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Introductory Statistical Methods for Radiological 

Characterization of Radioactive Waste 

Rayna Hristova, Rositsa Peycheva, Stefan Simovski, Ilko Mladenov

Abstract: This paper provides a comprehensive overview of 

statistical methods employed in sample-based radiological 

characterization of radioactive waste (RAW), with a particular focus 

on the use of nuclide vectors (NVs) and scaling factors (SFs) as 

applied in commercial RAW characterization projects. These 

methods are crucial for estimating the activity of difficult-to-measure 

(DTM) radionuclides by establishing correlations with easy-to-

measure (ETM) key nuclides (KNs), thereby minimizing the need for 

time-consuming and costly radiochemical analyses. A scaling factor 

(SF) is defined as the ratio of the activity (or specific activity) of a 

DTM to that of a corresponding KN in a given sample. The 

applicable standard deviation (SF) is typically determined as the 

geometric mean of the standard deviations (SDs) calculated from all 

samples, providing a robust and statistically representative value. 

The nuclide vector (NV) represents the relative distribution of 

individual radionuclides within the total activity of a sample or waste 

stream. NVs are recommended to be derived using the one-sigma 

concept, which assumes that approximately 68% of all possible 

values fall within a defined acceptance range, improving statistical 

confidence. For NVs and SFs to be valid, the underlying datasets 

must meet several criteria: they must be representative, span a wide 

range of activity levels, and be statistically homogeneous, meaning 

they follow a standard or log-normal distribution. Additionally, 

datasets must be free from significant outliers, typically identified 

using the Grubbs test, and show adequate correlation between 

radionuclides, assessed via Pearson or Spearman correlation 

coefficients. The methodology is demonstrated using data from 10 

samples containing Mn-54, Co-60, Nb-94, Fe-55, Ni-63, and Sr-90. 

Results confirm that the calculated NVs and SFs are statistically 

valid and representative, supporting their practical application in 

modern RAW characterization. 

Keywords: Radioactive Waste, Statistical Characterization, 

Nuclide Vectors, Scaling Factors, Correlation Coefficients. 

Nomenclature: 
𝐴̅ The Average Value of the Numbers of KN in the Sample 

𝐵̅ the Average Value of the Numbers of DTM in the Sample 

𝑆𝐹𝐴𝑀
̅̅ ̅̅ ̅̅ ̅ Arithmetic Mean of SF 

𝑆𝐹𝐺𝑀
̅̅ ̅̅ ̅̅ ̅ Geometric Mean of SF 

𝑣⇀ Average Value of the Nuclide Vector 

𝑥̅ Sample Mean of ETM, KN, Bq, Bq/kg 
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𝑦̅ Sample Mean of DTM, Bq, Bq/kg 

𝑏̅𝑖 Average Proportion of the ith Nuclide  

a,ai Activity, Specific Activity of Nuclide i, Bq, Bq/kg 

Ai Rank of KN in the Ordered Samples 

ai,n Specific Activity of the ith Nuclide in the nth Sample, Bq, 

Bq/kg 

Bi Rank of DTM in the Ordered Samples 

c The Proportionality Constant 

D Accepted Level of Difference 

G Grubbs Test Value 

H0 Null Hypothesis 

Ha Alternative Hypothesis 

M, M1, M2 Number of Samples 

n Number of the Current Sample 

N Number of Nuclides in the Sample 

rs Spearman's Rank Coefficient 

rxy Sample Pearson Correlation Coefficient 

s, s1, s2 Sample Standard Deviations 

sb
2 Pooled Variance  

SF Scaling Factor 

t Student’s t-Distribution 

u Uncertainty 

V Discrete Variable 

vi Nuclide Vector, Proportion of the ith Nuclide in a Sample 

Vi Averaged Nuclide Vector 

X set of KN Nuclides in the Sample 

xi Value of KN, Bq, Bq/kg 

xl Logarithm of KN 

Y set of DTM Nuclides in the Sample 

yi Value of ETM, KN, Bq, Bq/kg 

yl Logarithm of DTM  

Greek Letters: 

𝛽̂0 Estimated Intercept 

𝛽̂ Estimated Slope 

µ Mean Value 

α Proportionality Constant 

β Regression Coefficient 

β0 Estimated Slope 

σ Standard Deviation 

γ Gamma Ray 

Subscripts: 

AM Arithmetic Mean 

GM Geometric Mean 

DTM Difficult to Measure Nuclide 

KN Key Nuclide 

i  Nuclide Index 

j Index of KN 

l Activity Index on A Logarithmic Scale 
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n Index of the Sample 

s Index of Spearman's Rank Coefficient 

xy Index of the Sample Pearson Correlation Coefficient 

Abbreviations:  

AM Arithmetic Mean 

DTM Difficult to Measure A Nuclide 

ETM, KN Easy to Measure Nuclide, Key Nuclide 

GM Geometric Mean 

LOD Limit of Detection 

NPP Nuclear Power Plant 

NV Nuclide Vectors 

RAW Radioactive Waste 

RAW 

RCh 

Radioactive Waste 

Radiochemistry 

SF Scaling Factor 

SRS Simple Random Sampling 

SSC Systems, Structures, and Components 

I. INTRODUCTION 

Radioactive waste is generated in nuclear facilities during 

all operational stages of the facility. Methods for the 

radiological characterization of radioactive waste based on a 

limited number of samples have been introduced. For this 

purpose, the generated radioactive waste is divided into streams 

with similar radiological properties in terms of origin, 

generation mechanisms, operational history, contamination 

pathways, types of materials, etc. Nuclide vectors (NV) and 

scaling factors (SF), determined by statistical methods, are used 

for further characterization of radioactive waste. In this way, 

measurements of difficult-to-measure (DTM) nuclides are also 

greatly reduced. NV represents the activity ratio of a particular 

nuclide in the nuclide mixture. SF gives the proportion or linear 

relationship between KN and DTM activity. Their 

representativeness and validity must be periodically reassessed 

based on representative sampling. Representative sampling is a 

form of homogeneity or accumulated sampling. [1]. This article 

is structured as follows: 1. Brief presentation of the 

prerequisites for statistical characterization of RAW, including 

sampling plan and sampling methods; 2. Statistical methods for 

identifying outliers in the datasets; 3. Statistical methods for 

assessing the correlation between datasets; 4. Statistical 

methods for calculation of NVs and SFs; 5. Statistical methods 

for determining the applicability and representativeness of the 

resulting NVs and SFs. 6. Demonstration of statistical 

calculations of NVs and SFs based on measurement data.  

II. APPLICATION OF STATISTICAL METHODS FOR 

THE DETERMINATION OF NV AND SF 

A. Prerequisites for the Determination of NV and SF 

A flowchart for the application of one of the most important 

statistical methods for SF estimation is presented in [2]: 

 

[Fig.1: A Flowchart for the Application of One of the Most 

Important Statistical Methods for SF Estimation Based on [2]] 

i. Study of Fundamental Factors 

In general, nuclides are grouped according to their generation 

mechanism: fission products and activation products are 

dispersed by the coolant, as well as depending on the material 

properties of the structures, systems, and components (SSC) of 

a nuclear power plant (NPP). Of importance for deriving NVs 

and SFs are: historical knowledge and area mapping; selection 

of radionuclides for investigation; development of a sampling 

program; sampling measurements; selection of samples; 

preparation of samples; analysis; calculation of nuclide vectors 

and SFs; and reassessment of NVs and SFs. 

ii. Sampling Plan 

Object/stream data is of importance for the development of 

the Sampling plan. [3], e.g., facility type, material properties, 

mass, generation mechanism of radionuclides, activity level, 

homogeneity, and level of preliminary knowledge. The 

selection of samples also considers the historical understanding 

of the type of facility or plant, SSC, activated areas, and 

radionuclide transport routes; incidents; replacement of 

components; area investigation boundary; physical or chemical 

treatment, material properties; facility documents and data; 

interviews; and contamination hypotheses for area boundary 

establishment. 

iii. Sampling and Selection of Samples for Radiochemistry 

(RCH) 

The primary task of 

sampling is to collect 

sufficient samples to 

provide a representative 
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assessment of the spread of radioactive contamination, as well 

as the radionuclide contamination of materials. To achieve such 

representativeness, sampling should encompass possible 

contamination pathways as well as potential sources of 

variation in radioactive contamination. 

In most practical situations, census data, which is information 

on all the units in a population, is either impossible or too 

expensive to collect. Simple random sampling (SRS) or “Hot 

spot” sampling are basic approaches often used to collect 

samples to estimate the actual value of a parameter of a 

population. Typically, the primary number of samples should 

be large, approximately 200-300. All samples undergo initial 

gamma spectrometry to be selected as representative samples. 

that have sufficiently high activity, so that the radiochemical 

analysis gives meaningful results. The selection of samples 

must satisfy several criteria. The first requirement is that the 

selected samples should have sufficiently high activity, such 

that the probability of obtaining a statistically insignificant pure 

signal in the radiochemical analysis is minimal. The second 

criterion is that the samples should be representative, i.e., cover 

a sufficiently wide range of activities to ensure the derivation 

of an adequate correlation between ETM and DTM. Lastly, the 

samples must be of an optimal number to avoid the risks of 

inadequate estimates of the relationship between the activities 

of KN and DTM nuclides. In SRS, each member of the 

population has an equal probability of being included in the 

sample [4]. This method is suitable for radioactive waste that 

has been proven to be homogeneous. Other sampling methods 

can also be found in the literature. Based on the radiological 

characterisation of selected representative samples, which 

demonstrate homogeneity, the applicability of NVs and SFs is 

statistically evaluated, as shown in this document.  

B. Statistical Methods for Identifying Outliers in the Data 

Set 

i. ISO-Approved Grubbs Test 

Radiochemical data samples should be checked for outliers. 

The Grubbs test is a test used to detect a single outlier in the 

data that follows a normal distribution. Ion [5]. The random 

variable Y (y1, y2,…,yi,…, yM) is supposed to be normally 

(Gaussian) distributed with mean and standard deviation σ. 

The hypothesis (H0, Ha) and test statistic (G) for the Grubbs 

test are defined as follows:  

H0: There are no outliers in the dataset 

Ha: There is exactly one outlier in the dataset 

𝐺 =

max
𝑖 = 1. . . 𝑀

|𝑦𝑖 − 𝑦̅|

𝑠
  …    (1) 

where y


The mean of nuclide y in M samples, and s is the 

sample variance.  

Grubbs's test detects one outlier at a time. This outlier is 

expunged from the dataset, and the test is iterated until no 

outliers are detected. 

The sample variance s2 is:  

𝑠2 =
1

𝑀 − 1
∑(𝑦𝑖

𝑀

1

− 𝑦⇀)2   …   (2) 

where y


 Is the mean. 

If the cause of the outlier can be identified, it should be 

corrected or removed with careful consideration, or alternative 

methods should be applied. Values of yi with relatively minor 

differences give equal Grubbs’s test results. 

C. Correlation between Data Sets 

Correlation in discrete data sets is assessed, for example, by 

the Sample Pearson correlation coefficient rxy, which measures 

the linear correlation between two discrete variables, X and Y. 

i. The Sample Pearson Correlation Coefficient (rxy)  

𝑟𝑥𝑦 =
∑ (𝑥𝑖 − 𝑥̅

𝑀

1
)(𝑦𝑖 − 𝑦̅)

√∑ (𝑥𝑖 − 𝑥̅)2𝑀

1
√∑ (𝑦𝑖 − 𝑦̅)2𝑀

1

  …   (3) 

 

The Pearson correlation coefficient rxy has a value between +1 

and -1, as determined by the Cauchy-Schwarz inequality, and it 

reflects the strength of a linear relationship. A value of 0 implies 

that there is no linear dependency between the variables. 

Correlations equal to +1 or −1 correspond to data points lying 

exactly on a line in the case of the sample correlation. To accept 

a correlation, an rxy of 0.7 or better is required. An Rxy of less 

than 0.7 but better than 0.5 will be accepted if it is demonstrated 

that no systematic difference is responsible for the poor quality. 

ii. Spearman's Rank Coefficient (rs) 

Spearman's rank coefficient, rs, is defined as: 

 

𝑟𝑠 =
∑ (𝐴𝑖 − 𝐴̅)

𝑀

1
(𝐵𝑖 − 𝐵̅)

√∑ (𝐴𝑖 − 𝐴̅)2𝑀

1
√∑ (𝐵𝑖 − 𝐵̅)2𝑀

1

  …   (4) 

 

Where Ai is respectively the sequence number (rank) of xi in 

the ordered sequence x1 <x2 <… <xM, similarly, Bi is the 

sequence number (rank) of yi in the ordered sequence y1 <y2 

<… <yM. The rank coefficient is a non-parametric estimate of 

the strength of the correlation (when the latter is statistically 

significant), in the sense that the values of the random variables 

X and Y are not used to calculate it. The rank correlation 

coefficient also assesses the significance of the correlation, and 

the value of rs has the same meaning as the linear correlation 

coefficient. 

D. Nuclide Vectors 

NV, vi, represents the relative ratios between the activity of a 

particular nuclide in the mixture and the total activity.  

𝑣𝑖 =
𝑎𝑖

∑ 𝑎𝑖
𝑁
1

  …   (5) 

 

Where ai is the activity of 

radionuclide i, vi is the 
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proportion of nuclide i in the nuclide vector, and N is the number 

of radionuclides in the current sample. 

The determination of NV is based on a primary experimental 

determination of the correlation of ETM and DTM. Gamma-

emitting radionuclides, e.g., C0-60, Cs-137, Sb-124, Ce-144, 

etc., which are easy to measure using gamma spectrometry, are 

typically identified as KN in the radionuclide mixture in RAW. 

KN are usually selected based on the nuclear mechanism of 

radionuclide generation. For fission products, usually the KN 

Cs-137, and for activation products, Co-60. 

In [3] It is recommended to use the one sigma concept for the 

determination of nuclide vector, where 68% of all possible 

samples are in the area defined as the acceptance criterion: 

(𝑣⇀− 𝜎) ≤ 𝑣𝑖 ≤ (𝑣⇀+ 𝜎)  …   (6) 

Where 

v


The mean value of measurements, vi; σ is the standard 

deviation, i.e., standard uncertainty in measurements by 

considering all uncertainties; vi is the measured value. 

For a discrete random variable V, which takes random values 

from a finite data set v1, v2,..., vi…vM, each value having the 

same probability, the standard deviation σ is defined as: 

𝜇 =
1

𝑀
∑ 𝑣𝑖   …   (7)

𝑀

1

 

𝜎 = √
1

𝑀
∑(𝑣𝑖

𝑀

1

− 𝜇)2   …   (8) 

 

In this case µ= v


 

- About 68% of values drawn from a normal distribution are 

within one standard deviation, one σ away from the mean; 

- about 95% of the values lie within two standard 

deviations;  

- and about 99.7% are within three standard deviations [2].  

- This fact is known as the 68-95-99.7 (empirical) rule or 

the 3-sigma rule. 

The mean value is accepted as the nuclide vector for 

radionuclide i if the applicable acceptance criterion (typically 

the one sigma concept) is satisfied and representativeness is 

demonstrated. 

E. Approaches to the Composition of Nuclide Vectors 

The composition of the NV is based on the results of 

radiochemical analyses of the samples taken for radiological 

characterization. There are three main approaches to the 

compilation of NV: 

▪ Compilation of a covering note; 

▪ Compilation of NV by averaging; 

▪ Compilation of NV based on statistical analysis. 

i. Covering NV 

When compiling the covering NV, the highest activity 

fractions of nuclides (νi) that are not KNs are selected from all 

analysis results. The rest is assigned to the KNs. This leads to a 

significant overestimation of difficult-to-measure nuclides 

(alpha, beta emitters) and an underestimation of key nuclides. 

In this way, the radiological significance of DTM is 

emphasised, and the covering NV becomes conservative 

concerning clearance from regulation.ion [3]. The use of 

covering NV for clearance from regulation is conservative 

because it may lead to a significant overestimation of the 

activity of the materials, which in turn may lead to falsely 

exceeding regulatory release levels. 

ii. NV by Averaging 

In this approach, the NV is estimated by averaging the 

proportions of the corresponding radionuclide over all samples 

in which it was identified. If vi denotes the proportion of the ith 

nuclide in sample n, i.e.: 

𝑣𝑖 =
𝑎𝑖

∑ 𝑎𝑖
𝑁
1

  …   (9) 

 

Where ai is the specific activity of the ith nuclide in the nth 

sample, N is the number of significant nuclides in the sample. 

Then the average proportion of the ith nuclide (𝑏̅𝑖) is given by: 

 

𝑏̅𝑖 =
𝑣𝑖

∑ 𝑣𝑖
𝑀
1

  …   (10) 

 

Where M is the number of samples in which the ith nuclide 

was identified. Accordingly, the elements of the NV when 

compiled by averaging are given by: 

 

v𝑖 =
𝑏̅𝑖

∑ 𝑏̅𝑖
𝑁

1

   …   (11) 

 

The specific activities of the nuclides in the samples (ai,n) are 

expected to vary widely, which is primarily driven by the 

sampling process (striving to sample over a wide range of 

specific activities), while the proportions of radionuclides in the 

sample (bi,n) is expected to vary over a much narrower interval 

[3]. The two quantities ai,n and bi,n also have different 

probability distributions. 

NVs determined by averaging are easily calculated. Still, 

before their evaluation, it is advisable to check that the results 

to be analyzed are homogeneous (e.g., by a statistical test of the 

results for belonging to a standard or log-normal distribution). 

The ratios between the radionuclides in this type of NV reflect 

the experimentally observed ratios between the radionuclides 

and reflect the average radionuclide composition of the 

contamination. 

iii. NV based on Statistical Analysis 

When compiling NV based on statistical analysis, the 

proportions (average 

proportions) of nuclides are 

allowed to vary within 

http://doi.org/10.54105/ijac.B2031.05021025
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predetermined limits. In [6], these limits are assumed to be in a 

1σ interval around the mean. 

In general, by varying the values of NV, one aims to maximize 

several criteria, which are typically set depending on the chosen 

approach for clearance from regulation [3]. These criteria can 

be: 

▪ Maximize the amount set by the clearance criterion; 

▪ Maximizing proportions of radionuclides that are 

difficult to measure (e.g., pure alpha- and/or beta-

emitters, as appropriate); 

▪ Maximization of the amount set in the release criterion 

when a surface activity criterion for release is also 

foreseen. 

The above three criteria often cannot be met simultaneously, 

as the requirements are sometimes conflicting. For this reason, 

an optimization algorithm is used to achieve a high proportion 

of the upper maxima with a nuclide vector by summing the 

three sub-goals. The sum of the three individual target variables 

serves as the optimization target value. 

By solving the optimization problem, a radionuclide vector 

can be achieved that is conservative, with a certain level of 

conservatism [3]. 

iv. Representative, Covering, and Conservative NVs 

Depending on the method of composition, NVs can provide 

varying degrees of representativeness and conservatism. 

▪ The nuclide vector determined by averaging is 

representative because it reflects the composition of the 

contamination and the average proportions of 

radionuclides in it. However, it may not be conservative 

since it does not increase the a priori weight of nuclides 

that have low release levels; 

▪ The covering nuclide vector is conservative because it 

purposefully increases the weight of DTM nuclides that 

have low release levels. For this reason, however, it is 

not representative of the radionuclide composition of the 

contamination. 

▪ The statistical basis calculation results in nuclide vectors 

that lie between the two options above. This means that, 

on the one hand, they do not lead to such a substantial 

overestimation of difficult-to-measure radionuclides, 

and on the other hand, they give them a certain 

additional weight. In this regard, these nuclide vectors 

can be considered representative and conservative. 

The variant of the radionuclide vectors to be used in the 

procedure for clearance from regulation depends exclusively on 

the composition and nature of the radioactive contamination. 

Firstly, this is determined by the radionuclides and their 

proportions present in the contaminated materials. The number 

and type of radionuclide vectors that should be calculated for a 

given facility also depend on the homogeneity of the 

radionuclide composition of the contamination. Regarding this, 

the choice of method for evaluating the NV should not be made 

a priori, but rather estimated after a detailed analysis of the data 

from the radiochemical analyses. 

F. Scaling Factors 

As said above, typically, strong γ-emitting radionuclides are 

selected as KN for NPPs. Half-life and time parameters of the 

radioactive materials must also be considered. The specific 

activity of alpha- and beta-emitting, as well as low-energy 

gamma-emitting, radionuclides, expressed in Bq/kg or Bq/cm² 

(or activity, Bq), is determined mainly using destructive 

radiochemical methods on samples collected by wipe tests, 

electrolytic sampling, and scraping sampling. These 

radionuclides are DTM. 

An SF is introduced for determining the activity-specific 

proportion of activity between specific KN and DTM.  
 

𝑎(𝐷𝑇𝑀𝑖) = 𝑆𝐹𝐷𝑇𝑀𝑖
× 𝑎(𝐾𝑁𝑗) …   (12) 

 

The SFs are dimensionless factors for the different DTMs, 

which enable the determination of total activity by measuring 

the activity of the respective KN. Once determined, the SF 

allows determination of the activity of a particular DTM in a 

batch only by measuring the activity of the corresponding KN. 

From a statistical perspective, only radiochemical data above 

the limit of detection (LOD) should be considered to determine 

the applicability of SF and to calculate SF. However, in some 

cases, due to a lack of sufficient radiochemical data, one has no 

choice but to use the LOD value itself as the accurate 

radioactivity concentration. Decision-making regarding the use 

of radiochemical data below the limit of detection (LOD) is 

required for resampling and radiochemical reanalysis.  

The relationship between the radioactivity concentration of 

DTM nuclides and KN can be more generalized based on the 

nonlinear relationship as follows. Ows [5]: 
 

𝑎𝐷𝑇𝑀,𝑖 = 𝑐(𝑎𝐾𝑁,𝑗)𝛽   …   (13) 
 

Where c is the proportionality constant and β is the regression 

coefficient. In the special case where β equals 1, it becomes a 

simple linear equation, as mentioned above. If β is not equal to 

1, this simple nonlinear model is a simple linear equation on a 

logarithmic scale.˟ 

𝑦𝑙 = 𝛽0 + 𝛽𝑥𝑙   …   (14) 

where 𝑦𝑙 = log(𝑎𝐷𝑇𝑀), 𝑥𝑙 = log(𝑎𝐾𝑁).  

Two parameters, the intercept (β0) and slope (β), in the simple 

linear equation are generally estimated by the least-squares 

method. The least-squares method is a standard approach in 

regression analysis that minimizes the residual sum of squares. 

The estimated intercept ( 0̂ ) and slope ( ̂ ) are given as 

follows: 

http://doi.org/10.54105/ijac.B2031.05021025
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𝛽̂ =
∑ (𝑥𝑙,𝑖

𝑀

𝑖=1
− 𝑥̅𝑙)(𝑦𝑙,𝑖 − 𝑦𝑙̅)

∑ (𝑥𝑙,𝑖 − 𝑥̅ )𝑙
2

𝑀

𝑖=1

  …   (15) 

 

𝛽̂0 = 𝑦̅𝑙 − 𝛽̂𝑥𝑙̅   …   (16) 

 
 

i. Representative Scaling Factor 

The representative SF is calculated as the arithmetic mean 

(AM) 
AMSF  or geometric mean (GM) GMSF  as follows [7]: 

𝑆𝐹𝐴𝑀
̅̅ ̅̅ ̅̅ ̅ =

1

𝑀
∑ 𝑆𝐹𝑖   …   (17)

𝑀

1

 

 

𝑆𝐹𝐺𝑀
̅̅ ̅̅ ̅̅ ̅ = (∏ 𝑆𝐹𝑖

𝑀
1 = log−1(

1

𝑀
∑ log𝑆𝐹𝑖

𝑀

1

)

= 10(
1
𝑀

∑ log𝑆𝐹𝑖
𝑀
1 )

  …   (18) 

 

The radioactivity concentration calculated by the arithmetic 

mean of SF always yields more conservative values, and the 

predicted concentration given by the geometric mean is much 

more severely overestimated in the higher-concentration 

ranges. 

A statistical hypothesis test within the acceptable level of 

difference (D) between the existing SF1 and the updated SF2 can 

be performed based on the pooled variance (sb
2). The 

hypotheses and test statistic (t) under the null hypothesis follow 

Student’s t-distribution.a logarithmic scale with degrees of 

freedom 𝑀1 + 𝑀2 − 2: (𝑡𝑀1+𝑀2−2) are defined as follows [5]: 

 

𝐻0: |𝑆𝐹1 − 𝑆𝐹2| = log𝐷 

𝐻𝑎: |𝑆𝐹1 − 𝑆𝐹2| ≠ log𝐷 

𝑡 =
|𝑆𝐹1 − 𝑆𝐹2| − log𝐷

𝑠𝑏√
1

𝑀1
+

1
𝑀2

≈ 𝑡(𝑀1+𝑀2−2)   …   (19) 

 

𝑠𝑏
2 =

(𝑀1 − 1)𝑠2
1

+ (𝑀2 − 1)𝑠2
2

𝑀1 + 𝑀2 − 2
  …   (20) 

 

where SF1 and SF2 are geometric means, M1 and M2 are the 

number of samples, and s1
2 and s2

2 are the sample variances. 

D=1 means SF1=SF2 because the values of SF are log-

transformed [5]. 

If the null hypothesis (H0  β11, where β1 is the slope of the 

SF according to Eq. (13), is true, it is not necessary to update 

the SF because it cannot be said that the SF has changed over 

time. 

The concept of “factor of 10” is applied. The factor of 10 is 

defined as: 
1

10
𝑆𝐹̅̅̅̅

𝐺𝑀 ≤ 𝑆𝐹𝑖 ≤ 10𝑆𝐹̅̅̅̅
𝐺𝑀   …   (21) 

or 

1

10
𝑎𝐷𝑇𝑀,𝑖 ≤ 𝑎⇀𝐷𝑇𝑀,𝑖 ≤ 10𝑎𝐷𝑇𝑀,𝑖   …   (22) 

 

where 𝑎⇀𝐷𝑇𝑀,𝑖 = 𝑆𝐹̅̅̅̅
𝐺𝑀 × 𝑎𝐾𝑁,𝑖  Is the inferred (i.e., calculated) 

radioactivity concentration, and 𝑎𝐷𝑇𝑀,𝑖 = 𝑆𝐹 × 𝑎𝐾𝑁,𝑗  is the 

measured radioactivity concentration [5]. 

For the application of the factor of 10, the outliers must be 

identified appropriately. 

ii. Uncertainty Assessment 

Uncertainty, for example, in the determination of scaling 

factors determination may be assessed as follows. Ows [8]: 

𝑢𝑆𝐹 =
1

√𝑀
𝑠(𝑆𝐹)  …   (23) 

The sample variance is equal to 

𝑠(𝑆𝐹) = √
1

𝑀 − 1
∑(𝑆𝐹𝑖

𝑀

1

− 𝑆𝐹̅)2   …   (24) 

where  𝑆𝐹̅̅̅̅   It is the mean value. 

This provides a measure of the width of the distribution of 

mean values that would be expected and is called the standard 

uncertainty of the mean. 

III. RESULTS 

A. Determination of Nuclide Vectors 

The data for 10 samples with specific activity measurements 

of Mn54, Co60, Nb94, Fe55, Ni63, and Sr90 are given in Table. 

After performing the Grubbs test according to Eq. 1, we 

identified outliers in the last sample. For the correct estimation 

of NV, the last sample was removed from further estimation. 

The NVs vi, the results of the one-sigma concept check, the 

mean value µ= v


and the standard deviation σ of vi, the average 

NVs ib Vi are also shown in Table. 

The conclusion is that the statistically estimated NVs, vi, and 

Vi, satisfy the one-sigma concept 100% for all nuclides in a 

sample, both for vi and the averaged NVs. All NVs are within 

the area defined as the acceptance criterion according to Eq. 6 

and are applicable, as are their mean values. However, the 

concept of one sigma is also fulfilled for the last removed 

sample. The results show that the averaged NVs Vi generally 

have a smaller span compared to Vi. As stated above, the choice 

of method for evaluating the NV should not be made a priori, 

but rather evaluated after a detailed analysis of the 

radiochemical data has been conducted. 
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Table-I: Data from Measurement of Radionuclides' Specific Activity 

Specific Activity of Radionuclides, Bq/kg vi According to Eq.5 Value of 

Eq. 6 for all 

Nuclides in 

the Sample 

Mn54 Co60 Nb94 Fe55 Ni63 Sr90 Mn54 Co60 Nb94 Fe55 Ni63 Sr90  

1.07E+02 3.56E+03 2.11E+01 6.14E+03 1.65E+03 5.41E+01 9.27E-03 3.09E-01 1.83E-03 5.32E-01 1.43E-01 4.69E-03 TRUE 

2.88E+01 1.86E+03 1.57E+01 2.51E+03 2.13E+02 8.41E+00 6.22E-03 4.02E-01 3.39E-03 5.41E-01 4.60E-02 1.82E-03 TRUE 

3.37E+04 1.17E+06 2.82E+02 1.16E+06 5.74E+04 2.05E+02 1.39E-02 4.84E-01 1.17E-04 4.78E-01 2.37E-02 8.47E-05 TRUE 

2.24E+04 5.17E+05 2.55E+02 4.84E+05 2.62E+04 3.21E+02 2.13E-02 4.92E-01 2.43E-04 4.61E-01 2.49E-02 3.06E-04 TRUE 

2.23E+04 4.11E+05 1.78E+02 5.87E+05 2.97E+04 1.37E+02 2.12E-02 3.91E-01 1.70E-04 5.59E-01 2.83E-02 1.30E-04 TRUE 

9.23E+03 2.54E+05 6.68E+02 8.94E+05 1.28E+05 6.06E+02 7.18E-03 1.97E-01 5.19E-04 6.95E-01 9.94E-02 4.71E-04 TRUE 

2.20E+05 5.54E+06 2.51E+02 6.91E+06 2.81E+05 1.08E+02 1.70E-02 4.28E-01 1.93E-05 5.34E-01 2.17E-02 8.34E-06 TRUE 

2.31E+02 9.46E+03 1.53E+01 1.13E+04 1.84E+03 1.59E+02 1.00E-02 4.11E-01 6.67E-04 4.91E-01 8.00E-02 6.91E-03 TRUE 

5.62E+04 2.85E+05 1.83E+03 6.29E+05 1.05E+04 1.03E+02 5.72E-02 2.90E-01 1.86E-03 6.40E-01 1.06E-02 1.05E-04 TRUE 

2.50E+06 1.79E+08 2.91E+03 3.05E+08 9.83E+07 6.41E+03       TRUE 

µ= v


 according to Eq.7 
 

1.82E-02 3.78E-01 9.79E-04 5.48E-01 5.31E-02 1.61E-03        

σ according to Eq. 8  

1.48E-02 9.05E-02 1.08E-03 7.18E-02 4.23E-02 2.36E-03        

ib  according to Eq. 10 
Vi according to Eq.11  

5.68E-02 9.06E-02 2.08E-01 1.08E-01 3.00E-01 3.23E-01 5.23E-02 8.34E-02 1.91E-01 9.94E-02 2.76E-01 2.97E-01 TRUE 

3.81E-02 1.18E-01 3.84E-01 1.10E-01 9.61E-02 1.25E-01 4.37E-02 1.35E-01 4.41E-01 1.26E-01 1.10E-01 1.43E-01 TRUE 

8.53E-02 1.42E-01 1.32E-02 9.70E-02 4.96E-02 5.84E-03 2.17E-01 3.61E-01 3.36E-02 2.47E-01 1.26E-01 1.49E-02 TRUE 

1.31E-01 1.45E-01 2.76E-02 9.35E-02 5.22E-02 2.10E-02 2.79E-01 3.08E-01 5.87E-02 1.99E-01 1.11E-01 4.47E-02 TRUE 

1.30E-01 1.15E-01 1.92E-02 1.13E-01 5.92E-02 8.99E-03 2.92E-01 2.58E-01 4.31E-02 2.54E-01 1.33E-01 2.02E-02 TRUE 

4.39E-02 5.80E-02 5.89E-02 1.41E-01 2.08E-01 3.24E-02 8.10E-02 1.07E-01 1.09E-01 2.60E-01 3.84E-01 5.98E-02 TRUE 

1.04E-01 1.26E-01 2.20E-03 1.08E-01 4.54E-02 5.74E-04 2.69E-01 3.26E-01 5.70E-03 2.80E-01 1.18E-01 1.49E-03 TRUE 

6.15E-02 1.21E-01 7.55E-02 9.96E-02 1.67E-01 4.76E-01 6.15E-02 1.21E-01 7.55E-02 9.95E-02 1.67E-01 4.76E-01 TRUE 

3.50E-01 8.52E-02 2.11E-01 1.30E-01 2.23E-02 7.22E-03 4.34E-01 1.06E-01 2.62E-01 1.61E-01 2.77E-02 8.96E-03 TRUE 
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1.1. Determination of Scaling Factors 

Table gives data from field measurements of the specific activity of DTM Ni-63 and KN Co-60 in 14 samples and provides 

calculated values for the Sample Pearson correlation coefficient according to Eq. 3, for SF according to Eq. 12, for GMSF  

according to Eq. 18 and for the applicability of the factor of 10 concept for GM, according to Eq. 21. 

After evaluating the radiochemical data, the correlation between the DTM and KN measurements was assessed. 

Table-II: DTM Ni-63 and KN Co-60 Measured Specific Activity, Sample Pearson Correlation Coefficient, SF, GMSF  

and the Value of the Equation Describing the Factor of 10 Concept 

Co60 Ni63 
rxy according to 

Eq. 3 

SFNi-63/Co-60 

according to Eq. 12 
GMSF according 

to Eq. 18 

Factor of 10 

according to Eq. 21 

Bq/kg Bq/kg - - - - 

3.56E+03 1.65E+03 

0.9979 

4.65E-01 

0.1693 

TRUE 

1.86E+03 2.13E+02 1.14E-01 TRUE 

1.17E+06 5.74E+04 4.90E-02 TRUE 

5.17E+05 2.62E+04 5.07E-02 TRUE 

4.11E+05 2.97E+04 7.23E-02 TRUE 

2.54E+05 1.28E+05 5.03E-01 TRUE 

5.54E+06 2.81E+05 5.08E-02 TRUE 

9.46E+03 1.84E+03 1.95E-01 TRUE 

2.85E+05 1.05E+04 3.67E-02 TRUE 

1.79E+08 9.83E+07 5.49E-01 TRUE 

9.27E+07 5.73E+07 6.18E-01 TRUE 

2.50E+07 1.64E+07 6.56E-01 TRUE 

6.10E+06 4.57E+06 7.49E-01 TRUE 

3.73E+04 2.03E+03 5.44E-02 TRUE 

 

Studies on radiochemical data from nuclear power plants have 

shown that the radioactivity concentrations of both DTM 

nuclides and KN follow a log-normal distribution, with a wide 

range of radioactivity concentrations spanning several orders of 

magnitude. 5.  The correlation is observed in the scatter diagram 

in [Fig.2, which uses radiochemical data, with a linear trend 

line. The regression coefficient in Equation 13 was calculated 

using the dataset. Table, β = 1.11, is close to 1.  

 

[Fig.2: Log-Normal Distribution of DTM Ni-63 and KN 

Co-60 Specific Activity on a Scatter Diagram] 

Correlation is demonstrated by calculating the Pierson 

correlation coefficient, as shown in Table. 

The results in Table and [Fig.2 show a log-normal distribution 

between the activity/specific activity of DTM Ni-63 and KN 

Co-60, and a very good correlation coefficient rxy between 

DTM and KN. The regression coefficient β is close to 1. The 

SFs comply with the concept of factor 10. The GMSF is. 

representative and applicable. 

IV. DISCUSSION AND CONCLUSION 

This article discusses statistical methods for estimating 

nuclide vectors and scaling factors to characterize radioactive 

waste radiologically. Once established and deemed 

representative, NVs and SFs can significantly reduce or 

eliminate the need for radiological measurements of each waste 

batch. This is particularly beneficial in avoiding the time-

consuming and expensive destructive radiochemical methods 

used for measuring the activity of radionuclides that are 

difficult to measure (DTM). However, changes in operational 

history and practices can lead to variations in radiological 

composition and waste streams. 

Depending on the method of composition, NVs can vary in 

their representativeness and conservativeness. The NV derived 

from averaging is generally representative but may not be 

conservative. On the other hand, a conservative covering NV 

may not accurately represent the radionuclide composition of 

the contamination. Statistically calculated NVs, however, can 

be both representative and conservative.  

Using measurements of the specific activity of a range of 

radionuclides in samples, NVs were statistically calculated. 

Average NVs were estimated, and outliers were identified and 

removed. The averaged NVs exhibit a smaller range compared 

to those without averaging, indicating that the averaged NVs 

yield closer values across different samples. The results align 

with the one-sigma concept for both NVs and averaged NVs. 

 The application of SF is also a contemporary method for 

characterising raw data. SF 

represents the ratio between 

the activity or specific 

activity of DTM and KN. 
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This relationship is expected to follow a simple linear model or 

linear equation on a logarithmic scale, characterized by slope β. 

If the value of β is close to 1, the relationship between DTM 

and KN can be described by a simple linear model with a 

proportionality constant equivalent to SF.  

The representative standard deviation (SD) is calculated using 

either the arithmetic mean (AM) or the geometric mean (GM). 

The radioactivity concentration calculated by the arithmetic 

mean of SF tends to yield more conservative values. In contrast, 

the predicted concentration obtained from the geometric mean 

is often severely overestimated in higher concentration ranges. 

The validity of SF is established when there is a significant 

correlation between DTM and KN of the measured 

homogenized samples. This includes having a slope β in the 

linear equation close to 1 and the absence of unexplained 

outliers.  

An example demonstrating the suitability of statistical 

methods for SF estimation is provided, which includes Table 

and [Fig.2. The calculated results indicate a log-normal 

distribution between the activity and specific activity of DTM 

Nickel-63 and KN Cobalt-60, showing a very good correlation 

coefficient (rxy), a regression coefficient β close to 1, and 

compliance with the factor of 10 concept, thereby proving the 

applicability of the evaluated dataset.  

However, it is important to note that other datasets may yield 

inappropriate results. The waste batch should be assessed for 

homogeneity, proper sampling, coverage of expected 

contamination pathways, potential sources of radioactivity 

variation, and generation mechanism. This necessitates 

collecting enough samples and measurements.  

In summary, the application of statistical methods for 

estimating NV and SF in the characterisation of RAW is a 

reliable and modern approach when conducted correctly, and it 

is time-efficient. 
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