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In-depth analysis of proposed materials should always precede the construction of purpose designed facilities. These
studies primarily demonstrating their feasibility, performance, service life, when applied in aggressive environments,
are basically seeking to validate the timeframes of their safe operation. This article analyses the studies that have
been implemented at the Canadian Nuclear Research Center (Chalk River Laboratories), at a radioactive waste storage
facility at the Dukovany NPP site in the Czech Republic, at the ELl Cabril radioactive waste storage facility (E1 Carbil
facility) in Spain, as well as the results obtained within the framework of the international CRP project.
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Concretes applied in nuclear industry are char-
acterized by different properties and are operated
under specific conditions, differing, in particular, in
the radiation exposure levels [1]. At near-surface ra-
dioactive waste disposal facilities (NSDF), cement-
based materials (cement waste forms, containers
with radioactive waste (RW), building structures)
are exposed to various levels of radiation.

Most considerable impact is produced on cement-
containing waste forms with immobilized liquid ra-
dioactive waste (LRW), whereas the NSDF building
structures are impacted to a lesser extent. For this
reason, in case of cement waste forms, concrete du-
rability (its ability to preserve original properties)
should be studied under real-life radiation expo-
sure conditions, whereas the durability of building
structures and RW containers can be studied under
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normal construction and complete or incomplete
sinking conditions (site conditions should be to the
extent possible identical to those of the proposed
NSDF).

The latter circumstance has prompted extensive
international cooperation under the Coordinated
Research Project (CRP) launched in the early 1990s
to study the degradation of cement- and clay-based
materials on prototype NSDF structures and waste
simulators [2]. It also covered the monitoring find-
ings from a few existing repositories (in particular,
the Drigg facility in the UK).

Studies launched in the CRP countries and fo-
cused on cement-based materials and modification
of their properties explored the prospects of their
further application in engineered barrier struc-
tures of low- and intermediate-level waste disposal
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facilities. The following is an overview of some re-
search findings (based on IAEA papers [2]—[7]).

Durability of concrete studied at the IRUS
facility of the Canadian Nuclear Research Center
based on corrosion penetration depth [2]

Three types of concretes varying in silica content
and immobilization times were used in the sample
testing (Table 1). Degradation effects produced by
aggressive media were studied based on prism-
shaped samples (75 x 75 x 280 mm).

Table 1. Inventory of concrete

Immobi-
lization
time, days
Composi- Portland,
tion1(S1) type10(cUy 190 vl
Composi- Portland,
tion2 (S2) type 50 (HS™) 0 v d
Composi- Portland,
tion 5 (S5) type 50 (HS™) 22 E

*GU is a general-purpose cement not intended for use under the
influence of sulfate-containing groundwater or soils.
**HS is a high—sulfate cement resistant to corrosion by groundwa-
ter or soils being high in sulfates.

The depth of chloride penetration was forecasted
based on the experimental results (Figure 1).

The implemented tests and extrapolations evi-
dence that properly selected concrete composition
may provide durability for up to 500 years.

Comprehensive research in the RW disposal facility
at the site of the Czech NPP Dukovany [2]

Reinforcement corrosion studied in the NSDF
showed that the durability of reinforced concrete
slabs may amount to 630 years resulting in a rein-
forcement corrosion degree of up to 50 %. In gen-
eral, the estimated reliability of the repository’s
reinforced concrete structures (RCS) accounted for
400 years.

The durability of an asphalt waterproof layer was
investigated as well. It was demonstrated that or-
ganic materials contained in it contributed to in-
tensive microbiological degradation. No definite
conclusions have been drawn regarding the experi-
mental findings. The microbiological effects de-
serve quantitative description which is a challenge
requiring proper monitoring to be implemented in
the repository to trace the changes occurring at the
post-closure stage.

The durability of stressed RCS was estimated
based on the reinforcement corrosion degree. Data
for 1991 and 1995 were compared revealing much
more intense carbonation processes evolving in

2

Figure 1. Concrete degradation affected by chlorine ions
with a concentration of 5 g/l

the enclosing structures than in the partitions with
an overall slow-down tendency. The reinforce-
ment corrosion rate was evaluated experimentally
on exposed concrete at different sites. Under this
study, the estimated durability of the repository
structures accounted for 635 years. The limit state
was calculated based on the reinforcement cor-
rosion degree (50%) highly likely to result in slab
subsidence.

Research in the El Cabril NSDF (Spain) [2]

Concrete with a loadbearing capacity of 350 kg/cm?
is going to be applied in the El Cabril’s repository
structures. Moreover, the concrete intended for the
repository and container structures will be manu-
factured based on a same method, but provided
larger-size filler applied in the former case. It was
revealed that corrosion processes tend to run het-
erogeneously along the overlapping area. Under
such conditions, carbonation estimated over more
extended forecasting timeframes appeared to be
more intense than it had been assumed early in
the research: the coefficient in the parabolic de-
pendence showing the changes in the penetration
depth over time was increased to 2 mm (for the first
years it was assumed as being less than 2 mm, and
for 300 years, the depth of carbonation was esti-
mated at 35 mm).

Concrete degradation driven by calcium hydrox-
ide leaching was studied in a water flow with a
low salt content. Its speed accounted for 1-10712—
1-107'! mm/year, i. e., in 300 years, the depth of cal-
cium leakage was supposed to be less than 150 mm,
thus, this effect could be neglected.

The study has also evaluated the possibility of
concrete watering and calcium hydroxide leaching
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due to capillary absorption (capillary moisture ab-
sorption by concrete constituting to the repository
structures). The capillary absorption coefficient for
concrete amounted to 13.22 mm/yearo's. Given this
level, over 300 years, water would be able to pen-
etrate into the concrete to a depth of approximately
230 mm, therefore, in this case, the leaching effect
could be neglected.

These studies served a basis for the key recom-
mendations developed on the parameters driving
the selection of concrete materials with a required
durability level, in particular:

- minimal portlandite content;

« maximum density;

« minimum water-cement (W/C) ratio;

- maintainability, compatibility of repair and main
structural concrete.

The above parameters are recommended to be
monitored and checked for compliance.

Durability of concrete type containers CE-2a was
studied under actual repository conditions on a
1:1 scale model (Spain). A container was installed
into a concrete disposal cell intended for testing.
Two factors inducing concrete degradation, name-
ly, the degradation of its passivating layer, were
considered:

- sufficient amount of depassivating ions (chlorides);

- reduced alkalinity due to reactions with an acidic
medium.

In the first case, the corrosion was deemed local,
in the second — areal.

In the specific conditions inherent in the El Cabril
NSDF, the selected localization was considered as
the one corresponding to the long-term container
storage conditions:

- the site is quite remote from the coastal marine
area;

- surface and groundwater do not contain sulfates
and other aggressive substances;

- the repository is sited in rural areas excluding
high levels of carbon dioxide and other contami-
nants in the atmosphere;

- favorable climate with positive air temperatures;

- possible degradation due to expansive alkali-sili-
cate reactions (type III corrosion) is excluded due
to correctly selected material.

Degradation driven by biological activity is
deemed important only if the environment appears
to be favorable to the development of biological
organisms, which, given the conditions inherent in
the El Cabril NSDF, could be neglected.

Samples tested in the laboratory conditions were
analyzed. It was demonstrated that cement leaching

with water could be considered as the main cause

of concrete degradation. As for the reinforcement

structures, it was mainly driven by the protective
layer carbonation upon container interaction with
air.

The tested samples showed that the carbon-
ation rate was expected to amount to 26 mm over
300 years, which appears to be much less than the
thickness of the passivating layer (40 mm).

Cement (calcium hydroxide) leaching was driv-
en by its exposure to a water flow with a low salt
content and high acidity. At a flow rate of 10712—
107! mys, its depth was expected to range from 10
to 100 mm in 300 years, which is less than the con-
tainer’s wall thickness (150 mm). Thus, the leach-
ing effect could be neglected. The capillary water
penetration into cement could amount to 229 mm,
but given its very low flow rate, the leaching prod-
ucts would inhibit further evolvement of the corro-
sion process.

The next stage of the research was focused on
the changing properties of the container material
under actual disposal conditions aiming to validate
the assumption on container durability length of
no less than 300 years.

Under the research, the following tasks were set:

- to monitor the condition of concrete and its
changes important in terms of its main character-
istics: durability and containment capacity;

- to forecast the behavior of a CE-2a type concrete
container over a time period of 300 years;

- to develop non-destructive testing methods de-
signed to evaluate the condition of concrete;

- to explore the opportunities for sensor embedding
into concrete and, thereby, to monitor its condi-
tion indicators, as well as the corrosion rate.

Six years of such monitoring with the embedded
sensors resulted in the following conclusions:

- container fittings and steel elements tend to be
completely passive;

- the container concrete was getting less saturated
and more compacted;

- oxygen content inside the container was quite high;

- cyclic temperature changes were driving altera-
tions in the mechanical characteristics of concrete
(resistivity, deformation) and also affected the ox-
ygen content;

. presence of oxygen indicated the absence of an-
aerobic conditions.

As regards general conclusions drawn on the
changing properties of container materials under
NSDF conditions, it was important that ultimately
there was a common understanding that the be-
havior of packaging materials could be forecasted
over a 300-year period only provided relevant data
and correct interpretation of the basic processes
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occurring in the materials and describing their
transformations.

A quantitative forecast indicating the changing
properties of engineered barrier materials consti-
tuting to NSDF structures is a must when one en-
deavors to assess the feasibility of their application
and provide evidence supporting the assumption
on their protective functions, in particular, that
they would last over time periods comparable to
those of archaeological observations.

Based on modern methods one may provide and
demonstrate the durability of high-quality con-
cretes applied in the construction industry for a pe-
riod of 100—120 years.

The available forecasting methods are basically
applicable to cement-based EBS materials pro-
posed under RW repository designs.

However, NSDF designs require relevant as-
sumptions regarding much longer durability of
these materials — 300—500 years. Whereas in
case of barriers providing the containment of
long-lived radioactive waste, such assumptions
are supposed to cover a period of over a thousand
years.

Over such periods, the durability can be estimat-
ed via short-term test extrapolation. However, no
methods providing quantitative assessment of the
required durability length have been standardized
to date.

Experimental laboratory and field studies is a
necessary step required for further validation of
equations under the transformation models. The
data obtained under actual repository conditions
are required to update the models and refine the
durability forecasts.

Degradation (or simply property changes) is a
rather abstract concept requiring further elabora-
tion in terms of its individual parameters (density,
water conductivity coefficient, porosity, permeabil-
ity and others) that can be easily measured. These
should be selected based on their functionality and
applicability.

Models developed to calculated the service life
of NSDF concrete barriers intended for low-level
waste disposal are presented in [6]:

1. Degradation of concrete (3Ca0-Al,O, hereinaf-
ter referred to as C;A) driven by sulfate corrosion
at different sulfate concentrations was estimated
(Figures 2—4).

2. The time over which the chlorides would reach
the concrete reinforcement was calculated assum-
ing various chloride concentrations (Figure 5—6).

3. The depth of calcium hydroxide leaching from
concretes of various types was calculated (Figure 7).

4. The rate of concrete carbonization in various
geochemical media was calculated (Figure 8).

4

Figure 2. Sulfate corrosion rate at low sulfate concentrations

Figure 3. Sulfate corrosion rate at average sulfate concentrations

Figure 4. Sulfate corrosion rate at high sulfate concentrations

Figure 5. Curves showing the time when the chlorides are expected
to reach the reinforcement depending on the protective layer
thickness and considering concretes with different water-cement
ratios (W/C). The concentration of chlorides accounted for 1 ppm
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Figure 6. Curves showing the when the chlorides are expected
reach the reinforcement depending on the protective layer
thickness and considering concretes with different water—

cement ratios (W/C). The concentration of chlorides accounts
for 3,000 ppm

Figure 7. The rate of calcium hydroxide leaching from concrete
(binder — Portland cement)

Figure 8. The rate of concrete carbonation (binder —
Portland cement) in various geochemical media

5. Changes in concrete pH driven by corrosion
processes were evaluated (Figure 9).
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Figure 9. Changes in the pH levels of concrete driven
by corrosion processes

The paper [5] evaluates corrosion impacts on con-
crete in the long-term period and, therefore, on the
safety of near-surface RW disposal:

1. Magnesium sulfate corrosion rate was calcu-
lated for concrete. The following equation was
proposed to calculate the penetration depth of the
damaged layer depending on time:

x=0.55C, (Cyy + Cso, )1, 1)

where x is the thickness of the damaged layer; C; is
the C;A percentage in cement; Cy, is the concen-
tration of Mg?* in the solution volume (mol-cm~3);
is the concentration of SO,*" in the solution vol-
ume (mol-cm~>); t — time (years).

Table 2 presents the degradation rates calculated
for different types of concrete according to equa-
tion (1).

Table 2. Calculated concrete degradation rates driven
by magnesium sulfate corrosion

Concrete degradation (m-year)

| 3810 6510° 210 410 7107 |
| 20102 40107 310 510° 1107 |
| 37407 1440°  810% 140 2107 |

2. The time of chloride corrosion exposure on the
reinforcement was calculated as follows:

¢ wcra®*’ @
where tis the time before the chloride ion exposure
started (years); x, is the thickness of the protective
reinforcement layer (inch); WCR — W/C ratio; Cl is
the concentration of chloride ions (mg-17}).
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Table 3 shows the time when the protective re-
inforcement layer could be reached depending on
chloride ion concentrations.

Table 3. Time required to reach the protective
reinforcement layer calculated given different
concentrations of chloride ions

Time before the chloride ion exposure started acting on the
reinforcement (year)

Cl=1/mg Cl=100/mg C1=3000/mg

05 04 03 05 04 03 0504 03
1 8% 1010 14102 12 15 20 3 4 5
14 2110° 26107 3510° 3010* 37:10* 5010 72 90 1.2-10

3. The depth of calcium leaching from concrete
depending on time was calculated based on the be-
low equation:

0.5
C,-C,,
X = [wef Tr} , 3)

where X is the leaching penetration depth (m);
C, stands for Ca®" concentration in concrete pore
water (mol'm~%); C,, is Ca*" concentration in natu-
ral water (mol'm~>); S is calcium concentration in
the solid concrete phase (mol-m~); D, is the dif-
fusion coefficient for Ca?* in concrete (m%s); t is
time (years).

4. Carbonization depth was calculated based on
the below equation:

C 0.5
X={2D,1¢], 4
{ ef CS ] ( )
where X is the penetration depth of calcium car-
bonate (m); C, is the total concentration of Ca(OH),
in the solid phase (mol-m~>).

Table 4 presents the changes in distribution coef-
ficients for cement-containing materials driven by
their degradation.

Table 4. Changes in the distribution coefficients
(m>/kg) for cement-containing materials driven

by their degradation [5]
Immature Partially de- Completely de-
Element concrete graded concrete | graded concrete
pH12.5-13.3| pH<12.5 pH=11
cl 5107 5107 5107
K 0 1107 1107
Co 1107 1107 11072
Ni 1107 1107 11072
Se 0 0 0
Sr 11073 11073 11073
Zr 5 5 1

Continuation of table 4

Immature Partially de- Completely de-
concrete | graded concrete | graded concrete
pH 12.5-13.3 pH<12.5 pH=11
Nb 1 1 1-107
Mo 0 0 0
Tc 1-10°° 1-10°° 0
Pb 110! 10 11072
Ag(NaHCO;)  1-107° 1-1073 1-10°3
Sn 1 1 1-1071
| 1-1072 1:1072 1-10°3
Cs 21073 2:1072 2:1072
Pb 5.107! 5107t 51072
Po 0 0 0
Ra 5-1072 5-1072 5-1072
Ac 1 1 21071
Th 5 5 1
Pa 5 5 1-107!
U 2 2 1-107
Np 5 5 1-107!
Pu 5 5 1
Am 1 1 21071
Cm 1 1 21071

Table 5 presents the calculated changes in the hy-
draulic parameters of cement-containing materials
caused by their degradation. These calculations
were implemented under the Coordinated Research
Program on the Safety Assessment of Near-Surface
Radioactive Waste Disposal Facilities (NSARS) to
trace the changes in the hydraulic characteristics of
concrete during the RW disposal process.

Table 5. Changes in the hydraulic parameters caused
by concrete degradation calculated under the NSARS [5]

Moisture | Residual mois- | Water conduc-
Material contentin | ture content tivity coeffi-
the sample | in the sample cient, m/s
RW subjected
to trench-type 0.30 0.07 1-10~
disposal
Loam 0.30 0.07 1-1077
Clay 0.39 0.11 1-1070
Concrete 10-10
(0-200 years) 0.15 0.12 110
Concrete 108
(200500 years) 0.15 0.12 1-10
Concrete S
(>500 years) 0.38 0.07 5-10
Sand 038 0.07 5107

Radioactive Waste Ne 4 (25), 2023



Overview of International Experience and Tests Focused

on Cement-Based Materials Proposed to Provide the Long Term Safety of Radioactive Waste Repositories

The calcium leaching effect greatly reduces the
concrete strength. Samples of cements with high
(CEM-1) and low (CEM-V) concentrations of port-
landite and the composition indicated in Table 6
were used to study the changes in the concrete
strength levels under conditions simulating those
of an underground RW disposal facility.

Table 6. Chemical composition of the Portland cement

sample
(a0  Si0, ALO, MgO SO, Na)0
623 208 44 3.8 29 039
Fe,0, K, 0 GAlL GS C,S  losses
24 128 8 53 20 0.66

Concrete samples were kept in a 6M ammonium
nitrate solution at room temperature. The dura-
tion of the leaching process amounted to 60 days.
The strength characteristics were studied on a
special triaxial press for both dried and wet ce-
ment samples.

Thus, one could study the sample resistance to
deforming stresses acting under hydrostatic com-
pression conditions, i.e., to some extent simulat-
ing the conditions of an actual deep geological RW
disposal facility, differing considerably from those
of a NSDF both as regards the temperature mode
and the pressures exerted on concrete load-bear-
ing structures. Nevertheless, the calculated values
could be considered as threshold ones for disposal
facilities sited at depths of up to 100 m.

Considerable calcium leaching was noted: its
concentration dropped by 3.5 times during the
experiment.

At the post-leaching stage, the compressive
strength of cement dropped by 90% (from 54.1
to 5.1 MPa). In addition, a four-fold decrease was
identified in its resistance to deforming stress-
es. The samples were studied using a scanning
electron microscope: a large number of newly
emerged pores was identified in the leached ce-
ment, which, together with relevant chemical
disturbances in the concrete composition were
supposed to drive certain deterioration of its me-
chanical properties [9].

Behavior of the Portland cement-water system
has been simulated over a million-year time peri-
od revealing a complex dependence between den-
sity and porosity indicators in the direction of the
leaching front movement: precipitation of calcite,
brucite and ettringite crystals resulted in reduced
density and porosity areas, whereas portlandite
dissolution was contributing to the emergency of
increased porosity areas.

A similar picture may be observed under near-
surface disposal conditions nevertheless with much
less extended areas experiencing such changes.

It has been shown that CEM-I and CEM-V cement
differ considerably according to their behavior:
CEM-I is characterized by more active precipitation
of crystalline phases and a more intense, almost
complete, discontinuation of the concrete degra-
dation process in 25,000 years. In case of CEM-V,
this effect is expected to occur in 300,000 years.
The calculated thickness of the altered layer may
amount to one meter (with no consideration given
to porosity evolution), and taking into account the
precipitation of crystalline phases and a decreased
porosity level, it is not expected to exceed 0.4 m.

For waste disposal facilities, most unfavorable
situation is the one involving the ingress of atmo-
spheric precipitation into increased porosity areas,
which may result in increased local leaching het-
erogeneity on the slabs of RW disposal tanks and
accelerate the corrosion processes. Crystalline
phase precipitation due to the propping action may
also produce a negative impact increasing the con-
crete porosity.

Since according to Table 2 water conductivity
coefficients for concrete and sand are expected to
get equalized in 500 years, one may assume that ac-
tive porosity of concrete becomes equal to the total
porosity reaching the level characteristic of sand.
Thus, in 500 years, NSDF is expected to face com-
plete degradation of concrete, which gets decom-
posed into the original components of the filler and
lose completely its protective function.

Figure 10 presents the changes in the diffusion
coefficients of neutral radioactive components in
concrete depending on the porosity levels.

Since concrete degradation ultimately results in
original components (sand and gravel) as its final
products [7], their mechanical and physicochemical

Figure 10. Dependence between diffusion coefficients
calculated for neutral radionuclides and the porosity
of the CEM-I cement paste (circles and the corresponding
curve) and actual clayey rocks [8]
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characteristics are expected to correspond to those
of natural materials, i. e., distribution coefficients,
diffusion, water conductivity and porosity levels
are expected to correspond to those of sand and
gravel in approximately 500 years.

In general, considering the increased porosity
and the corresponding decrease in the density level
as unfavorable factors contributing to higher diffu-
sion coefficients for the radionuclides, the follow-
ing equation was proposed by the authors of [8] to
evaluate this negative effect:

-1
d n
D;=Dy+D,, |1- 1+(d—j )

cr

where D, D, and D, are the diffusion coefficients
in the damaged, initial and completely damaged
barriers, respectively, n is the parameter (n=5),
d and d_, are the current and critical values of the
damage criterion d,=0.4. Thus, knowing the de-
gree of changes in the porosity or permeability in-
dicators, one may calculate the changes in the dif-
fusion coefficients.

Presumably, for deteriorated concrete the maxi-
mum level of this parameter would amount to about
80% of its level characteristic for the radionuclide
in water [8].

Concrete shrinkage experienced during long-
term RW storage was discussed in [8], namely, it
was estimated at a level of (200—800)-10~°® mm/mm
and (2000—6000)-10~® mm/mm in case of a cement
mass.

Repository designs account for possible concrete
shrinkage at the operational and post-closure stag-
es of NSDF life cycle resulting in some free space
corresponding to the shrinkage degree.

The paper overviews international research and
relevant findings on the changes experienced by ce-
ment-based materials and their properties, which is
required to evaluate the prospects of their further

application in engineered safety barriers of NSDF
designed for low- and intermediate-level waste (ac-
cording to the IAEA classification system).

The results obtained have demonstrated the du-
rability of concrete expected to last all through the
operational and post-operational stages of NSDF
life cycle.
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