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a b s t r a c t

Experiments with real and simulated radioactive cementitious wasteforms were set up to compare the
leaching behaviour of cementitious wasteforms containing nuclear power plant operational waste in field
and laboratory test conditions. Experiments revealed that the average annual 137Cs leach rate in deionised
water was about thirty-five times greater compared with the measured average value for the 1st year
of the field test. Cumulative leached fraction of 137Cs for 1st year (3.74%) was close to values reported
in literature for similar laboratory experiments in deionised water, however more than two orders of
eywords:
aste immobilisation

ement
eaching
ield tests

magnitude higher than the 1st year leached fraction of 137Cs in the repository test (0.01%). Therefore, to
compare field and laboratory test results, a scaling factor is required in order to account for surface to
volume factor difference, multiplied by a temperature factor and a leach rate decrease coefficient related
to the ground water composition.

© 2011 Elsevier B.V. All rights reserved.

aboratory tests
ong-term performance

. Introduction

Cementation of radioactive waste has been practised for many
ears to immobilise low and intermediate level wastes [1–4].
emented radioactive wastes are characterized by good compres-
ive strength, thermal, chemical and physical stability. Moreover
he alkaline chemistry of hydraulic cements ensures low solu-
ility for most radioactive waste radionuclides. The prominent
dvantages of cement immobilisation are due to the inexpen-
iveness and readily availability of hydraulic cements, simple
nd low cost processing at ambient temperature. Cement matrix
cts as diffusion barrier and provides sorption and reaction
ites. Cementation is suitable for sludge, liquors, emulsified
rganic liquids and dry solids. Most of cementation technolo-
ies utilise hydraulic cements among which Ordinary Portland
ement (OPC) is of most use. Phases formed during cement hydra-
ion influence its structure and properties. The most important
s tobermorite gel or CSH phase, which is the main cement-
ng component of concrete. Setting and hardening behaviour,
trength and dimensional stability depend primarily on the tober-

orite gel. Development of the microstructure of hydrated cement

ccurs after the concrete has set and continues for months (and
ven years) after placement. OPC is typically 95–98% hydrated
fter 12 months and comprises an aqueous phase, which is

∗ Corresponding author.
E-mail address: m.ojovan@sheffield.ac.uk (M.I. Ojovan).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.004
largely confined to filling pores less than 1 �m in radius (pore
water) and a heterogeneous paste matrix. Typically the phase
composition of hydrated cement paste is represented by the fol-
lowing crystalline phases: Ettringite: 3CaO·Al2O3·3CaSO4·32H2O
(AFt); monosulphate Ca4Al2(OH)12·SO4·6H2O (AFm); hydroga-
rnet Ca3Al2(OH)12–Ca3Al2Si(OH)8·(C3AH6–C3ASH4); portlandite
Ca(OH)2·(CH); and amorphous calcium silicate hydro-gel with typ-
ical Ca/Si molar ratio 1.7 ± 0.1 (CSH) [4]. Physical adsorption is a
significant factor for immobilization of radionuclides by cements. In
hydraulic cements basically calcium silicate hydrate gel (CSH) pro-
vides adsorption as it has a high surface area and large micropore
volume [1,4–8]. Note however that although cementation technol-
ogy is typically simple the actual development of an appropriate
formulation might require extended research dependent on the
chemical complexity of the waste streams (see e.g. [9]).

Most of cemented radioactive wastes as low and interme-
diate level radioactive wastes are stored and disposed of in
near-surface repositories. Performance of cementitious materi-
als including cementitious wasteforms in these conditions is of
paramount importance [10]. The particular role of the wasteform
to long term safety is repository design and site dependant with
typical near surface repository designs which rely on multi-barriers
system [10]. Each component of an engineered barrier system (EBS)

such as concrete vaults, concrete monoliths containing the waste
packages immobilised by a cementitious grout will contribute to
the long term safety [10–12]. The role of the cementitious waste-
form can be therefore very important in ensuring the overall safety
of a disposal. The experience of cement utilisation demonstrates

dx.doi.org/10.1016/j.jhazmat.2011.01.004
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:m.ojovan@sheffield.ac.uk
dx.doi.org/10.1016/j.jhazmat.2011.01.004


M.I. Ojovan et al. / Journal of Hazardou

Table 1
Chemical composition (in g/L) of radioactive waste.
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NaNO3 KNO3 Na2CO3 NaCl Na2SO4 Ca3(PO4)2 MgCO3 Fe(OH)3

281.1 7.4 13.1 8.2 7.7 1.9 1.0 5.5

ts prominent long-term durability, e.g. modern Portland cements
ave been in use for ∼150 years and Ca(OH)2-based compositions
ave been successfully used in civil engineering for more than 2000
ears [5]. Data obtained via both laboratory and field experiments
ith real cementitious wasteforms are most relevant to improve

ur confidence in understanding their long term behaviour [2,13].
For long term storage and disposal waste immobilisation should

e an irreversible process, which avoids release of contaminants
rom the matrix during storage and disposal. A key property of any
asteform is its leaching resistance, which determines how well

he radionuclides of concern are retained within the wasteform in
wet environment. Estimating the rate of leaching from a matrix
uring disposal is a key consideration in assessing an immobili-
ation method. Low matrix solubility means reduced likelihood of
adionuclide release. The leaching behaviour of cemented radioac-
ive waste is important to ultimately ensure the overall safety of
storage/disposal system. Dedicated experiments are carried out

o identify leaching behaviour of cementitious wasteforms and to
emonstrate their acceptance for storage and disposal [10,14–20].
oth laboratory tests [14–17] and long-term tests using conditions
imilar to those expected in a disposal environment are currently
sed [10,18–21]. For the assessment of long term performance and
afety of a near-surface disposal system, knowledge of the long
erm behaviour of actual radioactive wasteforms is needed. Early
ests of cementitious wasteforms were started as earlier as sixties
19,20]. Test conditions represented the most likely (water infiltra-
ion) and possible (waste repository opening and direct exposure
f wasteform to environment) long-term evolution scenarios for
near-surface disposal. Later, in 1987 new field tests of cemen-

itious wasteforms immobilising operational waste from nuclear
ower plants (NPP) were set up [18]. These tests comprised three
ylindrical cement blocks (24 cm × 24 cm height) which were man-
factured at Moscow Scientific and Industrial Association (SIA)
Radon” using Ordinary Portland Cement (OPC) and operational

aste from the Kursk NPP operating a channel RBMK type reactor.

he aim of this work was to compare the results of laboratory tests
ith those from field tests of same type cementitious wasteforms.

ig. 1. Cementitious wasteforms after 12 years dwell in a near-surface testing repos-
tory.
s Materials 187 (2011) 296–302 297

Leaching data are requested for assessing the long term safety of
surface disposal in the present case. Note however that over a very
long term, crack development and evolution might significantly
affect the retention capacity and the leaching rate of cementitious
wasteforms [22,23]. Leaching behaviour of the wasteform provides
data for performance assessment of a repository. Note however that
leach rates might significantly evolve especially due to degradation
processes and in case of environmental conditions change [24,25].

2. Experimental

2.1. Radioactive waste characteristics

Operational radioactive waste of a channel type nuclear reactor
(RBMK of Kursk NPP) was used to prepare cementitious waste-
forms. Typical operational radioactive waste is in the form of
evaporator concentrate with salt content ∼340 g/L. Table 1 gives
its chemical composition.

Sodium nitrate at 86 wt.% on a dry basis content is the main non-
radioactive component of this waste. Caesium isotopes accounted
for 97–98% of the total waste radioactivity. Table 2 gives the
radionuclide composition of waste immobilised in a cementitious
wasteform.

2.2. Field test samples

Cementitious wasteform samples were prepared in form of
cylinders using the technological procedures and equipment used
on cementation of radioactive waste [10]. The parameters of waste-
forms prepared are given in Table 3. Portland cement type Russian
designation M-500 was used. Aqueous waste to cement ratio was
0.6 and water to cement ratio, w/c = 0.43 (on wt.% basis). Calculated
waste loading of the final product was 37.5 wt.%.

The cementitious wasteforms in form of three cylindrical
samples (∅= h = 24 cm) were placed for long-term testing in a
shallow-ground repository. Stainless steel trays holding cementi-
tious wasteforms were placed at a depth of 1.7 m which is below
the soils freezing depth (0.7 m). Pure coarse sand was used to back-
fill the cemented blocks in the tray to facilitate infiltration of water
to the blocks and to isolate them from direct contact with the host
rock. The space outside the containers was filled with host loamy
soil from the land surface. The stainless steel tray was supplied with
a water trap and a tube for water extraction by pumping.

2.3. Field test conditions

Climatic conditions of the experimental burial site are given
in Table 4. Testing conditions are summarized in Table 5. Com-
positions of both host rock and backfill are given in Table 6. Data
on ground water composition from the burial site, averaged for 4
control boreholes, are given in Table 7. The test conditions may
be considered as water-saturated. Note that although in many
instances unsaturated conditions are expected to prevail in real
repository systems saturated conditions are often specific for a long
period of time.

The average pH of the burial site ground water was 7.6–7.7
and the mineralization (dry residue after water evaporation) was
600 mg/L. Meteorological observations on the site showed an aver-
age temperature 6.5 ◦C and 557 mm of precipitation per year. The
dominant wind direction was SE-S-SW. The atmospheric precipi-
tate composition is given in Table 8.
2.4. Test procedures for radioactive components

Field testing procedure used was typical for long-term field
tests carried out to analyse the performance of wasteforms
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Table 2
Radionuclide composition (in MBq/L) of radioactive waste.

137Cs 134Cs 60Co 239Pu 90Sr �ˇa (137Cs)b �ˇ(90Sr + 90Y)b �˛(239Pu)b

4.1 0.85 0.053 5.0 × 10−3 1.5 × 10−4 6.7 4.0 3.0 × 10−3

a � stands for the sum of.
b Radionuclides given in brackets show the source radionuclides used for calibration.

Table 3
Characterization of wasteform samples used for long-term field tests.

Sample Weight (kg) Contact surface (cm2) Waste loading (wt.%)

K-28 44.0a 5430 37.5

a Total weight of three cylindrical samples (∅= h = 24 cm).

Table 4
Climatic characteristics of testing site.

Parameter Season

Winter Spring Summer Autumn

Average temperature (◦C) −5.77 8.14 18.52 5.16
Average precipitation (mm) 134 90 175 158

Table 5
Burial site host rock parameters.

Annual average soil temperature (◦C) +4.5
Depth of seasonal freezing (m) 0.7
Content of clay particles (wt.%) Up to 30
Specific weight of soil (g/cm3) 2.5–2.7
Volume density (g/cm3) 1.9–2.4
Moisture (wt.%) 20–30
Ionic-exchange complex Ca2+, Na+, Mg2+, K+

Ion-exchange capacity, mg-eq./100 g soil 25–39
Distribution coefficient for 137Cs (mL/g) 2000
Distribution coefficient for 90Sr, (mL/g) 300
Coefficient of filtration of coat loam layer (cm/day) 0.3–0.8

Table 6
Burial site host rock compositions (wt.%).

Mineral Quartz Microcline Albite Illite Smectite Calcite Dolomite

Soil 76.9 10.8 4.9 2.7 2.6 1.2 0.8
Sand 83.3 4.6 7.6 1.5 1.2 1.8 2.1

Table 7
Characteristics of burial site groundwater (mg/L).
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environment closest to the waste form (Fig. 1).
The twelve year field test has demonstrated the ability of the

OPC matrix to provide a high degree of containment for short-lived
radionuclides (137,134Cs) under shallow-ground repository condi-
Salt content Fe3+ Ca2+ Mg2+ Na+ K+ Cl− NO3
− HCO3

− CO3
−2 SO4

−2

292.47 1.16 48.74 20.91 13.111.2613.172.30 258.03 12.57 4.73

13,18,26–28]. The water which contacted cementitious waste-
orms was periodically collected and analysed. The amount of
adionuclides leached from the cementitious wasteforms was
uantified by measuring the volume and radioactivity of the
ollected water. Water sampling was performed periodically, usu-
lly twice a month (except in winter). The volume of water vj
L) was recorded at each sampling time. Water aliquots were
etained for analysis. Standard radiometrical technique was applied

ncluding measurement of the specific radioactivity of water
amples aj (Bq/L). Overall measurement errors were not higher
han 10%.

able 8
omposition of atmospheric precipitates (mg/L).

pH Salt content Na+ K+ Ca2+ Mg2+ Fe Cl− NO3- HCO3
− SO4− SiO2 B

6.8931.56 0.32 1.254.67 2.28 0.4 1.25 2.17 29.77 3.71 0.48 1.4
Density (g/cm3) ˇtot(90Sr + 90Y) (MBq/kg) ˛tot(239Pu) (Bq/kg)

1.5 2.10 n.m.

The volume of groundwater V(t), collected over time t, was
calculated as a sum of the volume of the individual batches (vj) col-
lected. The total amount of groundwater collected that had been
in contact with K-28 cementitious wasteform during the 12 years
of testing was V(12 y) = 1747 L. The amount of radionuclides (ˇtot)
leached from the K-28 cementitious wasteform A(t) (Bq) was cal-
culated using:

A(t) =
∑

j

ajvj (1)

Data on the volume and specific radioactivities of the ground-
water batches that had been in contact with the cementitious
wasteform are shown in Table 9.

The normalised mass loss of radionuclides, NM (g/cm2), was
obtained from:

NM = A(t)
qS

(2)

where S = 5430 cm2 is the cementitious wasteform-water contact
surface area and q = 2.10 kBq/g is the specific radioactivity of K-28
cementitious wasteform. The average normalised leaching rate, NR
(g/cm2 day), was calculated using

NR = NM
t

(3)

where t is the test duration in days. The dimensionless leached frac-
tion of radionuclides, �, from K-28 cementitious wasteform was
calculated using:

� = A(t)
A(0)

(4)

where A(0) = 92.4 MBq was the initial level of radioactivity in K-28
cementitious wasteform.

Calculated leach parameters are given in Table 10.
The repository was opened in July 1999, after a dwell of 12

years, to examine the physical condition of the waste forms, to
obtain information on their alteration, and to evaluate the nature,
extent and distribution of radionuclide contamination within the
tions. Corrected for decay radioactivity of the samples taken from

Table 9
Radioactive contamination of groundwater contacted with the K-28 cementitious
wasteform.

Average annual specific radioactivity of ground water (Bq/L) (for the
nth year of exposure)

1 2 6 10 11 12
65.8 43.1 26.7 25.3 24.8 24.9
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Table 10
Leaching properties of the cementitious wasteform K-28 in field conditions.

c
t
[

2

w
w
l
c
L
t
t
t
(
c
s
l
t
o
t
s
t
i
w
t
o
m

2

n
i
a
e
c
t
y
w
t
i
A
l
t
p
t

2

w
w
f
g
c
i

was not inducing a significant temperature rise in the sample and
the radiolysis hydrogen production rate was enough low and did
not cause any damage of samples able to result in experimental
artefacts.
NR (g/cm2 day) (for the nth year of exposition)

0 1 0 2 0 6 0 10
4.8 × 10−6 3.1 × 10−6 1.9 × 10−6 1.8 × 10−6

ement block after 12-year field test was the same as the ini-
ial radioactivity of the compound within the measurement error
18,26].

.5. Laboratory tests

Control laboratory tests with laboratory prepared cementitious
asteform samples containing simulated operational radioactive
aste rich in NaNO3 were set up. These aimed to compare the

eaching parameters with the field leach test data of pilot-scale
emented waste forms and to validate the leach test methods.
aboratory samples were identical in composition, specific radioac-
ivity, salt content, geometry (with smaller sizes) and preparation
echnique to the cement blocks in the shallow-ground reposi-
ory for field tests. Experiments were carried out on cylindrical
2.8 mm × 2.8 mm, D × H) cement samples prepared from OPC
ement type M-500 (Russian specification) and sodium nitrate
olution, 340 g/L. As in the field experiment initiated in 1987, in
aboratory tests salt solution to cement ratio was 0.6 and water
o cement ratio, w/c = 0.43 (on wt.% basis). Calculated salt loading
f the final product was 10.6 wt.%. For the preparation of radioac-
ive cement samples, the NaNO3 solution was doped with 137CsNO3
olution to the radioactivity level of 2.1 MBq/kg, corresponding to
he initial radioactivity of cemented waste material placed for test-
ng in 1987. The main radioactive component of the cemented

aste in the field test was 137Cs (accounting for 92% of total radioac-
ivity). Mortar mixtures were pored into steel molds and after a
ne-day hardening they were cured in a humid atmosphere for a
onth.

.6. Standard leaching tests

Leaching measurements were performed according to the
ational standard test method for determining chemical durabil-

ty of solidified radioactive waste [29] which is a Russian national
nalogue of ISO testing standard [30]. In the first (standard) leach
xperiment two sets of three radioactive and four non-radioactive
ement samples were investigated. Standard leach tests at room
emperature (24 ◦C) in deionised water have been ongoing for one
ear. Sample surfaces were completely opened to contact with
ater. Samples were suspended in glass beakers (non radioac-

ive samples) and in plastic beakers (radioactive samples) and
mmersed in 140 and 300 mL of deionised water, respectively.
ccording to the national standard leach test procedure [29],

eachate sampling was performed after 1, 3, 7, 10, 14, 21, 28 days,
hen once per month. Deionised water was renewed at each sam-
ling. Concentrations of ionic species (137Cs+, Na+, NO3

− and Ca2+),
otal salts content and pH were monitored in the leachate solutions.

.7. Non-standard leaching tests

The second leach experiment has been undertaken in ground-
ater from the repository site. Additional leach tests experiments

ere carried out to analyse the behaviour of cementitious waste-

orm in groundwater of an expected disposal site [31]. Fresh
roundwater was used to renew leachate at each sampling. The
omposition of groundwater from the repository site used in leach-
ng experiments is shown in Table 11.
�

0 11 0 12 1st year Total
1.8 × 10−6 1.7 × 10−6 10−4 4 × 10−4

In addition to that, three complex leaching media have also been
used to assess the impact of Ca(OH)2, NaHCO3 and sodium silicates
on the OPC-based wasteform leaching behaviour. The leachate
solutions used in addition to deionised water for the second set
of experiments with radioactive cementitious wasteform samples
are characterized in Table 12.

These tests were set at room temperature in sealed polyethy-
lene containers. Leach solution volume in each case was 300 mL.
Concentrations of ion species (137Cs+, Na+, NO3

− and Ca2+), total
salts content and pH were monitored in the leachate solutions.
Concentrations of radioactivity (ˇtot) and Na+, NO3

−, Ca2+, total
salts content and pH were also measured in every fresh sample
of groundwater. Same procedures were used as for the tests with
deionised water (see above).

2.8. Leach rates for ionic species

The normalised leaching rate of a non-radioactive specie (i), NRi
(g/cm2 day), was calculated using the expression:

NRi = ciV

fiSt
(5)

where ci (g/L) is the concentration of specie i in the leaching solu-
tion, V (L) is the leaching solution volume, S (cm2) is the surface
area of the wasteform in contact with the leaching solution, t is the
test duration in days, and fi is the mass fraction of specie i in the
wasteform:

fi = Mi

M0
(6)

Mi (g) is the mass of specie i in the cementitious wasteform and M0
(g) is the total mass of the wasteform.

The dimensionless leached fraction of ionic species, �i from
cementitious wasteform was calculated using expression:

�i = ciV

Mi
(7)

2.9. 60Co irradiation tests

An additional factor which could affect leach rates from large-
scale cement blocks is self-irradiation of samples due to natural
decay of waste radionuclides [10,32]. The effects of irradiation were
studied using non-radioactive cementitious wasteform samples
after a hardening period of 1 year. Irradiation facility RHM-Gamma-
20 was used with 60Co sources. Cumulative dose used was 106

Gy for all samples irradiated which is expected to be not higher
than the waste lifetime absorbed radiation dose. Dose rate applied
Table 11
Chemical composition of groundwater used in leaching experiments (mg/L).

pH Salt content Ca2+ Mg2+ Na+ K+ Cl− NO3
− HCO3

− SO4
−2

7.54 267.01 49.46 21.22 12.72 1.36 10.31 2.44 259.76 9.15



300 M.I. Ojovan et al. / Journal of Hazardous Materials 187 (2011) 296–302

Table 12
Chemical composition of leaching media used in addition to deionised water.

Leach medium Ca(OH)2 + deionised water NaHCO3 + deionised water Water glass + deionised water Ground water, average salt content

Concentration 1 g CaO/L 1.8 × 10−2 M/La 5 g/L 267 mg/L

a For e.g. 1.5 g/L.
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of the cement matrix and to decrease in its mechanical strength.
After completion of the experiment, the average porosity of both
non-radioactive and radioactive samples reached 50.2% and 53.1%,
respectively. The corresponding intact samples had the porosity
Na+ NO3- Ca2+

ig. 2. Time-dependent variations in cumulative leached fractions of ion species f
asteform samples containing simulated NaNO3-rich waste.

. Testing results

The results of standard leaching tests in deionised water
or radioactive and non-radioactive samples are summarized in
igs. 2 and 3. Fig. 2 shows the average of four-plicate and tripli-
ate test results for cumulative leached fractions of radionuclides
nd of ion species as functions of time.

Fig. 3 illustrates the corresponding time dependencies of the
verage leach rates for the cationic species 137Cs+, Na+ and Ca2+ in
adioactive samples.

Leaching data for the 1st year of both field and laboratory tests
re given in Table 13.

To estimate leach solution-related constituent of the 137Cs leach
ate decrease for the field test, the corresponding non-standard lab-
ratory leaching experiment have been undertaken in groundwater

rom the repository site and additional leach media. The results of
on-standard leaching tests (average of duplicate tests) for 137Cs
re shown in Fig. 4.

The average of duplicate test results for non-radioactive samples
rradiated (L) and non-irradiated (M) are shown in Fig. 5.

ig. 3. Average normalised leach rates (in this figure R = NR) of 137Cs+, Na+, Ca2+

nd NO3
− from cementitious wasteform samples containing simulated operational

adioactive waste rich in NaNO3 as a function of time.
Na+ NO3- Cs-137 Ca2+

the laboratory leach tests of non-radioactive (A) and radioactive (B) cementitious

4. Discussion

Leaching curves of Na+ demonstrate good correlation with
the corresponding curves for NO3

− (Fig. 2). The results indicate
that sodium nitrate dissolution proceeds at a high rate during
first months of the leach test. As a result, nearly half of the salt
loading dissolved during the 1-year experiment. Leach rates of
137Cs+, Na+ and NO3

− reached very close almost ‘saturation’ lev-
els (3.2 × 10−5, 3.9 × 10−4 and 2.6 × 10−4 g/cm2 day, respectively)
after seven months of the leach test (Fig. 3).

Sodium nitrate dissolution has led to an increase in porosity
0.0
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Fig. 4. Time-dependent variations in 137Cs cumulative leached fractions f (%) = �
100% for the laboratory leach tests of cementitious wasteform samples containing
simulated NaNO3-rich radioactive waste performed in various leach solution media.
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Table 13
Average annual normalised leach rates (NR) of radioactive and ionic species from field and standard laboratory (radioactive samples) tests.

Specie 137Cs+ Na+ NO3
−

R (g/cm

3 × 10
6 × 10
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Parameter NR (g/cm2 day) � N

Field test 4.8 × 10−6 10−4 7.
Laboratory test 1.7 × 10−4 0.037 2.

1.4% and 45.2%. The porosity P (%) was found using the expres-
ion P = (1 − �a/�t)100 %, where the real density of wasteform �t

g/cm3) was measured using the water-displacement method with
picnometer and the average density �a (g/cm3) using the hydro-

tatic weighing [19,20]. Note that the average compression strength
f samples both before and after the leaching tests was above the
cceptable level which in Russian Federation is 5 MPa [33].

137Cs cumulative leached fraction (3.74% for 1 year) was about
.9 times higher than a value reported in literature (∼2%) for a simi-

ar experiment with cylindrical samples, H = D = 4.5 cm, in 300 mL of
eionised water [34]. However, in the latter case in samples prepa-
ation 137CsCl-doped distilled water was used without additional
alt loading. Besides, a water-to-cement ratio of 0.36 provided high
ement density, 2.145 g/cm3, and a lower porosity of 22% compared
ur samples.

137Cs leach rate in the laboratory experiment was about thirty-
ve times greater than the measured value for the 1st year of
he repository test (Table 13). That can mainly be accounted for
y much lower average annual temperature in the repository (the
emperature interval 4 to 14 ◦C compared with room temperature
f 24 ◦C) and effect of leach solution chemistry. It is however very
ifficult to assess numerically this impact as the activation energies
re unknown. 137Cs cumulative leached fraction (3.74% for 1 year)
as more than two orders of magnitude higher than the 1st-year

eached fraction in the repository site test (0.01%). In the latter case
ample volume was 630 times greater and sample surface to vol-
me ratio, S/V, was 8.6 times smaller. According to [35], the sample
urface to the volume activity coefficient S/V = 8.6 (scaling factor)
hould be considered to allow comparison of the 137Cs leaching

esults of the two waste forms. To compare the field test results
ith the laboratory leach test, the scaling factor S/V = 8.6 multi-
lied by the temperature and leach solution-related factors of the

each rate decrease should be taken into consideration [10].

ig. 5. Cumulative leached fractions of Na+ and NO3
− measured in the laboratory

each test of non-radioactive cementitious wasteform samples subjected (L) and not
ubjected (M) to 60Co gamma irradiation. The cumulative dose was 106 Gy.
2 day) � NR (g/cm2 day) �

−3 3.9 × 10−2 1.1 × 10−3 3.4 × 10−2

−3 0.474 2.8 × 10−3 0.456

Non-standard leaching tests (Fig. 4) have shown that the
groundwater from the repository site is the least active medium
of the five in regard to 137Cs leaching. The next in leaching activity
is the water glass medium. Hydrocarbonate and calcium hydroxide
solutions have proved to be much less effective in suppressing 137Cs
leaching. As expected, deionised water has the most pronounced
effect on 137Cs leach rate. It is known that deionised water may
enhance the cement matrix dissolution rate as compared with the
groundwater of moderate hardness [1,4–8]. The estimated value of
the leach solution-related factor affecting the leach rate decrease
in the repository test is ∼4.

As for the affect of irradiation no sufficient differences can be
seen in the leaching behaviour (Fig. 5). Although for 154 days of
leaching test the cumulative leached fractions of Na+ and NO3

−

were several percent less in the case of irradiated samples, the leach
rates at the ‘saturation’ stage were essentially the same: for Ca2+,
Na+ and NO3

− (in g/cm2 day) 6.3 × 10−7, 2.1 × 10−5, 1.5 × 10−5, and
8.9 × 10−7, 2.1 × 10−5, 1.4 × 10−5, respectively for the irradiated
and non irradiated samples.

5. Conclusions

Standard laboratory leaching tests of cementitious wasteform
samples containing simulated NaNO3-rich radioactive waste have
been performed to compare the results with the field test data.
High leach rates were found for sodium and nitrate at the initial
stages of the laboratory leaching test. Nearly half of the ini-
tial nitrate salt content dissolved during the 1-year leach test.
The release of sodium nitrate has led to about 10% increase
in porosity and to a decrease in mechanical strength to lower
values.

Despite rapid dissolution of the salt component of the
cement/NaNO3 compound accompanied by the increase in porosity
up to levels exceeding 50%, 137Cs leaching rates in the first 6-month
period were on average an order of magnitude lower than for Na+

and NO3
−. On the contrary, they were nearly two orders of mag-

nitude higher than for a cement matrix-forming component Ca2+.
Note that Cs leaching is not solubility limited and weakly sorbed
on cement hydrated phases whereas the behaviour of Ca (which is
constitutive of cement phases) is partly controlled by its limited sol-
ubility. This might explain the different behaviour of Cs compared
to Ca.

In the laboratory test, leach rates of 137Cs+, Na+ and NO3
−

reached the same (∼10−5 g/cm2 day) saturation level at the same
time – after 7 months of the experiment. We suppose that NO3

−

diffusion rate, the lowest among the three, may be a factor limiting
caesium and sodium nitrates leaching from cement matrix at the
later stages.

Ongoing laboratory experiment in different leachant media
have shown that groundwater from the repository site is essentially
more effective in suppressing 137Cs release from the cement com-
pound as compared with deionised water. The possible reason may
be the partial healing of capillary pores and cracks. Carbonation is

a well known process which could lead to clogging of pores and/or
formation of a protective calcite layer resulting in a decrease of
the leaching rate [36,37]. Although surface analyses of the leached
samples were not carried out in this work they could support one or
the other hypotheses and help identifying the leaching determin-
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Considering the temperature and leach solution-related factors
eading together to more than tenfold decrease in 137Cs leach rate in
he field test and taking into account the scaling factor S/V = 8.6 for
he repository test, the calculated value for 137Cs leached fraction
or the repository test conditions will be two order of magnitude
ower than found in the laboratory test and close to the field test
esult of only 0.01%. Radionuclide contamination of the groundwa-
er in contact with the cementitious wasteform in field conditions
Table 9) is however well below the exemption levels [38]. More-
ver because of a diminishing trend in the water contamination
ue to a gradual decrease of the radionuclide leaching rate (Fig. 3)
ith time lower levels of contamination can be expected.

cknowledgements

The authors acknowledge the contribution and help of late Pro-
essor Igor A. Sobolev of Moscow SIA “Radon” and late Natalie
. Ojovan. We are grateful for assistance from Irene V. Startceva,
alina N. Tchuikova, Alla V. Timofeeva and Constantine N. Semenov.

eferences

[1] F.P. Glasser, Application of inorganic cements to the conditioning and immo-
bilisation of radioactive wastes, in: M.I. Ojovan (Ed.), Handbook of Advanced
Radioactive Waste Conditioning Technologies, Woodhead, Oxford, 2011, pp.
67–135.

[2] Z. Drace, M.I. Ojovan, The behaviours of cementitious materials in long term
storage and disposal: an overview of results of the IAEA coordinated research
programme, Mater. Res. Soc. Symp. Proc. 1193 (2009) 663–672.

[3] IAEA, Improved Cement Solidification of Low and Intermediate Level Radioac-
tive Wastes, Technical Report Series-350, IAEA, Vienna, 1993.

[4] M. Atkins, F.P. Glasser, Application of Portland cement-based materials to
radioactive waste immobilization, Waste Manag. 12 (1992) 105–131.

[5] F.P. Glasser, Characterisation of the barrier performance of cements, Mater. Res.
Soc. Symp. Proc. 713 (2002), JJ9.1.1-12.

[6] F. Glasser, Mineralogical aspects of cement in radioactive waste disposal, Min-
eral. Mag. 65 (2001) 621–633.

[7] F.P. Glasser, Fundamental aspects of cement solidification and stabilisation, J.
Hazard. Mater. 52 (1997) 151–170.

[8] J.H. Sharp, J. Hill, N.B. Milestone, E.W. Miller. Cementitious systems for encap-
sulation of intermediate level waste. Proc. ICEM 03, Oxford, England, 4554.pdf
(2003).

[9] C. Cau Dit Caumes, et al., Cementation of a low level radioactive waste of com-
plex chemistry. Investigation of the combined action of borate, chloride, sulfate
and phosphate on cement hydration using response surface methodology,
Cement Concrete Res. 33 (2003) 305–316.

10] M.I. Ojovan, W.E. Lee, An Introduction to Nuclear Waste Immobilisation, Else-
vier, Amsterdam, 2005, p. 315.

11] C. Andrade, et al., Some principles of service life calculation of reinforcements
and in situ corrosion monitoring by sensors in the radioactive waste containers
of el Cabril disposal (Spain), J. Nucl. Mater. 358 (2006) 82–95.

12] P. Zuloaga et al., Leaching of reinforced concrete vaults subjected to vari-

able water content due to capillary suction created by seasonal temperature
changes, RILEM Workshop on Long-Term Performance of Cementitious Barri-
ers and Reinforced Concrete in Nuclear Power Plants – NUCPERF 2009 – March
30–April 2, 2009, Cadarache, France.

13] IAEA, Long Term Behaviour of low and Intermediate Level Waste Packages
Under Repository Conditions, TECDOC-1397, IAEA, Vienna, 2004.

[

[

s Materials 187 (2011) 296–302

14] R.O. Abdel Rahman, A.A. Zaki, Assessment of the leaching characteris-
tics of incineration ashes in cement matrix, Chem. Eng. J. 155 (2009)
698–708.

15] R.O. Abdel Rahman, A.A. Zaki, A.M. El-Kamash, Modeling the long-term leaching
behavior of 137Cs, 60Co, and 152,154Eu radionuclides from cement–clay matrices,
J. Hazard. Mater. 145 (2007) 372–380.

16] I. Plecas, R. Pavlovic, S. Pavlovic, Leaching behavior of 60Co and 137Cs from spent
ion exchange resins in cement–bentonite clay matrix, J. Nucl. Mater. 327 (2004)
171–174.

17] A.E. Osmanlioglu, Immobilization of radioactive waste by cementation with
purified kaolin clay, Waste Manag. 22 (2002) 481–483.

18] M.I. Ojovan, N.V. Ojovan, I.V. Startceva, A.S. Barinov. Some trends in radioactive
waste form behaviour revealed in long term field tests. Proc. WM’02, Tucson,
Arizona, 385.pdf, 6 p, 2002.

19] I.A. Sobolev, S.A. Dmitriev, A.S. Barinov, G.A. Varlakova, Z.I. Golubeva, I.V.
Startceva, M.I. Ojovan, 39-years performance of cemented radioactive waste
in a mound type repository, Mater. Res. Soc. Symp. Proc. 932 (2006)
721–726.

20] G.A. Varlackova, Z.I. Golubeva, A.S. Barinov, S.V. Roschagina, S.A. Dmitriev, I.A.
Sobolev, M.I. Ozhovan, Evaluation of the of cemented radioactive waste with
prolonged tests in mound type repository, At. Energy 107 (2009) 32–38.

21] M.I. Ojovan, N.V. Ojovan, I.V. Startceva, G.N. Tchuikova, Z.I. Golubeva, A.S. Bari-
nov, Waste glass behaviour in a loamy soil of a wet repository site, J. Nucl.
Mater. 298 (2001) 174–179.

22] R.T. Pabalan et al., Review of literature and assessment of factors relevant to
performance of grouted systems for radioactiove waste disposal, Contract NRC
NRC-02-07-006, CNWRA 2009-001.

23] S. Bejaoui, et al., Modelling of radionuclides release from a concrete container,
Transp. Porous Med. 69 (2007) 89–107.

24] E. Stora, et al., Modelling and simulations of the chemo-mechanical behaviour
of leached cement-based materials: interactions between damage and leach-
ing, Cement Concrete Res. 40 (2010) 1226–1236.

25] J.M. Torrenti, et al., Coupling between leaching and creep of concrete, Cement
Concrete Res. 38 (2008) 816–821.

26] A.S. Barinov, M.I. Ojovan, I.A. Sobolev, N.V. Ojovan, Potential hazard of solidified
radioactive wastes, Sov. Radiochem. 32 (1990) 417–421.

27] M.I. Ojovan, W.E. Lee, A.S. Barinov, I.V. Startceva, D.H. Bacon, B.P. McGrail, J.D.
Vienna, Corrosion of low level vitrified radioactive waste in a loamy soil, Glass
Technol. 47 (2006) 48–55.

28] C.M. Jantzen, D.I. Kaplan, N.E. Bibler, D.K. Peeler, M.J. Plodinec:, Performance of
a buried radioactive high level waste (HLW) glass after 24 years, J. Nucl. Mater.
378 (2008) 244–256.

29] GOST 29114-91, Radioactive wastes: method for measuring chemical stability
of solidified radioactive wastes by prolonged leaching, Izd. Standartov, Moscow
(1992).

30] ISO 6961.1982, Long-term leach testing of solidified radioactive waste forms.
Geneva (1982).

31] B.E. Burakov, I.M. Ojovan, W.E. Lee, Crystalline Materials for Actinide Immobil-
isation, Imperial College Press, London, 2010, p. 198, (Chapter 5.6).

32] M.I. Ojovan, W.E. Lee, Alkali ion exchange in �-irradiated glasses, J. Nucl. Mater.
335 (2004) 425–432.

33] GOST R 51883-2002, Cemented radioactive wastes: general technical require-
ments, IPK Izd. Standartov, Moscow (2002).
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