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PREFACE

The Laboratory for Waste Management (LES) at the Paul Scherrer Institut (PSI) is

performing work to develop and test models as well as to acquire specific data relevant

to performance assessments of planned Swiss nuclear waste repositories. These

investigations are undertaken in close co-operation with, and with partial financial

support of, the National Co-operative for the Disposal of Radioactive Waste (NAGRA).

The present report is issued simultaneously as a PSI-Bericht and a NAGRA Technical

Report.
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ABSTRACT

In this report, the procedure and the results of an inverse modelling study on the

through-diffusion of tritiated water (HTO) and 22Na+-ions are presented using high-

porous hardened cement pastes with a water/cement ratio of 1.3 in the first stage of the

cement degradation.

For the analysis two alternative models were applied: 1) a diffusion model where a

possible sorption of the tracer was entirely neglected, and 2) a diffusion model with

linear sorption. The analysis of the through-diffusion phase allowed extracting values

for the effective diffusion coefficient (De) and the rock-capacity factor (a).

Both models could fit the breakthrough curves equally well, and also mass-balance

considerations did not allow to clearly preferring one of the two competing models to

the other. But blind-predictions for tracer out-diffusion using the best-fit parameter

values deduced from analysing the former through-diffusion phase gave a clear

indication that linear sorption had to be included in the diffusion model.

The extracted Kj values for HTO are in excellent agreement with values from batch

sorption experiments and are of the order of 0.8 • 10~3 m3/kg. Those for 22Na+ are of the

order of 1.0- 10"3 m3/kg and are by a factor of two larger than values from batch

sorption experiments. The values for the effective diffusion coefficients for HTO are of

the order of (2-3) • 10"10 m2/s, and those for sodium are roughly by a factor of two

smaller than values for HTO.

On the one hand, the observed tracer uptake could only partially be addressed to isotope

exchange; the most obvious process which could account for the remaining part of the

uptaken tracer mass is diffusion into a second type of porosity, the dead-end pores.

On the other hand, the results and conclusions drawn are encouraging for future

investigations; therefore no major deficiency concerning the applied equipment and the

modelling methodology could be detected. In the report, however, some suggestions for

new and improved experiments are made which could shed light on the tracer-

deposition mechanisms playing a crucial role in diffusion experiments using

cementitious materials.
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ZUSAMMENFASSUNG

In diesem Bericht werden das Vorgehen bei einer inversen Modellierung von

Durchdiffusionsexperimenten mit tritiertem Wasser und 22Na+-Ionen und deren

Resultate beschrieben. Als Diffusionsbarrieren wurden bei den Experimenten hoch-

poröse Zementscheiben in der ersten Degradationsphase mit einem Wasser/Zement-

Verhältnis von l .3 verwendet.

Bei der Analyse wurden zwei alternative Modelle angewendet: 1) ein Diffusionsmodell,

bei dem eine mögliche Sorption des Tracers vollkommen vernachlässigt wurde, und

2) ein Diffusionsmodell mit linearer Sorption. Die Analyse der Durchdiffusionsphase

erlaubte es, Werte für die effektive Diffusionskonstante (De) und den „rock-capacity-

factor" (a) zu bestimmen.

Beide Modelle konnten die Durchbruchskurven gleich gut fitten, und auch aufgrund von

Massenbilanz-Überlegungen konnte keinem der beiden konkurrenzierenden Modelle

eindeutig der Vorzug gegeben werden. Aber Voraussagen bezüglich der „Tracer-

Rückdiffusion", wofür die Best-Fit Parameterwerte verwendet wurden, die bei der

Analyse der vorangehenden Durchdiffusionsphase abgeleitet wurden, gaben klare

Hinweise dafür, dass lineare Sorption im Diffusionsmodell berücksichtigt werden muss.

Die Ä>Werte für HTO sind in ausgezeichneter Übereinstimmung mit Werten aus

Batch-Sorptionsexperimenten und sind in der Grössenordnung von 0.8 • 10"3 m3/kg.

Jene für 22Na+-sind in der Grössenordnung von l .0 • l O"3 m3/kg und sind damit um eine:i

Faktor zwei grosser als Werte aus Batch-Sorptionsexperimenten. Die Daten für die

effektiven Diffusionskoeffizienten für HTO sind in der Grössenordnung

(2-3)- 10"10m2/s, und jene für Natrium sind etwa um einen Faktor zwei kleiner als

Werte für HTO.

Einerseits konnte die beobachtete Traceraufnahme nur teilweise auf Isotopenaustausch

zurückgeführt werden; der offensichtlichste Prozess, der den verbliebenen Anteil der

aufgenommenen Tracermasse erklären kann, ist Diffusion in eine zweite Art von

Porosität, die sogenannten „Sackgass-Poren".

Andererseits sind die Resultate und Schlussfolgerungen ermutigend für zukünftige

Untersuchungen, denn es konnten keine wesentlichen Mängel bezüglich der

eingesetzten Apparatur und der Methodik für die Modellierung festgestellt werden.

Trotzdem werden im Bericht einige Vorschläge für neue und verbesserte Experimente

gemacht, welche Licht ins Dunkel der Traceraufnahme-Prozesse bringen könnten, die

bei der Diffusion durch zementhaltige Materialien eine entscheidende Rolle spielen.
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RESUME

Dans ce rapport, sont presentes la procedure et les resultats d'une etude par

modelisation inverse concernant la diffusion d'eau tritiee (HTO) et d'ions 22Na+ ä

travers des pastilles de ciment durcies hautement poreuses avec un rapport ciment/eau

de 1.3 et dans la premiere phase de degradation du ciment.

Pour 1'analyse, deux modeles alternatifs ont ete appliques: 1) un modele de diffusion oü

une possible sorption du traceur a ete entierement negligee et 2) un modele de diffusion

avec une sorption lineaire. L'analyse de la phase ayant servi ä la diffusion a permis

d'extraire des valeurs pour le coefficient de diffusion effectif (De) et le facteur de

capacite du mineral (ä).

Les deux modeles ont pu simuler aussi bien les courbes de diffusion et les

considerations d'equilibre des masses n'ont pas permis clairement de preferer un des

deux modeles en competition. Mais des previsions en aveugle pour la diffusion de

traceur dejä incorpore au ciment en utilisant les meilleurs parametres de 1'ajustement

deduits de 1'analyse de la diffusion "ä travers" ont donne de claires indications que la

sorption lineaire devait etre inclue dans le modele de diffusion.

Les valeurs de Kj extraites pour HTO sont en excellent accord avec les valeurs des

experiences de sorption en batch et sont de l'ordre de 0.8 • 10"3 nrVkg. Celles pour 22Na+

sont de l'ordre de 1.0 • 10"3 m3/kg et sont deux fois plus importantes que les valeurs des

experiences de sorption en batch. Les valeurs des coefficients de diffusion effectifs sont

pour HTO de l'ordre de (2-3) • 10"10 m2/s et pour le sodium grossierement deux fois plus

petits que pour HTO.

Premierement, 1'immobilisation du traceur observe a pu partiellement etre attribue a un

echange isotopique; le processus le plus evident qui pourrait rendre compte de la part

restante de la masse du traceur immobilise est la diffusion dans un second type de

porosite, les pores "impasse".

Deuxiemement, les resultats et les conclusions qui se dessinent sont encourageantes

pour des investigations futures; par consequent aucune deficience majeure concernant

1'equipement utilise et la methodologie de modelisation n'a pu etre detecte. Dans le

rapport, neanmoins, sont faites quelques suggestions pour des experiences nouvelles et

ameliorees qui pourraient elucider le mecanisme de deposition des traceurs qui joue un

role crucial dans les experiences de diffusion utilisant des materiaux cimentes.
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RIASSUNTO

In questo rapporto, si presentano procedura e risultati di uno studio di modellizzazione

inversa sulla diffusione di acqua triziata (HTO) e di ioni 22Na+ in cementi induriti,

altamente porosi, con rapporto acqua/cemento di 1.3 e al primo stadio di alterazione.

Per 1'analisi, due modelli sono stati applicati alternativamente: 1) un modello diffusivo

nel quale si ignora completamente il possibile assorbimento del tracciante, e 2) un

modello diffusivo tenente conto dell' assorbimento lineare. L' analisi della fase di

"through-diffusion" ha permesso di determinare i valori del coefficiente di diffusione

effettivo (Z>e) e il fattore di capacitä della roccia (a).

Entrambi i modelli riproducono appropriatamente i flussi di tracciante rilasciato dai

campioni di cemento, e neppure le considerazioni di bilancio di massa hanno permesso

di determinare quale dei due modelli in competizione sia piü adeguato. Tuttavia, calcoli

predittivi "alia cieca" sul flusso diffusivo del tracciante rilasciato dai campioni, basati

sui parametri "best-fit" dedotti dall' analisi dell' esperimento di "through-diffusion"

precedente, hanno chiaramente indicate ehe e necessario tener conto dell' assorbimento

lineare nel modello di diffusione.

I valori Kd estratti per 1' HTO sono in eccellente accordo con quelli ottenuti da
r\ fj

esperimenti di assorbimento "in batch" e sono nell' ordine di 0.8 • 10" m /kg. Quelli per
22Na+ sono nell1 ordine di 1.0 • 10"3 m3/kg e hanno valore doppio dei valori derivati da

esperimenti "in batch". I valori del coefficiente di diffusione effettivo per sono attorno

ai (2-3) • 10"10 m2/s per 1' HTO e per il sodio sono circa la metä.

Tuttavia, solo una parte dell' assorbimento di tracciante puö essere attribuito a reazioni

di scambio isotopico; il processo piü ovvio ehe potrebbe spiegare l' eccesso di tracciante

rimosso dalla fase acquosa e la diffusione in una seconda categoria di porositä,

caratterizzata da pori a fondo cieco.

In generale, i risultati e le conclusion! sono incoraggianti in vista di studi futuri e non si

e potuta identificare alcuna lacuna essenziale per quanto concerne il metodo di analisi

dei risultati e 1' equipaggiamento sperimentale utih'zzato. Nel presente documento si

suggeriscono tuttavia nuovi e piü sofisticati esperimenti ehe potrebbero far luce sui

meccanismi essenziali ehe determinano la deposizione del tracciante nel corso degli

esperimenti di diffusione con material! a base di cemento qui descritti.
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TIIVISTELMA

Tässä työssä esitetään käänteisen mallinnuksen menetelmä ja sillä saadut tulokset

tritioidun veden (HTO) ja 22Na+-ionien diffuusiosta runsashuokoisten kovettuneiden

sementtimassojen läpi. Vesi/sementti-suhde käytetyillä massoilla oli 1.3 ja sementin

rapautumista tarkasteltiin sen alkuvaiheessa.

Analyysi suoritettiin käyttäen kahta vaihtoehtoista mallia: 1) diffuusiomallia, jossa

merkkiaineen mahdollista sorptiota ei otettu lainkaan huomioon, ja 2) diffusiomallia,

jossa sorption oletettiin olevan lineaarista. Läpidiffuusiovaihetta analysoimalla voitiin

määrittää arvot efektiiviselle diffuusiokertoimelle (De) ja kallion kapasiteettitekijälle

(a).

Kummallakin mallilla voitiin sovittaa läpitulokäyrät yhtä hyvin, eikä massatasetarkaste

luidenkaan perusteella voitu selvästi asettaa kumpaakaan mallivaihtoehdoista etusijalle.

Etukäteismallinnuksen tulokset merkkiaineen diffundoitumisesta näytteestä ulos, kun

parametriarvoina käytettiin aiemman vaiheen läpidiffuusiokokeen parhaan sovituksen

arvoja, antoivat kuitenkin selvän viitteen siitä, että üneaarinen sorptio oli sisällytettävä

diffuusiomalliin.

Saadut -K^-arvot HTOrlle sopivat erinomaisesti yhteen batch-sorptiokokeissa saatujen

arvojen kanssa ja ovat suuruudeltaan luokkaa 0.8 • 10"3 m3/kg. Saadut arvot 22Na+-
"\ 1

ioneille ovat luokkaa 1.0 • 10" m /kg ja ovat kertoimella kaksi nun suuria kuin batch-

sorptiokokeista saadut arvot. Efektiivisen diffuusiokertoimen arvot HTO:lle ovat

luokkaa (2-3) • 10"10 m2/s, ja natriumille ne ovat karkeasti tekijällä kaksi pienempiä kuin

HTO:n arvot.

Toisaalta havaittu merkkiaineen kerääntyminen näytteeseen voitiin vain osittain liittää

isotooppivaihtoon; kaikkein todennäköisin prosessi, jonka avulla voitiin selittää

näytteeseen kerääntyneen merkkiaineen määrän loppuosa, on diffuusio toisen

tyyppiseen huokoisuuteen, umpiperäisiin huokosiin.

Toisaalta taas tulokset ja vedetyt johtopäätökset ovat rohkaisevia ajatellen tulevia

tutkimuksia; mitään suurempia käytetyn laitteiston tai mallinnusmenetelmien puutteita

ei voitu havaita. Raportissa esitetään kuitenkin joitakin ehdotuksia uusista ja

parannetuista kokeista, jotka selventäisivät merkkiaineen keräytymisen mekanismeja,

jotka ovat merkittäviä sementtiperäisissä aineissa tehtävissä diffuusiokokeissa.
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1. INTRODUCTION AND AIMS OF THE PRESENT STUDY

A future repository for low- and intermediate-level radioactive waste in Switzerland

will consist of approximately 95% of cement-containing materials. Concrete and mortar

will be used for the solidification of the radioactive waste in the drums and containers,

as backfill in the intermediate space between containers and tunnels and as construction

material for the repository. Therefore, cementitious materials will play an important role

as physical and chemical barrier for the migration of dissolved radionuclides from the

repository into the geosphere. A well-based understanding of the most relevant

processes such as, e.g., alteration and degradation of the cement phases, long-term

changes in the chemistry of the groundwater, but also adsorption, diffusion and porosity

properties etc. of the cementitious materials are crucial for a trustworthy prediction of

the future evolution of a repository for radioactive waste and the forthcoming release of

radionuclides. Hence, modelling the transport of radionuclides through cementitious

materials is one of the main components of a safety assessment study for such a

repository. Due to the low permeability and the absence of fractures diffusion is

assumed to be the major transport mechanism for migrating radionuclides through

cementitious barriers.

In the past, a first series of through-diffusion experiments on hardened cement paste

(HCP) was carried out at the Laboratory for Waste Management - LES (SAROTT et al.,

1992; JAKOB et al., 1999), and an attempt to model these diffusion data using various

diffusion/sorption models was made. However, the resulting Kj values were in some

cases inconsistent with Kj values obtained from independent static batch sorption tests.

Moreover, all models applied

1) failed to correctly reproduce the deposited tracer mass in the HCP for

most of the tracers used and

2) they also failed to predict the correct time behaviour of the out-

diffusion experiments for nickel as tracer.

The reasons for these modelling problems are not fully understood at present. A careful

re-evaluation of the diffusion experiments showed that the experimental set-up could be

improved considerably at different points. Furthermore, recent detailed studies of

cement equilibria yielded that the cement pore water used in the previous diffusion

experiments was not completely in equilibrium with the cement rock and thus was

resulting in the partial dissolution of some cement phases and the precipitation of new

phases.
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Based on these conclusions some suggestions for future investigations were made by

JAKOB et al. (1999) and TITS et al. (1999) to perform a series of experiments under

exactly the same conditions using an improved design of the diffusion cell. In order to

achieve an increased understanding of diffusion/sorption systems and to resolve the

open questions concerning the mechanisms for tracer deposition in the HCP, new

experiments were made using tritiated water HTO and 22Na+-ions as tracers. Previous

batch sorption experiments revealed that both tracers showed only a very weak

interaction with the cement phases. The resulting Kj values derived from these

experiments were:

for HTO: (Kd ± AKd) = (0.8 ± 0.2) • 10'3 m3 kg'1 and

for 22Na+: (Kd ± AKd) = (0.5 + 0.1) • 10'3 m3 kg'1.

Hence, both tracers were considered to be good candidates for a simplified experiment

which would result in modelling conclusions consistent to all observations: to those of

static batch as well as to those of dynamic through- and out-diffusion experiments. In

the case of successful results the outcome of these experiments will be considered a

starting point for future investigations using moderately and stronger sorbing tracers

and - at a later stage - reactive tracers such as nickel and technetium.
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2. THE EXPERIMENTS

The equipment which was used for the through-diffusion experiments with weakly-

sorbing tracers is an improved version of the diffusion cell used in previous studies

(SAROTT et al., 1992; JAKOB et al., 1999).

A B

©

©
©

©

©

Figure 1: Schematic representation of the apparatus for performing through-diffusion experiments in
triplicate; taken from TITS et al. (1999) and TITS et al. (accepted for publication in Journal of
Contaminant Hydrology).

A ... View of the front side. B ... View on the top.

Legend: ® ... Reservoir with the traced solution;
® ... Secondary compartment;
© ... Overflow of the traced solution;
© ... Stirrer.

... Primary compartment;

... Hardened cement paste;

... Pump;

Further details about the equipment, the handling and the measurements can be found in

TITS et al. (in preparation). The table below shows some parameter values, which are

important for the subsequent analysis of the experiments.
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Quantity

Thickness of the hardened cement pastes (HCP's) L
Diameter of the hardened cement paste
Diffusion-accessible surface of one HCP

Sample (connected) porosity s
Dry bulk density ( = (l-£)p )
Volume of the primary compartment
Volume of one secondary compartment

Units

cm
cm
cm2

kgm'3

ml
ml

Value

1.00 ±0.01
4.1+0.1
13.2 ±0.1

0.63 + 0.05
777 ± 10
554 ±5

101.0 ±0.6

Table 1: Some geometrical aspects of the hardened cement pastes (HCP's), the diffusion
cells, the values for the porosity and the dry bulk density, (pis the dry solid
phase density. Values are given with one standard deviation.)

The through-diffusion tests were done in triplicate as described in TITS et äl. (in

preparation). Both the solutions in the primary and the secondary compartment were

sampled regularly according to the results of the scoping calculations described in TITS

et al. (1999). During this sampling, the secondary compartment was emptied completely

via a valve on the bottom of the compartment, and several aliquots of the solution were

analysed to determine the tracer concentration. The solution in the secondary

compartment was replaced by exactly the same volume of fresh, equilibrated artificial

cement porewater, and the level of the solution in the secondary compartment had to be

accurately the same as the level of the source solution in the primary compartment in

order to avoid an additional driving force for the migration of radionuclides caused by a

pressure gradient. Possible differences in the height of the liquid level had to be always

smaller than 1 mm *. The solution in the primary compartment was sampled by taking

out 2 ml of solution and replacing it by 2 ml of fresh traced solution from the reservoir.

A possible difference in the heights of the liquid in the high concentration reservoir and in the
measurement with a value of Ah = 1 mm will cause an additional advective tracer flux
jaA, [mol m"2 s"1)] through the samples which is:

, _ v c _ _ c
Jadv — V 0 ~ £ *-0 - £ L '

Vf [m/s] is the (averaged) water velocity through the samples; VD [m/s] the specific discharge or Darcy
velocity; CQ [mol/m3] the concentration in the primary compartment (for simplicity reason, the
concentration in the secondary compartment is assumed to be zero); and K [m/s] is the hydraulic
conductivity, £ [-] the connected porosity of the cementitious material, and L (m) the thickness of the
cement disk.
Assuming a reasonable value for the hydraulic conductivity which is of the order of 2 • 10"'° m/s
(value taken from JAKOB et al. 1999) and a value of 34.1 - 10"8 mol/m3 for C0 (averaged reservoir
concentration for HTO) we arrive at an additional tracer flux of the order of ]„&, = 1.1 • 10"17

mol m"2 s"1). Such an additional tracer flux is indeed smaller by at least a factor of fifty to the steady-
state value of the diffusive flux so that such differences in the liquid levels may play only a minor role
even in the very early parts of the tracer breakthrough curve.
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After having reached a steady state through-diffusive flux the traced solution in the

primary compartment was quickly pumped out and all three sample holders were then

connected each to a further secondary compartment. These cavities were then filled with

tracer-free equilibrated artificial cement porewater and thus, the out-diffusion of the

tracer from the hardened cement pastes (HCP's) was initialised.

Out-diffusion

Hardened cement paste

Secondary compartment Secondary compartment

Figure 2: Sketch of a cross-section through the apparatus for the out-diffusion experiments.

Again, differences between the liquid levels within the compartments had to be smaller

than 1 mm in order to avoid an additional driving force due to a pressure gradient. The

solutions within all six compartments were replaced periodically by fresh artificial

cement porewater and analysed for their tracer concentration according to the results of

former scoping calculations, which are fully documented in TITS et al. (1999). Further

details concerning the experimental procedure and the evaluation of the measurements

can be found in TITS et al. (in preparation).

The particular method using the samples loaded with tracer from the previous
through-diffusion phase is novel allowing measuring independent values for the
diffusive tracer flux differing at both boundaries. Hence, various independent data
could be used for the subsequent inverse modelling in order to extract values for
the effective diffusion coefficient and for a possible tracer's sorption capacity.
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3. THE MODELLING

Molecular diffusion of a tracer is driven by the concentration (activity) gradient existing

between the primary and secondary compartment; and parameter values for diffusion

and adsorption are deduced with the help of an appropriate transport/sorption model.

From the modelling values for the transport parameters such as, e.g., the effective

diffusion coefficient De = £-Dp, and parameter values for further retarding mechanisms,

such as sorption, can be extracted whenever possible, before the through-diffusion

experiments have reached steady-state (i.e. near constant nuclide flux through the HCP).

From the shape of the out-diffusion curves information can be obtained about the initial

tracer distribution in the cement matrix at steady state and, eventually, about the

reversibility of the tracer sorption in the cement.

3.1 The formalism for through-diffusion

The migration of radionuclides through a hardened cement paste saturated with pore

water is assumed to be dominated only by molecular diffusion due to the low

permeability and the absence of fractures. Radionuclides inside the hardened cement

paste are transferred by molecular diffusion through interstitial water to the surface of

the sample and then released to the water on the reservoir sides. It is assumed that the

hardened cement pastes are homogeneous and isotropic with regard to the transport

properties and that the tracer concentration gradient across the samples is homogeneous

as well. Therefore, tracer through-diffusion may be well described by a one-dimensional

single porosity medium model; and the diffusion coefficient is assumed to be constant

in space and time and furthermore - for simplicity's sake - independent of the tracer

concentration. Based on these assumptions it is concluded that the flux of a tracer

through a porous medium is dependent on the following mechanisms:

• molecular diffusion in the aqueous phase and

• sorption processes on the solid phase surfaces,

and on the geometrical aspects such as:

• the pore constrictivity and

• the tortuosity of the hardened cement paste.
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In order to arrive at an adequate description of the diffusion/sorption problem one has to

solve the diffusion equation with appropriate initial and boundary conditions consistent

to the experiments.

Based on mass-balance considerations for a representative elementary volume and for

stable tracers, diffusion is expressed by Pick's second law:

(I)

In this equation t [s] is the time, C [mol/m3] the concentration in the mobile phase, e [-]

the connected porosity of the cementitious material, p [kg/m3] the solid density of the

diffusion barrier, 5 [mol/kg] the amount of tracer absorbed onto the solid phase per unit

mass of porous medium, Dp [m2/s] the pore diffusion coefficient, and x [m] the spatial

co-ordinate. Dp is, in general, a second-rank tensor for the effective diffusion in a

porous medium and includes the effects of tortuosity and constrictivity. However,

dealing with an isotropic porous medium the tensor is reduced to a scalar.

For possible sorption processes for simplicity S = f ( C ) is assumed, where

/(C) = KdC denotes a linear sorption isotherm and Kd [m3/kg] is the linear sorption

equilibrium distribution coefficient. For linearly sorbing or even conservative tracers,

such as tritiated water and sodium ions being considered, the transport equation (1) is

simplified to:

dt~ a dx2 (2)

In this equation De [m
2/s] is the effective diffusion constant (De = &DP) and

cc=£+(l — £)pKd [-] denotes the rock capacity factor and accounts for linear sorption

processes. For conservative tracers a degenerates to the connected porosity of the

hardened cement pastes. The transport equation has to be solved with appropriate initial

and boundary conditions according to the problem at hand. The initial condition is:

C<XO = 0 *e[0,L] , f < 0 , (3)

meaning that the cement pastes are originally free of tracer. Suitable boundary

conditions are:
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C(0,0 = C0« const. , r > 0
C(L,0«0 , r > 0

(4)

(5)

where L [m] is the thickness of the planar diffusion barriers.

There is an analytical solution known for this type of diffusion problem. According to

equation (4.16) on page 47 of CRANK (1975) or equation (1) on page 100 of

CARSLAW and JAEGER (1959) the solution of the diffusion problem with constant

boundary conditions is given by the following expression:

(6)1 > — exp \-n"
L (XL2

Proceeding from equation (6) one can get values for the diffusive flux j(x,t) across the

upper and the down-stream boundary. For the tracer flux ji across the boundary at the

low-concentration side at x - L the following expression is obtained:

ac
x=L

l + 2]T(-)"exp -nV
n=l

(7)

At short times there is a transient behaviour of the system while the porosity comes into

contact with the diffusing solute and while the concentrations in the liquid and on the

solid phase come into equilibrium. Later, a linear concentration gradient becomes

established in the sample according to the leading term of equation (7), and the

diffusion is in steady state with a constant flux, which is equal to

(8)

This latter quantity is independent of retarding mechanisms such as sorption, and in the

steady-state limit both fluxes - jo, the diffusive flux across the upper boundary at x = 0

and jL - become equal to each other. (Note: At t = 0 the flux j0 becomes infinite.) By

time-integration of the expression for the flux one obtains the time-dependent values for

the total diffused mass across the down-stream boundary according to:
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L

aL2

60 aL2

(9)

In these expressions F [m2] is the total cross-sectional area of the hardened cement

pastes. The difference between mo(t\ the total diffused tracer mass which has entered

the hardened cement pastes (HCP) at x = 0, and miff) is the amount of tracer present in

the HCP mc(t), either in the liquid or adsorbed onto inner surfaces of the connected pore

space. In the experiment rao(0 is determined periodically by simply measuring the

remaining tracer activity in the reservoir. Assuming a linear concentration profile

according to

C(x) = C0(l~-) with
dC

dx
C±
L

(10)

high-concentration side low-concentration side

Figure 3: Sketch of a cross-section through the
diffusion cell and a hardened cement
paste. The solid line across the
sample represents the linear tracer
concentration profile according to
equation (10) after reaching the
steady state.

x = 0

across the HCP, in steady state a value for me (f) can be calculated with the help of the

following expression:

mc (steady state) = (11)
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3.2 The formalism for out-diffusion

For the out-diffusion of radionuclides the same basic assumptions as for through-

diffusion are assumed (see page off).

The flux j [mol m"2 s"1] at the interface at x = 0, L is described by Pick's first law:

j=-De-VC = -De
dC

(12)

where VC is the concentration gradient. If the through-diffusion process is in steady

state - meaning constant (equal) flux in time across both boundaries - and assuming a

homogeneous sample, then the concentration gradient within the HCP should be a linear

function of space according to equation (10); hence, the steady-state flux jL<ss is given

by

A,,,=A-^ - (13)

To model out-diffusion after a through-diffusion phase one has again to solve the ID-

diffusion equation with an initial tracer distribution according to equation (10).

The corresponding boundary conditions are as follows:

C(0,t)=C(L,t) = 0 ;t>0 . (14)

To obtain a solution I consider the Fourier sine (Fourier cosine) transformed of C(x,t):

L

FS(C)= JC(*,Osin \nz— \dx , (15)
o \ LJ
L s \

FC(C)= CUOcos Utf- \dx . (16)
o

Taking into account the boundary conditions for the partial derivatives one gets:

a)
o - v L) dti ^ L,
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{
j

•» ' / • -^ l— sin n n— \dx = —
dx l L)

y<(C) , (18)

and

b)
dx2 sin \f ;cK <?C(x,f) . f *\nn — \dx = - sin \nn—

*J dx

-(—Tu j
L J^

cos r *Lnn—\dx
v -^y

For the partial differential equation (2), in the Fourier domain one gets

dt L a

(19)

(20)

The solution of this ordinary differential equation is:

o f * '* •^^/j ^:^exp - — -s-
( V ̂  ) a

(21)

with an integration constant A which has to be fixed with the help of the initial

condition. Therefore, one also has to Fourier-sine transform the initial condition (10)

sin HÄ-— \dx = Cn
nn

(22)

Hence, equation (21) becomes:

nn
(23)

The inverse transformation of equation (23) yields the requested solution for the tracer

concentration in the pore water within the hardened cement paste:
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n=\ mt
(24)

Figure 4: Normalised tracer concentration
profiles in the pore water in a cross-
section of a disk-like cementitious
sample considered to be a
homogeneous and Isotropie porous
medium at different times to < t\ < t2

< ... . Starting with a linear
concentration profile according to
equation (10) the distribution rapidly
decreases and becomes symmetrical
(from top to bottom).

As can be seen in the figure above, close to x = L the slope is nearly constant for a

certain time period. Hence, the diffusive flux, which is proportional to the value of the

slope, should not change much for a certain time span. After this time interval, due to

the symmetric tracer profile within the sample, the absolute value for the diffusive flux

at x = 0 should asymptotically approach that atx = L.

The spatial derivative of equation (24) is proportional to the flux, hence

^C(,,0 l|y
U T- S idx n=l

(25)

Therefore, the absolute value of the diffusive flux at both boundaries is given by:

n=l

and at x - L:

(26)

)tr
L) °~ *. (27)

n=l

^ For t = 0 the initial condition is obtained (V sin(Kv)= ^ • v = x—), and for x = 0, L the
t-i „ ^ J' 9 ' /„=i n z. L,

boundary conditions are fulfilled.
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At the beginning, at t —» 0, the flux at x = 0 is infinitely large, and at x = L it is equal to

JL.S.S.- In the limit t —» oo the ratio of these two fluxes becomes

(28)

S
•3
£ JL,s.S.

I

Flux at x = 0
Flux at x = L

10log(Time)

Figure 5: The tracer fluxes |/o| and y'L as a function
of time in a log-log representation.
Note: 7i.j.j. is the steady-state flux at
x = L of the preceding through-
diffusion phase.

The amount of mass m(x,t) which has (out-)diffused within the sample at position x is:

m(x,t) -. nn— (29)

where F [m2] is the cross-sectional area of the HCP accessible for diffusion. At the

boundaries, at x = 0 one gets:

1 1 L a (30)

and at x = L:

1 °° ( \n1 | V (~} - U; «
12 tr/iV (3D

* It holds: -"*) and
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In the limit t —> °° the amount of out-diffused tracer is:

FLC
at* = 0: m (0,f-»«>) = u-a , (32)

FLC
andat* = L: m (L, t -» oo) = 2.or ; (33)

hence, for the ratio one obtains:

lim "(0.0 =2 (34)

~~m(L,0 ' ( }

meaning that in the asymptotic time limit 2/3 of the total out-diffused mass pass the

sample's boundary at x = 0 and 1/3 that at x = L. The total tracer mass present in the

hardened cement paste at the beginning of the out-diffusion phase is mc (see equation

11) assuming linear sorption of the tracer onto the cement phases.
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4. THE ANALYSIS

4.1 The numerics and error considerations

Equation (2) has been solved "analytically" according to equation (7) or alternatively

(for code-verification purposes) with the help of the subroutine "MOLCH/DMOLCH"

of the MSL/MATH-library (IMSL, 1989). With "MOLCH/DMOLCH" a system of

coupled second-order partial differential equations can be solved with an arbitrary initial

condition and mixed von Neumann/Dirichlet boundary conditions using the method of

lines. Li this package cubic Hermite polynomials are used for the spatial approximation

and Gear's stiff method for the time integration. The output of "MOLCH/DMOLCH"

represents the time-history of the flux j(x = L,t). This is substituted into equation (9)

and numerically integrated with the help of the simple Simpson's rule to arrive at

mL(L,t). However, jL(L,t)) is used in both cases as the basis for a regression algorithm

for the measured flux data with (De,a (Kd)) as regression parameters t,*. In practice I

have taken the parameters as such neglecting the fact that they have not the same order

of magnitude. To avoid this one could have used logarithms; however, the effect of such

a procedure on the best-fit values was not investigated. Assuming that the model

represents the most relevant physical processes quite well, for the fitting procedure the

modified Levenberg-Marquardt method is used by minimising the j2-merit function

with the help of the IMSL/STAT-library function "RNLIN/DRNLIN".

The %~ -merit function is defined by

M _

' ' ' (35)

By inverse modelling of the steady-state through-diffusion phase a value for the effective diffusion
coefficient De can be determined independently of former uptake mechanisms such as sorption. Analysing
the transient phase of the tracer breakthrough curve allows fitting a second independent parameter, the
rock-capacity factor a. However, necessary conditions for such a procedure are that De and a are constant
in time and space and independent on the tracer concentration in the mobile phase.

In principle, the time history of the tracer mass taken up by the specimen could be fitted instead and
then the breakthrough curve used as a test for a given model. However, such a procedure is not
appropriate, because the process of tracer deposition may - in fact - also include precipitation and
dissolution reactions, which are certainly not part of the mentioned formalism. In addition, the
deposited tracer mass is a cumulative quantity (proportional to the difference of the time integrals over
the diffusive flux at both boundaries) covering finer details of a possible deposition process.



PSI-Bericht 02-21 16

where j; is the time history of the diffusive flux measured at M time points ?,• = 1, 2, ...,

M. Each of these data is associated with a total statistical error § characterised by the

standard deviation cr . y'L(L,/;) is the tracer flux at the down-stream side of the HCP at

z = L calculated from equation (7). The variance of the fit s2 is given by

(36)

where the factor v = (M - ri) is the degree of freedom of the fit and n is the number of

freely adjustable parameters of a particular model.

(37)

is the weighted average of the individual variances a2 of the measurements, and %2
V is

the reduced chi-square. %2
V or s2 respectively, are characteristic for both the dispersion

of the data around the mean and the accuracy of the fit. If the fitting function is an

appropriate representation of the measurements, then %2
V should be approximately

unity; if the fitting function is not appropriate, then %2
V will be significantly greater

than 1 . However, a comparison of the %2
V values only yields a measure of the relative

goodness-of-fit of competing models based - of course - on the same set of experimental

data.

The Hessian matrix A is defined by

•j2 2

, i,; =1,2, . . . , n , (38)

which is the second derivative matrix of the ^-merit function at any p , where p is a

vector containing the n fit parameters of the model. The inverse of A is proportional to

C, the covariance matrix of the standard errors in the fitted parameters p , hence

. (39)

All the measurement errors are considered to be independent as well as random and as normally
distributed around the expected value.
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The standard errors <jp of the regression parameters are related to the diagonal

elements of C by

' (40)

and the correlation matrix R is then given by

(41)

Rij, with numbers between -1 and 1, is the correlation coefficient expressing the degree

of association between the uncertainties of two regression parameters. If both

parameters are independent, then their covariance is zero; hence, Ry is also zero. A

positive value for /f,y indicates that both errors of the parameters /?, and PJ are correlated

and have the same sign; a negative value indicates that the errors of the parameters are

anti correlated and have opposite signs.

It is important to apply the fitting procedure several (10 - 20 - ...) times using
different starting values for the fit parameters in order to ensure that the global
minimum of the %2 -merit function has finally been located.
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4.2 The analysis of the breakthrough data

The measured breakthrough curves were fitted to the right-hand side of equation (7)

applying the procedure outlined in the previous subsection. In addition, based on the

best-fit parameter values mass-balance considerations were made in order to gain values

for the deposited tracer mass in the hardened cement pastes. These values were then

compared with measurements for model justification. As a further test for the predictive

quality of the models blind predictions for the out-diffusion phase according to

equations (26) and (27) were performed applying the best-fit parameter values from the

former through-diffusion phase. The extracted KJ values for sorption were then

compared with Rd values ** from static batch-sorption experiments. Finally, some

considerations concerning the nature of the uptake mechanism were made. Rough

estimates in terms of the only possible tracer deposition mechanism - isotope

exchange - clearly showed that for both tracers an additional process such as diffusion

into dead-end pores has to be taken into account for explaining the observed tracer

retardation.

4.2.1 Modelling the HTO-breakthrough curves

The following figure shows the measured concentration of HTO in the primary

compartment versus time. A decrease in Co was due to diffusion through the HCP's and

a possible uptake by the solid phases. If the concentration dropped by 5 - 10 % of its

initial value, the tracer content was adjusted by equilibration of both, the reservoir

concentration and that of the primary compartment (for details see UTS et al., in

preparation). Due to these rather small differences of the concentration of the traced

solution in the primary compartment I chose a constant boundary condition for the

subsequent modelling (see sub-section 3.1). The weighted average for these eight data

points in the interval of 0 - 507 hours is

C0 ± AC0 = (3.48 ± 0.02) • 10"7 molAn3 ,

Note that Rd determined in batch sorption experiments is defined as the ratio SIC where S is the
amount of tracer absorbed onto the solid phase per unit mass of solid phase and C is the amount of
tracer in solution per unit volume of solution. However, Kd is defined as dS/dC and is therefore a
model dependent quantity. In the case where sorption is described by a linear isotherm formalism
according to S - Kd C, Rd = Kd holds.
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and this constant value is used for the inverse modelling for the upper boundary.

Although there were also small concentration variations in the measurement cells, they

were not taken into account in the modelling and - as already outlined in sub-section

3.1 - a constant zero concentration boundary condition was assumed instead.

4.0E-007 •

3.8E-007 -

3.6E-007-

3.4E-007 -

3.2E-007 -

3.0E-007 -

HTO - concentration
weighted average

1 • • ' I ' ' ' ' I ' • • • I •
100 200 300

Time [hour]

Figure 6: Measured reservoir concentration of
tritiated water (HTO) versus time.
The error bars represent one standard
deviation. The horizontal solid line is
the weighted averaged value in the
interval of 0 - 507 hours as it was
used for the subsequent inverse
modelling. The broken lines
represent the la-error of the
weighted average.

400 500

In a first attempt I tried to fit the data with a pure diffusion model where sorption was

entirely neglected. The quality of the fits was quite good, both for the transient part as

well as for the steady state part of the diffusion profiles. For the second specimen the

last point was excluded from the analysis, because it is considered to be an outlier (see

Figure 7).

For the second model with linear sorption the first data point had to be excluded.

Otherwise very similar results as in the non-sorbing case would have been obtained.

The reason for excluding the first data point is as follows: A general observation is that

a model with homogeneous transport parameters is not able to fit the very early part of

the transient phase. JOHANSSON et al., 2000, analysing through-diffusion experiments

using pieces of granitic rock from the Äspö area in Sweden, also made such an

observation. Their explanation was that heterogeneities with regard to the

interconnected pore space play an important role during the transient phase and

therefore have to be considered in the modelling. By applying either - at least - a two-

pathway diffusion model (but with - roughly - twice as much as free fit-parameters) or a

model with an underlying porosity distribution the early tracer breakthrough could

correctly be observed.

Due to the lack of appropriate data concerning the connected porosity distribution of the

hardened cement pastes and the intention to stay as simple as possible in the modelling I
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consequently excluded the first data point from the fitting procedure. Such a decision

was corroborated by the subsequent prediction of the out-diffusion phase where the

best-fit parameter values from the former through-diffusion phase were used. In contrast

to the first model where sorption was neglected at all a distinct improvement in the

prediction could be recognised for the model with linear sorption (see the following

Figure 8). Including or excluding the first data point in the frame of the diffusion/no-

sorption model did not result in different best-fit values for De. This is due to the fact

that the value for De is mainly determined by the steady-state part and not by the

transient part of the breakthrough curve. However, for the reason of consistency I also

excluded the first data point for the diffusion/no-sorption model.

Numerical results and interpretation

In Table 2 the best-fit parameter values for HTO as tracer and for both models are

compiled. For comparison purposes in the last line a single Rj value originating from

batch sorption experiments (TITS et al., in preparation) is also presented. As can be

seen, their value is in excellent agreement with the Kj values from the model with linear

sorption.

Due to the relatively large errors for Kj those for the rock capacity factors a are larger,

too. The large errors for Kj are due to the fact that only a few measurements from the

transient phase were available for the fitting-procedure, whereas most of the data were

determined in the steady-state phase with small variations of the data around their mean,

so that only high-precision values for the effective diffusion coefficient De could be

extracted. From the steady-state part of a breakthrough curve only a value for De can be

determined; the nature of the uptake mechanism(s) and corresponding parameter values

can be deduced with good precision only from the rising edge. Hence, with regard to
new experiments it is strongly recommended to measure the diffusive tracer flux
more carefully in that period where the system is rapidly evolving.
From mass-balance considerations values for the deposited tracer mass mc?mb in the

cement pastes can be deduced. Moreover, from the out-diffusion phase further values

for the total amount of up taken HTO by the cementitious material - being present either

in the liquid of the connected pore space or taken up by the solid phases - could be

determined (for further details see TITS et al., in preparation). Using the best-fit

parameter values from the analyses of the former HTO through-diffusion phase, values

for the tracer deposition in the cementitious material mc,flt can be calculated based on the
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formalism of subsection 3.2, especially using equations (30) and (31). In Table 2 all the

data for mc for all three cement pastes (HCP's) and both modelling approaches are

compiled.

To estimate the amount of tracer being present in the HCP's at a given time point one

has to subtract the amount of HTO which has passed the down-stream boundary from

that which has diffused into the cementitious material. This means, one has to

repeatedly subtract values for the activity of the traced solution in the primary

compartment (high-concentration side) and for that in the measurement cell.

- m

JV

•*s
. n=l

Jo\
'„+'»-1

'V

•Hs (A>,n-l A),«) ^L,n

(42)

The difference between the actual activity and that from the previous measurement in

the primary compartment is, according to equation (42), approximately the tracer mass

having diffused into the HCP's within the time interval. Due to the relatively large

volumes of the primary compartment and the reservoir (in order to guarantee a more or

less constant boundary condition) both values have nearly the same size resulting in

small numbers but with large uncertainties. Hence, it is difficult to draw trustworthy

conclusions from the few values for mc,m\3- However, for stronger interacting tracers this

might be different (see JAKOB et al. (1999)).

In equation (42) F is the total cross-sectional area for diffusion, and AQ and AL are

activities in the primary compartment and in the measurement cell, respectively. The

quantity ß is a conversion factor for the transformation of activities to masses and is for

tritium: ß= 9.316(5) • 10"16 [mol/Bq]. Note: The averaged fluxes 70 and 71. in the time

interval (tn - f„_i) are determined to be those of the arithmetic mean of the time interval

limits.

As outlined, out-diffusion might be a crucial test for the initial condition, hence, for the

tracer distribution at the end of the through-diffusion phase and hence, for the

underlying model for describing through-diffusion. In addition, the total out-diffused
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tracer mass mc<oM allows a comparison with the calculated uptake using the best-fit

parameter values from the analysis of the former through-diffusion phase. As can be

seen in the Table 2, the model where sorption is neglected yields too small values for

tracer deposition in the HCP's and somehow remains in contradiction to the

observations. The alternative model with linear sorption calculates higher values than

the measurements. Based on these values alone further conclusions concerning the finer

details of the uptake mechanisms cannot be drawn. However, due to the good agreement

between predicted tracer breakthrough in the out-diffusion phase for the model with

linear sorption using the best-fit parameter values from modelling through-diffusion

breakthrough, and due to the excellent coincidence in the Kj values from the

diffusion/linear sorption model and batch sorption experiments I am definitely in favour

of this modelt.

Parameter Units Diskl
No sorption

Disk 2 Disk 3
Linear sorption

Disk 1 Disk 2 Disk 3

(De±ADe)- 10 10

a±Aa
(mc±Amc)Rt-l0

13

mV
m3 kg1

mol

2.72 + 0.08
0

0.63 ±0.05
14.3 ± 1.7

2.84 + 0.08
0

0.63 ±0.05
14.3 + 1.7

2.74 ±0.09
0

0.63 ±0.05
14.3 ±1.7

2.88 + 0.06 3.00 + 0.06 2.91 ±0.06
0.812 ±0.132 0.808 ±0.130 0.817 + 0.139

1.26 + 0.12 1.26 + 0.12 1.26 ±0.12
28.7 + 3.8 28.7 ±3.8 28.7 ±3.8

Table 2: Best-fit parameter values ̂  for disks 1-3 using tritiated water (HTO) as tracer and for two
competing models where sorption processes are either entirely neglected or taken into account
in terms of a linear sorption isotherm formalism. The calculated values for the deposited tracer
mass mc in the specimens (sub-script: fit) are based on the best-fit parameter values and
compared with experimental data from the out-diffusion phase (subscript: out) and with data
from mass-balance considerations (sub-script: mb) in the shaded area. For comparison
purposes in the last line also a Rd value from batch sorption experiments is presented.

The best-fit data for all three samples are very similar, illustrating - from a modelling

point of view - the high reproducibility of the through-diffusion experiment.

The first measured data point of the out-diffusion phase may be an artefact, because the traced
solution and the reservoir cell were replaced shortly before and, hence, the system was uncontrolledly
disturbed.
With regard to the last few measurements we would like to point out that their specific activity was
only slightly above the natural background and, hence, these measurements are more uncertain than
the previous ones.

For comparison purposes three digits are specified for some parameter values. However, only two
digits are considered significant.
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A non-zero Kd value for tritiated water has to be interpreted, despite its excellent

agreement with the Rd value from batch sorption experiments. There are several

different explanations for doing so:

1. an experimental artefact, hence a source for a systematic error,

2. cation exchange,

3. isotope exchange with the crystal water of the cementitious material and

4. diffusion of HTO into a second type of porosity which was not detected with the

help of the mercury porosimetry method (see also work performed by

IDEMITSU et al. (1991) in this context).

Blank value measurements were done very carefully and exactly in the same way as the

subsequent through- and out-diffusion experiments. (For this purpose the experimenters

used a part of the traced solution, the same equipment with the same tubes, valves,

(running) pumps etc., everything of the equipment for the subsequent through- and out-

diffusion test was applied except of the hardened cement pastes.) Therefore, a simple

source for an artefact cannot be recognised and hence, one has to discuss the other

mechanisms more in details, which could result in non-zero Kd values in modelling

tracer through- and out-diffusion profiles.

Due to the high pH of the artificial cement pore water, which is 13.3 there are free

tritium ions available only in the order of 10~23 moles/litre for cation exchange and

thus, this process can be neglected. (Note: To the author's knowledge there are no

values available for the cation exchange capacity CEC for such a cementitious system.)

Whether isotope exchange may account at least partially for the observed retardation

shall be estimated briefly. For this purpose let us first address some basic assumptions.

• For the following estimations the cementitious material is considered as a

porous medium where on a microscopic scale (sub-millimetre scale) the

pores constitute a complex network connecting the high with the low

concentration side. For simplicity reasons a second type of (dead-end)

porosity mentioned above is neglected.

• The whole solid phase is assumed to be accessible for isotope exchange.

Such an assumption is based on the relatively large (transport) porosity of

63 % and on the fact that typical tracer transport times are in the order of

several tens of hours. Within such a time span radionuclides may migrate

in the liquid phase about 5 to 10 mm; hence, a
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Figure 7: Modelling results and experimental data for tritiated water (HTO) for all three hardened cement
pastes (HCP's) (disks 1 - 3 from top to bottom).

In the left column the best-fit tracer breakthrough curves in terms of the diffusive flux across the down-stream
boundary jL(t) for both, the simple diffusion model without (dashed line) and with linear sorption (solid line)
together with the measurements are drawn. As can be seen both models give similar results. Note that always
the first data point was excluded from the fitting procedure. For the inverse modelling of the second
breakthrough curve also the last point was neglected, because this data point is considered to be an outlier.
In the right column the calculated and measured time-history of the deposited tracer mass in the HCP's mc(t)
for both models and for all three disks is plotted. Experimental error bars are drawn only upwards because of
the large errors and the log-log representation of the data. Although the model with linear sorption is always
closer to the measurements a trustworthy model justification is not possible.
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Figure 8: The predictions for the diffusive nuclide flux across both boundaries j0(t) andjjt) for both models
applying the best-fit parameter values from the former through-diffusion phase together with
measurements from the out-diffusion phase for disks 1 - 3. While the diffusion/no-sorption model
fails to match the data of the out-diffusion experiment, there is good agreement in the time-interval
of 20 - 100 hours between observations and the diffusion/linear sorption model.
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distance which is comparable to the thickness of the cement pastes. Of course,

diffusion in the solid phase may be much smaller, but the grain size of the

cementitious material as well.

• Instantaneous equilibrium between the crystal water and the mobile water is

assumed.

The phenomenological sorption distribution coefficient Rd is defined as the ratio of the

amount of tracer per unit mass of solid phase and the tracer content per unit volume of

liquid phase in the cement paste:

Rd = HTO"i '— = Kd ; (in the case of linear sorption only). (43)

For the ratio tritiated to other water there holds the following relationship including, for

completeness only, also fractionation:

Yl IT
or 77 HT ' x =77 "2 ' s -?](p , (44)

where rj denotes the fractionation factor with 0 < 7 / < 1 , o r / 7 > l ; and accounts for the

enrichment (depletion for 77 < 1) of a given solute in the solid phase. Literature data

concerning fractionation in the solid phase of cementitious material or even CSH-phases

are not known. However, there are some few data available for fractionation of

deuterium in aluminium hydroxides such as gibbsite in soils and bauxite deposits

(VITALI et al., 2001). Their investigations show that all data point to a relative

enrichment of the deuterium in the free water phase, i.e., less deuterium entered the

crystal structure compared to the case with no fractionation at all. In addition their data

demonstrate that the depletion of the solid phase was very moderate - in the order of a

few percent only - and that the necessary time-span for reaching steady state was at least

several months or even years. With regard to tritium it is not expected that the situation

is completely different. Hence, a marked effect due to fractionation of tritium cannot be

expected.

No fractionation between tritiated and other water means rj = 1 and, hence,

(45)
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According to TITS et al. (in preparation) the hardened cement pastes have a typical

quota of crystal water of about 18.8 %. Considering that the volume of the water-filled

pore space is V/ = sFL, the bulk mass mt>uik = (l-£)p FL=pbü]k FL and assuming for the

dry bulk-density 777 kg/m3 and for the density of the water 1000 kg/m3 for the

maximum Kj value due to isotope exchange:

Rd = Kd=l.Z- 10'4m3/kg

is obtained.

From this rough estimation it is concluded that only about 20 % of the best-fit Kj values

of the diffusion experiments and batch sorption Rj values can be attributed to isotope

exchange. Thus isotope exchange may be partly responsible for the observed tritium

uptake by the cementitious material, but its capacity is too low to explain the observed

effect completely. Hence, the remaining part of 6 • 10"4 m3/kg is still available for

discussions. As already addressed, it seems (to the author) unlikely that the observed

retardation is due to a marked fractionation of tritium. Such a pronounced effect would

strongly contradict measurements mentioned above.

Extracted Kj values from inverse modelling tracer breakthrough curves are dependent

on the applied formalism; hence, fit parameters are model-dependent quantities. Thus, a

certain mismatch between the best-fit value for Kj and that due to isotope exchange may

not be surprising and could be interpreted as an inadequacy of the applied model.

However, a similar discrepancy in the Rj values resulting from batch sorption

experiments and from estimating the effects of isotope exchange is much more severe,

because in the batch sorption experiments only simple distribution ratios are measured.

Therefore, such a discrepancy might be indicative of an additional tracer uptake process

acting in the batch sorption experiments as well and resulting in much higher Rj values.

For completeness let us briefly discuss the possible effects of a second type of porosity
(diffusion into dead-end pores) being a candidate for enlarged tracer retardation in the

diffusion experiments. In principle, radionuclides may, while diffusing along the

connected pores, also come in contact with a second type of diffusion paths, the dead-

end pores. Both, the connected pores and the dead-end pores may have widths in the

order of microns to a tenth of a micron and may constitute a densely connected network

of pores. Pore size distribution measurements (SAROTT et al., 1995) reveal a certain

amount of very small pores accounting for about 10-20 % of the total porosity.

Unfortunately, I am presently not in a position to take diffusion into dead-end pores

adequately into account. However, a rough estimation of the effects of a second type of
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porosity can be done nevertheless. In the Appendix the basic assumptions and the

formalism in the frame of a dual porosity medium are derived. Due to the fact that the

out-diffusion profiles could be modelled so well by applying best-fit parameter values

from the former through-diffusion phase, it is concluded that any tracer uptake by the

porous matrix might be fast with regard to typical transport times and fully reversible.

Therefore, instantaneous equilibration of the tracer concentration in the connected pores

as well as in the dead-end pores is assumed. Thus, diffusion into dead-end pores acts

rather as an effective surface sorption process.

Applying best-fit parameter values from inverse modelling HTO through-diffusion

profiles and assuming isotope exchange as the only possible uptake mechanism with a

maximum Kd value of 1.8 • 10~4 nrVkg, diffusion into dead-end pores may indeed

account for the observed tracer retardation (for details see the Appendix). However,

such a hypothesis has to be tested and investigated thoroughly in new experiments.
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4.2.2 Modelling the Na^-breakthrough curves

The same modelling methodology as for tritiated water was used for 22Na+ as tracer.

First I had to determine an averaged value for the reservoir concentration, which should

represent the up-stream boundary for the transport equation. Figure 9 shows the

measured concentration of 22Na+ in the primary compartment versus time.

3.1E-008 •

2.7E-008 -

2.6E-008 •

aNa* - concentration
"' weighted average

' I
100 200 300

Time [hour]

1 ' I '
400

Figure 9: Measured concentration of 22Na+ in
the primary compartment versus
time. The error bars represent one
standard deviation. The horizontal
solid line is the weighted averaged
value in the interval of 0 - 507 hours
as it was used for the subsequent
inverse modelling. The broken lines
represent its 1 terror of the weighted
average.

500

The ups and downs in the value for Co(0 are due to diffusion, possible uptake

mechanisms by the solid phases of the cement pastes and periodic adjustments of the

concentration in order to guarantee a more or less constant tracer concentration. For the

analysis a constant value for the boundary condition is required, and the (weighted)

average was taken as a suitable value. The weighted average for these eight data points

in the interval of 0 - 507 hours is

C0 ± A C0 = (2.94 ± 0.02) • 10'8 mol/m3 .

Small concentration variations in the measurement cells (low concentration side) were

not taken into account in the modelling either, and instead - as already outlined in sub-

section 3.1 - a zero concentration boundary was assumed.

As for HTO I first tried to fit the data with a pure diffusion model where sorption was

entirely neglected. The quality of the fits was quite good for all three specimens, both

for the transient part and for the steady state part of the diffusion profiles. Again, the

first data point was excluded from the evaluation. For the second specimen the last point



PSI-Bericht 02-21 30

had to be excluded from the analysis, too, because this data point is considered to be an

outlier.

For the alternative model, where linear sorption was taken into account, the first data

point had also to be excluded like for HTO. (Further information with regard to the

motivation and the consequences of such a procedure can be found in the previous sub-

section.)

Numerical results and interpretation

In Table 3 the best-fit parameter values for all three hardened cement pastes and for

both models considering either no sorption or linear sorption processes are compiled.

Parameter

(De±ADe)- 1010

( K d ± A K d ) - 103
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(mc 1 A mc)ft • 1013
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Table 3: Best-fit parameter values for disks 1-3 using 22Na+ as tracer and for two competing models
where sorption processes are either entirely neglected or taken into account in terms of a linear
sorption isotherm formalism. The calculated values for the deposited tracer mass mc in the
specimens (subscript: fit) are based on the best-fit parameter values and compared with
experimental data from both the out-diffusion phase (subscript: out) and from mass-balance
considerations (subscript: mb) in the shaded area. For comparison purposes in the last line also
a Rj value from batch sorption experiments is included.

Error considerations concerning Kd's and Z>/s are analogous to those for HTO; hence,

further information and conclusions can be found there. While for tritium an excellent

agreement between batch sorption Kj values and those from applying a diffusion/linear-

sorption model was obtained, for 22Na+ the batch sorption Rj value is by a factor of two

smaller. Presently, there is no reasonable explanation for such a difference. Again, as

for HTO, the model where sorption in terms of a linear isotherm formalism is included

is definitely preferred, because

• blind-predictions for sodium out-diffusion using the best-fit parameter values

from the through-diffusion phase match the predictions for most of the data.
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Figure 10 shows the modelling results of the through-diffusion phase for all three

samples and for both models (left column). In the right column a comparison is made

between observed and calculated tracer uptake by the cementitious diffusion barriers,

and in Figure 11 blind predictions for the tracer out-diffusion for both models and for

both cement-liquid interfaces are compared with the measurements.

As for tritiated water, I tried to estimate whether isotope exchange could account for the

Kd (R(i) values of Table 3. The basic assumptions for the estimation and the underlying

formalism are those mentioned in the previous subsection for tritium. From TITS et al.

(in preparation) the following values are adopted:

• sodium content of the water saturated cementitious material: 12- 10"3 mol/kg,

• sodium content of the artificial pore-water: 114 • 10~3 mol/1.

Assuming again instantaneous equilibrium between solid and liquid phase and

neglecting a possible fractionation of the tracer one obtains for the maximum Kd value

for sodium due to isotope exchange:

/^(isotope exchange) = 1.9 • 10"4 m3/kg.

Hence, only 1/5 of the best-fit Kd values can be assigned to this process. With regard to

the Rd value from the batch-sorption experiments, which is 5 • 10"4 m3/kg, roughly some

40% of that value can be explained by isotope exchange only. Simple cation exchange

can be neglected due to the high sodium concentration in the artificial pore water and
the relatively long time span for the conditioning of the cement paste, which was of the

order of six months. Thus, it is expected that all possible exchange sites have been

addressed by sodium ions from the solution.

Analogous to HTO for sodium, too, a possible effect of diffusion into dead-end pores
on tracer retardation was estimated. The only deposition mechanism considered is

isotope exchange with a maximum Kd value of 1.9 • 10"4 nvVkg resulting from former

estimations. Further details about the formalism and the estimations can be found in the

Appendix.
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Figure 10: Modelling results and experimental data for 22Na+ for all three hardened cement pastes.
The left column shows the best-fit tracer breakthrough curves in terms of the diffusive flux across the down-
stream boundary jL(t) for both, the simple diffusion model without (dashed line) and with linear sorption
(solid line) for all three disks together with the measurements. Both models give similar results. Note that
always the first data point was excluded from the fitting procedure. For modelling of the second breakthrough
curve also the last point was neglected, because this data point is considered to be an outlier.
In the right column the calculated and measured time-history of the deposited tracer mass in the HCP's mc(t)
for both models and for all three disks is plotted. Experimental error bars are drawn only upwards because of
the large errors. (Here a lin-log representation for these data is chosen because for the second disk even a
negative value results from mass balance considerations.) Although the output data from the model where
sorption is neglected are always closer to the measurements than those from the diffusion/sorption model, a
trustworthy model justification is not possible.
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Figure 11: The predictions for the diffusive nuclide flux across both boundaries j0(t) and jL(t) for both
models applying the best-fit parameter values from the former through-diffusion phase together
with the measurements from the out-diffusion phase. While the diffusion/no-sorption model
fails to match the data of the out-diffusion experiment, there is good agreement in the time-
interval 20- 100 hours between observations and the diffusion/linear sorption model. (For
further details see legends and text.)
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A similar value for the extent of a second porosity as for HTO was found for 22Na+ as

tracer and also the conclusions are the same. This means that for sodium, too, diffusion

into a second type of porosity may indeed account for the observed tracer delay in the

breakthrough curves. But again, such a conclusion has to be investigated thoroughly in

new experiments.
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5. CONCLUSIONS AND OUTLOOK

Through-diffusion experiments were analysed with tritiated water (HTO) and 22Na+ as

tracers. The modelling was based on the assumption that the cementitious diffusion

barriers were characterised by homogeneous, isotropic and time-independent transport

properties. Hence, tracer transport was considered to be purely diffusive, and possible

tracer uptake by the solid phases was either entirely neglected or taken into account by a

linear sorption isotherm formalism.

Both models described the through-diffusion breakthrough curves equally well but with

slightly different best-fit values for the effective diffusion coefficient. Mass-balance

considerations, too, could not help to discriminate clearly between the two alternative

models. However, a slight advantage of the diffusion/linear sorption model could be

recognised. The best-fit Kd values for HTO are of the order of 0.8 • 10"3 m3/kg and for
22Na+ of the order of 1 • 10"3 m3/kg, hence, slightly larger. The values for HTO are in

excellent agreement with a value from batch-sorption experiments, and the best-fit

values for 22Na+ are by a factor of two larger than those from batch sorption

experiments. Hence, these results obtained from independent batch sorption

experiments support a diffusion/linear-sorption model. In addition, blind predictions for

the out-diffusion of both tracers based on their corresponding best-fit parameter values

from the former through-diffusion phase gave a clear indication for the failure of the

model where sorption was neglected. Only the model with linear sorption yielded a

good agreement between theoretical and measured data. The high quality of the

predictions, i.e., the excellent agreement between observations and model concerning

the shape of the temporal evolution of the tracer concentration in the measurement cells,

also supports the picture of a linear tracer distribution across the cement pastes in

steady-state. Considering all together there is a strong indication that the observed small

tracer uptake by the cement is well represented by a linear sorption isotherm.

Furthermore, the release of these two tracers seems to follow a simple Kj concept, too.

The best-fit values for the effective diffusion coefficient De are for both tracers of the

order of 10"10 m2/s (porosity e = 0.63). That for sodium is roughly by a factor of two

smaller when compared to the value for HTO.

Unfortunately, during the transient phase for through-diffusion only a few data were

available for both tracers resulting in relatively large errors for the extracted Kj values.

With regard to new experiments it is therefore strongly recommended to collect more

data in this phase, because the finer details of the uptake mechanism(s) can only be

detected and evaluated in the rising edge of the breakthrough curve. A similar statement
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with regard to measurement requirements holds for tracer out-diffusion. For

conservative and weakly-sorbing tracers there are only a few hours at the

experimentalist's disposal for measurements. After that period, the spatial tracer

distribution in the cement pastes has become symmetrical, and a further crucial test

concerning steady-state tracer distribution is not possible any longer.

The results are - on the one hand - encouraging; major deficiencies with regard to the

equipment and the diffusion/linear sorption model could not be detected and, in

principle, one could proceed now with other, slightly more complex acting tracers.

Candidates for new investigations could be 36C1", 125F, 134Cs+ and uranine. However, for
fyy ,

controlling purposes it is recommended to add either tritiated water or Na in the

tracer cocktail.

On the other hand, it was not possible to assign the extracted Kj values to the only

reasonable process: isotope exchange; neither in the case of tritium nor of sodium. This

process alone cannot account correctly for the up taken tracer mass observed and

underestimates the Kj values by a factor of roughly four to five. But, taking a second

type of porosity - the dead-end pores in which tracer might diffuse in and out - into

account, a reasonable explanation for the observed tracer retardation could be found. A

simple estimation in the frame of the dual porosity medium model indicates that only a

very limited zone hosting dead-end pores is needed to resolve the problem concerning

too high Kd values for both tracers. But further investigations are required to test such a

hypothesis and in order to finally disclose the nature of the tracer uptake mechanism in

hardened cement pastes.
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6. APPENDIX - THE EFFECTS OF A SECOND POROSITY, DIFFUSION

INTO DEAD-END PORES

Most rocks, such as granites, but also cementitious materials have microscopically small

cracks and fissures between grains and crystals. Such cracks and fissures constitute a

network of pores (void space embedded in the solid), which are at least partially

interconnected. In addition, the connected pore space that constitutes the transport-

relevant porosity may be further subdivided into the pore space, which connects both

boundaries, and that pore space where there is no connection between both boundaries.

For the following modelling this second part of the transport porosity is called "dead-

end porosity".

The important fact is now, that the inner surfaces of the dead-end pores may be larger

by many orders of magnitude when compared to the surfaces of the connected pore

space; also the amount of water being present in the dead-end pores may be much larger

than the volume of water in the connected pores. If sorption processes - considered here

as a fast reversible uptake of solute by the solid phase - are acting, the temporal

deposition of solute onto the surfaces of the dead-end pores may be dominant regarding

sorption of solute onto the surfaces of the connected pores. Hence, diffusion into dead-

end pores may act as an efficient sink for the solute. However, even if there is no

sorption, the solute uptake in the dead-end pores will influence the migration of the

solute in the connected pores.

For the following considerations it is assumed that the porous medium is isotropic with

regard to the transport properties. Transport parameters are considered to be constant in

time and space; especially the pore diffusion coefficient is assumed to be independent of

the tracer concentration.

Figure 12 shows some simplified geometrical aspects of the HCP and its transformation

within the frame of a double porosity medium model.

Tracer may diffuse preferentially along the connected pores, which constitute a complex

3D network and may sorb onto the surfaces. In addition, radionuclides may also diffuse

into the dead-end pores and may be deposited onto inner surfaces of the bulk material.

Assuming - for simplicity reason - that both zones, the connected pores and that with

the dead-end pores, are instantaneously equilibrated, diffusion into dead-end pores will

not only lead to an additional dilution of the tracer but also to an additional retardation

hence, higher Kj values. Diffusion into dead-end pores acts in such a case as an

effective surface-sorption mechanism.
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zone with
connected pore

zone with
dead-end pores

Figure 12: Sketch of a small part of a
hardened cement paste and its
magnifications. The highly porous
cementitious material constitute a 3D-
network of water filled connected pores.
Tracer may diffuse in the interstitial
water. On a smaller scale diffusion
occurs additionally into dead-end pores
of the solid phase.
In the frame of a simple dual porosity
model (lower figure) the connected pore
space - characterised by its width 2b and
porosity £p - is partially occupied by an
infill, which is considered to be
impermeable. Molecular diffusion of
radionuclides happens into a zone with
dead-end pores with thickness d and
porosity sd. Possible sorption processes
happen on the surfaces of the connected
pores, the infill material and onto inner
surfaces of the dead-end pores.

According to the figure above and based on mass-balance considerations for a tracer

with decay constant A, one can write:

C D
b+d£p p (Al)

In this equation the following abbreviations are used:

Ctot [mol/m3] Total tracer concentration in the reference volume (REV),

t [s] time,

b [m] half width of the connected pore,

d [m] thickness of the zone hosting the dead-end pores,

ep [-] porosity of the connected pore space,

Dp [m2/s] pore diffusion coefficient,

Cl
p [mol/m3] tracer concentration in the liquid phase of the connected pore

space,

/t [s"1] decay constant of the tracer.

The total tracer activity is given by:

(A2)



39 PSI Bericht 02-21

where

Atot [Bq]

Al
p [Bq]

A*p [Bq]

Al
d [Bq]

A*d [Bq]

Furthermore it holds:

where

vp
!ot

n

[m3]

[m3]

[m3]

[m3]

[m3]

V'd [m3]
Vs.

total activity within the reference volume (REV),

activity in the liquid phase in the connected pore space,

activity onto the solid phase of the connected pore space,

activity in the liquid phase of the dead-end pores,

activity onto the solid phase hosting the dead-end pores.

(A3)

[m3]

total volume of the reference volume (REV),

total volume of the connected pores including infill material,

total volume of the solid phase hosting the dead-end pores,

volume of the liquid phase of the connected pore space,

volume of the solid phase within the connected pore space,

volume of the liquid phase of the dead-end pores,

volume of the solid phase hosting the dead-end pores.

For the porosities ep of the connected pore space and £4 - the porosity of the zone with

the dead-end pores - the following relationships hold:

y tot "p ' •\7tot (A4a), (A4b)

and

VP
~77i (A4c), (A4d)

The tracer activity A can be written as follows:

A = m N (A5)

where
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m [mol] amount of nuclide and

NA [particles/mol] Avogadro's constant (=6.02 • 1023) means.

Applying (A5) for the total tracer concentration

v v v v v
tot 10! SO! tot 10!

holds, or

In this equation the following new symbols are used:

m l
p [mol] Amount of tracer in the liquid of the connected pores,

m s
p [mol] amount of tracer sorbed onto the infill and onto the surfaces of

the connected pores,
m ld [mol] amount of tracer in the liquid of the dead-end pores,

m Sd [mol] amount of tracer sorbed onto the inner surfaces of the dead-end

pores,

C ld [mol/m3] tracer concentration in the liquid of the dead-end pores,

Gs
p [kg] mass of the infill material,

Gsd [kg] mass of the solid phase hosting the dead-end pores,

ps
p [kg/m3] density of the infill,

psd [kg/m3] density of the solid phase hosting the dead-end pores.

The amount of tracer per unit mass of infill or solid phase is denoted with Sp and Sd

[mol/kg] respectively; also furthermore, for simplicity reasons, a linear relationship

between the tracer concentration in the corresponding liquid phase and that onto the

solid material is assumed according to

S, = K'C'f , Sd=Kd
dC> . (A7)

Kpd [m3/kg] Sorption equilibrium distribution coefficient of the infill

material,

Sorption

hosting the dead-end pores.

[nrVkg] Sorption equilibrium distribution coefficient of the solid phase
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Applying (A7) in (A6) yields:

•'„ • (A8)

Both brackets represent the rock capacity factor for both the infill material and the solid

phase, which contains the dead-end porosity hence,

. (A9a), (A9b)

For the reason of simplicity I assume for the tracer concentration between both zones

instantaneous, reversible equilibrium:

Cl
p=Cd , V f > 0 , VxeREV , (A10)

and equation (A8) simplifies to

'__*JU +L*J|alC' (All)—^^^ l IX- ~ I ——•—^— CX-j V^ - • ^ ̂ ». l A }

b+d) p (b+d) " l "

If one assumes furthermore that the infill material as well as the solid phase hosting the

dead-end pores are the same and consequently show the same sorption behaviour,

hence:

Ps
p=ps

d = p (A12)

and

Kp
d=Kd

d=Kd , (A13)

one gets for equation (All):

C,0,=kof+(l-OpKjc;=aC;, • (AH)

For equation (A14) the following abbreviations were applied:



PSI-Bericht 02-21 42

s' • (A15a)

. (A15b)

Applying equation (A 14) one can rewrite the transport equation (Al) as follows:

C- , (A16)
dt b + d a dx p

and the coefficient can be written as:

™£D (d} V . . . _ .
Wlth \-\ = -L- . (A17a)

b+d a aro! d} {bj Vp

Thus, the tracer retardation is determined by alot — ap+(dlb)ad instead of Op in the

case where a second type of porosity is neglected. For non-sorbing tracers the

expression (A17a) degenerates to:

b + d ä
(A17b)

and the system - using A17a - is influenced by an effective porosity

(d} (b + d\

Note: Analysing through-diffusion experiments and applying a simple diffusion/

sorption model a value for the effective diffusion coefficient De = ep Dp can be

determined from the steady-state phase which is independent from uptake mechanisms

such as sorption. From the transient part of the breakthrough curve (e.g. flux versus

time) a further value for the rock-capacity factor a can be determined independently.
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Estimations for HTO and 22Na+

The total porosity £tot of the hardened cement paste is 0.63 + 0.05 hence,

£. = SD+ £,=0.63 . (A18a)
b+d b+d

The best-fit value for the rock capacity factor for HTO, which corresponds in the frame

of the dual porosity medium model to «t0t> is 1.26 (see Table 2). Inserting known values

for the bulk density and the Kd value from estimating the maximum effect of isotope

exchange (Kd= 1.8 • 10"4 m3/kg), one obtains a second equation for both porosities and

the unknown ratio of d/b:

£a+-£d +0.608- = 1.418 (A18b)
b b

Evaluation of (A18a) and (A18b) for d/b = 0.64 is obtained. Considering either £p = 1

and £d = 0, or ep = 0 and £j = 1 as bounding values one can extract the following ranges

for the porosities £p, £/:

for HTO: 1 > ep > 0.39 ,

1 > £d > 0.05 (depending on the chosen value for £p) and (A 19)

d/b = V™ IV™ = 0.64 .

Thus for HTO the porosity £p in the connected pores has to be at least (roughly) 40 %.

The porosity in the adjacent zone hosting the dead-end pores £/ has to be larger than

5 %, depending on the value for £p in accordance to (A18a). The zone with the second

type of porosity needs only a thickness in the order of 65 % of that of the connected

pores to account for the observed retardation in the through and out-diffusion

experiments. All these values seem to be reasonable; however absolute values for d and

b cannot be extracted.

An analogue procedure for 22Na+ with a best-fit value for c$0t which is 1.42 * maximum

K(j value from isotope exchange of the order of Kj = 1.9 • 10"4 mVkg yields

This is the arithmetic mean of all three experiments.
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for22Na+: l > 5, > 0.32 ,

l > Sa > 0.18 (depending on the chosen value for £p) and (A20)

dlb = V'°' IV™ = 0.83 ;

hence, similar values as for tritiated water. The conclusions drawn above for HTO are

the same for sodium as tracer.

Indeed, the combination of 1) diffusion of tracer into a small zone with dead-end pores,

instantaneously equilibrated with the connected pores and 2) sorption due to isotope

exchange only, seems to be a good candidate for an additional mechanism resulting in

the observed enhanced tracer retardation in both the through- and out-diffusion

experiments.
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9. LIST OF SYMBOLS

Symbol Units Meaning

a
Op

a
a,ot

ß

r
r,
d
A

Ah

£eff

A

V

(p
p
Aulk

l**

a

[mol/Bq]

[m]

[s'1]
[mol m'2]

[kgm-3]

[kgm-3]

[kgm-3]

[kg m'3]

Rock capacity factor

Rock capacity factor of the infill material within the

connected pores

Rock capacity factor of the solid phase hosting the dead-end

pores

Modified rock capacity factor

Total rock capacity factor in the frame of a double porous

medium diffusion/sorption model

Conversion factor

Chi-square merit function

Reduced chi square

Partial derivative

Small increment of a quantity

Difference in the liquid level between the high and the low

concentration side

Fractionation factor

Connected porosity of the cementitious material

Porosity of the rock zone hosting the dead-end pores

Effective porosity

Porosity of the zone with the connected pores

Total porosity within the reference volume

Decay constant of the tracer under consideration

Integration constant in the Fourier domain

Degree of freedom of the fit

Ratio of nnno, s and «HTO, /
(Dry) Solid phase density

Dry bulk density (Auik=(l-£>p)
Density of the infill in the connected pores

Density of the solid phase hosting the dead-end pores

Standard deviation

Individual standard deviation for a measurement at time point
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p. [...] Standard deviation of the regression parameter />,•

[m

V [m"1] Gradient

— o

<j ~ [mol m" ] Weighted average of the individual variances

A [Bq] Activity

AO [Bq] Tracer activity in the reservoir cell (high concentration side)

AL [Bq] Tracer activity in the measurement cell (low concentration

side)

A [...] Hessian matrix

A1 p [Bq] Activity in the liquid phase in the connected pore space

Asp [Bql Activity onto the solid phase of the connected pore space

Ald [Bq] Activity in the liquid phase of the dead-end pores

Asd [Bq] Activity onto the solid phase hosting the dead-end pores

Atot [Bq] Total activity within the reference volume

b [m] Half width of the connected pores

C [...] Covariance matrix

C [mol m"3] Tracer concentration in the mobile phase

C [mol m"2] Tracer concentration in the Fourier domain

Cl
p [mol m"3] Tracer concentration in the liquid of the connected pores

C'rf [mol m"3] Tracer concentration in the liquid of the dead-end pores

Ctot [mol m"3] Total tracer concentration in the reference volume

Co [mol m"3] Tracer concentration in the primary compartment (high cone.

side)

d [m] Thickness of a zone of porous matrix hosting the dead-end

pores

Dp [m2/s] Pore diffusion coefficient

De [m2/s] Effective diffusion coefficient (De =£DP)

F [m2] Total cross-sectional area accessible to diffusion

Fc [mol m"2] Fourier cosine transformed of the tracer concentration

Fs [mol m"2] Fourier sine transformed of the tracer concentration

Gs
p [kg] Amount of infill material in the connected pores within the

reference volume

Gsd [kg] Amount of solid phase hosting the dead-end pores within the

reference volume

Jadv tm°l m 2 s '] Advective tracer flux due to a pressure gradient
j [mol m"2 s"1] Diffusive flux
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Ji

JL

JL,s.s.

JO

K

Kd

NA

Pi

R

Rd

s2

S

[mol m"2 s"

[mol m"2 s"

[mol m"2 s'

[mol m"2 s'

[m/s]

[m3/kg]
[m3/kg]

[m3/kg]

L

m

mbuik

mc

mL

mp

ms
p

mld
ms

d

mto,

m0

M

n

«HTO,/

nmos

[m]

[mol]

[kg]
[mol]

[mol]

[mol]

[mol]

[mol]

[mol]

[mol]

[mol]

[-]

[-]
[mol]

[mol]

[mor1]

[m3/kg]

[mol/m3]

[mol/kg]

l] Diffusive flux determined at time point tj
l] Diffusive flux across the boundary at x = L
l] Steady-state diffusive flux across the boundary at ;c = L
l] Diffusive flux across the boundary at x = 0

Hydraulic conductivity

Linear sorption equilibrium distribution coefficient

Linear sorption equilibrium distribution coefficient of the

infill material

Linear sorption equilibrium distribution coefficient of the

solid phase hosting the dead-end pores

Thickness of the diffusion barrier (HCP)

Tracer mass

Bulk mass

Tracer mass in the hardened cement pastes

Total diffused mass across the boundary at x = L

Amount of tracer in the liquid of the connected pores

Amount of tracer sorbed onto the infill and onto the surfaces

of the connected pores

Amount of tracer in the liquid of the dead-end pores

Amount of tracer sorbed onto the inner surfaces of the dead-

end pores

Total amount of tracer in the reference volume

Total diffused mass across the boundary at x = 0

Number of measurements

Number of fit-parameter

Amount of HTO in the liquid phase of the hardened cement

paste

Amount of HTO onto the solid phase of the hardened cement

paste

Avogadro's constant (NA ~ 6.02 • 1023)

i-th regression parameter

Correlation matrix

Distribution ratio in batch sorption experiments (/?</ = SIC)

Variance of the fit

Amount of tracer absorbed onto the solid phase per unit mass

of porous medium
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t
ti
VD

vf

V,

v,
v,

Vs,

vto,
X

[mol/kg]

[mol/kg]

[s]

[s]

[m/s]

[m/s]

[m3]

[m3]

[m3]

[m3]

[m3]

[m3]

[m3]

[m3]

[m]

Amount of tracer per unit mass of infill

Amount of tracer per unit mass of solid phase (not infill)

Time

i-th time point

Darcy velocity (Specific discharge)

Water velocity (v/= VD /£)

Volume of the liquid phase in the hardened cement pastes

Volume of the liquid phase of the connected pore space

Volume of the solid phase within the connected pore space

Volume of the liquid phase of the dead-end pores

Volume the solid phase hosting the dead-end pores

Total volume of the connected pores including infill material

Total volume of the solid phase hosting the dead-end pores

Total volume of the reference volume

Spatial co-ordinate

Note: [...] ... Units are depending on the problem at hand.




