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In this study, the transport properties of tritiated water (HTO) and Cl-36 in two different concretes were
investigated. The spatial distribution of porosity and radionuclide retention within the studied materials were
studied via C-14-Polymethylmethacrylate (C-14-PMMA) autoradiography and Cl-36 autoradiography, respec-
tively. Diffusion experiments and modelling methods were used to calculate the effective diffusion coefficients
and distribution coefficients of the tracers. The diffusivities of HTO and Cl-36 were considerably lower in mixed

cement (CEMV)-based concrete than in Portland cement (CEMI)-based concrete. Autoradiography-based Cl-36
post-mortem examination revealed important distinctions explaining the diffusion behaviour between the two
concrete materials. While there was considerable retention in both, in CEMV-based concrete, the diffusion was
considerably slower than in CEMI-based concrete. Overall, the post-mortem autoradiographic imaging was
successful, and a similar approach is probably applicable to other radionuclides.

1. Introduction

Cementitious materials are commonly used in nuclear waste man-
agement. Due to the durability of cement, it is also widely used to sta-
bilise different hazardous waste forms [1,2]. The usefulness of
cementitious materials is based on their high sorption and uptake ca-
pacity [2]. For example, in the UK concept of geological disposal of
intermediate level nuclear waste (ILW) and low level waste (LLW),
cementitious materials form the primary waste package intended to
cause a near field reduction in the solubility of many radionuclides and
retards their migration by adsorption and incorporation [3]. Cementi-
tious materials, sometimes reinforced, are also used as a secondary
barrier outside the primary waste package in more high-level waste
containment and also as grouting for the confinement of the outer waste
package [2]. Within the French concept of the radioactive waste deep
geological repository, reinforced concrete will be used to build access
structures and drifts as well as vaults and waste packages [4]. Owing to
cement based materials widespread use for radionuclide immobilisation,
repository construction and as secondary barriers, the behavior of ra-
dionuclides in them is required for understanding and predicting the
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migration of radionuclides for repository safety analyses and has
therefore been the subject of numerous studies [2,5,6].

The movement of solutes in a solid cementitious matrix takes place
via diffusion. Porosity influences the diffusion as diffusion takes place in
the connected pore space of the concrete, with pores acting as the
interface between solid and liquid phases [7]. Neutral compounds such
as water, and ions other hand, might also have different effective
porosity available to them [8]. The solid phase in the cementitious
matrix has considerable variation, which affects its properties. The solid
phase in cementitious materials is often made from composite cement
where the Portland cement and one or more inorganic additives, such as
fly ash (FA), blast furnace slag (BFS), silica fume (SF) and natural poz-
zolanas, take part in the hydration reactions [9]. Pozzolanic reactions
are concurrent with cement hydration are thought to transform larger
pores into smaller ones [10], leading to reduced permeability as found in
water permeability tests [11] and chloride ion-mobility tests [10,11].
The liquid phase in the case of cementitious materials is the pore water
solution of the cement. Solutions in equilibrium with fresh hydrated
cement are hyper alkaline, with correspondingly high Na- and K con-
centrations. The radionuclides diffusing in a cement-based material are
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therefore in an environment containing a plethora of other, competing
solutes.

Based on radionuclides’ overall mobility behaviour, they can be
classified into mobile, somewhat and barely mobile elements [4]. One of
these mobile elements is Cl-36. Cl-36 is an important radionuclide in the
low and intermediate level waste inventory (LILW) and LILW repository
safety case analysis, owing to its long half-life and high mobility. CI-36
has a half-life of 301000 + 2000 years and it is part of the instantaneous
release fraction due to its volatility [12]. It is produced from the acti-
vation of Cl-35 [13]. Due to the negative charge of chloride ions, it
doesn’t sorb well into most geomaterials. In clay-rich formation, how-
ever, it can experience anion exclusion, which will affect the obtained
diffusion parameters [14,15] and therefore its behaviour in cementi-
tious materials is of great interest.

In cementitious materials, chloride can experience retention through
various interactions with the different phases of cement and concrete
materials. The differences in the compositional makeup of the cemen-
titious materials, such as the presence of additives, can affect the
retention behaviour. The effect of different additives, such as fly ash,
blast furnace slag, silica fume and metakaolin on chloride retention was
studied by Thomas, et al., 2012 [16]. This study found that the greatest
chloride binding was achieved with the addition of metakaolin, while
the weakest binding was achieved with silica fume. The study also found
that a portion of the bound chloride is released after the exposure to
chloride-rich solution is stopped, but a significant portion is still bound
irreversibly. A study by Ipavec, et al., 2013 [17], found that the addition
of limestone hinders chloride binding as does the increased alkalinity of
the pore solution. The age of the cementitious material can also influ-
ence its retention properties towards chloride as the proportion of
different cement phases changes over time [18]. Several immobilization
mechanisms can be behind the retention, depending on the circum-
stances. Some of these processes are: precipitation as a simple salt,
co-precipitation with other phases, lattice incorporation in the major
cement hydration products (solid solution), sorption at hydrous surfaces
(chemisorption, adsorption), complex and colloid formation in the
aqueous phase [5] and ion exchange. In some cases, the additives in
cementitious materials can enhance the radionuclide solubility due to
complex formation [19]. Chloride has several possible ways to react
with cement, such as forming Friedel’s salts (C3A*CaCly*10H20) with
unhydrated aluminate phases, forming secondary phases. Which
mechanism is the dominant one, depends on the type of binder and the
nature of the cations in the pore solution [5].

In the context of LILW repository constructions, studies are focused
on the behaviour of Cl-36 in contact with cementitious materials used in
the engineered barriers of the repository. The mobility of Cl-36 by
cementitious backfill has been studied by Van Es et al., 2015 [3]. They
found out that the diffusion behaviour of Cl-36 is dependent on chloride
concentration and the sorption-like process takes place. The spatial
distribution of the Cl-36 tracer in Nirex Reference Vault Backfill (NVRB)
cement paste after a radial diffusion experiment was studied with stor-
age phosphor screen autoradiography (SPA). Increased Cl-36 activity
was found near black ash-like particles in the matrix, believed to
correspond to partially hydrated glassy calcium-silicate-sulphate-rich
clinker. In a study by Macé et al., 2019 [20], it was determined the
spatial distribution of the Cl-36 tracer on a CEMV cement-based concrete
sample using a SPA technique after a through diffusion (TD) experiment
of about 12 months. Cl-36 has also been used as a tracer for environ-
mental studies, for example to study soil carbon dynamics [21], ground
water age [22] and to study the origin of perchlorate contamination)
[23].

Autoradiographic imaging has been proven by these previous studies
to provide in-depth knowledge of the retention process of Cl-36. Our
study intends to build upon the previous knowledge base and expand it,
by comparing the diffusion and retention properties of two different
concrete types and incorporating new advances in autoradiographic
imaging, such as the micro-pattern gas detector-based autoradiography
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(MPGDA), as used already successfully in geological materials [24-27],
environmental samples [28,29] and for biomedical imaging [30,31].
This study, therefore, seeks to answer the following questions:

1. How do different autoradiographic techniques such as SPA and
MPGDA compare to each other in imaging the spatial distribution of
Cl-36 after TD experiments in cement matrices?

2. How are the differences in Cl-36 diffusion and sorption behaviour
between differently prepared cementitious materials, seen in auto-
radiographic imaging and what can be gained from combining the
results of tritiated water (HTO) and Cl-36 TD-experiments with the
Cl-36 diffusion profile measured by autoradiography?

Towards these ends, the transport properties of HTO and Cl-36 in two
different concretes were investigated. The spatial distribution of
porosity and radionuclide retention within the studied materials were
studied via C-14-polymethylmethacrylate (C-14-PMMA) autoradiog-
raphy and Cl-36 autoradiography, respectively. Cl-36 autoradiography
provides therefore information on the immobilized Cl-36 tracer. In
addition, the effective diffusion coefficients of HTO and Cl-36 were
determined via TD-experiments, providing information on the mobile
phases of the tracers. A model developed based on the equation of
continuity was used to interpret the experimental results and calculate
the effective diffusion coefficients and distribution coefficients of the
tracers.

2. Experimental

The transport properties of HTO and Cl-36 migrating through two
concretes (CEMI and CEMV) were studied with TD experiments followed
by post-mortem examination using SPA and MPGDA autoradiography
techniques to obtain the spatial distribution of Cl-36 in the cement
matrix after the diffusion of Cl-36 in the cement samples. TD experi-
ments were performed in cylinder-shaped concrete samples to obtain the
transport parameters. In addition, the samples’ porosity patterns were
measured by C-14-PMMA autoradiography.

2.1. Materials

2.1.1. Sample preparation

Two cement types, a CEMI 42.5 R and a CEMV/A (S-V) 42.5 N from
Ciments Calcia, France, were used to prepare the concretes studied in
the present work. CEMI is composed of Ordinary Portland Cement
(OPC), while in CEMV part of the OPC was substituted by fly ash and
blast furnace slag (Table 1). CEMI cement has a clinker content of 95 %
and a maximum 5 % of other components. The clinker in CEMI has
6-11 % of C3A, 67-70 % C3S and 8-11 % C2S and 3.2-7.5 % of sulphite.
CEMV has clinker content of 40-64 %, where the clinker has 7-10 % of
C3A, 67-69 % of C3S, 9-11 % of C2S and sulphite content of 2.6 %.
There is also 18-30 % of blast furnace slag and 16-30 % of fly ash. CEMI
concrete had a hydration time of 1 month, while the CEMV concrete had
a hydration of 6 months due to the slower strength development and rate

Table 1
Composition of the CEMI 42.5 R and CEMV/A (S-V) 42.5 N-based concretes.

Component Mix proportions (kg/m®)

CEMI concrete CEMV concrete
CEM V/A 425N - 498
CEMI425R 498 -
Filler sibelco C6 83 83
Water 162 162
Sand 0/4 (mm) 1001 1001
Gravel 4/6 (mm) 334 334
Gravel 6/10 (mm) 331 331
SIKA tempo 9 5 5
Water-cement-ratio 0.33 0.33
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of hydration of mixed cements [11]. The concretes were molded into
10 cm long cylinders with a diameter of 3.5 cm. Cylinder-shaped sub-
samples for TD experiments and porosity analyses were then prepared
from the molded samples by sawing.

2.1.2. Radionuclide tracer solutions

In order to mimic the in situ conditions, the tracers; HTO and Cl-36,
were diluted into a synthetic cement pore water solution, whose
composition is shown in Table 2. All the diffusion samples were also
equilibrated in the synthetic cement pore water solution for one month
before the TD experiments were started.

The two radioactive tracers (mixed into the synthetic pore water
solution) used in the study are shown in Table 3. Both tracers are beta
emitters (H-3 Epax= 18 keV, Cl-36 Epax= 710 keV) that can be readily
measured with techniques such as liquid scintillation counting and
autoradiography. The half-lives of the tracers are also suitable for long-
term (270 days) diffusion experiments. The Cl-36 tracer solutions were
prepared by diluting a stock solution with a specific activity of 4.960
MBq+1.4 % (1.4.2017) purchased from the Czech Metrological Insti-
tute, Brno, Czech Republic. The Cl-36 was in the form of NaCl with
carrier concentration being 40 g/1. The total Cl concentration in the Cl-
36 tracer solution was 0.72 mM. HTO solution was prepared from a
stock solution with a specific activity of 37 MBq/g (11.4.2017) pur-
chased from Perkin Elmer.

All the experiments were conducted in a nitrogen glovebox, with the
oxygen concentrations staying mostly under 10 ppm and the carbon
dioxide concentration mostly less than 1 ppm. This precludes cement
carbonation-related degradation during the experiment and mimics the
anoxic post-closure repository conditions.

2.2. Methods

2.2.1. Porosity measurements

As the diffusion takes in place in the connected pores of cement
material, it is also necessary to study the porosity of the material.
Porosity is also a required parameter for the modelling used to obtain
effective diffusion coefficients and distribution coefficients. Therefore,
the porosity of the CEMI and CEMV concrete materials was studied by
water gravimetry, Hg-porosimetry and C-14-PMMA autoradiography.
14c PMMA autoradiography method involves impregnation of
centimeter-scale samples with C-14-labeled methyl-methacrylate
(MMA), a low molecular weight and low-viscosity monomer that
infiltrates well the pore space. The labeled MMA is then polymerized
with gamma radiation or heating, which results in a solid radiolabeled
polymer, PMMA, within the pore network. It can provide quantitative
2D porosity mapping showing the heterogeneous connected pore
network of the material [32,33]. This method is already employed for
cement and clay materials [34-39].

Hg-porosimetry was performed at BRGM on parallel, 1.0-1.5 g
samples. The results were handled on AutoPore IV 9500 Mercury
Intrusion Porosimeter system. A pressure gradient of 0.003 MPa to
213.6 MPa was applied, which corresponds approximately to pore
throat size of 7 nm. The volume of mercury penetrating the sample is a
function of pressure and characteristics of the porous medium. With the

Table 2
Synthetic cement pore water composition, adapted
from Mace, et al., 2019 [20].

Ion Molarity (mmol/1)
Ca 0.2

Na 80

Cl 0.1

K 170

S(6) 1

OH" 177

pH 13.25
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Table 3
Diffusion experimental setup and tracer solution parameters.
Tracer  Experiment Diffusion Activity Emission Tracer
set time concentration energy half-life
(days) (Bq/ml) maximum
(keV)
HTO Through- 270 5000 18 12.32a
diffusion
Cl-36 Through- 270 5000 710 3.01x10°
diffusion a

assumption of cylindrical pores, the pressure can be converted into pore
radius according to the Washburn equation.

In water gravimetry, the samples were first dried to a constant
weight in a vacuum oven at 55 degrees Celsius. The water gravimetry
method used was based on that found in Mori, et al., 2003 [40]. After the
drying, the samples were immersed in MilliQ water and weighed once a
week until a constant weight was achieved, in about three weeks. During
the immersion time, the samples were kept in the nitrogen glove box and
only removed for weighing. After the water gravimetry measurements,
the samples were dried again to constant weight.

Thereafter the samples were immersed in a solution composed of
14C.MMA with an activity concentration of 157.25 kBq/ml and 0.25 (w/
w)-% of a thermal initiator, azobisisobutyronitrile (AIBN) and left to
immerse for one month. The C-14 stock solution was purchased from
Pharmaron UK Ltd, Cardiff, UK. The C-14 was in the form of C-14-
labelled methyl methacrylate with a stock solution specific activity of
169 MBq/g. After the immersion period, the samples were polymerised
by heating the samples in a heat bath at 55 °C for 16 h. The polymerised
samples were then sawn, cut and polished for autoradiography. The grit
used for polishing was Buehler 400(P600) aluminium oxide powder and
the polishing liquid was paraffin oil. The autoradiography was done by
placing the polished samples on a Fujifilm BAS TR2025 phosphor im-
aging plate. The exposure time was three days. The imaging plates were
scanned, producing digital 16-bit autoradiographs using a Fujifilm FLA-
5100 scanner. These autoradiographs were handled digitally and
porosity values were calculated with the help of a C-14-activity standard
series. In C-14-PMMA autoradiography the grey values of the autora-
diographic image are compared with the grey values produced by
different specific activity standards. By taking into account the dilution
of the C-14 tracer in the sample matrix and the differing densities of the
tracer resin and sample matrix, local porosity values can be calculated
pixel by pixel. The resolution of autoradiographic images is limited to
20 um by the distance the C-14 B-particles travel in various solids.
However, MMA can intrude into pores of even nanometer scale [41] and
therefore, porosity information can be obtained even from pores of this
size. Applying this calculation over the whole area of the sample pro-
duces histograms whose mean value represents the mean porosity of the
studied area. The C-14-PMMA autoradiography was performed using the
Storage Phosphor Autoradiography technique, which is described in
detail in Section 2.2.3. [25,33,42].

2.2.2. Through-diffusion experiment

TD experiments (Fig. 1) were done using samples with a diameter of
3.5 cm and a thickness of 1 cm and HTO and Cl-36 as tracers to deter-
mine the transport properties for the concrete materials. The experi-
mental apparatus consisted of a concrete sample placed between two
plastic chambers with volumes of around 14 ml each. In the beginning,
the two chambers were filled with the synthetic cement pore water so-
lution and left to equilibrate for one month. After the equilibration, the
pore water solution was drained from the inlet side, and replaced with a
solution containing HTO or Cl-36 tracers. Thereafter, once a week, the
solution on the other side of the concrete sample, the outlet side, was
collected and measured for the tracer activity with liquid scintillation
counting. The liquid volume that was collected for sampling was
replaced by a similar volume of fresh synthetic pore water simulant. The
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Fig. 1. Left: Schematic of the measurement setup for the TD measurements in the water phase. Edges of the samples were sealed and the ends were in contact with
the high (inlet) and low (outlet) tracer concentration chambers. Right: An example of TD apparatus.

liquid scintillation counting was done with PerkinElmer Tri-Carb 2910-
TR liquid scintillation counter. The samples were prepared by mixing
5 ml of sample solution and 15 ml of UltimaGold (PerkinElmer) liquid
scintillation cocktail. Liquid scintillation background measurements
were performed in a similar way using synthetic cement pore water
without radiotracers. The counting efficiencies for Cl-36 and for HTO
were determined by measuring a solution with a known ClI-36 or HTO
activity in different quenched solutions (a mixture with variable water:
acetone ratio as a quencher). The measurement time was 2 hours per
sample. MDA for HTO was 0.2 Bq/g and 0.1 Bq/g for Cl-36.

The activities measured from the outlet chambers were plotted on a
cumulative curve. The modelling approach described in 2.3 was used on
these experimental results to obtain values for transport from the best
fit.

After the TD experiments, the radionuclide distribution mapping was
obtained by digital autoradiography on the post-mortem sawed samples
as described in 2.2.3. This autoradiographic mapping shows the extent
of diffusion and measures quantitatively the retention of the

radionuclide tracer into different parts of the concrete. An example of
the sawing scheme for samples from TD experiments is shown in Fig. 2.
In this sawing scheme, a diffusion profile through the sample can be
obtained from the autoradiographic imaging of cross-section surface.
The Cl-36 activity found in the autoradiograph is then plotted as a
function of the distance from the inlet surface as described in 2.2.3.

2.2.3. Post-mortem analysis of the spatial distributions of Cl-36 activity by
autoradiography

Spatial distributions of Cl-36 activities on the concrete samples were
measured by two measurement systems, the storage phosphor screen
autoradiography with imaging plates (SPA) scanned with a Fuji FLA-
5100 scanner, and the micro-pattern gas detector-based autoradiog-
raphy (MPGDA) performed with the BeaQuant imaging system [43].
Both of these autoradiography techniques have complementary
strengths and weaknesses [25]. SPA has good sensitivity and a wide
linear range, and it is quite tolerant of artefacts caused by imperfections
in the samples. SPA however doesn’t allow nuclide- or radiation-specific

Through-diffusion post-mortem measurement scheme

Inlet side
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= Autoradiography ¢
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Fig. 2. TD post-mortem measurement scheme for autoradiography measurements.
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imaging. The exposure times needed with SPA are also usually found via
trial and error, and in any case, after about 1 week the signal fade will
start to affect the results [44]. MPGDA has even better sensitivity and a
wide linear range. MPGDA also allows for radiation-type, and in some
cases, nuclide-specific imaging based on different radiation energies
[25]. The measurement is performed straight from the sample and it
detects in real-time pulses coming from the radioactive elements in the
sample. There are no imaging plates or films that could be overexposed,
allowing the measurement can be continued as long as necessary. The
high sensitivity of MPGDA is however a disadvantage in some cases. The
technique is sensitive to artefacts resulting from imperfect sample
preparations and discontinuities, such as cavities [45]. Therefore, it is
sensible to use two techniques of autoradiography to obtain a compre-
hensive characterization of the spatial distributions of activity.

In both cases, the specific activities of the studied samples were
obtained with the help of standard series containing known amounts of
the studied tracer nuclides, in this case, Cl-36. The standards were
prepared by mixing a known amount of Cl-36 activity (65-1026 Bq/ml
in prepared standards) water solution in a HEMA-MMA-monomer
mixture. The resulting mixtures were then polymerized with the aid of
AIBN and heated with a graduated heating program developed with
Labworldsoft 3.0, with temperatures ranging from 75 to 55 °C as
described in Sammaljarvi et al. [33].

Subsequently, thin discs were sawed off from the produced P(HEMA-
MMA) copolymer and these discs were then polished, and the polished
surfaces were coated with 10 ym of carbon to ensure good electrical
conductivity across the disc. Specific activities of standard discs can be
used in different autoradiographic techniques for calibrating grey levels
for SPA, or cps/mm? for MPGDA. In SPA autoradiography, they provide
a comparison between 16-bit grey scale values and specific activity,
while in MPGDA they provide a comparison between cps/rnm2 and
specific activity.

In SPA the calibration process starts from the conversion of grey scale
values into optical densities [25]:

I
OD = log,, (E) @

Where OD is the optical density, I is the intensity of the pixel and I is the
mean intensity of the background. The optical density OD is related to
the specific activity as described in Eq. (2)

OD = OD, ¢ A¥ (2)

Where ODy is the optical density of A=1 Bq/ml, A is the local specific
activity, and k is the coefficient of the calibration curve. This equation
can also be expressed in the following form:

3)

op1®
oz

In MPGDA, calibration is made by linearly fitting the specific activ-
ities of the standard series to the surface counting (cps/mmz)-values
obtained from the standard series.

The data obtained from the autoradiographic techniques was con-
verted into local activities, and taking into account the beta attenuation,
the local-specific activities. Spatial distributions of activity are con-
nected phenomenon experienced by the tracer nuclides. In this case it is
the diffusion and sorption into a solid matrix. The extent of the diffusion
and sorption can be measured by calculation of profiles from the inlet
surfaces. These profiles were obtained by calculating the local activities
of thin slice-like areas of the cross-section of the sample as illustrated in
Fig. 2, starting from the inlet surface towards the outlet surface. This
results in the diffusion profile of the CI-36 tracer that has retarded into
the sample material and can be used in modelling the diffusion behavior
of the total chloride content.
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2.3. Modelling

The experimental results were interpreted with the equation of
continuity describing a dilute tracer diffusing through a rock sample.
According to the mass balance of a tracer ion over the studied rock
sample, the concentration change of the tracer [46,47] can be written as,
dc _ ON° dq

[ Ko

ot ox ot )

where 15 is the connected porosity available for tracer ions; c is the
tracer concentration in the solution of the rock sample depending on
both position x and time t; N¢ is the effective mass flux; and q is the tracer
concentration in the solid as a result of sorption, ion exchange or
chemical reactions with the solid surface.

In this model, a linear sorption isotherm is considered and Eq. (4) can
be rewritten as,

dc ON®

R— = ——— 5
SRt T T ox )
with the retardation factor R defined as,

R=1 erﬁ 6)

€Ts

where p is the bulk density of the studied rock sample and Ky is the
distribution coefficient of the tracer ions.

In Eq. (5), flux N°¢ can be expressed by Fick’s first law in one-
dimensional form,

dc

N = -D.2-

@)
where D, is the effective diffusion coefficient. And the Eq. (6) can be
rewritten as,

oc dc

o~ Do ®

& TSR

Considering the experimental processes, the following initial and
boundary conditions can be applied to Eq. (8).
Initial condition,

c(x,0)=0 9

and boundary conditions,

c(0,t) = ¢ (t) (10)
c(L,t) = cr(t) an

where L is the length of the rock sample and c; and cgr are the tracer
concentrations in the source and recipient chambers, respectively.

With the above initial and boundary conditions, we can apply the
Laplace transform to Eq. (8) and a full solution of the equation in the
Laplace domain can be written as,

_ [Mgs + Scoth(S) |M,Co

CL= 3 (12)
[Ms + Scoth(S) |[Mgs + Scoth(S) ] — S2csch(S)

and

_ Scsch(S)M,.Co

Cr = 3 13)
[M;s + Scoth(S) ][Mgs + Scoth(S) | — S?csch(S)

where
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LV,

M =—— 15

L ETsRADe ( )
L Vg

Mo — 16

R ETsRADE ( )

and s is the Laplace variable, Cy is the initial tracer concentration, v, is
the effective convection velocity, 74 is the advection time, A is the cross-
section area of the rock sample; V;, and Vg are the volumes of the source
and recipient chambers, respectively. The numerical solution of cg
which gives the tracer concentration in the recipient chamber can be
obtained by de Hoog algorithm [48] to numerically transform Eq. (13)
back to the time domain. For a given experimental setup, cg depends
only on D,, K4 and the properties of the rock sample, ers and p. As a
consequence, the D, and K; parameters can be evaluated by fitting the
numerical solution cg to the measured breakthrough curve and opti-
mised by a least square algorithm. The modelling of the diffusion profile
can be conducted by fitting the experimental data with the solutions of
cg with fixed total experimental time and varied rock sample lengths.

3. Results & discussion
3.1. CEMI concrete results

3.1.1. Results of porosity studies (CEMI)

Porosity was measured with water gravimetry and Hg-porosimetry
to obtain total porosity values, and with autoradiography to obtain
both total porosity values and spatial distributions of porosity. The
surface scans, C-14-PMMA autoradiographs and porosity maps of the
CEMI concrete sample are shown in Fig. 3. Both of the autoradiographs
show that impregnation with C-14-MMA was successful and the satu-
ration time of 1 month with C-14-MMA was sufficient. There is no spatial
gradient visible in the autoradiograph that would indicate imperfect
impregnation. The heterogeneity in the spatial distribution of porosity is
clearly visible. While most of the rock aggregate has low porosity, there
are a few porous minerals in the rock aggregate. There also appear to be
a small amount of bubbles seen as black spots in autoradiographs (Fig. 3
red spots in the porosity map). Slightly higher porosities were found
adjacent to the edges of the cement cylinder core indicating slight
drilling disturbance.

The total porosity value obtained via water gravimetry was 14.6
+3.5% and 10.4+1.1 % by Hg-porosimetry, while the total porosity
obtained via C-14-PMMA autoradiography was 14.7.6+1.5 %. Hg-
porosimetry also gave a mean pore diameter value of 13.8 nm. C-14-
PMMA autoradiography was also used to calculate the matrix porosity
by excluding the macropores and the coarse rock aggregate. The cement
matrix porosity obtained was determined to be 18.9+1.9 %. This result
is less than the range of ordinary porosity values for cement paste [34,
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39] as the concrete recipe includes a considerable amount of
fine-grained sand. Most of the connected porosity is known to be found
in the cement matrix. These porosity results were taken in as input pa-
rameters in the modelling.

The porosity values obtained by the used different techniques are
quite close to each other. The immersion time of 32 days in water
gravimetry and C-14-PMMA impregnation appears to have been suffi-
cient to obtain full saturation of the pore space. Hg-porosimetry how-
ever gave a bit lower value. It is possible that not all of the porosity was
accessible to Hg with the applied pressure. The pore apertures of
intragranular porosity in the cement matrix are on a nanometer scale
and tracer intrusion into the nanometer scale takes time. Sample het-
erogeneity is also one possible explanation for the slight differences in
total porosity, as the autoradiographic measurements are from a sawn
surface, while water gravimetry data is derived from the whole sample
but in our experience, this problem usually cause underestimation of the
porosity [38].

3.1.2. Results of through diffusion experiments (CEMI)

The through diffusion results of HTO and Cl-36 in CEMI concrete and
the modelled curves are shown in Fig. 4. HTO starts to break through in
about one week, while the Cl-36 breakthrough started after about 50
days of diffusion time. The considerable delay between the break-
throughs of Cl-36 compared to HTO suggests that there is an interaction
between the Cl-36 tracer and the sample material.

The porosities obtained from Section 3.1.1 via C-14-PMMA autora-
diography were used as input parameters in the modelling processes
and, more specifically, the diffusion was modelled by using the C-14-
PMMA porosity of the cement matrix (18.9+1.9 %). For the modelling
with HTO data, it was assumed that HTO was an inert tracer and only
diffusion controls the transport of HTO. Thus, the effective diffusion
coefficient (D) for HTO was the only controlling parameter during the
modelling process of HTO TD data. By fitting the modelled curve against
experimental data, the best-fit D, for HTO was obtained to be 6.6
+1.3x10712 m%ss.

For the modelling with Cl-36 data, it was assumed that both diffusion
and retardation processes will play an important role in the transport of
Cl-36 in cement-based materials. Thus, both D, and distribution coeffi-
cient (Kg) should be used as input parameters in the Cl-36 modelling.
Previous studies show that a ratio of 1.3 exists in the D, values for HTO/
Cl-36 when transporting through free water [49,50] and also in the
confined space of C-S-H paste which is the main phase of cement [51]. It
has also been shown that in general if the diffusion coefficient of one
species is known and the tortuosity of the material remain unchanged,
the diffusion coefficients of other species can be calculated as well
(Samson, et al., 2003) [52].

The D, value for CI-36 from HTO data was therefore estimated to be

[o4]
o

60
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Fig. 3. Left: Surface scan of CEMI concrete sample. Centre: Corresponding C-14-PMMA autoradiograph of CEMI concrete sample. Right: Corresponding porosity map

of CEMI concrete samples.
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Fig. 4. Left: Through diffusion results of HTO in CEMI concrete. Right: Through diffusion results of Cl-36 in CEMI concrete. Experimental results as black dots, and

modelled results as red dots.

5.1+1.0x107'2 m?/s and this value was used as an input parameter
during the modelling of Cl-36 data from autoradiography. The Kq value
was the controlling parameter in the modelling procedure at this step
and fitting be made solely to resolve the K4. The best fit gives the Kqg
value of 1.9+0.2*10~% m®/kg. Two parameter fitting was also per-
formed to validate the used modelling approach. With two parameters
fitting, the D, was estimated to be 5.241.0x107'2 m?/s and K4 was
estimated to be 1.940.2*10~> m®/kg. This close result shows that the
1.3 ratio estimate for HTO/ Cl-36 diffusion coefficients is a valid
assumption.

Post-mortem examination of the CEMI concrete was performed after
the TD experiment was terminated. Four slices were cut from the CEMI
concrete sample, the autoradiographs were taken and the results were
averaged to account for material heterogeneity. An example of the post-
mortem Cl-36 autoradiographs is shown in Fig. 5. The samples were
imaged using both MPGDA- and SPA-technique based Cl-36 autoradi-
ography and diffusion profiles of specific activity by distance from the
inlet surface were calculated. The resulting activity profile is shown in
Fig. 5 along with a representative example of the autoradiographic
images and the corresponding sample surface. Fig. 5 clearly shows that
Cl-36 diffused throughout the CEMI concrete sample while experiencing
considerable retention into the cement matrix. The retention is wholly
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concentrated in the cement matrix; there is no notable retention in the
rock aggregate. Fig. 5 shows that there is a decreasing tendency in the
spatial activity in the diffusion profile towards the outlet side. This in-
dicates that while a breakthrough was obtained, a steady state was not
yet reached during the experimental time. There was also an apparent
drop in the spatial activity near the inlet side surface. This is probably an
artefact due to non-ideal contact between the sample and the autora-
diographic imaging surface, as also reported by Mace, et al., 2019 [20].
This was taken into account by applying an offset of 1.5 mm to the ac-
tivity profiles. The activity profiles obtained by MPGDA and SPA auto-
radiography techniques are fairly similar to each other although some
differences can be discerned. The MPGDA autoradiograph appears to be
slightly sharper than the SPA autoradiograph. On the other hand dis-
continuities, such as cavities, appears as bright spots in the MPGDA
image, while such artefacts are not prominent in the SPA image.

3.2. CEMV concrete results
3.2.1. Results of porosity studies (CEMV)
Similarly as in studies with CEMI, total porosity values were obtained

via water gravimetry and C-14-PMMA autoradiography, with the latter
providing also the spatial distribution of porosity. The surface scans, C-

= CEMI Post-mortem CI-36 by SPA
e CEMI Post-mortem CI-36 by MPGDA

QEQ“

T T T T T T
00 01 02 03 04 05 06 07 08
Distance from diffusion surface (cm)

Fig. 5. A: Cl-36 autoradiography from the inlet surface in CEMI concrete by MPGDA (left) and SPA (centre) Cl-36 autoradiography and the corresponding sample
surface(right). B: Spatial distribution of activity from inlet diffusion surface towards the outlet chamber as measured from autoradiographs.
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14-PMMA autoradiographs and porosity maps of the CEMV concrete
sample are shown in Fig. 6. Autoradiography results show that
impregnation with C-14-MMA was successful. There is no spatial
gradient visible in the autoradiograph that would indicate imperfect
impregnation. The spatial distribution of porosity is broadly similar to
that of the CEMI concrete shown in Fig. 3. The heterogeneity in the
spatial distribution of porosity is apparent with the lowest porosities
found in the rock aggregate and highest porosities in bubble cavities,
while most of the sample area is a porous cement matrix.

The total porosity value obtained via water gravimetry was 16.4
+2.7 %, 8.840.9 % by Hg-porosimetry and the total porosity obtained
via C-14-PMMA autoradiography was 13.3+1.4 %. Hg-porosimetry was
also to determine a median pore diameter 22.6 nm. The difference in
bulk porosity value by Hg-porosimetry compared to other two methods
could be due to sample heterogeneity or it is possible that not all of the
porosity was accessible to Hg with the applied pressure. C-14-PMMA
autoradiography was also used to calculate the matrix porosity by
excluding the macropores and the rock aggregate. The matrix porosity
obtained was determined to be 16.3+1.7 %. This result is in the same
range as the porosity of the CEMI concrete. The pozzolanic reaction
caused by pozzolanic agents, fly ash and blast furnace slag, present in
CEMV, tends to cause the transformation of larger pores to smaller ones
concurrent with cement hydration [10], leading especially to a reduc-
tion in the number of micrometre scale pores [53]. This however doesn’t
apparently cause a major reduction of overall porosity, as seen in our
results. It could however affect the diffusion behaviour of the sample
material because the tortuosity and the constrictivity of the pores in-
crease. This effect could especially be seen in chloride diffusion, as
pozzolanic agents are known to cause a reduction in chloride ion
mobility [10] and bind chloride ions to different degrees [16].

3.2.2. Results of through diffusion experiments (CEMV)

The through diffusion results of HTO and Cl-36 in CEMV are shown
in Fig. 7 alongside the corresponding modelled curves for HTO. HTO
starts to break through after 50 days, while Cl-36 is negligible even after
270 days of diffusion time and therefore no modelling could be per-
formed on Cl-36 TD. The results show that the diffusion of both HTO and
Cl-36 in CEMV concrete was considerably slower than those in CEMI
concrete. The overall decrease in diffusivity is caused by the shift in pore
sizes towards nanometer scale pores caused by pozzolanic reactions.
Compared to CEMI concrete the breakthrough of HTO starts about 43
days later and Cl-36 is not measured at all. This indicates that there is
considerable retention of Cl-36 in the CEMV concrete.

The modelling method of the diffusion of HTO within CEMV was the
same as the modelling method applied to HTO diffusion in CEMI. The
same assumption that HTO was an inert tracer was also applied with
CEMV, and thus diffusion was the only process that can determine HTO
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transport in CEMV. By finding the best fit of the modelled curve with the
experimental data, the D, value of HTO diffusion in CEMV was calcu-
lated to be 4.4+0.5x1013 m?/s. However, because the breakthrough of
CI-36 could not be properly determined, the modelling of Cl-36 diffu-
sivity was performed based on the HTO diffusion data and with the C1-36
diffusion profile data.

Post-mortem examination of the CEMV concrete was performed after
the through diffusion experiment was terminated. Four slices were cut
and autoradiographed from the CEMV concrete sample and the results
were averaged to account for material heterogeneity. The samples were
imaged using both MPGDA- and SPA-technique based Cl-36 autoradi-
ography and profiles of specific activity by distance from the inlet sur-
face were calculated and normalized to account for the non-bound
portion of the CI-36 tracer. Modelling fit was then applied to the
experimental results. The resulting activity profiles are shown in Fig. 8
along with a representative example of the autoradiographic images and
the corresponding sample surface. The CEMV concrete sample imaging
shows that the Cl-36 tracer had not diffused through the sample within
the experimental time, which corroborates the finding that the break-
through of chloride was not observed during 270 days of the experiment.
The activity profiles presented in Fig. 8 show that the diffusion front was
found at a depth of about 4-5 mm into the sample, out of the total cross-
section length of 1 cm. Therefore the diffusion front had only reached
about halfway into the sample, unlike in CEMI-based concrete where the
Cl-36 tracer was found throughout the length of the sample. Heteroge-
neity in the diffusion front can be observed in CEMV concrete samples. It
appears that the diffusion front is slightly more advanced around large
aggregates, probably because there is negligible retention to the
aggregate, allowing for faster diffusion and/or in the interface of
aggregate/cement paste there is an opened grain boundaries allowing
faster migration to take place. In CEMV concrete too, the retention is
wholly concentrated in the cement matrix; there is no notable retention
in the rock aggregate. The MPGDA and SPA-derived activity profiles are
fairly similar although the MPGDA profile descends later and less
sharply. Perhaps this is due to the greater sensitivity of the MPGDA
technique. Another cause for the difference in the curves could be that
incontinuities, such as bubble cavities, tend to appear as bright artefacts
in MPGDA imaging. The same modelling method as used for CEMI
concrete though-diffusion results can be adapted to be used for model-
ling the Cl-36 activity/diffusion profiles by examining the concentration
distributions along the sample length at the last experimental time (270
days in this work). The same assumptions as applied in CEMI studies
were used to estimate the D, of Cl-36 in CEMV as 3.4+0.4x107 13 m%/s
by applying a conversion factor to the D, value of HTO [51]. Thus, K4 is
the only controlling parameter in the modelling process. By best-fitting,
the modelled curve to the experimental data, the Ky value of Cl-36,
indicating the interaction with the CEMV material, was calculated to

9% A11soJ0d

Fig. 6. Left: Surface scan of sample CEMV. Centre: Corresponding C-14-PMMA autoradiograph of sample CEMV. Right: Corresponding porosity map of sam-

ple CEMV.
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Fig. 7. Left: Though diffusion results of HTO in CEMV concrete. Experimental results as black dots, and red curve represent the modelled curve based on the

experimental results. Right: Through diffusion results of CI-36 in CEMV concrete.
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Fig. 8. A: MPGDA Cl-36 autoradiographs (left), corresponding SPA Cl-36 autoradiographs (centre) and corresponding surface scans (right) of the CEMV concrete Cl-
36 samples. B: Diffusion profiles of Cl-36 in post-mortem CEMV concrete samples by SPA and MPGDA methods.

be 1.9+0.7x10~% m3/kg. On the autoradiograph, we detect the retarded
part of diffused chloride but combined this data with the diffusivities of
the non-retarded tracers we can determine the total diffusivity of chlo-
ride in the samples.

The porosity values and diffusivities are presented in Table 4. The
porosity values obtained for the two concretes are of the same order of
magnitude and differ only slightly, even though the average pore size
might be different as pozzolanic components in CEMV because of the

Table 4
Summary of the porosity and diffusion parameters for CEMI and CEMV concrete.

Porosity parameters

CEMI concrete

CEMV concrete

Total porosity by water gravimetry 14.6+£3.5% 16.4+2.7 %
Total porosity by Hg-porosimetry 10.4+1.1 % 8.8+0.9 %
Total porosity by C—14-PMMA 14.74+1.5 % 13.3+1.4 %

autoradiography

Diffusion and distribution
coefficients

Effective diffusion coefficient (HTO)

6.6+1.3x10" 2 m?/s

4.440.5x10713

m?/s
Effective diffusion coefficient (5.2-5.1)+1.0x10 2 3.4+0.4x10° 13
(C1-36) m?/s m%/s
Distribution coefficient (Cl1—36) 1.940.2x10 3 m%/kg  1.940.7x10°3
ms/kg

transformation of large aperture pores to smaller aperture pores [10] via
reaction with the calcium hydroxide and alkalis released during OPC
hydration [11]. The pore size range in cement is however in the range of
a few tens of nanometres and downwards, making it difficult to image
the individual porous structure, although STED nanoscopy, as used for
geological samples [54] could be used for this purpose after proper
method development. It is however noted that the curing time was
different in the sample types due to the differing hydration rates. The
curing also affects to the diffusivity, with a general trend of decrease
with increasing curing time [55,56]. This is parameter that should be
controlled for too in future experiments.

There is a clear trend in all of the HTO and CI-36 diffusion results;
diffusion through CEMV is considerably slower compared to diffusion
through CEMIL. Total porosity values are however rather similar, sug-
gesting that the reason for slower diffusion lies in the microstructure of
the connected pore network. HTO diffusion results were consistent with
the behavior of an inert tracer, but the Cl-36 diffusion showed that it
experienced retention. The retention combined with slower diffusion
meant that no breakthrough of the Cl-36 tracer occurred in the CEMV
concrete during 270 days of the through diffusion experiment. The
diffusion coefficients obtained in our experiments were in agreement
with those obtained previously in other works. For example, Uusheimo,
et al.,, 1993 [57], obtained an effective diffusion coefficient of
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6.0-7.1x10712 m?/s for HTO and 4.1x10~'2 m?/s for Cl-36 in ordinary
concrete. Macé, et al.,, 2019 [20], reported diffusion coefficients of
3.10x107 3 m?/s for HTO and 1*1071%-7.1x1071* m?%/s for chloride in
their CEMV concrete.

There was considerable retention of Cl-36 in both materials CEMI
and CEMV. No retention of HTO could be measured using our methods
and the results could be modelled well with the assumption of HTO as an
inert tracer. Distribution coefficients of Cl-36 were quite close to each
other suggesting similar retention potential in these concretes for chlo-
ride in our experimental conditions. Differing results have also been
obtained. Thomas, et al., 2012 [16], and Ipavec, et, al, 2013 [17], re-
ported increased chloride binding as a function of increased alumina in
the supplementary cementitious materials. These studies however used
considerably higher chloride concentrations, ranging from 50 mM to
3000 mM. The samples were also broken into small pieces while in our
study, the samples remained intact. It is therefore possible that similar
equilibrium conditions were not obtained in our study, especially in the
CEMV concrete with lower permeability. Macé, et al., 2019 [20], ob-
tained distribution coefficients of 0.0004 and 0.0005 m®/kg for their
CEMV-based concrete. This is less than obtained in our experiment. This
is likely due to the lower total concentration of Cl used in our work
(0.72 mM) compared to those used by Mace, et al., 2019 (30 mM) [20].
Chloride has been known to form Friedel’s salt and Kuzel’s salt in
cementitious media, especially in higher chloride concentrations [16,
20]. Van Es, et al., 2015 [5], also found that increased Cl-36 activity in
cementitious backfill was associated with black ash-like particles in the
matrix, which they believed to correspond with partially hydrated glassy
calcium-silicate-sulphate rich clinker. However, such a pattern of
increased activity was not present in the samples of this study, perhaps
owing to different concrete compositions. Our post-mortem autoradi-
ography results showed uniform retention in the cementitious matrix.
The coarse rock aggregate exhibited no retention in these results, which
is consistent with the findings of Cl-36 behaviour in a crystalline rock
where no retardation of Cl-36. The results were similar to those shown
by Mace, et al., 2019 [20], where a similar distribution pattern was
observed. The diffusion front appeared sometimes more advanced
around the rock aggregates, perhaps due to different migration path-
ways of the interfacial transition zone (ITZ) around the rock aggregate
[58]. As chloride has a considerably smaller effective diffusion coeffi-
cient in CEMV concrete than in CEMI concrete, a given volume of CEMV
concrete will inhibit the movement of chlorine far longer than a similar
volume of CEMI concrete.

4. Conclusions

TD experiments in two concrete samples were performed with HTO
and Cl-36 tracers. The diffusivities of HTO and Cl-36 were considerably
lower in CEMV concrete than in CEMI concrete. Autoradiography-based
Cl-36 post-mortem examination revealed important distinctions
explaining the diffusion behaviour between the two concrete materials.
While there was considerable retention in both, in CEMV, the diffusion
was considerably slower than in CEMI. The Cl-36 diffusion front in
CEMV reached 4-5 mm into the 1 cm thick sample after 270 days of
experimental time whereas it reached the other side of the 1 cm long
sample in CEML. This difference could not be explained simply with
different bulk porosity values, as the bulk porosity in the two sample
types was found to be roughly the same. The divergence is better
explained by differences in the pore structure. CEMV-type sample had a
longer hydration time and the mixed cement material, contributing to
tendency to have a higher proportion of nanometer-scale pores resulting
in increased tortuosity and increased constrictivity, which decreases
diffusivity as well.

In the post-mortem imaging, Cl-36 diffusion profiles produced by the
MPGDA seemed to have overall better resolution, but incontinuities
such as bubbles in cement can cause artefacts, which appear as bright
spots. The bubbles can be excluded from the diffusion profile analyses
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comparing the autoradiograph to the sample surface scan. Due to the
artefacts, it is also reasonable to use two types of autoradiography. These
kinds of artefacts could possibly also be eliminated by impregnating the
samples post-mortem in suitable resin, such as MMA, followed by sub-
sequent polymerization. Overall, the post-mortem autoradiographic
imaging was successful, and a similar approach is probably applicable to
other radionuclides. Possible further candidates for similar imaging
could be the other mobile radionuclides of interest such as 12°I, 14C, 4'Ca
and 7%Se.

These results could be taken into account for example in choosing the
cementitious material and the reaction conditions to be used in a re-
pository containing a lot of Cl-36-waste like in low and intermediate
waste cases or choosing the concrete type to be used in a waste immo-
bilization with concrete The efficiency of a given waste immobilization
material could also be measured with autoradiographic imaging. This
imaging could also show if there are sites of preferential retention in the
waste form for different nuclides, especially if it is possible to distinguish
different nuclides in imaging, as with MPGDA. Another potential
application of the imaging techniques used in this work, is the study of
the degradation of cementitious materials by chloride-containing solu-
tions, such as seawater. Concrete structures often contain other struc-
tural elements, such as steel reinforcement, which can experience
corrosion due to reactions with chloride ions and autoradiographic
imaging could increase the understanding of this process.

Possible future studies could be further modelling to describe the
retention process and the elucidation of the role of different phases
formed during the retention of chloride. This could be accomplished by
complementing diffusion experiments with sorption studies into model
materials representing cement paste and singular cement phases. These
studies could also include nanoscopy techniques such as Stimulated
Emission Depletion (STED) nanoscopy to image nanoscale porous fea-
tures. A follow-up study focusing on leaching immobilized Cl-36 could
be performed to account for changing conditions in a repository system.
Such changing conditions can come about due to long-time-scale climate
changes, such as ice ages, resulting in changes in groundwater
composition.
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