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e Mechanlcal Barrier

— Resist external stresses
e Load capaCItyIstlffness |
© Compllant with local tectonic dlsplacements
o Resist or dlffuse impacts |

= Permeablllty and thermal cohductlwty

° Geochemlcal Buffer | |
~ Decrease corrosron of waste pack-a'ge components
e Electrochemlcal and pH control . ":f;.,.
) Suppress aggresswe radlonS|s products
° Passrvate surfaces o
- Reduce solublllty of key nuclldes |
— Steer contact metamorphOSIs to benlgn phases

OAK RIDGE NATIONAL LABORATORY |
U. S. DEPARTMENT OF ENERGY , UT-BATTELLE
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. Soroka, PortlandCement Paste

and Concrete, Chemicai Pubiishing

Co., 1979
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Evolution of the Cement with Time

° ComplexaIumlna-smcates W|th flne-
textured mineral phases and Iarge fraction
of amorphous hydrosrllcate phase, both of
WhICh sIowa undergo dlageneS|s

° IVIatrlx components leach at dlfferent rates
and results in.a complex series of solutlon

renrhnns w-th groundwater aujacem to the

surface wrth reprecuprtatuon

0OAK RIDGE N ATIONAL. LABORATORY T T
U.S. DEPARTMENT OF ENERGY UT-BATTELLE
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Ma&@a’lal @E%@I@@S to Ml%aga&e Waste
Constituents’ and Groundwater
Empac‘&e @n Was%e Fca'm -‘eﬁm'mance

° Chmces of cement types .

) Ch0|ces of admlxtures to control waste
form physmal and chemlcal propertles
— Pozzolanlc silicates -

o Reduce CalSi ratios

o Reduce Al/Si ratlos - | |
° Pnrlllr‘n pnrmnahllrl-y MO N .en = Cl- etc

n Izv, \Jz, UU4 y y )
e Increase HD-CSH and lower LD-CSH

— Increase internal ion exchange capac1ty

- Effect reducing conditions (Eh/pH reglme)

OAK RIDGE NATIONAL LABORATORY 2
U.S. DEPARTMENT. or ENI:RGY ' UT-BATTELLE
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Formulation of Grouts to Prevent Ga(OH),

No Free
Hydroxide e
(Portlandite) ‘

(R TRy Ay Y D AP,
A & *

)
PozzolenB |

--3
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Results @E suﬂma mac&waw tests |dew&a§y formulae

that balance the suppression @% calcaum hyﬁmmdé
wiith maa'mg mac&l@a‘a mﬁ@s -

‘- % Ca(OH)z consummed based on theoretlcally avallable Ca(OH), —6— BB-25-40-30-5
105 = — ' —&1— CC-30-35-30-5
95 ~—=—DD-35-40-20-5
S 85 —a—EE-35-30-30-5
0
= =%~ FL-40-30-25-5
N 75
S —o0—FH-40-30-22-8
5 65
O —t—GL-45-25-25-5
X 55
~—— GH-45-25-22-8
45
———HL-50-25-20-5
35 T , ' . T ~—+—HH-50-25-18-8
10 33 53 , .70 ’
| | Time, days

Nomenciaturé: 30-35-30-5(30 wt% OPC Type'V, 35 wt% BFS, 30 wt% FA and 5 wt’% SF)

OAK RIDGE NATIONAL LABORATORY | A~
U. S. DEPARTMENT OF ENERGY." ' UT-BATTELLE
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“The Nanogranular Behawor
of C-S-H at Elevated

*f}; 'i, @@sl'&y

C

Changes in CSH

11 0.07
C-S-i CH Dehydration

0.95 - Dchydration ++ 0.00

N\, raall : =
\ i

— 0 \ \o TV 4L } 007 g
= ' / D
% 0.85 - T1-0.14 E.-
= ~ o
- 0811 021 2
N : @
F 075 \ {-028 3
£ : £
z o1 ¢ --0.35 £

0.65 ) t-042

i
0;6 T T L] L] L] L .0-49

100 200 300 400 500 600 700 800 900 1000

Temperature [Degree C)

,_ Flguro I: Results of thermogravimetric analysis (TG) on w/¢ = 0.5 cement paste: The nor-

malized mass determincd by ‘TG (continuous line) is in excellent agrcement with manual mass

loss measurcments of the specimens used for indentation (discrete points). The derivative of the
weight loss (labeled ‘weight loss rate’) shows the characteristic C-S-H and CH dehydration.

Temperatures (Up to 7OOC) "
Massachusetts Instltute of..
Technology, Cambrldge MA,
February 14, 2006

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMENT OF ENERGY UT-BATTELLE




C o C C

“ | LD C-S-H
E" i v —J— Experim. PDF
- 0.0012 1 perim.
B — Thearet. PDF
g ‘ 0001 1 —
a s HD C-S-H Control 25°C
> 0.0008 -
;-_: |
? % o000
&£ 0.0004 -
0.0002
oL : . : :
0 500 1000 1500 2000 2500
- — Indentation Hardness-H [MPa]

. Figure 3: Freqﬁendy plots of indentation modulus and indentation hardness with fitted Gaussian
- curves for low-density (LD) C-5-H, high-density (HD) C-S-H, and Portlandite (CH). The decon-
Volution was carried out for a bin size of AM = 2.5 GPa and Al = 110 MPa.

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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@Wamaﬁm@ amnad @amg@s iEm @SE@E
@E‘ESE@y €@@nimued§

o.7sﬂ
07
> 085
=
A R
Q [N
3 S
B« 0.55
il [~e-LD C-sH
.| |-o-HD C-S-H

770 100 200 300 400 500 600 700 80O

Temperature [°C]

Figure 11: Packing density as a function of the exposure temperature determined from a reverse

analysis of the micromech'anics model (for v, = 0). The broken lines represent the limit packing
density values: 7, = 0.64 and 5, =~ 0.74.

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Cured Hagh Saﬁaca @emems mevem

Alterations amd Waéea' E_@ss 'Emm

@@m:m&es

‘Relative
. Free
- Energy

)

F.P. Glasser; S.-Y. Héng',
Cement and Concrete _
Research 33 (2003) 271-279 |

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

Foarly—
Ordered
C-5-H

.l»-_._‘

Nanostructured

Activation i

Barrier to o i

Crystallisation 3 E&Y
Time —»

- Crystalline

Stable
Phase(s)

UT-BATTELLE




C C C
increasing Silica in Cement
Encmases Slﬁnca Ly Leaeha'&es

-25f« t7\‘

TTTT

e
G
.j,lvl T

® High Ca/Si ralio gels |
O Low Ca/Siratio gels TF

—Leaching model

-t .
O ‘ - ,
—

- Silicon cancentration (mmol/dm?)

o5 .06 .07 08 09 10 11 12 13 14 15
R ' Calcium-silicon ratio

Harrls A W M C. Mannmg, W.M. Tearle, and C.J. Tweed, Testing of models of -

the Dlssolutlon of. cements—leachlng of synthetic CSH gels, Cement and

Concrete Research, 32, pp 731-746, 2002.
OAK RIDGE NATIONAL LABORATORY _ SN
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Silicates Form a Dense Diffusion Layer on
the Surface of UQ, even under Oxidizing
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Pm‘mlg@al U(Vi) @@mp@%mﬁs

Values of AG fzgs for the U(VI) mmerals used in the constructlon of Fig. 7 (Chen 1999)

Uranyl Ph?‘SéS | ) Formula | kJoule/mol kJoule/mol? |
Metaschoep;i;i‘-‘ o :‘['(ﬁéz)stp;(dé;zl*(nzojlo , - -13,0920 | ~13,092.0
Becquerelit:‘ei:". S lCa[(t;(.),)so,‘( OH)G]*(HZO)S | | 10324.7 -10,305.8°
Rutherford{ﬁ‘e' r . UO co3 ' . . -1,563.0 , ' . -1,563.0
Urancalcarf;e'j" | CaZ[(UOZ)s(CO:,)(OH)GI*(HZO)J 60367 | —6,037.9
Swarpite ' Ca[(Uoz)s(COJ)S(OH)J’_"(HZO)G | ~11,607.6 -11,6011
Fontanite R l C”[(Uoz)s(cos)4l*(ﬂzo)3 | -6,524.7 -6,523.1 .
Licbigite -~ R Cazl(Uoz)(co,),l*(HZO),, R ~6,446.4 _-§,4'es.6
Haiweeite o S .- Ca[(Uoz)z(Slzos)Jl*(Hzo)s o —9:367-2 . -9,431.4
Ursilite ':' S Ca4[(Uo;j4(Sizo;)s(0H)6|*(HZO),S L :.20,37774 -20,504.6
Soddyite - o '[(UO,), SiO,]*(H,0), -3,653.0 -3,658.0
Uranophane ' o 'Ca[(Uoz)(si03011)|2*(H20)5 "6’192#’" -6,210.6

2 Chen 1999 5 Finch 1997

OAK RIDGE NATIONAL LABORATORY | A~~~
U. S. DEPARTMENT OF ENERGY . UT-BATTELLE
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STM C 1650 Round Panel Test

LOAD DEFLECTION DIAGRAM ROUND PANEL TEST

7. 60 kglm® Steel Fibre

9 kg/m® Synthetic Fibre

RS B L PO
- 30 R

At N

EcEs B !

Area (under curvé) =
Adsorbed-Energy-or
Fracture Toughness

20 |15

‘Load (kN) - .+

ERERy
LA

\ 4x4 8/8 Mesh

10

o 10 20 30 40

Central Point Deflection (mm)

OAK RIDGE NATIONAL LABORATORY N
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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Issues with Acceﬂem%ed Agm@ at Elevaﬁed
Tempemwa’@s to Test Long-Term [ umblllw
when Reac‘&mn Pa&hs @E‘aange

Conditions  |Result

100°C for 10 minutes | Boiled egg

25°C for 28 days | Chicken

15°C for éOA'daﬂly‘S‘f . Roften:..égg

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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F@?ma'&lm’a Eﬁ@ﬁ’

C

jies @% Wmses That

@an Fmﬁﬁ* |tm Agmg C@mem @asﬁ@s

Product At 25°C 1At 100°C
Hlllebrandlte 242 | 160
| Caes‘s (OH)G ) |
AfWIlllte +3.94_ +6.82
| Ca3S|2 4(OH)6 | | - --
Xonotllte -0.42 +0.49
CaGSIGOW(OZH) _ o
Tobermorite . - -1.38 - +0.18
Ca,SigO15(OH),: 4(H20)

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMDNT OI" ENERGY

UT-BATTELLE
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Massm@ EHIE?E%S 'etweew tm@aes of
m‘mlem @emems aa‘m Lah@mtm‘y
?ests |

° iViass transfer coupled thermodynamlc model
,— Thermodynamlc data missing - |

— Need formodels for metastable mtermedlates
trapped by dlffusmn-controlled metamorphlsms

° Mlcroprobe analytlcal tools to see start of
phase transrtlons |

OAK RIDGE N ATIONAL LABORATORY
uU. S. DEPARTMENT or ENERGY _ 5 UT-BATTELLE
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Future S'&udles Amm’opogemc and Natural
Anaﬂogs '&o Address urabnlr&y |

o Anthropogenlc for 2000 to 6000 years
— Gallo Roman . '
— '\labat' ans (6 000 years)

° Natural for over 10 000’s to 1 000 000 s year

— Mllllon-year-old natural samples from sanldlnlte-fames metamorphlc_ |
rocks in Marble Canyon Texas. -

- Hatrurlm formatlon in Israel. These formatlons contain many of the
same phases that form in high-silica cements. For example, the
mmerals are natural analogs for the common cement-clinker phases
“alite” (Ca3S|05, C3S) and “belite” (Ca23|04, C2S). |

— Scawt Hill, Northern lreland occurs ina reglon with: hlgh
precrpltatlon |

These cementltlous analogs and their alteratlon products
provnde the. opportumty to study transport processes and
mmeral metamorphasms on geologrc tnme scales.

0OAK RIDGE NATIONAL LABORATORY
U.S. DEPARTMENT OF ENERGY : UT-BATTELLE
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Missing Lmks Be'&weer‘a Studies of
Ancaem @emems and Lahera'&@w Tests

® IVIass transfer coupled thermodynamlc model
— Thermodynamrc data missmg

— Need for. models for metastable |'ntermed|ates ,.
trapped by dlffusmn-controlled metamorphlsms

° Mlcroprobe analytlcal tools to see start of
phase transmons

OAK RIDGE NATIONAL LABORATORY ' T
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




mmerals
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‘S"e‘c"i)'ndary"iOn mass ,spéétrometi'y, _
5% " is one of very few methods that’
‘provides highly spatially resolved
(a few microns), in situ chemical
and isotopic analysis of solid -
mateals.

Na-feldspar reacted with 80 rich 2 m KCl at 600°C,
200 MPa for 6 d; note '*0 rich halo penetrating solid.

: : 7 v , :
e e |

Ton imaging can provide detallson the-‘}- chemical
modification of solids interacted with water.

*

OAK RIDGE NATIONAL LABORATORY , ,
U. S. DEPARTMENT OF ENERGY | | UT-BATTELLE
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Aesessmg Leach Peﬁ@maﬁ@e at
yeﬁmulm Ex'&a’ees

© Quas.l-statlc flow (eplsodlc saturatlon)
,;—— Solublhty comrol S |
~lon exchange equmbrlum S
— Source-term C_. X FIow |

® Iynamlc (monollth permeab|||ty <11 OO soil)
‘—Advectlon of saturated groundwater

;.;»;— Release to groundwater I|m|ted by dlfoSlOl‘l
W|th|n the monolith -

_—Source-term A {S.‘oN}(Dd,ffusmnltlme)“2 --

OAK RIDGE NATIONAL LABORATORY -
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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A leferentlal Permeablllty of 100 Times Ensures that Saturated
B R T Flow. By-Passes the Matrlx

Native Soilswith -
a Permeability. of |
>105cmls i

g_}
—~P-
Satﬁf‘sié'dfﬁow‘" ermeabili
R VA T 10:7.¢rils
>
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@nse'& @% @@@me&we Model at ?@?"@ 2

Nestor, C. W Jr Dzﬂuszon from Solid Cylinders, ORNL/SDTM-84, Lockheed Martin
Energy Research Corp Oak Rldge National Laboratory, Oak Ridge, Tennessee, January 1980.

R D, = effective diffusion coefficient, cm? s°!
IDOJ ,
0 i= t( (KJ) J) . a= cylinder radius, cm
T a‘ o = = ji positive root of a zero-order Bessel function [Jy(m)]

- L=cylinder half-height, cm.
D|ffu3|on from a Cyllnder

o 2_7
| De| (@ )+(2 -1)%—— |-t
oL L 4 L .
F9 =1 —-——jz —
| ) A home
| ‘ﬂ'@.th (Zn—l)(aﬁ
FQ1)=0223  FSO:=ift>©2,FA0,FI))  F. =Fyt)  FL=Ft)

OAK RIDGE NATIONAL LABORATORY
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CURIE RELEASE FROM W9 MONOLITH as Sr;90

Fraction . , :
- Released 'tkdioactive
L~ B v o=
D= Faq = 0.091 cay
H ) ) 08 Py e e
Diffusion- = |\
N 500 = \
0-6 - e T U Y L T L LI N ey, e m—— e .. .
Controlled =~ %"
@n E'@ @ Radmactwe PFi \ o |
e @asg D — 04 “SonNaiorgabmaiy | T e
ecay Factor _ spec:ic effecis %m
; :-«f : _‘ ) DF =05 _ T o - / the Gamma emitters.
T P PRELEY o \\fﬁe{y;ﬁ’am;w
half-lives this release '
DF3 = 9766 x 107 / factor is reduced by 1,000 l!h

DFs00 = 9612 % 107 0 100 200 300 400 500

mm@a.m e o s

Combination of Decay and Diffusion Controlled

Release
o DecayFractlon X
. Release Fraction
- DF F = 0.045 . o _
DF35F30 . DF 1-F; 0.05 s . i R
DFg4-Fgg = 0- T : '
" DF 4°F 5o = 7047 x 107
L 0 )
D 205 x 104 0 —
300 ~ 300 o 100 200 300 400 500
i
years
OAK RIDGE NATIONAL LABORATORY N
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'IO_H'-';CO 2.
HCO;

First Mineral
Fe?*, Fed,

Ca?+, Mg?*,
Si0,*, A0

Concentration
(Single Element)

~Second Mineral

Time
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@oncluslons About &eac&a Tes'&mg

Short-term Ieach testlng |s conservatlve IF:
- Test does not aIIow for the effects of secondary
“1:'1era|s whlch . el . |
° Are hlghly selectlve for contammant spec1es |
" Forms protectlve diffusion surface barrlers

— The monohth matrlx IS relatlvely stable inthe
geochemlstry of the disposal horizon

o Shares same regions of the: geochemlcal stability flelds
o' Has snmllar S|0 ~Al, O, composmon ranges

— Ultlmate mechanlsms of |each|ng, alteratlons, and

OAK RIDGE NATIoNAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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° There |s a great body of knowledge on how to
formulate cementitious waste forms to process

and sehdrfy radwastes .r0“1 across tne DOE
complex . a

® There |s dlsagreement on how to measure and
model source-terms for the leaching for nuclides.
|nto the near-fleld transport models |

0 There.;fls"’no coordmated effort to reconcile
measured waste form performances with

accelerated testlng and naturallanthropomorphlc
analogs

OAK RIDGE NATIbNAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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° Tasks

— Crltlcally evaluate thermodynamlc and klnetlc |
- data relevant to S|I|ca rich cements

= Develop meso-scale models to describe

| acompetmg carbonatlon and hydrothermal

. 'alteratlon in the matrix-and fine aggregate of

cementitious materials as a functlon of T, reIatlve
’?*';.humldlty and Pq,.

— Model repos1tory-scale alteratlon of emplaced
~ cementitious materials following closure for
perlods up to 10,000 years

OAK RIDGE NATIONAL LABORATORY " Carl Steefel and John A
U. S. DEPARTMENT OF ENERGY - UT-BATTELLE
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® Near-Term PIans

—Modlfy TOUGHREACT to modei cement
agrng at elevated temperature o
—Burld a meso- scale model to simulate

cement carbonation, and calibrate model
agamst reported field observatlons |

OAK RIDGE NATIONAL LABORATORY Carl Steefel and John A.
U. S. DEPARTMENT OF ENERGY | UT-BATTELLE
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Me@ellm Em@mgu?ee Durability of
_@E’B%I%I@aﬁ% Vaterials (LBRNL)

° Near-Term Plans

—-t\/lodlfy TOUGHREACT to modei cement
agmg at elevated temperature

—Bund a meso scale model to SImuIate |
cement carbonatron and calibrate model
agamst reported fleld observatrons

OAK RIDGE NATIONAL LABORATORY - Carl Steefel and John A.
U. S. DEPARTMENT.OF ENERGY UT-BATTELLE
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amﬁ 'ORNL to Examine YMP
| %ea&e? ﬁ’l% S@eelmea‘as

® Oibtalwn{a sub-set of cores and achleved
specimens from YMP Heater drift to-be
spllt between LBNL and ORNL L

® Mlcroscoplc examlnatlons to benchmark
phase: modelmg and Iaboratory |
observatlons

?;f}:B«N_féi‘?‘fhas submltted testlng plan

OAK RIDGE NATIONAL LABORATORY -
U. S. DEPARTMENT OF ENERGY | UT-BATTELLE
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“Current capabilities to predict the
conditions and processes important to
cement failure: Computation

Edward J. Garboczi
Materials and Construction Research Division
Building and Fire Research Laboratory
National Institute of Standsrds and Technology
ACNW 1386

Discussion of current capability to
predict the conditions and processes
important to cement failure, and the

effect of fajlures on cement
performance, based on computation

NIST Inorganic Materials Group

« Provide scientific and technical foundations for
performance-based selection and usc of concrete
- improved materials science basis for accelerated -
tests and performance-based standards

« Complexity of concrete problems demands
computational materjals science
— validated computationsal tools for industry and
govnnmcm




Note: Durability prediction  Early
requires information at all stage
length scales research

Definition of problems

 Time scales
« Structural complexity

Shorter time scale

« Low transport property barrier structure
- Higher structural complexity (e.g. new nuclear power
plants)
~ Lower structural complexity (e.p. Jow-level radioactive
waste isolation)

« Should remain crack-free. immune to usual
degradation processes over 100-300 year time
span

« Must also remain resistant to any other chemicals
that might be in the waste (e.g. WIR, spent fuel
pools)

» Prediction is not an easy problem




F)!

Longer time scale

 Longer time spans — concrete must continue
to function as physical and chemical
containment
~ Must avoid usual shorter-ierm degradation
processes
—~ There are ways to make progress on this (later)

— Prediction is even harder than in the shorter
time scale case

General problem of
cement-based materials

= Why is prediction difficult?

» Formation, properties, and degradation are hard 1o
compute for any time scale, using basic science,
since they all involve the complex interplay of:
= Chemistry
- Microstructure
- Micro-mechanics
- Cracks

Example: Formation

Hydration induces chemical
shrinkage (products take up Jess
space than reactants)

Chemical shrinkage results in air-
water menisci (self-desiccation)

Menisci induce tensile stresses
Tensile stresses induce cracking

O

(93}



| Example: Degradation

+ Alkali-silica attack — alkaline pore
solution reacts with amorphous silica
in aggregates, produces gel that can
swell and cause cracking in
aggrepates and cement paste

= Introduction of fibers near aggregate-
paste interfaces can reduce cracking
and change kinetics and products of
ASR reaction (Ostentag, Berkeley)

Examp]é: Cracking

» Predicting change in transport properties due to
cracks is possible, provided that the cracks can be
characterized spatially and topologically

+ Predicting the occurrence of cracking is harder,
much better 10 prevent in the first place
~ structural design
- concrete mix design
- proper curing

Alleviate cracking

+ Internal curing

» Supply water reservoirs inside the concrete, which
can be drawn on when local supply of water runs out

» One example — water tied up inside porous fine
apgrepates (sand)

2-D image with water
evacuatec
tegions (pores)
overiaid on
original morta’
microstructure
(4.6 mm by 4.6 mm)
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Mineral Admixtures

» A monkey wrench?

- fly ash, blast furnace slag, metakaolin, silica fume are
very common these days

= their reactions and interactions are not well-understood
« Used to deliver (usually successfully, if no
additional cracking) many things, including low
permeability, low heat of hydration
- tend to ameliorate usual degradation mechanisms
~ also tend to lower pH of pore solution, so trade-ofT with
cements containing no admixtures
* Internal curing probably more important with
mineral admixtures, as chemical shrinkage is greater
than with plain portland cement (Bentz, NIST)

Predicting durability/failure
from first principles

» Need to correctly predict:
- transport and reaction mechanisms
- interdependence of material microstructure and
properties (transport and mechanical) and how both
change with time

~ expected service environment
- relevant thenmodynamics

« Predictions must be accompanied by the results of
valid accelerated tests

NIST current capabilities in prediction

* Highlight is the VCCTL = Virtual Cement and
Concrete Testing Laboratory .

- use known physics, chemistry, and materials science to
develop predictive models of properties and performance

- role of experimental materials science
- role of computational materials science
~ focused mainly, for now, for predicting current properties

- intent is 1o be able to use for durability in the 50 year to
100 vear time frame

wn




GRACE @; VCCTL partners

Conumuchon oty

L7 = BASF Master

e oo comem, Busilders @ VerpnDouischrs Zemeninasie ol
Chemical admixtures D2) torscnumgunsitui oes Zementindusnirie

e n ]| AT

. avrsnnes
INTRRNATIONAL =
CXUIIE PO ABPTOATES 01 BLoBCH .

Agpregate manufacturers

W{ Ready-mixed
m concrete Cement manufacturers

i
Databases uild Microstructure
i e
Hydration Analysls
o, ) ——
Iransport Properties Rheology
[ AN N
>
Mechanical Properties Dsgm

Some current prediction capabilities

+ Hydration — microstructure formation —~
chemical interaction

* Rheology

< Micro-mechanics

* Transport

» Thermodyvnamics

+ Accelerated durability tests
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Cement hydration modeling approach

« Microstructure-based

- Spatial resolution at the sub-particle level using
small volume elements

Each volume element has properties
of the phase at that location in space

SEM/BSE lmage Cement characterization

X-ray
element
R maps are

i usedto
segment
image into
phases

3-D model particle structure Complete particle characterization

Change in models

 Current cement hydration model is rule-based
physical model but with rules based on chemistry
« Now working on a true chemo-physical model -
HydratiCA
« Note: working with admixture companies
- lots of experience with inorganic and organic chemicals
interfacing with cement chemistry :
~ applications to “dirty” cement?




HydratiCA Mesh Class

« Object-criented approach (C++) chonn prave s, past EEEAE
&liAlgorithms designed to model Condibon, mohae
reaction-transport equations condibons. Salabases

&'Mhird-generation hydration modef
<IReal kinetics

. Peghbors. volume, malensis.
Methods for K880 Bnd 1esChOn

H -4
fLiouid, Sokd, Gel, Crystal, Solute}

Methods lor malenai-especihc behawor

oncoded hete Reaction Database Class
10, feaciants, producs, moler
Base Material Class soichumerc cottioants.
schvaion enthaipy, baselne raie
1D, composibon, p, £, C,. M, log K_ porosity. conslnt :
mobikly, wiuel methods for Matensi-¢pecthc behswo
Jon Database Class
10, mol wi_ sedws, Intnsic dithusivity, chasge
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“A-void-ing” voids in new concrete

» Rheology — viscosity and yield stress
» Measure experimentally

Predict computationally

* Modern drive in rheological research in
concrete has been self-consolidating
concrete
~ ideal for heavily reinforced structures

Concrete rheology
Simulation and measurement

of the mixing, flow, and
consolidation process




.Micro-displacement in concrete

* Many different mechanisms:
~ Alkali-silica reaction (aggregate expands)
- Freeze-thaw (paste expands, sometimes aggrepate
expands)
~ Sulfate attack (paste expansion)
» Common to all mechanisms:

~ Tensile and compressive stresses are set up due to
differential expansion/shrinkage between phases

- Distribution of tensile stresses drive cracking

Finite element modeling at the
microstructural level

Probable crack directions (all 2ggregates expand)




Transport + reaction + degradation

» Transport via concrete pore solution — a nasty problem
~ High ionic strength
— High pH (10-14)
- Many chemical species
+ Full problem is coupled problem:
— Transport + reaction + degradation — chanpe in transport
properties via changes in microstructure
* Requires a physico-chemical approach: 4SIGHT

‘e

Concrete performance assessment

* 4SIGHT —trying hard to avoid empiricism
~ model of transport and reaction in concrete pore solution

~ fundamental physico-chemical treatment of concentrated
ionic solution

~ ¢an accommodate many ionic species
~ can predict onset of severe degradation
~ not 2 model of mechanical failure
- can be systematically extended to:

« radionuclide chemistry

= other species like boric acid

« surface complexation

Refs: KA. Smwder et al., Cem. Cone. Kes. 33, 793 (2003); KA. Sinder, Cone,

Sci. Eng, 3,216 (2001); KA. Sopder and J. Marchand, Cem, Cone, Res.
31,1837 2004, :

Thermodynamics

= A possible experimental approach for simulating
longer-term problems:
- determine. thermodynamically. what crystailine C-S-H
phases there will be at advanced ages ( > 10¢ years)
~ synthesize in Jaboratory and measure properties (¢.g..
binding of radionuclides)
- we are presently synthesizing some of these minerals
* Note: oil well cementing people work at high T
and P, where crystalline phases form instead of
metastable amorphous C-8-H — can we make use
of their experience?

10
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- Current “accclerated” durability tests

 Lots of standard durability tests
— most purport to be “accelerated” tests
- acceleration is totally empirical
 Typical test
— make bar and drop into bucket of concentrated “bad stuff”
- measure length change every so ofien '
~ after six months, do for another six months because answer
is not clear
- tepeat (endlessly)

Start of a more correct procedure

» Development of an accelerated sulfate
attack test (in collaboration with PCA)
- small samples and controlled environment
— factor of 3-5x time faster than old method

— still empirical acceleration but with SEM
investigation of mechanism of
chemical/microstructural attack

Sample size reduction and
microscopic investigation

Tt i - 2.
Y_Una’ama eday:
¥ AT A

Cement paste

11



The wéy forward for durability

Radionuclides and compounds like boric
acid should be handled in a similar way
— enumerate possible reactions

— use SEM to quantify microstructural effects of
degradation products .

- add binding chemistry measurements
— correctly accelerate degradation mechanisms
~ use small samples, high throughput .

Research needs

Further development of HydratiCA, add information
on ionic species of interest to radioactive waste
containment problems

Further development of 4SIGHT, eventual unification
of 4SIGHT and HydratiCA

Fundamental research needed on properly accelerating
correct degradation mechanisms

~ mechanistic research needed

~ research into complex chemistry of WIR applications
Experimental measurements on properties of cement
pastes composed of thermodynamic endpoints of
C-S-H. eveniual computational modeling

Summary

Combine

- prediction tools based on carefully characterized
materials and fundamental physics and chemistry and
thennodynamics

- materials-science based standards experiments using
small samples. controlled environment, acceleration of
correct mechanisms, crystalline *C-S-}H" fonns

Produce

— accurate predictions of the durability of cementitious
materials

- long tenm durability prediction for NRC

~ predictable durability for concrete industry

-





