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AbstractTo understand the transport processes in a repository silo for radioactive waste, the diffusion behavior of
tritium (THO), strontium (Sr), cesium (Cs), and americium (Am) through concrete was investigated using a through-
diffusion setup. The concrete and groundwater used in this study were sampled from the waste repository site. The dif-
fusivity of the nuclides was obtained by a linear curve fitting of the diffused concentration data against time. After 18
months, the concrete coupons and solutions were recovered from the experimental setups. A sequential chemical
extraction was carried out with the recovered coupons to determine the types of sorption involved in the nuclides dif-
fusion processes. The THO transported freely through the concrete pores without sorption. The sorption of Sr and Cs
was reversible, whereas that of Am was highly irreversible with a very low diffusivity. After a year in the diffusion test,
some precipitate and suspended matter were observed. The precipitates were analyzed with SEM, EDS, and XRD. Iden-
tified as calcium carbonates and magnesium compound, they are likely formed by the chemical degradation of the
concrete.
Keywords: Diffusion, Sorption, Concrete, Degradation, Sequential Extraction

INTRODUCTION

In the field of radioactive waste management, concrete is widely
used as an engineered barrier in radioactive waste repositories and
also for solidifying or conditioning matrix of the waste. Korea oper-
ates a silo-type repository for low- and intermediate-level radioac-
tive wastes (L&ILW) at a depth of about 80-130 m below ground.
When radioactive wastes are disposed in the underground facility,
the silo concrete can be the main barrier against the intrusion of
groundwater. However, when it comes to long-term management
of the wastes, groundwater may slowly penetrate through the con-
crete and finally contact the waste matrix. Then nuclides in the solid
matrix may leach out by the groundwater and confront the silo con-
crete to move toward biosphere. Diffusion is considered to be the
main escaping process for the nuclides in the silo. In the long run,
these dissolved nuclides can transport through the geological media
and reach to the biosphere. This makes it important to measure
the diffusivity of source term nuclides through the concrete matrix,
and finally to both understand transport processes around the reposi-
tory and assess radiological safety of the disposal.

Silo concrete is a mixture of hydrated cement, sands, and crushed
rocks. The hydrated cement surrounds the aggregates and other
additives by forming a continuous paste matrix. The main chemical
components of the anhydrous cement are calcium silicate, calcium
aluminate, and calcium aluminate ferrite. When cement contacts
water, it forms hydrated continuous solid phases such as calcium
silicate hydrate (CSH), calcium hydroxide, and calcium aluminate

hydrate (CAH). However, the properties of concrete and porewa-
ter can change with time. As a result, the dissolved nuclides can
interact with concrete and undergo various kinds of reactions, in-
cluding sorption at hydrous surfaces, precipitation, lattice incorpo-
ration in the cement hydrates, complexation, and the formation of
colloids in solution phase.

The porosity of the concrete is one of the most important parame-
ters affecting nuclide transport through it. In normal concrete, the
porosity is 10-15% by volume and the pore size ranges from 109

to 103 m [1]. The concrete pores consist of gel pores and capillary
pores in the hydrated cement paste, pores between the aggregates
and aggregate interfaces, and voids due to incomplete consolidation.
When concrete is used as a barrier, the mechanical and chemical
properties of concrete will change slowly with time. Degradation
of the concrete is initiated by an exchange between the initial pore
solution and infiltrated groundwater, followed by dissolution of the
cement [2,3].

The sorption and diffusion of nuclides into the matrix of the silo
concrete can be complex, since it can be affected by changes in envi-
ronmental conditions such as pH, redox state, and salinity. A fresh
cement can generate hyper-alkaline conditions with a pH of up to
13. The pH of the pore solution will also change with the deterio-
ration of the concrete. Gradual changes in the early stage of cement
leachate with a pH between 13 and 10 can induce degradation of
the hydrated cement [4].

According to Ochs et al. [2], hydrated cement shows four dis-
tinct stages of degradation. At the early stage, pore solutions con-
tain high concentrations of free alkali metal ions such as Na+, K+,
and Ca2+ resulting from the initial dissolution of Na2O, K2O and
Ca(OH)2. Thus, equivalent concentrations of hydroxyl ions are pro-
duced and pH is in a range between 12.5 and 13.5. When all alkali
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ions are removed, the pH of the pore solution will be about 12.5
and controlled by the solubility of portlandite, Ca(OH)2. Druteik-
iene et al. [5] reported that portlandite was formed in cement after
four months of its hydration and was responsible for the alkalinity
of the solution in the batch sorption tests. After complete dissolu-
tion of the Ca(OH)2, pH will be decreased and regulated by the
incongruent dissolution of the CSH phases. Finally, the CSH and
other hydrated cement will be completely dissolved and pH will
drop to below 10. The composition of the pore solution is governed
by the remaining aggregate minerals including calcite and the con-
tacted groundwater.

Many researchers have studied the diffusion and sorption of radio-
nuclides in concretes and cements [6-10], and suggested several
immobilization mechanisms for the radionuclides in cement pore
water [5,11]. However, most of them carried out the experiments
for a relatively short range of time within six months. Thus, they
did not give much weight in the degradation of concrete in sorp-
tion and diffusion process.

In this work, we determined the diffusivity of representative nu-
clides through concrete and classified their associated sorption types.
We used THO, Sr, Cs, and Am, because they represent non-sorb-
ing, weakly sorbing with a charge of 2+, 1+, and strongly sorbing
multi-valent nuclide, respectively. To determine the sorption types
in the diffusion processes, we conducted a sequential chemical ex-
traction. The extent of the chemical degradation of the concrete
on diffusion more than a year after the test was also investigated.

MATERIALS AND METHODS

The concrete and the groundwater used in this study were sam-
pled from the L&ILW repository site of Korea. The concrete sam-
ples were processed as coupons with a thickness and diameter ()
of 0.55 and 5cm, respectively. The concrete was made by mixing and
solidifying cement, sand and crushed rocks together. This means
that each concrete sample did not have a homogeneous composi-
tion of minerals. Fig. 1 shows the surface of a concrete coupon sam-
ple with large particles consisting of biotite, orthoclase, and plagio-
clase. Small particles of quartz coated with oxidized iron were dis-
tributed widely. Some samples which were pierced by pores were
discarded. The porosity and density were measured with a water
saturation method, and showed mean values of 0.049 and 2.25 g/
cm3, respectively. The water saturation method involves using the
volume of the concrete sample and the difference in weight between
the dried one and the fully saturated with water [15]. Before the dif-
fusion experiment, the concrete coupons were placed in vacuum
to remove the air from the concrete pores, and then placed into a
water flask for a month to become saturated with the groundwater.
When groundwater was sampled, the properties of the groundwater,

Fig. 1. Slice of concrete coupon used for the diffusion test.

Table 1. Properties and chemical composition of the groundwater

Aqueous
property

pH Eh (mV)  EC (S/cm) DO (mg/l) Ionic Strength (IS)

7.3 103 151 4.6 0.39 

Element
mg/l

Na K Mg Ca SiO2 Cl SO4 HCO3 Fe Sr Mn Li B Ba
17.7 1.8 4.4 10.4 53.7 15.7 18.4 39.7 2.1 0.1 0.26 0.01 0.02 0.09

such as pH, Eh, electrical conductivity (EC), and dissolved oxy-
gen (DO), were measured with a multi-parameter meter (Orion
Research model 1230) in a flow cell at the repository site. Alkalin-
ity was also measured by titration with a 0.05 M HCl solution at
the site. After conditions of the field measurements were stabi-
lized, groundwater was sampled through the flow cell and mini-
mized contacting with the air. The groundwater was filtered through
0.45m filter to remove suspended particles. Major cations (Na,
K, Mg & Ca) and SiO2, and minor elements were determined by
ICP-AES (Jobin Yvon Ultima 2) and ICP-MS (Elan DRC II), respec-
tively. Anions including Cl and SO4 were determined by Ion Chro-
matography (Dionex 1100). The concentration of HCO3 was cal-
culated from the data of alkalinity and pH. The integrated results
showed that dominant cation and anion are alkali metal (Na+K)
and HCO3, respectively. The properties and chemical compositions
of the groundwater are arranged in Table 1.

A schematic diagram of the through-diffusion equipment is
shown in Fig. 2. The source solution was put into the outer cell,
while the groundwater was placed into the inner cell. A concrete
coupon was fitted into the bottom of the central cell and the space
between the concrete and acrylate wall was sealed with a silicone
adhesive.

Four chemical species were used in experiments. Tritium was
prepared in the form of tritiated water (THO). Strontium and cesium
were prepared as chemical compounds, such as SrCl2 and CsCl. In
addition, the radioactive tracer Am-241 was used. A few experi-
mental setups were prepared for each species using different con-
crete samples to check the effects of heterogeneity of the concrete
samples.

The diffusion experiment was initiated by placing the tracer-con-
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taining solution into the source cell, after a blank solution of ground-
water had been placed in both cells for a month. The concentrations
of the source solutions were about 385 mg/l of Sr, 538 mg/l of Cs,
195 bq/ml of THO, and 591 bq/ml of Am-241, which was equiva-
lent to about 2×108 mol/l. The diffusion sets were shaken mildly
by mechanical motion. At an appropriate time interval, 1ml aliquots
were taken from both cylinder cells to check change of the concen-
tration. Equivalent volumes of the solutions were added to main-
tain the balance between the two cells and to keep the concentration
of the source constant.

After the diffusion experiment, the equipment was dismantled
and the concrete coupons were recovered. Chemical extraction was
carried out on the recovered concrete coupons to determine the
types and amounts of nuclides sorbed during the diffusion as fol-
lowing steps [14,16].

Each recovered concrete coupon was put in 200 ml of tracer-free
groundwater in a batch container to achieve back-diffusion and
desorption. After a week, all of the concrete samples were recov-
ered for the next step. Secondly, the samples were put into 200ml of a
tracer-free 0.5 M CaCl2 solution for a week. Thirdly, KCl, Fourthly,
a mixture of 0.175 M ammonium oxalate ((NH4)2C2O4) and 0.1 M
oxalic acid (H2C2O4) at pH 3. Fifthly, a solution mixture (SSC)
of 3.33% sodium dithionite (Na2S2O4) in 0.15 M sodium citrate
(C6H5Na3O7) and 0.05 M citric acid (C6H8O7) buffer. And finally,
aqua regia.

For the each extraction step, the batch containers were put into
an oven and kept about 50 oC to accelerate the extraction reac-
tions. The tracer concentration in the solutions was measured at
each extraction step. Parallel to the diffusion test, a batch sorption
test was carried out for a month with crushed concrete powder in
the groundwater to grasp sorption property of the concrete sepa-
rately. The radioactivity of the tritium and Am-241 was measured
using a Packard liquid scintillation counter and the concentrations
of Sr and Cs were analyzed using a Varian ICP-MS (inductively
coupled plasma - mass spectrometry).

DIFFUSIVE TRANSPORT MODEL

When diffusing through concrete pores, nuclides can also sorb
on the surface of the concrete pore walls. If we consider that sorbed
nuclides are transported by surface diffusion, then the overall or
apparent diffusion effects can be described by the two diffusion
mechanisms of pore and surface diffusion. Then the rate of con-
centration change in the concrete pore can be described as Eq. (1)
[12].

(1)

where Cp is the concentration in a concrete pore, q is the sorbed
concentration on the concrete’s surface, Dv is the diffusivity in water,
Ds is the surface diffusivity,  and  are the porosity and density of
the concrete, respectively.

The initial and boundary conditions of a through-diffusion sys-
tem, as shown in Fig. 2, can be described as

C1 (t=0)=Co (constant)
C2 (t=0)=0
Cp (x, 0)=0 0x<l
Cp (0, t)=Co t0
Cp (l, t)=C2(t) t0

where Co is the initial concentration in the source cell, C1(t) and
C2(t) are the concentration in the source cell and diffused cell at
time t, respectively, and l is the thickness of the concrete coupon.

The detailed process for getting the solution could be found in
the references [13,16], and the analytical solution was given as Eq.
(2).

(2)

where Da is the apparent diffusivity, h is the cylinder length of the
diffusion cell in Fig. 2, R is the capacity factor, R=+(1) Kd, and
Kd is the distribution coefficient of a species between solid and aque-
ous phase.

The apparent diffusivity, Da, is defined as Eq. (3).

(3)

where Dp is the pore diffusivity.
From the slope of the linear curve fitting of C2(t)/Co as a func-

tion of time (t) using Eq. (2), the apparent diffusivity, Da, can be
determined. For nonsorbing species, Da becomes Dp as Kd approaches
to zero in Eq. (3). Thus, Eq. (2) can be modified for a nonsorbing
tracer as Eq. (4).

(4)

where De is the effective diffusivity.

RESULTS AND DISCUSSION

The diffusion concentrations for the four nuclides were normal-
ized as a function of time in Fig. 3. We ran two different concrete


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
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-----------   1   Ds
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C2 t 
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DaR
lh
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6h
------

Da  
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   1   Kd
--------------------------------------------

C2 t 
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De

lh
------t  
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Fig. 2. Schematic diagram of the through-diffusion experimental
setup.
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samples for each nuclide, designated species 1 and species 2 in Fig.
3. Their curves do not show significant differences between the
pair of the nuclides. This suggests that the inhomogeneity of the
mineral composition of the concrete samples did not have a notice-

Fig. 3. Diffusion curves of the nuclides as a function of time (a)
and their linear curve fits to get diffusivity (b).

Table 2. Diffusivities of the nuclides into the concrete (unit : m2/s)

Nuclide Kd

(ml/g)
Dv

(×109)
Dp

(×1011)
De

(×1013)

Da

Concrete Granodiorite
De/R Measured Reference data [16]

THO 0 2.4 1.98
1.88

9.7
9.2

0.8-33 [7]
60 [10]

1.94×1011 1.98×1011

1.88×1011

1.8 ×1011 [8]
0.5-2×1011 [7]
3.7×1011 [10]

23×1011

Sr 60 0.68 0.55 2.7
0.3-4.1 [7] 20×1016 7.78×1016

10.0×1016
2.3-6.5×1013 [7]
0.9-4×1016 [18] 54×1016

Cs 54
1-10 [9] 2.4 1.94 9.5

13-18.6 [7] 78×1016 4.2×1016

4.6×1016

3-3.5×1013 [7]
2-7.7×1014 [9]

0.3-2×1016 [18]
4.7×1016

Am 1857
103-104 [9] 1.0 0.8 3.97 95×1018 0.85×1018

2.12×1018 3-8×1018 [9] 17×1018

able effect on the diffusion process.
For tritium, as the non-sorbing tracer, the normalized diffused

concentration (C/C0) was reached about 0.1 after 1.5 years of dif-
fusion, as shown in Fig. 3(a). For Am, as the highly sorbing tracer,
C/C0 was around 0.001. That is, only 0.1% of Am diffused out
through the concrete after 18 months at the concentration level.
The values of De for THO or Da for the sorbing tracers were deter-
mined from the slopes of the linear curve fitting using Eq. (2) or
(4), as shown in Fig. 3(b). The Dv values of the tracers were taken
from the literature [15]. The diffusivities of the nuclides obtained
for the concrete are summarized in Table 2.

To evaluate the geometric hindrance of the pore structures of
the concrete on the diffusion process, the relationship between dif-
fusivities was applied: De=Dp =Dv / 2. The calculated mean
value of De for tritium was 9.5×1013 m2/s, and the porosity () was
0.049, which is relatively small compared to the 0.1-0.15 of nor-
mal concrete as mentioned in the introduction section. The rea-
son could be the high hydration of the cement and a large portion
of the aggregates. Then the geometric factor (/ 2) was calculated
to be 0.0081, which is very small value compared to that of a crys-
talline rock of 0.096 with a porosity of 0.0027 obtained under the
same experimental conditions [16]. This signifies that even though
the porosity of the concrete was much larger than that of the crys-
talline rock, the geometric factor of the concrete was much lower
than that of the rock. It could be due to not only geometric hin-
drance, but also electrochemical hindrance, the high alkalinity in
the pores of the concrete. As mentioned in the introduction sec-
tion, there were many Na+, K+ ions in the pores of the concrete,
and those ions may prevent tracers from penetrating by acting as
an electrochemical barrier to diffusion. The Da or Dp values of THO
were fairly comparable with to the other concrete data given in
Table 2 [7,8,10]. Further comparison was not possible due to lim-
ited access to basic data such as porosity and geometric factor in
the other tests.

For the sorbing cations, Sr, Cs and Am, the Da values were
arranged in the “measured” column in Table 2. Generally, slopes of
the diffusion curves of nuclides were roughly in inversely propor-
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tion to their Kd values. If there is a certain discrepancy in such
trend, we could consider another possibility on sorption and diffu-
sion process, for example, sorption reversibility or surface diffusion.
To express the retardation effects for a sorbing tracer by a geomet-
ric hindrance and sorption, the apparent diffusivity, Da, can be
modified as follows.

(5)

In Eq. (5) the first term of the numerator expresses the retardation
effects of a geometric hindrance, and the second term expresses the
sorbed phase diffusion. When surface diffusion is the dominant pro-
cess, the obtained Da is expected to depend on the sorption prop-
erties of the nuclide. When there is no surface diffusion, Da can be
determined solely by the first term, De/R, in Eq. (5), and thus the
values of De/R were calculated and given in the “De/R” column in
Table 2. The calculated De/R values of all the sorbing nuclides were
somewhat greater than the measured Da values. This implies that
there was no considerable surface diffusion for these sorbing nu-
clides, and Kd (or R) was smaller than that from the batch sorp-
tion test, probably due to the difference of the media state between
powder in the batch and coupon in the diffusion test.

The obtained De values of Sr and Cs were similar to Atkinson
et al.’s data [7]. Regarding the Da values, Plecas et al. [18] obtained
similar or slightly lower values, while others have reported much
larger values [6,7,9]. These results could be partially due to differ-
ences in the sorption ability of the concretes. For Cs, Allard et al.
[19] obtained Kd values about 1 to 10 ml/g with ten types of con-
cretes, while in this experiment, Kd was 54, about five times higher
than Allard’s. The Da values of Sr and Cs are decreased in the order
of 105 compared to that of THO mainly due to their sorption on
the concrete.

For Am, the measured Da and Kd values matched Albinson et
al.’s results [9]. The strong sorption tendency of Am resulted in a
small Da value of 1018 m2/s. Ochs et al. [2] noted that sorption of
Am on cementitious materials is mainly due to surface complex-
ation, followed by fixation into CSH structures, and thus it becomes
irreversible. It is well known that Am sorbs more on biotite than
other minerals in the aggregates of concretes [19]. In this experi-
ment the concrete specimens contained a certain amount of bio-
tite and other rock minerals, as shown in Fig. 1.

At the initial stage of the diffusion test, the solubility limit of
Am in the source solution at pH 7.3 is above 106 mol/l [2], while

the initial concentration of Am in this experiment was about
108 mol/l. As time passes, some Am complexes may be formed
Am2(CO3)3 or Am-CO3-OH due to carbonate ions in the ground-
water or degradation of the concrete. These complexes can pre-
vent diffusion through the pores of the concrete, even though it
produces only minor effects [21]. In post-experiment such Am
compounds were not identified among the separated precipitates
and suspensions. The dominant oxidation state of Am is trivalent
under aerated aquatic systems. Thus, Am3+ ion and a tri-carbon-
ate complex species, Am(CO3)3

3, are presumed to be dominant in
groundwater of Eh=103 mV in this system, and can diffuse into
the pores of the concrete. On the other hand, the concentration of
dissolved carbonate is very low in the concrete pores due to the
strong alkaline condition in the pores. When a sorption test was
carried out with the same concrete but powered in a batch, the
final pH of the solution was about 12.4 after one month. Thus, we
can guess the pH in the pores was over 12.4. Under such pH con-
dition, Am has a strong tendency of hydrolysis to form Am(OH)3

and also an equilibrated type, Am(OH)3(s), which has a very low
solubility limit of 5×1010 mol/l. Moreover, Am sorbs strongly on the
concrete. Thus, owing to the low solubility limit in the strong alka-
line condition and the high sorption on the concrete, the diffusiv-
ity of Am could be very low compared to that of Sr and Cs. The
final diffused concentration of Am was in the level of 1011 mol/l
in the inner diffusion column.

To quantitatively determine the diffusion and sorption mecha-
nisms of the sorbing nuclides onto concrete, sorption reversibility
was evaluated based on the sequential chemical extraction. Table 3
and Fig. 4 show the extraction results of the nuclides sorbed onto
the concrete coupons. As shown in Fig. 1, the concrete matrix is
composed of not just cement, but also several kinds of rocks and
mineral phases. Thus, sorbing nuclides may interact with those
materials in various ways. The fraction desorbed by the ground-
water includes loosely sorbed species retained in the concrete by
relatively weak electrostatic attraction. Sr and Cs showed a certain
amount of reversible sorption, and Cs displayed a more desorbed
portion than Sr. Sr also showed a higher Kd value than Cs. This
trend between Sr and Cs on the concrete is the opposite of that
observed for rocks and soils.

When the sorbed species are extracted by CaCl2, a readily
exchangeable fraction can be released by the displacing action of
Ca+2, which is an ion-exchange reaction. This was also the case for
Sr and Cs in this experiment. Sr had the largest portion, indicat-

Da  
Dp   1   KdDs

R
--------------------------------------------

De

R
------   Ds

Table 3. Percentage of sorption types of the nuclides on concrete (unit: %)

Nuclide
Sorption type Reversible Weak IX Strong IX am.Fe cr.Fe Fixed

Extractant GW CaCl2 KCl am.oxalate SSC Aqua regia
Sr 14 32 11 1.5 25 16

Cs1
Cs2

30
30

6
38

47
19

7
5

10
1

1.7
7

Am1
Am2

0
0.7

0.1
0.7

0.1
1.8

2.7
11

85
59

12
27

* IX: ion exchange, am.Fe: amorphous iron oxide, cr.Fe: crystalline iron oxide
SSC: mixture of sodium dithionite and sodium citrate



1042 C.-K. Park et al.

May, 2023

ing that the exchange with Ca was the main sorption mechanism
for Sr.

Extraction with KCl also replaces the sorbed nuclides via ion-
exchange. K+ also acts as a stronger exchanger than Ca+2 and pen-
etrates more deeply into the mineral inner structure. This is par-
ticularly effective for Cs, because K+ has a similar size and charge
to Cs+, and hence they show similar sorption characteristics and
can access the interlayer of the mineral structure. Consequently,
Cs showed more distinct portion in the KCl extraction than Sr
and Am.

Fractions that are strongly bound by covalent forces, typically
on the hydrous oxides of manganese and iron (Fe-Mn), are increas-
ingly less mobile over time. Ammonium oxalate dissolves amor-
phous iron oxide (am.Fe) and releases the bound nuclides by the
reductive dissolution of this sediment fraction. The more crystal-
line fraction requires a stronger reducing agent for dissolution.
The SSC solution was used with the aim of recovering the nuclides
associated with the more crystalline iron oxide fraction (cr.Fe). The
association with Fe-Mn oxides was the main sorption mechanism
of Am in the concrete, as shown in Table 3 and Fig. 4, which indi-
cates that Am must be sorbed irreversibly mainly on the aggre-
gates, especially on the biotite, as explained in the previous section.

One more interesting result is that about 25% of the Sr was ex-
tracted by the SSC solution. This implies that Sr binds more strongly
on the aggregates and penetrates deeply into the matrix. On the
while, in geologic media like rocks and soils, Sr is usually reacted
by ion exchange, and it has been reported that about 90% of sorbed
Sr can be extracted by CaCl2 and KCl [16]. Such difference between
media in sorption of Sr could be caused by the high alkalinity of
the concrete pore and will be discussed later.

Even after the concrete specimens were treated with the five kinds
of extracting reagents described above, there were still some nuclides
remaining in the concrete. They were presumed to be firmly fixed
in the mineral structure. In such cases, most of the nuclides were
still likely bound to the concrete structure, had penetrated deeply
into the concrete structure, and were irreversibly sorbed. This is
called fixation or mineralization. The specimens were finally digested
in the aqua regia. Am displayed the strongest fixation, and Sr also
showed about 16% fixation.

The reversibility of the sorption can give a hint on mobility related
to migration and diffusion of a nuclide. A reversibly sorbing species
binds loosely onto the surface of the concrete pores and rebounds
again in the solution or moves to an adjacent surface, while an
irreversible one hardly does so. In this study, about 57% and 85%
of the Sr and Cs were sorbed by the ion exchange mechanism,
respectively. On the other hand, Am showed a great irreversible
sorption tendency. Irreversibly sorbed nuclides are hard to move
on the sorbed phase. Thus, the reversibility of the sorption seems
to be one of the key factors controlling diffusion and migration
ability. The concept of distribution coefficient, Kd, is based on the
assumption of reversible sorption. Therefore, highly irreversible
nuclides like Am could be less mobile than expected based on
model simulations with Kd in the safety assessment.

From the chemical extraction results, the most distinguishable
observation was the strong binding of Sr on concrete. Divalent
cations with a radius smaller than Ca2+, such as Ni2+, Co2+ or Mg2+,
can replace Ca2+ [4]. Ca2+ exchange by Sr2+ might occur in the inter-
layers of the CSH phases. Sr2+ binding to CSH is due to the ion ex-
change reaction with Ca2+ on the edge and planar silanol groups
of the CSH phases. Thus, the substitution of Sr for Ca in the cement
hydrates is the main sorption mechanism.

At the same time, the portion of strongly bonded Sr was greater
than that of Cs. Fig. 4 shows that Cs was sorbed mainly by ion
exchange, while Sr showed a certain portion of strong and irre-
versible bond. Atkinson et al. [6] also obtained similar results from
a batch sorption test. It is commonly known that Sr sorbs mainly
by weak electrostatic bonding and is located on the outer Helm-
holtz layer, while Cs can penetrate more deeply into the interlay-
ers of minerals, and consequently exhibits much stronger bonding
on geologic media. However, in the strong alkaline condition, the
surface of the concrete could be deprotonated by OH and charged
strongly negative. Then Sr can locate in the inner Helmholtz layer
with strong bonding [20-22]. That is, even though divalent Sr2+ is
dominant under most pH conditions, in hyper-alkaline conditions
Sr forms the monovalent SrOH+ species in solution and can build
inner sphere complexes like monovalent species, K+ or Cs+ [22].
The transition to inner sphere complexes with increasing pH indi-
cates that Sr would sorb more strongly at high pH.

Hietanen et al. [23] found that Cs was preferentially sorbed onto
the aggregate in the concrete system, not onto the cement phase,
using an auto-radiographic examination. That may be attributed
to the high Ca concentration in the solution and the positively
charged surface of the silanol groups of CSH, resulting in limited
Cs sorption. Noshita et al. [24] reported that Cs did not sorb on
calcite. Jakubick et al. [4] also showed that no significant sorption
of Cs occurred on cement and carbonate aggregates, but a greater
sorption on gneiss aggregates containing mafic minerals such as
biotite and pyroxene was found using auto-radiographic analysis.
Those studies explain the reason why Cs showed less sorption than
Sr in the concrete.

As shown in Table 3 and Fig. 4, the percentage of sorption types
differed a little between a couple of species. This is probably due to
differences in the mineral composition of the two sets. However,
the measured diffusivities of each nuclide pair were consistent in
general.

Fig. 4. Sequential results for the extraction of nuclides from concrete.
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After a year of diffusion time, brownish precipitates and sus-
pended matter were observed in most of the test setups. When the
diffusion test was finished, the precipitates were collected and the
suspensions were also filtered, as shown in Fig. 5(a). They were
analyzed by scanning electron microscope (SEM) and energy dis-
persive spectroscopy (EDS), and the results are displayed in Fig.
5(b). The brownish particles turned out to mainly be Mg-Si-O com-
pound. The suspensions were identified as stick-shaped CaCO3

particles with a size of several hundred micrometers. Additionally,
the dried suspended matter was analyzed with x-ray diffraction
(XRD) to identify their crystalline forms. As a result, two kinds of
calcium carbonates (CaCO3), calcite (45.1%) and aragonite (16.6%),
were observed. Also brucite (Mg(OH)2) (38.3%), a kind of magne-
sium hydroxide, was also identified.

The groundwater contained Mg and SiO2, at concentrations of
4.4 and 53.7 mg/l, respectively, as shown in Table 1. A typical Port-
land cement roughly contains about 63, 23, and 6% calcium oxide,

silica, and alumina, respectively. Some CaO and silica constituents
were apparently dissolved from the concrete during the experimen-
tal time of more than a year. In this case, there could be a plenty of
sources and time to form calcium carbonates and magnesium com-
pounds under the diffusion test conditions. When cement con-
tacts groundwater, calcium hydroxide can be formed; it then reacts
with carbon dioxide in the groundwater, and finally calcium car-
bonate can emerge, as shown in the following reactions:

2(3CaO·SiO2)+6H2O->3CaO·2SiO2·3H2O+3Ca(OH)2

Ca(OH)2+CO2->CaCO3(s)+H2O

The precipitation of CaCO3 on a concrete surface in contact with
groundwater was expected by Allard et al. [19]. As mentioned in
the introduction, after one year of testing, the concrete sample seemed
to be remarkably degraded considering the appearance of calcite
precipitate in the system. Because excessive neoformations can inter-
act with nuclides, it may have an additional sorption effect. How-

Fig. 5. (a) Brownish precipitates (left) and filtered suspended matter (right). (b) SEM, EDS, and XRD analyses of the filtered materials.
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ever, there were no notable signals of Sr, Cs, or Am detected in the
precipitates, likely due to the very low concentrations of them.

Calcite has a smaller reactive surface area than other sorbing
cement materials. That is, it will have lower sorption potential than
other cement phases [2]. The literature says that Cs sorbs little on
calcite, while Sr and Am sorb better on it [2,24]. Therefore, when
the diffusivity of a nuclide through concrete is measured over a
relatively long-term scale, the chemical degradation of the con-
crete should be carefully considered. In accordance with the above
description, it is recommended to base estimates of diffusivity on
results obtained from a longer experimental time, or with a fully de-
graded concrete, for the purpose of long-term disposal management.

CONCLUSIONS

The diffusion and related sorption properties of tritium, Sr, Cs,
and Am in concrete were investigated and compared with those
for other concretes and rocks. The obtained apparent diffusivities
of tritium, Sr, Cs and Am were about 2×1011, 9×1016, 4.4×1016,
and 1.5×1018 m2/s, respectively. The diffusivities were about ten
times lower than those obtained for granodiorite under the same
conditions. Although the obtained level of porosity favors larger
diffusivity in concrete than rocks, the strong alkalinity generated in
the concrete pores could prevent the diffusion of nuclides in con-
crete. From sequential chemical extraction, the effects of sorption
characteristics on the diffusion of nuclides were identified. When
the nuclides pass through the concrete pores, Sr and Cs are sorbed
mainly via ion exchange, whereas Am sorbs by fixation to iron oxides
or other mineral aggregates. That is the reason why Am shows a very
low diffusivity than the other nuclides. Some precipitates and sus-
pensions were observed after a year. It is likely the chemical degra-
dation of concrete resulted in the precipitation, and the precipitates
turned out to be calcium carbonate and magnesium compounds.
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NOMENCLATURE

Cp : concentration in a concrete pore [kg/m3]
Co : initial concentration in the source cell [kg/m3]
C1(t) : concentration in the source cell at time t [kg/m3]
C2(t) : concentration in the diffused cell at time t [kg/m3]
Da : apparent diffusivity [m2/s]
De : effective diffusivity, De=Dp [m2/s]
Dp : pore diffusivity, Dp=/ 2Dv [m2/s]
Dv : diffusivity in free water [m2/s]
Ds : surface diffusivity [m2/s]
h : cylinder length of the diffusion cell [m]
Kd : distribution coefficient of a species between solid and aque-

ous phase, Kd=q/Cp [m3/kg]
l : thickness of the concrete coupon [m]

q : sorbed concentration on the concrete’s surface [kg/kg]
R : capacity factor of concrete, R=+(1)Kd [dim’less]
t : elapsed time [s]

Greek Letters
 : porosity of the concrete [dim’less]
 : constrictivity [dim’less]
 : density of the concrete [kg/m3]
 2 : tortuosity [dim’less]
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