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In an earlier work, a model has been developed for evaluating the overflow probability of the radioactive waste near 
surface repository of Abadia de Goiás, Brazil for safety and licensing purposes. Water infiltration inside the 
repository is influenced by a set of design and physical parameters. However, an analysis on the variability of these 
parameters has not yet been performed. This paper discusses the variability of each of these parameters and possible 
dependencies among them and also time dependencies. This analysis is important for a future sensitivity analysis 
concerning the overflow probability. It is simpler to analyze the influence of those parameters that are not rates, e.g., 
the repository internal base area, because an eventual shape variability does not bring any difficulty since it is just a 
matter of varying the shape and dimensions. Some parameters, like the internal porosity of the repository are 
dimensionless. The analysis of rate parameters, like the rainfall rate, is more complicated and dependencies have 
been detected. If one considers that the rainfall rate is the highest available, the overflow probability might be as 
high as 99%, as estimated in the mentioned earlier work. In this sense, a realistic sensitivity analysis on the overflow 
probability is due so that the most influential parameters can be identified and design and operational modifications 
on the safety side implemented. 
 
Keywords: Radioactive waste repository, rainfall rate, evapotranspiration rate, porosity, degradation, water 
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1. Introduction 
A model (Gabcan et al, 2023) was developed for 
evaluating the overflow probability for risk-
informed decision-making (Sousa et al, 2012) in 
the analysis of water infiltration inside the 
radioactive waste near surface repository of 
Abadia de Goiás, Brazil. Water infiltration inside 
the repository is influenced by a set of design and 
physical parameters. 

This paper discusses the variability of each 
of those parameters for evaluating the overflow 
probability in order to allow for a future 
sensitivity analysis to be performed. Parameter 
dependencies and also time dependencies are 
analyzed. Notice that some of these parameters 
are site-dependent.  

The parameters are: internal area of 
repository base; repository base width, lengh, and 
thickness; evapotranspiration rate; degradation 

function of the repository ceiling; irrigation rate 
into the repository; hydraulic conductivity of 
concrete; repository wall thickness; internal 
porosity of the repository; rainfall rate; surface 
runoff; height of the liquid column inside the 
repository; and initial value of the infiltrated 
liquid height. 

It is simpler to analyze the influence of those 
parameters that are not rates (as the repository 
internal base area), because an eventual 
variability (for example, a rectangular base or a 
squared base) does not bring any difficulty since 
it is just a matter of varying the shape and 
dimensions considering some restriction as, for 
example, a constant perimeter. 

Some parameters, like the internal porosity 
of the repository are dimensionless and eventual 
fluctuations are also easier to consider. 

The analysis of rate parameters (as the 
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rainfall rate) is more complicated. It is standard to 
establish an institutional time period control for 
the repository and this parameter may vary from 
some tens of years to some hundreds [in the case 
of the Abadia de Goiás repository, it is equal to 50 
yr (Tranjan Filho et al, 1997)]. If one considers 
that the rainfall rate is the highest available and 
for the case of the Abadia de Goiás this figure may 
be found in Marcuzzo et al (2012), the overflow 
probability may be as high as 99% for 300 yr 
(Gabcan et al, 2023), which is an unrealistic 
number.  

In this sense, each of the above parameters 
is analyzed in this paper, its variability is searched 
for in the literature and when no data is available 
possible ranges are proposed based on discussions 
with the regulatory body personnel. 

This paper is organized as follows. Section 
2 displays a survey of all parameters involved in 
the analysis. Section 3 is dedicated to the 
dimensionless parameters. Section 4 discusses the 
parameters involving lengths and areas. Section 5 
discusses the rate parameters. Section 6 discusses 
the influence of all parameters together. 
Conclusions are the subject of Section 7.  

2. Parameter Survey  

As discussed in Alves (2014), Alves et al (2015) 
and Gabcan et al (2023), the physical parameters 
necessary for the evaluation of the overflow 
probability are synthesized in Table 1. 

It can be seen that there are three types of 
parameters: those that are dimensionless, those that 
are lengths or areas and those that are rates. There 
are two dimensionless parameters, which are listed 
first in Table 1. Both refer to physical properties of 
the repository material. The initially assigned 
values for them have been discussed with the 
Brazilian regulatory body. 

It is considered that water from rain and 
irrigation penetrates the repository due to existing 
cracks in the ceiling, formed during a period of 
degradation and concrete aging. It is also assumed 
that the mixture formed by water and 
radionuclides will pass through these cracks, in 
case of overflow of the repository. The 
degradation function of the repository ceiling is 
the percentage of degradation, so that 0 � Fd � 1. 

It was assumed that the degradation function 
of the repository roof is constant. This is not a 
reasonable assumption if one considers that the 
time period of the analysis might be as high as 300 

yr (equivalent to 10 half-lives of 137Cs). To 
consider a constant value means that a conservative 
value is to be used, from the safety analysis 
viewpoint. 

Table 1. Parameter List* 

Symbol Description Unit 
Fd Degradation function of 

the repository ceiling 
- 

n1 Internal porosity of the 
repository 

- 

Ab Internal area of repository 
base 

m2 

b1 Repository base width m 
b2 Repository base length m 
E Repository base thickness m 
L Repository wall thickness m 
x Height of the liquid 

column inside the 
repository 

m 

xo Initial value of the 
infiltrated liquid height 

m 

e’ Evapotranspiration rate m/yr 
i’r Irrigation rate in the 

repository 
m/yr 

Kc Hydraulic conductivity of 
concrete 

m/yr 

p’m Average rainfall rate m/yr 
r’ Surface runoff m/yr 

*From Alves et al (2015). 
 

The percentage volume of voids in concrete 
is termed porosity (internal porosity here). This 
parameter gives the void fraction of the concrete 
used in the repository (Neville, 2012). 

It is considered that the leakage of 
radioactive material from the repository will 
occur through pores in the base and concrete side 
walls of the repository (Alves et al, 2014). 

Table 2 displays the point values for both 
dimensionless parameters discussed so far. It is 
worth mentioning that these values have been 
established jointly with the regulatory body. 

Table 2. Values of Dimensionless Parameters* 

Parameter Value 
Fd 0.10 
n1 0.10 

*From Alves et al (2015). 
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Next, there is a group of seven parameters 
related to lengths or areas. Five of these parameters 
are related to the repository dimensions and the 
remaining two are related to the liquid mixture 
(water + radionuclide inside the repository). 

The initial design of the repository provided 
for a rectangular shape but with restrictions on the 
ratio length (b2) / width (b1) due to possible seismic 
vulnerability (Tranjan Filho et al, 1997). Although 
it has been considered a 3 to 1 ratio, in reality, the 
idea was to build three concrete vaults for the 
Abadia de Goiás repository. Once the length and 
width are defined, the repository area will be 
defined. Table 3 presents the point values 
considered (including the repository area). 

The height of the liquid column inside the 
repository varies in the interval displayed in Table 
3. There is a lower height value (Tranjan Filho et 
al, 1997) and the design height of the repository 
is the upper limit. Also, the initial value of the 
liquid height is equal to the lower liquid height 
already displayed. 

Table 3. Values of Length and Area Parameters* 

Parameter Value 
Ab [m2] 1,176 
b1  [m] 60 
b2 [m] 19.6 
E  [m] 0.20 
L  [m] 0.20 
x  [m] [10-4; 4,.38] 
xo [m] 10-4 

  *From Alves et al (2015). 
 
Finally, there are five rate parameters, all 

water-related. In this case, we should consider that 
these are site-specific (evapotranspiration, 
irrigation, and average rainfall) or material-specific 
(hydraulic conductivity and surface runoff) 
parameters. In this sense, point values for the first 
three parameters should be searched for in relation 
to the Abadia de Goiás region. On the other hand, 
values of the material-related parameters are easier 
to find because they are not site-specific. 

 Table 4 presents the point values initially 
considered. Also in this case, these mean values 
have been set according to discussions held with 
personnel from the regulatory body. Notice that 
some parameters are site-specific. 

 

Table 4. Values of Rate Parameters* 

Parameter Value 
e’  (m/yr) 1.457 
i’r   (m/yr) 0 
Kc  (m/yr) 3.15E-04 
p’m (m/yr) 1.592 
r’    (m/yr) 0 

   *From Alves et al (2015). 

3. Dimensionless Parameters 
The first parameter is the degradation 

function of the repository ceiling (Fd). As 
mentioned earlier, this parameter is restricted to 
the range 0 � Fd � 1. 

It has been assumed that this parameter is 
constant over time, even considering that the 
repository institutional control period might be 
300 yr. It is not reasonable to consider a constant 
degradation parameter in such a long time period. 
In fact, it is more reasonable to consider that this 
parameter grows monotonically with time.  

As there are no available data on this 
parameter, we start by assuming that it is 
represented by a monotonically increasing 
exponential function of the kind: 

 (1) 

where � is a constant to be estimated. Note that 
Eq. (1) follows the condition 0 � Fd � 1. Other 
assumptions could have been considered, like a 
straight line with null descent and positive slope. 
Eq. (1) reaches a convenient asymptotic value.  

As we do not know, in principle, the value 
of �, we can show how it influences the 
degradation parameter. Fig. 1 presents a 
sensitivity analysis on this parameter. 

Fig. 1. A time-dependent degradation function 
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The higher the value of parameter �, the 
steepest the degradation function. In this case, the 
idea of using a mean value is not reasonable: it 
would be advisable to make Fd(t) = 1 for the 
institutional period of 300 yr. On the other hand, 
as seen in Table 2, the point value used for the 
parameter is 0.1, which corresponds to an 
institutional time period of less than 20 yr. 

As the institutional control period to be 
initially used is 50 yr, it is advisable to have an 
idea of Fd values for this institutional control 
period. Table 5 presents the results for this case 
considering the same values for the � parameter 
displayed in Fig. 1. 

Table 5. Fd values for 50 yr 

� (yr-1) Fd (50 yr) 
0.01 0.393 
0.02 0.632 
0.04 0.867 
0.06 0.950 
0.08 0.982 
0.10 0.993 

 
From Table 5, it can be seen that for a 50 yr 

institutional control period, even for � = 0.10 the 
degradation function is close to one. 

If one considers the use of a mean function 
value for the degradation function, by using Eq. 
(1) one has: 

(300) �  (2) 

where the mean value is obtained for an 
institutional control period of 300 yr. Eq. (2) 
yields: 

 (3) 

Fig. 2 displays Eq. (3) in terms of the � 
parameter. 
It is seen that even using a mean degradation 
value, it is reasonable to consider some value 
close to one, unless parameter � is much smaller 
than 0.1. Fig. 2 also displays the mean 
degradation function for an institutional control 
period equal to 50 yr. 

One concludes that the use of the value 
displayed in Table 1 might not be realistic. 

The analysis concerning this parameter is 
highly dependent on the institutional control 
period. In practice, the institutional control period 

will be 50 yr (Tranjan Filho et al, 1997). 

Fig. 2. Mean degradation function values in terms 
of parameter � (T = institutional time) 

 
The second dimensionless parameter is the 

internal porosity of the repository. 
Porosity (void fraction) is a measure of 

the void spaces in a material, and is a fraction of 
the volume of voids over the total volume, 
between 0 and 1. If concrete is not properly 
compacted it may contain voids which will 
contribute to its porosity (Neville, 2012). 

As seen in Table 2, the concrete porosity of 
the repository has been taken as 0.1. This value is 
a consequence of a common agreement between 
the researchers at the time of the project and the 
regulatory body. 

A search was made in the literature to find 
information on possible variations of this 
parameter. 

De La Cruz et al (2015) discuss porosity and 
permeability of conventional concrete and 
another type of concrete (with proportions of 
natural zeolite additions). They mention that 
typical values for the natural concrete porosity 
range between 9 and 10%. This means that the 
assumption made for the repository concrete is 
quite reasonable. On the other hand, when the 
percentage of zeolite added is 5%, no difference 
from the reference concrete is observed and 
considering a rate of 10% porosity increases to 
almost 13%. 

Chen et al (2013) discuss the influence of 
porosity on physical parameters of cement mortar. 
The results are presented in terms of experimental 
data and fitted curves, and in all cases, porosity 
varies typically in the range of 10% - 35%.   

Concrete can be a very porous material. It 
starts off as a dry mixture made of cement, sand 
and stone. Once clean water is added, the cement 
chemically reacts and forms a paste that binds the 
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sand and aggregates together. As wet concrete 
dries, hardens and cures, water evaporates out. 
This leaves behind a network of very small 
tunnels where water used to be. On average, 10%-
15% of a concrete slab has these tiny pores 
(Gambrick, 2023). 

It is clear from the literature presented that it 
would be advisable to check the influence of the 
porosity on the probability of overflow for the 
range [9%, 35%], even though different types of 
concrete are considered. Although this is a 
conservative interval, it implies that pervious 
concrete specimens are also being taken into 
account.  

4. Length and Area Parameters 
The five parameters related to the repository itself 
have been defined in its design. An initial appraisal 
of the base shape was performed in Gabcan et al 
(2023) by considering two possibilities: rectangular 
base and squared base, and no significant difference 
was obtained in terms of the overflow probability. 
As design parameters, it is not reasonable in 
principle to consider significant variations on these 
parameters, although it is advisable to investigate 
their role. However, it is advisable that the overflow 
probability is re-evaluated considering the 
possibility of three joint vaults, as mentioned in 
Section 2. 

Discussions with experts from the regulatory 
body have led to the conclusion that it is advisable to 
consider the possibility that the repository base 
length and width be varied in the range 10 m � b1, b2 
� 100 m. On the other hand, one should bear in mind 
that the ratio between the base length and width 
should not be very high because of seismic issues, as 
already mentioned. It is advisable to establish a limit 
for the ration b1/b2. Concerning the repository base 
thickness and wall thickness, further discussions 
have led to the range 0.1 � E, L � 1 m. 

The two length parameters related to water 
depend on design: the repository liquid height 
(which directly affects the overflow probability) and 
the initial infiltrated liquid height. 

Regarding the liquid height, a wider variation 
range can be considered (as a result of discussions 
with the regulatory body personnel): this height can 
be considered to vary in the interval 10-4 m � x � 15 
m (compare this range with that of Table 3). 

Table 6 summarizes the numerical information 
concerning the length parameters. 

It has been a consensus between all experts 
consulted that the least height of the infiltrated liquid 
height is not to be varied (see its value in Table 3). 
This is due to the fact that an initial value different 
from the one taken does not affect the dose rate to a 
member of the public (Tranjan Filho, 1997). 

Table 6. Length Parameters: Data information 

Parameter Point value (m) Range (m) 
b1 60 [10, 100] 
b2 19.60 [10, 100] 
E 0.20 [0.1, 1] 
L 0.20 [0.1, 1] 
x 4.38 [10-4, 15] 
 
Variations in length parameters should be 

considered with care because of material costs also. 

5. Rate parameters 
The discussion of rate parameters is more complex. 
If we start by considering that the reference time 
might be the institutional control period of 300 yr, 
it is quite evident that the use of a rate point value 
for this time period can bring quite different results 
from those considered in smaller time periods. 
Furthermore, it is not physically reasonable to 
assume a mean rainfall rate over such a long period 
of time, for example. As mentioned earlier, the 
institutional control period will probably be equal 
to 50 yr. 

Evapotranspiration is the combined 
processes by which water moves from the earth 
surface into the atmosphere. It covers both water 
evaporation (movement of water to the air directly 
from soil and water bodies) and transpiration 
(movement of water from the soil, through roots 
and bodies of vegetation, on leaves and then into 
the air). Evapotranspiration is an important part of 
the local water cycle (Vörösmarty et al, 1998), 
(Goyal & Harmsen, 2013).  

It is clear that this rate is site dependent, so 
the consideration of possible variations is to be 
searched by restricting the search to the region 
where the repository is located. 

On the other hand, the evapotranspiration rate 
depends on the rainfall rate (Alves, 2014): 

 (4) 
where the evapotranspiration rate ( ) is a fraction 
( ) of the rainfall rate ( ). This makes sense 
because the amount of evaporated water, for 
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example, cannot be greater than the amount of 
rainwater collected. Notice that field data 
gathered should be considered so that the 
dependency on the rainfall rate is taken into 
account. An analysis should be performed 
concerning the evapotranspiration data gathered 
in the region of Goiânia (to be next discussed) 
with the rainfall rate (which is also site 
dependent). Discussions with the technical 
personnel recommends that the fraction factor ( ) 
be varied in the range 1% � fe � 99%. 

According to Casaroli et al (2018), 
considering the city of Goiânia, the variation in 
the evapotranspiration rate ranged from a 
minimum value of 1283.03 mm/year (1996) to a 
maximum value of 1484.42 mm/year (2014), a 
total of 22 data points. Data collection was carried 
out from 1994 to 2015. Note that the data has been 
gathered on a yearly basis. This means that one 
can use mean values per year, although seasonal 
variations cannot be perceived. The point value 
for the evapotranspiration rate displayed in Table 
4 falls in this interval. 

Abadia de Goiás is located about 20 km 
from Goiânia. It should be noted that the data have 
been collected in the city of Goiânia and not in 
Abadia de Goiás, but the distance between both is 
small enough to consider the gathered data 
reasonable data for the analysis. This choice is 
due to the fact that data referring specifically to 
Abadia de Goiás has not been found in the 
literature. 

It should be noted that the data on the 
evapotranspiration rate found can be statistically 
analyzed to provide useful information for 
simulation purposes. That is, goodness of fit tests 
(Soong, 2004) can be employed to fit a probability 
distribution to them for simulation purposes. 

The irrigation rate can also be seen as a 
fraction of the rainfall rate. In fact (Alves, 2014): 

 (5) 
so that the irrigation rate ( ) is a fraction (fi) of 
the rainfall rate ( ). The rainfall rate is easy to 
obtain, as will be discussed later. So, the irrigation 
rate can vary from zero (fi = 0) to the rainfall rate 
(fi = 1). Initially, the staff has considered the first 
possibility (see Table 4) but further discussions 
have recommended that 1% � fi � 99%, so that an 
irrigation rate should always be taken into 
account. It is seen that a null irrigation rate is 
unrealistic. It is important to stress that the rainfall 

rate influences both the evapotranspiration rate 
and the irrigation rate, so that the consideration of 
simulation models to evaluate the overflow 
probability of the repository should take this 
feature into account. 

The hydraulic conductivity of concrete is the 
next rate parameter to be discussed. The hydraulic 
conductivity refers to impervious concrete here. 

Gjörv & Löland (1980) present data on the 
hydraulic conductivity of concrete as follows: the 
variability of the hydraulic conductivity depends 
on the external environment: for the case of air, 
0.48 × 10-12 m/sec � Kc � 0.61 × 10-12 m/sec. For 
the case of water, 0.98 × 10-12 m/sec � Kc � 1.00 
× 10-12 m/sec. Notice that the mean value 
presented in Table 4 does not belong to any of the 
presented intervals (in fact, it is higher than the 
values presented in both intervals). It is also worth 
noting that the variability is very small. 

Schneider et al (2012) present data on the 
hydraulic conductivity of concrete and mortar for 
use in the radioactive near surface repository 
facility in  Dessel, Belgium. They present an 
interval for the hydraulic conductivity of concrete 
as follows: 5.67 × 10-13 m/sec � Kc � 1.00 × 10-11 
m/sec. The mean value presented in Table 4 
belongs to this interval. We recommend the use of 
this data for sensitivity analyses.  

Cardoso et al (2011) report that in regions 
around Goiânia (as is the case with Abadia de 
Goiás) the interval 1400 mm/yr �  � 1600 
mm/yr is displayed. Costa et al (2012) present 
rainfall data for the period 1974 – 2008 and give 
the interval  1162 mm/yr �  � 1932.8 mm/yr. 
They gathered data from 50 rain stations in the 
state of Goiás. Notice that the observation period 
is quite significant. Finally, Marcuzzo et al (2012) 
report an interval of 1249.1 mm/yr �  � 1755.7 
mm/yr. They gathered data from 150 rain stations 
in the midwest region of Brazil. Notice that both 
papers present rainfall intervals for statistically 
significant periods of time, althought the first one 
discusses data gathered from the state of Goiás. In 
this sense the data from Costa et al (2012) should 
be used. 

Surface runoff is the unconfined flow of 
water over the ground surface. It occurs in the 
case excess rainwater (or other sources) can no 
longer sufficiently rapidly infiltrate into the 
surface (Masten & Davis, 2020). It is clear that 
this parameter is strictly dependent on other rate 
parameters like the rainfall rate. 
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The surface runoff depends on other rate 
parameters as follows (Alves, 2014): 

 (6) 
This restriction makes sense. In order to make its 
evaluation viable, one can write (Alves, 2014): 

 (7) 
where, like the cases discussed in relation to Eq. 
(4) and Eq. (5), 1% � fr � 99%.  

One should bear in mind that the choice of 
the rate parameters discussed in this section 
should be made with caution because a set of 
restrictions are to be taken into account. For 
example, due to the restriction set by Eq. (6), 
factor fr cannot be 100%. 

After discussing rate parameters, one must 
consider an overall analysis in order to avoid 
values of those parameters that lead to scenarios 
without physical meaning. 

In order for the repository overflow to occur 
the following condition must be fulfilled: 

 (8) 

where x is the liquid height in the repository 
(Table 1). For this inequality to hold, it is 
necessary that (Alves, 2014): 

 (9) 
and 

 (10) 

On the other hand (Alves, 2014): 

 (11) 

It should be noticed that Eq. (10) is more general 
than Eq. (11) since when x � 0 Eq. (10): 

 (12) 

thus, indicating that c(t) < 0. 
In this sense, a detailed analysis should 

always be performed in order to choose the values 
for the rate parameters because they present 
dependencies with other rate parameters and also 
with other parameters listed in Table 1. 

6. Discussion 
The analysis performed in this article is 
fundamental for deciding on possible values for the 
parameters listed in Table 1, which are used for 

estimating the probability of overflow for the near 
surface repository of Abadia de Goiás. 

As discussed in Gabcan et al (2023), mean 
values for all parameters of interest have been 
chosen so that the overflow probability could be 
estimated. However, some of these choices do not 
have clear reasons for being chosen. An example 
was the surface runoff, which was assumed to be 
zero. In that reference, an initial sensitivity analysis 
was performed on the rainfall rate and some 
important conclusions were drawn. Also, the 
geometrical shape of the repository base was 
changed from rectangular to squared. It became 
clear that a deeper sensitivity analysis would have 
to be performed and interval ranges for the 
parameters should be searched for and physical 
restrictions investigated.  

Dependencies were identified and interval 
ranges redefined. In this sense, a more realistic 
sensitivity analysis can be performed. 

7. Conclusion 
With the parameter ranges set and the 
identification of dependencies among them, it is 
now possible to perform a detailed and 
meaningful sensitivity analysis with focus on the 
overflow probability of the near surface 
repository, which is the next step on the research. 
This sensitivity analysis will help make realistic 
decisions. One important issue here is the possible 
variability of some parameters (as the ceiling 
degradation) during the theoretical institutional 
control period. The analysis is to be developed for 
an institutional control period of 50 yr. 

The sensitivity analysis can be performed 
with the help of the generalized perturbation 
theory (GPT) (Souza et al, 2022). 

Another investigation that is worth making 
is the analysis of optimal solutions (Schwefel, 
1995; Cagnoni et al, 2000) for the overflow 
probability (that is, which sets, if any, of the input 
parameters give the lowest overflow 
probabilities?). 

Also, simulation analyses (Ross, 2022) will 
be possible considering expert opinion (Kelly & 
Smith, 2011) in order to allow for representing the 
variability of the relevant parameters for those 
cases where no data is available in the literature.  
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