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During the last year, Belgian nuclear 
waste processing has been introduced 
to the practical application of the Theory 
of Sampling (TOS). This immediately 
gave rise to important insights leading 
to significant potential improvements 
in the field of radioactive waste char-
acterisation. As in many other industry 
sectors, nuclear waste characterisation 
is fraught with traditional grab sampling 
procedures that obviously cause trou-
ble by increasing the total sampling plus 
analytical uncertainty associated with 
categorisation of waste materials unnec-
essarily; this can easily translate into 
waste mischaracterisation. A pilot project 
was carried out which challenged today’s 
common practices in nuclear waste char-
acterisation (all internationally accepted 
as described in Reference 11) with an 
alternative TOS-compliant methodol-
ogy. For some commonly encountered 
waste materials, an experimental setup 
was developed to gain insights into the 
typical heterogeneity distribution of key 
analytical parameters and how to coun-
teract their influence. This has allowed us 
to design a significantly improved indus-
trial sampling procedure, which is being 
developed over a very short time span. 

The new material-dependent, three-
part process (visual inspection, sorting, 
representative sampling for analysis) is 
described and illustrated together with 
several improvement potentials.

Background
Belgoprocess is the industrial operator of 
the waste management facilities owned 
by the National Agency for Radioactive 
Waste and Enriched Fissile Materials 
(ONDRAF/NIRAS) in Belgium, responsi-
ble for nuclear waste management and 
site remediation at two historical sites in 
Belgium. Belgoprocess was founded after 
the European pilot reprocessing plant 
EUROCHEMIC terminated its activities 
in the early 1980s. The company is also 
in charge of the decommissioning and 
remediation of obsolete nuclear facilities 
on its sites, as well as the characterisa-
tion of legacy wastes in compliance with 
all relevant safety requirements.

Preparing legacy waste for end-stage 
storage is a very complex task, necessi-
tating a proven ability to conduct reliable 
categorisation of preliminary storage units 
(drums, containers, stocks …) commen-
surate with official waste acceptance 
criteria (WAC), as well as paying particu-
lar attention to long-term safety crite-
ria. However, some of the most critical 
radionuclides, as far as long-term safety 
is concerned, are difficult-to-measure 
(DTM), meaning that the application of 
“remote” non-destructive assay (NDA) is 
insufficient to cover all aspects associ-
ated with these tasks. A commonly used 
approach is, therefore, a combination 
of NDA and the use of scaling factors, 

which are based on empirical correla-
tions between DTM radionuclides and 
other, easy-to-measure (ETM) key radi-
onuclides—whilst assuming a degree of 
homogeneity of activity distribution of 
numerous radionuclides over the inves-
tigated lot.

A new fit-for-purpose characterisa-
tion process is presently being devel-
oped at Belgoprocess to cope with the 
very low activity concentrations that 
are specified in the WAC. For this proj-
ect, waste characterisation protocols in 
Belgium were introduced to the TOS and 
a robust, representative sampling process 
has been developed over the last year. 
Several Replication Experiments (REs) 
were conducted to survey and quantify 
the intrinsic heterogeneity of selected 
typical materials for a range of critical 
WAC parameters. There are many specific 
analytical requirements that must be 
considered when applying standard TOS 
principles. Despite all first results indi-
cating that radiological contamination is 
indeed very heterogeneously distributed, 
a dedicated primary sampling process 
has been designed and implemented. 
This shows promising results as testified 
by significantly better accuracy than the 
commonly used NDA techniques.

Nuclear waste 
management challenges 
(not your ordinary 
heterogeneous lots)
Historical records contain a lot of relevant 
information, but unfortunately of differ-
ent systematic content and quite often 
insufficient to demonstrate compliance 
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with the very low concentration limits 
stipulated in today’s WAC for near-surface 
disposal. It is important to recognise that 
the WAC have evolved markedly in the 
last decades, for example indicating that 
sorting efforts with respect to different 
physico–chemical compositions and 
contents have not been performed to 
the desired level over the same period. 
The present approach will not result in 
sufficient information regarding long-
term safety aspects, which is critical for 
the near-surface disposal site. As an 
example, the limit on cellulose content 
has been reduced significantly over the 
last 20 years, today reaching a level of a 
maximum of 100 g in the finalised WAC 
to be complied with today. For histori-
cal waste, this inevitably gives rise to the 
necessity of a thorough visual inspection 
of its content. All this adds impetus to the 
development of a new, more compre-
hensive approach.

reliable characterisation, taking account 
of the radionuclides which are of great 
concern for long-term safety, e.g. 241Am, 
129I, 90Sr and plutonium isotopes, based 
on a theoretical safety case.

Best practices for radioactive waste 
characterisation are extensively described 
in the literature. However, it is rarely the 
case that these can be matched to the 
desired accuracy associated with the 
current WAC that must be followed, 
especially for historical waste where there 
is little information about the specific 
origin of the contamination encountered. 
In general, radioactive waste characteri-
sation of legacy waste is associated with 
unavoidable, significantly large uncertain-
ties—up to several orders of magnitude, 
due to severe-to-extreme heterogeneity 
“mixed-waste” effects and specific meas-
urement restrictions (e.g. complicated 
analytical background effects). The 
present concentration limits for final 
near-surface disposal raises significant 
challenges in both material characterisa-
tion and analysis.

The majority of the parameters of 
interest are impossible to measure accu-
rately in a non-destructive way, e.g. 
drum-level measurement using “remote” 
NDA gamma spectrometry (some illus-
trations of commercially available equip-
ment are shown in Figure 1). So, interest 
has grown towards the field of process 
sampling which is frequently applied 
in a wide range of different technologi-
cal and industrial contexts. This column 
describes the reasons behind, and basis 
for, development and application of 
process sampling approaches guided by 
the TOS framework for the purpose of 
radioactive waste characterisation under 
stringent boundary conditions. This was 

the reason for initiating collaboration 
with KHE Consulting. In the present pilot 
project, the aim is to establish practi-
cal ways to implement the TOS’ princi-
ples for sampling of radioactive waste 
for today’s highly conscribed character-
isation purposes. The aim is to design, 
construct, implement and to start using 
fit-for-purpose representative sampling 
processes only.

Below is described a challenging base-
line experiment in which the intrinsic 
waste heterogeneities are surveyed and 
quantified for the first time. This has led 
to development of a practical approach 
based on calibrated composite sampling 
procedures and commensurate equip-
ment (Figure 2).

The Theory of Sampling
Representative sampling is a common 
prerequisite for many analytical endeav-
ours, including tasks associated with 
waste characterisation—not only for 
nuclear waste. Despite the obvious 
advantage of only analysing representa-
tive samples, in the literature, as well as 
in practice, there sadly are lots of exam-
ples and cases where this demand is 
tacitly, unwittingly or wilfully neglected. 
Especially in the case of significantly 
heterogeneous materials, which legacy 
nuclear waste materials undoubt-
edly are, one must come to grips with 
the fact that the impact of the primary 
sampling process to the overall accuracy 
is at least of an order-of-magnitude larger 
than the analytical uncertainty (and can 
under conditions of severe heterogeneity 
be much larger still). The approach in 
the present nuclear waste manage-
ment project, therefore, takes its point 
of departure on the basis of the TOS as 

Figure 1. Typical gamma spectrometry instrumentation used in radioactive waste characterisa-
tion: lab-scale geometry (left) versus drum-level measurement (right).

In the Belgian waste disposal 
concept’s safety case, the 
presence of cellulose is of 

equal importance as the radioactivity 
content. This is due to the potential 
complexing properties of cellulose’s 
degradation products (e.g. isosaccha-
rinic acid) in high alkaline environ-
ments, which could increase the 
mobility of radioactivity in the disposal 
site.

Worldwide, there is consensus 
that mobile DTM radionu-
clides like 129I and 99Tc are key 

for long-term safety. The relevance of 
these DTMs is stipulated by the low 
activity concentrations that are allowed 
in WAC related to a variety of disposal 
frameworks.

Another concern is that the current 
description of radiological content is 
incomplete or the existing data are, in 
some cases, unsatisfactory with respect 
to today’s WAC. Our first survey drums 
were characterised for radiological 
content using the standards for waste 
characterisation that were valid at the 
time of production, i.e. decidedly not 
at the levels expected today. A primary 
challenge lies in obtaining a sufficiently 
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Figure 2. A look into a hands-on hot cell, where manual interventions and handling of radio-
active contaminated materials can be carried out in safe working conditions

the necessary-and-sufficient guide for 
design, development and implementa-
tion of a reliable, representative sampling 
methodology.

The TOS is a universal, scale-invariant 
framework for understanding sampling 
and all potential associated errors. One 
of the TOS’ primary principles states that 
representative sampling of a heterogene-
ous material (lot) must be in the form 
of a composite sampling process, involv-
ing taking a sufficient number of incre-
ments (Q) in such a way that the entire 
lot volume has even odds for being 
sampled. It is quite out of the ques-
tion to use the single-increment extrac-
tion sampling procedure known as grab 
sampling. The entire 70 years of expe-
rience of the TOS has presented an 
overwhelming array of evidence for the 
unavoidable, non-representative charac-
ter of grab sampling of heterogeneous 
materials and lots.

Another cardinal rule of the TOS is 
that all sampling procedures “from-lot-
to-aliquot” are multi-stage procedures, 
necessary to counteract the various 
effects stemming from the many mani-
festations of lot heterogeneity at several 
scales—there is both compositional 
heterogeneity, spatial heterogeneity as 
well as grain-size distribution hetero-
geneity to be considered. In complicated 
situations, up to seven types of sampling 

error can arise as a specific sampling 
process interacts with a heterogene-
ous material, but most ordinary situa-
tions are simpler. Two sampling errors 
arise because of the heterogeneity of 
the sampling target and four so-called 
bias-generating errors can be produced 
by the sampling process itself—if the 
potential effects of these errors are not 
properly understood, reduced and/or 
eliminated. In recent years, the TOS has 
been presented and explained at all 
levels of interest, from initial introduc-
tions to complete textbooks.1–7

The replication experiment
When complying with all the basic TOS 
principles, there is only one free param-
eter for composite sampling: the number 
of increments (Q) needed to manage 
and control the resulting total sampling 
error. Lot heterogeneity characterisa-
tion (LHC) typically consists of a prac-
tical experiment with the purpose of 
determining the Q needed to be able 
to document a fit-for-purpose represent-
ative sampling process. At the start of 
the present project, a series of REs were 
deployed as empirical investigations of 
the effective lot/material heterogenei-
ties affecting primary sampling proce-
dures. These baseline experiments were 
performed on typical radioactive waste 
materials, which have been selected 

and sorted out during physical inspec-
tion and repackaging of a limited number 
of legacy 200-L drums to develop a first 
idea of the level of heterogeneity of the 
radiological contamination encountered. 
These experiments were performed 
using existing basic equipment, without 
performing any major process adaptions 
in advance.

For each material/drum selected, 
the waste—equivalent to the volumet-
ric content of a 200-L drum—was first 
reduced in particle size by effective 
shredding (if/where needed), then trans-
formed to a moving 1-D conveyor belt 
in a hot-cell environment and eventu-
ally sorted and sampled by three alter-
native procedures, each procedure 
performed in ten-fold repetition. All 
samples taken in the REs were analysed 
by lab-scale gamma spectrometry. Using 
the same analytical procedure ensured 
that the best discrimination between 
the alternative sampling procedures 
could be obtained. Gamma spectrom-
etry can be viewed as a standard analy-
sis technique—also a popular screening 
approach—because of the limited sample 
preparation necessary.

Gamma spectrometry is 
essentially a non-destructive 
method allowing screening of 

gamma radioactivity content. Passive 
spectrometry of the investigated 
sample, or drum, allows gamma-emit-
ting radionuclides to be distinguished 
based on the energy of the emitted 
photons due to radioactive decay. The 
most commonly used detector for this 
type of measurement, both at lab-scale 
and for whole drums, is a high purity 
germanium detector. The measure-
ment geometry (“sample preparation”) 
is in all cases identical, a 250-mL 
sample container filled to the maxi-
mum level with suitably mass-reduced 
target material.

Non-sampled materials are collected 
in new 200-L drums which are meas-
ured directly by drum-level gamma 
spectrometry. Despite this being the 
common application in nuclear waste 
characterisation—often in combination 
with a nuclide vector approach—this 
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non-destructive measurement tech-
nique is nevertheless often associated 
with significant uncertainties due to the 
assumption of a homogeneous activity 
distribution and correlation. For general 
introductions to radioactivity analysis 
and related analytes, see References 8 
and 9.

Results and process 
development
The initial project stages focused on 
results obtained for selected legacy 
waste drums with concrete materi-
als. Figure 3 provides an impression 
of the typical bulk contents which is 

Figure 3. Visual manifestations and typical particle sizes of commonly met with concrete-based materials in nuclear waste. For the radionuclides 
present amongst other analytes, it is particularly important to understand that material heterogeneity will only seldom give rise to visual manifestations 
and effects (radioactivity is invisible).

anticipated in the full project. Drums 
can contain a broad range of concrete-
like materials resulting from operations 
in decommissioning and decontamina-
tion.

In the baseline REs in the first stage 
pilot investigations, TOS-compliant 
primary sampling was simulated with-
out loss of generality by a 3-D lot trans-
formation of storage drums made 
into a moving 1-D material stream 
(loaded onto a conveyor belt). The 
first stage results show that the typi-
cal drum contents can be character-
ised to the desired level of precision 
with a 36-increment primary composite 

Figure 4. Example of comparison of composite sampling methodologies for representa-
tive analysis of 137Cs in concrete fines (stage 2 is Q = 6 composite samples; stage 3 is Q = 36 
composite samples). Bars represent the average activity concentration and error bars represent 
RSV levels.1,2,4

sample approach. Whereas grab and 
composite sampling with Q = 6 incre-
ments distinctly under-per formed 
as evidenced by RSV% larger than 
15 %,1,2,4 which had been decided upon 
as the pilot project threshold level. The 
full pilot project results, which include 
comprehensive analytical technique 
evaluations, are reported elsewhere.10

The pilot project manual 1-D process 
approach will not be feasible at the 
much larger sample throughputs needed 
for the full legacy project, however, and 
especially not with respect to the neces-
sary good practices in radiation protec-
tion and cost efficiency. Therefore, a 
more industrialised process approach is 
now under development, including the 
use of a rotary sample divider to do the 
same composite sampling job as the 
manual sampling along the linearised 
1-D layout.

This type of primary sampler was 
selected first-and-foremost because it 
can easily be fitted into a dedicated 
process layout due to its compact 
size. But of equal interest, this type 
of equipment allows the use of a 
flexible Q, for example a very high 
number of increments for very highly 
heterogeneous waste types with negli-
gible extraction errors for dry granu-
lar materials. The laboratory rotary 
sample divider is an easy fit-in at 
the pilot scale sorting and sampling 
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installation, which was built in an 
existing (~100 m2) intervention cell 
equipped with a waste shredder for 
par ticle size reduction, as seen in 
Figure 4, and readily available indus-
trial versions (RTD samplers) have 
shown great stability and durability 
with respect to the abrasive concrete 
materials to be processed in high 
volumes.

Conclusions and 
prospects
Ear l ier,  radiological  charac ter isa-
tion focused mainly on the unitary 
approach of measuring the activity 
level from beta-gamma emitters and 
total alpha content. With the intro-
duction of isotope-specific concentra-
tion limits in the contemporary WAC 
for both near-surface disposal and 
(conditional) release, the traditional 
characterisation methodologies are 
challenged. We strongly believe that 
a characterisation process based on 
material-dependent visual inspection, 
sorting and representative sampling 
for analysis will become a valuable 
tool in future management of a vari-
ety of radioactive waste streams. There 
are many advantages for an updated, 
WAC-compliant process, but only if 
based on strict TOS principles and care-
fully calibrated with respect to specific 
waste types wherever needed.

Thus, as an addition to traditional 
non-destruc t ive charac ter isat ion, 
Belgoprocess and KHEC have devel-
oped the present Mark 1 pilot installa-
tion to deal with the required intensive 
sorting and representative sampling 
for contemporary WAC-compliant 
waste characterisation. Based on the 
present results from focused extrac-
tion of representative samples, the 
classic drawbacks of commonly used 
drum-level NDA gamma spectrom-
etry only can now be significantly 
improved. This will be a great asset 
for high throughput legacy waste char-
acterisation, or in the case of very 
heterogeneously distributed analyti-
cal parameters in other nuclear waste 
media, e.g. contaminated soils and 
sand, which also need to be analysed 
for very low activity levels.

This new methodology is comple-
mentary to existing, somehow limited 
characterisation practices because the 
representative sample is appropriate 
for direct analysis of DTM radionuclides 
as well. Besides for radiological char-
acterisation, bona fide representative 
samples from the nuclear waste realm 
can also be analysed for chemical char-
acteristics, which are equally critical for 
certain other nuclear waste streams.

In the next few years, this technique 
will be applied generally for nuclear 
waste characterisation aimed at further 
improvements, for example, regard-
ing upscaling and automation to reach 
higher processing rates for existing, and 
possibly new near-future, legacy nuclear 
waste volumes.
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