®slmpacting or traditionally vibrated,
is inevitably linked with the quality of the contee

The compressive strength of concrete can be exuesta a wide range of
formulations (Feret, Abrams, Bolomey, Dutron, Larttbp expressed in [Taerwe,
1997]), where the WI/C ratio is the most importaautgmeter. The compressive strength
decreases with increasing W/C ratio (Figure 6.1%)e basic relationships between
compressive strength and W/C ratio apply equall$@C as to TVC. In case a higher
WI/C ratio is applied, thus due to the addition aobrenwater, initially the distance
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between the cement grains in the mix will be higAdrerefore, it will take more time
for a percolating structure to be formed (see gmhtMoreover, the hardened concrete
will have a greater porosity in case of a higheCW#tio, which negatively affects the
strength and durability issues.

Other parameters affect the compressive strength as the type and strength of the
cement (also the fineness), the type of aggregétesn, grain size distribution,
maximal diameter), the cement to aggregate rdi®cbmpactation degree, the age, the
curing conditions (temperature, relative humiditje form or shape of the samples,
etc.

o

Compressive strength

Increasing W/C ratio

»

0.2 0.4 0.6 0.8
Degree of hydration

Figure 6.19: The evolution of the compressive gtienvith varying W/C ratio
[De Schutter, 1996]

Looking at the different components of a traditiooancrete, the strength of concrete
depends on (i) the strength of the mortar and #ment paste, (ii) the bond between
the mortar and the aggregates and (iii) the streoftthe aggregates. The hardened
cement paste consists of three components: (i)abtgdrcement, which is the most
important component responsible for the createength, (i) non-hydrated cement,
acting as a filler material and slightly contrimgito the strength of the concrete and
(iii) the pores, the weaknesses in the matrix. fHloe that non-hydrated particles partly
contribute to the resistance of concrete is of iportance for the strength of SCC.
A typical SCC contains a high proportion of finedéns, which will densify the
microstructure of the hardened matrix. Some ofdHéer materials may actively take
part in the hydration process and this may tendntancreased compressive strength
(up to 10 % at 28 days compared to TVC with comipler&V/C ratio [De Schutter et
al., 2008]). Therefore it is often hard to creates(CC with a low strength. The strength
of SCC is not necessarily of a high-performant rat8CC can have a strength varying
from very low to very high, which is comparableTtgdC [De Schutter et al., 2008]. To
conclude, SCC with the same cement and water coaeMVC, tends to have the
same or greater concrete strength [De Schuttér, @098].
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Testing procedure

To determine the compressive strength of SCC an€,T¥sts are performed at

different ages (1 day, 2 days, 3 days, 7 days,dy$ dnd 28 days) on cubic samples
with a side of 150 mm. The samples are placed énaictlimate room (20 °C, 90 %

RH) during 28 days and are demoulded after 1 dayach age, uni-axial tests are
performed on three samples at the Magnel LabordtmryConcrete Research and at
BBRI (2007) according to the Belgian Code NBN EN39@-3. The compressive

strength at the different ages can be found bydiigi the maximal load at rupture by

the surface of the sample on which the load isiagpl

Fe
Jecumiso = A_c (6.10)

where: f.p150= the compressive strength of a cubic sample (&8@ mm) (MPa)
F.=the maximal load at rupture (N)
A= the surface of the sample on which the load sliag (mm?)

In some cases, different curing conditions (cutinger water at 20 °C or preservation
at the test site) are employed or tests are coadumh smaller cubic samples with a
side of 100 mm. The Belgian Code NBN B15-220 foessempirical conversion
factors to take into account the size of the sasiple

Jeawsso - 94 (6.11)

ccub100
where:  f.n100= the compressive strength of a cubic sample ($@Emm) (MPa)

These factors must be handled with the requested &amples with the same shape
give higher results for compressive strength irecdey are smaller. The greater the
volume, the higher the risk of imperfections in #zmple. In general, the compressive
strength of concrete is expressed by meansofidtermined on cylinders with a

diameter of 150 mm and a height of 300 mm. Thise&dbrms the base for most of the
calculations in concrete structures.

The cylinder to cube (of different sizes) convensiactors are listed below:

Je o83 -t =079 4 T =074 (6.12)
f ccub200 ccub150 ccub100

where: { = the compressive strength of a cylindrical samfdéameter 150 mm,
height of 300 mm) (MPa)
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Previous studies

Data from more than seventy recent studies, spogad more than a decade, on the
hardened mechanical properties of SCC have beelyzadaand compared with
properties of equivalent strength traditional ceterby Domone (2006). The 28 day
strength values of SCC ranged from 20 MPa to nddyMPa, with about 80 % of the
mixes having strengths in excess of 40 MPa. Thisvsht is possible to produce SCC
with strengths to suit nearly all normal concretisjuations. The strengths are
controlled mainly by the binder composition, and mith water/binder ratio as in
conventional workability concrete. It is also showmat a significant increase in
compressive strength is observed across a widesrahdimestone powder contents
inside concrete for all ages up to 28 days. Onother hand, if the aggregates in the
concrete are more coarse or crushed (and all atbecrete parameters are kept
constant), a higher compressive strength can beath The difference of strength
between mixes with crushed and uncrushed coarsegajgs is lower for SCC than for
TVC. Another interesting finding is the existendeaosignificant difference between
the cylinder to cube strength ratio, originally Apgble for TVC but also obtained for
SCC. Especially for SCC with high strength, thisueais almost equal to 1 in case of
SCC with a compressive strength of 90 MPa, comperedvalue of 0.80 for TVC.

In the pilot project by Poppe (2004) the evolutafrthe compressive strength of SCC
is investigated on cubic samples with a side of t&4f. Two series of SCC are
prepared with different amounts of powder (500 Kgamd 600 kg/m?3). The amount of
water and aggregates is kept constant, only ther&li® is varied. CEM | 42.5 R is
used as cement. By increasing the C/P ratio at restant powder content, the
development of the compressive strength is fastdrfaisoat 28 days is higher in
both the considered casegyfiso0f SCC (C/P ratio of 0.75) is 30 % higher compared
to feun1s0 Of SCC (C/P ratio of 0.50) in case 500 kg/m?® powideused. In case 600
kg/m3 is added, this difference is still 20 %. Time of filler material in SCC has an
effect on the strength development: it provide®ten dispersion of the cement and so
the average pore size decreases. Also the addiicsuperplasticizer can have a
beneficial effect on the strength of concrete. $hperplasticizer also provides a better
dispersion of the cement grains and a higher uténd@gree of hydration is achieved,
which can lead towards a higher strength. Findlig, addition of superplasticizer can
have an influence on the setting time or on theglation threshold.

2.5.4 Tensile strength

Principle

In contrast to the widespread knowledge on compessrength, there is relatively
little information available on tensile strength aincrete, especially on the effect of
changes in SCC on the tensile behaviour. The betlawf concrete in traction is
mainly determined by its internal structure andtlwy present imperfections and holes
that can initiate or propagate cracking under terstress. The tensile strength strongly
depends on the size of the tested sample: theegrereg volume, the lower the tensile
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strength statistically will be due to the greatkance of the presence of imperfections
in the concrete [Taerwe, 1997]. The type of aggegyécrushed or uncrushed) also has
an influence on the tensile strength: concrete witished aggregates generally has a
better bonding between the aggregates and the tepaste and thus will have a
greater tensile strength. The tensile strength désweases with increasing W/C ratio
(Figure 6.20). The basic relationships betweenileesrength and W/C ratio moreover
apply equally to SCC as to TVC. The tensile strerdgvelopment is slightly faster
than the compressive strength development, buiatiibe behaviour is similar.

There are three known types of tensile strengtboofcrete, depending on the applied
test method: (i) the pure tensile strength, (i§ #plitting tensile strength and (iii) the
bending tensile strength. Only the first two ty@ee being considered in the testing
procedure for SCC and TVC.

o

Tensile saength

Increasing W/C ratio

»

0.2 0.4 0.6 0.8
Degree of hydration

Figure 6.20: The evolution of the tensile strengtth varying W/C ratio
[De Schutter, 1996]

Testing procedure

To determine the pure tensile strength of SCC avi@,Ttests are performed on cores
drilled out of a vertically cast prismatic concre@umn (SOCEA) with side 600 mm
and height 6000 mm [BBRI, 2007]. The cylindricahgdes have a diameter of 80 mm
and a height of 140 mm. After 56 days, tests aropaed on nine samples (three on
each level) according to the Belgian Code NBN B1%:2A simple uniform tensile
stress is created in the cores: on each end swfabe sample, a metal plate is glued
on top of it, provided with a ball joint to prevetite effect of possible eccentric
placement of the sample in the test apparatus (Eig21).

The pure tensile strength can be found by dividimg maximal load at failure by the
section of occurrence of rupture:
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f,=—= (6.13)

where: §; = the pure tensile strength of the drilled coreR#&)
F.= the maximal load at rupture (N)
A= the section of occurrence of rupture (mmg2)

The splitting tensile test is based on the assassthat in case a flat element in an
elastic material is subjected to two equal linedgasituated in the same plane and
seized perpendicular to the outer surfaces, a mumiftensile stress distribution is
created in the material according to Figure 6.22fWwe, 1997]. The tested sample will
split according to this plane when the tensilersjtk is exceeded by the internal stress
o After 42 days and 119 days, the splitting testsprformed on three cubic samples
(side 100 mm) after the following curing procedigdollowed: first 24 hours at 20 °C
and 90 % RH, secondly and until the age of 28 daysd under water, and finally
(until the age of 42 days and the age of 119 dpl)ed in an environment of 20 °C
and 60 % RH. The splitting tensile strength tests jgerformed according to the
Belgian Code NBN B15-218.

The splitting tensile strength can be found acewydo equation (6.14):

2[F

== 6.14
fetsp P (6.14)

where: fis, = the splitting tensile strength of the cubic sdenfMPa)
Fespi= the maximal load at rupture (N)
| = the length of the splitting plane (mm)
d = the height of the splitting plane (mm)

In case a pure tensile strength test is conduéadldre (or rupture) shall occur in the

weakest surface along the total length of the samph the other hand, the plane of
failure is fixed in case of a splitting tensileestgth test, which is not necessarily the
weakest zone. Therefore, the splitting tensilengfife test statistically gives higher

results than the pure tensile strength tests [Taer®997]. Equation (6.15) is

approximately correct.

f+=039 f, (6.15)

Previous studies

Most of the available data regarding tensile stiermye expressed as the splitting
tensile strength, mostly performed on cylindriggéamens.
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Figure 6.21: The test set-up to determine the pemsile strength

[BBRI, 2007]

78772,

.rt
ez

Figure 6.22: The principle of the splitting tens#igength test on a cubic sample
[Taerwe, 1997]
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Domone (2007) quotes that the ratio of tensile amgressive strength for SCC is
similar to that for TVC (about 0.1), where the oaténds to be within the upper half
(Figure 6.23). Other available data slightly teadridicate a better value of the tensile
strength for SCC compared to TVC [De Schutter e28i08].
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Figure 6.23: Cylindrical splitting tensile strengtlersus compressive strength
of SCC and TVC (=NVC) [Domone, 2007]

2.5.5 Modulus of elasticity

Principle

In solid mechanics, the modulus of elasticity (dksmwn as Young’s modulus) is a
measurement of the stiffness of an isotropic elastiterial. It is defined as the ratio of
the uni-axial stress, caused by an external loading, over the uni-ssti@ine, along
the loading direction, in the range of stress inclwtHooke's law holds. Two types can
be distinguished: (i) the secant modulus of elagtiend (ii) the tangent modulus of
elasticity in the origin of the stress-deformaticaorve and corresponding to the
dynamic modulus for elasticity for the analysis dyfnamic phenomena (it can be
determined via measurements of the resonant freguefia concrete sample). The
secant modulus can be experimentally determinenh filoe slope of a stress-strain
curve created during tensile or compressive testslected on a test sample of the
material.

The development of the modulus of elasticityviith time goes in a more non-linear
way than the development of the compressive ansiléestrength (Chapter 5). The
modulus of elasticity develops faster than the Hteh strength, giving cause to a
critical phase where the induced stresses can éxbeetensile strength and can cause
cracking (Chapter 5). At a young age, consideraiesses can arise in concrete
structures due to thermal effects or shrinkageckvicen lead to a noticeable cracking
risk. The development of stiffness starts after ithgbuction period is over, and the
setting time starts (time zero, see further).
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Testing procedure

The modulus of elasticity has a strong influencetlom early-age crack prediction
simulation results of massive concrete structuBegffut et al., 2009]. Therefore, this
parameter has to be determined accurately for SE@ICT¥C. The secant modulus of
elasticity is determined by BBRI (2007) accordinghie Belgian Code NBN B15-203,
by measuring the deformation under pressure inngitiadinal way. The tests are
performed after 28 days on nine cores drilled outhe vertically cast prismatic
concrete column (SOCEA) as discussed previousleg @ylindrical samples have a
diameter of 113 mm and a height of 226 mm (ratigtitédiameter equals 2).

The static secant modulus of elasticity is deteemiminder compression. The stress
inside the test sample is increased stepwise bgdhthat creates a stress increase in the
sample inferior to 0.5 MPa until failure of the coete occurs. After each load step, the
longitudinal deformation is measured via a mechandeformation meter (Figure
6.24). The modulus of elasticity.Ean be calculated by means of equation (6.16),
derived from Hooke's law:

Ao
L= (6.16)
Ag,
where: E = the secant modulus of elasticity of the concsateaple (GPa)
Ao = the stress gradient applied by the test appasdiPa)
Ag = the longitudinal deformation of the test sampieler uni-axial
compression (um/m)

Figure 6.24: Determination of the modulus of elaisi (left) and Poisson'’s ratio (right)
[BBRI, 2007]
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Previous studies

A survey conducted by Domone (2007) indicates tiatmodulus of elasticity of most

SCC mixes is lower than that of TVC with a comp#atompressive strength. The
difference is greater for lower compressive streadFigure 6.25): the elastic modulus
can be up to 40 % lower than TVC at low compressivength ( < 20 MPa), but the
difference reduces to less than 5 % at high sthen@0 MPa — 100 MPa). This

behaviour is consistent with the lower coarse agafeequantities in SCC. Considering
hardened concrete as a composite, with coarse gajgee being the principle

component contributing to the modulus of elasticttye reduction of the content of
coarse aggregates for SCC in comparison to TVCGegatain the lowering of the value

of the modulus for SCC [Domone, 2007].
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Figure 6.25: Modulus of elasticity versus compresstrength of SCC and TVC (=NVC)
[Domone, 2007]

The evolution of the modulus of elasticity of SCE investigated on cylindrical
samples (diameter 150 mm, height 300 mm), stored2® days in a conditioned
environment (20 °C, 90 % RH) [Poppe, 2004]. As wadl the test conducted to
determine the compressive strength, two seriesCaf Sre prepared: different amounts
of powder is being used (500 kg/m3 and 600 kg/@EM | 42.5 R is used as cement
and the amount of water and aggregates is keptamn®8y increasing the C/P ratio at
a constant powder content, the development of Yeumgpdulus is faster and. &t 28
days is higher in both the considered casgsofESCC (C/P ratio of 0.75) is 12 %
higher compared to Ef SCC (C/P ratio of 0.50) in case 600 kg/m? powideadded.
In case 500 kg/m3 is added, this difference istleas 3 %. By comparing the results of
SCC and TVC, the same relationship between the hedof elasticity and the
compressive strength can be found and also theafgwent of the Young’s modulus
is faster than the strength development for SCCTar@.

Sideris et al. (2004) mentioned that an increaseowfipressive strength goes along
with an increase of modulus of elasticity. Sevdaamulations can be expressed to
indicate the relationship between those two quastifPauw, Parrott, Iravani, Klink,
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etc.) where the volumetric weight and the aggregsfee are the influencing
parameters. Concrete based on limestone aggresfatesa reduction of approximately
10 % in modulus of elasticity compared to quartzitggregates based concrete
[Taerwe, 1997].

2.5.6 Poisson’s ratio

Principle

The Poisson’s ratio is the ratio of the transvedsformation (perpendicular to the

applied force) and the longitudinal deformation (ime direction of the applied force).

Thus, in case a compressive force is applied oonarete sample, Poisson’s ratio can
be found by dividing the transversal expansionhgylongitudinal shortening.

Testing procedure

Briffaut et al. (2009) have indicated that the aate Poisson’s ratio has no significant
influence on numerical simulation results of coterstrains and stresses in massive
structures as long as reasonable values are usgtiod, the values of Poisson’s ratio
of SCC and TVC are determined by BBRI (2007). Rmi&sratio is determined during
the same test performed to determine the modulusasticity and according to the
Belgian Code NBN B15-203. By measuring the deforomaunder pressure in the
transversal way (via LVDT’s) and in the longitudingay (Figure 6.24), Poisson’s
ratio can be found according to equation (6.17} Tésts are performed after 28 days
on nine cores (diameter 113 mm, height 226 mm)ledrilout of the previously
discussed vertically cast prismatic concrete col(B8@CEA).

Ae
v =—:= (6.17)
Ag,
where: ., = Poisson’s ratio of the concrete sample (-)
A& = the transversal deformation of the test sampldar axial compression
(Hm/m)

A4g = the longitudinal deformation of the test sampialer axial compression
(Hm/m)

Previous studies

For linear elastic and isotropic materials, Poissoatio is constant, but in the case of
concrete a value in between of 0.15 and 0.20 isoreble and is in fact time
dependent. In case this quantity is determined bgsuring the deformation during a
compression test, the general value of 0.15 to &.28ost likely to appear in case the
deformation of the concrete lies in the linear z¢me< 0.5f;) and this behaviour is
similar in traction and compression. It is alsogloe to determine the Poisson’s ratio
dynamically (via ultrasonic tests) by measuringgpeed and the resonant frequency of
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a longitudinal vibrating pulse through a concretenple. In this case the measured
mean value will be slightly higher, around 0.24 yile, 2000].

According to the Belgian Code NBN EN 1992-1, itpieferable to consider a time
dependent behaviour for the Poisson’s ratio, adogri (6.18). On the other hand, for
calculation measurements, a relative value of G&0uncracked concrete is also
acceptable. In case the concrete is cracked, RPosssdio is zero.

v, =05 lt<t,]
U, =-0.0375F+0.65 |[t,<t<12h] (6.18)
U.=0.2 [t=12h]

where: ¢ = the time zero (see further) (h)

Klink (1985) indicates that Poisson’s ratio islditor not influenced by the chemical

composition of the cement or by the mineralogiaahposition of the aggregates. An

actual Poisson’s ratio is defined in the middletloé concrete, dependent on the
compressive strength and the volumetric weighthef ¢concrete, and elevated values
(up to 50 %) are found in comparison to the valimsd with the standard test

methods.

v, =200 " 01 ) (6.19)

where: o = the volumetric weight of the concrete (kg/m3)
f.= the compressive strength of the concrete (kPa)

For HPC (f > 50 MPa), Iravani (1996) shows values varyingueen 0.15 and 0.20
depending on the compressive strength, with a meahre of 0.17 if f is smaller than
55 MPa and 0.20 if.fis in between of 55 MPa and 125 MPa.

2.5.7 Time zero

Principle

The microstructure of concrete determines its ntproperties, such as strength and
stiffness. Hardening concrete has a continuousbBngimg microstructure and thus
continuously changing thermal and mechanical pittgeerlt is important to know from
what time on the changing microstructure is vulbido internal stresses. Time zego t
is the moment when the imposed deformations giwse#o an internal stress build-up
in concrete in case free deformation is prevernited: the moment when the strength
and the stiffness of the hardening concrete stadevelop. Translating this into the
hydration concept (see equation (6.6b), the hyainadiegree at a certain time can also
be seen as the relation of the amount of cementalheady is hydrated to the initial
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amount of cement), this moment is also known aspireolation threshold,, the
hydration degree when a percolating microstructriginates during hydration of the
cement [De Schutter, 1996]. Therefore, it is uséduexamine the phenomenological
effect during hydration more into detail. Considegrione cement particle in contact
with water: the particle starts to grow hydratiaogucts inwards and outwards of its
original grain boundary during hydration. Inside tboncrete, a numerous amount of
cement particles comes into contact with water simow the same behaviour as one
particle and undergoes a material transformatigdrdting products are formed around
the cement particles (Figure 6.26). If these hydnaproducts do not come in contact
with each other (there is still water separatingntl, the material has no strength or
stiffness yet. At a certain moment in timedr at a certain hydration degrag these
hydration products interconnect and an internat@ating structure is formed. The
induction period is over. The plastic and proceksapecie has developed into a stiff
and non-workable paste. From now on, the strengththe stiffness start to develop
(Figure 6.19, Figure 6.20). Overall, three periods be distinguished (Figure 6.26): (i)
the induction period, (ii) the start of the settiagd (iii) the end of the setting or the
beginning of the hardening of the concrete. Tim® z®incides with the initial setting
time.

The W/C ratio of the concrete mixture has a conside influence on this percolation

threshold: the higher the ratio, the further awag tement particles are from each
other initially, thus the longer it takes for themform an interconnecting percolating
structure. On the other hand, more water is availédy the cement to form hydration

products, thus a higher ultimate degree of hydnaisoachieved (Figure 6.19, Figure
6.20). As mentioned before: a higher W/C ratio désds towards a higher porosity
[De Schutter, 1996, Poppe, 2004]. The onset ofptreolating structure formation is

also influenced by the filler amount, the finenassd the type of filler due to a possible
effect of the filler on the cement hydration. Faample: limestone filler accelerates
the hydration process and reduces time zero, whiteis not the case when using
quartzite filler [Poppe, 2004].

addition of water

| INDUCTION PERIOD | SETTING |
I T |
Initial setting Final getting

HARDENING

Cavities

Figure 6.26: The hydration of cement (accordinge Schutter, 1996])
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Testing procedure

To come to a reasonable value of time zero of SACTA/C, estimations can be made
based on the results of the compressive streagth [Craeye, 2006]:

The development of the compressive strength hamearlconnection with the
logarithm of time. By plotting the test resultstbé compressive strength tests
at different ages (from 1 day up to 28 days), agdpbrforming a linear
regression, time zero (the time where the compressirength starts to
develop) can be estimated. The same analysis caiobe by plotting the
relative strength (relative to the strength at 28/s) in function of the
logarithm of time and by performing the linear meggion method. The
determination via these methods is not very aceudake to the absence of
results of compressive strength at very young agéZ hours) and due to the
scatter on the obtained compressive strength sesult

The estimation of time zero can be done by usieghtydration concept. The
(relative) compressive strength can be plotteduincfion of the hydration
degree (time can be translated into hydration degne using the adiabatic
hydration test results and equation (6.6b)). Byfgrering linear regression,
the percolation threshold, can be found (Figure 6.27) and back translated
into time zerod

1

y=15106x-0.1153
05 -

Relative strength (-)

0 0.1 02 03 04 05 06 0.7
Degree of hydration (-)

Figure 6.27: Using linear regression and the hyibsatconcept for the determination af

[Craeye, 2006]

By means of this method, Craeye (2006) found a #igre of approximately 2
hours (first method) to 6 hours (second methodHBC, using CEM | 52.5 R
and a W/C ratio of 0.32. Only the first method fipled for the determination
of time zero of SCC.

Other methods to determine the onset of clustenddion of the hydration products are
traditional ones such as the apparatus of Vicatof@ing to the Belgian Code NBN EN
196-3) or the Proctor needle test (according to MST403). Unfortunately these

methods can only be used on cement pastes (Vicath onortar (Proctor). Therefore
they are kept out of consideration for further dision.
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Non-destructive ultrasonic transmission measuresneteists, performed by the
FreshCon system, allow the continuous monitoringhef setting of both mortar and
concrete samples, and thus give a more completerpiof the binding of the concrete
[Robeyst et al., 2008]. The compression waves (pesjpused in this test method
provide a more accurate determination of the velatirough fresh concrete because
of the high signal-to-noise ratio. These waves paspagate through fluids which
clearly indicates the advantage of p-waves compé&wedther waves, such as shear
waves. The change that the velocity of an ultrasqnivave undergoes with time
during setting and hardening of concrete is reggst@nd the three periods discussed in
Figure 6.26 can be clearly distinguished (Figur28B. the first part is the induction
period, characterized by a constant low velocitfteAvards, the velocity increases
more rapidly at first and finally more graduallyreach an asymptotic value. The very
early increase in velocity is devoted to the folioratof ettringite and thus has no
influence on the stiffening process an does notritrte to the strength development
of the fresh concrete. Thereafter, starting from itiflection point (Figure 6.28), the
actual setting takes place. The end of the settimgesponds with the third stage of the
velocity curve: the slow increase of velocity todsthe constant value.

V()

(ti, vi/2)
fnffection poiit

te)

Figure 6.28: Demonstration of ultrasonic measuretaem concrete samples
[Robeyst et al., 2008]

By means of this method, Robeyst et al. (2008) dotivat the start of the setting of
concrete with CEM | 42.5 and CEM | 52.5, withoutasther additions and with a W/C

ratio of 0.5 is between 4 hours and 6 hours. Tis ffiours before the inflection point is
reached, the velocity in the concrete and the edein mortar mixture (same type of
cement, sand and W/C ratio) changes analogoudiyn® Thus, the influence of the

larger aggregates is rather small as long as thtegegstart of binding) has not

occurred. Therefore an equivalent time zero for @€ TVC can be assumed. Finally,
the addition of BFSC delays the start of the sgttind the hardening.
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3 Results and Discussion

3.1 Fresh concrete properties

3.1.1 Fresh properties of SCC

As mentioned before, nineteen SCC mixes are testetthree locations during the
laboratory characterization program to determine ftesh properties of the SCC
composition discussed in (Table 6.2): the slumpvflithe V-funnel time, the L-box
value, the sieve stability percentage, the deresitg the air content. The results are
listed in Table 6.11 and Table 6.13. There is hemtarge dispersion on the fresh test
results of the SCC.

The slump flow value varies between a wide range56¢%5 mm and 800 mm,
respectively translated into the lower class SH the upper class SF3 according to
Table 6.4, and a mean value of approximately 690(olass SF2). A rather good flow
ability and no horizontal segregation is foundhe mixes. No segregation is found in
the mixes: the sieve stability test results arallaimes smaller than the recommended
limit value of 15 %.

Also the two V-funnel classes (VF1 and VF2) areespnted for SCC, the mean value
is 16.0 s, with a standard deviation of 12.5 s,chetlemonstrating the wide spread on
the results. Even V-funnel times in excess of 2&res found. These high flow times
indicate that the SCC can be quite stiff and iseastily deformable due to high internal
friction and high viscosity of the mix. A high V4fmel time can also be caused due to
clogging of the coarse aggregates near the op@fitig test apparatus.

The L-box value is often smaller than the recomneeindalue of 0.80, and blocking
near the reinforcement bars is found in those cd3esSCC has a poor passing ability,
but in case of casting of the concrete buffer dnadlitl of the Supercontainer, this is not
fully required.

The mean density of the fresh SCC is 2405 kg/m2thaedaverage air content is 1.5 %.
The only varying parameter in the SCC compositienthe superplasticizer content
with a value in between 10 kg/m3 and 14 kg/m3. Tean superplasticizer content is
11.8 kg/m3, with a standard deviation of 1.3 kg/m3.

There is hardly no correlation to be noticed betwehe slump flow and the

superplasticizer content except for a small in@ezsslump flow value with increased
superplasticizer content (Figure 6.29). Also norelation can be found in case of the
V-funnel time. By adding more SP, especially thek of segregation of the concrete
mixture increases [Poppe, 2004].

Previously, typical ranges of key proportions of %BC composition are discussed in
Table 6.1. Although the proportions of SCC fit thposed ranges, some fresh test
results (V-funnel and L-box) do not give acceptaelsults. The W/P ratio (1.16 by vol
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%) of the discussed SCC is higher than the higbasie given in Table 6.1 (i.e. 1.10).
Therefore, it can be recommended to adjust the atmmfulimestone filler to increase
the powder content at a constant cement contenttlaunsl lower the W/P ratio to
comply with the recommended value of 1.10 (by vgl ¥ests are performed at the
Magnel Laboratory for Concrete Research to detezntive fresh properties of SCC
with the same composition as given in Table 6.2,viith an additional amount of 50
kg/m? of limestone filler, replacing 50 kg/m3 ofazse limestone aggregates with size
6/14. In this mix, 11.8 kg/m? superplasticizer édad. Next to a similar slump flow
value of 690 mm, a tolerable V-funnel time of 16.8nd an acceptable L-box value of
0.84 is registered for the SCC with a density 3@8g/m? and an air content of 1.7 %.
Thus, the addition of limestone powder leads toavgatisfying fresh tests results and
the compressive strength at 28 days (of cubes aviile of 150 mm) is 54.6 MPa. In
case 50 kg/m3 of the coarse aggregates (6/14plaaed by the same amount of fine
aggregates (0/4) and once again 11.8 kg/m? of plgsticizer is added, the following
fresh properties are found: a slump flow of 650 namV/-funnel time of 14.2 s. The
result of the L-box has an intolerable value o20.6he density of the fresh concrete is
2390 kg/m3, the air content is 1.8 % and the cosgive strength at 28 days is 51.0
MPa. Thus, in order to get more acceptable frestpenties for the SCC, it is
recommended to replace 50 kg/m3 coarse aggregate® kg/ms3 limestone filler better
than to replace the coarse aggregates by 50 kgiem&dfgregates (0/4).

3.1.2  Fresh properties of TVC

Apart from the nineteen SCC mixes, also seventeé@ iixes are tested at the three
locations during the laboratory characterizatiorogpam to determine the fresh
properties of the TVC composition given in Tabl8:6he slump, the flow, the density
and the air content. The results are listed in @ahll2 and Table 6.14. The mean
superplasticizer content added is 4.0 kg/m?3 (s4&=k@/ms3, s is the standard deviation
on the mean value). The standard deviations offréisé test results of TVC are much
smaller compared with those of SCC.

The mean slump value of TVC is 225 mm, the meaw flalue is 760 mm, making
this an extremely good flow able traditional comnerecategorized in the upper
consistency classes S5 for the slump value andFéé flow value according to the
Belgian Code NBN EN 12350. Compared to SCC, TVCaasggher mean density of
2440 kg/m? and a lower air content after vibrat{@r0 %). The common tendency is
that a higher air content leads towards a lowesidgnf the fresh concrete mix (Figure
6.30).

External vibration energy is needed to overcomeiriternal friction and the cohesion
forces between the different concrete constituants the possible capillary forces in
the fresh specie. The flow ability of fresh TVCnist sufficiently high enough to drive
away the air bubbles by itself and under influeotthe gravity, as in the case of SCC.
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Table 6.11: Characteristic values of the fresh mdigs of SCC

SCC properties max min mean s #
Slump flow mm 800 575 690 50 19
V-funnel S 41.0 5.0 16.0 125 17
L-box - 0.84 0.40 0.69 0.16 8
Sieve stability % 13.5 2.7 6.8 3.5 8
Density kg/m3 2435 2350 2405 25 15
Air content % 2.4 0.9 15 0.5 9

Table 6.12: Characteristic values of the fresh mdigs of TVC
TVC properties max min mean s #
Slump mm 250 175 225 20 17
Flow mm 800 705 760 40 5
Density kg/m3 2470 2400 2440 20 14
Air content % 1.6 0.5 1.0 0.4 11

Table 6.15: Characteristic values of the volumetvigight (in kg/m3) of hardened SCC and TVC
at different ages

SCC mean s # TVC mean s #

1 day 2415 30 7 1 day 2415 15 5

2 days 2400 10 10 2 days 2415 15 7

3 days 2390 15 4 3 days 2415 20 7

7 days 2390 15 9 7 days 2415 15 10

14 days 2380 20 7 14 days 2410 5 4

28 days 2390 20 11 28 days 2410 25 11
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Table 6.13: Fresh properties of 19 SCC mixes

SCC SCCm1 SCCm2 SCCm3 PSCC1 PSCC2 PSCC3 PSCC4 DSCC1 DSCC2
Date 31/08/06  7/11/06 7/11/06 7/11/06 5/12/06 5/12/06 0187 3/01/07  23/01/07  23/01/07
Location BASF SOCEA SOCEA SOCEA MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL
Superplasticizer kg/m3 14.0 11.0 10.0 10.0 11.8 811. 140 14.0 11.8 11.78
Mix quantity m3 - 1 1 1 0.04 0.04 0.05 0.05 0.15 150.
Fresh results
Slump flow mm 680 720 710 750 720 695 705 690 690 680
V-funnel S 9.0 5.5 5.0 5.5 9.1 - 19.9 14.8 9.0 12.8
L-box - - 0.77 0.84 0.78 0.50 0.72 0.81 0.67 - -
Sieve stability % - 2.7 3.1 5.3 8.1 8.1 5.6 7.8 - -
Density kg/m3 2360 2405 2425 2405 2405 - 2435 2435 2400 -
Air content % 1.8 - - - 1.6 - 1.2 1.3 1.6 -
SCC ad NSCC1 NSCC2 SCC AK SCC1 SCC2 SCC3 SCC4a SQC4
Date 15/05/07  31/07/07 31/07/07 31/10/07  3/03/090/03/09 24/03/09  7/04/09  21/04/09
Location MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL
Superplasticizer kg/m3 11.8 12.3 12.3 12.3 10.2 210. 12 111 11.3
Mix quantity m3 0.055 0.15 0.15 0.03 0.05 0.05 0.05 0.05 0.05
Fresh results
Slump flow mm 720 720 800 680 640 575 715 600 600
V-funnel S 6.0 8.0 28.8 - 6.0 17.0 33.0 41.0 41.0
L-box - - 0.40 - - - - - - -
Sieve stability % - 13.5 - - - - - - -
Density kg/m3 2400 2415 - 2415 2350 2405 2405 - 2395
Air content % 1.4 0.9 - 0.9 - - - - 2.4
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Table 6.14: Fresh properties of 17 TVC mixes

TVC TVCml TVCm2 TVCm3 PTVC1 PTVC2 DTVC1 DTVC2

Date 31/08/06 14/11/06 14/11/06 14/11/06 5/12/06 /12/96 30/01/07 30/01/07
Location BASF SOCEA SOCEA SOCEA MAGNEL MAGNEL MAGL MAGNEL
Superplasticizer kg/m3 4.8 4.4 4.4 4.4 3.6 3.6 3.6 3.6
Mix quantity m3 0.05 1.05 1.05 1.05 0.04 0.04 0.15 0.15
Fresh results

Slump mm 225 245 245 250 225 225 225 225

Flow mm - 745 - 745 705 - - -
Density kg/m3 2400 2470 2425 2430 2430 - 2460 -
Air content % 1.6 0.5 0.9 0.9 1.2 - 0.7 -
TVC ad NTVC1 NTVC2 TVC AK TVC1 TVC2 TVC3 TVC4a TVC4 b

Date 29/05/07 7/08/07 7/08/07 7/11/07 5/03/09 39 26/03/09 5/05/09 26/05/09
Location MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL MAGNEL
Superplasticizer kg/m3 3.6 3.6 3.6 3.6 6.0 4.0 4.0 4.1 4.1
Mix quantity m3 0.055 0.15 0.15 0.03 0.05 0.05 0.05 0.05 0.05
Fresh results

Slump mm 250 205 215 245 55 175 205 205 215

Flow mm 800 800 - - - - - - -
Density kg/m3 2470 2440 - 2445 2425 2440 2450 2435 2440
Air content % 0.5 0.8 - 1.1 - - - 1.4 1.3
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3.2 Thermal properties

3.2.1 Specific heat

Considering a mean value of 1000 J/(kg-°C) forgecific heat of concrete based on
OPC according to Taerwe (1997), the heat capacityc@©@C and TVC can be
determined according to equation (6.1). Note thatdpecific heat of a saturated fresh
concrete is 1.2 — 1.5 times higher than a dry agecrThe specific heat strongly
depends on the water amount of the concrete, mhedguse the specific heat of water
is much higher than that of concrete: 4190 J/(Kg-However this will be kept out of
consideration and a constant value is maintaineagltardening.

To determine the heat capacity, the volumetric Wwemf SCC and TVC needs to be
determined at different ages, and on cubic sampigsa side of 150 mm, cured at a
temperature of 20 °C and a relative humidity oP8@ntil the age of testing. The mean
values with the standard deviation are given inl@#&bl5. In comparison to the density
of fresh concrete, the volumetric weight of hardkmencrete is significantly lower,

mainly due to the evaporation of unbound free watexilable in the pores (drying).

Also a slight tendency to decrease of the volumeteight of the hardening SCC and
TVC is noticed. Overall, the volumetric weight©¥C is, at all times, higher than that
of SCC.

For further calculations (Chapter 8 and Chapterayeasonable constant value of
respectively 2390 kJ/(kg-°C) and 2410 kJ/(kg-°Cl) we considered for the heat
capacity of SCC and TVC, based on the volumetrighteafter 28 days and equation
(6.1).

3.2.2 Thermal conductivity

As a result of the probe measuring technique, wifiltobe embedded in a 6 meter high
cast column (SOCEA), the thermal conductivity of(S@nd TVC can be determined.
Once a minimal temperature variation in the comc(stmaller than 0.02 °C) sets in,
approximately 3 weeks after casting (then the peaduction rate due to hydration is
significantly small), the determination of the the conductivity is performed.
Minimal variation is necessary because the slightagernal temperature gradient
during the measurements will disturb the results.aAcertain amount of time, the
temperature increase T (order of magnitude smtiken 1 °C) due to a constant heat
source Q shows a linear behaviour and is registered

Plotting the temperature rise in function of a latpenic function of time, Q/(4tk)
can be extracted out of equation (6.2) as the stfpthe straight line through the
registered points. Another way is to plotr¢Z)/Q in function of time and then the
thermal conductivity can be found as the invers¢hef slope of the straight line and
according to equation (6.2) (Figure 6.31a, Figub).
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y=0.5297x + 68.315
R?=0.9994

A =1/0.5297 W/mK = 1.89 W/mK

Int)

Figure 6.31a: Determination of the thermal conduvityi of SCC by means of linear regression
[ESV Euridice, 2007]

TPO9 test 14111 -2

y=0.4962x +63.537
R?=0.9844

A =1/0.4962 W/mK = 2.02 WimK

Int)

Figure 6.31b: Determination of the thermal conduityi of TVC by means of linear regression
[ESV Euridice, 2007]

4lnlrT _1

nit)+B 6.2b
g g n(e)+8] (6.2b)
where: T = the measured temperature (°C)

Q = the heat source with constant power (W/m)

k = the thermal conductivity (W/(PE))

t = the time (s)

B = a constant value
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In this way, the thermal conductivity of SCC (1.89/(m-°C)) is slightly lower
compared to the thermal conductivity of TVC (2.02/(W°C)). These values
correspond to the values of concrete with limestaggregates according to Table 6.5
and a constant value will be considered for furtt@mnputations. The ability of SCC to
conduct heat is smaller than that of TVC: SCC autse like an insulator compared to
TVC.

3.2.3 Coefficient of thermal expansion

The deformation of six hardened prismatic conceateples of SCC and TVC under
influence of a temperature cycle (10 °C — 20 °C0-°@ — 60 °C) is measured. The
temperature in the samples is measured by mearnbkeofocouples placed in the
middle of the sample, the deformations are measatrétk top of the samples.
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Figure 6.32: Determination of the CTE of SCC andCThy means of linear regression
[BBRI, 2007]

By plotting the registered deformation in functiafi the temperature inside the
concrete, the coefficient of thermal expansion (CiEEdetermined as the slope of the
straight line found after linear regression throdlgé plotted points (Figure 6.32) and
according to equation (6.3). For SCC the CTE israximately 8.1 x 16/°C, and is
higher than the CTE of TVC (7.4 x $0C). These values correspond very well with
the values of the CTE of calcareous concrete fontiterature: 8.0 x 18/°C.

SCC has the tendency to deform more under influesfca temperature variation
compared to TVC. For further calculations, time elegent values will be considered
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according to Table 6.6 [De Schutter, 2002]. Theegehfinding is that the CTE starts
at a very high value (82 % higher than the CTEatlened concrete) and drops during
the setting and hardening process. Therefore theesagiven in Table 6.16 will be
used further on.

Fresh 6h-24h 24 h—-144h Hard
scc 14.7x18 11.0x10 8.8 x10° 8.1x10° [/°C
TVC 135x10°  10.1x1C 8.1x10° 7.4x10° /°C

Table 6.16: The time dependent CTE of SCC and TVC

3.2.4 Heat production

The adiabatic heat production of SCC and TVC igeined by using the adiabatic
hydration test according to De Schutter and Tadt®85). By using equation (6.4) the
cumulated heat of hydration Q can be derived, usheg values of the density of
hardened SCC (2390 kg/m3) and TVC (2410 kg/m3) mfing to Table 6.15 and the
approximated value of 1000 J/(kg-°C) for the spedikat. Knowing the cumulated
heat production Q at a time t, the heat produatide ¢ in adiabatic conditions and the
heat production rate,gc at 20 °C can be calculated according to equatds),((6.7)
and (6.8). The influence of the temperature is iedeby means of the Arrhenius
function with the activation energy E determinedHar on: 37.3 kJ/mol for SCC and
38.0 kJ/mol for TVC (Table 6.18).

For SCC and TVC the adiabatic temperature developraed the cumulated heat of
hydration development with time is shown in Fig6r83 and Figure 6.34. Clearly, a
more rapid development in TVC is noticed, but theperature T and cumulated heat
Q after 72 hours is higher in case of SCC, respelgtil.3 % and 4.1 %. This
behaviour is also found by Poppe in case of CER.b%Figure 6.13).

After processing these results, the heat produatiie g is given and the peak of
hydration heat occurs approximately 3 hours eadiat is about 9 % higher in case of
TVC (Figure 6.34, Table 6.17).

Finally the comparison at 20 °C between SCC and T&/@ade in Figure 6.35, with
the reaction degree determined via equation (6.6h§ hydration peak is slightly
higher in case of TVC (7 %) but the time of appaaeaof the maximum is quite
similar.

It is clear that for SCC and TVC no second hydrapeak appears, mainly due to the
very low content of gA present in the cement.
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Figure 6.35: The heat production rateg@ of SCC and TVC in function of the reaction degree

Table 6.17: Values derived from the adiabatic hyidratest performed on SCC and on TVC

SCC TVC

T72n 67.2 66.3 °C
Qrzn 316.6 3035 Jig
Olmax 21.4 235  Ji(tn)

_tamax 14.6 11.7 h
Omax,20°C 10.7 115 J/(g-h)
tgmax,20°C 13.2 11.2 h

_ 'gmax,20°C 0.20 0.25 -

3.3 Maturity-related properties

As a result of the isothermal hydration tests, lleat production rate, expressed in
J/(Gemerth), is received in function of time. In Figure 6,3Be heat generation in
isothermal conductions with different environmengahperature conditions (10 °C, 20
°C and 35 °C) of the four mixes, with different G&io (Table 6.8), is plotted. For the
further analysis of these results, 20 °C is taketha reference temperaturg.TThese
results can be used for the evaluation and therdatation of the activation energy E
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(Table 6.18) by minimizing equation (6.9). Also tféect of the filler on the hydration

reaction will be briefly discussed. The reactionchenism of the OPC is clearly
influenced by the addition of limestone filler. Thst important conclusions are listed
below:

- At each temperature, the replacement of the celmgiitmestone filler, and
thus the decrease of C/P ratio induces a highet pemduction rate per
amount of cement, expressed in Jigih) (Figure 6.37). This decrease is
more pronounced in case of higher environmentalperature. Also the
induction period shortens if C/P decreases (Figusé).

- If the environmental temperature is increased, hbat production rate is
higher (Figure 6.36, Figure 6.37) and the hydrafi@ak occurs earlier, thus
the induction period is shortened by elevating sherounding temperature
(Figure 6.36).

- In all cases, and neglecting the previously disedissetting peak, only one
hydration peak is noticed (Figure 6.36). Due toghescribed small amount of
C:A present in the OPC to create a high sulphatesteesie (Chapter 5), the
possibility of occurrence of a third hydration péskvercome.

- In case of 20 °C, the heat production rate devetyrnof SCC and TVC show
quite a good similarity with the curve obtained tha adiabatic hydration test
(Figure 6.34). In both cases, the peak appears aftgroximately 12 hours,
but the isothermal hydration test indicates a higheat production rate
Omax.20°c IN case of SCC while the adiabatic hydration tésticate it is the
other way around.

The reduction of the dormant phase and the act®leraf the hydration process are
well known consequences of the influence of addeddtone filler and CaC{bn the
hydration reaction of the cement [Poppe, 2004]thHasrdiscussion lies out of the scope
of this study.

From the values derived from the isothermal hydratitests at the different

temperatures, the activation energy E for eacthefour mixes can be derived (Table
6.18). A mean value of 38.4 kJ/mol is found, whishl3 % higher than the value

obtained by De Schutter (1996) and equal to thaievdbund by Poppe (2004).

Comparing the obtained values of SCC and TVC (tmie these mixes have the same
WI/C, C/P, W/P ratio as the concrete mixes givermable 6.2 and Table 6.3), the

activation energy E of TVC (38.0 kJ/mol) is abou¢@higher than E of SCC (37.3

kJ/mol), meaning TVC is more sensitive to tempermtinanges than SCC.

Finally the temperature dependency of the differaites is presented in Figure 6.38
and also the values obtained with the Arrheniusagqu (6.8) with the calculated mean
value of E (38.4 kJ/mol) are shown, indicating adjoesemblance.
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Table 6.18: Values derived from the isothermal hyidn tests and the determination of the
activation energy E of the four mixes with différ€/P ratio

scc scc TVC REF
clp 0.59 0.78 0.88 1
Omax,10°C 6.823 5.754 5.373 4.945 3y
Omax,20°C 13.176  11.031  10.059 9.333  JHy
Omax,35°C 28.849  23.139 21420  20.327 Mg
Omax,10°d0max,20°C 0.518 0.522 0.534 0530 -
Omax,20°@0max,20°C 1.000 1.000 1.000 1.000 -
Omax,35°@Omax,20°C 2.190 2.098 2.129 2178 -
g(6 = 10°C) 0.565 0.582 0.576 0.567 -
g(8 = 20°C) 1.000 1.000 1.000 1.000 -
g(8 = 35°C) 2.198 2.110 2.138 2185 -
(Gmax 10°dC0max 20-cg(® = 10°C))2  0.002 0.004 0.002 0.001 -
(Chmas 20°d0max 20-c9(0 = 20°C))2  0.000 0.000 0.000 0.000 -
(Omax35°d0max 20°.c9(® = 35°C))2 0.000 0.000 0.000 0.000 -
> 0.002 0.004 0.002 0.001 -
E 39.4 37.3 38.0 39.1  kJ/mol
E/R 4739 4491 4570 4703 K
Emean 38.4 kJ/mol
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Figure 6.37: The influence of temperature and GfRlee heat production rate
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Figure 6.38: Isothermal hydration test results apdults obtained via the Arrhenius equation

3.4 Mechanical properties

3.4.1 Autogenous deformation

The resulting early-age autogenous deformationsSG and TVC, measured by
means of the vertical dilatometer at 20 °C, arewshi Figure 6.39. It is clear that
SCC experiences a higher autogenous shrinkage cechfmTVC.

The behaviour of SCC and TVC is quite similar. Tdagogenous deformations are
zeroed at a concrete age of 6 hours (time zerdpr8& hours, some deviating results
are obtained, most probably due to the effect ofesbleeding water. For real concrete
structures, shrinkage deformations become impodantoon as stresses can be built
up. On the material level, this requires a peraodastructure of hydration products,
giving strength and stiffness to the cementitiowdarial (Figure 6.26).

Once time zero has passed, a swelling pgalccurs at a timg, of approximately 16

hours for TVC (value of 62 um/m) and 18 hours f@CS(value of 70 um/m). This

phenomenon of early-age swelling is well knowniterature and different reasons can
be mentioned to explain this expansive naturghé)reabsorption of bleeding water on
the cement and the filler surface and the resuldigjpining pressure [Bjgntegaard,
1999, Poppe, 2004], (ii) the growth of further hatitsn reaction products inside the
network that generates an internal pressure caasmgderate swelling of the system
[Bazant and Whittman, 1982], (iii) the ettringiterfation [Teizuka et al., 1986] and
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(iv) the growth of Ca(OH)crystals especially when the cement has a low ialai@
content [Baroghel-Bouny et al., 2006]. This swejlipeak can be influenced by the
fineness and the nature of the filler and there ¢@n an interaction of the
superplasticizer. When the swelling peak is ovbg &utogenous shrinkage starts
developing. A final value; of -14 pm/m (TVC) and -26 um/m (SCC) is register&d
average autogenous shrinkage vaige; of -76 um/m (TVC) and -96 pm/m (SCC) is
noticed after 144 hours, measured from the top@fstvelling peak until the end of the
test period. Thus, the early-age autogenous shgsisaapproximately 20 % higher for
SCC after 144 hours.

The long-term evolution of the autogenous deforamats given in Figure 6.40. At an
age of approximately 900 days, the autogenouslsgmmis -136 pm/m and -106 pm/m
for respectively SCC and TVC. Thus the long-termtoganous shrinkage is
approximately 22 % higher for SCC after 910 dayse Tincreased use of
superplasticizer and the use of 50 kg/m3 more lfmestone filler in case of SCC, and
the use of larger aggregates in case of TVC camrbe&xplanation for the higher
autogenous shrinkage in case of SCC.

3.4.2 Creep behaviour

At the age of 2 days, 7 days, 14 days and 28 daysalening, the covered test
specimens are placed in the creep apparatus addddmmediately to determine the
basic creep behaviour of SCC and TVC. The loadin80d % of the momentaneous
strength of the test pieces. The basic creep caextracted by measuring the total
deformation and by using the autogenous shrinkagelts. It can be seen that the basic
creep of SCC and TVC increases steeply up to 1 tookths after placement of
loading, and then increases smoothly with age (eigudl, Figure 6.42). It is shown
that SCC has the tendency to have a larger basépa@ompared to TVC, especially at
ages under 364 days. At that time the basic creegpproximately 10 % higher for
SCC when loading is placed after 2 days: -280 ufom$CC compared to -253 pm/m
for TVC. In case loading is placed later (incregsage at loading), the basic creep
strain is higher, but the difference in basic crégtween SCC and TVC becomes
smaller. For example after 350 days (and placemilatading after 28 days), the basic
creep is -378 um/m for SCC and -361 um/m for TVdifeerence of approximately 5
%. In case the loading is placed on the specimérd¢he age of one week (7 days),
the basic creep of SCC is at all times higher tian of TVC (Figure 6.41). However,
after 561 days (time of load placement: 14 dayd) 288 days (time of load placement:
28 days), the basic creep of TVC becomes higher ti basic creep of SCC (Figure
6.42). Although literature suggests the oppositaefe, 1997], the basic creep is
higher in case the time of placement of loadingidsdays compared to placement after
28 days (Figure 6.42). After approximately 720 daje opposite is found: the basic
creep becomes higher in case the time of placeofdofding is 28 days. The ‘final’
basic creep values of SCC and TVC are listed ineraido.
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It can be more useful to plot the stress independpacific basic creep compliance
(expressed in um/m/MPa), which is obtained by dingdhe basic creep by the applied
compressive stress level imposed by the creep apsamnd created in the test
specimen. In this case the trends are more clear:

The basic creep compliance of SCC and TVC alseasas steeply up to 1 to
2 months after placement of loading, and then as®e smoothly with age.
Compared to TVC, SCC has a higher basic creep ¢angd if the concrete
age is smaller than 364 days (Figure 6.43)

The basic creep compliance of SCC and TVC increastisdecreasing time
of placement of loading (Figure 6.43).

The fact that SCC has a higher basic creep and lmasep compliance,
especially at an age younger than 364 days andse ttme of placement of
loading is smaller than 7 days, can be explainedhieysmaller amount of
coarse aggregates present in SCC [Taerwe, 1997].

After 561 days (time of placement of loading: 14/sJaand after 383 days
(time of placement of loading: 28 days) the baseep compliance of TVC
becomes higher than that of SCC (Figure 6.44).

The ‘final’ basic creep compliance values of SC@ & C are listed in Table 6.19.

Basic creep strain (um/m)
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Figure 6.41: The basic creep strain due to loadit@ days and 7 days
of SCC and TVC
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Figure 6.42: The basic creep strain due to loadw@ days, 14 days and 28 days
of SCC and TVC
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Figure 6.43: The basic creep compliance due toilogét 2 days, 14 days and 28 days
of SCC and TVC (< 364 days)
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Figure 6.44: The basic creep compliance due toilogét 2 days, 14 days and 28 days
of SCC and TVC (< 1000 days)

Table 6.19: Values of basic creep and basic crespptiance at different ages and different
times of placement of loading of SCC and TVC

Time of placement

. SCC TVC
of loading
2 days pm/m -328 (728 d) -284 (721 d)
7 days pm/m -309 (184 d) -343 (721 d)
14 days pm/m -499 (917 d) -514 (910 d)
28 days pm/m -504 (917 d) -542 (910 d)
2 days pm/m/MPa  -41 (366 d) -36 (358 d)
14 days um/m/MPa  -34 (358 d) -31 (351d)
28 days um/m/MPa  -28 (358 d) -26 (351 d)
2 days pm/m/MPa  -49 (728 d) -43 (721 d)
14 days pm/m/MPa -42 (917 d) -44 (910 d)
28 days pm/m/MPa  -37 (917 d) -40 (910 d)
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3.4.3 Compressive strength

The evolution of the compressive strength (andsta@dard deviation s) of SCC and
TVC is given in Figure 6.45 and the values areetisin Table 6.20. These values are
obtained on cubes with a side of 150 mm at diffeegyes varying from 1 day until 28

days. It can be seen that, although the compressieagth development of TVC is

slightly faster than SCC the first 48 hours, thenpeessive strength after 28 days is 6
% higher in case of SCC.

The additional use of limestone filler (50 kg/m3 nema@ompared to TVC) in case of
SCC can be seen as the main reason for the highguressive strength value after 28
days. As mentioned before by Poppe (2004), theotigdler material in SCC has an

effect on the strength development: due to a belitgrersion of the cement and the
decrease of the average pore size (by adding addlitifiller) in case of SCC, a

beneficial effect on the strength is obtained.

3.4.4 Tensile strength

The pure tensile strength of SCC and TVC, deterchiaféer 56 days on cores drilled
out of a massive concrete column (SOCEA), is 26i@hdr in case of SCC [BBRI,

2007]. A mean value of 4.4 MPa (s = 0.5 MPa) isaotad for SCC compared to a
mean value of 3.3 MPa for TVC (s = 0.4 MPa).

The splitting tensile strength tests performed loed cubic samples (side 100 mm) at
an age of 42 days result in a 5 % higher tensildtiag strength value for TVC
compared to SCC{, equals 4.0 MPa (s = 0.4 MPa) for TVC and 3.8 M®& 0.3
MPa) for SCC. It must be noted that the compresstvength determined on cubes
(side 100 mm)£,p100made with concrete of the same mix is about 24ghen in case
of TVC, which make these splitting tensile strenggbults disputable.

Cubes from another batch are tested after 117 dagismore acceptable values are
found: tspis 18 % higher for SCC. In this case a mean vafue8 MPa (s = 0.4 MPa)
is obtained for SCC compared to a mean value oMR8& for TVC (s = 0.3 MPa) for
the splitting tensile strength. The compressivergjth of the cubes (side 100 mm)
fecunroomade with concrete of the same batch is also hiffiieSCC (approximately 4
%).

3.4.5 Modulus of elasticity

Out of 9 cores drilled out of a massive concreteimo (SOCEA) after 28 days of

hardening, the static secant modulus of elastisifetermined [BBRI, 2007]. This has
a value of 36.1 GPa (s = 2.9 GPa) for SCC and GP4 (s = 2.1 GPa) for TVC. Thus,
by replacing 184 kg/m3 coarse limestone aggreg#tése TVC composition (size 2/6,

6/14, 6/20) by an additional amount of 132 kg/mfiné limestone sand (size 0/4) and
50 kg/m?3 limestone filler, in order to obtain thefscompacting composition SCC, the
secant modulus of elasticity increases with 10 %.
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Table 6.20: Values of the compressive strengthifiardnt ages of SCC and TVC

Age SCC TVC
fecubiso S # fecubiso S #

1 day MPa 11.9 21 7 15.0 2.5 6
2 days MPa 27.3 27 6 28.0 2.6 5
3 days MPa 35.2 51 2 33.0 3.7 3
7 days MPa 45.6 26 8 43.7 35 8
14 days MPa 52.0 36 5 51.0 1.8 4
28 days MPa 57.5 31 9 54.0 5.0 10

3.4.6 Poisson’s ratio

The values of Poisson’s ratio of SCC and TVC arerde@ned by BBRI (2007). For
SCC a value of 0.39 (s = 0.08) is found comparealalue of 0.16 (s = 0.04) for TVC.
Especially the obtained value for SCC differs digantly from the results discussed in
literature, that define a relative value of 0.20dacracked concrete as acceptable. Due
to Briffaut et al. (2009), who have indicated tiifa¢ concrete Poisson’s ratio has no
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significant influence on numerical simulation reésuf concrete strains and stresses in
massive structures as long as reasonable valuessart the linear time dependent
values listed in the Belgian Code NBN EN 1992-1 Wé used for Poisson’s ratio of
SCC and TVC with a value varying from 0.5 beforedizero and 0.2 afterwards.

3.4.7 Time zero

To estimate time zero, the compressive strengthtlaadelative compressive strength
are plotted in function of the logarithm of timeid&re 6.46). A linear correlation is

found, and by performing linear regression, timeozean be extrapolated. Values of
7.2 hours and 4.7 hours for respectively SCC andC Tare found by plotting the

compressive strength versus log t. A time zero.6fhours and 5.0 hours is found in
case of the relative compressive strength (Equ#6dt0), Figure 6.46).
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Figure 6.46: Relative compressive strength devetyrm function of log t

Another way to determine time zero is by using destructive ultrasonic
measurements (by mean of the FreshCon systemigumeF6.47, the inflection point in
the velocity versus time curve appears after apprately 5 hours for TVC in
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correspondence with equation (6.20). Time zero 6 could not be determined
accurately due to an inexplicable electronic hitch.

Due to the addition of limestone filler, it can bgpected for the binding to occur
earlier due to the accelerating effect of limestbiler on the hydration process [Poppe,
2004]. Following this argumentation, time zero @G should occur earlier compared
to TVC due to the addition of 50 kg/m? extra linoest filler, which is not the fact
according to Figure 6.46. On the other hand, mapeiplasticizer is used in the SCC
composition, which can also induce a retardatiofecéf concerning time zero
[Winnefeld et al., 2007]. Overall, considering tieperimentally obtained values and
taking into account the values for time zero foumgd Robeyst et al. (2008), an
equivalent timegtof 6 hours for SCC and TVC seems reasonable tosétting of the
concrete (with W/C ratio of 0.5) to take place.
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Figure 6.47: Results of the ultrasonic determinataf time zero
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4  Conclusion

In order for the SCC composition to be self-comipagt additional amounts of
limestone filler and superplasticizer are addedtite mixture (compared to the
traditional TCV composition). Via a laboratory cheterization program, the most
important thermal, mechanical and maturity-relatedcrete properties are determined,
according to Figure 6.48. It is shown that TVC khghtly better thermal properties,
whereas SCC has its benefits towards strengthetklatoperties. The properties are
implemented in the material database of the figiéenent program HEAT/MLS for the

prediction of the early-age behaviour of the cote®&upercontainer. A short summary
of the obtained results is listed in Chapter 8.

Overall, it can be concluded that there is a gaoularity with the previously obtained
results via the literature study.

Material
propertles
SCC advantage
TVC advantage
| |
Thermal Mechanical Maturity related
Hydration heat Strength E/R
Specific heat E-modulus Tef
Heat conduction Dilatation
Thermal dilatation Poisson ratio
Creep

Figure 6.48: Comparison between the concrete prigeeof SCC and TVC
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CHAPTERY7:

EFFECT OF RADWASTE ON STRENGTH
OF THE SUPERCONTAINER

The concrete applied for the Supercontainer, he.concrete buffer, the filler and the
lid, will be exposed to heat-emitting radioactivaste (surrounded by the overpack)
during hardening and in its hardened state. It séateresting to investigate the effect
of heat (temperatures up to 100 °C [Weetjens altldnSR2007]) and gamma radiation
(alpha radiation, beta radiation are blocked bydddon steel overpack, the impact of
the neutrons can be neglected [Wickham et al., Rafibthe strength of the concrete
used for the Supercontainer in order to evaluaeptissibility of early-age cracking of
the concrete during the fabrication of the Supetaiosr.

1 Goal and methodology

Two main questions need to be answered in thistehap

- What is the effect of gamma radiation on the stiiengf the concrete
Supercontainer, especially during hardening? Theesefain SCC based mortar
composition will be irradiated by means of°%€o source during hardening.
Afterwards (after 28 days of hardening under ganmaaiation) the effect of
the radiation on the compressive strength will xengined.

- What is the effect of elevated temperatures (betviz€e°C and 105 °C) on the
strength of the Supercontainer? After hardening, t{C and the SCC will be
subjected to an external heat source, creatinghanommental temperature up
to 105°C. The effect of heat on the strength, liotiensile and in compressive
behaviour, will be discussed.

Afterwards, thin sections of the concrete or mostamples are made to investigate the
effect of heat and gamma radiation on a microscdgiel. The intensity of the
fluorescence of the thin sections viewed through élgepiece of a microscope is a
function of the capillary porosity and can give iadication or an explanation for a
possible strength loss [Braeckman, 2007].
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2 Previous results and testing procedure
2.1 Effect of gamma irradiation on strength of concrete

2.1.1 Previous results

As mentioned before (Chapter 4), the most impor&dféct of gamma irradiation of
concrete is the hydrolysis (radiolysis of the cetempore water) and the gas production
which can lead to a detrimental gas pressure hugl{Bouniol, 2004]. Moreover, it is
interesting to investigate the effect of gamma atdn on the strength of irradiated
hardened concrete samples. The most important \@igers and conclusions
concerning strength losses due to gamma irradiatietisted in Table 7.1.

Table 7.1: Summary of the effect of gamma irradimtin concrete

Dose Strength )
Reference (MGy) loss Observations
Y %)
Vodak et al. (2005) 0.5 10 Irradiation enhancedacaation
*Altered transport properties and
Bar-Nes et al. (2008) 10 _increased carbonation depth

*No change of macroscopic properties of
the irradiated material

Richardson et al. (1990) 80 i Add|t_|onal ettringite formation in case
BFS is used
Pachner (1998) 100 0 Mechanical properties arénfiaenced

Kelly&Davidson (1969) 10 000 0 Negligible effectgdmma irradiation

Irradiation enhanced AAR. Use of

Ichikawa et al. (2002) 500 000 - .
limestone is preferred

Irradiation enhanced AAR in case high
Morigani (1997) - - amounts of SiQaggregates are added to
the mix

Only the study according to Vodak et al. (2005)datks a strength loss of about 10 %.
The mechanism leading to the eventual deterioratifothe mechanical properties of
the concrete is explained: ‘Interaction of concretlhh gamma irradiation generates the
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succession of chemical reactions in the materaltisg with radiolysis of water and
terminating in formation of calcite, crystals whecdease both the size of the pore
space and also the strength of the material’. istrbe noted that the applied dose rate,
in order to get to a total dose of 0.5 MGy in 9§gas about 230 Gy/h, which is rather
high compared to the dose rates applied in the8ap&iner concept.

Poyet (2007) determined the radioactive dose aaddtise rate originating from the
heat-emitting radioactive waste at the interfacehef overpack and the buffer and in
the middle of the buffer for the Supercontainer capt (Chapter 4). Taking into
account a cooling period of 50 years, the totaledssbjected to the buffer at the
interface evolves to an asymptotic value of 8.86yM@h an initial dose rate of 22.99
Gy/h, and a dose rate of 0.03 Gy/h after 300 ydarshe middle of the buffer the
calculated dose is 0.23 MGy after 300 years witteaereasing dose rate of 0.59 Gy/h
(initially) to 0 Gy/h. For those doses, no degramatof the concrete mechanical
properties of the Supercontainer is expected. Mb#ie cement matrices give proof of
a good mechanical resistance towards physical daticem due to gamma irradiation
(ONDRAF/NIRAS and CEA statement). However, it seénteresting to examine the
effect of gamma irradiation (with a significant éosate) on freshly cast mortar (for
example: the filler comes into direct contact vtk overpack containing radwaste and
emitting gamma radiation during hardening in hol)c&herefore, an SCC based
mortar composition is used, determined via the MBEthod (‘Mortier de Béton
Equivalent’).

2.1.2 MBE method

Out of the SCC composition used for the bufferh&f Supercontainer (Chapter 6), it is
possible to define a related mortar compositiongishe MBE method. The aggregates
(not the sand!) of the SCC will be replaced by d@aie amount of sand with an equal
specific surface as the replaced coarse aggregatesier to get an SCC based mortar.
The main principle is based on the rheological prips of the concrete and the
mortar: the flow ability of the SCC can be correthto the flow ability of the SCC
based mortar [Schwartzentruber and Catherine, 200® aim for defining this SCC
based mortar is given:

- The general aim of defining an SCC based morttr ieduce the amount of
concrete batches (material consuming).

- In order to get a more or less uniform distributmimnthe applied dose rates
(see further), the irradiated samples must be ceffilly small. A mortar,
with sand as the only aggregate, is found morealsidgit for those small
prismatic samples (dimensions 40 mm x 40 mm x 3Q.mm

- The samples will be irradiated outside the Magrabdratory for Concrete
Research. To be able to mix the fresh SCC mortdriaadiate it during
hardening, a mixer must be present at the instihaeirradiates the samples.
Therefore a small transportable mortar mixer is anappropriate than a
cumbersome concrete mixer.

- The effect of gamma irradiation on hardening centeaged compositions
will be examined. In the Supercontainer concepg, buffer will be in a
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particular state of hardening when the radioactiste is inserted. On the
other hand, in hot cell, the filler will be freshtyst around the overpack, and
thus will be in direct contact with the overpackitimg gamma radiation
during hardening. It is more appropriate to useS&@tC based mortar as the
filler material, compared to an ordinary SCC.

In order to define the SCC mortar and to find theoant of sand needed to replace the
aggregates, several parameters of the sand araggregates need to be determined:
the amount G, the grain size distribution in orecalculate the specific surfaceehd
the absorption coefficient AThese parameters of limestone 0/4, limestoneaftb
limestone 6/14 are determined at the Magnel Laboydbr Concrete Research and are
given in Table 7.2.

Table 7.2: Amount G, specific surfacgaBid absorption coefficient,f limestone

G S Aq

(kg/m?)  (m2/kg) (%)
limestone 0/4 840 3.94 1.25
limestone 2/6 327 0.48 1.25
limestone 6/14 559 0.19 0.80

The amount of additional limestone sand 0/4 neettedreplace the limestone
aggregates 2/6 and 6/14, can be calculated by esjogtion (7.1):

AGO/4 — Gz/e [55,2/6 +Ge/14 [55,6/14 (7.1)

Ss,0/4

where: G = the amount of limestone aggregates (kg/m3)
S;i = the specific surface of the limestone aggregéteskg)

Substituting the values of Table 4.2 in equationl)7 it can be found that
approximately 67 kg/m?3 of limestone 0/4 is neededeplace the aggregates (2/6 and
6/14). Finally, the difference in absorption betwdbe sand and the aggregates needs
to be evaluated in order to correct the amount atewthat needs to be added to the
SCC based mortar composition. By using equatior?)(7a total amount of
approximately 167 kg/m3 water needs to be addede&CC mortar. Finally the SCC
mortar composition is given in Table 7.3.

wW. =

MBE scc

GZ/G [Au,Z/G _GG/14 [Au,6/14 +Go/4 [Au,0/4 (7.2)

where: Wse = the amount of water added to the SCC mortar amsitpn (kg/m?)
Wscc= the amount of water added to the SCC compos({ligm?)
A, i = the absorption coefficient of the limestone aggates (%)
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Table 7.3: The composition of the SCC based mortar

Component MBE. MBE
kg/mix kg/m3
Cement CEM 1/42,5N HSR LA LH 350 512
Limestone filler 100 146
Limestone 0/4 907 1327
Limestone 2/6 0 0
Limestone 6/14 0 0
Limestone 6/20 0 0
Superplasticizer glenium 27/20 10 14
Water 167 245

2.1.3 Testing procedure

In order to evaluate the effect of gamma irradiatim the SCC based mortar (Table
7.3), different types of tests are conducted. Fagbroximately 1 dm?3 of mortar is
mixed and the fresh mortar is characterized by m&dra slump flow value. In total 3
X 4 prisms with size 40 mm x 40 mm x 30 mm are greg and gamma irradiated (at
different dose rates) during 28 days of hardenkfterwards the compressive strength
of the mortar samples is determined, and the volumeveight is measured. Thin
sections are made to investigate the effect thenganadiation on a microscopic level
and to quantify the capillary porosity of the mogamples.

Mixing procedure and fresh mortar properties

At ISIB (Institut Supérieur des Ingénieurs de Bille®, two batches of 1 dm3 of SCC
mortar (mix 1, mix 2), composition according to T&af.3, are made by using a Hobart
mixer (Figure 7.1).

First the cement, the limestone filler and the Btoae sand 0/4 are added to the mixer
and mixed with a rotational speed of 140 rpm fors@@onds. Subsequently, the water
is added to the blended dry components and thenmigontinues for another 60
seconds at a speed of 140 rpm. Finally, the supstipizer is added and an additional
60 seconds of mixing time, at a rotational spee@8% rpm, is supplied. To evaluate
the fresh properties of the SCC mortar, the sluloy fs measured by using the Mini-
cone (Figure 7.1). Finally 3 x 4 prisms (batch &)l @ x 4 prisms (batch 2) are cast,
without the need of external vibration, with siZemm x 40 mm x 30 mm.

Irradiation scheme
Once the mix is executed and the mortar prisms east after 24 hours of hardening,

eight samples will be placed under a radiothef4Py irradiator (Barzetti, type Jupiter
C: energy between 1.17 MeV and 1.33 MeV, activit® TBq) at two different levels
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(four at the Top-level and four at the Low-leveiglire 7.2). The irradiated surface is

40 mm x 40 mm. The thickness of the samples is B0 For each mix, four samples

remain unirradiated as a reference, but are coedeat the same temperature and
humidity conditions as the irradiated samples §dmples have the same maturity).

To quantify the applied dose rate at the two levelad to perform the dose
measurements, a radio chromic film (Gafchromic EBTpeing used (dosimeter). In
order to take into account the shielding effecttltd sample thickness (30 mm), a
gafchromic film is placed on top of the samplegasition 1 and position 3 (Figure
7.2) and at the bottom of the samples at positi@n@ position 4 (Figure 7.2). Four
different dose rates are measured at differenanigts (¢ from the source. In Table
7.4 the obtained dose rates are listed.

15

BE
13

“

Figure 7.1: The Hobart mixer (left)
The Mini-cone to evaluate the slump flow of theHr8 CC mortar (dimension in mm) (right)

Table 7.4: Obtained dose rates at the four diffepositions

. d Dr
Position (cr;) (Gy/h)
1 18 9.34
2 21 6.33
3 43 2.16
4 46 1.87
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For dose rates that have a rather low value (< @28)@nd for small mortar samples, a
uniform dose rate distribution can be accepted tweiheight of the irradiated samples
(ISIB statement). Therefore, a mean constant dateaf 7.84 Gy/h (Top-level) and
2.02 Gy/h (Low-level) can be considered for theligopdose rates.

Finally, to obtain the total dose received by timadiated mortar samples, the dose rate
must be multiplied by the total amount of irraddatitime. For mix 1 and after 1 day of
hardening in an unirradiated environment, the fbop-level samples (Top 1) and the
four Low-level (Low 1) samples are placed under @0 source and irradiated for
approximately 27 days with the dose rates and iatimdh times recited in Table 7.5,
giving a total received dose of respectively 50%6a@d 1302 Gy (Table 7.5). For mix
2 the Low-level (Low 2) samples also undergo theesgrocedure and received a total
dose of 1301 Gy after 28 days of hardening (Taldg 7

In order to evaluate the effect of different doates on the strength of the mortar
samples, four samples (Top 2a) are placed on theléwel and irradiated for 165.7
hours (also after 1 day of hardening without gammediation) until a total dose of
approximately 1300 Gy is reached, which is comparédthe dose the samples at the
Low-level receive. Afterwards, these four samplesraplaced by four samples of the
same mix (Top 2b), that did not receive any irradimyet and so far hardened in
unirradiated conditions. The irradiation of thesarfsamples continues until the mortar
reaches an age of 28 days. The total dose rectivédese samples is 3759 Gy (Table
7.5).

Lead
shielding
N 18cm
Position : Top
- i I 3cm
Positior 2
- 22cm
Position 3 Low
- - % 3cm
Position 4

Figure 7.2: The irradiation scheme at ISIB for gaanimradiation
(red = irradiation source, blue = mortar sample)
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Table 7.4: Applied dose rates and absorbed dos#seahortar prisms

Dr Irradiation Irradiaton
Name Mix time start age
Gy/h G
Ref 1 1 0 0 0 -
Top 1 1 7.84 647.8 5076 24.0
Low 1 1 2.02 647.8 1302 24.0
Ref 2 2 0 0 0 -
Top 2a 2 7.84 165.7 1298 24.0
Top 2b 2 7.84 479.8 3759 165.7
Low 2 2 2.02 645.5 1301 24.0

Compressive strength tests

After 28 days of hardening, the compressive sttepnfithe samples, both the reference
and the irradiated ones, is determined to evali@effect of gamma irradiation on the
strength of the hardening SCC mortar. Therefore, ghmples are placed inside an
Amsler compression testing machine (capacity 20)) ldith the casting surface placed
in a way that it faces the exterior. Thus, the &zhdurface 4 has a size of 40 mm x 30
mm. The compressive strength can be found by digithhe maximal load at rupture by
the surface of the sample on which the load isiagpl

F

fmirr re; = (73)
Jirr [ ref A

m

where:  fimrer = the compressive strength of the mortar samptesdiated or
reference (MPa)
F.= the maximal load at rupture (N)
A= the surface of the sample on which the load gliag (mm?)

However, the most interesting parameter is thetivelastrength loss of the irradiated
samples. This can be found by using equation (7.4).

f m,irr

(7.4)
f m,ref

where: f,i» = the compressive strength of the irradiated mos@mples (MPa)
fmref = the compressive strength of the reference maganples (MPa)
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Also the volumetric weight of the hardened mortamples can be easily determined
by dividing the net weight of the samples by thee¢hdimensions of the mortar
samples.

Fluorescence microscopy

Out of one of the four mortar samples at each |eaekhin section is made to
investigate the effect of gamma irradiation on $@&C mortar on a microscopic level.
Thin sections of concrete or mortar samples argamieter thin specimens (size 30
mm x 40 mm) that can be viewed under an opticalesimope. During the preparation
of the thin sections, the capillary pores in thment paste are filled with a fluorescent
epoxy by impregnating the specimen in vacuum [Bxaem, 2007]. The thin sections
are fabricated conform the principles describetheNordtest Method (1991) and can
be analysed under a microscope in fluorescent mode.

For the analysis, a monochromatic light sourceeisded to generate the fluorescence
in the thin section. Monochromatic light is genedtaby normal light going through a
blue filter (Figure 7.3): only ultraviolet (UV) Iig goes through. This UV light excites
the fluorescent pigment in the thin section an@léow filter eliminates the superfluous
UV light. The resulting image presented in the acybr eyepiece) of the microscope
originates exclusively from the fluorescent pigmienthe thin section.

Figure 7.3: Fluorescence microscopy according tkalzsen (2003)

According to Braeckman (2007), there exists a liregarelation between the intensity
of the fluorescence of the cement paste in a thatian and the capillary porosity of
the concrete or mortar. In other words, the highergreen tone of the mortar paste, the
higher the capillary porosity of the mortar will.be

On the other hand, there is also a relationshipvéxet the W/C ratio and the capillary
porosity of a concrete or mortar sample: the higther W/C ratio, the higher the
capillary porosity will be [Powers and Brownyar®45-1947]. It is well known that an
increase in W/C ratio leads towards a decreas®mmpeessive strength [De Schutter,
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1996]. By summarizing the previous recited posadait can be concluded that an
increase in fluorescence of the cement paste lgéadsmrds a decrease of the
compressive strength. In this way it is possiblgite an indication or an explanation
for a possible strength variation of mortar samplies to gamma irradiation. To obtain
the mean fluorescence of each thin section, adtayr chronology must be followed, as
explained below. The fluorescence of the thin sectf the reference prism (Refl,
unirradiated) of mix 1 is determined as an examphe pictures presented in Figure
7.4b and Figure 7.4c originate from zone number 12.

Step 1

Thin section (40 mm x 30 mm) is
obtained out of a mortar or conecrete
sample and 1z divided in 12 zones.

Figure 7.4a: First step of the determination of therescence of the thin section
Preparation of the thin section and division of thi section in twelve zones
(zone number 12 is presented in the figure by sieéa star shape)

Step 2

Carnera frame Thin section i placed on the stage of the
microscope under fluorescent light and pictures are
taken m each of the 12 zones.

Ocular

Stage

Figure 7.4b: Second step of the determination efflitorescence of the thin section
Making images of the thin section in each of thelteszones
(image taken from zone number 12)
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For each mix, and for each level of irradiatiortte mortar (Top, Low, Ref), one prism
is available to obtain a thin section. The surfat¢he thin section is located at mid-
height (15 mm) of the mortar prism, as presenteBigure 7.4a. Each thin section is
divided into twelve imaginary zones.

In a second step (Figure 7.4b), the thin sectioplased on top of the stage of the
microscope and in each predefined zone a picturaken with a digital camera

mounted on the microscope by means of a cameraefrdime enlargement reached
with the microscope is 100:1. The enlargement raftithe microscope and the settings
of the camera must be equal during the capturinthefpictures in order to have a
relevant comparison between the fluorescence dlifferent thin sections.

Step 3
The twelve pictures of the thin sections are analysed by means of Itnagetool After uploading the
picture, and transforming the colors into a grayscale, Imagetool calculates the histogram

1557

Flo Edt Aetotin Stacks Puglns Andbyss Processng Somt Settngs  Window  Help

P 0 o () P R

™ Histogram

— — —
| Mear  E7.00 |
Sid Dev 5233 ‘

Figure 7.4c: Third step of the determination of threscence of the thin section
Analysis of the images to obtain the histogram
(image taken from zone number 12)

In a third step (Figure 7.4c), the twelve imagé®tafrom the thin section are analysed
by means of the operator independent image anabaisJ THSCSA Imagetool (semi-
automatic method): the program transforms the irmagea histogram that expresses
the amount of the different colours. A disadvantafiehis tool is the fact that only
histograms of images in gray tones can be obtaifleerefore, the pictures taken in the
fluorescent mode need to be converted into gragston
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Step 4

The histograms of the 12 pictures of the thin section are placed together. First the lowest threshold Ty
{aggregates) and the highest threshold Ty, (air voids) are determined and eliminated, and finally the
mean gray tone of the zone in between the thresholds is determined by using equation (7.5) to
charactetize the fluorescence of the cement paste.

100000 4

T Ty _HCI
50000 —Fhicl
—DBRic3
80000 - Fic4
Aggregates —PHics
70000 4| Ficd
Cement matrix Ric7
#0000 A Ficg
—PFic®
—Ficld
Ficll
Pic12

h A

50000 A

40000 A

Nwnber of dots (-)

30000 4
Aar voids

v

20000 4

10000 4

0

016 32 48 a4 B0 96 112 128 144 160 176 192 203 224 240 356

Fluorescence (-}

Figure 7.4d: Fourth step of the determination af fluorescence of the thin section
Determination of the thresholds and the mean goagt
(the histogram of the picture taken from zone nurtids marked in bold)

In a fourth step (Figure 7.4d), the mean gray temaeasured in the twelve zones. For
each thin section, the mean gray tone of the cemastte and the dispersion of the
green tone is calculated: first, all histogramghaf twelve images are placed together
and then the lowest thresholds of the aggregatédark gray and black) and highest
threshold T, of the air voids (very light gray) are determinfdche zone in between
those two limit values represents the cement maffixe zones representing the
aggregates and the zones representing the air meits to be eliminated. To calculate
the mean fluorescence of the cement paste, equédidh is used to determine the
fluorescence of each valuable zone of the thirn@ect

Finally, the mean value of the fluorescence isuated out of the obtained value of
each of the twelve zones. This mean value is reptatve for the fluorescence of the
whole thin section, while the dispersion gives adiigation of the homogeneity of the
cement paste of the thin section.
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where: x=the fluorescence in each point within the zohthe two thresholds (-)
yi = the number of dots with a specific fluorescetiye

(7.5)

2.2 Effect of heat on strength of concrete

2.2.1 Previous results

Aside from the gamma radiation originating from thirified HLW and the SF
assemblies present inside the Supercontainer, theaso a considerable amount of
heat originating from the radioactive waste, hetite term ‘heat-emitting’ waste.
Irradiation mostly goes hand in hand with an inseeaf temperature of the elements in
the nearby environment of the radioactive sourd¢gs amount of heat depends on the
thermal power of the vitrified HLW and SF assenbli€hapter 4).

Preliminary studies concerning the temperaturewdiasi inside the Supercontainer due
to heat-emitting vitrified HLW and SF assembliedigate that the maximum
temperature at the interface of the buffer andotrerpack is already achieved a couple
of years after emplacement of the canisters indlide concrete buffer (Chapter 4)
[Wickham et al., 2004]. To avoid boiling of pore tem fluids within the concrete
buffer, it has been suggested that the temperafuttee buffer may never exceed 100
°C [Wickham et al., 2005]. This temperature incezdepends on a cooling period of
50 to 70 years of the radioactive waste preceding émplacement into the
Supercontainer. A 2D axisymmetrical thermal scoptgdy performed by Weetjens
and Sillen (2006) indicates that the peak tempegatuthe concrete buffer is attained
between 5 and 10 years after waste emplacementviffilied HLW, the maximum
temperatures at the buffer-overpack interface sarfgach 111 °C, 92 °C and 77 °C
for pre-cooling periods of 50, 60 and 70 years eetipely after approximately 5 years.
For SF, these values are slightly higher and otater (after 10 — 12 years): 111 °C,
99 °C and 89 °C (Chapter 4). The initial tempemigrassumed to be 15.7 °C.

According to Bazant and Kaplan (1996), the most drtgnt effects of elevated

temperature on concrete are: dehydration of theeoénpaste, porosity increase,
modification in moisture content, thermal expansi@fteration of pore pressure,

thermal cracking due to incompability (cement matriaggregates), transient thermal
creep and thermal spalling. Only the effect of ated temperatures (up to a relevant
temperature of approximately 100 °C) on the stiemdthe heated concrete samples is
examined. A literature review on behalf of that jsgb is conducted previously

(Chapter 4).
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Table 7.5: Summary of the effect of elevated teatpes on concrete strength

Temperature Strength .
Reference ) loss Observations
0,
(%)
Vodék et al. (2004) 100 15 Increase of porosity
Internal microcracking due to hindered
Kaplan (1987) 100 10 — 35 deformation at the mterf_ace aggregates-
cement. For concrete with calcareous
aggregates the strength loss is 15 %
Sawa et al. (2005) 100 +5 Obtained for concrete based on limestone
aggregates
Liu et al. (2006) 100 ) Wel_ght loss due to evaporation of
capillary pore water
Castillo & Durrani 100 = 200 15-20 -

(1990)

Noumoweé et al. (2009) 110

Noumoweé et al. (1996) 120

Noumoweé (2003) 200

No significant deterioration of the
0-5 mechanical properties of the concrete
with limestone aggregates

- No significant change in porosity

The use of PP fibers did not improve the

18 -38 behaviour under elevated temperatures

The most important and relevant observations amdlasions concerning the strength
loss of concrete due to an external heat sourcdisiesl in Table 7.5. A strength
reduction between 0 % and 35 % is observed in @isexposure to elevated
temperatures up to 100 °C, mainly caused by annatenicrocracking behaviour or an
increase in porosity. This coarsening of the ptmecture of the concrete can be seen as
the main reason influencing the decrease of mechhrproperties at elevated
temperature attack [Janotka and Nirnbergerova, |2@¥veral parameters affect the
test results: the type of cement, the type of agmes, the W/C ratio, the duration of
exposure, etc. Therefore it remains hard to comantogeneral conclusions (Chapter
4). Tests are conducted at the Magnel LaborataryCluncrete Research on concrete
samples (SCC and TVC), subjected to elevated teatyers between 20 °C and 105
°C to investigate the effect on the mechanicahsfite of the concrete.
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2.2.2 Testing procedure

In these experiments, to evaluate the effect ofatéel temperatures on the strength of
SCC and TVC, different types of tests are condudtedh concrete tests, compressive
strength and splitting tensile strength tests almbréscence microscopy tests to
investigate the effect of heat on a microscopieleand to quantify the capillary
porosity of the concrete samples.

Mixing procedure and fresh concrete properties

In total, four mixes of SCC and four mixes of TVEBO(liters each, using the cross
current mixing principle) are made and the fresk imicharacterized by its slump flow
value (EN 12350-8), the V-funnel time (EN 12350a9d the density of the fresh mix.
For each mix, thirty cubes with size 100 mm arggred, placed inside a climate room
(20 °C, 90 % RH) for 24 hours, demoulded and plaseder water (20 °C) until the
age of 28 days is reached. Afterwards, the sangleplaced in ovens with different
temperatures (40 °C — 60 °C — 80 °C — 105 °C),dmes cases covered with an
adhesive aluminium foil (to limit the evaporatiof capillary pore water), for an
extended period of time, as indicated in Table Tt& reference temperature is 20 °C.
Afterwards, the samples are tested to determinedhgpressive strength, the splitting
tensile strength and the weight loss.

Table 7.6: Conservation conditions of the SCC aW@ Eubes

Name Time in oven Age_ at Covered?
testing
SCCO - TVvCO 14 days 42 days no
SCC1-TvC1 14 days 42 days no
SCC2-TVC2 14 days 42 days yes
SCC3-TVC3 91 days 119 days no

Compressive strength tests and splitting tensile $&s and weight loss

When the heating time is over, the samples arentaké of the oven and tested
immediately. Three cubes are needed to determiaectimpressive strength. koo
according to the Belgian Code NBN EN 12390-3. Adptitting tensile strength tests
are conducted on the samples according to the @elglode NBN B15-218 to
determine §sp, These tests are also explained in Chapter 6.

The most interesting parameters are the relatremgth ratios in compressivey{f and
splitting tensile () behaviour. These can be found by using equat{@r&a) and
(7.6b).

ch = M (76a)
fccublOO,ZO"C
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— fctsp,T

fr = (7.6b)

fctspl ,20°C

where: 100 7= the compressive cube strength (side 100 mnf)eohéated samples
at temperature T = 20 °C — 40 °C — 60 °C — 80 °@05 °C (MPa)
feeun100.200c= the compressive cube strength (side 100 mntjeofeference
samples at temperature T = 20 °C (MPa)
fusp,T= the splitting tensile strength of the heated ples at temperature T =
20°C—-40°C-60°C-80°C-105°C (MPa)
fasp20.c= the splitting tensile strength of the refererseenples at temperature
T =20 °C (MPa)

In order to quantify the weight loss WL of the coete samples due to the enforced
elevated temperatures, the mass of the samplesasured after 28 days (Mbefore
placing in the oven) and afterwards ({Mright after the samples are taken out of the
oven, thus: just before the strength tests areutadc The weight loss can be found
according to equation (7.7):

M, —M,
WL=—"—"11100% 7.7)

0
Fluorescence microscopy

Out of one sample of the mixes of SCCO and TVCOatdwk to the different
temperatures (20 °C — 40 °C — 60 °C — 80 °C — 10p thin sections are made to
perform fluorescence microscopy. In total ten théctions are made. The mean value
of the fluorescence of the cement matrix of eadh $lection is calculated via the four
step method explained previously. As mentioned feefan increase in mean
fluorescence of the cement paste, or an increaseajnillary porosity, can be an
explanation for a decrease in compressive strehgtiis way it is possible to give an
indication for a possible strength variation of tomcrete due to elevated temperatures.
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3 Results and discussion
3.1 Effect of gamma radiation on strength of the Supetainer

The slump flow value of the fresh mortar mixes 3% 2nm and 295 mm for mix 1 and
mix 2 respectively, determined by means of the Mume (Figure 7.1). Nevertheless,
the strength results and the results of the fluamese microscopy are more important
to evaluate the effect of gamma radiation on thength of the SCC based mortar.
These results are presented in Table 7.7 and Figbre

A certain tendency strikes: with increasing doseapplied gamma radiation, the
compressive strength ratio of the mortar samplesedses (Figure 7.5, blue dots and
line). It was investigated whether an explanatiould be found by means of the
fluorescence microscopy of thin sections. Althowghery slight increasing trend of
fluorescence with increased dose is noticeableu(Eigd.5), this increase is statistically
not significant. Therefore, the amount of examiti@d sections should be increased or
alternative test methods should be considered. Wiaog to Bouniol (2004), a
redistribution or reorganization of the pores ohdliated hardened paste samples is
found by means of mercury porosimetric measurements

It must be mentioned that these test results atg iodlications. At this state of
research, it is hard to come to exclusive conchssiand further research is inevitable
and needed, preferably on an even smaller scaleexmmple: investigation of the gel
pore structure on a nanoscale by means of Scarilegron Microscopy (SEM)).
Nevertheless, some main observations are worthiomeamg:

- A tendency is noticed that an increasing gammaatixti dose during
hardening of an SCC based mortar leads towardsaressive strength loss,
up to 15 %.

- The dose rate does not have a significant effedhercompressive strength
ratio. By comparing this ratio of the samples Lowrid Low 2 (mean dose
rate of 2.02 Gy/h) with the ratio of sample Top (d@aean dose rate 7.84
Gy/h), no significant difference is noticed (Figu#&). These samples have
received equal gamma radiation doses of approxiyna®00 Gy, making
the received dose a more important parameter twatel strength losses
compared to the dose rate (valid in case of sefiity low dose rates,
smaller than 20 Gy/h).

- The reference samples, which remain unirradiatade fa higher volumetric
weight compared to the irradiated samples.

- The samples of mix 2 compared to the samples of Inlkkave a higher
compressive strength,.f On the other hand, the fluorescence is slightly
smaller in case of mix 2, once more demonstratilg tinverse
proportionality between strength and fluorescenceépillary porosity).

- The dispersion of the fluorescence of the sampiasin 2 is slightly higher
than the dispersion of the samples of mix 1, iniiga a smaller
homogeneity of the cement matrix of the samplegimating from mix 2.
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Table 7.7: The received dose, strength, fluoreseamcl volumetric weight
of the different mortar samples

Name D fn S frnirr Fmref Fluo s Pm
Gy MPa MPa - - - kg/m3
Ref 1 0 33.1 3.7 1.00 114.0 2 2265
Top 1 5076 30.0 3.4 0.91 115.6 1.9 2250
Low 1 1302 28.5 2.5 0.86 114.4 1.9 2250
Ref 2 0 40.8 6.2 1.00 112.2 2.8 2260
Top 2a 1298 34.2 5.3 0.84 115.9 2.1 2235
Top 2b 3759 34.9 54 0.86 112.1 2.7 2235
Low 2 1301 34.9 35 0.86 112.4 2.3 2245
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Figure 7.5: Dependency of the compressive strergth and the fluorescence of mortar
samples on the applied dose of gamma radiation

3.2 Effect of heat on strength of the Supercontainer

Four SCC and TVC mixes are made to investigateeffext of elevated temperatures
on the strength properties of the concrete. Toatharize the fresh SCC and TVC, tests
are performed. For SCC, the slump flow value, thtuivhel time and the density are
determined, while for the fresh TVC, the slump dinel density of the fresh concrete
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are determined. For each mix, 15 + 15 cubes ate axad after a certain storage period
the compressive strength and the splitting terstilength, and the dependency on the
elevated temperatures (40 °C — 60 °C — 80°C — @)5¢eference: 20 °C) is examined.
In order to explain the strength variation, flumesce microscopy is conducted to
quantify the capillary porosity of the concrete gdas. Finally, the difference in
storage conditions is taken a look at.

Properties of the fresh SCC and TVC

The fresh properties of the SCC and TVC mixes mted in Table 7.8a and Table
7.8b. Overall, the density of the TVC mixes is lstlyg higher compared to the density
of the fresh SCC. A rather large variation on thenp, slump flow and V-funnel test
results is noticed.

Table 7.8a: The fresh properties of the SCC mixes

SCCO SCC1 SCC2 SCC3

Superplasticizer kg/m?  10.0 10.2 10.2 12.0
Quantity m3 0.05 0.05 0.05 0.05
Fresh results
Slump flow mm 680 640 575 715
V-funnel S 8.3 6.0 17.0 33.0
Density kg/m3 2400 2350 2405 2405

Table 7.8b: The fresh properties of the TVC mixes

TVCO TVC1 TVC2 TVC3

Superplasticizer kg/m3 3.6 6.0 4.0 4.0
Quantity m?3 0.05 0.05 0.05 0.05
Fresh results
Slump mm 235 55 175 205
Density kg/m3 2420 2425 2440 2450

Compressive and splitting tensile strength

The influence of the temperature variation on thmpressive strength ratig.fand the
splitting tensile strength ratig§ of the samples of mixes SCCO — SCC1 and TVCO —
TVCL1 (Table 7.6) is given in Figure 7.6, Table 79a Table 7.9b. In the compressive
behaviour of the concrete, an indication of strbnfjiss is noticed, at most at a
temperature of 60 °C (Figure 7.6). Compared to T¥&,compressive strength loss of
SCC is slightly higher. In the splitting tensilehaeiour, it is the other way around: a
strength increase is noticed, higher for SCC coegés TVC.
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Figure 7.6: Dependency of the compressive streragit fz. (bold line) and the splitting tensile
strength ratio £ (dotted line) on the temperature variation

Fluorescence microscopy

A compressive strength loss tendency with increps@mperature is noticable. To
further examine this position, fluorescence micopscis conducted on thin sections
made out of one sample originating from the mix€€8 and TVCO, and for each of
the five forced temperatures. One explanation efdbmpressive strength loss of the
concrete samples with elevated temperatures carfobed in the fact that the
fluorescence of the thin sections, made of theebfit samples, indicates a noticeable
increasing trend with increasing temperature (Fgur7, green dots and lines),
although these results are statistically not sigaift. As mentioned before, an increase
in fluorescence, thus an increase in capillary ptypgoes along with a decrease in
compressive strength (Figure 7.7, blue dots arek)inThe results of TVC and SCC
(for mixes TVCO and SCCO) are more or less simim.the other hand, the increase
in splitting tensile behaviour can not be explainey means of the fluorescence
microscopy results.

Taking a closer look at the thin sections of thifedént samples, cracks through the
aggregates are identified in all cases. With ingirep temperature, the amount of
cracks increases and the crack width enlarges.ddiacking can occur due to the
thermal incompatibility of hardened cement paste e aggregates, which increases
the porosity and decreases the strength [BazanKapthn, 1996].
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Figure 7.7: Dependency of the compressive strerggth and the fluorescence of the SCC and
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Figure 7.8: Image of cracks in aggregates of thie #ection
of SCCO 105 (left) and SCCO 20 (right)
Enlargement ratio 200:1
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Table 7.9a: The compressive strength and the isiglitensile strength of the SCC samples
at different temperatures

Name T fccublOO S ch fclsp S cht
°C MPa MPa - MPa  MPa -
SCCO 20 78.7 2.8 1.00 3.4 0.2 1.00
40 72.9 0.5 0.93 4.1 0.1 1.21
60 66.3 1.7 0.84 4.1 0.0 1.21
80 72.0 1.3 0.91 4.3 0.2 1.26
105 73.1 2.0 0.93 4.9 0.4 1.44
SCC1 20 59.6 0.6 1.00 3.8 0.3 1.00
40 54.8 1.2 0.92 4.2 0.2 1.11
60 50.5 13 0.85 4.0 0.4 1.05
80 53.8 2.5 0.90 4.2 0.4 111
105 60.4 1.3 1.01 4.6 0.1 1.21
SCC2 20 67.0 3.1 1.00 5.0 0.4 1.00
40 60.5 29 0.90 4.7 0.1 0.94
60 54.9 15 0.82 4.7 0.6 0.94
80 53.6 0.9 0.80 41 0.0 0.82
105 53.5 1.4 0.80 3.6 0.3 0.72
SCC3 20 77.5 1.7 1.00 5.8 0.4 1.00
40 68.8 15 0.89 5.2 0.4 0.90
60 73.4 11 0.95 5.3 0.3 0.91
80 73.6 3.8 0.95 5.4 0.3 0.93
105 71.6 0.8 0.92 51 0.2 0.88
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Table 7.9b: The compressive strength and the isiglitensile strength of the TVC samples
at different temperatures

Name T fccublOO S ch fctsp S cht
°C MPa MPa - MPa  MPa -
TVvCO 20 73.3 0.9 1.00 4.0 0.3 1.00
40 68.9 2.0 0.94 4.3 0.3 1.08
60 60.3 2.0 0.82 3.8 0.2 0.95
80 65.8 1.6 0.90 4.7 0.1 1.18
105 66.3 1.1 0.90 4.3 0.2 1.08
TVC1 20 78.8 0.3 1.00 4.0 0.4 1.00
40 75.9 1.7 0.96 4.7 0.7 1.18
60 71.3 1.8 0.90 4.5 0.6 1.13
80 71.1 2.0 0.90 4.5 0.6 1.13
105 82.9 1.9 1.05 4.5 0.2 1.13
TVC2 20 64.6 1.9 1.00 5.7 0.1 1.00
40 63.8 1.2 0.99 51 0.2 0.89
60 58.0 2.0 0.90 4.6 0.4 0.81
80 56.6 1.2 0.88 4.4 0.3 0.77
105 54.3 2.3 0.84 3.7 0.4 0.65
TVvC3 20 74.6 1.0 1.00 4.8 0.2 1.00
40 66.0 0.6 0.88 4.4 0.3 0.92
60 70.6 1.0 0.95 4.8 0.2 1.00
80 715 0.8 0.96 51 0.2 1.06
105 67.5 1.3 0.90 4.9 0.2 1.02
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Table 7.9c: The fluorescence and the weight lotseoSCC and the TVC concrete samples at
different temperatures

Name T Fluo S WL S Name T Fluo S WL S
°C - - % - °C - - % -
SCCO 20| 1084 2.7 1.16 0.05 TVCO 20 1086 2.3 0.970.03
40 | 1101 35 2.56 0.03 4 109.2 1i6 2.52 0.06
60 | 1104 3.8 4.05 0.13 6 113.6 4{6 4.32 0.14
80 | 119.1 3.8 5.33 0.09 8 1172 2{4 5.43 0.51
105| 1155 2.9 5.82 0.13 105 116.2 35 5.53 0.70
SCC1 20 2.43 0.11 TVC1 20 1.32 0.04
40 4.16 0.10 40 2.59 0.07
60 5.90 0.06 60 3.88 0.15
80 6.66 0.21 80 4.69 0.10
105 7.59 0.18 105 5.74 0.17
SCC2 20 0.01 0.01 TVC2 20 0.01 0.00
40 0.14 0.03 40 0.08 0.04
60 0.35 0.07 60 0.33 0.09
80 1.09 0.29 80 0.97 0.29
105 5.25 0.16 105 5.16 0.22
SCC3 20 2.12 0.03 TVC3 20 1.88 0.06
40 4.34 0.18 40 4.23 0.23
60 5.27 0.09 60 5.17 0.18
80 5.60 0.12 80 5.39 0.09
105 5.93 0.12 105 5.68 0.15

Figure 7.7: Dependency of the compressive strerajth and the fluorescence of the SCC and
TVC samples on the forced elevated temperatures

For example (Figure 7.8), the crack width in thgragate of the thin section of SCCO
(temperature rise up to 105 °C) is approximatelyu2® while the crack width in the

thin section of the reference sample (20 °C) islemthan 5 um. This can also explain
the previously found compressive strength losséis ncreasing temperature.

Weight loss and influence of the storage conditions
Except for the increasing capillary porosity, thereasing amount of cracks and the

increment of crack widths as an indication for ¢enpressive strength loss, the weight
loss can also have an influence on the strengthtses
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Figure 7.10b: Dependency of the weight loss ofS6€ and TVC samples
on the forced elevated temperatures with alteratseovation procedures
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According to Taerwe (1997), three types of water present in a hydrating cement
matrix: (i) the chemically bound water in the CSHdhates, (ii) the physically
adsorbed gel water (attached to the CSH layersjtanthterlayer water in between the
CSH layers, and (iii) the pore water present indhgillary pores (Figure 7.9). Due to
elevated temperatures up to 105 °C, evaporatidheofapillary pore water takes place,
giving an explanation for the weight loss obserdedng the laboratory tests. It must
be noted that at a temperature of 105 °C evaporaifothe gel water occurs [De
Schutter, 1996]. For cubic samples of the mixes 8&CSCC1 and TVCO — TVC1,
after a hardening period of 28 days under watet,daced inside an oven for 14 days
at a specific temperature, the weight loss is nmrealsand depicted in Figure 7.10a.
Especially due to the evaporation of the pore watee weight loss increases with
increasing temperature and is higher in case of.SCC

Physically

go2f adsorbed
o water
-
2o
26,
A
TEEERN e
DN
ANe,
o
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Pore water

Interlayer water

C-S-H layers

Figure 7.9: Three types of water present in theratidg cement matrix [Taerwe, 1997]

If the conservation procedure of the samples, athardening time of 28 days under
water, is altered (according to Table 7.6), the sue=d weight losses after
emplacement in the ovens at different temperamreshanged (Figure 7.10b).

In case an adhesive foil is provided, enclosing ghmples (SCC2 and TVC?2), the
weight loss decreases significantly, especiallyteshperatures below 80 °C. Total
prevention of evaporation is not achieved, mainlg tb imperfections in the joining of

the adhesive foil, and the weight loss still inseawith increasing temperature, but in
a smaller extent compared to the unpacked sampled05 °C, the weight loss is

almost equal as the case of unpacked samplespse temperatures the glue of the
aluminium foil dissolves, making evaporation of {hare water possible. The weight
loss is slightly higher in case of SCC, but thded@nce with the weight loss of TVC is

insignificant.
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In another conservation procedure (SCC3 and TVitb8)unpacked samples are placed
at elevated temperatures for a longer period oétifl days compared to 14 days
(Figure 7.10b). In case of SCC, up to temperatafegpproximately 60 °C, the weight
loss is higher if the drying period is longer. HorC, the weight loss is higher in the
total temperature range (20 °C — 105 °C) in casedtying period is longer. Once
more, the weight loss is slightly higher in cas&aiC.

1.00 N

—e—SCC2 SCC3
--0--TVC2 TVC3

0.70

20 40 60 80 100 120
Temperature (°C)

Figure 7.11: Dependency of the compressive strerajit fz. on the temperature variation with
different drying conditions

The compressive strength loss, in case the evapora limited by means of an

adhesive foil, increases continuously with incregsiemperature and is significantly
higher in case of SCC (Figure 7.11, red curvesjleArease of respectively 20 % and
16 % is noticed for SCC and TVC respectively. & tirying period is prolonged up to
91 days (compared to 14 days), there is also dnatidn of compressive strength loss
and a rather good resemblance is obtained betw€éhahd TVC (Figure 7.11, grey

curves). However, no continuous decrease in stheiggbbserved and kinks in the
curves are noticed at 40 °C and 80 °C, while ireaafsheating of unpacked samples
during 14 days, only one significant kink is obsghat a temperature of 60 °C.
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4  Conclusion

Overall, the heat-emitting radioactive waste irsgrin the buffer increases the
temperature of the concrete (buffer, filler and).lidhe effect of these elevated
temperatures on the strength of the concrete (S T&/C), considered for the
Supercontainer concept, is evaluated by meansbafrddory tests. It is known that
elevated temperatures can result in deterioratfche physico-chemical properties of
concrete, and that the concrete porosity playsrthm role in affecting the changes of
the compressive strength [Vodak et al., 2004].

Out of the tests performed at the Magnel LaboratorConcrete Research, indications
of a possible compressive strength loss of SCQd@M %) and TVC (up to 15 %) due
to elevated temperatures are found. The increasapilary porosity, measured by
means of fluorescence microscopy, can be seenraasanable explanation for this
strength loss. Also greater amounts of cracks arget crack widths are found in the
heated samples, compared to the reference sanmfe8Q), hence confirming the
previously found microcracking behaviour of conereinder elevated temperatures
[Bazant and Kaplan, 1994]. The preservation cootiand the related weight loss of
the samples also affect the results.

Gamma radiation is also emitted by the vitrified WLand SF assemblies in the
Supercontainer concept and the concrete inside Shpercontainer absorbs this
radiation emitted at dose rates inferior to 20 Gyilh the Magnel Laboratory of

Concrete Research, in cooperation with I1SIB, SC&:Hamortar samples are irradiated
during hardening in order to examine the compressivength variation. A certain

tendency of decreasing strength ratios with inéngaglose of gamma radiation
appears: the compressive strength of the mortaplesndecreases with 15 %.

It must be mentioned that these test results atg iodications. At this state of
research, it is hard to come to exclusive conchssand further and repetitive research
is inevitable and needed, preferably on an evenllemacale (for example:
characterization of the porosity by means of merdntrusion or investigation of the
gel pore structure on a nanoscale by means of 8gaftectron Microscopy (SEM)).
For now, although it is not statistically proventrand is found that the capillary
porosity increases with increasing radiation dosel @ncreasing temperature, as
indicated by the fluorescence measurements.

Moreover, the combined effect of gamma radiatiod alevated temperature on the

mechanical properties (not only the strength) efazete samples is worth taking a look

at in the nearby future. However, this is out & ftope of this doctoral research and is
subject for further research.
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CHAPTERS:

THERMO-MECHANICAL BEHAVIOUR OF
THE SUPERCONTAINER

For the Belgian reference disposal concept for doregl, heat-emitting HLW and SF
assemblies (Chapter 2) in a clayey Host Rock, amngive study of the early-age
behaviour of the Supercontainer is conducted byMhgnel Laboratory for Concrete
Research in cooperation with ONDRAF/NIRAS. This Sugontainer is based on the
use of an integrated waste package composed abarcateel overpack surrounded by
a concrete buffer based on Ordinary Portland Cert@R(C) surrounded by an outer
stainless steel envelope (Chapter 1, Chapter 3Ciragpter 4). For the choice of the
cementitious buffer, SCC and TVC (Chapter 5) ams@ered, tested and compared by
means of a concrete characterization program ierota obtain the relevant thermal,
maturity related and mechanical properties of the types of concrete (Chapter 6).
These obtained data are implemented into the fielEament simulation program
HEAT/MLS to study the behaviour of the concretefeufiuring the different stages of
manufacturing of the Supercontainer (Figure 8.1):
- Stage 1: Fabrication of the concrete buffer insigestainless steel envelope.
- Stage 2: Emplacement of the carbon steel overpackaming the heat-
emitting waste canisters inside the concrete buffer
- Stage 3: Filling of the remaining annular gap wittle filler under thermal
load.
- Stage 4: Closure by fitting the concrete lid.

1 Goal and methodology

Through-going macrocracks (in tangential and adiedction) in the concrete buffer
should, at all times, be avoided for radioprotettieasons but also to prevent transport
mechanisms through the buffer and to retain itsrosion protection purposes.
Therefore, knowledge and comprehensiveness of ¢aelyfage) behaviour of the
hardening SCC and TVC is non-negligible.
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- i
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Figure 8.1: Four construction stages of the Supatamer (stage 2-4 are carried out in hot cell)

For the numerical simulations, the 2D finite elemprogram HEAT/MLS is used,

which calculates the stresses and the strength obrarete structure via a state
parameter approach linked by the material datapése Beek et al., 2001, De Schutter
and Vuylsteke, 2004, Craeye et al., 2009]. Theyesmgk behaviour of the concrete of
the Supercontainer is widely studied and the p@knise of reinforcement is

evaluated.

First of all, this research study provides the elgtions and the simulations of the first
construction stage of the Supercontainer, out eftibit cell. Via a sensitivity analysis,
the behaviour of the concrete buffer is investigatnd the dependency, of the
reference casting situation, on the time dependmmicrete parameters (thermal
deformation due to the hydration reaction of thenest, shrinkage, creep), on the
dimensions of the Supercontainer (geometry: heidiatneter and thickness), and on
the casting boundary conditions (environmental ®mre, wind velocity, insulation

type) is taken a closer look at.

In a second step, the construction stages insitiedib i.e. the insertion of the heat-

emitting waste proceeded by the filling of the dangap and the closure by means of
the concrete lid, are combined and simulated. Tleeteof the elevated temperature on
the stresses inside the buffer, the filler andlithethe determination of the temperature
influence, the influence of the insertion time, #féect of the type of inserted waste

(vitrified HLW or SF assemblies) and the effecttbé cooling period preceding the

insertion is investigated. Finally the effect oé texpansive behaviour of the overpack
(due to the temperature elevation) is being disgmliss

The Supercontainer for the disposal of vitrified \ML with SCC as the reference
concrete, is taken as the reference concept forfalh@wving analysis. The effect of
adjusting dimensions of the container in order btam the Supercontainer for the
disposal of UOX or MOX (SF assemblies) is studiedtiie sensitivity analysis.
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2 The numerical simulation tool HEAT/MLS

For the numerical simulation of the fabricationtted Supercontainer, the finite element
program HEAT/MLS is used. HEAT/MLS enables advantesfmal and mechanical
computations particularly focused on the buildimgqtice. This state parameter based
program is linked to a material database and catiesistresses (due to temperature and
humidity effects) and the strength in concrete citmes. The values for the input
parameters for each material in this database lai@n@d via an intensive laboratory
characterization program (Chapter 6). Most of thatemal properties of hardening
concrete are dependent on the actual state of ydeation process. This can be
described with fundamental parameters like degredayaration, reaction degree,
equivalent time or maturity. Thus, HEAT/MLS simwdatthe hydration process in the
concrete structure and calculates the stresses tlandstrength in the structure.
Afterwards the cracking risk is evaluated. Althougie simulation tool is two-
dimensional, an accurate simulation is possibleaise of an axisymmetrical structure
and will be less time consuming and cumbersome epatpto a three-dimensional
finite element method.

The models that are considered by HEAT/MLS, andt the relevant for the
determination of cracks in hardening concrete caténed below. For the first 28 days
of hardening of a structure, the humidity effeahdd considered.

First, the actual state parameters are calculdiegl the temperature, the degree of
hydration or the maturity of the concrete) in epoint of the structure at each moment,
taking into account the various building phases #mel environmental conditions
during and after construction. The governing eaqumtior the problem of heat
generation and heat diffusion in a hardening cdedeeexpressed by means of the non-
stationary Fourier equation. This partial diffeiehtquation (8.1) describes the heat
transfer under transient conditions and needs todnebined with the relevant initial
boundary conditions (initial temperature of thet@amcrete, convection and radiation
at the exposed surface).

c,‘”=a[k‘”j+" KO | 4m, 6.
ot ox\ Ox/) odyl Oy

where: G = the heat capacity of the concrete (J{1G9)
7= the temperature (°C)
t = the time (s)
X,y = the coordinates (m)
k = the thermal conductivity of the concrete (W/@))
H; = the heat production source(W/m?)

The heat source His implemented and is determined by means of tfabatic
hydration test according to De Schutter and Tagii®95), previously explained in
Chapter 6.
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In order to calculate and determine the thermo-raeicial properties of the hardening
concrete, a maturity-based model is implemented IHEAT/MLS. Most of the
material properties of hardening concrete are didgnon the actual state of the
hydration process, in this case expressed by mefatie maturity. The maturity M is
defined by means of equation (8.2) taking into aotdhe influence of the temperature
following the Arrhenius equation. Properties suchtansile strength, compressive
strength, modulus of elasticity, shrinkage and gieehaviour are maturity related.

‘ 5[ 1 _1]

M(t)= jeR T Tt (8.2)
tcon

where: E = the apparent activation energy (kJ/mol)

R = the universal gas constant (kJ/(mol-K))
7 = the temperature (K)

Trer = the reference temperature (K)

t = the time (s)

teor= the casting time (s)

The visco-elastic material behaviour (creep) of snamncrete is described by means of
a Maxwell model (Figure 8.2) [Bazant, 1986], with the spring stiffness ang the
retardation time of the branch k. These materiapprties are dependent on the
maturity.

Due to the developed thermal gradients inside thetsire, and taking into account the
autogenous shrinkage and the creep effect, the sigrsficant question is whether the
created tensile stresses will exceed the tensiagth of the concrete, giving cause to
early-age cracking.

No cracking and strain softening behaviour is takena account in the simulations. It
is assumed that in the simulations it is possibleave stresses inside the structure that
can exceed the strength of the structure. Wheryzingl the obtained stress values, a
stress based cracking criteria is defined for #tération of the cracking risk [Rostasy
et al., 2002]. Tensile cracking will occur in resttuctures if the cracking inde;,
given by equation (8.3), is smaller than 1 (or dtresses;Sinside the structure exceed
the actual tensile strength £:of the structure).

fct act
= 8.3a
Vo =70 (8.32)

1

The actual tensile strength; & of the structure equals 0.7 timeg,.f, the tensile
strength determined in laboratory conditions [Regt#t al., 2002].
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By rearranging equation (8.3a), the non-crackirigiga (8.3b) is obtained:

S;<0.7(f, ., oOr o 1 (8.3b)

07 |3.ct,lab -

If the tensile stress in a concrete structure ramamaller than 0.7 times the tensile
strength (determined in laboratory conditions),anacking will occur. According to
Reinhardt and Cornelissen (1985) the safety limitdr 0.7 can be explained by the
long-term effect of the tensile strength;.fequals 0.7 timesf

Conventionally, tensile stresses are taken positiampressive stresses are taken
negative.

Figure 8.2: Maxwell model for visco-elastic matétiehaviour of massive concrete
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3 Pre-processing
3.1 Implementation of the concrete properties

Several thermal, maturity-related and mechanicalperty tests are performed to
predict the difference between the two compositicmssidered for the Supercontainer
concept: SCC and TVC. The determination of the petecproperties of SCC and TVC
is part of an intensive laboratory characterizatiprogram (Chapter 6). These
properties are implemented in the material datalsthe finite element program
HEAT/MLS. A short summary of the obtained resustdisted below. Conventionally,
the SCC composition can be seen as the referenacerete composition
(ONDRAF/NIRAS statement). The relevant concreteppries of SCC and TVC are
listed in Table 8.1.

3.1.1 Thermal properties

The specific heatyoof the SCC is fixed at 2390 J/(ms3-°C) while théueafor TVC is
slightly higher, 2410 J/(m3-°C). Also the thermahductivity k is higher in case of
TVC (2.02 W/(m-°C)) in comparison with SCC (1.89(W/°C)). The SCC acts more
like an insulator. Although in reality these prajes depend on the hydration process,
only constant values are considered in HEAT/MLS.

The exothermal heat production due to the hydrateattions is simulated using the
results of the adiabatic hydration tests accordm@e Schutter and Taerwe (1995).
The adiabatic temperature development and the @atetiheat of hydration results are
time dependent and are shown in Figure 6.33 andr&ig.34. Clearly, a more rapid
development in TVC is noticed, but the temperatige (and the cumulated heat) after
72 hours is 1.3 % (4.1 %) higher in case of SCC

For the coefficient of thermal expansion (CTE), Sk&3 the tendency to deform more
under influence of a temperature variation compaoe@VC. For the calculations, the
CTE of the SCC and the TVC in a hardened statakisrt respectively 8.1 x F0C
and 7.4 x 16/°C and it is taken time dependent, with higherueal at early age
according to Table 6.13.

3.1.2 Maturity-related properties

For the maturity concept, the reference temperaiiyre 293 K (20 °C). The ratio E/R,
determined via the isothermal hydration testsgisaéto 4491 K and 4570 K for SCC
and TVC respectively.

3.1.3 Mechanical properties

Autogenous deformation

The time dependent early-age autogenous deformatiotution of SCC and TVC,
measured by means of the vertical dilatometer af@Qand implemented into the
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material database of the simulation tool HEAT/MIisSSgiven in Figure 8.3. It is clear
that SCC experiences a higher autogenous shrirda@gpared to TVC.
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Figure 8.3: The autogenous deformation curve implaied in the material database
Compressive strength and tensile strength

The data for the compressive strengthpfso of SCC and TVC are based on the
obtained results according to Figure 6.45 and T&bl&. These values vary in time.
Although the compressive strength development ofCTis slightly faster, the
compressive strength of SCC is 6 % higher afted@@s. In the material database of
the simulation tool HEAT/MLS, the (time dependenBlues of the compressive
strength §, determined on cylinders with diameter 150 mm haijht 300 mm, must
be implemented. Therefore the conversion facto®.@® must be taken into account
(Chapter 6).

For the tensile strength of the two types of cotg;rthe implemented data are based on
the results obtained via the pure tensile stretegts after 56 days: 4.4 MPa for SCC
and 3.3 MPa for TVC. By following the same time kN®n as for the compressive
strength, the time dependent tensile strength @wolis obtained.

The values introduced in the material databasésiesl in Table 8.2.
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Modulus of elasticity and Poisson’s ratio

Although the modulus of elasticity test result®af8 days indicate a higher value for
SCC (36.1 GPa compared to 32.4 GPa for TVC), thvedees are not used for the
simulations. Due to the visco-elastic material wéha (creep) of mass concrete,
which is described by means of a Maxwell model (Fég8.2) [Bazant, 1986], the

spring stiffness Hrepresented by the modulus of elasticity) andrét@rdation time

of each branch k must be adjusted in order to ambrdhe experimentally obtained

creep behaviour as well as possible (see furtidmrefore, the values introduced in

the material database are slightly different (emhycfor TVC) and are listed in Table
8.2.

Poisson’s ratio is taken time dependent with a eaqual to 0.5 if the age of the

concrete is below 6 hours (time zero) and is etpd.2 from the age of 12 hours. It
varies linearly between those two values.

Table 8.1: Summary of the thermal, maturity-reled@d mechanical properties of SCC and TVC

. Time

Properties dependent SCC TVC
Co no J/(m3°C) 2390 2410
k no W/(m-°C) 1.89 2.02
Q (72 h) yes Jig 316.6 303.5
ot (28days) yes um/(meC) 8.1 7.4
E/R no K 4491 4570
f. (28 days) yes MPa 454 42.7
f(28 days) yes MPa 4.1 3.1
E. (28 days) yes GPa 36.1 324

Table 8.2: The time dependent evolution of theemphted material database values of
f., fy and K of SCC and TVC (values in MPa)

§ & E

Age scc TVC scc TVC scc TVC
1 day 9.4 11.9 0.9 0.9 - -
2 days 21.6 22.1 1.9 1.6 27500 27 500
3 days 27.8 26.1 2.5 1.9 32000 32000
7 days 36.0 34.5 3.2 2.5 33500 35000
14 days 41.1 40.3 3.7 2.9 35500 35500
28 days 45.4 42.7 4.1 3.1 36000 37 000
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Creep behaviour

The visco-elastic behaviour of the concrete is ledeby means of a Maxwell Chain
Fitting approach [Bazant, 1986] (Figure 8.2) withds the spring stiffness ang as
the retardation time of each branch k. These twaincparameters are determined by
means of the obtained results of the compressigepctests at the age of 2 days, 7
days, 14 days and 28 days. By adjusting the twa mparameters EandTty the total
strain, found by the subtraction of the autogersiugmkage from the total deformation
(the immediate elastic strain when the loadinglésgd on top of the test specimen is
included), approaches the test results as welbssilple (Figure 8.4).

Total strain (um/m)

——Loading at 2d — Loading at 7d —— Loading at 14d —— Loading at 28 — ——Loading at2d —— Loading at 7d —— Loading at 14d —— Loading at 28
—HEAT2d —HEAT 7d —HEAT 14d __— HEAT 28d —HEAT2d _ —HEAT7d —HEAT i4d _—HEAT 28d

Age (days) Age (days)

Figure 8.4: The Maxwell fitting of the total straii SCC (left) and TVC (right) by adjusting the
spring stiffness Eand the retardation time,

3.2 Geometry and boundary conditions

The Supercontainer for the disposal of vitrified\MLis taken as the reference concept.
The effect of adjusting the dimensions of the cimata in order to obtain the
Supercontainer for the disposal of UOX or MOX (S#semblies) is studied via the
sensitivity analysis.

An axisymmetrical cross section of the Supercoetais considered in order the define
the geometry of the two-dimensional macro needesirtwlate its behaviour (Figure
8.5). The geometry is implemented into HEAT/MLS dsfining three concrete layers:
the buffer, the filler and the lid. The dimensioofsthe Supercontainer are given in
Chapter 3. The simulations are divided into twotgasut of the hot cell (construction
stage 1) and in the hot cell (construction sta@e4d- For each simulation part, a mesh
of the macro needs to be defined. The macro legferslivided into elements, yielding
the mesh given in Figure 8.6. Towards the edgéseoSupercontainer, and towards the
interfaces of the different concrete layers, tlze sif the elements is reduced.
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Figure 8.4: The axisymmetrical cross section (¢ $cheme (2), the dimensions (in mm) (3),
the mesh of stage 1 (4) and the mesh of stage &Bef the Supercontainer

After defining the geometry and the mesh, some 8ann conditions need to be
defined. The Supercontainer is supposed to be gisypported by a concrete floor
(kinematic boundary condition). For the environna¢fdtoundary conditions (physical
boundary conditions), the temperature, the winagig} (climate) with the formwork
and insulation type (combined into the convectieathtransfer coefficientchare of
importance.

For the reference case, the initial temperaturth@fconcrete macro elements is set at
20 °C and the environmental temperature will bet le¢@ constant value of 20 °C. The
inner formwork, made of steel with a thickness ahf, is removed after 72 h. The
outside steel envelope (thickness = 6 mm), usedraswvork, will not be removed at
all. The wind speed W in the reference case hadagity of 0 m/s, and will at all times
be held out of consideration at the inside of dbatainer. HEAT/MLS has a tool that
calculates the convection coefficient dependinghe material type, thickness, wind
speed and covering insulation type. Before relgasif the internal formwork, the
convective heat transfer coefficient i 5.59 W/(m®C) and after releasing the
formwork its value is 5.6 W/(nfC). The steel formwork provides almost no
insulation: on behalf of the created thermal sessshe use of a steel envelope or
formwork has no significant impact on the simulativesults. The convection
coefficient is 2.0 W/(m2C) at the bottom (massive concrete floor) (Figu@).

For the reference simulation of stage 2-3-4 of nfacturing of the Supercontainer, the
insertion of the heat-emitting canisters surrounigdhe carbon steel overpack occurs
after 240 hours. The same boundary conditionsjszsissed previously, are used until
the time of emplacement. As a reference, the oedrim inserted after 240 hours,
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directly followed by the emplacement of an SCCefilland the closure of the lid by
freshly cast SCC. At the interface of the filledahe heat-emitting overpack.(h 5.59
W/(mz2-°C)), the temperature rise curve according/eetjens and Sillen (2006) is used
(Figure 8.5) and depends on the type of radioactaste (vitrified HLW or SF
assemblies) and the duration of the preceding iwggleriod. Once the filler and the lid
are cast, the convective heat transfer coefficdantop of the Supercontainer equals 5.6
W/(mz2-°C) (no ambient wind).

Temperature (°C)

0 T T T T T T T T T T T
0 120 240 360 480 600 720 840 960 1080 1200 1320

Time (hours)

Figure 8.5: Temperature evolution at the buffertpaek interface for vitrified HLW and SF
assemblies after cooling periods of 50 — 60 — @ary [Weetjens and Sillen, 2006]

Finally, the behaviour of the Supercontainer, dytimne construction stages in hot cell,
is taken a look at in a more thermo-mechanical way:additional macro layer is

inserted in the 2D model for the overpack, with thl area of the overpack macro
following the temperature increase according tauFgg8.5. In this way, the expansive
behaviour of the overpack is taken into accounte(tlu the temperature elevation),
which is not the case for the reference simulatiombere the overpack is only
considered as an environmental boundary condifibis will have a significant effect

on the stress creation in the concrete and th&iogcisk of the buffer.
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4 Post-processing

4.1

Overview

After the implementation of the concrete propertiéSCC and TVC in the material
database of the simulation tool HEAT/MLS and afteawing the geometry of the
Supercontainer and setting the initial boundaryditions, the simulation of the early-
age behaviour of the concrete layers inside the&agptainer (the buffer, the filler and
the lid) can start. HEAT/MLS simulates the hydratiprocess in the layers of the
structure and calculates the stresses and theggireinside those layers. The
simulations will occur in two phases:

Phase 1 gives the early-age behaviour of the dtesje of the construction of
the Supercontainer out of hot cell, i.e. the casitif the buffer inside the

stainless steel envelope.

Phase 2 gives the early-age behaviour of stagd ®»f3the construction of the

Supercontainer in hot cell, i.e. the insertion led heat-emitting carbon steel
overpack, the placement of the filler inside thawdar gap and the closure by
fitting the lid.

Cracks in massive concrete structures do not oapedd on the material properties.
Also the structure itself, with its specific dimémss and the boundary conditions are
of a considerable importance towards the earlyeageking behaviour. To evaluate the
early-age behaviour of the Supercontainer, diffeqerantities can be regarded:

The stresses are depicted in a three-dimensional(xvay- and z-directions
given in Figure 8.6): the normal stresseg S, and S, and the shear stress
S,y- By means of contourplots at a certain time, tgians with considerable
compressive and tensile stresses can be foundstiémses and the evolution
of the stresses in time at a certain point willdoenpared with the concrete
strength evolution by means of time graphs. Thd got evaluate whether
the stress to strength ratig/@®.7-f) remains smaller than 1 according to
equation (8.3b).

Similar to the stresses, the temperature evol(fidmnside the concrete layers
can be evaluated by means of time graphs at aircep@int, and the
temperature distribution in a region at a certaimetcan be shown by means
of a contourplot. This temperature distribution g¢ave an indication for the
internal stresses inside the concrete layers. fideral gradienAT between
the middle and the outer surface of the bufferls® anvestigated, as this
parameter has a major impact on the (thermal) sstoesation inside the
Supercontainer [De Schutter, 1996].

Also the radial displacement,f the concrete layers can be simulated by
means of HEAT/MLS. A picture of the deformed mestamy time, and the
displacement evolution in the radial x-directioraatertain point can be given
by means of a time graph. In this way, the bondveet the buffer and the
outer stainless steel liner on one side, and tmel lb@tween the filler and the
carbon steel overpack on the other site, can lestigated.
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For the different construction stages of the Supainer (simulation Phase 1 and
Phase 2), a sensitivity analysis is conducted wmluete which parameters have a
considerable effect on the obtained results.

The casting of the massive buffer (simulation PHgsand the early-age behaviour of
the buffer strongly depend on different parameters:

- Concrete parameters: if the deformations due toinlshge and/or
temperature are restrained by the structure, thislead towards cracking
[Van Beek et al., 2001]. Via the sensitivity an@dysthe impact of the
adiabatic hydration curve (thermal properties), th@ogenous shrinkage
results and the creep results (mechanical proggie the simulation results
is evaluated. The other thermal properties (spedifeat and thermal
conductivity) and mechanical properties (Poissaat#) have a negligible
effect on the stresses and strains in massive etmstructures according to
Briffaut et al. (2009). Nevertheless, other typésancrete differ from SCC
due to the higher thermal conductivity, specifiaher thermal expansion
(e.g. Haematite Concrete), and their effect isflyridiscussed.

- Dimensions of the Supercontainer: by adapting thight, the thickness or
the diameter of the buffer, the effect on the rssi$ evaluated. The
dimensions of the Supercontainer for vitrified HL\Miffer from the
dimensions of the Supercontainer used for the dimpof SF assemblies
(UOX/MOX) (Chapter 4). By means of the sensitivityalysis, the effect of
adjusting the dimensions is investigated.

- The boundary conditions: especially the effect ofclaanged climate
(environmental and initial concrete temperaturendwivelocity), and
changed insulation conditions will be evaluated.

In the simulation of Phase 2, the construction esaigside hot cell, the effect of the
elevated temperature originating from the heat#imgitwaste on the stresses inside the
buffer, the filler and the lid, the determinatiohtbe maximal sustainable temperature,
the influence of the insertion time, the effecttbé type of inserted waste (vitrified
HLW or SF assemblies), and the effect of the capleriod preceding the insertion
will be investigated. Therefore, the presence efdkierpack is examined in two ways:
(i) by considering the overpack simply as a boupaandition, and (ii) by considering
the overpack as a deformable macro layer.

The early-age cracking behaviour of the differeobharete layers is studied via the
simulations in order to evaluate whether additioreihforcement, to reduce the
cracking possibility, is needed. Conventionallye Bupercontainer for vitrified HLW,
with the three concrete layers made of SCC, casele@ as the reference concept for
the simulations (ONDRAF/NIRAS statement). In théerence simulation, the overall
temperature is 20 °C.

Conventionally, tensile stresses are taken positiampressive stresses are taken
negative.
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Figure 8.6: Boundary conditions of the referencaidiation case (Phase 1)

4.2 Phase 1 of the simulations: casting of the buffet 6f hot cell)

4.2.1 Reference simulation 20 °C with SCC
4211 Temperature T

In a first reference simulation, the casting terapee of the concrete and the
environmental temperature are equal to 20 °C. Therdoundary conditions are given
in Figure 8.6.

First, contourplots of the temperature at differémies are plotted (Figure 8.7a). These
plots give a clear indication where the highestgeratures occur, and at which points
time evolution graphs are useful. As expected,higdest temperature rise occurs in
the middle of the bottom of the buffer (point 4%.54 °C after 41 hours. After 72 hours
(the demoulding time), the temperature in thisaags still 47.89 °C.

At points 1-4-5-6-7 (location given in Figure 8.@)e time graph of the temperature
evolution is plotted (Figure 8.7b). From the stafrtcasting the buffer, a temperature
rise is noticed, entirely devoted to the exothermalration reaction of the cement in

the concrete, until a peak temperature is readBedhparing the middle of the buffer

(e.g. point 4) with the outer border of the bufferg. point 1), the peak temperature is
about 35 % higher in the middle, but the peak couwore or less 10 hours later.
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Figure 8.7a: Contourplots of the temperature in teference simulation 20 °C (SCC-Phase 1)
at24 h,41h,72hand 168 h
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Figure 8.7b: Time graph of the temperature in thference simulation 20 °C (SCC-Phase 1)
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Figure 8.7c: Contourplot of the temperature (TVCaBé 1) at 39 h (left)
and comparing time graph of the temperature in @& TVC at points 1-4-7 (right)
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When the peak has passed, the temperature dropsretachs to the initial
environmental value of 20 °C, which is reachedradigproximately 336 hours. After
240 hours, the temperature in the middle of théeou$ 22.89 °C, and 21.31 °C at the
outer border. Near the inner border, representeddyts 6-7, the temperature rise is
higher compared to the temperature rise near tter border. The highest temperature
gradientAT between the core of the buffer (point 4) and abéer border (point 1) is
approximately 20.17 °C after 43 hours. AccordingDie Schutter (1996), there is a
high cracking risk ifAT of a massive structure approaches 20 °C dueednitidered
internal deformation.

Replacing the SCC by TVC, a decrease of the pealpeeature is noticed. In the
middle of the TVC buffer, the highest temperatieaches a value of 53.09 °C after 39
hours (Figure 8.7c, left). The temperature peak\i€ is slightly lower (less than 3 %)
and occurs 2 hours earlier (Figure 8.7c, right)reault of the obtained adiabatic
hydration test results (Chapter 6).

4212  StressesSy Sy, S Sy

The normal stresses in the three-dimensional dme¢axisymmetrical: x is radial, y is
axial, z is tangential) are plotted via contourplat the time of appearance of maximal
stress and via time graphs at points in region$ wigh stresses and a potential
cracking risk. Those regions, with high tensilesses, that are vulnerable to early-age
cracking, are clearly noticeable (Figure 8.8, ledt)the bottom of the cavity and the top
of the buffer in x-direction and near the outerdwarin y- and z-direction.

Due to the heat of hydration and taking into actdba autogenous deformation and
the creep behaviour of the concrete, stressesbeiiinduced into the concrete buffer
(Chapter 5). Considering a region in the middlghef buffer (e.g. point 4, blue lines
Figure 8.8), due to the heat of hydration, the cetecin this region wants to expand
more, but the expansion is prevented by the sudiognconcrete, hence creating a
compressive stress. When the cooling of the midzoinéhe buffer settles in (the
hydration peak is over), it is the other way arauh@ midzone wants to shrink more
but this movement is prevented, hence creatingsiléestress behaviour in the middle
of the buffer. For regions near the outer borde. (goint 1, black lines Figure 8.8) and
the inner border of the buffer (e.g. point 10, gréiee Figure 8.8), the opposite story
applies: tensile stresses before the hydration,mrak compressive stresses afterwards.
This behaviour can be found in Figure 8.8 (rightpiradial, axial and tangential way.
In compressive behaviour, the highest peak strezsas in the middle of the buffer,
especially near point 4. The maximal compressiuesses of §, Sy and S, are -1.04
MPa, -0.93 MPa and -1.03 MPa after 49 h, 53 h ahdh Bespectively. These rather
small compressive stresses will not have a detriaheffect on the concrete buffer
(after 48 hours the compressive strengtls 21.6 MPa at 20 °C curing temperature).
The highest radial tensile stresg 8ccurs near point 7, with a value of 0.70 MParafte
36 hours. The highest axial tensile stregsd8curs in the region of point 2-5, with a
maximal value of 1.47 MPa after 41 hours. Finalhe highest tangential tensile stress
S,, occur near point 1, with a value of 1.37 MPa adtehours.
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(SCC-Phase 1) at different points
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The appearing axial and tangential tensile stressasthe outer border are higher (e.g.
points 1-2-5-8, black lines, Figure 8.8) comparedhe tensile stresses near the inner
border (e.g. point 10, green line, Figure 8.8)tha radial direction, the tensile stresses
at the inner border (especially at the bottom efdpening, e.g. point 7) are higher than
the tensile stresses near the outer border.

The values of the shear stressgsabe more or less marginal compared to the axial,
tangential and radial stresses (Figure 8.9). Mbst@time, the stresses are situated in
the interval ]-0.1 MPa, 0.1 MPa[, except in theioagnear point 6 (corner zone) and
the right top of the buffer. At point 6,Shas a maximal value of -0.36 MPa after 51
hours. In the further discussion, shear stresseskapt out of consideration, and
roughly the radial, axial and tangential stressesle considered as principal stresses.

0.10
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Stresses Suyat 51000000 hours
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Figure 8.9: Contourplot at 51 h (left) and time gha(right) of the shear stresseg B the
reference simulation 20 °C (SCC-Phase 1) at diffepwints

The difference between the stressgg S, and S, of SCC and TVC at the most
critical regions, are given in Figure 8.10

In case the buffer is cast in TVC, the maximalsges occur in the same regions as for
SCC, but the absolute values of the stress peaksadihe heat of hydration are lower
in compressive and tensile behaviour and occuregadxcept in the less critical radial
direction. Afterwards the stresses near the innedldr and outer border evolve towards
a constant value, that is approximately equal fo€%nd TVC.

Compared to SCC, the TVC concrete in the midzoféiseobuffer, experience a lower
compressive stress during the hydration peak, fietveards the TVC stress curve
evolves towards a slightly higher tensile stress.
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For TVC, the highest tensile stresg §oint 7) has a value of 0.50 MPa after 39 hours,
the highest tensile stresg, §points 2-5) has a maximal value of 1.10 MPa adter
hours and the highest tensile stregqj®int 1) has a value of 0.99 MPa after 39 hours.
In compressive behaviour, the highest stressesrogear point 4: the maximal
compressive stresses 9§ S5, and $; are -0.81 MPa, -0.74 MPa and -0.81 after 40 h,
51 h and 40 h respectively.

Overall, after the hydration peak has passed aedctimcrete is in a certain state of
hardening, the tensile stresses (in the core oltifier) and compressive stresses (near
the surfaces of the buffer) remain present in théfeb as eigenstresses and can
counteract the expected stress induction due tintegtion of the heat-emitting waste
(Phase 2).

4213 Cracking criteria: S/(0.74y) <1

The most significant question however is whetherttnsile stresses in SCC and TVC,
due to the developed thermal gradients, the autagedeformation of the concrete,
and taking into account the creep effect, will @da¢he tensile strength of the concrete
buffer, giving cause to early-age cracking. Themeftime graphs of the stress to
strength ratios ;%0.7-f;), according to equation (8.3b), of points chandzitey the
critical regions (middle of the buffer and the oused inner border of the buffer) are
plotted in Figure 8.11. This ratio must remain darathan one at all times and in all
regions, in order the reduce or eliminate the eagy cracking risk [Craeye et al.,
2009].

The results and the graphs (Figure 8.11) show that stress to strength ratios
S«l(0.7-8), S,/(0.7-f) and S$J(0.7-f) remain smaller than 1 at all times. For the
reference case (20 °C) early-age cracking of tHéebwill not occur out of hot cell,
both for the cases of SCC and TVC.

The highest cracking risks occurs near the outeddyoof the concrete buffer: in case
of SCC §,/(0.7-§) (point 5) has a maximal value of 0.85 after 3Rrsaand $/(0.7-§)
(point 1) reaches a value of 0.90 after 32 hourseNMVTVC is used, these peaks occur
earlier and are slightly lower: 0.79 after 30 haixial direction and 0.83 after 30 h in
tangential direction. In radial direction, the ddag risk is smaller (approximately 50
%) in the region near point 7 but is also slightigher in case of SCC.

These peaks are mainly caused by the exothermalatiga reaction. Once the
hydration peak is passed, the concrete in the megrear the borders of the buffer
comes under compression and no further crackiegpgcted. In the tensile behaviour
near the borders, the stress to strength ratiobigher in case of SCC, meaning SCC
has a slightly higher cracking risk compared to TVC

The concrete in the middle of the buffer (pointeXperiences compressive stresses
during the first 48 hours of hydration. The ratj@(8.7-ty) is negative and has a higher
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absolute value in case of TVC. Afterwards, whenghak of the hydration reaction is
over, the concrete experiences tensile stressdgharratio §(0.7-f,) evolves towards

a constant positive value of approximately 0.2p abghtly higher in case of TVC.

However, no cracking is expected in the middlehaf buffer during the casting out of
hot cell at a reference environmental temperattigdG5C.

4214 Displacement U,

The displacement JUof the concrete near the outer border, the inmeddr and the
middle of the buffer can be simulated by means &AR/MLS. A picture of the
deformed mesh after 168 h (Figure 8.12, left) amdraourplot at the time of maximal
displacement (Figure 8.12, middle) are given folCSChe maximal displacement in
case of SCC (Figure 8.12, right) is 5 % higher28.2nm after 36 h, compared to 0.217
mm after 32 h for TVC.

0.000 0.228 0.000 0217

: 000 5 0,300 [ 0,300
Deformations at 1680 hours Displacements Ux at  36.000000 hours Displacements Ukt 32.000000 howrs

Figure 8.12: Deformed mesh of SCC at 36 hours)(le@intourplot of | of SCC at 36 hours
(middle) and contourplot of Lbf TVC at 32 hours (right)

The buffer expands in the radial direction andhi& axial direction (Figure 8.12, left).

It is clear that the displacement in the radiakdiion of the concrete near the outer
border, in the middle and near the inner bordethefbuffer is higher in case of SCC
the first 150 hours proceeding the casting. Oneedisplacement peak is over, the
concrete returns to its original position. Afterdsr the remaining displacement is
higher for TVC (Figure 8.13).

The bond between the buffer and the outer stairttesd envelope on one side can be
investigated: due to the expansive nature in aataghy, a good bond can be expected
between the concrete buffer and the envelope. Tésepce of the outer stainless steel
envelope around the buffer is accounted for indineulations by means of a thermal
boundary condition (steel formwork), but not asimeknatic boundary condition. In

this way, the displacement of the buffer is notdeired by the envelope, thus the
displacement will be smaller in reality, but stifesent and expected due to the
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expansive hydration reaction. On the other handcase the prevention of the
displacement is encounted for, compressive stresfiede induced near the outer
concrete border of the buffer, at a time closeh period when the critical tensile
stresses occur. Also the steel will experiencertaicedeformation.

The stainless steel envelope can be seen as dioadbsafety barrier against early-age
cracking of the buffer due to the additional inmiodd compressive stresses near the
outer border, especially at a moment (between 8&ch48 h) when the displacement
and the stresses near the outer border are ahighist values.

—SCC2 —sSCC3 —sScCCé6

0.30
—TvC2 —TVC3 —TVC6 ‘

0.25+

0.10

0.00 T T T T S T T g g g '
0 48 96 144 192 240 288 336 384 432 480 528 576 624 672
Time (hours)

Figure 8.13: Time graph of the deformatiop&f SCC and TVC in the reference simulation

Table 8.3: Summary of the maximal values of teniperg, tensile stresses and displacements
inside the SCC and TVC buffer

kax ()
scc TVC % scc TVC
T e °C | 54.54 53.09 2.7 41 39
Sexmax MPa| 0.70 050  28.6 36 39
Sy max MPa| 1.47 1.10  25.2 41 41
Syz.max MPa| 1.37 099  27.7 41 39
Seymax MPa| 0.07 0.04 429 34 33
S(0.74) - 0.85 0.79 7.1 32 30
SJ(0.74) - 0.90 0.83 7.8 32 30
Uy mx mm | 0.228 0217 48 36 32
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4.2.2  Sensitivity analysis: changing the concrete paramset

The first objective of the sensitivity analysistésstudy the effect of certain concrete
parameters on the stress build-up inside the huS€rC is taken as the reference
concrete composition because the use of SCC, cadp&wr TVC, will ease
considerably the precast process (no external tidoraneeded, beneficial especially
during casting in hot cell) and complies with ater requirements regarding strength
(SCC even has higher strength results compared M@),T long-term durability,
chemical interactions, etc. [Craeye et al., 20@though the cracking risk is slightly
lower in case of TVC. Out of the simulation resafghe reference case, it seems clear
that especially the heat of hydration (implemertigdneans of an adiabatic hydration
test [De Schutter and Taerwe, 1995]) has a majpaahon the internal tensile stresses
of the massive concrete buffer. Also the autogemstuimkage and the creep behaviour
have a non-negligible effect on the simulation ltss[Craeye et al., 2009]. To study
the effect of the main concrete parameters onithalation results, SCC cast with 20
°C curing conditions is considered as the referecase. Finally, other types of
concrete can be considered for the buffer: HaeeatitMagnatite concrete [Bouniol,
1998], or HPC [Craeye, 2006, Geirnaert, 2009] wih alternative concrete
composition (other type of cement and aggregates)pared to SCC on behalf of
certain concrete parameters (thermal conductidignsity, CTE, etc.).

4221 The effect of the autogenous deformation and the creep behaviour

In this scope, the behaviour of the concrete bufesimulated, first by leaving the
autogenous shrinkage (AS) aside, and secondly bkirlg at the buffer as a linear
elastic element (creep effect and AS are not beagsidered). According to De
Schutter (1996), elastic stress calculations ovienase reality and thus are a safe
calculation method.

The exclusion of AS and/or creep (mechanical prig®r does not affect the
temperature rise (due to thermal properties) inside concrete buffer. Because no
thermal properties are adjusted, the temperatsidarthe buffer, and also the maturity
dependent properties (e.g. strength) remain unatangspecially the tangential
stresses S are taken a look at in the midzone region of th#eb (point 4), near the
outer border of the buffer (point 1) and near tieer border of the buffer (point 10).
On behalf of the previously discussed crackingeddt the tangential stresses have the
largest impact. Also the effect of AS and creepttom displacement evolution,Us
investigated.

Looking at the linear elastic behaviour (no AS axedcreep) of the concrete near the
outer border (point 1, black lines, Figure 8.14ampared to the reference case, the
tensile stress peak is higher and occurs late2 MRa after 44 hours. On the other
hand, when only the AS is kept out of considerattbe tensile stress peak is smaller:
1.20 MPa after 40 hours When the hydration peakpaased, and the cooling of the
concrete starts, the concrete near the border camesr compression and evolves
towards a constant stress. This value is highecase linear elastic behaviour is
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considered (-2.05 MPa after 672 hours). The ewvmtutif the stresses, without AS

taken into account, is more or less parallel to riéference case, but also a higher
compressive stress is reached after 672 hour2(MPa compared to -1.16 MPa). For
the region in the middle of the buffer (point detstresses are higher, both in the
compressive way during hydration and in the tensiés during cooling in case of a

linear elastic behaviour (Figure 8.14a, blue lines)

The deflection of the stress curves of the moréoum development the first 30 hours
of hardening (e.g. black bolt line, Figure 8.14araused by the autogenous shrinkage
behaviour of the concrete. Concerning the crackisky of the buffer, especially the
tensile stress peak due to the heat of hydratiaf isportance. A conclusion can be
drawn: by looking at the concrete buffer as a linekastic concrete material, the
stresses are overestimated and thus a consensagijw®ach is used in case linear
elastic behaviour is considered for the analysithefearly-age cracking of the buffer.
The notion declared by De Schutter (1996) is hemnfirmed. Taking into account
the autogenous shrinkage and the creep behaviotireohardening concrete for the
calculations, the stresses (tensile and compréssiveéhe concrete buffer will be
smaller. Especially the creep behaviour is respdador a significant stress relaxation.

Figure 8.14b indicates that the displacement niearouter border, in case of linear
elastic behaviour, is higher (approximately 10 %l ghe expansive peak occurs later,
thus also a conservative approach is reached. ®thetautogenous shrinkage and the
creep behaviour of the concrete, the displacemfettieoconcrete buffer will be smaller
than the linear elastic case.
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Figure 8.14a: Time graph of the tangential stresSgsf SCC and the effect of
autogenous shrinkage and creep
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Figure 8.14b: Time graph of the radial displacem8&npbf SCC and the effect of
autogenous shrinkage and creep

4222 The effect of the exothermal hydration reaction

It has been mentioned that the highest tensilsspeaks, found near the outer border
of the buffer, are mainly caused by the exotherhyalration reaction and the created
internal temperature gradients. It seems usefuhtestigate the effect of adjusted

adiabatic temperature curves (Figure 8.15a) onte¢hgerature development and the
internal stresses inside the buffer at the critiegions (e.g. points 1-4-10).

Temperature (°C)

— 100% OPC
— 50% BFS + 50% OP(3
—HPC

T T
0 24 48 72 96 120 144
Time (h)

Figure 8.15a: The adiabatic temperature developnoé@CC, HPC and BFS/OPC
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Two other types of concrete, with altered adiabttioperature curves are considered
to investigate the effect of the hydration reaction the created stresses: HPC
according to Craeye (2006) and Geirnaert (2009, arslag blended cement based
concrete (BFSC) containing 50 % BFS and 50 % OP¢rding to Robeyst et al.
(2007). Compared to SCC, HPC has a faster temperatavelopment and the
adiabatic temperature after 144 hours is 80.1 °@ BFSC based concrete has a
slower temperature development and the obtainedpdeature in adiabatic
environment is 62.0 °C after 144 hours. In ordeexclude the creep effect and the
effect of AS, the simulations are made for linekstc behaving concrete. Only the
adiabatic curves are changed, the other thermal mmechanical properties remain
unaffected. Note that due to the altered hydrateaction, the maturity and thus the
maturity-related strength development is altered.

In case altered adiabatic values are obtainedheéiartethod described in [De Schutter
and Taerwe, 1995], the temperature rise and tless&s in the concrete buffer will
change. The peaks occur earlier and are highease of a higher adiabatic curve
(HPC), but occur later and are lower in case obweel curve (BFS) (Figure 8.15b).
Translating these temperature variations into tieated stresses gives the same story:
the tensile and compressive stress peaks occugreanld are higher in concrete with a
HPC based adiabatic curve, and also the stressestba hydration peak has passed
are higher. For BFS, the tensile and compressiessipeaks are lower, afterwards the
curves of SCC and BFS evolve to a comparable congtdue (Figure 8.15c).

Although it seems that the use of BFSC based ctm@eems beneficial towards
thermal stress creation inside the buffer, BFSCGcioete has lower strength and slower
strength development than OPC based concretes,asu8CC [De Belie, 2007]. The
use of BFSC only reduces the temperature developimside the concrete buffer but
due to the lower strength and lower strength depraknt, the cracking criteria can
remain unaltered or can be even worse comparedC®. $lote that BFSC based
concrete is not desired for the Supercontainer einfor various reasons recounted in
Chapter 5 (lower pH, slower strength developmeatliation induced ettringite
formation, etc.).

4223 The use of other types of concrete

According to Bouniol (1998), different types of opete can be considered in the
nuclear industry, especially due to their benefieféect towards radiation blocking and
sulphate attack resistance. For example Haematiterete can be considered as
concrete used for the disposal site and the candreffer. Haematite has very high
performance for special applications (e.g. on algauclevel) and is based on the
expensive calcium aluminate cements (AC). This typeement is often used in cases
where sulfuric acid generation by bacteria occuws, where excellent sulphate
resistance, resistance to abrasion or resistanoeatois highly needed [De Belie, 2007,
Scrivener et al., 1999].
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Figure 8.15b: Time graph of the temperature in SBEC and BFS at points 1-4-10
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Figure 8.15c: Time graph of the tangential stresseSCC, HPC and BFS at points 1-4-10
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Aside from the higher adiabatic temperature develmt, and the higher early-age
strength and compressive strength (+ 75 MPa), aoetpto SCC, the thermal
conductivity k (x 6.25 W/(m-°C)) and the dengity(x 4075 kg/m3) and consequently
the heat capacity according to equation (6.1) oérHiatite concrete is much higher
[Bouniol, 1999].

The effect of the coefficient of thermal expans{@TE) a; also must be considered, as
mentioned by previous studies [Briffaut et al., 2DMainly the types of aggregates of
the concrete determines the CTE value. For limestmased concrete;; equals 8.0 x
10°/°C, while for gravel based concrete, it is appiaterto use a value of 12.0 x40
/°C [Taerwe, 1997].

Changing the value of these three parameterp.(@&nda+) induces alterations of the
early-age simulation results. In this case, thepenature and the tangential stresses are
observed. As a reminder, the thermal propertieS@E are mentioned: 1.89 W/(m-°C),
2390 kg/m3 and 8.1 x 10°C respectively. The comparison is made for liheatastic
behaving SCC. The other thermal and mechanical goigs of SCC remain
unaffected.

Different values op, andat do not affect the temperature distribution in teacrete
buffer (Figure 8.16a). Applying a higher thermahdactivity on the other hand, causes
a more uniform temperature distribution and theperature gradiemAT between the
middle of the buffer (point 4) and the outer bor¢@rint 1), which has a major impact
on the thermal stress creation, is much lower thiimbtained for the limestone based
SCC (Figure 8.16b). Due to the higher k-value, libat escapes more easily from the
buffer. As a consequence, the tangential peaks&sesre much lower and the stresses
after hydration converge more rapidly to a consteatie (Figure 8.16c). The stresses
remain unchanged with altered volumetric weightahy, by using a concrete with
higher thermal expansion ability, the stresses willrease significantly both in
compressive as in tensile behaviour (Figure 8.16c).
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4.2.3 Sensitivity analysis: changing the dimensions eftihffer

It is possible that certain dimensions of the Sopetainer must be adapted out of a
design point of view (e.g. increasing or decreaghigkness for radiation blocking,
expansion of the opening due to changed canisteemsions, adjustment of the
diameter to fit the disposal galleries, etc.). Atke dimensions of the Supercontainer
depend on the type of waste that needs to be didpw#rified HLW or SF assemblies
(UOX, MOX). This part of the sensitivity analysiganines the influence of certain
dimensions of the Supercontainer in standard enmiental conditions (20 °C), with
SCC as the reference concrete:

- The height of the buffer (case B, Figure 8.17a)estension from 4.038 m to
6.038 m.

- The thickness of the buffer (case C, Figure 8.1&apduction from 0.7 m to
0.624 m. As a consequence, the diameter of theimgpércreases to 0.668 m.

- The outer diameter of the buffer (case D, Figurer8): a widening from
1.916 m to 2.092 m. As a consequence, the thickofetbe buffer increases to
0.787 m.

- Combining the alteration of those three main dinwers leads towards the
dimensions of the buffer of the Supercontainer tfo disposal of the SF
assemblies (UOX): increased height, reduction eftttickness and expansion
of the outer diameter of the buffer. The inner apgrhas a diameter of 0.844
m (case E, Figure 8.17a).
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Figure 8.17a: Alteration of the height (B), thedkmess (C) and the diameter of the buffer (D)

How those parameters affect the temperature, ssessl displacement of the buffer is
discussed below. For the analysis, time graphsdean at different point. These
points resemble to the previously defined pointBigure 8.6:

- Point 1 lies at the right bottom near the outedeowf the buffer.

- Point 2 also lies at the outer border, but 0.35ghdr compared to point 1.

- Point 4 lies in the centre of the massive undersfdie buffer.

- Point 10 lies in the opening at midheight of theigist mantle of the buffer.

4231 Temperature T

An extension of the height of the mantle of thefeufcase B) does not have an effect
on the temperature increase inside the buffer. Whn thickness of the buffer
decreases (case C), the temperature inside therbdfbps consequently. Higher
temperature rises are obtained in case D, wherotier diameter is adjusted (in
combination with a greater thickness). The Supdsinar for UOX disposal
experiences lower temperatures due to the hydrateaction, compared to the
reference Supercontainer for vitrified HLW. AIAG between the middle of the buffer
(point 4) and the outer border (point 1) is smaliercase of the design for SF
assemblies, which can lead towards smaller thestnesses (Figure 8.17b). Values of
the peak temperatures, near point 4, are listdcbie 8.4.
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Figure 8.17b: Time graph of the temperature at poih4-10 with changed dimensions

As an illustration, two contourplots of the tempara distribution inside the
Supercontainer for SF assemblies (UOX) are giveteraB9 hours (maximal
temperature) and after 72 hours (demoulding time).
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Figure 8.17d: Contourplots of the radial at 37 kff) and the axial at 39 h (right) stresses in the
Supercontainer for SF assemblies (UOX)
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Figure 8.17e: Contourplots of the tangential stessat 39 h (left) and the shear stresses
at 323 h (right) in the Supercontainer for SF asbées (UOX)
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4232 Stresses S,

Although the axial stresseg,&ire slightly higher, the most critical stressesehalf of
the cracking risk of the buffer, are the tangendiabsses S No significant difference

is found in tangential stresses in case the heaifjtiie buffer is adjusted (case B). The
peak stresses are slightly smaller in case C, dse of a buffer with a smaller mantle
thickness. Adjusting the outer diameter of the éuyfin combination with an increased
mantle thickness, leads towards higher peak sseEsse D). The maximal stresses
due to the hydration peak inside the buffer for U@dsposal are slightly lower
compared to the reference buffer (Figure 8.17f, |@&h4). Afterwards, when the
hydration reaction related stress peaks are olierstresses evolve towards more or
less similar constant values.

Note that the radial stresseg Sear the bottom of the opening of the buffer (p@n
are higher in case E (SF assemblies), but thesssss are sufficiently small and cause
no concern on behalf of the cracking behaviouhefliuffer (Figure 8.17d (left), Table
8.4).

As an illustration, the contourplots of the stregstribution inside the Supercontainer
for SF assemblies (UOX) are given at the time okimal appearance (Figure 8.17d,
Figure 8.17e). Once more, the shear stresseswreniough to be neglected.
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Figure 8.17f: Time graph of the tangential stresaepoints 1-4-10 with changed dimensions
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Figure 8.17g: Time graph of,&0.7- {) at points 1-4-10 with changed dimensions

4233 Cracking criteria: S,/(0.7-f4) <1

As previously mentioned, the most critical casedarly-age cracking of the concrete
buffer is in tangential direction. By adjusting ttienensions of the buffer, no cracking
is expected: the non-cracking criteria is fulfillatlall times in the three directions and
for all cases (Figure 8.17g). The most criticaecaccurs if the outer diameter and the
mantle thickness of the buffer are adjusted (capeSY(0.7f) equals 0.98 after 34
hours, compared to a maximal value of 0.90 afteh@@rs for the reference case and
0.89 after 32 hours for the buffer intended for &Semblies disposal. Adjusting the
height of the buffer has no influence on the cragkiisk, reducing the thickness of the
mantle of the buffer has a beneficial effect ondtecking risk.

4234 Displacement U,

The displacement of the concrete near the outatebasf the buffer is the highest in
case D. The maximal displacement of the SF bu$féigher compared to the reference
case of vitrified HLW and evolves faster towardsoastant value (Figure 8.17i). If the
mantle of the buffer gets thinner, the displacenmeair the border also decreases.

As an illustration, the contourplot of the displant of the concrete near the outer
border for SF assemblies (UOX) is given at the twhenaximal appearance (Figure
Figure 8.17h, left) and the deformed mesh afteridi¥s is also added.
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Table 8.4: Summary of the maximal values of temperg, tensile stresses and displacements
for the different cases with altered dimensions

T max S(x,max Syy,max Szz,max Ux,max

°C MPa MPa MPa mm
REF (A)  54.54 0.70 1.47 1.37 0.228
B 54.54 0.70 1.47 1.37 0.228
C 52.67 0.76 1.33 1.28 0.220
D 56.32 0.77 1.67 1.53 0.260
E 52.52 0.84 1.36 133 0.242
REF (A) 41 36 41 41 36
B 41 36 41 41 36
C 39 37 39 38 33
D 44 33 42 42 37
E 39 37 39 39 34

4.2.4  Sensitivity analysis: changing the environmentaldittons

As a final scope of the sensitivity analysis of &hdl of the fabrication of the
Supercontainer out of hot cell, some boundary doi are adapted: the
environmental temperature and the wind velocity.stialy the effect of the boundary
conditions on the simulation results, SCC cast with °C curing conditions is
considered as the reference case. First, the emm@ntal temperature is adjusted (10
°C and 30 °C), and a realistic temperature curdé e implemented by means of a
sine curve varying around 10 °C, amplitude of 3%ahd a wavelength of 24 hours.
Next, the convective heat transfer coefficients(h= 1..2..4, Figure 8.6) are changed
by applying a certain wind velocity near the ouberder and in the opening of the
buffer. The heat transfer coefficients m the reference case (no wind) have a value of
5.60 W/(m2-°C) in case of a free surface, and aevaf 5.59 W/(m?.°C) in case steel
insulation (envelope or formwork) is used. Thisfeliénce is insignificant: the steel
provides no insulation. Once external wind is taled (e.g. 1 m/s), the values qfi h
increase towards 9.60 W/(m2-°C) (free surface) @5 W/(m2-°C) (steel coverage).
This external wind first is applied only on the euborder, and secondly also on the
inner border of the buffer.

The influence of adapted environmental boundanyditimms on the simulation results
is studied by means of the temperature, the stemse the displacement of the buffer
via time graphs at different points. These poietsemble with the previously defined
points in Figure 8.6.
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4241 Temperature T

Figure 8.18a and Figure 8.18b indicate that duearoincrease in environmental
temperature, up to 30 °C, the temperatures indidebuffer increase and the peak
temperatures occur approximately 10 hours earligiwering the environmental
temperature to 10 °C, induces a lowering of thepematures and the appearance of the
peak values is delayed with approximately 15 hotitee peak values are listed in
Table 8.5. In case a more realistic sine tempegaturve is implemented (with daily
cycle between 6.5 °C and 13.5 °C), it can be skab the temperature evolution
follows the temperature development of the cash witonstant temperature of 10 °C.
The fluctuation of the temperature is higher néar @uter border and non-existent in
the middle of the buffer. More important, concamithe created internal stresses, is
the temperature gradient between point 4, situiatéoe middle of the buffer, and point
1, near the outer border of the buffer: compareithéoreference case (20.45 °C after 48
hours),AT is higher for 30 °C (21.85 °C after 39 hours) &maer for 10 °C (17.76 °C
after 64 hours), which will lead towards higherrthal stresses for the 30 °C case.

The effect of an applied external wind near theeobbrder (1 m/s), and of an applied
wind near the outer border in combination with @pleed wind in the opening of the
buffer (2 x 1 m/s) gives cause to a temperatureedase near the border (Figure 8.18a).

Even more significant is the increase AT due to the application of external
ventilation (Figure 8.18b): 24.00 °C (case 1 mfgj 82.84 °C (case 2 x 1 m/s) after 46
hours.
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——30°10
sinT 10
""" 1m/s 10
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o
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288 336
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Figure 8.18a: Time graph of the temperature at poil+4-10 with changed boundary conditions
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Figure 8.18b: Time graph of the temperature gratisstween points 1 and 4
with changed boundary conditions

4242 Stresses S,

The time graphs of ;8 (the most critical stresses on behalf of the dragkisk) at
points 1-4-10 are given in Figure 8.18c and Figlide3d. The results of the peak values
of the radial, axial and tangential stresses wirttime of appearance are listed in
Table 8.5. Due to an increase of the outer temperavith 10 °C, the peak stresses
also increase and occur earlier (+ 13 hours). Reler lowering the temperature
lowers the peak stresses and the time of appearnandelayed compared to the
reference case (+ 15 hours). Also the presencenoéx@ernal wind on the buffer,
induces higher peak stresses that occur approXyn&téours earlier (Table 8.5).
In case of a realistic environmental temperature, dreated stresses follow the curve
with constant temperature (10 °C). The deflectimmf the stress curve is 77 % higher
in the region near the outer border compared tomidelle of the buffer, and 23 %
higher compared to the inner border of the buffeigyre 8.18d). A change of
temperature is more sensed near the edged of tier hlbhan in the middle of the
buffer. Note that the radial stresseg Bear the bottom of the opening of the buffer
(point 7) are significantly higher in case 2 x lsneompared to the reference case
(Table 8.5, Figure 8.18e, left), but these streasestill sufficiently small and cause no
concern.
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Figure 8.18c: Time graph of the tangential stressegoints 1-4-10
with changed boundary conditions
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Figure 8.18d: Time graph of the tangential stressiegoints 1-4-10
with a realistic temperature curve
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Figure 8.18e: Contourplots of the radial stresse84h (left, case 2 x 1 m/s)
and the tangential stresses at 28 h (right, caséG0

4243 Cracking criteria: S,/(0.7+fy) <1

The effect of altered boundary conditions on thmsite cracking risk is examined in the
most critical case for early-age cracking of thearete buffer in tangential direction
(Figure 8.18f).

The non-cracking criteria is fulfilled in case teavironmental temperature increases
up to 30 °C, but the maximal,&0.7f.) is higher and occurs earlier: 0.94 after 28
hours. A lower temperature (10 °C) provides a lamgeof the cracking risk: 0.75 after
56 hours.

By applying an external wind ventilation near thetes border, the non-cracking
criteria is no longer fulfilled. §/(0.7f.) equals 1.08 after 34 hours, which means that a
reasonable chance of early-age cracking existsaflying an additional ventilation
into the opening of the buffer, the cracking riskbarely changed: 1.06 after 34 hours.
Therefore, in practice, it is advisable to shidid buffer and the casting site from the
detrimental wind effect, e.g. by placing a windsersurrounding the site (Chapter 9).

Although the relevant peak stresses in axial anddatial direction for the case of an
increased temperature (30 °C) are higher compardidet cases with an external wind
influence (Table 8.5), the cracking risk is higleratter cases. Explanations can be
found in the fact that the temperature gradientdfeidborder of the buffer is 12 %
higher when external wind is applied (Figure 8.18hls0, the temperature rise is

Thermo-mechanical behaviour of the Supercontainer 85 2



higher when the environmental temperature is highwking the hydration process
evolve quicker and thus introducing a faster mattnelated strength development.

A ===SCC1 - ==SCC4 = = =SCC 10
1.0+ I —10°1 ——10°4 ——10°10
v —30°1 —30°4 —30° 10
----- im/s 1 -----1mis 4 ----- 1m/s 10
0.8 2x1m/s 1 2x1m/s 4 2x1m/s 10|
0.6
0.4
; 0.2
&
S 0.0
=
% 336
-0.2
-0.4
-0.6
-0.8
-1.0

Time (hours)

Figure 8.18f: Time graph of,&0.7- {) at points 1-4-10 with changed boundary conditions
4244 Displacement U,

The maximal displacement of the concrete near tierdorder of the buffer increases
with increasing temperature (12 % for 30 °C) anccrelases with decreasing
temperature (16 % for 10 °C). The displacement \@slfaster towards its original
state with higher environmental temperature and witrealistic sine curve for the
temperature, the displacement follows the curvecomstant temperature (Figure
8.18g). By applying external wind ventilation, theaximal displacement is
approximately 9 % lower compared to the referermse¢Table 8.5).

Figure 8.19a: Scheme of the reverse cast: standawation (left) and casting in pit (right)

286 Chapter 8



0.30

- ==SCC2
—10°2
—30°2
0.254 sinT2
----- im/s 2
2x1m/s 2
0.20
€
E 0.15-
=)
0.104
0.054 [’
0.00

0 48 96 144 192 240 288 336
Time (hours)

Figure 8.18g: Time graph of J&t point 2 with changed boundary conditions

Table 8.5: Summary of the maximal values of temperg, tensile stresses and displacements
for the different cases with altered boundary ctinds

Tnax S(x,max Syy,max Szz,max Ux,max

°C MPa MPa MPa mm
REF 54.54 0.70 1.47 1.37 0.228
10° 39.79 0.58 1.15 1.05 0.196
30° 68.23 0.81 1.74 1.66 0.259
sinT 39.95 0.65 1.28 1.22 0.200
1m/s 54.11 0.67 1.66 1.54 0.207
2x1m/s 5327 0.97 1.60 1.49 (203
REF 41 36 41 41 36
10° 56 53 56 56 39
30° 31 25 28 28 26
sin T 56 66 67 67 38
1m/s 41 33 36 36 32
2x1m/s 40 34 36 37 32
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4.2.5 Alternative casting condition

In a final simulation step, an alternative castimgy is examined: reverse casting
(Tractebel Engineering design). The selected opftorthe casting of the buffer is in
upside-down position. This means that the basé@fconcrete buffer will be on the
upper part during concrete pouring. Two possitiigasions occur (Figure 8.19a):

- Case RCa: Steel formwork (thickness 6 m) is apphigd a hollow steel cone
as an inner formwork to create the opening inshde luffer (Figure 8.19a,
left). Overall, the convective heat transfer caréint h is 5.6 W/(mC) (no
external wind is present), except for the lowerpgarp part of the buffer
(concrete floor: b= 2.0 W/(m2-°C)).

- Case RCb: The concrete pouring occurs in a piththsoconcrete is not
subjected to air flows (Figure 8.19a, right). OVerdhe heat transfer
coefficient hy is 2.0 W/(m=C), except for the upper part of the buffer (free
surface: h= 5.6 W/(mz2-°C)).

To compare with the reference case, the envirormhégmperature is 20 °C and SCC
is used as concrete material. For the analysi® tjraphs are drawn at different points
given in Figure 8.6 and contourplots at differemtets.

4251 Temperature T

Compared to the upright reference casting casee dd€a experiences lower

temperatures inside the buffer (Figure 8.19b), eviil case RCb the temperatures are
significantly higher. The regions with the highgsak temperatures differ from the

reference case as noticed in the contourplots atimah temperature appearance

(Figure 8.19c).

The peak values of the temperature for the two ase listed in Table 8.6. The
temperature gradie®¥T between regions in the middle of the buffer (@gint 4) and
regions near the outer border of the buffer (eaintpl) can give a clear indication for
the expected internal thermal stresses. A highernihl gradient induces higher
stresses. Although higher temperatures occur ia B&b AT is smaller as presented in
Figure 8.19f and the temperature returns slowststdnitial temperature. Due to the
lower convective heat transfer coefficients appliedcase RCb, the temperature
distribution is more uniform. Applying higher instibn around the buffer during
casting and thus limiting convective heat transferar the outer surface, has a
beneficial effect on the created temperature gradietween the core and the edges of
the buffer.

The temperature gradieAfl in the upside-down case RCa is higher comparetido
upright reference case (Figure 8.19f).
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Figure 8.19b: Time graph of the temperature at poi4-10 for reverse casting
(red line gives temperature at point 9 for RCb)
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Figure 8.19d: Contourplots of the radial stresse8& h (left), the axial stresses 39 h (middle)
and the tangential stresses at 40 h (right) in RCa
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Figure 8.19e: Contourplots of the radial stressegd@h (left), the axial stresses at 42 h (middle)
and the tangential stresses at 47 h (right) in RCb
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Figure 8.19f: Time graph of the temperature gradieetween points 1 and 4
for reverse casting

4252 Stresses S,

Contourplots of the maximal stresses in radialalaand tangential direction are given
in Figure 8.19d (RCa) and Figure 8.19e (RCb). tlésar that the highest stresses occur
in case RCa, but overall, reverse casting inducesller stresses compared to the
upright reference case, except in the radial doactThe upper part of the concrete
pouring, i.e. the base of the buffer, experieneekat stresses with the same order of
magnitude as the axial and tangential stressease of reverse casting (Figure 8.19d,
Figure 8.19e, Table 8.6). After the stress peakspassed, the stresses in case RCa
evolve to the same values as the reference casestidsses in case RCb are overall
lower, both in tensile as in compressive behaviand before and after the hydration
peak has passed.

The results of the peak values of the radial, sl tangential stresses with their time
of appearance are listed in Table 8.6. The timedéent development of the tangential
stresses is given in Figure 8.19g.
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4253 Cracking criteria: S,/(0.7-f4) <1

When reverse casting is applied the cracking rasio rdrops to a value of 0.86 after 34
hours (RCa), and when the cast is performed in eermsulated environment (RCb),
such as a deep pith, the cracking risk is evenlem&l.60 after 32 hours (Figure 8.19
h). Due to the appliance of high insulation, pr@ddoy the concrete faces of the pith,
the heat cannot easily escape and remains entradppgér in the buffer leading

towards higher temperatures inside the buffer bualer thermal gradients are
obtained. Therefore, the induced stresses are esnfdlle to the smaller gradient) and
the maturity-related strength development is fagtiere to the higher temperatures),
thus the cracking risk ratio decreases. Once mhbeesmaller temperature gradient in
the latter case can be seen as the most decisitee far the stress decrease.

4254 Displacement U,

A higher displacement near the border of the bufesbtained when the concrete is
cast inside a well insulated pith. This deformatisnprevented by the surrounding
concrete casting hole, leading towards additionahgressive stresses near the border,
which counteracts the created tensile stresses &waller stresses can be expected as
the ones mentioned in Table 8.6. For the otherrseveasting case RCa, a smaller
displacement is found (Figure 8.19j). As an illattyn, the contourplot of the radial
displacement of the concrete is given at the tifmaximal appearance (Figure 8.17h,
left).

0.000 0223 0.000 0284

000 0.300 000 0.300
Displacements Ux at  34.000000 howrs Displacements Ux ot 48.000000 haurs

Figure 8.19i: Contourplots of the radial displacemi@f RCa at 34 h (left) and
RCb at 48 h (right)
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Figure 8.19j: Time graph of L&t point 2 with changed dimensions

Table 8.5: Summary of the maximal values of temperg, tensile stresses and displacements
for the two reverse casting cases

Tmax S(x,max S/y,max Szz,max Ux,max

°C MPa MPa MPa mm
REF 54,54 0.70 1.47 1.37 0.228
RCa 52.32 1.22 1.34 1.24 0.223
RCb 56.32 1.12 1.18 1.12 0.284
REF 41 36 41 41 36
troa ( RCa 38 38 39 40 34
RCb 47 40 42 40 48
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4.2.6 Casting of the buffer out of hot cell: main conans

In the reference casting case, where the initiacoete temperature is 20 °C and the
environmental temperature is 20 °C at all times,dhsting of the buffer out of hot cell
(Phase 1) experiences no cracking risk in case @OWC is considered as the applied
concrete composition. Moreover, if cracking of théfer would occur, measures could
be taken out of hot cell, where no radioactivitypegrs. However, the Half-
Scale tests indicate that cracks will not appeainducasting and curing of the buffer
out of hot cell (Chapter 9). No additional reinfeneent is necessary to control
cracking.

The maximal values of temperature, stresses amdadement of SCC and TVC are
listed in Table 8.3. The main difference betweerC3@d TVC lies in the compaction
method and in the concrete composition: + 50 kditméstone filler, + 132 kg/m?3 sand,
- 184 kg/m® coarse aggregates and + 8 kg/m? swgsigikzer in case of SCC.
Therefore, different concrete properties are foleating towards variations in the
simulation results of SCC and TVC.

For the reference casting case (20 °C), the maxiemaperature inside the midzone of
the buffer is 3 % higher when SCC is used, but mc2hours later. The highest tensile
stresses inside the buffer occur near the outetdopmainly due to the exothermal and
expansive hydration reaction of the cement in tbeccete and the created thermal
gradients in the buffer (Chapter 5). Due to preimentof the deformation of the
concrete, internal stresses are created insideufier. Those maximal normal tensile
stresses in radial, axial and tangential stressesigher in case of SCC (29 %, 25 %
and 28 % respectively). Applying the cracking eideby means of equation (8.3b)
indicates that the highest cracking risk occurtaitgential direction, with the stress to
strength ratio for SCC approximately 8 % highemtliar TVC. Shear stresses can be
neglected in this study and the normal stressesbeamoughly seen as principal
stresses. Finally the maximal radial displaceméih® buffer is 5 % higher in case of
SCC.

In the sensitivity analysis the effect of changesharete properties, of adjusted
dimensions of the buffer and of altered environraknbnditions on the temperature,
displacement, internal stresses and the crackislg of the buffer is determined.

Therefore, SCC is taken as the reference concogtpasition because the use of SCC,
compared to TVC, will ease considerably the pregastess (no external vibration

needed, beneficial especially during casting in ¢elt) and complies with all other

requirements regarding strength (SCC even has higfinength compared to TVC),

long-term durability, chemical interactions, et€r@eye et al., 2007], although the
cracking risk is slightly lower in case of TVC. Thasting with ambient temperature of
20 °C, with no external wind velocity, is taken r@ference case for the sensitivity
analysis.

The most important findings are listed below:
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Especially the exothermal hydration reaction of deenent and the related
thermal gradient lead towards the highest tensikssses near the outer border
of the buffer, but also the autogenous and thepcbhedaviour of the concrete
have a (smaller) effect on the cracking risk. Cetmeith higher adiabatic
temperature curves (in case of unchanged mechamogberties) will
inevitably release more heat into the buffer, idtroes higher temperatures,
induces higher internal stresses, but also cong#htio a higher maturity-
related (and temperature dependent) strength dewelot. By considering the
autogenous shrinkage and the creep behaviour, lostersses appear
compared to the case of a linear elastic material.

By increasing the thermal conductivity of the cater the created heat can
circulate more easily through the buffer and cazaps faster, hence smaller
stresses are found and the cracking risk decrd&sgpsre 8.20a, only the k-
value is changed). Also the time of appearancehefhighest cracking risk
ratio S/(0.7f.) decreases with increasing k. The heat capacityetoncrete
has no significant effect on the simulation resuitg the CTE is important. A
higher value of the CTE can induce significantlgher stresses due to the
higher tendency of the concrete to deform undeluémice of elevated
temperatures.

Adjusting the height of the buffer will not leadatards significant differences
in the simulation results. Especially the thicknefshe buffer is critical: the
higher the thickness, the more massive the buBfentmes and thus the higher
the cracking risk will be (Figure 8.20b, the thieks and the diameter of the
Supercontainer are changed (case D, Figure 8.1ff@)jnsertion opening
remains 516 mm). However, the time of appearanaeotsaffected by the
changing of the thickness and the diameter. Ovetfadl cracking risk of the
buffer for disposal of SF assemblies is smallentttee cracking risk of the
buffer for vitrified HLW disposal.

Higher environmental temperatures affect the terstiless creation negatively
and reduce the time of appearance of the highaskitig risk. The cracking
risk increases with increasing ambient temperatdmvever, as Figure 8.20c
indicates, the §(0.7f) curve remains smaller than one within the conside
temperature range (between 5 °C and 50 °C).

There is a proportionate correlation between thesective heat coefficient;h
(the outer coefficientsch and Rk, of Figure 8.6 are changed) and the cracking
risk ratio (Figure 8.20d). The coefficient depends on the ambient wind
velocity and the type of used formwork (Table 8'®)e presence of wind can
have a detrimental effect on the cracking behavidtere is a high cracking
risk if the outer hexceeds an approximate value of 7 W/{@}, e.g. in case
there is an ambient wind velocity of 0.5 m/s arotimelsteel envelope.

A side from the adiabatic hydration reactions, eslly the two fundamental
heat transfer parameters, i.e. the thermal condtyctk and the convective
heat transfer coefficient.hhave a significant effect on the early-age cnagki
behaviour of the concrete buffer of the Supercoetai
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- Casting of the buffer upside-down is slightly becief compared to upright
casting, especially when good insulation aroundbiliiger is used, e.g. casting
of the buffer in a deep hole.

- The main mechanism behind the early-age crackirigeobuffer can be found
in the created thermal gradients in the differegions of the buffer: a smaller
temperature gradient can be seen as the most \dedasttor for a stress
decrease.

An ideal casting environment can be created bygug&nmwork material with a high
insulation capacity so the heat cannot easily eseap remains entrapped longer in the
buffer leading towards higher temperatures inside buffer but smaller thermal
gradients. In this case, the induced stresses raedles (due to a smaller thermal
gradient) and the strength development is fastae {d the higher temperatures and the
faster development of maturity-related propertieghs as the strength), thus the
cracking risk ratio is smaller. It has to be reneamtkhowever, that an adequate
demoulding time has to be chosen in case of araitisg formwork.
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Figure 8.20: Sensitivity analysis — Influence df #itered thermal conductivity of the SCC
(), thickness of the buffer (b), environmentalgerature (c), and convective heat transfer
coefficient (d) on the cracking risk ratig/8.7-f;) and the time of appearance in point 1
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Table 8.6: Insulation type, wind velocity and ttoeeective heat transfer coefficient h

Insulation Wy, heio
type m/s W/(mz.°C)
Concrete — Polystyrene (12 mm) 0 2.0
Wood (30 mm) 0 4.0
Steel (6 mm) 0 5.6
Steel (6 mm) 0.5 7.6
Steel (6 mm) 1 9.6

Using good insulation as formwork material (e.ghaete, wood or polystyrene
surrounding the steel envelope), lowering the emvitental temperature during
hardening and providing sufficient wind shieldimpand the casting site are important
measures that can be taken, in order to minimieeetirly-age cracking risk of a cast
buffer out of hot cell (Phase 1).

4.3 Phase 2 of the simulations: insertion, filler aidd(in hot cell)

After approximately 240 hours after the castingtted buffer, when the temperature
inside the buffer approaches the initial referetemperature of 20 °C, the heat-
emitting overpack, containing the vitrified HLW tre SF assemblies, is inserted into
the created opening of the buffer and immediatilg,remaining annular gap is filled

by means of the filler and the Supercontaineraseti by casting and fitting of the lid.

In a first approximation, the presence of the oaekpis only taken into account as an
environmental boundary condition (no expansionassidered). For the HLW, three
different temperature curves can be considered rdiipg on the preceding cooling
period (50 years — 60 years — 70 years, Figure 89 Supercontainer, with SCC as
the reference concrete material, and considerirgg game initial boundary and
kinematic conditions as mentioned for Phase 1 ef ghmulations, is taken as the
reference case. Aside from the effect of the cgoperiod, other cases are simulated
and discussed below:
- The difference between the insertion of HLW and(®Fh cooling period of
50 years).
- The difference between a buffer made of SCC andensaluffer made of
TVC.
- The effect of a postponed insertion of the HLW (@fger 480 hours instead
of 240 hours).
- The effect of the use of a precast lid (PCL) indteha freshly cast lid.

In a second simulation step, the presence of teepack is considered via the use of an
additional macro layer (Figure 8.21, right), whittllows a temperature elevation
according to Figure 8.5. Due to the heat creatiom,overpack will have the tendency
to expand, introducing additional stresses intolth#fer. This will have a significant
effect on the stress creation in the concrete andctacking risk of the buffer. Also
different cases are considered for these simulaifdable 8.7):
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- As a reference, the insertion of a low carbon 3thnkess steel (austenitic)
overpack is considered (cag&6), with the most relevant properties listed in
Table 8.7. A preceding cooling period of 50 years the waste containing
overpack is taken for the reference case.

- In a next step, the CTE of the steel overpacktsred. For example carbon
steel (P235) has a CTE of 12 xIC (casen12), while 410 stainless steel
(ferritic) has a reduced CTE of 9.9 x¥8C (casen10).

- The effect of a prolonged cooling period is exardifier a 316 stainless steel
overpack, and for a carbon steel overpack, witkrett thermal properties
(case carbon). Note that the alteration of thentilaérconductivity k and the
heat capacity «¢ of the overpack material does not have an impacthe
temperature evolution and the internal stress ioreat the buffer.

- Finally, it is examined whether the use of an exdétop load (case top F) or
side load (case side F) has beneficial effects tdsvarack reduction. This
lateral load (2.5 MPa) is introduced after 240 lsoam the outer surface of the
buffer over its entire height. The top load (2 MR®)introduced after 336
hours on top of the hardening lid.

Table 8.7: The different simulation cases withdlierpack as a macro layer
(data is taken from European Standards EN 100283071) and EN 10028-2 (2003))

Case or k Cr cooling side load top load
10%°C  WI(m-°C)  kJ/(m3-°C) years MPa MPa
al6 16 16 3990 50 - -
al2 12 16 3990 50 - -
al0 10 16 3990 50 - -
70y 16 16 3990 70 - -
carbon 12 76 3780 70 - -
side F 16 16 3990 50 25 -
top F 16 16 3990 50 - 2.0

The early-age behaviour of the buffer, the filleadahe lid is discussed separately for
the temperature development, the stress developthentracking risk and the radial
displacement, by means of contourplots and timphlwalrawn in critical regions and
points of the buffer (as given in Figure 8.6), filler and the lid (as given in Figure
8.21, left). The simulations last until 1344 hoafter initial casting of the buffer.

4.3.1 Early-age behaviour of the buffer
4311 Temperature T

The temperature inside the three concrete layerelésated due to two main
mechanisms: the hydration reaction of the cagrfiind lid, and the heat originating
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from the overpack. Contourplots of the temperatitrelifferent times are plotted in
Figure 8.22a. These plots give a clear indicatitvene the highest temperatures occur,
and at which points time evolution graphs are usefu

Lé L4
L3 L5

L1

F1

Figure 8.21: Different points in the filler and tlid for the time graphs (left), and the overpack
as an additional macro layer in the HEAT/MLS mddight)

Closer to the heat-emitting waste and the fresht @ller and lid, the temperature rise
is higher (Figure 8.22a). Near the inner surfacg. (@oint 10), a quick temperature rise
occurs, and once the hydration peak of the SCér fil passed, the temperature drops.
Nevertheless, this decrease is counteracted byhéla¢ originating from the HLW
(Figure 8.22b). Further away from the heat souecg. (point 4, point 8), the rise in
temperature is lower and the influence of the htydnareaction of the filler and the lid
is less sensed. Once the hydration peak of the SC@©ver, the temperature
development evolves uniformly to an asymptoticaluga(Figure 8.22a, contourplot
after 1344 hours). The temperature after 1344 hmgisle the buffer is lower when
longer preceding cooling periods of the HLW aremtained. When the Supercontainer
for SF is considered (dimensions in Figure 8.1%®,heat-emitting SF, with a cooling
period of 50 years, introduces more heat into th#feb and induces higher
temperatures compared to the Supercontainer for KEiUre 8.22b).

A slightly lower temperature evolution and slighlibyver temperatures are found in the
TVC buffer case, with a difference that is notideabear the inner surface but that
becomes insignificant near the outer surface (Eii2c). The use of a precast lid
(PCL) is not influencing the temperature developnieside the buffer, except for the
regions that come into direct contact with the lid:case of a PCL, no hydration
reaction occurs, and the heat of hydration is mwbduced into the surrounding SCC of
the buffer. Finally, a postponement of the insertime of the heat-emitting waste (e.qg.
480 hours instead of 240 hours) causes an elevatitire temperature in regions near
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the inner surface, but the temperature in the reiddithe buffer and near the outer
surface evolves to the same constant value abdaeference case (Figure 8.22c).

2060 | 26E0 20.69 13713
[ e s | [ S s i s e |
20,00 E0.00 20,00 60.00
Temperature distibution at 252000000 hours Temperature distribution at  264.000000 haurs

20.59 135.09 20.74 152.21
I o[ I | I L I |
20.00 £0.00 20.00 £0.00
Temperatuie distibution at  312.000000 howrs Temperatuie distibution at 1344000000 hours

Figure 8.22a: Contourplots of the temperature ia teference simulation 20 °C, after a
preceding cooling period of 50 years (SCC-Phasat 262 h, 264 h, 312 h and 1344 h
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Figure 8.22b: Time graph of the temperature witfiedlent cooling periods and types of waste
at points 4-8-10
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Figure 8.22c: Time graph of the temperature withCTiuffer, postponed insertion
and precast lid at points 4-8-10
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Figure 8.22d: Time graph of the temperature gratiestween the outer surface and the inner

surface of the filler (F2-8), the inner surfacetloé¢ buffer (10-8) and the middle of the buffer (4-

2) in the reference simulation 20 °C with the oweetpas boundary condition (black lines) and
as macro layer (red lines), after a preceding coglperiod of 50 years (SCC-Phase 2)

Finally, the temperature gradient between the SE& the inner buffer surface and the
outer surface in the reference case, evolves ta20dC between the points 10 and 8:
a value that is higher than the maximal value duté¢ hydration of the buffer (Figure
8.22d). The temperature gradient, after insertibthe overpack, remains smaller than
5 °C between the points 4 and 2, but is higher #&AC between the points F2 and 8.
According to De Schutter (1996), there is a nonligdde cracking risk ifAT of a
massive structure approaches 20 °C due to the taddeternal deformation.

In case the overpack is considered as a macro, ldngeetemperature rise after insertion
of the heat-emitting overpack is significantly hégghand the influence of the hydration
reactions of the filler and the lid is no longertipeable (Figure 8.22b). Also the
temperature gradient is significantly higher irstbase (Figure 8.22d).

The maximal values of the temperature in the buféear the overpack after 1344 hours
are given in Table 8.8.
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4312 Stresses S, Syy, Sk

The normal stresses in the three-dimensional dme¢axisymmetrical: x is radial, y is

axial, z is tangential) of the reference castingecare plotted via contourplots at the
end of the simulation period (i.e. 1344 hours). éeslly at the outer surface of the
buffer, tensile stresses are found with valuesrimifeto the expected strength of the
SCC. To evaluate the stress development insiddulffer due to the insertion of the

overpack and the casting of the filler and the didntourplots of the tangential stress
are given at different times of appearance, and tinaphs are drawn at different points
in the most relevant regions: the middle of theférufpoint 4), the outer surface of the
buffer (point 8) and the inner surface of the buffeoint 10).

After 240 hours, thus at the time the heat-emittowgerpack is inserted and the
Supercontainer is closed, eigenstresses are praisthd different regions of the buffer
(Figure 8.23a, Safter 240 hours): the middle of the buffer expeecies tensile stresses,
while the inner and outer edges of the buffer hider compression.

In case the overpack is considered as a boundamgitmm, two regions in the time
development curve can be depicted (Figure 8.23hg pegion governed by the
hydration reactions of the filler and the lid tlestf hours after insertion, and one region
governed by the heat-emitting waste.

First, the heat released by the hydration readfdhe freshly cast filler and lid, causes
the nearby inner surface to expand more than thgllmiof the buffer and its outer
surface. As a consequence, the expansion of theeB@@ inner surface of the buffer
(green line) is prevented, and the SCC comes usdiditional compression due to the
hydration peak. For the surrounding SCC, it isdtieer way around: due to the heat of
hydration, the middle of the buffer (blue line) exiences an additional tensile stress
peak, while the compressive stresses at the outéace of the buffer (black line)
counteract the tensile stress build-up due to tydrdtion reactions of filler and lid.
Once the hydration peak is over, and the coolirtg B€ tensile stresses are induced
near the inner surface, compressive stresses aoaluced in the surrounding SCC.
From now on, the heat released by the HLW or the&emblies sets in. Once more,
the SCC near the inner surface wants to expand thareits environment and comes
under additional compression. On the other hang,368C near the outer surface is
forced to expand by the inner surrounding SCC, exgkriences tensile stresses. Note
that the compressive stresses near the outer surdae to the cooling down of the
buffer before insertion of the waste, act as adyuffhich counteracts the tensile stress
build-up due to the heat released by the wastalllgjrthe stresses in the middle of the
buffer evolve towards a safe compressive value.

By prolonging the preceding cooling period of theW the stress peaks due to the
hydration reaction of the filler and the lid aretradtered. Once these peaks have
passed, the tensile stress build-up at the outéacguand the compressive stress build-
up near the inner surface of the buffer decreatieincreased cooling period.
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Figure 8.23a: Contourplots 0f, (1344 h), G (1344 h), $ (240 h, 264 h, 288 h and 1344 h),
U, (264 h and 336 h) and the deformation mesh (1348GBC-Phase 2)
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Figure 8.23b: Time graph of,Swith different cooling periods, types of waste &me overpack
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Figure 8.23c: Time graph of,3with TVC buffer, postponed insertion
and precast lid at points 4-8-10
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The stresses in the middle of the buffer are nfiiémced by the preceding cooling
period (Figure 8.23b). The buffer, with changed elisions to be able to insert the SF
assemblies, experiences higher tensile stressé®eiouter region due to the higher
amounts of heat released by the SF compared ftdltié

Using TVC instead of SCC for the buffer, delayihg insertion time, or considering a
precast lid, does not have an effect on the clitmasile stress build-up. In all cases,
the outer surface of the buffer experiences tersilesses with approximate equal
values (Figure 8.23c). Also the stresses in thedtaidf the buffer evolve towards the
same comparable value. The compressive stressesheeianer surface, however, are
lower in case of a TVC buffer.

Considering the overpack as a macro layer, andascan environmental boundary
condition, higher tangential tensile stresses ariced in the buffer (Figure 8.23b),
especially near the outer surface with a value.®fMPa after 1344 hours. The axial
tensile stresses near the outer surface are egberhihan the tangential ones (Figure
8.23d), and also a significant difference is natlide in case the overpack is considered
as a boundary layer (Figure 8.23e, grey lines). uthe expansive behaviour of the
overpack, in radial and axial direction (higheratefation in axial direction depicted in
Figure 8.23d), the buffer is forced to expand: dherpack comes under compression
and the buffer comes under tensile stress, espeaiahxial direction. Therefore, the
differences between the simulation cases (Tablp &€ being discussed for the axial
stresses (Figure 8.23e):

- By decreasing the CTE of the steel overpack, tipaesion of the overpack is
reduced and the tensile and the compressive intsineas build-up decreases.

- Maintaining a longer preceding cooling period (#ass instead of 50 years)
also has a beneficial effect on the stress build-up

- Using carbon steel instead of stainless steel,ombination with a cooling
period of 70 years, causes a tensile stress doop 4r6 MPa towards 2.2 MPa
after 1344 hours.

- Applying a sidewise (tangential) force on the bufidoes not have a
significant effect on the axial stresses. On theohand, by applying an axial
top force (e.g. 2 MPa after 336 hours), a drophatensile stress build-up is
noticed and can be very beneficial: a stress dfdh®MPa after 1344 hours
is registered in point 8. This additional axial goassive stress can be created
e.g. by screwing a top plate on the mantle of thelnvelope. This induces
an estimated tensile stress inside the mantle mfoaxpmately 190 MPa — 320
MPa, for a thickness of respectively 10 mm and 6. mhe yield strength of
stainless steel is 205 MPa, the tensile strengBilts MPa according to the
European Standards EN 10028-1 (2001) and EN 10(283).

To evaluate the cracking behaviour of the buffethef Supercontainer, the stresses are
compared with the strength, especially in tens@haviour. Therefore and once more,
the outer surface of the buffer can be seen amts critical region towards early-age
cracking of the buffer.
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4313 Cracking criteria: S/(0.74y) <1

The maximal stress to strength ratig/@®.7-f) is 0.91 (smaller than 1) for the first
construction stage of the concrete buffer out of bell (Phase 1). The question
however is whether the tensile stresses in theebuffue to the developed thermal
gradients (caused by the hydration reaction of fiker and the lid, by the heat
originating from the radwaste and by the expandablerpack), the autogenous
deformation of the concrete, and taking into actdhba creep effect, will exceed the
tensile strength of the concrete buffer during fdderication steps in hot cell, giving
cause to early-age cracking. Therefore time graghthe stress to strength ratios
S, /(0.7-f) and §,/(0.7-t) are plotted in Figure 8.24a, Figure 8.24b anduféd8.24c
for the different cases (values in Table 8.8). Thi® must remain smaller than one at
all times and in all regions, in order the reducelaminate the early-age cracking risk
[Craeye et al., 2009].

With the overpack as boundary condition, the higlkescking risks in Phase 2 occurs
near the outer border of the concrete buffer (blawds), due to the thermal gradient
between inner and outer surface of the buffer chuse the heat-emitting waste.
However, the strength to stress ratio remains namller than 1 in all cases, and is
higher for the SF cases compared to the HLW cdsSgsire 8.24a). Also the cracking
risk decreases with increasing preceding coolimipde Moreover, the cracking risk,
until the age of 1344 hours, is even higher in ttidzone of the buffer (blue line)
compared to the outer surface of the buffer, wiencboling period equals 60 years or
70 years (Figure 8.24a). For Phase 2, a slightiiadr cracking risk in the middle of the
buffer (blue line) is noticed in case a TVC bufieused (Figure 8.24b). The cracking
risk near the outer surface is not changed whem#wertion time is postponed, or when
a precast lid is considered (Figure 8.24b). Afté44 hours (except for the TVC case in
the middle of the buffer), the ratig £0.7-f;) has a comparable value in the middle of
the buffer and near the outer surface. However, thesouter surface of the buffer, the
stresses have the tendency to become more tensile, the stresses in the middle of
the buffer tend to a compressive behaviour.

When the expansive behaviour of the overpack isrtdakito account, a considerable
increase in the tangential cracking ratig/(®.7-ty) is found (Figure 8.24a), especially
near the outer border: a value of 0.71 is foundr&f844 hours. However, the stresses
in axial direction are even more detrimental far garly-age behaviour of the buffer in
hot cell (Figure 8.25c, grey lines give the reswith the overpack as boundary
condition). In case a stainless steel overpackssried, with preceding cooling period
of 50 years, there is a high cracking risk of théfdr near the outer surface;,£0.7-§)
exceeds one after 398 hours and equals 1.49 &t Hours. By decreasing the CTE
of the steel overpack, the cracking risk also desee but still the ratio exceeds one (the
time of exceeding increases with decreasing CTE8 if o equal 12 x 18/°C, and
1.09 if ar equals 12 x 18°C after 1344 hours. By prolonging the precediraste
cooling period, up to 70 years, the ratio drop8.88 and in combination with a carbon
steel overpack even to a value of 0.71. Applyingop axial force, can induce a
cracking risk decrease.
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The eigenstresses that are present in the butfar Rfiase 1, the construction stage out
of hot cell, counteract the tensile stress buildiupgPhase 2, and therefore have a
beneficial effect on behalf of the cracking risk.

By considering the overpack simply as an envirortaleboundary condition, no
cracking is expected during the construction stagéwt cell. This will underestimate
reality as, due to the temperature elevation cabygettie waste, the overpack expands
and induces additional stresses (aside from tless#s caused by the heat) into the
concrete buffer. In case a stainless steel linersed, tangential cracks (due to axial
stresses) can be expected near the outer surfabe biuffer. To overcome early-age
cracking, it is advised that carbon steel is usgdHe overpack, and that the preceding
cooling period of the waste is sufficiently longoeigh (preferably 70 years). Also the
appliance of a top force can induce compressivesstis that counteract the tensile
stresses in the buffer and reduce the cracking Tiaking into account the detrimental
effect of heat (strength loss up to 20 %) or gamaadation (strength loss up to 15 %)
on the strength of the concrete, as mentioned iap€eh 7, the surplus of strength is
high enough to exclude early-age cracking causedhbyheat originating from the
waste, in case a carbon steel overpack is usedmbioation with a cooling period of
70 years. In that case,£0.7-f) equals 0.71 after 1344 hours, so a surplus of
approximately 29 % is available.
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After visual inspection of the HC of the Half-Scdlests (Chapter 9, a seamless carbon
steel overpack is used), a criss-cross crackingmatieveloped and is identified on the
outer surface of the buffer during the heatinghaf buffer. Especially main tangential
macrocracks, caused by the axial stresses, carstiegdished (Figure 8.25), giving
confidence in the previously obtained simulatiosutts.

Figure 8.25: A network of cracks appearing in th€,Hblack lines are the main tangential
cracks, blue line is the casting joint (Chapter 9)

4314 Displacement U,

The displacement JUof the concrete near the outer border and ther inoeder of the
buffer can be simulated by means of HEAT/MLS. Atpie of the deformed mesh after
1344 hours and a contourplot at 264 hours and &8share given for the reference
casting case (Figure 8.23a, bottom). Once the émidting waste is inserted and the
Supercontainer is closed, the buffer expands imakatirection and in axial direction
due to the heat originating from the waste. In ¢heeexpansion of the overpack is also
taken into account, additional radial displacemanésregistered (Figure 8.26a). In that
case, there is also a considerable axial displacearel deformation registered on top
of the Supercontainer (Figure 8.23d, right). Theesial displacements are considerably
higher than the radial displacements.

The radial displacement is higher for the SF cawkia case of a shorter preceding
cooling period, and is also higher near the outafase compared to the radial
displacement of the inner surface (Figure 8.24&n§y TVC instead of SCC for the
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buffer material, leads towards slightly higher eddlisplacements, especially near the
outer surface (Figure 8.24b). The use of a PCL do¢sffect the expansive nature of
the buffer. Finally, by deferring the insertiongthadial displacement evolves towards
an identical value after a certain amount of tifRgre 8.24b).

Due to this expansive nature of the concrete buéfied due to the presence of an outer
stainless steel liner, which is not considered &samatic boundary condition in the
HEAT/MLS simulations, additional compressive stesssvill be introduced into the
concrete near the outer surface. These compressagses counteract the tensile stress
build-up and therefore have a beneficial effectaaig the early-age cracking risk. For
the case where the overpack is considered as aanéaple macro layer, additional
compressive stresses can be induced into the bddiferto the hindering of the axial
expansion by the presence of a screwed top plais.Can lead towards a reduction of
the tensile stresses in the buffer and towardsvariog of the cracking risk.

Once more, the stainless steel envelope can be aeeam additional safety barrier
against early-age cracking of the buffer due toatiditional introduced compressive
stresses.

Table 8.8: Summary of the temperature near therisndace of the buffer (point 10) and of the
tensile cracking ratio and the radial displacemargar the outer surface of the buffer (point 8)
after 1344 hours

Tmax Szz/(07tt) Ux
°C - mm
REF 50y 43.81 0.142 0.085
60y 38.96 0.053 0.067
70y 35.14 -0.019 0.053
SF50y 45,52 0.265 0.116
TVC 50y 43.02 0.159 0.087
PCL50y 43.81 0.140 0.084
Insert 480 h 42.72 0.149 0.079
T max S,/(0.7-%) U,
°C - mm
al6 68.77 1.494 0.174
al2 68.77 1.226 0.176
al0 68.77 1.091 0.177
70y 51.75 0.886 0.112
carbon 51.75 0.710 0.113
side F 68.77 1.483 0.059
top F 68.77 0.885 0.190
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4.3.2 Early-age behaviour of the filler and the lid
4321 Temperature T

By means of time graphs in different points givenFigure 8.21, the temperature
development inside the concrete filler and the oeteclid of the Supercontainer is
presented (Figure 8.27). A two-step temperatureagiten is noticed, devoted to two
main mechanisms: the hydration reaction of thehfgesast filler and lid, and the heat
originating from the overpack containing the waste.

Due to the hydration reaction of the SCC fillere tiemperature in this concrete layer
increases. When the hydration peak is over (apprabdly 24 hours after casting), the
preceding drop in the curve is counteracted byngp&zature increase due to the heat
originating from the heat-emitting waste. After #3dours the temperature near point
F2 is 47.8 °C (overpack as boundary condition) aiitlincrease further on until the
HLW stops spreading its heat to the environmentelthe overpack is considered as
a macro layer, the temperature increase is mudiehiign point F2: 76.6 °C after 1344
hours (Figure 8.27). In that case, the temperagtesk due to the hydration peak is no
longer noticeable.

Also the lid experiences a temperature increasetdube hydration reaction of the
hardening SCC with its peak appearing between 2&Bsh(near the outer border) and
268 hours (in the middle of the lid). Afterwardsjecrease in temperature is registered,
followed by an increase in temperature: the heigirating from the waste settles in.
The further away from the heat source, the longemkes for the temperature to
increase once more and the smaller the temperatarease will be (e.g. point L1
compared to point L4). When a precast lid is usedhydration reaction occurs, so the
first temperature peak is not appearing (notetti@asmall peak in point PCL1 is due to
the hydration reaction of the nearby filler). Nethetess, the temperature curves of the
PCL evolve towards the same values as for a fresdmy lid. In case of a macro layer
overpack, the temperature peak due to hydratioriresyunaltered, but afterwards, the
temperature evolves to a higher value: e.g. 35.7(6@rpack as macro layer)
compared to 26.4 °C (overpack as boundary conditiopoint L3 (Figure 8.27).

Finally, it is clear that the temperature increizsthe filler, in the direct environment of
the heat-emitting waste, is significantly highlesri the temperature increase in the lid.
In case the overpack is implemented into the mamela macro layer, higher
temperatures occur.

4322 Stresses S,

After insertion of the overpack and direct filliofithe remaining annular gap by means
of a fresh SCC filler, the exothermal hydrationatean starts, and the SCC filler has
the tendency to expand. However, this movementrévemted by the surrounding
buffer, explaining the compressive stress incrdasthe filler, the first hours after
casting (Figure 8.28a):,Sis approximately -0.85 MPa after 256 hours. Orloe t
hydration peak is over, the retrieval of the SAleriis prevented, and the SCC comes
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under tension: Sis approximately 0.89 MPa after 284 hours. Finalig heat-emitting
waste causes the expansive behaviour of the S@&E fithich is once more prevented
by the surrounding buffer: compressive behaviots se Note that the axial and radial
stresses give no cracking risk in the filler anel litl.

When the expansion of the overpack is also consitjexr comparable behaviour settles
in, but with altered values. The first compresspeak in the filler evolves to -1.28
MPa after 255 hours (Figure 8.28b). A higher vatuebtained due to the combination
of the prevention of the deformation by the surding buffer and the expansive
nature of the overpack. Afterwards, a tensile stiasld-up is noticed with a peak of
2.08 MPa after 615 hours, evolving towards comgvedsehaviour.

For the freshly cast lid, identical behaviour canfbund: (i) compression due to the
hydration heat, (ii) tension due to cooling aftez hiydration peak and (iii) compression
when the heat, originating from the overpack, sstth. Except for the middle of the

buffer (point L3) and near the filler (point L1)ishbehaviour is less pronounced for the
lid compared to the filler. The first compressicgag in point L1 has a value of -0.92
MPa after 256 hours, the tensile stress peak ioappately 1.03 MPa after 408 hours
in point L3. In case of a PCL, near the outer bo(deint PCL4) and the top (PCL6) of

the buffer, there is a tensile stress build-upngdbwards a value of 0.68 MPa after
1344 hours. In the middle of the PCL and near tifler,f a compressive stress

development sets in: -1.99 MPa after 1344 hours.

Once more, an identical behaviour of the lid isrfdun case the overpack’s expansion
is included. An increasing tensile stress buildsuegistered with a value of 2.52 MPa
after 1344 hours (stainless steel overpack) in tpbh By using a carbon steel
overpack instead, this value drops to 1.20 MPa.

4323 Cracking criteria: S,/(0.7-fy) <1

It is evaluated whether the created internal stesse detrimental and whether the
filler and the lid are susceptive to early-age kiag. Therefore, the critical tensile
stress to strength ratig, £0.7-f) must remain smaller than one at all times, whgch
the case (Figure 8.29a, Figure 8.29b). No early@ageking is expected in the filler
and the lid of the Supercontainer. The stresseaxial and in radial direction are
significantly low enough in tensile nature to begleeted.

The maximal value of Z(0.7f) in the filler equals 0.63 after 277 hours neanpb1,
due to the cooling and the retrieval of the filldter the hydration peak (overpack as
boundary condition). Considering the expansion e bverpack leads towards a
maximal value 0.69 after 276 hours. There is aidefit and safe buffer to come to the
non-cracking postulate, even keeping in mind thssjiide strength loss (up to 20 %)
due to heat and irradiation effects (Chapter 7)eWthe heat of the waste reaches the
filler layer, the SCC comes under compression, ttiusracking is expected at all from
that time on.
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The maximal value of 3(0.7f) in the freshly cast lid equals 0.48 after 278rsmear
point L4, which is also low enough to exclude ciagk even taking into account the
possible strength loss (up to 20 %) due to elevétatperatures (Chapter 7). In the
PCL, the $/(0.7f) ratio increases with time in points PCL4 and PCLBe maximal
value after 1344 hours is 0.24. Including the esjam of the stainless steel overpack
causes a continuous increase of the cracking 8sK0.7f.) equals 0.82 in point L6
after 1344 hours. Using carbon steel as the méaferighe overpack instead, decreases
the peak value: 0.39 after 1344 hours (Figure §.29b

The cracking risk due to the heat of hydrationhia filler and the freshly cast lid is
sufficiently small to be able to exclude crackiitpwever, on a longer term (> 1344
hours), and when the influence of the emitted hgate waste is sensed by the filler
and the lid, there is a increasing tensile crackisigin case of a PCL and especially in
case stainless steel is being used as the ovegiaciterial.

4324 Displacement U,

Except for the expansive radial displacement pexk point L4 (Figure 8.30), which is
also noticed in Figure 8.22a {Wfter 264 hours) and with a maximal value of 96 um
after 259 hours, the radial displacement of tHerféind the lid of the Supercontainer is
sufficiently small enough to be neglected. The R&Xperiences a greater expansive
radial displacement compared to the freshly caktviith values approaching 0 mm
after 1344 hours.

When the expansion of the overpack is also takém &ccount, higher radial (and

axial!) displacement are found: 146 pum after 13ddrk in point F2. The displacement
in point L4 also evolves towards a higher valueeotie hydration peak is over and the
heat originating from the waste settles in.

4.3.3 Insertion of the radwaste in hot cell: main conauns

For the simulations of the construction stageshef $upercontainer in hot cell, i.e.
insertion of the heat-emitting waste, directly doVled by placement of the filler and the
lid, two types of simulations are being consider@dthe overpack is simply seen as an
environmental boundary condition with its typicalneective heat transfer coefficient
(5.59 W/(m#=C)) and a temperature curve (according to [Westgrd Sillen, 2007]) is
attached to this boundary, or (ii) the overpackniplemented into the model as an
expandable macro layer, with its specific mechdracal thermal properties and with
the same temperature curve attached to the maotoo(iy to the interface with the
filler). This explains the obtained higher temparaes via the second simulation
method. Two internal stress creating mechanismspeegent in the first simulation
method: (i) the hydration heat of the hardeninigffiand the hardening lid, and (ii) the
heat originating from the radwaste. For the secsidulation method, a third
mechanism settles in: (iii) the expansion of theerpack due to the temperature
elevation.
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Using the first simulation method, and thus leavthg expansive behaviour of the
overpack out of consideration (underestimatingitalseveral conclusions can be
drawn:

- The eigenstresses that are present in the butier Rhase 1, the construction
stage out of hot cell, counteract the tensile stiasild-up in Phase 2, and
therefore have a beneficial effect on behalf ofdraeking risk.

- The highest cracking risk is mainly due to the tamt@l stresses (causing
axial cracks) and axial stresses (causing tandeati#cks) near the outer
border of the buffer. However, no early-age cragks expected in all cases.

- The cooling period of the HLW or the SF assembtiesceding the insertion
into the buffer, has a significant effect on theatheelease into the buffer
afterwards. The longer the cooling period, the lothie cracking risk will be.

- The cracking risk of the Supercontainer for thepdgal of SF assemblies is
higher, mainly due to the higher thermal outputhef SF.

- Using a TVC buffer instead of SCC, delaying theeitisn time or using a
PCL instead of a freshly cast lid, does not haveetfect on the early-age
cracking risk of the buffer.

Simulations indicate that due to the use of an edphle stainless steel overpack,
early-age tangential macrocracks appear near thter gurface of the buffer. This
expansive nature of the overpack, can be seeneasitist detrimental effect, causing
early-age cracking of the buffer during the condfan stages in hot cell. Several
conclusions and experiences can be drawn from tmalaions via the second
simulation method, with the expansion of the ovekpgaking into consideration:

- By reducing the CTE of the overpack, the expanddehaviour of the
overpack reduces, smaller stresses are inducethimtouffer and the cracking
risk also reduces significantly. Therefore, on aepuhermo-mechanical
matter, it is better to use carbon stem} gquals 12 x I8°C) instead of
stainless steeb§ equals 16 x 18°C).

- Once more, the beneficial effect of a cooling peribat is sufficiently long
enough is proved and is necessary to reduce theaheutput of the radwaste
and to avoid early-age cracking. A smaller therimalput leads towards a
smaller thermal expansion of the overpack. A caplreriod of 70 years is
highly recommended.

- The ideal situation to overcome early-age craclkafigr insertion of the
radwaste is obtained by using a carbon steel ogkrgacombination with a
cooling period of 70 years. In that case, the sisrpff strength is high enough
to exclude early-age cracking even taking into aotdhe detrimental effect
of heat (strength loss up to 20 %) or gamma razhafstrength loss up to 15
%) on the strength of the concrete.

- The filler material does not suffer from an earfeacracking risk. The
material is entrapped between the hardened conoodfier and the expanding
overpack, thus comes under compression. In caasecafbon steel overpack,
no cracks are expected in the lid. After visuapettion of the HC, using a
carbon steel overpack (Chapter 9), no macrocracksf@nd in the lid.
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Finally, a precast lid does not provide additioadVantageous compared to a
freshly cast lid.

The beneficial use of the outer stainless steetlepe is once more indicated:
due to the internal temperature elevation of thH#elbuan axial and a radial
displacement is registered. By preventing theseordedtions, additional
beneficial compressive stresses are induced imtdttifer, which counteract
the tensile stress build-up. For example, by sargwa plate on top of the
mantle (for the final closure of the Supercontgdineadditional axial
compressive stresses can be induced into the dendeger of the
Supercontainer, preferably lower than 2 MPa, ineottd avoid exceeding of
the yield strength of the stainless steel envelope.

Finally, it can be advised to propose and investiganother type of filler
material, with the ability to take on or counterabe expansion of the
overpack, in such a way that the stress build-apsfier towards the outer
surface of the buffer is minimized. For example,rbglucing the modulus of
elasticity of the SCC filler material (k), the cracking risk becomes
smaller, with a greater reduction in case of high&E values (Figure 8.31).
In case the CTE of the overpack is 10 pm/m/°C,ducgon of Eger to an
approximate value of 18.75 GPa is sufficient fa thacking ratio g/(0.7-f)

to become smaller than one. Advanced analysishigsufor further research.
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Figure 8.31: Sensitivity analysis — Influence déeséd modulus of elasticity of the SCC filler on
the cracking risk ratio /(0.7-y), with altered CTE, in point 8 after 1344 hours
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5 Conclusion

For the reference casting case of the construdiep out of hot cell, no early-age
macrocracking of the buffer is expected. The thérgnadient between the middle of
the buffer and the outer surface of the bufferhis mainspring behind the early-age
cracking. By adapting the concrete composition.(e@ncrete with better thermal
conductivity), the dimensions of the buffer (e.ge tthickness of the mantle) or the
environmental boundary conditions (temperature dwing. by placing a wind shield or
by providing insulation), the cracking risk canreduced.

Once the hydration peak is over, the created iatestresses remain present in the
buffer as eigenstresses, that can counteract tpected stress elevation due to
insertion of the radwaste.

During the construction stages in hot cell, a cbasible cracking risk exists even
taking into account the beneficial behaviour of gigenstresses present in the buffer.
The main crack creating mechanism can be founderekpansive nature of the carbon
steel overpack containing the heat-emitting radevasHowever, early-age
macrocracking can be prevented in case decent masasre taken:
- The reduction of the thermal expansion coeffici@@TE) of the overpack
containing the radwaste.
- The reduction of the heat emitted by the radwabie,prolonging the
preceding cooling period (up to 70 years).
- The reduction of the modulus of elasticity of tiikef material.
- The appliance of beneficial stresses by remainimg presence of the
stainless steel envelope.
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CHAPTER 9:

HALF-SCALE TESTS: VALIDATION OF THE
SIMULATION RESULTS

For the validation of the obtained simulation résoff the fabrication of the buffer in a

steel envelope (Stage 1) and for the evaluatiothefconstruction feasibility of the

buffer of the Supercontainer, Half-Scale Tests pezformed. The non-cracking

postulate in the first construction stage, as thmeiktions indicate in Chapter 8, needs
to be evaluated.

1 Goal and methodology

Therefore, a Half-Scale Container (HC) is casthatMagnel Laboratory for Concrete

Research, with a reduced height but with an ine@alameter in order to be able to
insert a heat-emitting overpack into the creatednop (Figure 9.1). The concrete

buffer has an outer diameter of 2.11 m and a hafBt45 m. The inner void space is
0.71 m in diameter and has a height of 2.05 m.Ikirnthe lid has a diameter of 1.11 m

and a height of 0.70 m [Areias, 2009]. Four lewss be depicted (level A to level E)

at different heights. Considering the bottom of bldfer as the reference base, level A
is situated at 0.35 m, level B at 0.70 m, levelt@.&5 m, level D at 2.75 m and level E
at 3.45 m from the base (Figure 9.1, left).

Note that the term ‘Half-Scale’ originates from thréginal plans of casting a container,
identical to the Supercontainer in thickness andiameter, but with a height that is 50
% of the height of the Supercontainer. Nevertheld®s height is increased, due to the
additional tests that are planned and performedhencontainer: insertion of a heat-
emitting overpack, filling of the gap, closure bétlid and quality determination of the
interface between the filler, the buffer and thdirndrical metal overpack. The
additional tests are not presented in this doctesdarch, but are subject for further
analysis in the nearby future.

For the Half-Scale Container (HC), Self-Compacti@dgncrete is considered as the
reference concrete. A considerable amount of céméseneeded for the casting of the
HC: 10.575 m3 of SCC is needed to cast the buffieerefore, the concrete factory NV
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Charles Kesteleyn is asked to deliver the SCC.&{@&pgh has two concrete mixers with
a capacity of 2 m3, and limestone aggregates aadahle at the site. In total nine
batches of 2 m3 are made: two trial batches (TBL EB2) of 2 m3, six final batches
(FB1) of 2 m? to cast the buffer, and one remairbatch (FB2) for the filling of the
annular gap between the overpack and the buffetlendlosure of the HC by means of
the lid after the insertion of the heat-emittingeqpack (containing no radioactive
material).

During mixing and after transport to the Magnel aediory for Concrete Research,
fresh SCC tests are performed in order to evaltteeworkability of the fresh mix.
Once the buffer is cast, several parameters aresurneé by means of monitoring
equipment [Areias, 2009] during hardening at thiéedént levels in order to validate
the simulation results (Table 9.1). Two parametars very important for the
implementation of the boundary conditions in thawdations:
- The environmental temperature, Tinside the created opening and the
temperature J,; around the HC, measured by means of thermoco(p&s
- The outer wind velocity \A;in the vicinity of the buffer, measured by means
of two anemometers (ANE). Also the relative humjidiRH) is registered.
Inside the opening, the wind velocity is assumeblgmon-existent.

Three parameters can be verified by means of tmulations results obtained via
HEAT/MLS:

- Temperature measurements at the different levetlseirHC (Figure 9.1, left),
performed by means of thermocouples.

- Also the displacement (radial and axial) and themeation (radial, axial and
tangential) are registered by means of LVDT's atndiis gauges (SG). The
displacement and the deformation of the steel @peglthat acts as the
formwork, is registered. After demoulding, the diggmment and the
deformation of the concrete buffer is measured.

Finally, compressive strength tests are perforneedc@st cubes and on cores taken out
of the HC) to evaluate the strength development.

Table 9.1: Monitoring parameters, instrumentatiarddocation of the Half-Scale Tests
[Areias, 2009]

Location
Parameter Ambient  Formwork Buffer Instrumentation
Temperature X X Thermocouple
Wind velocity X Anemometer
Relative humidity X Humidity probe
Displacement X X LVDT
Deformation X X Strain gauge
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Figure 9.1: The dimensions of the Half-Scale Corgai{in mm) (left) and set-up of the steel
envelope, the inner formwork and the instrumentai@ht)

Table 9.2: Time table of the mixing, transport gmoinping procedures of the final batch (FB1)
(values in hours)

Mixing Transport Pumping

Start End Depart Arrival Start End
Mix 1 0.00 0.75
Mix 2 0.80 1.20
Mix 3 1.30 1.63 1.80 2.13 2.35 2.53
Mix 4 2.01 2.22
Mix 5 2.27 2.48
Mix 6 2.53 2.73 3.07 3.48 3.65 3.90
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2 Test set-up
2.1 Mixing, casting-pumping and hardening procedure

SCC, with composition previously mentioned in Tabld (Chapter 5), experimentally
tested (Chapter 6) and used as reference conarethd simulations (Chapter 8), is
used for the casting of the buffer of the HC. Canytrto the laboratory tests, where
mixers with a capacity of 0.05 m3 or 0.2 m3 aredysBixers with a high capacity (up to
2 m?) are needed to be able to deliver the desimalunt of fresh SCC for the casting
of the HC (10.575 m3 of SCC is needed to cast tiiteh).

In order to obtain this amount of fresh SCC, thearete factory NV Charles Kesteleyn
in Ghent is approached.

Figure 9.2: The concrete mixer with a capacity ah2(left) and
the mixing operation tower with the conveyer f@lttransportation of the aggregates (right)
at the Kesteleyn concrete factory

For each mix of 2 m3, the same procedure is foltbveecording to Figure 9.3:

- First, the limestone aggregates with sizes 0/46—26/14, present at the site
of Kesteleyn, are transported to the aggregates &il the mixing operation
tower by means of conveyer belts (Figure 9.2, jighecause the aggregates
are exposed to the ambient weather conditionswiier content (WC) is
determined on a sample (M + 1 — 5 kg) from the aggregate piles present at
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the site. The aggregates are dried in an oven&t’COuntil a constant mass
My is reached. The water content is found by usingaggn (9.1).

we =M "Ma 409, 9.1)

d

- The cement used for the SCC composition (CEM | 42.BSR LA LH) is
present in a silo of the mixing tower, and alsoewas available. Because of
the lack of an available silo, the limestone filigF) needs to be added
manually to the concrete mix, as well as the supstigizer (SP).

- In a second step, the amount of the different carapts is weighed: first the
limestone sand 0/4 is weighed and stored on a \beidge and secondly the
same procedure is followed for the coarse aggreddteand 6/14. Finally the
cement and the water are also weighed separately.

- For the mixing procedure, successively the aggesgahe cement and the
water are poured into the concrete mixer (Figu® #ft) and the mixing
starts. Simultaneously, limestone filler is addezhmally (eight bags of 25 kg
per 2 m3) to the concrete mix. Once the LF addipegration is finished, 20 kg
/ 2 m3 SP is added to the mix and mixing continuflwsanother 3 minutes.
Afterwards, a slump flow test is performed to defitne flow ability of the
mix. A minimal SF of 650 mm is desired in ordemtave a good flow ability.
If this value is not achieved, a stepwise procedsrdollowed: first, an
additional amount of 2 kg / 2 m3 SP is added andrgicontinues for another
2 minutes, until the SF value is sufficiently hige50 kg/m3) or until a
maximal amount of 14 kg/m?3 is added to the mixnlthat case, the SF is still
unsatisfactory (< 650 mm), additional amounts ofewdat each step: 10 kg /
2 m3 is inserted) will be added and an additionximg time of 60 seconds is
followed until the flow ability is sufficiently hik.

- Once the flow ability of the SCC is satisfactorydatme SF has a minimal
value of 650 mm, the batch is dropped into a mobdlecrete mixer, and the
VF and the SF values are determined once morervdtels, the concrete is
transported to the Magnel Laboratory for Concredsdarch.

For the trial batches (TB1 and TB2), the SCC ig¢ @a® a prismatic formwork
and tests are applied in order to characterizefrdgh SCC composition (Figure
9.4). Cubes are cast in order to characterize tmpeessive strength and the
splitting tensile strength of the SCC mix. For firal batch (FB1), the SCC is
made in two portions: first 3 x 2 m3 is mixed, sported and pumped into the
steel formwork of the HC. Meanwhile, the remainBBGC amount of 3 x 2 m3 is
mixed at Kesteleyn and follows the same transpodt aansfer procedure (time
table given in Table 9.2). Overall, the pumpingtioé HC is performed in two
separate batches of 6 m? (time between start ot#éséing: 1.3 hours). During
pumping, a flexible hose is lowered to the basthefformwork and lifted upwards
during casting of the buffer until the formworkfiked entirely (Figure 9.5).
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Site Limestone 0/4 - 2/6 - 6/14

Kesteleyn

Conveyer belt % WC
CEM 1425

Silos 0/4 2/6 6/14 N Water
HSR LA LH

Weighbridge 5 3

TE manually A 4
Mixer SP 4 Mixing capacity 2 m3

MAGNEL < M SF
VF

Figure 9.3: The procedure of making an SCC batch

The mould consists of a cylindrical formwork, ameén cylinder and a bottom slab
(Figure 9.1, right), and is designed for the usarinupright position to avoid the need
to handle the formwork and the buffer, once insthland cast [Areias, 2009]. The
cylindrical formwork of the HC is made of stainlestgel, consists of two outer-wall
sections and has a thickness of 6 mm. Other dimessire given in Figure 9.1 (left).
The steel bottom plate supporting the formworktsitbiase is also made of stainless
steel with a thickness of 12 mm, supported on iide vy means of three I-shaped
beams resting on a concrete floor (Figure 9.7).l6fhe beams have a height of
approximately 15 cm and are foreseen to facilistasport of the HC after completion
of the tests. The cylindrical formwork is attactiedhe steel bottom plate by means of
twenty-six right angle brackets uniformly placedepthe diameter of the cylindrical
formwork, on the upper side welded to the formwankl at the bottom side attached to
the bottom plate by means of bolts (Figure 9.7htjigin order to create the opening
into the buffer of the HC needed to install thetlmgpsource and the filler, a stainless
steel spill is used, supported by two C-shaped beamsting on the cylindrical
stainless steel formwork (Figure 9.1, right). Thellshas a tapered shape to enable
removal of the formwork after casting. Also an alhe plastic foil and demoulding oll
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is applied on the spill to facilitate the demoulglimperations. Note that a wind shield is
placed around the site in order to reduce therdetrtal effect of wind on the internal
stress creation (Figure 9.5, right), as mentiome€Chapter 8. A plastic sheet (1 mm
thickness) covers the free casting top surfacehef HC during the first 68 hours
(Figure 9.10).

Figure 9.4: Casting SCC in a prismatic formworkitfland making cubic test samples (right)

Once the casting and pumping is finished, registnabf the test set-up starts 4.03
hours after the first mix has started (Table 98),means of monitoring equipment:
temperature, wind and RH measurements around atiteituffer (Table 9.1). Note
that the first 168 hours after casting, strain gadgformations of the steel formwork
are registered and also the deformation in radiséction of the formwork is
determined by means of LVDT's placed on the cylicalr formwork. After
approximately 168 hours, the steel spill is lifiaad taken out of the created opening
(Figure 9.6, left) and SG’s and LVDT's are placedtbe inner concrete surfaces. The
stainless steel formwork is removed after approtétyge696 hours (29 days) in order to
evaluate whether cracks on the outer surfaces r@sept or not (Figure 9.6, right).
Strain gauges are glued on the inner void spater (868 hours) and on the top surface
of the concrete buffer (after 68 hours) at differenels (see further) and also LVDT’s
are placed in those regions to register the radidlaxial displacement of the concrete
buffer of the HC.
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Figure 9.5: Pumping of the buffer of the Half-Sc@lentainer

2.2 Fresh properties of SCC

The fresh properties of SCC of the different baschie evaluated by means of standard
tests described in Chapter 6:
- The slump flow (EN 12350-8) can be determined uheoito describe the flow
ability of the fresh SCC in unconfined conditions.
- The V-funnel time (EN 12350-9) is determined torelterize the viscosity of
the SCC.
- The passing ability of the fresh SCC is determimidthe L-box apparatus
(EN 12350-10).
- Sieve stability tests (EN 12350-11) are conductedvaluate the segregation
resistance of the fresh SCC batches.
- According to the Belgian Code NBN EN 12350-7, thenglty of the fresh
SCC and the air content are determined.

The slump flow, determined at Kesteleyn, is usedecide whether the SCC mix has a
sufficient flow ability (> 650 mm) and is readye transported.

2.3 Instrumentation test set-up

Once the SCC of the final batch (FB1: 6 x 2 m3pisnped into the steel formwork,
different parameters are registered via monitogggipment (Table 9.1): temperature,
wind velocity, RH, displacement in radial and axiakction and deformation in radial,
axial and tangential direction. Therefore, a test-up using different types of
instrumentation is realized to register the timepatwlent development of these
parameters until 672 hours after casting.
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Figure 9.6: Uplift of the internal spill in betweef the steel framework for the positioning of the
LVDT's (left) and removal of the stainless steefwork (right)

Figure 9.7: The steel bottom is supported by medtisree I-shaped beams (left) and the
cylindrical formwork is attached to the steel plate right angle brackets (right)

2.3.1 Temperature, wind velocity and RH instrumentation

In total four thermocouples (custom type T thermgies) are placed to register the
ambient outside temperaturg,daround the buffer, one thermocouple is placed to
register the temperatureg,nside the opening of the buffer and fifteen thecouples
are placed in the concrete buffer (Figure 9.8).atonh, for example TCC 1Thermo
Couple at levelC (Figure 9.1), positiorl (Figure 9.8)'. The L-shaped wind shield
placed around the HC is also depicted on Figurea®d can be seen as a reference
coordinate system for the positioning of the instemtation set-up.
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The environmental temperature inside the creageshiog T, (measured by means of
TCC 5) and the temperaturg,faround the HC (four measurements: TCA 1-9 and
RHC 1-2) are measured by means of TC’s. Note thf R and RHC 2 are at the same
position as TCA 1 and TCA 9 but with a differertitatle compared to level A: 60 cm
instead of 35 cm. These temperature developmegtard T, at the outer border and
the inner border of the HC are implemented as antbaty condition into the
HEAT/MLS finite element program.

Finally, and in order to validate the simulatiorsuks obtained via HEAT/MLS, the
temperature development inside the SCC of the buffieeds to be evaluated.
Therefore, fifteen TC's are placed inside the steehwork at different levels (A, B, C
and D, Figure 9.1) and positions by means of a waddame (Figure 9.8): seven at
level A, one at level B, six at level C and onéezel D, or TCA 2-8, TCA 3-7, TCA 4-
6, TCA 5, TCB 1, TCC 1-9, TCC 2-8, TCC 3-7 and T@DBecause some TC's are
situated at the same position of the axisymmetdoagds section of the buffer of the HC
(e.g. TCA 2-8), the mean value of the two regigiret is determined and plotted.

Also the outer wind velocity \); in the vicinity of the buffer is a very important
boundary condition to evaluate the convective heaisfer coefficient f and therefore
is measured by means of two anemometers (ANE) glat¢he same position of TCA
1 and TCA 9 but with a different altitude compatedevel A: 70 cm instead of 35 cm.
At the same two positions, but 10 cm lower, thatre¢ humidity (RH 1 and RH 2) is
measured by means of humidity probes, but thesgesalre of no importance for this
study as drying shrinkage, due to a possible gnhdieRH, is kept out of consideration
in this research.

2.3.2 Radial and axial displacement

By means of HEAT/MLS, the displacement in radiakdtion U, and the displacement
in axial direction | of the buffer can be simulated. Therefore, dispiaest
registrations are performed by means of LVDT's.

The first 168 hours, the radial displacement offtvenwork is obtained at level A and
at level C via LVA 1-2-3-4 and LVC 1-2-3-4. Notatiofor example LVA 1: Linear
Variable Displacement Transducer at le&glFigure 9.1), positiod (Figure 9.8)". The
LVDT's are positioned on the formwork by means oftael framework (Figure 9.6)
placed around the HC. This is to create a basdh®rdisplacement measurements
which is independent of the movement of the Hdfitse

To remove the spill (after 168 hours), the steeirfe also needs to be moved and the
LVDT measurements on the steel formwork stop. Othee spill is lifted, the steel
frame is replaced and the outer radial displacemedsurements on level A and on
level C of the SCC can start once again. From nowoa level C’ (60 cm higher than
level C), also the radial displacement inside tpering is measured: LVC 5-6-7-8
(Figure 9.8).
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Finally the axial displacement of the SCC is alsgistered: on top of the HC, starting
after 68 hours of hardening (when the plastic cogesheet is removed) by means of
LVD 1-2, and at the bottom of the created openiggreans of LVB 1 (Figure 9.8)
once the internal spill is lifted.

The mean registered value of the LVDT’s that ateased at the same position of the
axisymmetrical cross section of the buffer (e.g.AL¥-2-3-4), will be calculated and
plotted.

2.3.3 Radial, axial and tangential deformation

The first 168 hours the tangential (H) and axia) @éformation of the formwork is
obtained at level A and at level C via sixteen SG&AH (or V) 1-2-3-4 and SGCH
(or V) 1-2-3-4. Notation, for example SGAH Btfain Gauge at leveA (Figure 9.1),
Horizontally glued (measurement in tangential dimctt,), position1 (Figure 9.8)".
Vertically glued SG’s measure the axial deformatipof the formwork.

Once the spill is lifted, and the inner concretefates are liberated, new SG's are
glued on the surfaces of the created inner voidesph the SCC of the HC at level C’
(60 cm higher than level C). On level C’ the foarikontally glued (H) SG’s measure
the tangential deformatiog, of the SCC, the four vertically glued (V) SG’'s maee
the axial deformatios,: SGCH (or V) 5-6-7-8.

On the other hand, on level B (bottom surface efdleated opening in the HC) and on
level E (top surface of the HC), the two horizoiytagllued SG’s measure the tangential
deformatione,, while the two vertically glued SG’s measure thdial deformatiorg,:
SGBH (or V) 1-2 and SGEH (or V) 1-2.

These registrations of the deformation of the SC@e HC start after approximately
188 hours after casting of the buffer. The regigirs of the deformation of the
formwork continues until the formwork itself is remed (after 696 hours). Mean
values are plotted for data obtained at equal paifithe axisymmetrical cross section.

2.4 Strength tests

In total nine batches of 2 m3 are made at Kesteleya batch TB1, one batch TB2, six
batches FB1 and one batch FB2. Each batch is deawsd by its compressive
strength development. At different ages (varyingMeen 1 day — 2 days — 3 days — 7
days — 14 days and 28 days), the compressive #tréngisois determined on three
cubes with a side of 150 mm, by means of uni-aliatling tests according to the
Belgian Code NBN EN 12390-3. These test samplesdem@&d under ideal
environmental conditions (20 °C, 90 % RH). Also #pitting tensile strength.{; is
determined on different ages for TB1, accordinght® Belgian Code NBN B15-218.
Therefore, cubes with a side of 100 mm are cast.
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Figure 9.8: Instrumentation set-up of the thermqaes, LVDT's and strain gauges
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For the SCC of FB1, used for the casting of the W@ cores are taken out of the
buffer (diameter 113 mm, height 100 mm) after 4%sdand uni-axially loaded to
determine the compressive strength (Figure 9.9).tl® coring activities, two levels
can be defined: one sample is taken out of theebuatf height 85 cm, the other core at
height 260 cm.

Figure 9.10: The first 68 hours after casting, agilc sheet covers the Half-Scale Container
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3 Results and discussion
3.1 Fresh properties of SCC

The fresh properties of the different SCC batchmade at the Kesteleyn concrete
factory, are listed in Table 9.3.

First the amount of added components is discugdegending on the water present in
the limestone aggregates, expressed by means W @hehe amount of aggregates and
the amount of effectively added water W varies. Tamount of cement is
approximately 350 kg/m3 in all cases, the amounBBfvaries between 10 kg/m3 and
17 kg/m3 in order to obtain the desired SF valu®&s® mm. Nevertheless, in case of
TB1, FB1 and FB1’, the SF value is smaller than &%, although high amounts of
SP are added (> 14 kg/m3). In case of FB1 and FB4; (= sum of W and the
estimated amount of water present in the aggregetdsgher than 175 kg/m3, but the
desired SF value is not reached.

Looking at the fresh properties of the differentdb@s some general conclusions can
be drawn:

- At the Kesteleyn concrete factory, only in cas@Bf and FB2 the desired SF
value of 650 mm is reached. Even by adding morematd SP to the mixes,
this value is not reached for TB1 and FB1(’). Ottee batch is released into
the mobile mixer and transported to the Magnel lkatwyy for Concrete
Research, the SF value increases in case of Hiebtriches but decreases in
case of the final batches.

- The VF values are only determined at Kesteleynaigecof the trial batches.
Once transported, the VF value decreases and deshitmwing time is
registered. Overall, the VF values in all of théchas are smaller than 8 s.

- A good segregation resistance is obtained, detediy means of the SS test:
all values are smaller than 15 %.

- Once more, no good PA is reached for all mixesh wialues lower than the
desired 0.80 in all cases and blocking of the flewar the rebars. In case of
casting the buffer of the HC, a good passing abilt not really desired,
because there are no restrictions concerning figwimough the opening of
rebars in this casting case.

- A rather low density of the fresh concrete mix ained, compared to the
mean value mentioned in Chapter 6. Note that aenigir content can be an
explanation for the lower values of the densityg(ffe 6.30), and can be
caused by the high amounts of SP added to the dmtélir voids can have an
adverse effect on the compressive strength of eteict decreases with 5 %
with an increasing air amount of 1 % according é&fve (1997).

- Also the VW after 28 days, determined on cubesiggificantly lower in case
of the SCC batches made at Kesteleyn. The presdraie bubbles due to the
higher air content can be seen as a reason fod¢i®ment.
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Table 9.3: Components and fresh properties of (&€ Batches made at Kesteleyn

TB1 TB2 FB1 FB1 FB2 SCC
Date 18/05/09 | 25/06/09  6/07/09 6/07/09 5/10/49
Location KESTELEYN | KESTELEYN | KESTELEYN  KESTELEYN| KESTELEYN BAPTER 6
c kg/m3 354 353 350 351 350 350
Limestone 0/4 kg/m3 915 845 873 872 865 840
WCys % 6.50 0.75 1.00 1.00 1.48 0
Limestone 2/6 kg/m3 335 325 325 328 335 327
WCys % 2.40 0.75 0.34 0.34 1.43 0
Limestone 6/14 | kg/m3| 570 570 560 560 560 559
WC/14 % 1.00 0.75 0.19 0.19 0.4Q 0
w kg/m3 107 162 185 185 156 175
Wiot kg/m3 175 175 195 195 175 175
Superplasticizer | kg/m3 17 12 15 15 10 10-14
Quantity m3 2 2 3x2 3x2 2 variable
Fresh results
SF Kesteleyn mm 530 700 600 625 675 -
SF Magnel mm 570 715 530 560 625 690
VF Kesteleyn S 8.9 3.6 - - - -
VF Magnel S 5.2 2.3 4.9 3.1 7.9 16
PA - 0.60 0.73 0.34 0.49 0.60 0.69
SS % - 1.7 4.2 51 14.6 6.8
Density kg/m3| 2330 2250 2310 234( 237b 2405
Air content % 4.6 5.6 3.4 2.7 2.8 1.5
VW (28 days) kg/m?3 - 2265 - 2285 2290 2390

Overall, it can be concluded that the SCC batchHe®2 m3 have an acceptable flow
ability, a good segregation resistance, a goodosisc but a poor passing ability

(which might not be critical for the casting of tBepercontainer). The concrete made

at Kesteleyn can be classified as Self-Compactiigh air contents are determined
leading towards a decrease in density of the fmagh and the hardened concrete

samples. Finally, it must be mentioned that thera considerable uncertainty on the

amount of water present in the aggregates. To meterthe WC of the aggregates,
small samples are taken from huge stacks expos#tetambient weather conditions.

Questions rise whether this small sample is reptatige for the huge stack present at
the Kesteleyn site and whether the determinatiah@fW/C is correct. This can be seen
as the most important reason for the rather laigigedsion on the obtained fresh SCC

properties.
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3.2 Validation of the simulation results

3.2.1 Pre-processing: geometry, boundary conditions ammcecete properties

In order to validate the simulation results, a cangon is made between the
simulations performed by HEAT/MLS and the registiedata of temperature inside the
buffer, the displacement of the steel formworkadial direction and the displacement
of the HC in axial direction by means of the tegteguipment, and this during the first
168 hours after casting. Also the deformation of flormwork and the SCC is
registered, but these values cannot be evaluatedeans of HEAT/MLS. Finally, the
simulations give an identification of the stressvalepment inside the buffer, and a
strength and cracking verification is made to eatduwhether the first stage of the
fabrication of the Supercontainer is susceptiveady-age cracking.

The dimensions of the HC, given in Figure 9.1 }|edfire used for the definition of an
axisymmetrical cross section of the model used BPAR/MLS. A drawing of the
applied mesh, with reduced element size toward®tiber surfaces, is given in Figure
9.11 (left). The early-age behaviour of the HCimwdated during the first 168 hours
after casting, by means of HEAT/MLS.

hoy
Wout
Tout
Time interval Wout he1 he2-3
il idian m/s W/(m2-°C)  W/(m2-°C)
et 0.0-15.9 0.082 5.73 5.92
Ty 15.9-24.9 0.222 6.25 6.48
24.9-45.4 0.129 5.90 6.11
45.4-47.6 0.264 6.41 6.65
47.6 - 68.6 0.126 5.89 6.10
68.6 — 71.8 0.282 6.73 6.72
 finerm 71.8-1444 0086 5.87 5.94
i ianan 144.4-160.0 .348 6.99 6.99
160.0-168.0 0.067 5.87 5.86
=
Waut
Taut

Figure 9.11: The mesh of stage 1 of casting the(leiff) with
the applied boundary conditions (right)
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Once the geometry and the mesh are defined, theimpsrtant boundary conditions
need to be assigned to the edges of the axisynuaktioss section: the temperature
(Tou and T,,) and the wind velocity (W and W,). The combination of the wind
velocity and the type of formwork, is translatedoirthe convective heat transfer
coefficient h.

The internal temperature;,Tis registered by means of TCC 5 and is approadyed
means of the red line given in Figure 9.12. The iantttemperature J; is registered
by means of four thermocouples (TCA 1-9 and RHC),1lahd the mean value is
approximated by means of the blue line in FigurE29The average environmental
temperature during the first 168 hours equals 2€7 while the average internal
temperature equals 32.7 °C. Due to the plasticcfviering the opening of the HC, the
heat produced due to the hydration reactions resreitrapped inside the created hole.
Once the plastic sheet is removed (after 68 hothie)heat can escape and an internal
temperature drop of approximately 7.7 °C is regitein a time span of 1.75 hours
(Figure 9.12).

The ambient wind velocity W in the vicinity of the HC is measured by meansvad
anemometers (ANE 1 and ANE 2), and the mean valwpproximated by means of
the stepwise blue line in Figure 9.13. A maximdueaof 0.348 m/s and a minimal of
0.082 m/s is found. The presence of the wind shieltlices the wind speed. The
internal wind velocity W, is assumed to be non-existent (0 m/s). The sgitle( with
thickness 6 mm) acts as internal formwork of the td@reate an internal opening, and
is present during the entire simulation time (16Ri18). Therefore dy equals 5.59
W/(mz°C). A plastic foil (thickness 1 mm) covers the wpface of the HC during the
first 68 hours after casting (Figure 9.10), theeowgurface is surrounded by the steel
formwork (thickness 6 mm) and the bottom surfacgsren a thick steel plate with a
thickness of 12 mm. The time dependent values ef dbnvective heat transfer
coefficients R, h.; and Rz are listed in Figure 9.11 (right).

The time dependent values of temperature, windcitgl@nd convective heat transfer
are implemented into the model considered in HEADT®8M The SCC material,
implemented into the database, corresponds to thterial implemented for the
simulations in Chapter 8. The initial concrete temgure is 27.0 °C.

As an illustration, the registered values of the RHhe environment of the HC are
given in Figure 9.14. The mean value during th&t fli68 hours after casting is 52.2 %.
As mentioned before, these values are of no impoetdor the early-age cracking

behaviour of the HC, as drying shrinkage (whichultssfrom a gradient in RH) is not

taken into account.
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Figure 9.13: The ambient wind velocity as a bouydaondition
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Figure 9.14: An illustration of the developmentiué ambient relative humidity

3.2.2 Validation of the temperature development

The validation of the temperature development msie buffer of the HC is performed
by comparing the registered data of the TC’s aedotitained simulated data by means
of HEAT/MLS, at the different positions at eachéés/(A, B, C and D), as depicted in
Figure 9.1 (left).

The registration of the temperature developmentni®ans of the TC’s starts after
approximately 4.03 hours (origin is the start okrhiof TB1). However, the concrete

mixing started earlier (Table 9.1). Therefore, tigin of the registration data is

shifted: 2.73 hours (= 4.03 — 1.3) for the firstdba(TB1) and 1.5 hours (= 4.03 — 2.53)
for the second batch (TB1'). The start of the fast of each batch is taken as the time
origin of the beginning of temperature development.

Figure 9.15a (level A), Figure 9.15b (level C) dfidure 9.15c (level B and level D)
give the comparison between the measured data ljbe)dand the simulated data (thin
line). A rather good correspondence is obtainedldwel A, the simulation results give
higher values, the measured temperatures are liomresality. The simulations give a
conservative and safe approach. Especially neasutex surface (TCA 2-8) and in the
middle of the bottom of the buffer (TCA 5), a gosithilarity is found. These values
are important for the thermal gradigkit present inside the HC, which has a decisive
effect on the thermal stress creation in the buffee Schutter, 1996]. Also the
deviations of the temperature curves due to thevahof the plastic sheet (at the inner
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Figure 9.15a: Validation of the temperature devehlgmt at level A
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Figure 9.15b: Validation of the temperature develgnt at level C
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Figure 9.15c: Validation of the temperature devehgmt at level B and level D
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Figure 9.15d: Validation of the temperature gradianlevel A

Half-Scale Tests: Validation of the simulation résu 347



surface and the change in ambient wind velocitthatouter surface are noticeable in
the simulations and the registered data. On thel IEvof the HC, good similarities are
found for TCC 1-9 (the simulations overestimate thality) and for TCC 3-7 (the
simulations underestimate the reality). A largeesg is found on the data of TCC 2-8
(Figure 9.15b), but as the simulation results ostireate the reality, this causes no
problem in interpreting the drawn conclusions. Mwer, very good similarity is found
on level B and level D (Figure 9.15c), located rnarinner surface of the HC.

For the evolution of the thermal gradient, highelues of the registered data are
obtained and their appearance is delayed, so thalaions slightly underestimate the
realistic casting situation. The time shift can égplained by the difficulty of
estimating the beginning of the registration: ebalch consists of 3 mixes of 2 m3,
starting at different times (Table 9.1). Nevertkslegood similarity between the two
curves indicate that the simulations by means oAHEILS give a realistic approach,
and the used material database can be approveti@imulations. The temperature
difference (at maximum temperature) between theulsitad and the registered data
remains smaller than approximately 5 %, exceptdweel C, position 2-8 (Table 9.4).
The contourplot of the temperature distributiontaifed via HEAT/MLS is given as
an illustration in Figure 9.16.

After 168 hours, the internal steel spill is rembvand the registration of the
temperature continues until 672 hours after castitgpecially the first 168 hours are
important (due to the hydration reaction peak) tfeer analysis of the internal stress
development and of the cracking risk of the masSi€€ buffer.

Table 9.4: Maximum temperature, time of appearasfa@aximum temperature and temperature
difference (TD) of the simulated and the registetath

Position | HEAT/MLS TC D
T max tmax T max tmax
Q) (M [ CC) (h) | )
A5 61.1 320| 60.1 305 1.6%

A 4-6 599 285| 579 265 3.5%
A 3-7 55.7 23.8| 53.0 221 51%
A 2-8 448 21.5| 448 19.5 0.0%
C3-7 593 320/ 599 339 -10%
Cc2-8 60.5 30.3| 549 247 102%
Cc1-9 46.7 30.3] 45.0 18.3 3.8%

Bl 56.0 298| 543 327 31%
D1 614 325 615 343 -02%
AT 180 480| 184 5120 -22%
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Figure 9.16: Contourplots of the temperature ats3i.(left) and the radial displacement
at 29 h (right) of the HC

An illustration of the temperature registrationeafl68 hours at the different positions
is given in Figure 9.17. These values fluctuates ttuthe day and night cycle, around a
mean value of approximately 25 °C. Near the outerfase these temperature

fluctuations of the SCC are higher than the tempegdluctuations deeper in the SCC
of the buffer.
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Figure 9.17: Registered temperature developmeet 468 hours
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3.2.3 Validation of the displacement

The radial displacement,df the steel formwork due to the expansion of tbeccete
(mainly dye to the hydration reaction) is registeby means of eight LVDT'’s, four at
level A and four at level C, starting immediatelftea casting. Also the radial
displacement | of the concrete buffer is registered at level F, roeans of two
LVDT's, starting after approximately 68 hours, whesufficient hardening state of the
concrete is reached. By simulating the displacenremadial and axial direction, the
obtained data can be validated. Conventionallyjatadisplacements Jare taken

positive in expansive behaviour, while the axiagdpificement lJis taken positive in
shrinkage behaviour.

Table 9.5: Maximal displacement, appearance of makdisplacement and displacement
difference (DD) of the simulated and the registetdath

Position | HEAT/MLS LVDT DD
U max tmax U max tmax
(km) () | (wm) (h) (%)

A1-2-34 | 247 260/ 59 2868 418.6%
C1234| 276 300 184 281 500%

E1l-2 418 1475 320 1475 30.6%
05
—A1234
—C1-2-34
—LVA1-2-34
—LVC 1-2-3-4
0.41

Uy (mm)

0 24 48 72 96 120 144 168
Time (hours)

Figure 9.18a: Validation of the radial displacementievel A and level C
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Figure 9.18b: Validation of the axial displacemenievel E
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Figure 9.18c: Registered radial and axial displagams after 168 hours
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A rather high deviation of the simulation resultsrh the registered data is found. At
level A, the simulated radial displacement is digantly higher (four times!) than the
registered ones. This difference is smaller atll€&e50 % (Table 9.5). Concluding the
simulations seriously overestimate the reality i®ng. In the simulations, the outer
stainless steel formwork can only be consideredaasenvironmental boundary
condition, not as a kinematic boundary conditione Tree displacement of the concrete
is simulated, with a contourplot given in Figurd®(right). Actually, the free radial
deformation of the concrete is hindered by thengtas steel liner, and due to the
expansive nature of the SCC during hydration, teelformwork will expand. This
radial deformation of the formwork is registered eans of the LVDT's. The
expansion will be higher at level C than at levela found by the data (Figure 9.18a),
because the bottom of the steel formwork is attddbdhe bottom steel plate by means
of right angle brackets, as shown in Figure 9.ghflii The time of maximal
displacement is worth taking a look at: a rathesdyoesemblance is found at both the
levels A en C (Table 9.5).

The axial displacement at level E is registeredtiatp from 68 hours after casting,
when the SCC has sufficiently hardened to place U®T's (Figure 9.18b). A
shrinkage behaviour is noticed, with a good resami® between registration and
simulation the first 30 hours. Afterwards, the slation results tend to overestimate
the shrinkage behaviour: after 147.5 hours the Isited U, is 30.6 % higher than the
registered Ll Once more, the presence of the outer steel forinwdluences the
obtained data. The shrinkage behaviour of the S€dniited due to the friction
between the SCC and the formwork, which is notudet in the simulations, leading
towards higher simulated shrinkage values.

As an illustration, the displacement curves atlldvdevel C, level C’ and level B (B
and C’: on SCC in the opening of the HC), after ogai of the internal spill, is given
in Figure 9.18c. The deformation at level A, le@hand level C’' remains more or less
unaltered, while a shrinkage behaviour, up to 260 at the bottom of the opening in
the buffer is registered. This shrinkage behavisunot expected, especially not after
168 hours, because at that time, simulations inglithat the buffer has already
returned to its original position (Figure 9.18d).

Deformations at ~ 29.0 hours Deformnations at 1680 hours,

Figure 9.18d: Contourplots of the deformation mas@9 h and 168 h
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3.2.4 The deformation of the steel formwork and the HC

Next to the displacement of the steel formworkp dfe deformation in axiakg, blue)
and tangentialg(, green) direction of the steel formwork is registke the first 168
hours after casting (Figure 9.19a). Horizontally) (flued SG’s on the formwork
registere, while vertically glued (V) SG's registes,. Conventionally, expansion is
taken positive. Unfortunately, the strain evolutiontime of the steel line cannot be
generated by HEAT/MLS. By means of Hooke's law @opn (9.2)), thus by
assuming linear elastic behaviour of the steel, témgential stress,Sand the axial
stresses ycan be calculated, assuming the modulus of elasti€isteel E equals 200
GPa [Taerwe, 2004].

S, =E, L& 9.2)

200

SGAH 1-2-3-4 SGAV 1-2-3-4
— SGCH 1-2-3-4 — SGCV 1-2-3-4

175+

150

125

100 -

&2 (um/m)

75 A

50

25

0 T T T T T T

72 96 120 144 168
Time (hours)

Figure 9.19a: Registerealxial andtangentialdeformation of the formwork the first 168 hours

The deformation in axial and in tangential direstis quite similar for level A and
level C, except for the axial deformation on level which is significantly lower
(Figure 9.19a). Overall, the first 24 hours aftasting, an expansion is noticed, mainly
due to the formwork pressure caused by hardeningexpanding SCC. The steel
experiences tensile stresses. Then, in betweem@#% land 72 hours, the deformation
remains more or less constant (except for the deftion peaks after 24 hours, 48
hours and 72 hours, devoted to the change in ambiex velocity and temperature).
Afterwards, the shrinkage of the SCC starts to kgweand the steel cylindrical
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formwork slowly returns to its initial state, cangithe deformation and the steel stress
to decrease. The maximal deformation, and the nwxigtress after 48 hours
(calculated by means of equation (9.2)) insideftmmwork is given in Table 9.6. The

stresses remain far below the linear elastic prtopuality limit of steel (approximately
200 MPa according to Taerwe (2004)).

Table 9.6: Maximal deformation and calculated sérasthe steel formwork, after 48 hours

Position €2 Oy,
(Um/m) (MPa)
AH 1-2-3-4 136.3 273
AV 1-2-3-4 721 14.4
CH1-2-3-4 131.0 26.2
CvV 1-2-3-4 133.7  26.7

From 168 hours to 360 hours after the casting, anoee a slight increase in axial
deformation (+ 22 um/m) and tangential deformatign 37 um/m) of the steel
formwork is noticed on level A. On level C, the dehation remains more or less
constant (Figure 9.19b).

200

SGAH 1-2-3-4 SGAV 1-2-3-4
— SGCH 1-2-3-4 — SGCV 1-2-3-4

175+

150

125

100 -

&,z (um/m)

75 -

50

25

168 240 ) 312 384
Time (hours)

Figure 9.19b: Registerealxial andtangentialdeformation of the formwork
from 168 hours until 360 hours
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Once the inner steel spill is removed after 168r§08G’s are glued on the concrete
faces to register the radial deformatiep ¢ed), the axial deformatior blue) and the
tangential deformatione(, green), starting from 188 hours until 360 houiterathe
casting. The SG’s are glued on level B (bottomhaf treated opening), on level C’
(upright surface of the opening) and on level B @arface of the HC). On level B and
level Eg, ande, aremeasured, while on level € ande, are registered (Figure 9.19c).
Conventionally, expansion is taken positive andngfaige is taken negative.

The deformations registered on level C and on IBvehdergo a very small expansion,
but the absolute values after 360 hours remainismigdan 10 pum/m. On level E, on
the other hand, a shrinkage behaviour is noticexnn f188 hours until 360 hours after
casting, the deformation goes from 0 pum/m to -63mn radial direction, and from O

pm/m to -76 pm/m in tangential direction (Figur&d).

100

SGBH 1-2 SGBV 1-2
— SGCH 5-6-7-8 — SGCV 5-6-7-8
75 SGEH1-2  —SGEV 12

50+

Exy,z (UM/m)

-100

Time (hours)

Figure 9.19c: Registeredidial, axial andtangentialdeformation of the SCC
from 168 hours until 360 hours

A rather good similarity is obtained between thdiahand tangential deformation of
the concrete at level B and level E, and betweeraial and tangential deformation at
level C’ of the inner surface of the HC (Figure 3L This equivalence between the
axial and the tangential deformation of the formkves also noticed at level A and
level C at the outer surface of the HC (Figure 8.a8d Figure 9.19b). Transforming
this finding on a stress level, an explanation lbargiven on the more or less similar
stress creation behaviour in axial (y) directiond arangential (z) direction, as
mentioned earlier in Chapter 8. This concludes#ugstrations of the Half-Scale Tests
of the first construction stage of the Supercomgin.e. the casting of the buffer.
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Finally, the cracking risk of the HC is evaluatedrbeans of the stress simulations, the
strength tests and a visualization of the HC aftanoulding after 696 hours.

3.2.5 Stress calculation in the HC

Via the finite element tool HEAT/MLS, contourplotan be drawn of the normal
stresses in radial (x), axial (y) and tangentigldjzection, and of the shear stressgs S
at the time of maximal value appearance (Figur®)3.Zhe maximal values of the
stresses and their time of appearance are listédbie 9.7.

o '+ Point 1
-0.947 | 1.223 -1.071 2.088
—h I T T - | _l- I — I L d
-2.00 2000 -2.00 2700
Streszes Swwat  23.000000 haurs Strezses Sppat 24750000 hours

Point 2

L

0416

-1.089 1.749 -0.341
_- I | I I Il- ‘_ I T 1 ==
-2.00 2.000 050 0,500
Stresses Szzat 24750000 howrs Stresses Sy at  26.250000 houwrs

Figure 9.20: Contourplots of the radial stresg $he axial stress, the tangential stress, S
and the shear stress,®f the HPC at 23 h, 24.75 h, 24.75 h and 26.25 h
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Table 9.7: Summary of the maximal values of thesses, the difference between the reference
situation (Chapter 8) and their time of appearance

Value % tmax ()
Sexmax MPa  1.22 42.6 23.00
Syy,max MPa 2.09 30.0 24.75
Sz max MPa  1.75 21.7 24.75
Syy.max MPa  0.42 83.3 26.25

Compared to the reference casting situation witle S€an ambient temperature of 20
°C (Chapter 8), the obtained stresses inside thatdGignificantly higher (Table 9.7).
Their time of appearance is also slightly earlggyoted to the higher environmental
temperature during casting (up to approximately °Z, which accelerates the
hydration reactions. Also the altered dimensionsréased diameter) of the buffer have
an impact on the stress creation.

The critical tensile stress zones can be easigctad (Figure 9.20) for the derivation of
the time evolution of the stresses at the posititees the critical zones: near the outer
surface for the axial and tangential stresses, theatop surface and the bottom for the
radial stresses, and right below for the sheassti® The time graphs are given in
Figure 9.21a, Figure 9.21b, Figure 9.21c and Figug2d. The different positions
resemble with the positions of the TC'’s, given igufe 9.8.

2.0

—AS

1.5 ---E1-2

1.0

0.5+

0.0

168

S« (MPa)
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-1.0
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-2.0

Time (hours)

Figure 9.21: Time graph of,Sat different positions
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Figure 9.21c: Time graph of,Sat different positions
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Figure 9.21c: Time graph of,gat different positions

Some general remarks are given:

The axial and tangential stress are considerableehithan the radial stresses
and the shear stresses. Also the developmeny, @il S, shows considerable
similarities.

Near the outer surface of the HC, tensile stressear during the hydration
peak reaction, and afterwards, these regions camderucompression. For
points in the middle of the buffer, it is the otheay around: tensile stresses
occur, once the hydration peak has passed.

The inner surface of the HC acts like the regionthe midzone of the buffer:
first compression and tension afterwards. An exgtian can be found in the
presence of the plastic sheet the first 68 howsering the opening of the
buffer. Because of this sheet, the produced heattal the hydration reaction,
remains entrapped, and the temperature in the wwidr (T, in Figure 9.12)
increases and is much higher than the ambient @mviental temperature.
The temperature at the inner surface (C 3-7 inrei@ul5b) develops towards
values comparable with the temperature inside theédlm of the buffer
(approximately 60 °C).

The axial and the tangential tensile stressestheasuter surface are higher at
level C compared to level A.

Once more, the shear stresses are low enoughnedbected, and the normal
stresses can be considered as principal stresses.

The deviations of the stress curves at approximatél hours, 48 hours, 72
hours and 144 hours is due to the change,iddwvoted to the rise in ambient
wind velocity, and due to J. Once more, the non-negligible effect of the
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wind and the ambient temperature on the early-agf@ayiour on massive
hardening concrete is presented.

3.2.6  Strength development of the SCC

The compressive strength f1500f the different batches is determined at difféeeges
(varying between 1 day — 2 days — 3 days — 7 dai4 days and 28 days) as a mean
value of three uni-axial tests at each age. Thesw TB1 and TB2 hardened under
ideal environmental conditions (20 °C, 90 % RH).r FB1 and FB2 the cubes
hardened at the casting site. To examine the infleeof the curing regime on the
strength development, some cubes of FB1 also haddender ideal environmental
conditions (20 °C, 90 % RH). The strength resutes given in Figure 9.22 and Table
9.8.

The obtained compressive strength test resultscamglia significant strength loss
compared to SCC characterized by means of theddrgrtests (Chapter 6): 14 % for
TB1, 33 % for TB2, 30 % for FB1 and 20 % for FB2€eTincrease in air content of the
SCC batches (Table 9.3) could be a reason of thagth loss, but the main reason of
this strength loss can be found in the uncertaifithhe WC of the aggregates added to
the concrete mixes. In laboratory environment, dggregates added to the mix are
totally dry. In case of the mixes at Kesteleyn, #ggregates have a certain WC, that
must be estimated. In case this parameter is ustit@ated, higher total amounts of
water W, than prescribed (175 kg/m3) will be added to théx,mwith a
disadvantageous effect on the concrete strengthcase of FB1 approximately 10 %
more W, is added (195 kg/m?3, Table 9.3) to come to thesqribed SF value (+ 650
mm). As a consequence, the compressive strength ¢ds30 % is obtained.

The concrete samples cured at the site (FB1 Sigeiré 9.22) have higher strength at
younger age and a faster strength developmentatieetambient temperature that is
higher than 20 °C (higher maturity), compared & shmples cured in idealistic curing
conditions of 20 °C (FB1, Figure 9.22). After 28ydaf hardening,fu,150iS Similar
for both curing conditions.

The results of the coring activities after 42 daysl the corresponding compressive
strength test results are also given. At an akitafi85 cm, the compressive strength of
the core (diameter 113.2 mm, height 99.0 mm) i$ 40Pa and a density of 2265

kg/m3 is measured. For the core at height 260 damreter 113.3 mm, height 99.8

mm), the strength is 38.7 MPa and the density #53&)/m3.

Also the splitting tensile strengthsfis determined on different ages for TB1 on cubes
with a side of 100 mm. Equation (6.15) is usedtfar transformation of the splitting
tensile strength into the pure tensile strengthatich is plotted in Figure 9.23. Note
that although £,,150at 28 days of TB1 is 14 % lower than SCgafter 28 days is 1 %
higher.
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Figure 9.23: The obtained tensile strength of TB1
and the estimated tensile strength of SCC and RBlifferent ages
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Table 9.8: The compressive strength test resulf®df TB2, FB1 and FB2
at different ages

TB1 TB2 FB1 Site FB2 Site
Time fecubiso S fecub1so S fecub1so S fecub1so S
1 day 16.2 0.2 8.8 0.3 11.9 0.p 11.7 0.1
2 days 26.3 0.1 - - 19.2 1.2 21.0 1.0
3.3 days - - 23.6 0.5 - - - -
7 days 40.4 0.3 30.4 0.5 31.7 0)1 37.6 0.4
14 days - - - - 36.7 0.3 - -
28 days 49.7 0.8 38.4 0.4 40.5 0}{7 46.2 15
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Figure 9.24: The tensile strength¥ersus the compressive strengthy{s,0f TB1 and SCC

Also the tensile strength after 24 hours and 48&$@ihigher in case of TB1 (Figure
9.23). This has a major impact on the cracking dsk to the expansive hydration
reactions. To evaluate the development of compresdrength in comparison with the
tensile strength, Figure 9.24 is given. For theusations in Chapter 8, it is assumed
that the tensile strength development is directtgpprtional to the compressive
strength development (Figure 9.24, black line). &ttheless, the strength tests
performed on the concrete of TB1 indicate thattéresile strength evolves faster than
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the compressive strength (Figure 9.24, blue limspecially the first 48 hours of
hardening. This phenomenon is also mentioned bg@witter (1996). Thus, the values
of fy4 used in Chapter 8 slightly underestimate realithich can be seen as a
conservative and safe approach used for the HEAEMImulations. In addition to
this argumentation, an additional discourse is :h@)dhe tensile strength of TB1 and
SCC is more or less equal after 28 days (Figur8)9() The compressive strength of
SCC is significantly higher than that of TB1. (ihhe values of f of SCC used in
Chapter 8 are extrapolated from pure tensile stretest results performed on cores
drilled out of a massive SCC column after 56 dayd hased on the compressive
strength results. Therefore, it is possible that tdnsile strength of SCC used in the
simulations is underestimated, confirming once mgtie safe approach of the
simulations.

3.2.7 Cracking behaviour of the HC

After approximately 696 hours the two steel seaiohthe cylindrical steel formwork
are removed (Figure 9.6, right) to evaluate whedlzely-age cracks are visible. After a
visual inspection of the buffer of the HC, no maxexks in tangential direction (due to
the axial stresses,¥ or in axial direction (due to the tangential stes ) are noticed
at the inner surface, the outer surface and thestoface of the non-instrumented
regions. On the outer surface of the buffer, axad radial cracks are clearly
noticeable, in regions where the wooden framewsrinserted for the positioning of
the TC's, inducing stress concentrations (Figub9right). A seam appears on the
surface of the buffer, at the position where the farmwork sections meet (Figure
9.25, left, blue line).

As mentioned before, the buffer of the HC is caighwvo SCC batches of 6 m? with a
considerable time spam in between the pumpingitieBv Between the time of ending
the pumping of the first batch (FB1) and the std#rjpumping of the second batch
(FB1") a time interval of 1.12 hour exists (Tabl@p After demoulding the formwork,

a casting joint appears at the height corresponttithe pumping time-break (Figure
9.25, left, red line). This ‘self-created crack’ tangential direction clearly is a
preferential pathway for potentially present aggings species, is not desired and must
be prevented at all times.

Therefore, it is advised to cast and pump the buffeone fluent movement, without
stopping the pumping activities. In that case, thallenge can be found in the
necessity of the total amount of concrete, neededHe buffer (10.575 m3), being
available at the same time at the casting site.

Overall, visual inspection indicates, that duehe thermal gradient and the thermal
stress creation (taking into account autogenouslsige and the creep behaviour), no
early-age cracking is expected during the fabmeatif the buffer (Stage 1).

Half-Scale Tests: Validation of the simulation résu 363



Figure 9.25: Cracks in the casting joint (left) adde to the instrumentation framework (right)

In a final step, simulations are made to confiriis thon-cracking postulate. Therefore,
the most important and maximal axial and tangesti@sses (Figure 9.20, point 1 and
point 2) are compared to the tensile strength efRB1 concrete, as shown in Figure
9.23. The values of the tensile strength of FBlemtémated out of the tensile strength
development of TB1 and the differences in compwessirength between TB1 and
FB1 (for the samples preserved in ideal curing dant).

The axial stressypand the tangential stresg, xceed the assumed tensile strength f
of FB1, in the time interval 20 hours — 39 hourdl & hours — 29 hours respectively
(Figure 9.26a, Figure 9.26b). By multiplying Iby 1.12, the tangential stresg 8oes
not longer exceed the new tensile strength valigu(E 9.26b). For § to remain
smaller than the tensile strengtly, ieeds to be multiplied by 1.34 (Figure 9.26a).
However, in reality, no cracks are observed, soait be assumed that the drawn
conclusions, on behalf of the early-age crackisg, rare safe.
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Assuming the estimation of the tensile strengthFBfl is incorrect, g and S, are
compared with the tensile strengthdf SCC. The stresses remain smaller thaat fall
times. The tangential stress, 8oes not exceed 0.77 timgsdf SCC (Figure 9.26b),
while the axial stress,pdoes not exceed 0.91 timgs(Figure 9.26a).

Compared to the estimated tensile strength of RB&,tensile stresses exceed the
strength barrier, while compared to the estimatetsite strength of SCC, the tensile
stresses do not exceed the strength barrier. Asufier does not suffer form early-age

cracking, as the visual inspection indicates, it b® assumed that the actual tensile
strength development of FB1 lies in between the éstimated tensile strength curves.
Note that also the presence of the outer steelviomnk can be seen as an additional
safety barrier, as compressive stresses are indace critical outer surface regions

of the buffer, due to the hindered expansive de#fion tendency of the concrete

during the first 168 hours after casting.
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4  Conclusion

The simulations of the early-age behaviour of thbritation of the buffer of the
Supercontainer inside the steel envelope (Stageintljcate that in standardized
environment, the buffer does not suffer from eadye cracking behaviour. To enforce
this findings, Half-Scale Tests are performed. €fme, a Half-Scale Container (HC)
is made by pumping two batches of approximately % imio a steel cylindrical
formwork. At the Kesteleyn concrete factory, tmaixes and final mixes are made to
provide the SCC needed for the casting of the H& formwork is provided with test
equipment to register the temperature developmenhé buffer of the HC and to
follow the displacement and the deformation of filmenwork and of the buffer itself.
By means of the finite element tool HEAT/MLS, thegistered data are compared with
the obtained simulation results in order to comeatovalidation of the drawn
conclusions. The most important remarks and findimat occurred during the first
phase of the Half-Scale Tests are listed below:

- The fresh SCC test results show a rather largeedsgm. This is mainly
devoted to the difficulty linked to the estimatiohthe water content (and the
representativeness of this parameter) of the agtgegised for the concrete
mixes. The reduced compressive strength test sesait be seen as a proof of
the possible underestimation of the water contétite@ aggregates. In case of
an underestimation, a surplus of water is addethéomix, which is not
prescribed. Therefore, for the mixing procedurds iadvised that the water
content of the aggregates is determined adequaielgyven better: that the
aggregates are totally dry. Also the placemenhefdifferent components into
the concrete mixer should be automatized. Finallgignificantly higher air
content is found for the batches, which can besalref the high amount of
added superplasticizer and this can induce a gtrdogs of the SCC.

- The comparison between the registered data angiidated ones, is rather
good. Especially the similarity between registnatiand simulation of the
thermal gradient, which is a very important paramé&tading towards thermal
cracking, is striking. Also the expansive behaviadfrthe concrete buffer
during the first 168 hours proceeding the castinfpiund by the registration of
the test equipment. The presence of the cylindfieahwork prevents free
deformation of the buffer. As a consequence, cosgive stresses are induced
near the outer surface, which is beneficial andnteracts the tensile stress
creation in those regions during the first 48 hqanaceeding the casting of the
buffer.

- The visual inspection after the removal of the Isk@enwork indicates that no
tangential or axial macrocracks are created du¢héothermo-mechanical
behaviour of the buffer. Nevertheless, stress amhgth simulations indicate
that there is a reasonable cracking risk. Thus,fifhiee element program
HEAT/MLS might overestimate the created stressesurmterestimate the
tensile strength development, which is a consergand safe approach.

- In case preparatory enactments are taken (e.gempkat of wind shielding
equipment, manipulating the ambient temperature),ato thermal cracks are
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expected during the first stage of fabrication ¢ tuffer. Especially the
impact of a high ambient wind velocity is considdea

- The only cracks that are found during the visuap@ction are tangential
cracks at the level of the casting joint betweee tiwo SCC batches.
Therefore, for the next tests or in practice, itadvised to perform the
pumping activities of the buffer in one fluent mavent, without stopping in
between the delivery of the two SCC batches. Ih thae, the challenge can
be found in the necessity of the total amount afccete, needed for the buffer
(10.575 m?), being available at the same time atctsting site. Also vertical
cracks are found, devoted to the framework fortpmsng of the TC's.

In a second step, once the buffer is hardenedcgerifly, a heat-emitting overpack will
be inserted into the created opening of the HCU{fiei®.27), the remaining annular gap
is filled and the lid is cast immediately afterengon of the heat source to close the
HC. Once more, temperature, displacement and detoymof the buffer are registered
during the warming up of the HC and the possiblpeapance of cracks will be
determined via visual inspection. Research of thadbbetween the filler and the
buffer, and between the filler and the overpackl w2 performed, by means of
tomographical methods, velocity measurements amsh@g@ctivities. Afterwards the
heat source is disconnected, and the changes dcoioling are also registered. The
analysis of these discussed activities lies ouhefscope of this doctoral study and is
subject for research in the nearby future.

Figure 9.27: Insertion of the heat-emitting elemieid the Half-Scale Container
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CHAPTER 10:

CONCLUSIONS AND FUTURE RESEARCH

1 Conclusions and discussion

1.1 Objective of the doctoral research

The final objective of this research study is tamine the early-age behaviour of the
concrete buffer of the Supercontainer during tHféedint construction stages, out of
hot cell and in hot cell and to evaluate the pdssitisk of early-age cracking

(macrocracking). Via thermal, mechanical and matwelated laboratory tests, via
simulations by means of the finite element tool HEMLS and via a realistic casting

situation (Half-Scale Tests), the behaviour of ttwcrete buffer is analysed in a
fundamental way.

1.2 The studied concrete compositions

The buffer of the Supercontainer is made of coegret provide a favourable chemical
environment around the overpack to slow down casroga high pH passivates the
carbon steel overpack), to provide sufficient rémficcal attenuation of the gamma
photons and to facilitate transport operations towathe underground disposal
galleries. Therefore, the different componentshe selected and designed concrete
composition must comply with certain specific regments. An Ordinary Portland
Cement is used (strength class 42.5 N/mm?) whiahrdigs at a normal rate (N), with
limited hydration heat (LH) to avoid thermal cranj low alkali amount (LA) and
sufficient sulphate attack resistance (HSR). Thgregates are preferably of a
calcareous nature (e.g. limestone) and limestdier finaterial is selected. No other
organic additives are acceptable except, as lowtyas possible, a small amount of
superplasticizer. Finally, good quality and homaagn sufficient mechanical strength
and good workability (preferably pumpable) are prigged. As a consequence, two
types of concrete are selected for the cementittuféer and are characterized by
means of extensive laboratory tests: SCC (Self-Gatipg Concrete) and TVC
(Traditional Vibrated Concrete). Preference is give SCC, because it facilitates the
precast processes and complies with all other reounts regarding strength,

Conclusions and future research 369



durability, chemical interactions, etc. In order the SCC composition to be self-
compacting, a sufficient filling ability, passindibity and segregation resistance is
required. Therefore, higher amounts of fine makerigsand, filler) and more

superplasticizer are added to the SCC mixes arektgwnal vibration is needed.

1.3 Conclusions of the laboratory characterization paoyg

The thermo-mechanical and fresh properties of B€ &nd the TVC are determined
via an extensive laboratory characterization pnogead the comparison between the
two compositions is made (SCC vs. TVC). The fregipprties of SCC show a higher
dispersion of the results compared to TVC. The itheind the fresh mix (2405 kg/m3
vs. 2440 kg/m?3) and the hardened concrete (239M3kgs. 2410 kg/m3) is lower in
case of SCC. Moreover, in some cases, segregatithe dresh SCC mix is obtained
and the passing ability is unsatisfactory in ma@stes. When an additional amount of
50 kg/m3 of limestone filler is added (replacing Kgfim? coarse aggregates, size 6/14),
an improvement of the fresh properties of the S€&chieved, while the compressive
strength remains more ore less unaltered.

Concerning the thermal properties, and compared\M€, SCC has a lower heat
capacity (2390 kJ/(kg-°C) vs. 2410 kJ/(kg-°C)) acts more like an insulator due to
the lower value for thermal conductivity (1.89 W/{@) vs. 2.02 W/(m-°C)). The
cumulated adiabatic hydration heat production o€3fas a higher value after 72 hours
(316.6 J/g vs. 303.5 J/g), but the heat productate peak is slightly higher (21.4
J/(gh) vs. 23.5 J/(g-h)) and occurs 3 hours earlier TIC, with a value of the
activation energy that is also slightly higher @kJ/mol vs. 38.0 kJ/mol). Finally, the
CTE is higher for SCC, thus SCC will expand morelaminfluence of a temperature
increase (8.1 um/(1iC) vs. 7.4 um/(mC)) .

The mechanical strength properties, such as thessive strength (57.5 MPa vs.
54.0 MPa), the pure tensile strength (4.4 MPa v8. MPa) and the modulus of

elasticity (36.1 GPa vs. 32.4 GPa), are higheiSIBC. Also the autogenous shrinkage
(on short term and on long term) and the basicpcmmmpliance is higher in case of
SCC. The higher amount of fine materials, suchiragdtone filler, added to SCC in

order to make it self-compacting, can be seen agxgfanation for the obtained

property differences between SCC and TVC. Findiige zero, i.e. the moment when
the imposed deformations give cause to an intestnass build-up, is taken equally for
SCC and TVC: 6 hours.

Due to the vitrified, heat-emitting radioactive wegsthat will be inserted into the
opening of the concrete buffer, the concrete comts direct contact with elevated
temperatures up to 100 °C and with gamma radidtidth dose rates up to 23 Gy/h)
during hardening (filler and/or lid) or in a har@ehstate (buffer).

Out of compressive strength tests performed ondmad concrete samples subjected to
elevated temperatures (between 20 °C and 105 °€freagth loss of 20 % for SCC
and a strength loss of 15 % for TVC is found. Theréasing capillary porosity
(measured by means of fluorescence microscopy:tatistical significance found),
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increased microcracking, and the weight loss casdem as a reasonable explanation
for the decrease in mechanical strength.

Also compressive strength loss indications (up $0%) of hardening SCC based
mortar samples subjected to gamma irradiationndutiie first 28 days of hardening
are found, with the increase in capillary porosity possible mechanism behind the
mechanical strength degradation. However, no staissignificance is found for this
postulate.

1.4 Conclusions of the simulation results and the $aifle Tests

By means of the finite element simulation tool HERILS, and after implementation

of the most relevant thermal, mechanical and mgtuelated properties of SCC and
TVC into the material database of the program eidudy-age behaviour of the concrete
buffer during construction is simulated. The resalte subdivided into two parts: the
construction stage out of hot cell (i.e. the captifi the buffer in the steel envelope),
and the construction stages in hot cell (i.e. eition of the waste overpack, the
filling of the remaining annular gap and the clesaf the Supercontainer by fitting the
lid).

Due to the exothermal hydration reaction of the @etncompressive stresses are
created in the middle of the buffer and tensilesstes appear near the outer surface.
The main mechanism behind the early-age crackinetbuffer can be found in the
created thermal gradient between the middle obtiféer and the outer surface, and the
prevention of free deformation of the concrete. Idwegr, for the first part, and in ideal
reference casting conditions (ambient temperatdr0 °C and no ambient wind
velocity), the created internal stresses are highease of SCC and a higher cracking
ratio $/(0.7-fy) is obtained, but this parameter is inferior teat all times, thus no
early-age cracking out of hot cell is expecteddreeSCC or TVC.

The sensitivity analysis indicates the detrimeaffdct of ambient wind. An increase of
the convective heat transfer coefficient, obtaingéal poor insulating materials in
combination with high wind speed, significantly ieases the cracking risk. The use of
a surrounding wind shield is advised. In case therenmental temperature increases,
the cracking risk also increases, and althougtsitihellations indicate that the cracking
ratio S,/(0.7-f) remains smaller than one in all cases, measuanede considered in
case the environmental temperature is higher ti@ahC3(e.g. by means of a cooling
system). In case the dimensions of the buffer nedie adjusted, note that especially
an increased thickness of the buffer increasesdhlg-age cracking risk, but even with
a thickness of 800 mm, no early-age cracking iseteul. Casting the buffer in upside-
down behaviour inside a deep hole (with a high lsifan capacity and no external
wind), reduces the thermal gradient present inlthifer and increases the strength
development. To create ideal casting conditions,abpliance of good insulation (e.g.
concrete, wood or polystyrene, with a well constddedemoulding time) around the
steel envelope and the use of wind shielding egeigmand thus a lowering of the
convective heat transfer coefficient, is advised.
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The validation of the first construction stagelod buffer is obtained by means of Half-
Scale Tests: a concrete buffer with volume 10.575sntast by means of two SCC
batches of 6 m3® mixed at a concrete factory andpmarinto an instrumented steel
cylindrical formwork. These tests once more indictttat no early-age cracking is
expected in the first stage. A good similarity Itained between the registered data
(temperature inside the buffer and displacemerthefformwork and the buffer) and
the simulated data. Especially a good resemblafidheothermal gradient appears.
Also the expansive nature of the concrete buffemduthe first 168 hours after casting
is found by means of the test equipment. Due ts thidial expansion, and the
prevention of this behaviour due to the presencé¢hefsteel formwork (envelope),
beneficial compressive stresses are introduced titobuffer which counteract the
detrimental internal stress build-up. Overall, HEMLS slightly overestimates the
created stresses and underestimates the tenslggtftrdevelopment: a conservative
and safe approach.

Concerning the construction feasibility of castthg Half-Scale Container, important
experience is acquired and improvements can beestem for additional tests in the
nearby future. Especially the estimation of theaewvatontent of the aggregates should
be more adequate, or even better: totally dry agdes should be added to the mix.
Rather high dispersion of the obtained fresh testlts, and a decrease in compressive
strength due to a possible underestimation of treemv content, are potential
consequences of the insufficient knowledge on letiahe actual water content of the
aggregates added to the mix. Also the addition hef limestone filler and the
superplasticizer into the concrete mixer should sutomated. Finally, the visual
inspection of the concrete buffer indicates a laeggyential crack opening at the level
of the casting joint in between the two SCC batchdss ‘self-made’ crack is not
desired as it can be seen as a preferential patfovgyotentially present aggressive
species in the Host Rock (and its pore water) efdisposal galleries. The durability of
the concrete inside the Supercontainer can be imebatffected, and processes such
as corrosion, microbial activity, sulphate attaek;. can be accelerated due to the
presence of these macrocracks. Therefore, it iBhhiecommended to perform the
casting and the pumping activities in one fluenwveraent (without stopping), starting
from the bottom of the formwork and slowly liftinthe pumping tube until the
formwork is entirely filled. Therefore, it is nec@sy that the total amount of concrete,
needed for the buffer, is entirely available at¢hsting site.

Once the temperature inside the buffer approadhesaibient temperature and the
buffer is in a certain state of hardening (240 basrtaken as a reference), the heat-
emitting waste is inserted into the created inteop&ning, the remaining gap is filled
and the lid is placed to close the Supercontaifleree mechanisms occur which create
an internal stress build-up in the buffer of thgg&weontainer: (i) the hydration heat due
to the hardening filler and lid, (ii) the heat odngting from the heat-emitting
radioactive waste, and (iii) the expansive behavioluthe overpack containing the
radwaste. In case the effect of the overpack iy amiplemented as a boundary
condition (via the convective heat transfer co@fit), thus only the first two
mechanisms are considered, no cracking of the bidfexpected. This is in fact an
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underestimation of the reality. Via this simulationethod, the effect of altered
situations is investigated: a prolongation of theeceding cooling period of the
radwaste has a beneficial effect, the insertioBBfassemblies instead of HLW affects
the cracking risk negatively, the use of a TVC bufér a precast lid does not have an
influence on the internal stress build-up inside Huffer, and delaying the insertion
time also does not have a considerable effect ere#inly-age behaviour of the buffer.
The internal eigenstresses, present in the buffer the first construction stage out of
hot cell, counteract the stress creation due totlihee previously mentioned stress
creating mechanisms. However, by also considetiregetxpansive behaviour of the
overpack, obtained via implementing the overpackaamacro layer (the second
simulation type), a considerable cracking risk rtbarouter surface of the buffer must
be taken into account, depending on the coefficthermal expansion of the
overpack. Especially tangential cracks (due toatkial stresses) can appear, which is
confirmed by the Half-Scale Tests. Therefore, the of a carbon steel overpack (with
a lowered coefficient of thermal expansion) instedica stainless steel overpack is
preferential for thermo-mechanical purposes (bst &r corrosion related aspects), in
combination with a cooling period of 70 years te@mome cracking. In that case, a
significant safety barrier is obtained, to countérthe negative effect of heat and
radiation on the strength of the concrete buffdsoAhe appliance of a top force (e.qg.
by screwing a top plate on the mantle of the empa&locan induce beneficial
compressive stresses that counteract the tensdgsssbuild-up in the buffer. The
presence of the steel envelope reduces the testsilgses due to the prevention of the
expansive behaviour of the buffer and the introductof beneficial compressive
stresses. By reducing the modulus of elasticityheffiller material, the cracking risk
near the outer border of the buffer becomes smaller

Mainly due to the expansive behaviour of the ovekpand due to the hindering of the
displacement of the filler material due to the hedgjinating from the radwaste, the
SCC filler comes under compression, so no cracldrexpected there. Also early-age
cracking is not at state in case of the lid, whigtconfirmed by means of the Half-
Scale Tests. On a thermo-mechanical level, theofise precast lid does not provide
additional benefits compared to the use of a fseshét lid.
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2 Future research

This doctoral study illustrates the low crackingkrduring the first construction phase
of the buffer out of hot cell. However, an earlyagracking risk during the
construction stages in hot cell cannot be overldotkee to the insertion of the heat-
emitting radioactive waste enclosed by an expardabérpack.

Future research is needed on behalf of differemdites of the early-age behaviour of
the Supercontainer, originating from different fimgs, needs and difficulties occurring
during this study:

The proposed SCC composition has a rather higredism of the obtained
fresh test results. It is known that SCC is quéasitive to variations in any
part of its composition. In order to come to a mowbust self-compacting
concrete composition, it is advised to add moree faomponents (filler
material, fine aggregates) to the mix, replacing ¢barser constituents. As a
consequence, the obtained thermal, mechanical atarity-related properties
can change. A repetition of the laboratory charatadon program and the
simulations via HEAT/MLS is needed to evaluate ¢laely-age cracking risk
in case more fine materials is added (recommenaaf6 kg/m? limestone
filler replaces an equal amount of coarse aggregaiee 6/14).

For now, SCC is considered as the filler matertigkd to fill the remaining
annular gap between the buffer and the overpaclemutigermal load. Other
materials should be considered and investigatedthen subject of fresh
properties, self-compacting ability, self-healingperties, strength, hardening
under thermal load, hardening under irradiation, &t Chapter 3, two other
possibilities are given for the filler material: fauid mortar (grout) and a
(portlandite) powder with its specific (dis-)advages. In total, five types of
fillers will be developed and tested in laboratopnditions prior to their use
in practice, with differences in aggregate size g@nesence of a swelling
agent. It can also be advised to propose and ige¢stanother type of filler
material, with the ability to take on or counter#fo expansive behaviour of
the overpack during the construction stages inckft in such a way that the
stress build-up transfer towards the outer surtscie buffer is minimized,
and the early-age cracking risk during those contittn steps is reduced (e.g.
a filler material with a reduced modulus of elasfic

To investigate the effect of gamma radiation ondbaing cementitious
materials, a preliminary study of SCC based mostamples irradiated by
means of &°Co source with a dose rate inferior to 10 Gy/h esaducted.
Indications of a compressive strength loss aredpuglated to the increase in
capillary porosity, determined by means of fluoms®e microscopy (scale
100:1). The repeatability of those tests shouldidmmonstrated, and additional
tests are meaningful and desired. The examinafiather mechanical and/or
thermal properties of hardening irradiated sampgtgsof samples that are
irradiated after a certain degree of hardenindtsioed) should be performed.
Also the impact of higher dose rates (superior @Gy/h), the combined
effect of gamma radiation and elevated temperatgmasre significant to
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characterize the heat-emitting radioactive wast®)d the behaviour of
hardening concrete under thermal load should bentak look at. Finally,

examination by means of fluorescence microscopywlshbe combined by
investigations on an ever smaller scale, e.g. rekeaf the gel pore structure
on a nanoscale by means of SEM.

- The analysis of the second part (insertion of ddresource inside the created
opening of the buffer, and the warming up of thearete buffer) and the third
part (disconnection of the heating element and abeling down of the
concrete buffer) of the Half-Scale Tests by meafisthe temperature
distribution inside the buffer, and the displacemand deformation of the
concrete buffer, is subject for further study. Alspection of the visible parts
of the HC’s buffer surface is conducted to evaluatether tangential and/or
axial cracks appear due to the insertion of thednedement (with a constant
thermal power of 300 W/m). Also tomographical sagd{seismic reflection),
wave velocity measurements, ultrasound measuremands core taking
activities are planned and conducted to examinéoineling and the quality of
the interface of the filler and the buffer on omgesand between the filler and
the steel overpack on the other side. Also theityuaf the lid, with the
application of a certain degree of roughness ofdbetact surface, will be
examined. Finally, the effect of elevated tempersuon the compressive
strength of the SCC is evaluated by means of dafes out of the lid and out
of a non-heated reference cylinder.

- From the obtained experience derived from the mhagetests, the Half-Scale
Test will be repeated in the nearby future, withCS&> the reference concrete
composition, and by considering improvements andpke in mind the
difficulties that occurred previously in the firgests. Automation of the
addition of limestone filler and superplasticizerthe concrete mix is highly
recommended, and also the estimation of the wateteat of the added
limestone aggregates needs to be improved. Itaa better to use completely
dry aggregates. For the casting and pumping aesvia ‘cast in one’ method
for the fabrication of the buffer needs to be aggblin order to avoid the
creation of a casting joint. The use of a carbeelsbverpack with a lowered
coefficient of thermal expansion in combinationtwé filler (with the ability
to counteract the expansive behaviour of the owpais highly
recommended. Finally the importance of the stamlesteel cylindrical
envelope, used as formwork, cannot be overlookeid: advised to maintain
the formwork during all steps of the constructiologedure (casting of the
buffer, during hardening, during heating and durtapling). Due to the
expansive nature of the concrete buffer, compressiiresses are induced into
the critical tensile stress regions by the steemfeork by hindering the
deformation, and crack formation can be countedactberefore, it is advised
to remove the steel formwork once the cooling pk(after disconnecting the
heater source) is over. Once cooled down, the Visspection of the buffer
for crack formation can start and the effect of filbenwork can be examined,
taking into account that a criss-cross patternraéks appeared in the second
construction stage of the first Half-Scale Contaidgplying a vertical load
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on top of the HC, once the heat-source is insextetithe freshly cast lid reached a
sufficient hardening state (at least 24 hours), banadvised to induce the
previously discussed beneficial compressive stecisse the buffer.
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