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Abstract  
This paper describes the system development to measure the uncertainty propagation analysis on estimation of 
environmental radiation exposure. The estimation of environmental radiation exposure is one of the important 
things that needs to be calculated as a result of nuclear activities in nuclear facilities from exploration and mining, 
nuclear fuel processing, nuclear power station, nuclear fuel repository or radioactive waste management. The 
nuclides that result from the radioactive waste are very hazardous to environment. One of the most hazardous 
materials resulted from the radioactive waste is Radon (222Rn). People who are exposed to excessive Radon 
emission might have lung cancer. However, the estimation of the Radon exposes to the environment is quite 
complicated as there are many parameters to be considered. Moreover, the estimation also includes several 
assumptions about the process of the exposure. Therefore, the main topic of this paper is the uncertainty of the input 
parameters of the model to be developed. Furthermore, this paper will apply the Monte Carlo method to estimate 
the propagation analysis of Radon exposure in nuclear waste facility. In addition, the developed system will make 
use of Nuclear Regulatory Committee (NRC) Regulatory Guide model to estimate the propagation analysis from 
radioactive storage and waste management.  Finally, the system software will be developed using open source and 
multiplatform environments. 
 
Keywords: Software System, Analysis Propagation, Uncertainty, Monte Carlo, NRC model, environmental 
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1. Introduction  

The estimation of environmental radiation 
exposure is one of the important things that needs to 
be calculated as a result of nuclear activities in nuclear 
facilities from exploration and mining, nuclear fuel 
processing, nuclear power station, nuclear fuel 
repository or radioactive waste management. The 
actual danger is from the deposition of radon 
progenies in the lung, which receives a dose from 
alpha radiation emmited during subsequent decays. 
These decays may cause lung cancer. Several studies 
on mapping radon exhalation rate from soil have been 
reported in local, regional or national scales with 
different methods. 

   The exposed nuclides come out from the 
radioactive waste can  have a negative impact on the 
environment, especially Radon (

Rn. 

222Rn) which can 
increase the possibility of the outbreak of lung cancer 
disease when the  exposure is excessive. Modeling of 
these phenomena related to the environment has been 
developed. This calculation is quite complex because 
it involves many parameters and assumptions of the 
processes involved. The main problem to be addressed 
in this study is the uncertainty in the input parameters 
of the model.  This paper describes the system 
development to measure the uncertainty propagation 
analysis on estimation of environmental radiation 
exposure based on model Nuclear Regulatory 
Commitee (NRC) Regulatory Guide.   

Mathematical modeling and simulation can be 
applied to approach  a variety of symptoms related to 
environmental safety, reactor safety, chemical kinetic 
models, dosimetric emission, ecological models and 
others. In this research we would  develop a software 
to analyze the uncertainty propagation by applying the 
model suitable with NRC Regulatory Guide about  
Radon radionuclides (222Rn) exposure from 
radioactive waste storage facility on the environment. 
Analysis of  input parameters  uncertainty  will 
provide optimal results to the  environmental radiation 
exposure calculation. 

The uncertainty  of parameters contained in the 
model and  their  impact on the final calculations will 
be analyzed  using Monte Carlo method. Applying 
this method, the distributions represent each parameter 
will determined first, such as normal distribution for 
the parameters of initial 234U contents. From this 
distribution then it will be generated a number of 
samples of relevant parameters. Sample set will be 
used to estimate exposure doses of radionuclides by 
substituting them to the above mathematical models, 
so that will get  input parameters population and 
population parameters resulted from calculations. 
From these two populations information about the rate 
of radon exposure as the effects of uncertainty of each 
parameter on the calculated mathematical model  can 
be obtained. 
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The uncertainty propagation analysis system of 
the calculated environmental radiation exposure will 
be developed in this research. Therefore, the main 
topic of this paper is the uncertainty of the input 
parameters of the model to be developed. 
Furthermore, this paper will apply the Monte Carlo 
method to estimate the propagation analysis of Radon 
exposure in nuclear waste facility.    

A number of sensitivity analysis approaches 
have been developed,  including analysis using Monte 
Carlo method for the generation of random samples. 
The application of this method then grows to the 
method of Latin Hypercube Sampling (LHS). Monte 
Carlo simulation used several types of distribution or 
frequencies distribution, such as triangular 
distribution, rectangular distribution, normal 
distribution, uniform distribution, poison distribution 
and many others1)

The uncertainty analisis of the input parameter 
will give the optimal solution to be calculated as a 
result of nuclear activities in nuclear facilities from 
exploration. Finally, the system software will be 
developed using open source and multiplatform 
environments. 

. Monte Carlo simulation is a 
statistical method which includes random numbers 
into the simulation process. The results were obtained 
accurately by doing repeated calculations with  lots of 
random numbers. 

 
2. Methodology 
 

Radon (222Rn) is the gaseous radioactive 
products of the decay of the radium isotopes 226Ra, 
which is present in all terrestrial material. Soil is the 
source of radon. In the bungalows and low buildings, 
the entry of radon coming from soil or rock is the 
main contributor to indoor radon levels2).  Therefore,it 
is necessary to study on the sources of radon for the 
evaluation of atmosphere radon levels, consequently. 
Radon (222Rn) is a radioactive inert gas produced by 
the decay of 226Ra in the 238U series with a half-life of 
3.82 days. The radon escapes from the rocks and soil 
to be accumulated in air or dissolved in the ground 
water. Radon in water enters the human body by two 
different paths. Firstly, radon escapes from household 
water to the indoor air by concentration ratio of 10-4

The concept  taken for this analysis is the 
Monte Carlo method. The analysis was performed by 
repeated calculation model with stochastic input 
parameters. The model of Monte Carlo Analysis 
assumed as follows: 

. 
Secondly, from the ingestion of drinking water.  Some 
measurements have been carried out to determine the 
concentration of radon in the soil and the release of 
radon from the soil, (generally 60 cm below the soil 
surface). 

f(x)=)x,,x,f(x=y n......21  (1) 
where y is the radionuclides exposures, f(x) is the 
model applied (in this case the model  taken from 

NRC Regulatory Guide), and x1, x2, xn

According to the direct source of radon,  the 
content of radium isotopes 

 are the inputs 
models. 

226Ra   in the soil is a major 
factor in the calculation of  radon levels influences in 
the soil and the release of radon from the soil surface.  
The previous research evaluated that the radon levels 
in the soil based on the assumption of 1 Bq/kg of 
radium is equivalent to 1700 Bq/m3 radon 
concentration in soil. The release of radon from the 
soil surface directly is proportional to the radium 
content in soil in addition to some mathematical 
model was also influenced by other factors such as 
soil water content and others2)

The modelling radon emanation power, here 
denoted by ε, is the fraction of radon generated in the 
materials that can enter to the pore volume of the 
materials. It is well known that the emanation power 
depends on the grain size, moisture content and 
temperature of the material. The radon emanation 
power increases with soil moisture before saturation. 
The same phenomenon was also reported in previous 
literatures. It is explained as the water increases the 
direct recoil fraction of emanation, also increase in the 
indirect fraction can occur. Through the regression 
analysis, the moisture dependence of radon emanation 
power was formulated (Water saturation vs Relative 
emanation)

. 

3)

))](exp1(1[ 210 Skk+ε=ε −−
. 

 (2) 
where: ε radon emanation; ε0  radon emanation power 
for oven-died soil, S fraction of soil water saturation 
k1 and k2

 The value measured in oven-dried condition 
was taken to be 1. The dependency of radon 
emanation power on soil temperature had been 
quantified. For general utilization, the formula was 
reformulated in this study as below

 coefficient regression for different soil 
textures 

3)

)](0.011[0 mTT+ε=ε −
: 

     (3) 
where ε: Radon emanation power estimated for a 
temperature of T,  ε0 radon emanation power 
measured at a temperature of T
 Soil water saturation, defined as the fraction 
of soil pore space filled with water, is the ratio of of 
volumetric water content to total porosity of the soil. 
In this study, for roughly estimating the volumetric 
water content from the meteorological data, the 
relationship between the volumetric water content (θ

m 

v) 
in the top 20 cm of soil and the estimated annual 
aridity (D) was analyzed. The annual aridity is defined 
as the ratio of potential evapotranspiration (Et) to 
precipitation (P) by multiplied and adjusted factor (f). 
An empirical formula for estimating seasonally 
volumetric water content in top 20 cm of soil,  the 
power regression analyses are derived as below3)

4
3 ][ kt

v P
Efk=θ −

, 

 (4) 
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where f is a factor (0.6-0.8) adjusted for different 
seasons3), the coefficients of k3 and k4 as well as the 
square of their correlation coefficient (r2

Based on the porous media transport theory, 
and we assumed the soil as a homogeneous media 
including temperature and moisture, several one-
dimensional, steady-state models for radon flux 
density from the soil have been developed. In this 
study, two representative models were combined. The 
empirical function of effective radon diffusion 
coefficient derived, was used, and temperature 
dependency of the kinetic diffusion 

) for different 
land use patterns. 

])
273

([ 0
0.75 DT=D , suggested by reff3) was taken into 

account. The combined model for radon flux density 
used in this study is as below3)

)6S6S(exp)
273

( 14
0

0.75 p
b pDλTερR=F −−

, 

  (5) 

where R is the 226Ra content in soil (Bq kg-1), ρb

)m(kg 3. −
 is the 

soil bulk density , T is the soil temperature 
(oK), λ is the decay constant of  222Rn (s-1), D0 is the 
222Rn diffusion coefficient in air (1.1 x 10-5 m2 s-1

Some types of sampling procedure are used to 
generate the sample in Monte Carlo analysis, such as 
Simple Random Sampling (SRS), Sratified Sampling 
and Latin Hypercube Sampling (LHS). With random 
sampling, there is no assurance that a sample element 
will be generated from any particular subset of the 
sample space. In particular, important subsets of 
sample with low probability but high consequences 
are likely to be missed. Stratified sampling has the 
advantage of forcing the inclusion of specified subsets 
of sample space while maintaining the probabilistic 
character of random sampling but there is a problem 
with stratified sampling, the necessity of defining the 
strata and calculating their probablities, when the 
dimensionality of sample space is high, the 
determination of strata and strata probabilities become 
a major undertaking. The determinations are further 
complicated when many analysis outcomes are under 
consideration, in particular, strata definitions that are 
appropriate for one analysis outcome may be 
inappropriate for other analysis outcomes. Latin 
hypercube sampling is based on a combination of 
simple random sampling and stratified sampling 
techniques that leads to statistically significant result 
with substantially fewer realizations

). S is 
the fraction of pore space filled with water (%), and P 
is the total porosity of soil (%). 

1)

The basis of LHS is a full stratification of the 
sampled distribution with a random selection inside 
each stratum, sample values are randomly shuffled 
among different parameters. To generate probability 
distributions, the LHS was performed using the 
following steps

. LHS display 
properties between SRS and Stratified Sampling, 
which stratifies on the sample space. 

4)

(i) Assign an inverse cumulative distribution 
function (cdf) for each input parameter. 

; 

(ii) Choose the number of simulations (N) to be 
performed. 

(iii) Divide the cdf for each parameter into N equi-
probable intervals. 

(iv) For each interval, choose a random sample x, 
from the inverse cdf and develop a data set for 
each parameter. 

(v) Randomly select from each parameter input 
data set to create N model input sets. 

(vi) Use an analytical or numerical model to 
determine a realization for each model input 
set. 

The current development accomodates uniform, 
triangular, and normal distributions which are 
commonly used in practice. The particular difference 
of the LHS and standard random sampling is in the 
third step of the above steps.  

There are five basic components that underlie 
the implementation of a sampling-based uncertainty 
and sensitivity analysis5)

(i) Definition of distributions D
:  

1, D2, ....,  for each 
parameter  xj

(ii) Samples generating  using Monte Carlo method 
(Latin Hypercube Sampling):  

.  

          [ ]ini2i1i x,,x,xx ...= ,     i = 1, 2, ..., m         (6) 
       where n is the number of input parameters and m 

is the sample size. 
(iii) NRC Regulatory Guide model is calculated for 

every element in equation (5) 
      ( ) ),f(x=x,x,xfy iini2i1i ...=       i = 1,2, ......m   (7) 
(iv) The mean and variance as a descriptive statistics 

of  y  are  obtained from equation (7), 

            ∑=
m

=i
i myE(y)

1
/                                            (8) 

  [ ] )1/(
1

2 −−∑ mE(y)y=V(y)
m

=i
i                   (9) 

(v) The calculation of correlation analysis6) is 
performed to determine the sensitivity of the 
parameters xi 

 
againts the function of y. 

3. Disccussion 
 

Observations were conducted on the area of 
radius 0.5 km up to 1 km  in  Nuclear Energy Research 
Center (PPTN) area Serpong. Based on observation, 
concentration data  of the Radium 226

 

Ra  obtained 
during the rainy season and dry season are shown  in 
the following table. 
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Table 1. Radium 226

 
Ra concentration data during the rainy season and dry season 

Number of 
observation 

Sample code 
of locati 

on 

Radium Content 
(Bq/kg) 

Rainy Season 

Radium Content 
(Bq/kg) 

Dry Season 
 P01TP 17.57 20.58 

2 P02TP 25.72 34.39 

3 P03TP 27.82 33.47 

4 P04TP 29.31 12.82 
5 R01TP 25.30 38.64 

6 R02TP 29.04 46.03 

7 R03TP 24.80 30.03 

8 

R04TP 26.91 16.98 
Mean 25.81 29.12 

Standard Deviation 3.724 11.402 
 
The values of parameters and the types of distribution are described in Table 2 for rainy season, and Table 

3 for dry season. 
 
Tabel 2. The parameters and distributions for Rainy Season 

 
No. Types of Parameters Types of 

Distribution 
The values of  

distribution parameters  
1 Radium Content (R) Normal (25.81;3.724) 
2 Soil Bulk Density (ρb Triangular ) (1.50x103; 1.60x103;1,55x103) 
3 Radon Emanation (ε) Triangular (30%;35%;30%) 
4 Temperature (T) Uniform (295 0K; 296 0K) 
5 Total Porosity of Soil (P) Uniform (0.39;040) 
6 Fraction of pore space filled 

with water (S) 
 

Triangular 
 

(0.08;0.13;0.10) 
7 Decay 222 Constant Rn (λ) 2.1x10-6 

8 Diffusion Coeficient (D0 Constant ) 1.1 x10-5 

 
Table 3 . The parameters and distributions for Dry Season 

 
No. Type of Parameters Types of 

Distribution 
The value of  

distribution parameters  
1 Radium Content (R) Normal (29.12;11.402) 
2 Soil Bulk Density (ρb Triangular ) (1.50x103; 1.60x103;1,55x103) 
3 Radon Emanation (ε) Triangular (30%;35%;30%) 
4 Temperature (T) Uniform (299 0K; 300 0K) 
5 Total Porosity of Soil (P) Uniform (0.39;040) 
6 Fraction of pore space filled 

with water (S) 
 

Triangular 
 

(0.08;0.13;0.10) 
7 Decay 222 Constant Rn (λ) 2.1x10-6 

8 Diffusion Coeficient (D0 Constant )) 1.1 x10-5 

 
Based on the model, with the uncertainty of 

applied parameters and the given distributions, the 
simulation results are obtained for the radon flux rate. 
The sensitivity between each parameter with radon 
flux rate were indicated by the correlation value. The 
result of radon flux rate in rainy season and dry 

seasons are described below, based on equation (5). 
The first step in the application of created software 
was to give the parameter types (Fig. 1) with their 
distribution types, and also provide the amount of  
trials to be conducted to obtain the desired amount of 
data (Fig. 2). 
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Figure 1. Provide the names of the parameters 
 

 
 
Figure 2. Determining the types of  parameter 
distributions 
 

Based on the results of field measurements 
during the rainy season, the radium content  226

 

Ra 
parameters have a normal distribution, where its 
mean is 29.12 and its standard deviation is 3.724 
(Fig. 3). The same way was done for the other 
parameters with the desired types of distribution 
according to information obtained in Table 2 (for 
rainy season) and Table 3 (for dry season).  

 
 

Figure 3. Determining the Number of Trial, R 
parameter  (226

The parameter soil density (ρ

Ra content) of  normal distribution and 
the data generated by LHS 

b) with a 
triangular distribution, has the minimum value is 
1.50x103 kg/m3, the maximum value is 1.60x103 
kg/m3 and the mode value is 1.55x103 kg/m3 for the 

rainy season and the dry season. That value based on 
the previous information and the results from 
laboratory measurement7,8) (Fig. 4). The parameter 
radon emanation (ε) with a triangular distribution, 
based on the results of laboratory measurements, a 
minimum of 30%, maximum of 35% and 30% mode 
values from dry season and rainy season are given  
to.  Meanwhile, based on the results of the field 
measurements, the minimum value 2950K to 
maximum 2960K for rainy  season and  minimum 
299 0K to maximum 300 0K for dry season are given 
to the  temperature (T) parameter with uniform 
distribution. Similarly, based on laboratory 
measurements, the minimum value 0,39 and  
maximum value  0,40, both for the rainy season and 
dry season are given to the parameters total soil 
porosity (P) with uniform distribution. Based on 
laboratory measurement7,8)

After generating each parameter and  
samples  with a number of trials  n = 100 obtained,  
then performed the calculation of radon flux rate  (F) 
according to the model   determined previously (Fig. 
4).  

 for the rainy season and 
dry season, fraction of total porosity parameter (S) 
with a triangular distribution has a minimum, 
maximum and mode values respectively 0:08; 0:13 
and 0:10.   

 
 

Figure 4. The results of Radon flux rate calculations 
 

Before performing calculations, specify first  
the 222Rn diffusion coefficient constant value (D0) of 
1.1x10-5 and 226Rn decay constant(λ) of 2.1x10-6. The 
calculation of  mean and standard deviation for the 
radon flux rate was expressed with a confidence level 
of 95% and 90% (Fig. 5)9)

 

.  

 
Figure 5. Description of the calculated radon flux rate 
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Based on the types of uncertainty 
parameters, the sensitivity of each parameter and  the 
rate of radon flux are expressed by the result of 
calculated correlation between radon flux rate below 
with their  parameters respectively (Fig. 6) 
 

 
 
Figure 6. The calculated radon flux rate function and 
the correlation value 
 

The mean value for radon flux rate obtained is 
0.035981 Bq/m2sec with standard deviation 
0.005695 Bq/m2sec during rainy season. 95% 
confidence level located on  the interval (0.034865; 
0.037098) Bq/m2sec. 90% confidence level located 
in the interval (0.035045; 0.036918) Bq/m2sec. 
Whereas, in the dry season the mean value obtained 
for radon flux rate is 0.041358 Bq/m2sec with 
standard deviation 0.014761 Bq/m2sec. 95% 
confidence level located  in the interval (0.038467; 
0.044246) Bq/m2sec. 90% confidence level located 
in the interval (0.038931; 0.043782) Bq/m2

 The sensitivity analysis of radon flux rate  
and  each  parameter on rainy season  expressed in 
correlation values. The correlation betweento radon 
flux rate with radium content are worth 0.9999; soil 
bulk density value 0.9776; radon emanation power 
value 0.9801; soil temperature value 0.9998; total 
porosity of soil is worth 0.9998 and the fraction of 
pore space filled with water is worth 0.9795. While 
the correlation between radon flux rate with each of 
the parameters of radium contents in the dry season 
are  worth 0.9997; soil bulk density value 0.9746; 
radon emanation power value 0.9823; Soil 
Temperature value 0.9996; total porosity of soil is 
worth 0.9996 and the fraction of pore space filled 
with water is worth 0.9835. 

sec. 

 
4. Conclusion 
 

Radon (222

 

Rn) is the most hazardous 
material resulted from the radioactive waste. The 
estimation of the Radon exposes to the environment 
is quite complicated as there are many parameters to 
be considered. The estimation also includes several 
assumptions about the process of the exposure.  The 
uncertainty of the input parameters of  the model has 
applied the Monte Carlo method. Latin Hypercube 

Sampling (LHS) is the type of sampling procedure 
that is used to generate the sample in Monte Carlo 
analysis. Latin hypercube sampling is based on a 
combination of simple random sampling and 
stratified sampling techniques that leads to 
statistically significant result with substantially fewer 
realizations. The uncertainty propagation analyses 
system of the calculated environmental radiation 
exposure has developed in this research especially in 
nuclear waste facility. The Simulation  using LHS 
method for calculating radon flux rate are close to the 
conducted experiments result. Sensitivity analysis 
between radon exhalation rate and each of that 
parameters have the strong corelation. The software 
has been developed using open source and multi 
platform environments  Java. 
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