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ABSTRACT

Narrow diameter borehole facilities (a few tens of centimeters), like the BOSS concept developed by the IAEA,
provide a safe and cost effective disposal option for radioactive waste and particularly disused sources. The
BOSS concept (borehole disposal of sealed radioactive sources) comprises a multi-barrier system of cement
grout and stainless steel components. In order to predict the long-time performance of the cement barriers as an
input of a future safety assessment under the specific hydrochemical and hydrological conditions, a non-linear
degradation model was developed in this work. With the assistance of the program “PHREEQC”, it describes
the change of the porosity and the hydraulic conductivity with time, which also let to conclusions concerning
the change of the sorption capacity of the cement grout. This work includes the theoretical approach and
illustrates the non-liner degradation by means of an exemplarily water composition found in the saturated zone
and the dimensions of the backfill made of cement grout representing a barrier of the BOSS borehole facility.

1. INTRODUCTION

Brazil, among many countries worldwide, has used radioactive sources in medicine, research
and industry for many years. Consequently, this calls for a safe and secure management and
final disposal of the sources, which contain different radionuclides in highly variable
quantities. The typical initial activities range between MBq to PBq. In some cases, the
activity of a source decays to a level below which the source is no longer suitable for its
original purpose, in others the associated equipment may become obsolete, worn out, or
damaged, and in others the source may develop a leak and so is no longer used. In all these
circumstances, the radioactive sources are referred to as ‘disused’ or ‘spent’, even though
their activity could still be very high [1]. Therefore, if they are not managed properly,
radioactive sources can represent a significant hazard to human health and the environment,
which is evident from the number of accidents that have taken place worldwide as a result of
the mismanagement of such sources. In Brazil for instance, an accident occurred in 1987 after
an old radiotherapy source (Cs-137) was stolen from an abandoned hospital site in the city of
Goiânia.

Currently, the Nuclear Technology Development Center (CDTN) participates in a National
Commission of Nuclear Energy (CNEN) project, coordinated by Nuclear and Energy
Research Institute (IPEN) and with technical collaboration of the International Atomic
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Energy  Agency  (IAEA),  that  aims  to  evaluate  the  feasibility  of  disposing  of  the  disused
radioactive sources of the Brazilian program in a borehole facility corresponding to the BOSS
concept. This concept was developed by the IAEA and is currently being implemented by
several countries worldwide (e.g. in South Africa) [1].

At the present time, the Brazilian interim storage facilities contain over 200.000 disused
radioactive sources. The majority of the sources are of Am-241 (91.5 %) representing the
major volume of waste. In terms of activity (total activity 8.51E+2 TBq, 31.12.2013), Co-60
sources dominate (90.7%). This should be born in mind when the future implementer sets the
final repository conditions. Disposing of the Am-241 sources in a final repository for the
spent nuclear fuel occurring in the Brazilian power plants could be a possible alternative,
which drastically reduces the volume of waste for the borehole facility.

2. BOREHOLE REPOSITORY FOR DISUSED RADIOACIVE SOURCES

The BOSS system consists of a closure zone and a disposal zone (Fig. 1, taken from [1]). The
latter is located at least 30 meters below the ground surface and its depth could extend to
several hundred meters, providing that appropriate geological conditions are present [2,3].
Mostly, the typical depth is indicated to be around 100 m [1,2,4,5], which may be an
impediment  in  the  light  of  the  volume  of  the  Brazilian  inventory  of  disused  sources.  The
BOSS concept does not contemplate waste retrieval. A prerequisite of the BOSS design is
that the narrow diameter borehole of 0.26 m has to be located either in the unsaturated zone
or in the saturated zone. A disposal system, where the waste packages are subjected to
dynamic conditions due to cyclic change of the height of the groundwater table, is not
considered in the BOSS concept for practical and financial reasons. A closure zone of not less
than 30 meters hinders human intrusion or other disruptive events or processes. The upper 5
meters of the closure zone consist of native soil and/or crushed rock, while the rest is of
sulphate-resistant cement grout. The near field comprises a multi-barrier system of cement
grout and stainless steel components (Fig. 2, taken from [1]). The containment barrier filling
the space between the capsule and the container, the disposal zone backfill, which is
horizontally and vertically adjacent to the waste packages, the disturbed zone backfill
between the borehole casing and the borehole wall, as well as the disposal zone plug are all
made of sulphate-resisting cement grout and act as physical and chemical barriers.

Cement grout can inhibit disruption of the waste by surface erosion and human and biotic
intrusion. Due to its low permeability the water flux through the near field is limited and once
the capsule fails the same is true for the transport of contaminants in liquid or gaseous form.
Furthermore, cement grout conditions the hydrogeochemistry by generating an alkaline pH,
which decelerates the corrosion of the stainless steel components. Corrosion processes are
impeded also through formation of calcium chloride reducing the chloride level in the water.
In addition, the cement grout can act as sorption barrier. Another chemical mechanism
provoked by the cement barriers is the regulation of solubility limits, which control the
availability of radionuclides for release.
The capsule and the disposal container consist of stainless steel of type 304 and type 316 L,
respectively. Until breached, they isolate the disused sealed radioactive sources from water,
animals and humans and prevent the escape of gas (gaseous radionuclides disposed of in the
borehole and gaseous radioactive decay products). Moreover, once the capsule and the
disposal container are breached, they limit the availability of contaminants for release until
their degradation is complete [1,4].
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Figure 1: Schematic borehole disposal facility [1].

Figure 2: Cross section through the disposal borehole [1].
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For the purpose of the borehole disposal concept, it is assumed that the capsule, which
contains the source container and the containment barrier constitute the waste form, which
means that strictly speaking the waste package consists of the waste form and the disposal
container.

The dimensions of the various components of the waste package under consideration for the
borehole disposal concept are presented in Table 1, adopted from [4]. Actually two
configurations of the capsule and the containment barrier exist (standard and large). Since the
Brazilian inventory is relative large compared to the inventories presented in [1] and [4] the
large configuration of both, the capsule and the containment barrier are assumed for the
Brazilian borehole repository in order to minimize its depth.

Table 1: Dimensions of the near-field components [4]

Waste package
component

Length
[mm]

Inside diameter
[mm]

Outside diameter
[mm]

Thickness1

[mm]
Capsule 121.00 40.24 47.60 3.68

Containment
barrier 171.00 47.60 102.30 27.35

Disposal
container 250.00 102.30 114.30 6.00

Figure 3, taken from [6], shows the components of the waste package. Note that, the
displayed components, except for the large capsule, are of standard dimensions and hence not
correspond to the values of Table 1.

Figure 3: Waste package components [6].

1 As used here, thickness refers to the wall thickness of the capsule and disposal containers as well as the thickness of the
containment barrier.
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3. DEGRADATION OF CEMENT BARRIERS

The borehole’s multi-barrier system consists of steel and cement components. The release and
transport of radionuclides is highly influenced by the hydrological and hydrochemical
conditions, which change with time. The corrosion rates of stainless steel and the degradation
of cement grout depend on the composition of groundwater. These processes are affected in
particular by following parameters:

• pH
• Redox potential (Eh)
• Dissolved O2 concentration
• SO4 concentration
• TIC concentration
• Cl- concentration

While the number of pore water exchanges required do degrade the cement depends on the
water composition, the time needed for the appropriate number pore water flushes is
determined by the flow velocity.

3.1. Hydrological Conditions

For the purpose of the illustrative calculations in this paper, only disposal in the saturated
zone is exemplified and literature data is used to represent the hydrological and
hydrochemical conditions in the anticipated host media. Parameter values for the weathered
arenaceous geosphere in [4] are adopted for disposal in the saturated zone. The used
parameter values describing the hydrological conditions of the geosphere are summarized in
Table 2.

Table 2: Hydrology parameter values for the saturated zone [4]

Parameter Symbol Value Unit
Hydraulic conductivity of the saturated zone 3.20E+03 m/y

Hydraulic gradient 1.00E-02 -
Saturation degree of the saturated zone 1.00E+00 -

Total porosity of the saturated zone 5.00E-01 -
Water-filled porosity of the saturated zone , 5.00E-01 -

Darcy velocity of the saturated zone 3.20E+01 m/y
Flow velocity of the saturated zone , 6.40E+01 m/y

Following equations are used to calculate the hydrological parameters given in Table 2:

= 	1 (1)

, = 	 ∗ = 	 (2)

= 	 ∗ (3)
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(4)

The near field’s cement grout elements evolve over time, more precisely the porosity and the
hydraulic conductivity increase with the progressive degradation of the cement, what
influences the Darcy velocity and the flow velocity. The evolution of the cement grout’s
hydrological parameters porosity and hydraulic conductivity is represented by values for
undegraded and degraded conditions. The parameter values are adopted from [4] and are
listed in Table 3.

Table 3: Hydrology parameter values for the near field’s cement grout [4]

Parameter Symbol Value
(undegraded)

Value
(degraded) Unit

Hydraulic conductivity of the near field 3.20E-04 3.20E-01 m/y
Hydraulic gradient 1.00E-02 1.00E-02 -

Saturation degree of the near field 1.00E+00 1.00E+00 -
Total porosity of the near field 1.00E-01 2.50E-01 -

Water-filled porosity of the near field , 1.00E-01 2.50E-01 -
Darcy velocity of the near field 3.20E-06 3.20E-03 m/y
Flow velocity of the near field , 3.20E-05 1.28E-02 m/y

Following equations are used to calculate the parameters describing the near field’s
hydrology parameter presented in Table 3:

= = 	1 (5)

, = 	 ∗ (6)

= 	 ∗ (7)

, =
,

(8)

3.2. Hydrochemical Conditions

The hydrochemistry is highly influenced by the interaction between the groundwater and the
cement used as containment barrier, backfill, and disposal plug. Reference water #5 is taken
from [1] in order to represent the hydrochemical conditions in the weathered arenaceous
geosphere (disposal in saturated zone) based on the description in Appendix B.2.1 of [4].
Reference water #5 (Table 4) is considered to be representative of fresh groundwater with a
relatively short residence time in the geosphere.
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Table 4: Water composition [1]

Determinant Reference water for
saturated system, water #5 Units

T 298.15 K
pH 8.46 pH
Eh -281 mV

Dissolved O2 - mg l-1

Na 81.61 mg l-1

M 2.40 mg l-1

Mg 1.22 mg l-1

Ca 4.37 mg l-1

Si 9.52 mg l-1

Al 0.01 mg l-1

Fe 0.0001 mg l-1

Mn - mg l-1

Cl 0.52 mg l-1

SO4 10.66 mg l-1

H2S - mg l-1

N 0.32 mg l-1

TIC 42.52 mg l-1

3.3. Linear Degradation Model

The degradation model below is described in [1]. It has a linear character and consists of four
stages. For water #5, representing the hydrochemical conditions in the saturated zone, the
degradation of cement grout is represented by the following staged evolution:

Stage 1 - porewater pH is around 13.5, owing to the presence of significant NaOH and KOH
and such high pHs can persist during flushing by about 100 pore  volumes  of  water.   It  is
assumed that the values for chemical and physical parameters such as sorption coefficient,
porosity and hydraulic conductivity are comparable with those for undegraded cement grout.

Stage 2 -  porewater  pH  has  fallen  slightly  to  about  12.5,  owing  to  buffering  by  Ca(OH)2
(Portlandite) and this pH can persist during flushing by an additional 900 pore volumes.
Although pH has declined slightly, it is assumed that the chemical and physical parameter
values are the same as for Stage 1.

Stage 3 - porewater pH diminishes steadily from 12.5 to about background groundwater pH,
owing to buffering with C-S-H phases (calcium-silicate-hydrate gel) having progressively
decreasing Ca/Si ratios. This stage can persist during flushing by approximately an additional
9000 pore volumes. There is significant chemical and physical degradation of the cement
grout resulting in changes in chemical and physical parameter values. It is assumed that there
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is a linear change during Stage 3 in parameter values from the start value (i.e. value for
undegraded conditions) to the end value (i.e. value for degraded conditions).

Stage 4 -  all  the  CSH-gel  has  dissolved  and  the  porewater  pH  returns  to  that  of  the
background waters. The cement grout is fully degraded. The chemical and physical parameter
values are the same as those at the end of Stage 3 (i.e. degraded values). In total,
approximately 10000 pore flushes are needed to degrade the cement grout completely.

3.4. Non-linear Degradation Model

The following section describes a degradation model that considers a non-linear evolution of
the cements properties. Since the dissolution of cement increases the porosity, a greater
volume of solution infiltrates the cement barrier at the next pore water exchange what in turn
signifies that even more cement dissolves and the increase of porosity is even higher.
Compared to an approach where the porosity is considered to be constant over a certain
period  of  time  (stages  1  and  2  of  the  linear  degradation  model)  or  where  the  porosity
increases in a linear manner (stage 3 of the linear degradation model), the same volume of
solution but fewer pore flushes and hence, less time are required to degrade the cement.

The program “PHREEQC” as well an “Excel” spreadsheet are used to perform the
calculations. Since the exact composition of cement is not known, it is approximated by
Portlandite (Ca(OH)2),  although  other  phases,  in  particular  C-S-H  phases,  might  play  a
significant role.

First, the amount of Portlandite that dissolves in one liter of the solution given in Table 4 is
determined with the aid of the program “PHREEQC”. Therefore, a unity volume, which
enfolds  a  total  volume  of 10 l and has a total porosity  of  0.1  is  defined.  The  solid
matrix  consists  of  Portlandite  (Ca(OH)2) and the pores are completely saturated. The
characteristics of the volume of unity are specified in the table below.

Table 5: Volume of unity

Parameter Symbol Value Unit
Total Volume 10 l

Solid volume (Portlandite) 9 l
Volume of solution occupying 1 l

Water-filled porosity 0.1 -
Saturation degree 1 -

Total porosity 0.1 -
Mass of solids (Portlandite) 20172.87 g
Grain density of Portlandite , 2241.43 g/l
Moles of solids (Portlandite) 272.31 mol

Molecular mass of solids (Portlandite) 74.08 g/mol

Following equations are used to define the unity volume’s characteristics given in Table 5:
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= − = ∗ (1− ) (9)

= ∗ (10)

= 	 ∗ (11)

= ∗ 	 , (12)

= 	 (13)

The formation of secondary solid phases, such as Calcite (CaCO3), is not considered. This is
a conservative approach since, in doing so, no precipitation of secondary phases occurs that
may consequently reduce the extent of the pore volume’s increase due to the dissolution of
Portlandite. Further, no other phase than Portlandite acts as buffer of the pH and stabilizes the
hydrochemical milieu. The “PHREEQC” calculations result in a dissolution of 2.08E-02
moles Portlandite when flushing the unity volume with one liter of the solution specified in
Table 4. Thus, the dissolution of Portlandite due to the reaction with the solution specified in
Table 4 (∆Portlandite) can be expressed as (mol/l):

∆ ( ) = −2.08 ∗ 10 ∗ (14)

Now,  the  evolution  of  the  porosity  of  an  arbitrary  volume  of  Cement,  represented  by
Portlandite, due to the flushing by the solution given in Table 4 can be calculated.

The remaining amount of moles of Portlandite ,  after a pore flush  /  at  pore flush
+ 1 can be expressed as follows:

, = , − ∆ , , (15)

With:

, : Amount of moles of Portlandite at pore flush + 1 [mol]

, : Amount of moles of Portlandite at pore flush [mol]

∆ , , : Amount of moles of Portlandite dissolved by , [mol]

, : Volume of water infiltrating the cement at the -th pore flush [l]

, + 1 Pore flushes ; 1 ≤ ≤ [-]

Subsequently the resulting total porosity  and water-filled porosity ,  can be
calculated using:
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= 	
,

=
− , +1 = 1 −

( , +1 ∗ ∗ 1
,

)
(16)

, = ∗ (17)

With:

, : Volume of solution that infiltrates the cement at a pore flush + 1 [l]

, : Volume of solids (Portlandite) at pore flush + 1 [l]

Hence, the volume of solution , that infiltrates the cement at a pore flush + 1 equals:

, = , +1 ∗ (18)

By adopting equation (14) and using equation (18), ∆ , +1  can be determined:

∆ , +1 = −2.08 ∗ 10 ∗ , +1 (19)

With:

∆ , +1 : Amount of moles of Portlandite dissolved by , [l]

In turn, the remaining amount of moles of Portlandite ,  after  pore  flush + 1 /  at
pore flush + 2 can be determined.

The described procedure has to be repeated until the desired final total porosity is reached.
Every step represents one pore flush, hence, the total number of pore flushes  equals  the
total number of the steps necessary to degrade the Portlandite to the desired final total
porosity.

Note that the total number of pore flushes  only depends on the water composition and the
saturation degree. The unit volume  and consequently the number of corresponding moles

 has no effect since the volume of infiltrating water and therefore the amount of moles
dissolved is linked to the unit volume  and to the water-filled porosity  which  is  a
function of the unit volume , too (See Equations (10) and (14)).

Indeed, a smaller/greater volume of water infiltrating the cement is required to achieve the
same increase of the total porosity  of  a  smaller/greater  unit  volume  but  at  the  same
time a smaller/greater volume of water  infiltrates and dissolves a smaller/greater amount of
moles of Portlandite ∆ , at every pore flush. In consequence, considering a specific
water composition, the total number of pore flushes  is the same for all volumes of cement
as long as the saturation degree does not change.
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3.5. Degradation time

Using the hydrological data of Tables 2 and 3, the time required to degrade an arbitrary
volume of cement, approximated by Portlandite, can be calculated. It is assumed that the
degradation in the considered volume occurs homogenously along the direction of flow.

First of all, the duration  of each pore flush  has to be determined:

=
∗ ,

,
=

∗ ∗ , ,

∗ ,
=

∗ , ,

,
(20)

With:

: Duration of pore flush [y]

, , : Water-filled porosity of the near field at the -th pore flush [-]

, : Water flux through the near-field at pore flush [m3/y]

: Cross-sectional area perpendicular to direction of flow [m2]

: Length in direction of flow [m]

, : Darcy flux through the near field at pore flush [m/y]

With respect to the Darcy flux through the near field ,  at pore flush  one has to consider
that:

(1) If , ≤ : It is not possible that more water flows through the near field per unit

time as the near field hydrology permits and

(2) If , ≥ : The maximum of water flowing through the near field per unit time

is limited to the volume of water provided by the surrounding geosphere per unit time

In consequence, the lower value of either the near field ,  or the geosphere  has to be
chosen for the Darcy flux through the cement barrier:

, = , 	; 	 , ≤ 	
	; 	 , ≥ (21)

Since the cement degradation will affect both, the porosity and the hydraulic conductivity, the
Darcy flux of the near field  is not constant. It is assumed that  changes with the total
porosity of the near field  in a linear manner from the initial value (undegraded
conditions) to the value for degraded conditions (see Table 3).
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In order to describe the linear transition of  from undegraded to degraded conditions
following approach, adopted from [1] can be used:

, = (1 − ) ∗ + ∗ (22)

With:

, : Hydraulic conductivity of the near field at pore flush [m/y]

: Hydraulic conductivity of the near field for undegraded conditions [m/y]

: : Hydraulic conductivity of the near field for degraded conditions [m/y]

: Degraded fraction of Portlandite at pore flush [-]

Where  a function of the total porosity	  at pore flush :

=
− ,

, − ,
(23)

With:

, : Total porosity of the near field for undegraded conditions [-]

, : Total porosity of the near field for degraded conditions [-]

Now, the Darcy flux of the near field ,  at pore flush  can be calculated:

, = , ∗ (24)

In order to determine the time needed to increase the total porosity from ,  to ,
it is only necessary to sum up all the durations of pore flushes 1 to :

= 	
	

	 ; 	1 ≤ ≤ (25)

With:

: Time needed for complete degradation [y]
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4. RESULTS

The total number of pore water exchanges needed to increase the total porosity of an arbitrary
volume of Portlandite from , = 0.1 to , = 0.25 by flushing with the solution
specified in Table 4 is = 1331. The pH calculated by “PHREEQC” remains constant at
12.47. These results are comparable with Stage 2 of the presented linear degradation model,
where Portlandite is considered to act as the pH buffer (number of pore flushes ≈ 900, pH
≈ 12.5), although the total number of pore flushes need for complete degradation is about 1.5
times higher for the non-linear degradation model. This may suggest an underestimation of
the Portlandite’s buffer capacity in the linear degradation model. The evolution of the total
porosity of the backfill  cement 	and of the hydraulic conductivity of the backfill cement

 as  a  function  of  the  number  of  pore  flushes,  calculated  with  the  aid  of  the  non-linear
model, is shown in Figures 4 and 5, respectively. The two graphs have a linear character in a
good approximation.

In contrast to the linear degradation model, what indicates that the values for total porosity
and hydraulic conductivity remain constant during the approx. 900 pore flushes of Stage 2
(buffering of the groundwater’s pH by Portlandite), the non-linear degradation result in a
completed transition from undegraded to degraded values within = 1331.  After  900  pore
flushes the values for total porosity and hydraulic conductivity reached a degradation degree2

of about 57 % for both ( , = 0.185, , = 1.83 ∗ 10 	 / ). This congruence
is due to the chosen approach for calculating the hydraulic conductivity (Equation 23).

Figure 4: Total porosity of the backfill cement as a function of the number of pore
flushes.

2 Degradation degree:
,

= , − ,

, − ,
∗ 100	% ;

,
= , − ,

, − ,
∗ 100	%

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0 100 200 300 400 500 600 700 800 900 1 000 1 100 1 200 1 300 1 400

[-]

k [-]



INAC 2015, São Paulo, SP, Brazil.

Figure 5: Hydraulic conductivity of the backfill cement as a function of the number of
pore flushes.

In the following, the presented non-linear degradation model is used in order to describe the
temporal evolution of the backfill  cement as a part  of the multi-barrier system of the BOSS
concept (Figure 2).

The length in direction of flow  equals to the thickness of the backfill cement. The thickness
of  the  backfill  cement  is  63.25  mm,  taken  as  the  addition  of  the  thickness  of  the  disturbed
zone backfill (50 mm) and the thickness of the disposal zone backfill horizontally adjacent to
the container (13.25 mm) [4].As a result, the time needed for complete degradation , e.g.
to increase the total porosity of the backfill from , = 0.1 to , = 0.25, is 30689
years. The temporal evolution of the total porosity of the backfill cement 	and of the
hydraulic conductivity of the backfill cement  is depicted in Figures 6 and 7, respectively.

Despite the fact that the relation with the number of pore flushes is reasonably linear, the
temporal evolution of both, the porosity and the hydraulic conductivity, are highly non-linear
after about 19000 years. This is comprehensible with Figure 8, where the number of pore
flushes is  displayed as a function of time. From the graph one can deduce the duration of a
pore  flush.  It  shows that  the  temporal  evolution  of  the  number  of  pore  flushes  until  19000
years is linear in a good approximation, subsequently the non-linear character appears. This is
due to the approach of the non-linear degradation model (chapter 3.4), while the time of the
transition from a nearly linear to non-linear evolution depends on the hydrological and
hydrochemical conditions.

Since the hydrology parameters of the geosphere and the values of the hydraulic conductivity
of the backfill cement for undegraded and degraded conditions in [1], where the linear
degradation model is used to describe the cement grout’s evolution, differ from those
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assumed in order to exemplify the presented non-linear degradation model, a direct
quantifiable comparison is not possible.

In [1], the duration of Stage 2 (buffering of the groundwater’s pH by Portlandite) for the
backfill cement is calculated to 4620 years for nearly similar hydrological values compared to
this paper3. The time needed for complete degradation of the backfill cement, considering all
4 stages of the linear degradation model, is calculated to 5170-8670 years3. However, this is
significantly less than calculated with the aid of the non-linear degradation model. Again, this
may suggest an underestimation of the Portlandite’s buffer capacity in the linear degradation
model.

In [4], from where the hydrological values for the geosphere and the concrete are adopted for
the non-linear calculations performed in this paper, the duration of cement degradation is
assumed to be 1000 years, independently of the groundwater composition. Apparently, this
approach does not account for realistic hydrochemical conditions that may range
significantly. However, the assumed degradation period is considerable smaller than
calculated with the non-linear degradation model.

Figure 6: Temporal evolution of the backfill cement’s total porosity.

3 See results for the medium and high flow system stated in Table 38 in [1].
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Figure 7: Temporal evolution of the backfill cement’s hydraulic conductivity.

Figure 8: Number of pore flushes as a function of time.
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5. CONCLUSIONS

In this paper, two different models are presented to describe the degradation behavior of
cement barriers in the BOSS disposal concept. A linear degradation model was adopted from
[1] against which a non-linear degradation model, developed at CDTN, can be compared. The
linear model accounts for a complex cement composition and describes the degradation in a
4-stage process in relation to the constituents. In particular C-S-H phases play an important
role,  what  is  not  covered  by  the  non-linear  model.  In  the  non-linear  model,  cement  was
approximated by Portlandite. It allows for and quantifies the changes of the cement’s
parameters total porosity and hydrological conductivity with time.

The number of pore volumes necessary to degrade the same amount of cement is 1331 when
the non-linear model is applied, but 900 considering the linear model. In terms of temporal
evolution, the cement barrier will last 30825 years by the non-linear model, what is at least
3.5 times longer than calculated with the linear model. This may suggest an underestimation
of the Portlandite’s buffer capacity in the linear degradation model. Therefore, the cement
backfill could be designed thinner and consequently the diameter of the waste packages
larger. This would be an advantage for large inventories of disused radioactive sources, such
as the Brazilian, since a bigger volume could be disposed of in the same borehole, without
altering its outer diameter. The linear model, where the cement’s parameters total porosity
and hydrological conductivity are assumed to stay constant, is reasonable for the initial period
regarding the results of the non-linear degradation model. The linear model fails to represent
the conditions after the temporal evolution of the pore flushes becomes non-linear.

A next step could be to represent the cement more detailed in “PHREEQC”, especially by
including C-S-H phases, although their complexity and varieties in composition require an
approximation in any case. Moreover, the formation and precipitation of secondary phases
(e.g. Calcite, calcium chloride) and their influence to the total porosity could be included in a
future development of the degradation model, providing that the exact composition of the
cement is known and representable in a geochemical modeling code such as “PHREEQC”.

ACKNOWLEDGMENTS

The author likes to thank Prof. Klaus-Jürgen Röhlig from the Institute of Disposal Research
at the Clausthal University of Technology and Stela D. Santos Cota from CDTN, who made
the stay at CDTN possible and provided remarkable supervision and support. In addition, the
author likes to acknowledge the Institute of Disposal Research at the Clausthal University of
Technology and the Wolfgang-Helms-Stiftung for the financial support during the internship
at  CDTN.  Finally,  the  author  wants  to  appreciate  the  IAEA for  the  technical  support  in  the
ongoing project.

REFERENCES

1. International Atomic Energy Agency, Generic Post-closure Safety Assessment for
Borehole Disposal of Disused Sealed Sources, IAEA Draft Safety Report, International
Atomic Energy Agency, Vienna, Austria (2013).



INAC 2015, São Paulo, SP, Brazil.

2. J.J.  van  Blerk,  M.W.  Kozak,  “Borehole  Disposal  of  Spent  Radiation  Sources:  1.
Principles,” Proceedings of the International Conference on the Safety of Radioactive
Waste Management, Cordoba, Spain, 13-17 March 2000, IAEA-CN-78/45, pp. 194-187
(2000)

3. M.W.  Kozak,  J.J.  van  Blerk,  “Borehole  disposal  of  spent  radiation  sources:  2.  Initial
safety assessment,” Proceedings of the International Conference on the Safety of
Radioactive Waste Management, Cordoba, Spain, 13-17 March 2000, IAEA-CN-78/12,
pp. 48-51 (2000).

4. R.H. Little, , J.J. van Blerk, R.C. Walke, R.A. Bowden, Generic Post-Closure Safety
Assessment and Derivation of Activity Limits for the Borehole Disposal Concept,
Quintessa Report QRS-1128A-6 v2.0, Quintessa Limited, Henley-on-Thames, United
Kingdom (2004).

5. International Atomic Energy Agency, Safety Assessment Methodologies for Near Surface
Disposal Facilities Results of a co-ordinated research project Volume I: Review and
Enhancement of Safety Assessment Approaches and Tools, International Atomic Energy
Agency, Vienna, Austria, (2004).

6. “BOSS Borehole disposal of Sealed Radioactive Sources,”
https://www.iaea.org/OurWork/ST/NE/NEFW/documents/BOSS_Flyer.pdf (2015).


	ABSTRACT
	1. INTRODUCTION
	2. BOREHOLE REPOSITORY FOR DISUSED RADIOACIVE SOURCES
	3. DEGRADATION OF CEMENT BARRIERS
	3.1. Hydrological Conditions
	3.2. Hydrochemical Conditions
	3.3. Linear Degradation Model
	3.4. Non-linear Degradation Model
	3.5. Degradation time

	4. RESULTS
	5. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

