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QUALITY ASSURANCE OF THE BENTONITE MATERIAL
ABSTRACT
This report describes a quality assurance chain for the bentonite material acquisition for
a nuclear waste disposal repository. Chemical, mineralogical and geotechnical methods,
which may be applied in quality control of bentonite are shortly reviewed. As a case
study, many of the presented control studies were performed for six different bentonite
samples.
Chemical analysis is a very reliable research method to control material homogeneity,
because the accuracy and repeatability of the study method is extremely good. Accurate
mineralogical study of bentonite is a complicated task. X-ray diffractometry is the best
method to identify smectite minerals, but quantitative analysis of smectite content
remains uncertain. To obtain a better quantitative analysis, development of techniques
based on automatic image analysis of SEM images is proposed.
General characteristics of bentonite can be obtained by rapid indicator tests, which can
be done on the place of reception. These tests are methylene blue test giving information
on the cation exchange capacity, swelling index and determination of water absorption.
Different methods were used in the determination of cation exchange capacity (CEC) of
bentonite. The results indicated differences both between methodologies and between
replicate determinations for the same material and method. Additional work should be
done to improve the reliability and reproducibility of the methodology.
Bentonite contains water in different modes. Thus, different determination methods are
used in bentonite studies and they give somewhat dissimilar results. Clay research use
frequently the so-called consistency tests (liquid limit, plastic limit and plasticity index).
This study method does, however, not seem to be very practical in quality control of
bentonite. Therefore, only the determination of liquid limit with fall-cone method is
recommended for quality control.

Keywords: bentonite, chemical composition, clay mineralogy, X-ray diffractometry,
cation exchange capacity, thermal analysis, swelling index, quality assurance system

BENTONIITTIRAAKA-AINEEN LAADUNVARMISTUS
TIIVISTELMÄ
Tässä raportissa esitetään laadunvarmistusketju ydinjätteen loppusijoitustilan
bentoniittiraaka-aineen hankinnalle. Raportissa tarkastellaan kemiallisia, mineralogisia
ja geoteknisiä menetelmiä, joita mahdollisesti tullaan soveltamaan bentoniitin
laadunvalvonnassa.
Tapauskohtaisena
tutkimuksena
monet
esitellyistä
laadunvalvontatesteistä tehtiin kuudelle bentoniittinäytteelle.
Kemiallinen analyysi on hyvin luotettava tutkimusmenetelmä materiaalin
homogeenisuuden tutkimiseen, koska menetelmän tarkkuus ja toistettavuus on erittäin
hyvä. Bentoniitin tarkka mineraloginen tutkimus on monimutkainen tehtävä.
Röntgendiffraktometria on paras menetelmä smektiittimineraalien tunnistamiseen
näytteessä, mutta smektiittipitoisuuden kvantitatiivinen analyysi jää epävarmaksi.
Tarkempaan kvantitatiiviseen analyysiin esitetään kehitettäväksi SEM-mikroskopiaan ja
automaattiseen kuvankäsittelyyn perustuvia menetelmiä.
Yleiskuva bentoniitin laadusta saadaan nopeissa indikaattoritesteissä, jotka voidaan
tehdä materiaalin vastaanottopaikalla. Nämä testit ovat kationinvaihtokapasiteettia
kuvaava metyleenisini-testi, paisuntaindeksitesti ja absorboituneen veden määritys.
Eri menetelmiä käytettiin bentoniitin kationinvaihtokapasiteetin (CEC) määrityksessä.
Tulokset osoittivat eroja sekä menetelmien välillä että määrityksen toistettavuudessa
samalla materiaalilla. Jatkotutkimusta olisi syytä tehdä tutkimusmenetelmän
luotettavuuden ja toistettavuuden parantamiseksi.
Bentoniitti sisältää vettä eri esiintymismuodoissa joten käytettäessä erilaisia
vesipitoisuuden määritysmenetelmiä saadaan jonkin verran erilaisia tuloksia.
Savitutkimuksessa käytetään yleisesti teknisten ominaisuuksien selvittämiseksi ns.
konsistenssitestejä (juoksuraja, plastisuusraja ja plastisuusindeksi). Tämä
tutkimusmenetelmä ei kuitenkaan vaikuta erityisen toimivalta bentoniitin
laaduntarkkailussa. Tästä syystä ainoastaan juoksurajan mittausta kartiomenetelmällä
suositellaan laadunvarmistusmenetelmäksi.

Avainsanat:
bentoniitti,
kemiallinen
koostumus,
savimineralogia,
röntgendiffraktometria, kationinvaihtokapasiteetti, terminen analyysi, paisumisindeksi,
laadunvarmistusjärjestelmä
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PREFACE
This work was carried out as a joint project between Geological Survey of Finland
(GTK) and VTT Technical Research Centre of Finland. Main responsibility for
mineralogical and chemical studies was at GTK, while VTT had the main responsibility
for geotechnical test methods and on the overall description of the quality assurance
chain.
The contact person at Posiva Oy was Johanna Hansen, and the operational work was
coordinated by Lasse Ahonen, GTK. The work of the scientists at GTK and VTT was
supported by the steering group, members of which were Johanna Hansen and Keijo
Haapala (Posiva Oy), Paula Keto (Saanio & Riekkola Oy), Leena Korkiala-Tanttu
(VTT) and Markku Lehtinen (GTK).
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1 INTRODUCTION
Management of high-activity nuclear waste in Finland is based on disposal of the
encapsulated spent fuel deep in the crystalline bedrock. Bentonite is an essential
component of the multi-barrier system securing long-term safety of the final disposal
(Figure 1). Due to its expansion when wetted, extremely low hydraulic conductivity,
high retardation capacity and plastic behaviour, bentonite is chosen as the buffer
material surrounding the canisters. Bentonite or other swelling clay materials are also
essential components of the planned tunnel backfill concepts.
There are also other natural clay materials expanding when wetted. For example mixedlayer smectite-bearing clays have been considered as potential candidates for the
backfill. The presented quality control approach is also suitable for the study of smectite
clays.

Figure 1. Schematic picture of the multibarrier concept (Posiva 2000).
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Quality assurance (QA) is a process aiming to make sure that the “product” fulfils the
requirements imposed on it. This may apply standardization, for which international
(e.g. ISO, ASTM) and national (SFS) organizations are established. Often the QA is
based on the application of accepted and certified Quality Management Systems. In
more practical level, quality control (QC) is the operational work done to support the
QA process. The QC includes testing of the properties, checking the fulfilment of
criteria and limits of acceptance set to required properties.
The present work aims at defining the quality measures to be applied in bentonite
material acquisition. This reporting includes definition of the required properties,
description of the required study methodologies and a definition of the overall quality
assurance system. The target of this phase is to describe the relevant quality assurance
issues related to the buffer and backfill materials, while the quality control of
installation work is excluded.
Geologically bentonite is defined as a clay or claystone composing largely (dominantly)
of smectite minerals (Neuendorf et al. 2005). The material has the ability to absorb
water accompanied by a large increase of volume. It was named after the Benton
Formation in eastern Wyoming, where large deposits of the clay occur and have been
commercially exploited. Smectites are a group of swelling clay minerals,
montmorillonite being the predominant smectite in most bentonites.
Due to its special properties, bentonite is a versatile material for geotechnical
engineering as well as in many products in daily use. For different purposes, different
properties are emphasized and appropriate test methods have been developed.
Mineralogical and chemical composition affects the properties of bentonite. On the
other hand, the measured physical characteristics are frequently used to interpret the
mineralogical composition of bentonite.
Chapter 2 aims at delineating the parameters and properties of bentonite, which may be
of interest for the performance of buffer and backfill. Some of the properties may have
more effect on the long-term performance than others. This fact must be emphasized in
quality assessment.
Chapter 3 presents the methods, which can be used in studying the quality of bentonite
in terms of mineralogy, chemical composition and geotechnical properties, respectively.
Methodological background, output, limitations, uncertainties and limits of accuracy are
discussed. Some of the methods are considered as possible rapid indicator tests, and are
presented as their own group.
Chapters 4, 5 and 6 present the quality assurance system for bentonite, ballast and their
mixture, respectively. The entire quality assurance chain from the deposit to the
manufacturing of buffer or backfill is presented. Quality assurance of manufacturing,
buffer emplacement and tunnel backfilling are not included in this report. To get
reference data and to test methods, a study of six bentonite samples was included in this
work, and the results are presented in Chapter 7.
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2

BACKGROUND

2.1

Smectite-based materials in final disposal

This report deals with the quality assessment and determination of properties of the
material to be used as a buffer in the deposition hole and/or as a backfill in tunnels.
Since the early outlines of the Finnish and Swedish disposal concept, Wyoming sodium
bentonite (with trade name MX-80) has been used as the reference material for buffer,
while backfill may be a mixture of bentonite and aggregate (ballast). Bentonite – a clay
material consisting predominantly of montmorillonite and/or other smectites – has the
ability to swell when it receives water. If compacted before (or during) emplacement,
the material becomes very dense, fills the voids and has a very low hydraulic
conductivity and high swelling pressure.
Because of the extremely low hydraulic conductivity of compacted and expanded
bentonite, diffusion is the only relevant transport process of radionuclides and the
material is a very effective sorbent, thus further retarding transport. Parameters
desribing these processes, effective diffusion coefficient (D) and distribution coefficient
(KD), are considered to be mainly specific to each transported species. Main bufferspecific physical variables affecting them are the effective porosity and surface area, as
well as the cation exchange capacity of bentonite (Ochs and Talerico 2004).

2.1.1

Physical requirements for bentonite

General safety requirements for the buffer and backfill are defined in safety case (e.g.
Vieno & Nordman 1999, SKB 2006). Quantitative parameters describing isolation
properties of the buffer and backfill include hydraulic conductivity, density, swelling
pressure, compressibility and thermal conductivity.
Currently, the work is focussed on detailed research, development and design of the
disposal system (Posiva 2000, Posiva 2006). Required physical properties of buffer
include plasticity to cushion the canister from small bedrock movements, stiffness to
support the canister and high density and compressibility. Small pore size and low
permeability protect against radionuclide transport and adverse microbial processes.
Thermal conductivity of the buffer must be sufficient to allow heat transport from the
canister surface to the bedrock.

2.1.2

Chemical requirements for bentonite

Different scenarios analysed in safety case may impose additional requirements to the
quality of bentonite (Posiva 2006). Smectite to illite transformation is one of the
processes possibly deteriorating isolation properties of bentonite. Parameters affecting
the process include – in addition to elevated temperature – layer charge, and availability
of potassium. Interaction between bentonite and saline groundwater may affect the
properties of bentonite. The process may be counteracted by a selection of bentonite
with appropriate composition of exchangeable cations (Ca-Na).
Iron may be present in smectites both in ferric and ferrous forms. Redox processes of
iron in smectite lattice may affect its structural stability and, consequently, amounts and
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speciation of iron need to be analyzed. Sulphur is one of the most important minor
components in bentonites. Like iron, it is a redox-sensitive element with a special link to
biogeochemical processes, which may be disadvantageous to the near-field stability.
Consequently, sulphur content and redox-speciation of sulphur in bentonite needs to be
studied carefully. The vital component of biogeochemical processes is carbon. Carbon
may be present in various forms in bentonite, ranging from inorganic carbonate to
organic molecules of living or dead cells, but often as “suborganic” phases like humic
and fulvic acids and other decomposition products of living material. In practice,
determination between the carbon forms may include separation between organic and
total carbon of bentonite.
Cation exchange capacity (CEC) of bentonite is one of its most important properties
having both physical and chemical aspects. The CEC plays a central role in interaction
between saline water and bentonite, possibly affecting the physical behaviour of the
material. Key parameters of the CEC are the total amount and chemical distribution of
the exchangeable cations in interlaminar space of the smectite lattice.

2.1.3

Mineralogical requirements for bentonite

By definition, bentonite is a clay material composing predominantly of smectite
minerals. Different smectite minerals have slightly dissimilar properties, implying that
the presence and abundance of different smectite phases may be considered as a quality
criterion of bentonite. Previous work done with bentonites is mainly based on the
reference material “MX-80” from Wyoming, USA, being a relatively pure Namontmorillonite-dominated bentonite, which is known to meet the desired requirements
fairly well. Push (1999) discussed the properties of different smectites giving guidelines
for the selection and ranking of different smectite minerals for isolation of HLW.
Commercial bentonites contain typically 70-90 % smectites, the rest being mainly
silicates (quartz/cristobalite, feldspars, micas, kaolinite). Carbonate minerals are
abundant (several percents) in some bentonites. Sulphur-containing minerals are
normally present only in minor amounts either as sulphates (e.g. gypsum) or sulphides
(e.g. pyrite). Sulphur minerals are considered as important constituents with regards to
the long-term behaviour, thus calling for special attention in bentonite quality control. A
somehow related component in bentonite is carbon, which also may be present in
different redox-states ranging from carbonate minerals to organic compounds. Carbon,
sulphur and iron are the key components possibly affecting the chemical evolution of
the disposal-near field.
Iron minerals may be important, because iron is one of most important redox
components in the repository near field. Iron sulphides (e.g. pyrite) and –oxides (e.g.
hematite) are common accessories in many types of bentonite. Additionally, iron-rich
smectite (nontronite) is also known to exist in some bentonite types.
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2.2 BENTONITE SOURCES
Quality of bentonite material is primarily dependent on the geology of the exploited
bentonite deposit. The deposits are typically formed as a result of ash flows of volcanic
eruptions, depositing as tuff layers. Smectites form when the tuff reacts with water in
low temperature (diagenetic to low-temperature hydrothermal-) conditions in the
presence of excess alkali (e.g. Drief et al. 2001). Increasing temperature of formation
promotes the formation of mixed-layer smectite-illite clays. Parent rocks of bentonites
are mostly acidic to intermediate tuffs. Alteration of mafic parent material produces
iron-rich bentonite (Christidis 2006).
Sedimentary bentonite formations are typically stratified, with different layers possibly
originating from different volcanic events. Compositional variation between layers thus
occur, while a single layer may be thick and wide-ranging. Detailed geological mapping
including stratigraphic information provided by the producer would support the user in
making its own estimates on the quality and homogeneity of the supplied material.
Bentonite deposits are normally exploited by quarrying. According to Industrial
Minerals Association “Extracted bentonite is distinctly solid, even with a moisture
content of approximately 30%. The material is initially crushed and, if necessary,
activated with the addition of soda ash (Na2CO3). Bentonite is subsequently dried (air
and/or forced drying) to reach a moisture content of approximately 15%. According to
the final application, bentonite is either sieved (granular form) or milled (into powder
and super fine powder form). For special applications, bentonite is purified by removing
the associated gangue minerals, or treated with acids to produce acid-activated
bentonite (bleaching earths), or treated with organics to produce organoclays” (IMA
2007).
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3

MINERALOGICAL, CHEMICAL AND GEOTECHNICAL QUALITY
CONTROL METHODS
In this chapter different methods for the investigation of bentonites are described.
Methodological background is presented to elucidate what kind of information each
method provides and how is the output related to the requirements imposed by the
disposal concept and its safety requirements. The output and importance regarding
quality control are presented, as well as the limitations, uncertainties and limits of
accuracies.
The methods are divided into mineralogical tests to identify mineral phases of materials;
chemical methods giving information not only about general composition but also about
the presence of possibly harmful components; geotechnical methods, which describe the
physical behaviour of material and the simple index tests, which give quickly
information about some basic properties (swelling etc).
3.1 Mineralogical methods in bentonite study
3.1.1

X-ray diffraction (XRD)

X-ray diffractometry (Appendices 3:1, 3:4) is often a fast and easy method to identify
crystalline mineral phases. The method is based on the diffraction of very short-wave
electromagnetic radiation in the regular, continuous mineral lattice. The primary output
of this method is a set of interplanar lattice spacings, which in turn are characteristic to
each mineral species. It should be noted that the method presumes crystalline structure
of the sample, while amorphous phases cannot be studied. Also extremely fine grained,
poorly crystallized and mixed layer materials may show “X-ray amorphous” behaviour.
The output of the method is semi-quantitative in nature. In well-crystallized samples,
relative intensities of certain reflections can be used to estimate mineral composition
semi-quantitatively, but without mineral-specific corrections the estimates are uncertain.
Diffraction pattern of mineral mixtures can be analysed using detailed computer-based
procedures, which utilize for example the Rietveld method. In the Rietveld refinement
process lattice parameters are modified to achieve an acceptable fit between the
calculated and observed XRD pattern. A prerequisite for this type of approach is that the
mineral lattice can be defined as a unique and well-defined set of parameter values,
while – in general – lattice parameters of smectite minerals vary in a very complex way.
If lattice parameters of smectite and other minerals in the mixture are known, Rietveld
procedure can be applied.
Identification of smectite group minerals is possible with XRD combined with special
treatments. Methods include 1) vacuum filtering to obtain oriented, smectite-enriched
sample; 2) solvation and cation exchange treatments using inorganic salts (e.g. those of
Mg2+, K+) and glycerol causing mineral specific expansion; 3) sample heating causing
mineral-specific transformations (e.g. smectite => illite).
Carlson (2004) discussed the results of inter-laboratory comparisons of XRD analyses
of smectites. It seems to be reasonable to conclude from the work that the smectite
content of a bentonite can by estimated within accuracy better than 20 percent, if blind
analyses in different laboratories are done. One the other hand, a “bentonite-specialized”
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laboratory can reach an accuracy of 5 – 10 percent, if experienced personnel are used.
Relative uncertainties may be much larger for some accessory minerals. Carlson
concluded that the best results could be achieved by a combination of mineralogical
study (XRD) and chemical analysis. XRD-analysis gives most information if combined
with solvation and ion exchange processes, as well as with heat treatment.
The accuracy of the semiquantitative Rietveld analyses varies between different
minerals. The accuracy is the sum of several different factors. For clay minerals it is
typically ± 5% and for non clay minerals ± 1%.

3.1.2

Infrared spectroscopy (FTIR)

Infrared (IR) spectroscopy is based on the absorption of IR-radiation in the chemical
bonds, if the vibration of the bond is associated with change of permanent dipole
moment (e.g. stretching, bending). In conventional (dispersive) IR-spectroscopy the
wave length range is scanned with changing monochromatic electromagnetic radiation
and absorption is measured as a function of wave length, while Fourier IR (FTIR)
analyse the whole spectrum at once by means of mathematical Fourier-transformation.
The result of an IR-spectroscopic measurement is the material-specific absorption (or
transmittance) information as a function of the IR wave length (or wave number).
Infrared spectra of silicate minerals consist of a broad band of Si-Al-O -framework
vibrations at wave numbers around 1000 cm-1, which are not very phase specific. Water
molecules have very distinctive IR-absorption. Thus, information on the amount and
mode of occurrence of water in bentonite can be deduced from IR-spectrum.
The infrared spectrum of a clay mineral is sensitive to the chemical composition,
isomorphous substitution and crystallinity. The method is best suitable for compounds
with simple chemical formula. Bentonites are structurally simple, but chemically
complicated and therefore this method is most suitable in comparing different samples
and recording the differences. The primary output from this method is the
characterization of smectite (octahedral layers), but it also provides information on
surface properties and reactions of minerals with chemicals in the environment. This
method can also give some information of the amorphous compounds present. FTIR
analyses are rapid, economical and easy to make.
The FTIR method uses a very small amount of the actual sample and thus, extra care
must be given to the representativeness of the sub-sample. Analyses should be made
from the <2m or <1m fraction to minimise the amount of detrital minerals like quartz
and feldspars.
The limits of accuracy depend on the total composition of the sample, i.e. the infrared
activity of the individual chemical bonds in the sample. Qualitatively the method shows
most clay minerals and enables distinguishing of different species. The method is also
semi-quantitative because the problem with infrared inactive components limits the
quantitative determinations.
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3.1.3

Scanning electron microscopy and energy dispersive analysis (SEM+EDS)

Scanning electron microscope produces high-resolution images of small particles, which
cannot be observed by conventional light microscopy. The electron beam can be
focused on areas of nanometer-scale on the surface to be studied. Electron beam
bombardment emits (low energy) secondary electrons, which results in images with a
well-defined, three-dimensional appearance. Backscattered electrons have higher energy
and the resulting image (BSE image) reflects the variations in chemical composition of
the material. Chemical composition of the sample can be analysed by detecting X-ray
emission due to electron beam. Energy distribution of the X-ray emission is analysed by
energy dispersive X-ray spectroscopy (EDS, EDX, EDAX).
The primary output of this method is the identification of minor phases using chemical
data of selected grains for main elements. It also gives a visual image of grains and
crystals smaller than 1m, and the shape, appearance and purity of the target can be
studied.
A very small amount of the original sample is actually analysed and therefore, extra care
must be given to sub-sampling. The instrument settings must be adjusted separately for
each sample, which might affect the comparability of separate analyses. Elements
lighter than beryllium cannot be analysed. The limit of accuracy for good main element
analysis is 1 wt%, contents below this concentration are overemphasised.
In bentonite studies, SEM + EDS gives information on the particle size and
morphology, as well as on chemical composition on mineral grains. BSE images are
particularly useful in detecting heavy accessory minerals (e.g. iron oxides and
sulphides).

3.1.4

Mineral liberation analysis (MLA)

The method is essentially a SEM equipped with effective EDS analyzers and a software
automatically identifying phases with different chemical composition. This method
gives information on the modal composition, i.e. percentages of the mineral components
of the sample.
Minerals present in the sample should be identified before adapting this method.
Polished thin sections must be made from the sample, which has proven to be quite
complicated regarding bentonites. The representativeness of the analysed sub-sample is
critical.
The method is still very new, and most of the applications are in the field of industrial
ore mineralogy. Only a few MLA systems are available in Europe so far, one of them
being in Finland (at GTK) at the moment. Feasibility of the MLA-analysis in bentonite
studies has not been studied in detail.
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3.1.5

Electron probe microanalysis (EPMA)

This method is principle similar to SEM, but instead of EDS analyzers, the sample
composition is analyzed by recording WDS spectra (Wavelength Dispersive
Spectroscopy). WDS spectrometers analyze monochromatic X-ray photoelectron
spectrum produced by monochromators according to the Bragg's law. EPMA is a fully
quantitative microanalysis technique with a sensitivity of ppm level for all elements
from beryllium to uranium. This method gives accurate chemical composition of
selected minerals, which helps in identification of minor phases.
The sample must be mounted on epoxy polished and covered with carbon (or
alternatively gold) and this preparation procedure is time consuming. Smectite particles
are usually very small and the analyses might give the sum of several grains including
different minerals. Other drawback for smectite analysis is the possible loss of volatile
and light elements in electron beam, leading to low totals in analysis.
3.2
3.2.1

Chemical analysis
General

This chapter gives a summary of general principles of chemical determinations of
bentonites. Results of six new bentonite analyses are given in Chapter 7, where a list of
methods is also given. More detailed information on the analytical procedures used at
the Analytical laboratory of GTK (Status: spring 2007) is given in Appendix 3:5.

3.2.2

XRF

X-ray fluorescent spectroscopy is nowadays a frequently used method in analysis of
solid geological and environmental materials. The method gives a representative
composition of a macroscopic amount of material (measured in grams). The analysis is
based on X-ray radiation of the pulverized material and detection of the emitted
secondary X-ray radiation, which is characteristic for each element. Like in
microanalytical methods, analysis of the radiation may be based on either energydispersive detector (ED-XRF) or wavelength dispersive detector (WD-XRF) utilizing
Bragg’s diffraction.
The method is fast and cost-effective, because the sample decomposition is not required.
The WD detector provides a fairly uniform detection limit for elements heavier than
fluorine. The method is very suitable for bentonite analysis. However, water and carbon
contents must be analyzed by other methods.

3.2.3

Wet chemical analysis: Lithium metaborate fusion + ICP-AES/MS

Earlier “classic” chemical analysis of solid material was based on decomposition,
separations and various methods for the analysis of individual components. Currently,
“wet chemical” analysis of geological material is often based on ICP-AES/MS
(Appendix 3:5). Solid samples can be decomposed using various dissolving agents,
including (mixtures of) strong acids and or hydrogen fluoride. Currently lithium
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metaborate (LiBO2) fusion is one of the main options to decompose silicate material,
because it is effective even in dissolving the most refractory minerals.
A plasma source is used to dissociate the sample into its constituent atoms or ions, and
the analysis of the atoms is done either with mass spectrometry (MS) or by detecting the
electromagnetic emission of the excited atoms (AES).
The method gives additional information to the XRF analysis, because the lower
detection limit allows analysis of more trace elements. However, the analysis is
complicated and time consuming compared to XRF.

3.2.4

CEC

Determination of cation exchange capacity (CEC) is a common study method in soil
science, but also one of the key parameters in studying bentonites. Fine-grained clay
particles and organic material in soil have CEC capacity mainly due to the large surface
area, while smectites, vermiculite and zeolites have a characteristic open lattice structure
allowing the amount of internal loose-bounded cations and water to exchange with the
cations in contact.
Common methods to determine CEC use ammonium acetate or barium chloride. In the
“direct method” or “Chapmans method” (Chapman 1965) CEC is determined by
leaching dry soil with 1 M NH4-Ac at pH 7. Excess free ammonium ions are rinsed from
the soil with isopropyl alcohol. The remaining ammonium is replaced by an acid KCl
solution and analyzed. The method gives thus only total amount of exchangeable
cations. However, if the chemical distribution of exchangeable cations is required, the
leachate can be analyzed after NH4-Ac extraction.
Ammonium acetate method was earlier the most frequently used in determining CEC,
but nowadays barium chloride extraction (Gillman 1979) has become the standard
procedure (c.f. Appendix 3.3). Different methods may give systematically slightly
different results, because the replacement ability or power is slightly different for
different replacing cations. Otherwise, the pH-value of extraction is important. Buffered
(pH 7) NH4Ac extraction gives slightly higher CEC-values than un-buffered BaCl2extraction.
Other methods used in CEC-determination include the use of copper amine complexes
(Meier & Kahr 1999). Development of these new methodologies is currently strongly
supported by the Swedish bentonite research (e.g. Karnland et al. 2006).
In comparing CEC values obtained by different methods and at different pH, possible
method-specific systematic differences must be taken into account.

3.2.5

Water determinations

Bentonite contains water in different modes. Bulk material may contain loosely bound
or even free water depending on the conditions of storage. This water may be removed
by drying and storage at room temperature.
Interlamellar space of the smectite lattice contains variable amounts of water molecules,
which are electrostatically bound and form hydrates with the exchangeable cations. This
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water “H2O-” can be removed without breaking the crystal structure by heating at
105oC, but a relatively long heating time (“overnight”) is necessary to get a good result.
Gravimetric determination of weight loss is a simple and accurate method for the water
analysis.
Smectites also contain structural water “H2O+”, which actually consist of OH-groups
replacing oxygen atoms in the silicate lattice. This water can only be released by heating
at very high temperatures breaking the crystal structure. Gravimetric determination is an
appropriate method for the analysis (LOI, loss of ignition).
Thermo-gravimetric balance is a tool measuring the material’s weight loss as a function
of temperature. However, at high temperatures also other components in addition to
water may be volatilized. In such conditions water content of solid material can be more
reliable analyzed by a specific analyzer measuring the amount of vaporized water
molecules by their infrared (IR) absorption (Appendix 3:5).

3.2.6

Carbon and sulphur determinations

Analysis of carbon and sulphur in solid material is typically also based on heating and
analysis of combusted gases. Special devices are developed for different purposes
(Appendix 3:5). Carbonate carbon has a very high degradation temperature, being thus
relatively easily distinguished from organic-bound carbon. Total sulphur of the solid
material can be analyzed by burning all sulphur to SO3, which can be detected by IRdetector, like carbon can be analyzed as CO2 (Appendix 3:5).

3.2.7

Determination of ferrous iron

Standard analyses by XRF or ICP-MS/AES give reliably the total iron content of
geological materials. However, redox-speciation of iron in bentonite is of special
importance. Good methods to analyse ferric iron (Fe3+) are few, while two different
approaches to analyse ferrous iron (Fe2+) are in frequent use: 1) titration by strong
oxidant (usually KCrO7, Appendix 3:5) or 2) spectrophotometric determination, usually
of 1,10-phenanthroline–iron complex. The first method is methodologically simple and
accurate if the amount of Fe2+ is not too low, which is the normal case in rocks. Another
prerequisite is that other easily-oxidized materials (e.g. organics) are not present or their
contribution can be eliminated in analysis. The second approach is more sensitive in
analysing small amounts. Both types of methods are reliable.
The crucial problem with ferrous iron analysis is the preservation of the original
oxidation states of iron during and before preparation of the solid samples. Ferrous iron
is easily oxidized during grinding and dissolving, but experienced laboratories are able
to overcome these problem. In order to overcome artefacts due to the transport- and
storage-related oxidation, material taken to iron analysis should have an approximately
similar “history” as the actual material to be used in disposal would probably come to
have.
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3.3 Geotechnical tests
3.3.1

Determination of consistency limits

For bentonite clay and clays in general the so called consistency limits: Liquid Limit,
Plastic Limit and Plasticity index can be determined with standards: ASTM D 4318-05
and/or CEN ISO/TS 17892-12:2004 (Appendix 3:8). These limits are commonly used to
describe moisture behaviour and moisture sensitivity of different materials containing
fines.
These methods may be difficult to apply with bentonite clays due to the problems with
handling the mixture. In determining the plastic properties of bentonites, the most
reasonable solution is to carry out the liquid limit determination with fall cone test (60g
/ 60º). In this test, water content giving a 10 mm penetration corresponds to the liquid
limit (Appendix 3:22).

3.3.2

Thermal analysis (TG-DTA/DSC)

Thermal analysis gives a means to study the reactions of the sample during heating.
Possible phase transitions, structure collapses and weight changes can be followed and
correlated with reaction temperatures. Thus, the behaviour of smectite during elevated
temperatures can be studied and differences between species recorded. The method is of
high accuracy but interpretation depends on the experience and knowledge of the
researcher.
In bentonite studies, thermal analysis is best applicable in determination of water
content as a function of temperature.

3.3.3

Determination of thermal conductivity

Thermal conductivity of the bentonite raw material has very little relevance as such,
because the parameter value is practically only a function of void ratio and degree of
saturation of compacted product (Börgesson et al. 1994). Intrinsic thermal conductivities
of phyllosilicate minerals are typically around 2 – 4 W/m/K (e.g. Clauser & Huenges
1995), but mineral-specific data for smectites is not available, because the small grain
size prevent direct measurements. Thermal conductivity of dry porous bentonite is a
relatively low (<0.2 W/m/K), while compacted, fully saturated bentonite may reach
thermal conductivity values higher than 1.6 W/m/K. Ikonen (2003) used the value 1.0
W/m/K in the thermal analysis of the repository.
Thermal conductivity can be measured in the laboratory by numerous steady state and
transient techniques. The probe as such may be a needle or wire put into the material
and the dissipation of a transient thermal pulse is monitored (Appendix 3:9).
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3.3.4

Determination of hydraulic conductivity

As with thermal conductivity, hydraulic conductivity of the loose bentonite material is
only of limited relevance for the purpose of the planned use. Some indirect information
related to expected hydraulic conductivity may be obtained by granulometric analysis of
the material.
Different types of permeameters (Appendix 3:10) can be used to measure hydraulic
conductivity of geological materials both in laboratory and in the field. Permeameters
are typically based on the measurement of water flow across and along a system with
known geometry under know pressure (hydraulic head) conditions. Practical detection
limit of this type of equipment is typically of the order of K = 10-10 m/s, being based on
the fact that the Darcian flow rate at that K-value at unit hydraulic gradient is a few
millimetres in a year. In practical measurements hydraulic conductivity of watersaturated compacted bentonite is below the detection limit of permeameters, i.e. the
material may be considered as impermeable.

3.3.5

Determination of swelling pressure

Partially saturated and compacted bentonite and soil-bentonite mixture swells when it
absorbs water. In case the swelling takes place in a closed system swelling pressure
arise. The amount of pressure is dependent on the density and the initial water content of
the bentonite and soil bentonite mixture. Typically only uniaxial swelling and swelling
pressure is determined.
There are several ways to measure the swelling pressure: 1) Three methods described in
ASTM D 4546-03 standard (Appendix 3:14), using standard or modified
consolidometer (oedometer) test apparatus; 2) Rigid, low compliance, cells equipped
with force and pore pressure transduces and 3) No volume cells, equipped with force
and pore pressure transducers and controlled by servo hydraulic loading machine.
The first method is typically manually operated and normally only suitable for low
swelling pressures, but if the apparatus is modified also larger pressures can be
measured.
Second method requires a specially built and instrumented cell and data acquisition unit.
Due to the force transducer and elasticity of the cell, minute swelling can take place.
The decrease in pressure due to this swell has to be taken in to account in the swelling
pressure.
The third method requires expensive loading unit to prevent all vertical movement in the
specimen. This method produces the most reliable swelling pressure results, but it is
also the most expensive alternative. It might still be useful to check some results from
other tests with this method.
Swelling pressure is not necessarily the same for different directions. The manufacturing
process of the specimen may affect to the swelling properties. Usually the swelling
pressure is larger in the direction of the specimen compaction. For the measurement of
anisotropic swelling, triaxial measuring devices should be used.
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3.3.6

Determination of density and porosity

Intrinsic density of pure montmorillonite mineral varies between 2.0 – 2.7, decreasing
with increasing water content (Mason & Berry 1968). Additionally, density of bentonite
raw material is dependent on the void ratio, degree of water saturation and compaction.
Consequently, density determination gives very limited information on the material
properties of bentonite.
Density of dry bentonite may be determined by pycnometer, in which liquid volume
replaced by a known mass of solid can be accurately measured (Appendix 3:17).
However, water is not suitable as measuring liquid, because the density of mineral is
strongly dependent on the water content. Another common density determination
method in mineralogy is the direct comparison with heavy liquids. This method may be
utilized in estimating the amount of heavy accessory minerals (e.g. oxides) in bentonite.
Porosity of rock samples is generally measured by water immersion in dry material and
respective determinations of mass and volume, from which effective porosity value is
obtained (Kivekäs & Puranen 1995).

3.3.7

Determination of particle size and shape

Coarse and agglomerated particles in bentonite may be classified by sieving through a
set of nested sieves, but the method is restricted to particle size > 75 m (Appendix
3:16). Grain size range of 5 – 100 m may be studied by microsieving using ultrasonic
vibration. However, the vibration may affect the original agglomeration of smectite
particles, leading to an arbitrary size distribution. Gravitational settling (sedimentation)
can be used in particle size analysis to the size range 2 – 200 m. However, it must be
kept in mind that water is not an ideal settling medium, because of the mineral-water
interaction. Mineral processors use cyclones and hydrocyclones in classifying small
mineral particles. These methods utilize gravity and centrifugal force in gas or fluid
stream in separating particles of micrometer scale.
Probably the most sophisticated particle sizing and counting method available today is
the Coulter counter, which is able to classify size distribution in the range of about 0.5 –
1000 m. The counter detects change in electrical conductance of a small aperture as
fluid containing electrically non-conducting particles is drawn through.
Light microscopy can discern particle sizes down to about 0.5 m. The only methods
able to be used in observing particle sizes in nanometer-scale are those based on
electron microscopy (SEM, TEM), which also give information on the particle shape
(e.g. Carlson 2004).

3.3.8

Moisture determinations

Bentonite raw material contains moisture in different modes, and different techniques
are available for the moisture determinations. Chapter 3.2.5 describes analytical
determinations of water, while thermogravimetric (Chapter 3.3.2) methodology also
largely deals with moisture release as function of temperature. The simplest method,
also feasible as an indicator test, is the microwave oven method (Appendix 3:12).
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3.4 Indicator tests
3.4.1

Methylene Blue test

Methylene Blue test is a measurement of the adsorption of methylene blue dye by clay
minerals (Appendix 3:21). As the method measures sorption, the primary output is the
wetted surface area of the material. Consequently, this method is considered as a rough
estimate of the smectite content in the sample.
Method is well suited for testing different bentonite clays under field conditions. By
using commercial measuring kits are, results are fairly well standardized.

3.4.2

Determination of swelling index

Swell Index test is an index method that enables evolution of swelling properties of
materials containing expansive clay minerals (Appendix 3:7). Output of this method is
also a rough estimate of the smectite content in the sample.
Method is well suited for testing different bentonite clays. Due to the method of
implementation of the test there will always be some variation both in laboratory and
between laboratory results.

3.4.3

Determination of water absorption

Water absorption test is an index method, which is used to classify material plasticity
with the help of amount of absorbed water. This test method is not commonly used in
Finland.
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4

QUALITY ASSURANCE SYSTEM FOR THE BENTONITE

4.1 Production and quality documentation of bentonite
The bentonite production begins when bentonite is mined from a natural deposit and
brought out into the sun to remove excess water and moisture and to make it easier to
work with. After the initial drying begins the final transformation. The bentonite plant
consists of feeders, crushers, dryers, mills, air classifiers, bagging machines, bulk
storage, an assortment of material conveyors, warehousing and shipping operations.
First the bentonite gets processed with hydraulic crushers and it then goes through the
final process of micronization, or "fine granulating". This is usually done with the
assistance of sophisticated granulators. The manufacturer will complete
homogenisation, grinding and any other treatment (such as adjustment of the water
content) of the material such that it fulfils the declared quality specifications of the
commercial product.
The supplier should confirm the condition of the material in accordance with a quality
assurance and control programme (SKI 2004).
The bentonite manufacturer shall provide the customer with Manufacturer Quality
Control (MQC) certifications for each shipment of bentonite. The certifications shall be
signed by a responsible party employed the manufacturer and shall consist of certificates
of analysis for the bentonite clay in accordance with the parameters, methods,
frequencies and required values.
4.2 The bentonite shipping, handling and storage
The bentonite manufacturer has responsibility for initial loading and shipping of the
bentonite. Unloading, on-site handling and storage of the bentonite are the responsibility
of the customer or other designated party.
Storage of the bentonite shall be the responsibility of the customer. A dedicated storage
area shall be selected at the job site and it shall be level, dry and well drained.

4.3 Quality assurance – process description
The aim of the acceptance process shown in Figure 2 is to ensure that the chosen
properties of delivered bentonite fulfil both the values declared by the produces and the
requirements arising from the use in disposal sites.
Through extensive preliminary tests the similarity and deviation or bias of determined
values will be checked (producer / customer laboratories). This information is needed
during ordering and receiving the correct product and to eliminate useless shipments.
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Figure 2. Schematic figure covering the acceptance process of raw bentonite material
(before manufacturing of block or backfill material).

4.4 Principles of sampling
Before a detailed plan for sampling is made one must make a decision concerning
(Minkkinen 2000):
-

-

the sample properties wanted/needed
information which has to be estimated
o mean value in relation to time (hour, week, …) or mean value in relation
to space (storage, raw material shipment, product sample)
o concentration or distribution of property in space being examined
o mean value and/or highest or lowest concentration
whether there is available information from past (for example costs, variances
from various stages of operation), that can be used as a base for planning
available sampling, handling, preparation and analysis devices
the sampling cost allowed

After the above questions have been answered one can choose the sampling technique
and optimize the sampling strategy:
-

amount of sampling
sample size
sampling locations
separate or combined samples
sampling type
random sampling (randomly from space)
systematic partition of sampling (different weights on different parts of sample)
random partition of sampling
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The strategy of sampling depends on the information needed. For example, combining
separate samples to determine the average value is allowable, but this method is not
suitable for estimating the results during rapid process changes.
The chosen sampling technique depends on sampled object, which can be classified
according to dimensions. In this case it means heaps, silos, wagons and containers.
Bentonite clay can be classified as homogeneous material with respect to the sampling.
Pulverized bentonite corresponds to homogenous, constantly changing object, because it
is powdery material and the particle size is much smaller that the sample size.
Granulated bentonite represents homogeneous, but discrete substance, because it is
pellet-like material.
Sampling is the most critical stage in analytic determination process, and it is not
possible to compensate later phase for errors made in that stage. The plan for sampling
must describe the devices used, sampling process, partitioning of sample in to analysis
samples and the competency requirement of the sampler.
Bentonite material certainly has inherent variance in basic properties due to geological
origin and processing (gradation, mineral properties, and impurities).
During the acceptance inspection this average changing in time (shipment to shipment)
will be estimated with limited number of tests and samples, that includes all the sources
of variance described in Figure 3. The end goal of the analyses is to obtain an accurate
picture of the value of certain properties in the batch of sample studied.
During the sampling of the material batch one must take sufficient amount of samples to
guarantee that the analysis can be repeated in an independent laboratory if a quality
deviation happens and there also remains material for later, yet unspecified studies.
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Figure 3. The flowchart presents the sampling needed for analysis and the partitioning
of the sample for smaller sub-samples and the variance induced in all paths (Minkkinen
2000).
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4.5 Properties, number of tests and criteria
All studied properties, index and classifying tests together with other tests, must be
tabulated. For each of them an approximation of uncertainly has to be determined
together with allowable deviation of each analysis or determination. Also criteria for the
property: low or high limit or a range, must be tabulated.
With the help of allowed deviation, testing costs and material quantity one must
determine a rough estimate for the number of samples, which will ensure representative
sampling and produces sufficiently accurate idea of the quality and deviation of the
studies material batch. For this purpose is possible to utilize the examples shown in for
example FINAS guideline S51/2000 (Minkkinen 2000).
Number of approval tests:
-

Test types are selected based of the time available (part of the tests may last
weeks if not months)
- This holds also for the number of tests (which have to be done always), the
number of tests is test specific
The values for criteria have to be determined based on the requirement that the
functional property in the structure (swell pressure, permeability) will be satisfied with
sufficient reliability. If the sensitivity of a functional property due to change in index
property is not determined, then it may be possible to estimate the sensitivity
theoretically based on index tests results.
Alternative ways to present the criteria are presented in Figures 4 – 6. The type of the
criterion and its limits will be declared from the performance requirements required in
the disposal – and the values for criteria will be stated in other projects. The basic types
of criteria are shown in Table 1, other forms to formulate criteria are also possible.
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Figure 4. A basic diagram of the relationship between method uncertainty and the
stated criterion. Example: Swell Index. When a method includes scatter, the mean value
of test results have to be clearly larger than the value of criterion, to ensure that the risk
to test results going below the criteria stays low.

Figure 5. A basic diagram of the relationship between method uncertainty and the
stated criterion. Example: Swell Index. If the criterion is set for the mean value, then the
risk to get test result going below the criteria is 50 %.
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Figure 6. A basic diagram of the relationship between method uncertainty and the
stated criterion. Example: Swell Index. If the criterion is set for the mean value it is
possible to complete the criterion by stating a lowest allowable test result, which limits
the risk and eliminates products that contain large variation in the tested property.

Table 1.

Basic types of criteria.

criterion 1 (lower
limit)



tested mean value (min)



criterion (lower limit)

tested mean value (max)



criterion (upper limit)

tested mean value
(min/max)



criterion 2 (upper limit)
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4.6 Procedure for approval or rejection
The approval/rejection process based on the results of testing procedure must be
described in the quality assurance plan. Tested product either fulfils the requirements or
not and will be rejected. With supplementary testing it is possible to check the test
results of “not fulfils or rejected” material.
Posiva Oy states the criteria for all properties. The test results can then be compared to
these criteria values for example with following ways:
a) tested value must always be larger than the criteria
b) tested value must always be smaller than the criteria
c) tested value must always be within a given range
Currently in a typical quality assurance document the requirements do not allow a single
undershooting or exceeding value (low/high) when compared to the criteria. A
requirement stated in this manner is clear, but the application may be difficult, because
single quality deviations will always appear. If this kind of a requirement is
categorically obeyed, then the cost of the material and testing will rise.
The value of a criterion must be determined keeping in mind that each material contains
inherent variation (deposit, delivered batch / container), variation due to sampling,
variation due to partitioning and finally the variation due to analysis (Figure 3). This
means that the criteria can not be selected too close to the average value. Otherwise,
discrepancies from the criteria will happen continuously.
One possible and recommended procedure is to give a mean value and permissible
variation for the criterion and further still define the amount of discrepancies and
magnitude and finally determine the further actions. Results from control tests should lie
between the limits defined by mean value and deviation. Now assuming that the
deviation in the analysis is clearly smaller that the deviation of the product.
The process will lead to an additional check, if the test result is not within the range
defined (x ± 1.0·s), but it still lies within the range defined with mean value and 1.5
times the standard deviation (x ± 1.5·s). The additional test will be carried out in another
independent laboratory. If the result of this retest fulfils the criteria, the product will be
accepted (for this property). If not, the product will be rejected. As an example, the
process used in acceptance tests for geotextiles is described in Figure 7.
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Quality assurance – acceptance tests
No
Specimen A

Results with
95 % confidence
level
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¾
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Figure 7. Process description to compare the test results from acceptance tests with
nominal values stated by the manufacturer (factory tests, results fulfilling the criteria
demanded by the customer). When the result form acceptance test lies within the
accepted range the product will be accepted (only the property in question). If the test
result fall out of this range but within a range defined by mean value and 1.5 *
deviation, a retest will be done in an independent laboratory. If this latter test result
fulfils the criteria then the product will be accepted and otherwise rejected as
inapplicable to customers needs.
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4.7 Quality indicators
There are some typical indicators describing the quality and/or uncertainty of the testing
both due the material and testing methods or procedures: standard deviation or variance,
repeatability and reproducibility. Each method presented in this chapter has its inherent
uncertainties: variation in initial conditions of measurements, method-specific
limitations and uncertainties, etc. Parameters and equations describing mean value,
deviation, coefficient of variation together with repeatability and reproducibility have
been described and shown below. Mean value ( X ) is calculated from tests results.
Standard deviation (s) is a measure of variation in test results. Probability of a result
existing within x ± s is ca. 68 %. Both values are also calculated separately for
repeatability and reproducibility. See more detailed definitions below.
1 n
X
¦ X i (mean value)
ni1
s

1 n
( X i  X ) 2 (deviation)
¦
n 1 i 1

Coefficient of Variation = C = 100s/X %
Repeatability r = 2.8*sr (see below)
Reproducibility R = 2.8*sR (see below)
CL = Confidence Limit
Repeatability: Precision under repeatability conditions.
Repeatability conditions: Conditions where independent test results are obtained with
the same method on identical test items in the same laboratory by the same operator
using the same equipments within short intervals of time.
Repeatability standard deviation: The standard deviation of test results obtained
under repeatability conditions. The same applies for repeatability variance and
repeatability coefficient of variation.
Repeatability limit: The value less than or equal to which the absolute difference
between two test results obtained under repeatability conditions may to be expected to
be with a probability of 95 %. The symbol used is r.
Reproducibility: Precision under reproducibility conditions.
Reproducibility conditions: Conditions where test results are obtained with the same
method on identical test items in different laboratories with different operators using
different equipments.
Reproducibility standard deviation: The standard deviation of test results obtained
under reproducibility conditions. The same applies for reproducibility variance and
reproducibility coefficient of variation.
Reproducibility limit: The value less than or equal to which the absolute difference
between two test results obtained under reproducibility conditions may to be expected to
be with a probability of 95 %. The symbol used is R.
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4.8 Bentonite sampling
This chapter describes the sampling of pulverized or granulated dry bentonite at points
of delivery. The samples will be used to determine whether or not the material meets the
specification for bentonite. The samples should always be taken from the delivery truck
or shipping container.
Some samplers are presented in Figures 8-10. Different sampler types may have to be
used with pulverized and granulated bentonite. Suitable samplers are also presented in
standard SFS-EN 932-1 Tests for general properties of aggregates. Part 1: Methods of
sampling (Figures A.6 and A.7).
The sampling procedure may be different to that presented here, if bentonite is loaded
into the ship as a bulk material or bentonite is packed into big bags.

Figure 8. Example of sampler suitable for sampling pulverizes fine material (SPT 1201).
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Figure 9. Example of sampler for grains and pellets (A/S Rationel kornservice,
Denmark, http://www.rako.dk/files/16/Sample%20spear.pdf, 18.12.2007).

Figure 10. Example of tube sampler made for cement sampling. (Hogentogler & Co.,
Inc. http://www.hogentogler.com/catalog/page_029.pdf, 18.12.2007).
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The sampling procedure should consist of obtaining material so as to represent an
average of all parts of a load and should not contain a disproportionate share of top or
bottom layers.
The sampler should be pushed into the material to be sampled to a distance equal to the
length of the tube (ie. approximately 600 mm, if sampler in Figure 8 is used). After
having reached the full extent of the push, the sampler should be rotated 360º before
being withdrawn from the material. This is to help preventing the sample from falling
out of the sampler. After having withdrawn the sampler from the material, the sample
contents should be emptied into a pail by tapping the side of the sampling tube with a
small metal object.
The above procedure should be repeated by going down the same hole created by the
first push until the bottom of the load is reached. If the hole created by the first push
should not stay open, the sampler should be pushed in as before but before it is
withdrawn, the handle of the sampler should be rotated in small circular motion so as to
compact the material immediately adjacent to the sampling tube. This is to help keep the
hole open. After the sampling procedure is completed, the sample should be thoroughly
mixed before being split or halved to smaller samples.
Recommended sample size for the bentonite is about 5 litres and the quantity of samples
for different tests are presented in Chapter 4.9. The samples should be immediately
sealed in airtight, moisture proof containers.
The samples should be identified by filling out a submission form (Figure 11) and
taping it to the container. The filled out sample submission form should include
sufficient identification information such as sample number, name and location of
supplier, name of carrier, carrier receipt number, quantity of load in kilograms, date and
time truck loaded, date and time truck arrived on site, date sampled and to whom test
results should be sent, on the containers.
One sample should be delivered immediately for laboratory analysis while the second
sample should be retained until such time as the material has been accepted or a referee
test called or 90 days elapsed time, whichever is less.
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SAMPLE SUBMISSION FORM
The following form must be filled for each sample and it has to be taped on the sample
container.
This information must also be entered into a spreadsheet or other document at site.
POSIVA OY
PULVERIZED OR GRANULATED BENTONITE
ADMITTANCE No.
DATE ADMITTED
CONTRACT No.
SUPPLIER

CONTROL SECTION
LOCATION
NAME

CARRIER
NAME

BILL OF LADING
No.
DATE LOADING
SAMPLED BY

QUANTITY
DATE DELIVERED

Figure 11. Sample submission form (SPT 120-1).
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4.9 Testing program for the bentonite
There are several test methods to assure the quality of bentonite. List of the tests is
presented in Table 2. More information about the test methods have been given in
Appendix 3.
Table 2.

Test methods to assure the quality of bentonite.
Test

Smectite content

Standard/Reference Functional
properties
XRD
1,2

Test method
Appendix 3:1

Grain size distribution

ASTM C958-92
(2000)

1,2,5

Appendix 3:2

Cation exchange capacity
(CEC)

ISO 11260, ASTM
C837-99 (2003)

1,2

Appendix 3:3

Semiquantitative mineral
composition

XRD

1,2

Appendix 3:1

Chemistry of the bentonite

XRF, ICPMS/AES, Table 12

1,2,3,4,5

Appendix 3:5

Water absorption capacity

DIN 18132

1,2

Appendix 3:6

Swelling index

ASTM D5890-06

1,2

Appendix 3:7

Liquid limit, Plastic limit
and plasticity index

ASTM D4318-05
CEN ISO/TS
17892-12:2004

3

Appendix 3:8

Thermal conductivity

ASTM D5334-05

5

Appendix 3:9

Hydraulic conductivity

ASTM D5084-03

1

Appendix 3:10

Water content (convection/
microwave oven)

ASTM D2216-05,
ASTM D4643-00

1,2,3,4,5

Appendix 3:11
Appendix 3:12

Compaction properties

SFS – EN 13286-2

4

Appendix 3:13

Swelling pressure

ASTM D4546-03

2

Appendix 3:14

Water retention properties

ASTM D3152-72
(2000)

1

Appendix 3:15

List of functional properties:
1
2
3
4
5

Low hydraulic conductivity
Sufficient swelling pressure
Workability
Sufficient density
Sufficient thermal conductivity

Appendix 3:21

Appendix 3:22

36

The quantities of tests for the buffer and backfill bentonites are presented in Tables 3
and 4, respectively. Test quantities are based on the annual consumption of bentonite (in
water content of 10 %), which is for buffer and backfill 5700 tons (Keto 2006). Tests are
divided into three categories: basic tests, regular tests and spot checks.

Table 3.
buffer.

Proposed quantity of tests for the bentonite raw material to be used for
Test

Basic tests*

Regular tests

Spot checks

Quantity

Quantity

Quantity

After
transportation
Smectite content

MQC

3/21 t

Swelling index

MQC

3/21 t

Liquid limit

MQC

3/21 t

Water content

MQC

21/21 t

Grain size distribution

MQC

3/21 t

Cation exchange
capacity (CEC)

MQC

3/21 t

Semiquantitative mineral
composition

MQC

3/21 t

Chemistry of bentonite

MQC

3/21 t

After
storage

After
transportation

3/21 t
21/21 t

Hydraulic conductivity**

1/300 t

Swelling pressure**

1/300 t

Compaction properties**

1/300 t

*by manufacturer according to manufacturer quality control system. Customer makes
annually tests such as water absorption capacity, fluid loss, water retention properties
and thermal conductivity.
** for the buffer bentonite (bentonite blocks).
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Table 4.
Proposed quantity of tests for the bentonite or swelling clay raw material
to be used for backfill (mixture of bentonite and ballast (30:70) or Friedland clay).

Test

Basic tests*

Regular tests

Spot checks

Quantity

Quantity

Quantity

After
transportation

After
storage

After
transportation

Smectite content

MQC

3/21 t

Swelling index

MQC

3/21 t

Liquid limit

MQC

3/21 t

Water content

MQC

5/21 t

Grain size
distribution

MQC

3/21 t

Cation exchange
capacity (CEC)

MQC

1/300 t

Semiquantitative
mineral
composition

MQC

1/300 t

Chemistry of the
bentonite

MQC

3/21 t

3/21 t
5/21 t

1/300 t

Hydraulic
conductivity**

1/300 t

Swelling
pressure**

1/300 t

Compaction
properties**

1/300 t

*by manufacturer according to manufacturer quality control system (MQC). Customer
makes annually some basic tests such as water absorption capacity, fluid loss, water
retention properties and thermal conductivity.
** for the backfill blocks.
4.10 Quality requirements for the bentonite
Quality requirements for the bentonite depend on purpose (buffer on backfill) and used
material. Preliminary required values for the buffer bentonite are presented in Table 5.
The values are set based on current knowledge. The required values may be updated
along with increasing amount of information and test data on suitable buffer bentonites.
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Table 5.

Preliminary required values for the buffer bentonite.

High-grade Na-bentonite

Required average value

Single test,
maximum value

Single test,
minimum value

15 %

6%

Water content

 13 %

Swelling index

 20 ml/2g

Smectite content

 75 %

65 %

Liquid limit

 250 %

200 %

Cation exchange
capacity (CEC)

 70 mEq/100 g

Hydraulic
conductivity*

 10-12 m/s

Swelling
pressure*

 1 MPa and  10 MPa

Thermal
conductivity**

 1.0 W/m/K

15 ml/2g

60 mEq/100 g
 10-11 m/s

 1.0 W/m/K

High-grade Ca-bentonite

Required average value

Single test,
maximum value

Single test,
minimum value

15 %

6%

Water content

 13 %

Swelling index

 15 ml/2g

Smectite content

 75 %

65 %

Liquid limit

 80 %

60 %

Cation exchange
capacity (CEC)

 60 mEq/100 g

Hydraulic
conductivity*

 10-12 m/s

Swelling
pressure*

 1 MPa and  10 MPa

Thermal
conductivity**

 1.0 W/m/K

10 ml/2g

50 mEq/100 g
 10-11 m/s

 0.9 W/m/K

* dry density of buffer blocks 1655 – 1754 kg/m3
** In dry density of 1655 kg/m3, water content 17 % and degree of saturation 70 % or in
dry density of 1754 kg/m3, water content 17 % and degree of saturation 81 %. After
saturation thermal conductivity of buffer block should be 1.3 W/m/K (Posiva 2006).
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5

QUALITY ASSURANCE SYSTEM FOR THE BALLAST

Quality assurance system for the ballast is needed in case deposition tunnels is filled
with mixture of bentonite and ballast (30:70) or ballast based backfill is in other parts of
the repository.
5.1 Crushing process
The crushing plant and process shall be planned in such a way that it produces ballast
with optimum gradation. This is to ensure stable compaction, swelling and permeability
properties. There are also other properties that can be followed like particle density,
shape and soundness.
Pre-testing is needed to produce optimum gradation curve both to achieve necessary
compactibility and minimize the required amount of bentonite and still produce
sufficient functional properties with high reliability.
5.2 Storage of the ballast
Ballast should be stored so that it will not segregate, get dirty or unevenly wet. During
piling of ballast segregation must be avoided by suitable piling technique. Similarly,
when ballast is loaded in trucks segregation should be avoided. Care must be taken to
ensure that the ballast remains clean without inorganic and organic dust/contamination
or vegetation during the storage time, loading and transport to the mixing plant. Possible
ways to achieve this are: storage inside a house or rock cavern, outside covering with
tarpaulin or similar.

5.3 Quality assurance – process description
The aim of the acceptance process shown in Figure 12 is to ensure that the chosen
properties of ballast material fulfil the required values. The approval/rejection process
based on the results of testing procedure was described in Chapter 4.6.
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Storage area

Intermediate
storing

Production

Crushing
Sampling
Fulfils the
requirement ?

Analysis, N tests and
Analysis,
N tests and
M laboratories
Analysis,
N tests and
M laboratories
M laboratories

Yes

Decision of
approval

No
Retest ?
Yes

Minor
deviation ?

No

Rejection

Figure 12. Schematic figure covering the acceptance process of the ballast material
(before manufacturing of backfill material).

5.4 Ballast sampling
Ballast sampling for gradation and other ballast tests can be done according to SFS –
EN 932-1 and 932-2. The need for ballast tests depends on the homogeneity of the
stored ballast and on the required information of the mixing process itself. In this phase
the sampling should serve more the crushing process itself but also mixing and backfill
processes keeping in mind the functional requirements.
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5.5 Testing program for the ballast
Test methods to assure the quality of ballast are presented in Table 6. The quantities of
tests for the ballast are presented in Table 7. Test quantities are based on the annual
need of crushed rock for backfilling the deposition tunnels. This annual amount is
approximately 9400 t (in water content of 5 %) (Keto 2006). Tests are divided into two
categories: regular tests and spot checks.

Table 6.

Test methods to assure the quality of ballast.

Test

Standard

Grain size distribution

Functional
properties

Test method

ASTM D42263(2002)e1
SFS-EN 1097-7

3,4

Appendix 3:17

4

Appendix 3:18

Particle shape –
Flakiness index

SFS – EN 933-3

3

Appendix 3:19

Particle shape – Shape
Index

SFS – EN 933-4

3

Appendix 3:20

Water content

ASTM D2216-05,
ASTM D4643-00

3,4

Appendix 3:12
Appendix 3:13

Compaction properties

SFS – EN 13286-2

4

Appendix 3:14

Particle density

List of functional properties:
1

Low hydraulic conductivity

2

Sufficient swelling pressure

3

Workability

4

Sufficient density

5

Sufficient thermal conductivity
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Table 7.

Proposed quantity of tests for the ballast.
Test

Regular tests

Spot checks

Quantity

Quantity

After
crushing

After
storage

Water content

1/300 t

1/300 t

Grain size distribution
(also fines content)

1/300 t

Compaction properties

1/2000 t

After crushing

Particle density

1/2000 t

Particle shape – Flakiness
index

1/2000 t

Particle shape – Shape
Index

1/2000 t

5.6 Quality requirements for the ballast
Research and pre-testing is needed to produce the requirements for the ballast. For each
property in Table 7 one can produce limits (lower and upper). If the tested values are
inside the limits the batch of material will be accepted for the production. If some of the
tested values are not inside the allowable limits then a re-test must be done or in order
not to postpone the process the batch must be discarded.
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6

QUALITY ASSURANCE SYSTEM FOR THE MIXTURE OF BENTONITE
AND BALLAST

This quality assurance system is needed if mixture of bentonite and ballast is used in
backfilling of deposition tunnels or other repository spaces.
6.1 Mixing of bentonite and ballast
The components for the mixture are weighed in the required proportions automatically.
The water content of the mix is adjusted based on water content of the components
(bentonite and ballast) and the optimum water content determined for the mixture. The
water content of raw materials and the mix is determined with sampling and drying the
samples or with automatic measurements (Keto 2006).
6.2 Storage of the mixture
In addition to requirements stated in Chapter 5.5 the mixture must be stored in an
environment where the (moisture) properties of the mixture will not change. This means
– depending of the storage period – either proper storage shed with temperature control
or for short, not freezing periods at least a roof on top of the mixture.
6.3 Quality assurance – process description
The aim of the acceptance process shown in Figure 13 is to ensure that the chosen
properties of mixture of bentonite and ballast material fulfil the required values. The
approval/rejection process based on the results of testing procedure is described in
Chapter 4.6.
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Figure 13. Schematic figure covering the acceptance process of the mixture of
bentonite and ballast material (before manufacturing of backfill material).

6.4 Sampling of mixture of bentonite and ballast
Sampling of mixture can be done similarly to the ballast sampling. Sampling can be
done according to SFS – EN 932-1 and 932-2. The need for mixture tests depends on
the homogeneity of the stored ballast and mixing procedure. All quality assurance tests
should be done directly from mixed material after the plant. This will produce
homogeneity information of the material stock.
Some tests may be needed before the material is used for backfill to check the moisture
content variation of the stored mixture. In this phase the sampling should serve more the
backfill processes.
6.5 Testing program for the mixture of bentonite and ballast
Test methods to assure the quality of mixture of bentonite and ballast are presented in
Table 8. The quantity of tests for the mixture of bentonite and ballast are presented in
Table 9. Test quantities are based on the annual need of mixture of crushed rock and
bentonite for backfilling the deposition tunnels. This annual amount (in the block
concept) is approximately 14000 t (assuming that the blocks will have water content of
7.5 – 8 % and dry density of 2.2 t/m3) (Keto 2006). Tests are divided into two
categories: regular tests and spot checks.
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Table 8.

Test methods to assure the quality of mixture of bentonite and ballast.

Test

Standard

Functional Test method
properties

Water content

ASTM D2216-05,
ASTM D4643-00

1,2,3,4,5

Appendix 3:12
Appendix 3:13

Hydraulic conductivity

ASTM D5084-03

1

Appendix 3:11

Compaction properties

SFS – EN 13286-2

4

Appendix 3:14

Swelling pressure

ASTM D4546-03

2

Appendix 3:15

Bentonite content

C837-99 (2003)

1,2

Appendix 3:21

List of functional properties:
1
2
3
4
5

Low hydraulic conductivity
Sufficient swelling pressure
Workability
Sufficient density
Sufficient thermal conductivity

Table 9.

Proposed quantity of tests for the mixture of bentonite and ballast.
Test

Water content*

Regular tests

Spot checks

Quantity

Quantity

After mixing

After mixing

1/5 t*

Compaction properties

1/300 t

Hydraulic conductivity

1/300 t

Swelling pressure

1/300 t

Grain size distribution

1/300 t

Bentonite content

1/300 t

*Depending on the mixing process and equipment, the determination of the water
content can be either continuous or the water content is determined by sampling from
each mixed batch.
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6.6 Quality requirements for the mixture of bentonite and ballast

Required values for the the mixture of bentonite and ballast are presented in Table 10.
Quality requirements for the bentonite component are to be considered later.
Table 10.
(30:70).

Preliminary required values for the mixture of bentonite and ballast

Required average
value

Single test,
maximum value

Hydraulic conductivity*

 10-10 m/s

 10-9 m/s

Swelling pressure**

 0.2 MPa

Single test,
minimum value
 0.15 MPa

*dry density 1700 – 1890 kg/m3 (in salinity of 3.5 %), saturated backfill material
consisting of mixture of bentonite and ballast (30:70)
**dry density 1730 – 1800 kg/m3 (in salinity of 3.5 %), saturated backfill material
consisting of mixture of bentonite and ballast (30:70)
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7

CASE STUDY OF BENTONITE SAMPLES

Six bentonite samples were studied within this work. A summary of the samples is
given in Table 11. Chemical determinations were made at GTK according to the Table
12. Water contents, swelling indexes, cation exchange capacities and thermoanalytical
characterizations were determined at VTT. Plasticity index, plastic and liquid limit
determinations were ordered from the Helsinki University of Technology (HUT). Some
of the materials were earlier studied also in Tampere University of Technology (TUT).

Table 11.

ID
BEL-07-1

Bentonite samples, origin and studies performed
Name
MX-80

GTK
Chem,
XRD,
CEC

VTT
Index, TG

(Carlson 2004)

Origin
Wyoming,
USA

HUT
Consistency
limits

BEL-07-2

Dasico,
(brown powder)

Kutch,
India

Chem,
XRD,
CEC

Index, TG

Consistency
limits

BEL-07-3

Cebogel,

Milos,

Chem,
XRD,
CEC

Index, TG

Consistency
limits

Chem,
XRD,
CEC

Index, TG

Consistency
limits

(pellets)

BEL-07-4

Minelco,
(granule)

BEL-07-5 Ibeco seal GE,

Greece
Milos,
Greece
Georgia

Chem,
XRD,
CEC

Index

Milos,

Chem,
XRD,
CEC

Index

Na-Bentonit

BEL-07-6

Ibeco seal S,
(Aktiv Bentonit)

TUT

Greece
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Table 12.
A summary of chemical determinations made at GTK. More details on
methods are given in Appendices 3.3 and 3.5.
METHOD

CODE*

Comment

Grinding
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Drying <40oC

11

“room temperature”

H2O, gravimetric (105o)

814G

H2O-

H2O, Water analyzer

815L

water release as a function of T

Drying 105oC

16

“overnight”

XRF-analysis

+175X

main components, Fe(tot) as Fe2O3

XRF

ICP-MS/AES

Lithium metaborate fusion

710

ICP MS/AES

710M/P

main+trace chemistry, Fe(tot)

BaCl2 extraction

212

non-buffered pH 7

Det. of exchangeable
cations

212P

Ca, Na, K, Mg, Fe, Al… pH-change => H+

NH4-acetate extractions

201, 221 buffered pH 4,5 and pH 7

Det. of exchangeable
cations

221P

without pH-change

Ferrous iron

301I

Fe2+

Carbon analyzer

811L

Ctot

C –carbonate/noncarbonate

816L

CTIC + Corg

Total sulphur

810L

CEC

OTHERS

*Internal laboratory code of Geolaboratory of GTK
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7.2 Chemical determinations
7.2.1

Reference montmorillonite

Chemical composition of pure montmorillonite is used as the reference in assessing
analytical data of the studied bentonite samples. Neaman et al. (2003) give the following
stoichiometric formula for purified montmorillonite:

Na0.18Ca0.10(Si3.98Al0.02)(Al1.55Fe3+0.09Fe2+0.08Mg0.28)O10(OH)2·nH2O
Exchangeable

Tetrahedral

Octahedral site

H2O+

H2O-

Chemical composition of any material is normally expressed as mass percentages of
different components of its total mass. If water content of smectite varies, total mass is
changed and all component/total mass ratios are changing. Consequently, chemical
composition of the mineral varies depending on the moisture content. Table 13 shows
the calculated oxide composition of montmorillonite having the presented stoichiometry
and assuming n-values 0 and 2, representing 105oC pre-dried and natural “dry”
montmorillonites, respectively. The amount of exchangeable cations is between 93 –
97.3 cmol+/kg1, if n in the given stoichiometric formula,varies between n = 1 – 2.
Table 13.
Theoretical composition of the reference montmorillonite dried at 105 oC
(n=0) and without drying (n=2)

Na2O

CaO

SiO4

Al2O3

Fe2O3

FeO

MgO

H2O+

H2O-

TOT

n=0

1,50

1,51

64,19

21,48

1,93

1,54

3,03

4,83

0

100

n=2

1,37

1,37

58,53

19,59

1,76

1,41

2,76

4,41

8,81

100

1

Notations ”mEq/100 g” and “cmol+/kg” are equal in numerical values. The first one is frequently used in
the soil science literature, while the second one is more consistent with the convention to give analytical
results (mass/unit mass).
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7.2.2

Results of bentonite analyses

Methods used in chemical determinations were: XRF-analysis of pelletized powder and
ICP-MS/AES multielement analysis from Li-metaborate melt for total composition
(Appendix 3:5). XRF-analysis is done from pre-dried samples (105oC), while Limetaborate melt is based on “room dry” (<40oC) bentonite. Cation exchange
determinations were done using three different methods (1 M NH4-Ac at pH 4, 1M
NH4-Ac at pH 7 and un-buffered 0.1 M BaCl2 extraction). Water content was
determined gravimetrically by heating the samples at 105oC overnight (H2O-) and by a
water analyzer device, which gives the total of water release at different temperatures
(i.e. H2O+ and H2O-). Total sulphur was determined by sulphur analyzer device, which
analyzes the released sulphur compounds in heating of the sample. Carbon analysis is
based on similar principle and – based on the decomposition temperature – organic
carbon and carbonate carbon can be separated.
Results of the XRF-analysis for main components are given in Table 14. The main
components are calculated as oxides according to the procedure of Ala-Vainio 1986,
while minor and trace elements are given as elements. Light elements (below Na in
periodic table) can not be analyzed. Consequently, if they are present, oxide sum of the
analysis remains less than 100 %. In bentonite analysis, important components H2O and
CO2 must to be analysed by other methods. Loosely bound H2O of bentonite (H2O-) can
be determined gravimetrically by heating the sample at 105oC prior to the preparation of
the sample pellet, while structural “water” (OH-groups of tetrahedral apex in smectite
structure) is shown as an about 4.5 % deficiency in the analytical total (Tables 13,14).
If CO2-content is determined using other techniques, quantitative analysis of the
bentonite sample can be estimated by XRF. Oxidation states of iron and sulphur are not
separated in XRF-analysis, but iron is given as Fe(III) and sulphur as So. Sulphur, if
present in considerable amounts, constitutes an uncertainty in analytical result, because
the molecular weight of sulphate is three times higher that of sulphide-sulphur.
Table 15 shows chemical compositions of the bentonite samples calculated as
percentages of the original material by adding the “mobile” water to the total mass of
the sample. Thus, all concentrations are decreased by the percentage amount of H2O-.
For comparison, chemical composition of each bentonite sample was also determined by
ICP-AES/MS. The advantage of this method is the accuracy in determining trace
components of the sample material. No pre-heating is included in the sample
preparation, and water and carbon determinations are made separately. Primary results
were reported as elemental wt-%, and they are calculated as oxides in Table 16.
Analytical data for CO2 is the same as in the previous Table 15, while for water, total
H2O determined by the water analyzer was used.
Both analytical methods used are very consistent in determination of the bentonite
composition. Correlation between the results is shown in Figure 14. Moisture content
variation or analytical uncertainty in water content affects the percentages of each
component systematically. Unknown iron and sulphur redox-speciation is one of the
major uncertainties affecting mass balance of the analysis, especially if larger amount of
sulphur in unknown redox-state (sulphur vs. sulphate) is present. Low totals of the Ibeco
samples together with their anomalously low water content calls for a later reexamination of these materials.
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Table 14.
Chemical composition (wt-%) of bentonite samples analyzed by XRF in
this work. Minor components Ti, P, Ba, Sr, Mn, Zr are given as a sum ‘TraceE’ and Cu,
Zn, Ni, Cr are summarized as ‘HeavyM’. The sum 1 is calculated directly from XRFanalysis, while in 2 results of independent CO2-analysis are added. Structural water
(H2O+) is estimated by assuming analytical total to be 100%.
Na2O

CaO

2,1
3,4
3,5
2,7
2,8
2,9

1,4
1,8
5,4
6,7
3,1
5,2

MX-80
Dasico
Cebogel
Minelco
Ibeco seal GE
Ibeco seal S

K2O SiO2 Al2O3 Fe2O3 MgO
0,6
0,1
0,6
0,8
1,2
0,6

61,8
49,9
53,1
52,0
57,3
53,5

20,4
19,4
16,8
16,8
18,4
17,8

3,9
13,2
5,2
5,1
4,0
4,8

2,6
2,9
3,8
4,0
4,1
3,7

S

Cl

0,30
0,06
0,45
0,34
0,19
0,39

0,01
0,20
0,03
0,04
0,03
0,05

TraceE HeavyM
0,31
1,21
1,11
1,12
0,72
1,13

0,01
0,06
0,01
0,01
0,01
0,01

1

CO2

2

H2O+

93,3
92,3
90,1
89,6
91,8
90,0

1,2
1,5
5,4
6,1
2,9
2,8

94,5
93,8
95,5
95,6
94,7
92,8

5,5
6,2
4,5
4,4
5,3
7,2

Table 15.
Chemical composition (wt-%) of bentonite samples analyzed by XRF and
calculated as water-bearing material. CO2 is analyzed by carbon analyzer (total C
expressed as CO2), and water (H2O-) by gravimetric method. Analytical totals are not
given, because structural water (H2O+) is calculated as in previous Table 14).
MX-80
Dasico
Cebogel
Minelco
Ibeco seal GE
Ibeco seal S

Na2O

CaO

1,9
2,9
3,0
2,3
2,4
2,4

1,3
1,6
4,6
5,6
2,9
4,9

K2O SiO2 Al2O3 Fe2O3 MgO
0,5
0,1
0,5
0,6
1,1
0,6

56,6
43,1
44,9
43,7
53,5
50,0

18,7
16,7
14,2
14,1
17,2
16,6

3,5
11,4
4,4
4,3
3,7
4,4

2,3
2,5
3,2
3,4
3,8
3,4

S

Cl

TraceE HeavyM CO2 H2O+ H2O-

0,27
0,06
0,38
0,29
0,18
0,36

0,01
0,17
0,02
0,03
0,02
0,04

0,28
1,04
0,94
0,95
0,93
0,93

0,01
0,05
0,01
0,01
0,01
0,01

1,1
1,3
4,6
5,1
2,7
2,6

5,1
5,4
3,9
3,7
5,0
6,8

8,38
13,8
15,4
15,9
6,7
6,6

Table 16.
Chemical composition (wt-%) of bentonite samples analyzed by ICP/AESMS from Li-metaborate melt. Analytical data for CO2 is the same as in the previous
Table 15, while for water, total H2O determined by the water analyzer was used.
Na2O CaO K2O SiO2 Al2O3 Fe2O3 MgO
MX-80
Dasico
Cebogel
Minelco
Ibeco seal GE
Ibeco seal S

1,7
2,5
2,4
1,8
2,1
2,2

1,1
1,3
5,3
5,2
2,6
4,3

0,6
0,2
0,4
0,5
1,0
0,6

58,4
43,6
43,4
42,4
53,5
50,3

17,8
15,9
13,1
12,9
13,9
13,4

3,7
11,9
4,4
4,7
3,5
4,3

2,4
2,6
3,4
3,9
3,8
3,4

S
0,29
0,06
0,42
0,26
0,20
0,48

TraceE HeavyM CO2
0,26
0,95
0,83
0,86
0,60
0,89

0,009
0,044
0,014
0,013
0,015
0,015

1,1
1,3
4,6
5,1
2,7
2,6

H2O Sum
12,7
19,6
19,6
19,7
10,7
11,2

100,1
100,0
97,9
97,3
94,7
93,7
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Figure 14. Correlation between bentonite analyses by XRF and ICP-MS/AES.

Reproducibility of the analytical results was checked by comparison of two different
XRF-analysis of the same material, Wyoming bentonite MX-80. Same sample lot,
stored at room temperature at GTK was used in both analyses. First analysis was done in
autumn 2004 and the second one during spring 2007. As visualized in Figure 15,
correlation between results of the replicate analyses is very good. Variation between
numerical values of individual analyses is typically within a couple of percents.
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Figure 15. Correlation between replicated XRF-analyses of MX-80 bentonite sample.

Quality of a bentonite sample cannot be explicitly assessed from the chemical analysis
alone. However, certain conclusions on the material mineral composition can be made.
Chemical composition of pure montmorillonite with a fixed stoichiometry was given in
Table 13, but natural bentonites normally deviate largely from that. Bentonites typically
contain accessory minerals on the level of 10 – 30 %. Accessory silicates can not be
easily seen in the analysis, because their main chemical components are typically the
same as those of smectites. Potassium may be considered as an indication of the
presence of feldspar or micas, but some potassium is also associated with smectites as
an exchangeable cation.
Amount of carbonate minerals in bentonite analysis can be fairly reliably estimated from
the analyzed carbonate content, if the analytical method allows separation between
carbonate-carbon and organic carbon. Mass of calcite (CaO·CO2) is 1.8 times the mass
of analyzed CO2.
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Iron-bearing minerals may be identified with some precautions. High iron content may
be explained by iron sulphides or oxides, but the presence of iron-rich smectite must be
ruled out by mineralogical (XRD) studies. Sample 2 (Dasico) in the present work
contains substantial amount of iron, which is attributed to the presence of iron oxides,
because sulphur content was low. Mineralogical study show the presence of magnetite
and related minerals, while no evidence on iron smectite was seen. Thus the mass
percentage of ferric oxide minerals in that sample can be estimated from the chemical
composition to be about 6 – 8 %. Identification of sulphides from the chemical analysis
is complicated by the fact that analytical distinction between sulphide and sulphate is
very difficult. Bentonites contain typically both iron sulphides (mainly pyrite) and
sulphate minerals (like gypsum). A very crude estimate of the total mass of these
minerals may, however, be done by taking twice the mass percentage of the analytical
sulphur content.
Iron in sulphides is present in ferrous form, which may be used as method to separate
iron oxides and sulphides. However, also smectites contain ferrous iron in the octahedral
sites of the lattice. Analytical determination of the iron redox state is complicated by the
poor preservation during the storage and preparation of samples for analysis. Redox
state of iron was analyzed for the samples studied in this work. Results summarized in
the Figure 16 indicate that iron in these samples is predominantly in ferric form.
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Figure 16. Iron content and redox speciation of the samples analyzed in this work.
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Cation exchange capacity of the samples was studied by three different extraction
techniques: ammonium acetate extraction at pH 4.5 and pH 7.0 and barium chloride
extraction in un-buffered conditions. Results are summarized in Table 17. The low-pH
extraction (pH 4.5) is evidently too harsh for the determination of exchangeable cations
only, because also carbonate minerals will dissolve. Figure 17 compares total calcium
content of the samples with calcium released by different extractions. All calcium is
dissolved from MX-80 and Dasico bentonites at pH 4.5 and also the other two, more
carbonate-rich bentonites release major part of their Ca-content at that pH. It can be
concluded that the two first mentioned samples do not contain calcium in silicates, but –
on the other hand – presence of Ca-silicates in the other two samples cannot be
concluded with certainty, because quantitative dissolution of all carbonate minerals does
not necessarily take place at pH 4.5.
Replicate determinations of the CEC of the MX-80 bentonite deviated from each others
by about 10 percents. A relatively systematic change in desorption of different
components indicates that the initial moisture conditions has been changed between
analyses. As shown earlier, the chemical composition of bentonite is very sensitive to
the humidity.
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Table 17.
Cation exchange capacity (CEC) determinations of the bentonite samples.
Three different extraction methods were used: 1 M NH4-acetate at pH 4.5, 1 M NH4acetate at pH 7.0, and 0.1 M BaCl in un-buffered conditions. An earlier determination
of MX-80 CEC is given on the last row.
Al

Ca

cEq /kg

cEq /kg

MX-80
Dasico
Cebogel
Minelco
Ibeco seal G E
Ibeco seal S

2,1
9,0
2,8
2,4
2,2
3,0

38,4
54,9
126,2
143,7
77,3
135,2

MX-80
Dasico
Cebogel
Minelco
Ibeco seal G E
Ibeco seal S

0,03
0,04
0,03
0,03
0,05
0,05

13,7
11,8
13,3
10,9
11,3
10,9

MX-80
Dasico
Cebogel
Minelco
Ibeco seal G E
Ibeco seal S

0,11
0,05
0,04
0,05
0,06
0,05
-

28,7
17,7
12,2
18,7
19,6
18,4
36,1

M X -80 / 04

Fe

K

Mg

cEq /kg
cE q/kg
cEq /kg
1 M NH 4-Ac , pH 4.5
0,2
1,6
10,9
1,2
0,6
13,3
0,7
1,5
19,2
0,9
1,4
20,5
0,3
2,6
11,6
0,6
1,5
17,0
0.1 M B aC l2
<0,01
1,1
<0,01
0,3
<0,01
0,9
<0,01
1,0
0,007
1,9
0,007
1,0
1 M NH 4-Ac , pH 7,0
0,01
1,4
0,01
0,5
0,01
1,4
0,01
1,4
0,01
2,6
0,01
1,3
2,4

Na

pH

cE q/kg

CEC
cEq /kg

54,8
91,8
94,8
74,8
75,3
82,2

4, 5

4, 5

112,5
170,8
245,1
243,7
169,4
239,5

4,2
4,3
7,0
8,8
4,5
8,0

45,2
77,0
78,3
62,2
68,7
73,9

8,21
8,19
8,31
8,27
8,01
8,23

64,3
93,4
99,5
82,9
86,5
93,9

8,4
7,8
8,0
13,2
7,2
11,4
10,9

46,5
78,3
81,3
65,7
70,9
71,8
54,8

7, 0

92,2
104,3
103,0
99,0
100,4
103,0
104,2

4, 5
4, 5
4, 5
4, 5

7, 0
7, 0
7, 0
7, 0
7, 0
7, 0
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Figure 17. Total calcium content of the bentonite samples and release of Ca in
different extractions for CEC determination: 201 = 1 M NH4-acetate extraction at pH
4.5; 212 = 0.1 M BaCl extraction in un-buffered conditions; 221 = 1 M NH4-acetate at
pH 7.0.
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7.3 Mineralogical studies
7.3.1

XRD Studies

Bentonite samples were investigated with X-ray diffraction. The analyses were done
from bulk material both in random and oriented mounts (Appendix 3:1). An example of
the XRD-diffractograms is shown in Figure 18.
Spectrum between 2-70° 2 was recorded from the random mounts to get the overall
mineralogy of the samples. After that, clay minerals were investigated separately from
the oriented mounts running spectra between 2-20° 2.
Factors used for evaluation of the mineral composition are calculated form patterns of
mineral pairs with known proportions of each mineral. The accuracy of this
semiquantitative method is ± 5 per cent. Mineral compositions of the samples are
presented in Table 18.
Smectite is the major mineral in all the samples. They have mostly sodium and one layer
of water molecules in the interlayer position. This is indicated by maximum of their 001
reflection being at 12 – 13 Å. The d-value of 060-peak is in all samples around 1.49 –
1.50 Å indicates dioctahedral smectite (montmorillonite and/or beidellite).

Figure 18. X-ray diffractogram of the MX-80 bentonite sample as received and after
treatments indicated in figure.
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Cation exchange using MgCl2 produced in all samples small expansion in lattice
parameters moving the 001 peak to c. 14 Å. Treating samples with glycerol moved the
001 peak to c.17 – 18 Å and in all but one case made it decrease. The exception is MX80 in which the 001 peak strongly increases in this treatment, which might indicate that
the other samples have smaller crystallite size and less ordered crystal structure.
In cation exchange using KCl the 001 peak in all samples becomes broader but the
position remains the same. Heating the treated samples the 001 peak collapses to c.10 Å
and in sample “Dasico” small peak at c.7 Å disappears indicating the existence of
kaolinite.
These results indicate that in all the samples the clay mineral is smectite. Vermiculite or
chlorite are not involved.

Table 18.
Semiquantitative
determined by XRD.

Smectite
Quartz
Feldspar
Calcite
Siderite
Kaolinite
Dolomite
Hematite
Magnetite/
Maghemite

mineral compositions of the bentonite samples

MX-80

Dasico

Cebogel

Minelco

Ibeco

Ibeco

80
10
10
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7.3.2

Thermoanalytical characterization of bentonite clays

The aim of the study was to determine the thermal behaviour of the samples by using
thermal analysis (TG/DTA). The characteristic features in the thermal curves of the
samples give them “thermal finger prints”, which are used to identify the materials and
to reveal the potential changes in their composition during their beneficiation process.
The samples were pulverized and the TG/DTA analyses were performed by using the
powders prepared as such. The TG/DTA analyses were performed with a Mettler TGA
851e –thermobalance. The analytical parameters were the following:
Atmosphere:
Crucible:
Heating programme:

Air, 50 cm3/min
Al2O3, 150 Pl
phase 1
curing at 25ºC for 5 min
phase 2
heating from 25ºC to 1050qC, rate 5qC/min

Sample size:

MX-80
Minelco
Dasico
Cebogel

88.36 mg
93.97 mg
81.48 mg
89.49 mg

Thermal behaviour of the bentonite clay samples was in general very similar. It could be
divided into four successive phases during which degradation reactions causing mass
loss were detected. The temperature areas of the various phases and the mass losses
registered were, however, different in every sample, and thus the details of the thermal
curves are presented separately for each bentonite clay type. Thermal curves of the
samples are shown in Appendix 1.
In the following, details of the thermal behavior of each sample are described:
MX-80:

Temperature areas of the various phases and the mass losses registered in the thermal
analysis are presented in Table 19.
Table 19.

Thermal degradation of the bentonite clay “MX-80” in thermal analysis.
phase

temperature area
ºC

mass loss
w-%

I
II
III
IV

25 – 245
245 – 510
510 – 788
788 – 1050
Total

2.73
0.82
3.80
0.38
7.73
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The first degradation phase of the bentonite clay “MX-80” presented in Table 19 was
mainly caused by the evaporation of free moisture the sample contained. It should be
noticed that some free water, 0.09 w-%, was already evaporated from the sample during
the curing phase before the actual thermal analysis was started. On the other hand part
of the mass loss was most probably due to the volatilization of chemically bound water,
“crystal water”, contained by the clay minerals of the sample. The temperature of the
DTG-peak in the area was 76ºC, and that of the DTA-peak 82ºC. Another, though small,
peak was also detected in the curves, at 107ºC in the DTG- and at 112ºC in the DTAcurve. It could have resulted e.g. from the decomposition of gypsum or a corresponding
salt mineral.
The second phase composed of at least three independent reactions with DTG-peaks at
331ºC, 371ºC and 492ºC. Only one peak, at 367ºC, could be observed in the DTAcurve. It was exothermic, which means that the reaction connected to that peak was
obviously due to burning of the organic components the sample contained. No DTApeaks were detected connecting to the other two reactions. However, they were probably
endothermic, and resulted from the decomposition reactions of the sample minerals.
The third phase was caused by the degradation of the main clay mineral of the sample
and by the evaporation of the water bound to the mineral structure. The temperature of
the top of the DTG-peak (maximum rate of decomposition) was 666ºC and that of the
corresponding DTA-peak 664ºC.
The fourth phase could be caused by the degradation of a very heat-resistant mineral,
e.g. mica or amphibole. The temperatures of the DTG- and DTA-peaks were 870ºC and
894ºC, correspondingly.
Dasico:

Temperature areas of the various phases and the mass losses registered in the thermal
analysis of the sample are presented in Table 20.
Table 20.

Thermal degradation of the bentonite clay “Dasico” in thermal analysis.
phase

temperature area
ºC

mass loss
w-%

I
II
III
IV

25 – 195
195 – 544
544 – 719
719 – 1050
Total

5.64
4.12
2.27
0.24
12.27
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The first degradation phase of the bentonite clay “Dasico” presented in Table 20 was
mainly caused by the evaporation of free moisture the sample contained. It should be
noticed that some free water, 0.13 w-%, was already evaporated from the sample during
the curing phase before the actual thermal analysis was started. On the other hand part
of the mass loss was most probably due to the volatilization of chemically bound water,
“crystal water”, contained by the clay minerals of the sample. The temperature of the
DTG-peak in the area was 90ºC, and that of the DTA-peak 93ºC.
The second phase composed of two independent reactions. Both reactions were
endothermic, and thus resulted from the decomposition reactions of the sample
minerals. The temperatures of the tops of the DTG-peaks (maximum rate of
decomposition) were 260ºC and 466ºC and those of the corresponding DTA-peaks
272ºC and 473ºC. No exothermic phenomena could be observed in the area.
The third phase was caused by the degradation of the main clay mineral of the sample
and by the evaporation of the water bound to the mineral structure. The temperature of
the top of the DTG-peak (maximum rate of decomposition) was 634ºC and that of the
corresponding DTA-peak 636ºC.
The fourth phase could be caused by the degradation of a very heat-resistant mineral,
e.g. mica or amphibole. The temperature of the DTG-peak was 853ºC and that of the
corresponding DTA-peak 872ºC.
Cebogel:

Temperature areas of the various phases and the mass losses registered in the thermal
analysis are presented in Table 21.

Table 21.

Thermal degradation of the bentonite clay “Cebogel” in thermal analysis.
phase

temperature area
ºC

mass loss
w-%

I
II
III
IV

25 – 281
281 – 555
555 – 805
805 – 1050
Total

12.05
1.90
5.12
0.28
19.35

62

The first degradation phase of the bentonite clay “Cebogel” presented in Table 21 was
mainly caused by the evaporation of free moisture the sample contained. It should be
noticed that some free water, 0.80 w-%, was already evaporated from the sample during
the curing phase before the actual thermal analysis was started. On the other hand part
of the mass loss was most probably due to the volatilization of chemically bound water,
“crystal water”, contained by the clay minerals of the sample. The temperature of the
DTG-peak in the area was 93ºC, and that of the DTA-peak 96ºC.
The second phase composed of at least four independent reactions. Only two peaks, at
452ºC and at 528ºC, could be observed in the DTG-curve. They were endothermic, and
thus resulted from the decomposition reactions of the sample minerals. However, in the
DTA-curve two other exothermic reactions with peaks at 258ºC and 363ºC were
detected. These reactions were obviously connected to burning of the organic
components the sample contained.
The third phase was caused by the degradation of the main clay mineral of the sample
and by the evaporation of the water bound to the mineral structure. The reaction took
place in two separate steps. The temperatures of the tops of the DTG-peaks (maximum
rate of decomposition) were 656ºC and 721ºC and those of the corresponding DTApeaks 655ºC and 737ºC.
The fourth phase could be caused by the degradation of a very heat-resistant mineral,
e.g. mica or amphibole. Only a small DTG-peak at 861ºC was detected, however.
Minelco:

The temperature areas of the various phases and the mass losses registered in the
thermal analysis are presented in Table 22.
Table 22.

Thermal degradation of the bentonite clay “Minelco” in thermal analysis.
phase

temperature area
ºC

mass loss
w-%

I
II
III
IV

25 – 297
297 – 522
522 – 805
805 – 1050
Total

4.40
1.33
5.76
0.15
11.64
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The first degradation phase of the bentonite clay “Minelco” presented in Table 22 was
mainly caused by the evaporation of free moisture the sample contained. It should be
noticed that some free water, 0.10 w-%, was already evaporated from the sample during
the curing phase before the actual thermal analysis was started. On the other hand part
of the mass loss was most probably due to the volatilization of chemically bound water,
“crystal water”, contained by the clay minerals of the sample. The temperature of the
DTG-peak in the area was 90ºC, and that of the DTA-peak 93ºC.
The second phase composed of at least three independent reactions. Only one peak, at
475ºC, could be observed in the DTG-curve. It was endothermic, and thus resulted from
the decomposition reaction of the sample minerals. However, in the DTA-curve two
exothermic reactions with peaks at 243ºC and 292ºC were detected. These reactions
were obviously connected to burning of the organic components the sample contained.
The third phase was caused by the degradation of the main clay mineral of the sample
and by the evaporation of the water bound to the mineral structure. The reaction took
place in two separate steps. The temperatures of the tops of the DTG-peaks (maximum
rate of decomposition) were 658ºC and 717ºC and those of the corresponding DTApeaks 653ºC and 733ºC.
The fourth phase could be caused by the degradation of a very heat-resistant mineral,
e.g. mica or amphibole. No DTG- or DTA-peaks were detected, however.
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7.4 Geotechnical tests
7.4.1

Water content, swelling index, liquid limit and CEC

Test results are presented in Table 23. Tests and testing laboratories were listed in table
11.
Table 23.
Water content, swelling index, liquid limit and cation exchange capacity
for the bentonites MX-80, Dasico, Cebogel-pellet and Minelco-granule.
Unit

Test method

Water content

%

Swelling index
Liquid limit
CEC

Dasico

Appendix 3:11

MX80
9,5

ml/2 g

Appendix 3:7

23

31

28

30

%

Fall-cone test

425

450

575

245

mEq/100 g

ASTM C83799 (2003)*

79

111

107

103

15,1

Cebogel Minelco
-pellet -granule
29,4
29,9

*=methylene blue method
It was found from the tests made that for these bentonite samples the normal plasticity
tests were almost impossible to carry out. Only the determination of liquid limit using
fall cone tests was successful and gave a reasonable result. According to the operator the
liquid limit test done by dropping a special bowl with clay and precut groove was highly
sensitive to moisture content becoming from low plastic to highly liquid within sharp
transition zone. The plastic limit determination done by rolling plastic clay to a three
mm thread was not successful either. The bentonite clay tended to stick to the hand of
the operator and the thread disappeared gradually.
The tests indicated that this method does not produce a reliable means to determine and
follow up the properties of different batches of bentonite. This is mainly due to a very
sharp transition in plasticity properties with a change in water content.
If some plasticity properties must be determined the only reasonable solution is to carry
out the liquid limit determination with fall cone test (60g / 60º). In this test the water
content giving a 10 mm penetration corresponds to the liquid limit.
Alternative way of carrying out QC-tests might involve fall cone test with standardized
sample (crushing, grinding, water content, timing) and only record and follow the
penetration value of the test.
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7.5 Comparison of the results
Preliminary quality requirements for bentonite were presented in Table 5. In the present
case study four bentonite samples were studied. Here the results are discussed and
compared with the values of the Table 5. Determination were made for the five first
parameters of the Table 5, namely water content; swelling index; smectite content;
liquid limit; cation exchange capacity.

7.5.1

Water/moisture content

Preliminary limiting (maximum) value for water was set to 13 %. Four different
methods were used in studying the water/moisture content of the four first samples,
while only chemical water determinations were done for the Ibeco samples:
1) Gravimetric laboratory standard method of heating to 105oC overnight
(H2O-);
2) Water analyzer method, in which the sample is decomposed in
increasing temperature, and the water release is monitored by IR detector.
Cumulative total water (H2O+, H2O-) is obtained.
3) Standard method ASTM D2216-05 (Appendix 3:11). The material is
heated to 110oC and the mass loss is determined gravimetrically.
4) Thermobalance method (TG1, TG2), which is also based on gradual
heating and gravimetric monitoring as a function of temperature. The
method and results are described in Chapter 7.3.2. Two parameters were
derived from the data; TG1 is based on graphical estimation of weight loss
until temperature 110oC was reached (Appendix 1); TG2 is the reported
total mass loss (Chapter 7.3.2).
Results of these analyses are summarized and compared in Figure 19. The laboratory
methods “H2O-“ and “Analyzer” correlate well, because the observed difference
between the values corresponds match with the amount of “H2O+” in bentonite (about
5 %). Heating to 110oC correlates well for MX-80 and “Dasico”, but gives anomalous
high values for the other two samples. The reason might be the decomposition of
carbonate minerals in “Cebogel” and “Minelco” (Table 18).
Analytical “H2O-“-method seems to be the most reliable approach for accurate water
determinations. All samples except MX-80 exceed the value 13 %. The sample MX-80
had been stored in dry room temperature for several years prior to this water
determination. Low water content of Ibeco samples should be re-examined, because
also the analytical totals of these samples remained low.
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Figure 19. Comparison of water determinations by different methods.

7.5.2

Cation exchange capacity (CEC)

The preliminary limiting (low) value for this parameter was set to 70 mEq/100 g (Table
5). Four different methods were used in this work to study CEC values of the samples.
One of the (leaching at pH 4.5) was concluded to be inappropriate and, consequently,
not included here.
Two of the methods, NH4-Ac and BaCl2 are extractions to be carried out in laboratory
condition, while methylene blue determination is also suitable as a rapid field test. In
the present data, ammonium acetate method gave systematically slightly higher values
than barium chloride method. The latter one has the status of ISO-standard method
(Appendix 3:3). Methylene blue seems to be a fairly reliable method.
As a rule, all samples exceed the minimum value clearly. Interestingly, the only value
below 70 mEq/100 g was obtained by MX-80. However, earlier determination with the
same material clearly exceeded the limit value. Regardless of the method used, MX-80
had always the lowest CEC value. Very probably this can be attributed to the fact that
the material had much lower moisture than the others.
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Figure 20. Comparison of CEC determinations.

7.5.3

Other determinations

With regards to the swelling index, all studied samples exceed clearly the lowest limit
value (20 ml/2 g). For liquid limit, values twice higher than the limit value was
observed, but the granular material (Minelco) remained slightly below the required
average value.
All the samples contained predominantly smectite (Table 18). Amounts of accessory
minerals were on typical levels for bentonites. The most distinct exception was the
sample “Dasico” with anomalously high iron content. Both XRD and chemical analysis
gave very coherent picture on the prevailing iron form: According to XRD, hematite is
the predominant iron mineral, which is in agreement with the fact that ferric iron
prevails (Figure 15). Hematite content was estimated to be about 15 %. According to
chemical analysis, Fe2O3 content of the material is about 11 %. The agreement is thus
good.
According to chemical analyses, “Cebogel” and “Minelco” seems contain carbonate
minerals about 8 wt-% and 9 wt-%, respectively. These values are in good agreement
with the XRD estimations (“Cebogel” contains both calcite and dolomite slightly less
than 5 % each). Chemical analyses indicate that Ibeco samples contain about 5%
carbonates, which was also confirmed by XRD indicating the presence of calcite and
dolomite in those samples. Chemical analyses indicate low sulphur contents for all
samples, nor were sulphides/sulphates reported in XRD.
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8 CONCLUDING DISCUSSION
This report aims at giving a systematic starting point for the quality assurance of the
bentonite material, which will be used in the final disposal of the spent fuel from the
Finnish nuclear power production. The scope of this report is restricted to the quality
assurance of the acquisition chain of the material, which is then processed to obtain the
components of the disposal system (compacted blocks, tunnel backfill materials etc.).
Quality assurance is considered as a systematic way of actions in material acquisition,
handling, testing and acceptance. In addition to the quality control of the customer, the
quality assurance system is relying and utilizing the quality control system of the
material producer. Another aspect of the confidence building is the application of
standardized control methods, and further developed methods based on standards.

The role of bentonite in final disposal is already well-defined, and the requirements
imposed are relatively well established, especially for the buffer. Consequently, material
requirements and rationale behind them are quite well known, as shortly summarized in
Chapter 2.
An essential core of the quality control is the understanding and proper use of the test
methods. Chapter 3 gives an overview of possible methodologies, which may be useful
in bentonite quality control. As was understood during the work, the sub-division to
chemical-mineralogical-geotechnical tests is a rather arbitrary one, because results of
different tests are often expressions of the same physico-chemical properties.
The first and simple question posed to the material controller is, whether the material is
bentonite or not. Answering to this question is fairly reliably done on the basis of index
tests, and by comparing the results with the supplier’s documentation. Possible
variations in the quality can then be checked by chemical analysis.
Chemical analysis of the material is the most reliable way to observe possible
inhomogeneity, which may be due to – for example – change in the source area of the
material. A detailed chemical study often reveals some “fingerprints”, which may be
used to locate the material source. Chemical analysis is the insurmountable quality
control method in terms of repeatability and accuracy. However, it does not answer all
questions regarding the safety-relevant properties.
The key properties of bentonite are related to the favorable properties of the minerals of
smectite group, especially those of montmorillonite. Amount of smectites cannot be
derived from the bulk analysis of the material, but detailed mineralogical studies of the
material are needed. X-ray diffactometry is the most straightforward method to observe
the presence of smectite and, with special treatments, identification of the predominant
smectite minerals. However, the result is semiquantitative in nature: is the material
predominantly (i.e. >50%) smectite or practically pure (>90%) smectite, or some
percent between these. Values between these may be estimated (within a range of about
±5%), but they are partially dependent on the evaluator, equipment, and possible
disturbing accessory minerals.
Computer-based improvements for the interpretation of the X-ray diffractograms are
available for modern diffractometers. For example, peak areas and their midpoints can
be calculated by computer programs. The analysis may also utilize a refinement process,
in which the diffractogram is calculated back to a mineral lattice and, again, an ideal
diffractogram corresponding to those lattice parameters is generated by computational
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methods (e.g. Rietveld refinement). This process is very useful in distinguishing
different components in overlapping peaks, but the inherent variability of the mineral
lattice dimensions cannot be overcome.
Tenacious mineralogical work can, and it will, produce detailed mineral composition
analysis of the bentonite: Mineral separation processes based on different physical
properties (density, magnetism) can used to discriminate accessory minerals
quantitatively. Amounts of certain minerals can be calculated from chemical analysis
with some qualitatite background (carbonates, sulphides). Amounts of some accessory
minerals may be also be estimated by microscopic methods. An in-depth mineralogical
study of a bentonite material as a routine method of quality control is, however, not
considered as an appropriate approach.
In the course of the present work, possibility to quantitative mineralogical analysis by
automatic image analysis of a SEM-backscatter image was considered. This type of
process is currently a routine in mineral industry to determine, for example, mineral
composition of the output of an ore concentration plant. One of the leading applications
of this type of technologies, called MLA (mineral liberation analysis) is in use at GTK,
and was preliminary tested for bentonite studies. However, due to the special properties
of bentonites, sample preparation needs further development. In principle, the
equipment could be used to analyze at least the amounts of common accessory minerals
accurately. Thus, if the (predominant) presence and type of smectite is verified by other
methods (XRD), quantitative mineral composition could be calculated with a good
accuracy, including some of the safety-relevant phases like sulphides and sulphates.
High cation exchange capacity (CEC) is a special property of bentonite. It can be used
as a rapid indicator test (methylene blue) to check the presence and amount of smectites.
Cation exchange capacity is also one of the long-term safety-related properties of
bentonite, because it facilitates sorption of cations, including Cs+ and Sr2+. The CEC
determination is a common practice in soil science, and standardized methods are
available. However, further critical evaluation, comparison and application of new
methods can be recommended.
Swelling of bentonite can be tested immediately after that the shipment has been
received, because the determination of swelling index is one of the easy and fairly well
reproducible tests. Even though the properties of the manufactured buffer (backfill) are
beyond the scope of the present work, possibilities to test swelling and compression of
the saturated and compressed bentonite in advance have to be prepared. Chapter 3.3.4.
describes the determination of swelling pressure in confined conditions. The test
systems are well standardized and reproducibility of tests is fairly good. The same
applies to determination of thermal conductivity. The outcome of a conventional
hydraulic test of the saturated, compacted material is probably limited to a conclusion
that the material is impermeable to water.
Consistency properties of clays and related materials are frequently discussed as a
parameter to be studied for bentonites. Originally, the consistency limits were used as
criteria for identifying clay and clay types in soil science and construction engineering.
Test carried during this work indicated that in case of bentonite the test is difficult to
carry out. Only the determination of liquid limit using fall cone tests was successful and
gave a reasonable result. However, liquid limit determinations as index tests give mainly
information on the smectite content.
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Chapters 4 – 6 describe the systematic quality assurance system for bentonite. For key
properties, preliminary limits for acceptance in quality control are proposed. The values
given are somewhat tentative so far, and they may be refined or readjusted in future
work. The approach of presented quality assurance system was to discuss the general
procedure to be followed, while the presented values of these criteria should be critically
examined in the future.
Finally, Chapter 7 demonstrates that there are a lot of chemical, mineralogical and
geotechnical methods for the quality control of bentonite material. A much more
coherent picture will be obtained when more bentonite samples have been studied.
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APPENDIX 3: 1

BENTONITE

Tests for determination of the exact identification of the smectite
STANDARD
XRD from oriented sample and cation exchange treatments

TEST METHOD
In this method oriented preparations are made from the fine fraction (<2m). Enrichment of the fine fraction
is done via sedimentation according to Stokes’ law: Sample is mixed with 20C water and left undisturbed
for 4 hours, so that material that is >2m has settled more than 5 cm. Liquid is then pipetted above this 5 cm
and filtered with membrane (<1.2m or less). Oriented preparation is made from this by turning the
membrane upside down to a glass substrate (Moore and Reynolds, 1997, X-ray diffraction and the
identification and analysis of clay minerals.). Two preparations are made from one sample.
One oriented preparation is made from K-exchanged fine fraction and two preparations from Mgexchanged fine fraction with Millipore © method. Glycerol is added to the second oriented preparation in
the end of the filtration. The ability of the sample to expand can be quickly checked by treating the oriented
sample with ethylene glycol and comparing the result with untreated preparation.
Cation exchange:
K+ / Mg2+-saturation:
Fine fraction is enriched from the sample by mixing it with distilled water (20C) and letting sedimentation
take place. Some of the fine fraction is pipetted to two test tubes. KCl-solution (1 – 2 ml, 1 M) is added to
the first and 1 – 2 ml of 0.1M MgCl2-solution to the second test tube. Fine fraction is left to react for at least
2 hours and after that the excess salts are washed with distilled water. The presence of Cl-ion can be
checked with AgNO3-solution.
Spectrum between 2-20 2 is recorded from the oriented preparations. To get the overall mineralogy of the
sample a normal analysis is done first and, after that, the clay minerals are investigated separately. To
identify the clay minerals following x-ray- analysis are needed:
1) Oriented fine fraction (first preparation) untreated
2) Oriented fine fraction Mg-exchanged, first preparation
3) Oriented fine fraction K- exchanged
4) Oriented fine fraction K- exchanged, heated 1h/200C
5) Oriented fine fraction K- exchanged, heated 1h/550C
6) Oriented fine fraction Mg-exchanged, second preparation, glycerol treated
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APPENDIX 3: 2

BENTONITE

Standard Test Method for Particle Size Distribution of Alumina or Quartz by
X-Ray Monitoring of Gravity Sedimentation
STANDARD
ASTM C958-92(2000)

TEST METHOD
This test method covers the determination of the particle size distribution of alumina or quartz powders in
the range from 0.5 to 50 μm and having a median particle diameter from 2.5 to 10 μm using a sedimentation
method. This test method is one of several found valuable for the measurement of particle size. Instruments
used for this test method employ a constant intensity X-ray beam that is passed through a sedimenting
dispersion of particle.
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APPENDIX 3: 3

BENTONITE

Standard tests for determination of the cation exchange capacity (CEC)
STANDARD
ISO 11260

TEST METHOD
Standard method for the determination of CEC) is a modification of the method proposed by Gillman
(1979). This determination of CEC by compulsive exchange has been recommended by the Soil Science
Society of America (Sumner and Miller, 1996) because it is a highly repeatable, precise, direct measure of a
soil's CEC. However, the method is time-consuming and requires specialized equipment, being thus not well
suited for routine estimates of CEC.
Determinations (code 212) made in this work are based on the standard. One gram of bentonite was
subjected to 0.1 M BaCl2-extraction (50 ml solution) during 2 hours in a shaker. The BaCl2 extract filtered
and diluted 1:5 with 10% HNO3 for ICP-AES determination. Extracted and analyzed cations include Ca,
Mg, Na, K, Al and Fe. Results are given in molar (charge) equivalents of each cation for a mass unit of
untreated (water-containing) bentonite (mEq/kg = cmol+/kg). This determination is made in non-buffered
pH-conditions. Consequently, pH-value of the bentonite slurry gives qualitative information on the
exchangeable acidity of the sample.
Ammonium acetate extractions were made in buffered solutions at pH 7 (code 221) and at pH 4.5 (code
221) using 1 M NH4Ac (+acetic acid). Sample pulp density in extraction solutions were 0.5g/25 ml and
3g/30ml at pH 7 and pH 4.5, respectively. Solutions were filtered, diluted and analyzed as with BaCl2extraction.
Equipment: at the pH of the soil and for the determination of the content of exchangeable sodium,
potassium, calcium and magnesium in soil. Is applicable to all types of air-dried soil samples; pretreatment
according to ISO 11464 is recommended. The determination of CEC as specified here is a modification of
the method by Gillman.
Viitetieto: Ala-Vainio, I. 1986. XRFroutine analysis by the fundamental parameter method. Poster
presentation abstract, Thirty-ninth Chemists´ conference, Scarborough, June 17 -19, 1986
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APPENDIX 3: 4

BENTONITE

Tests for determination of the Semiquantitative mineral composition of the
bentonite by X-Ray Diffraction.
STANDARD

TEST METHOD
This test method covers direct determination of the proportion by mass of individual phases using
quantitative X-ray (QXRD) analysis (Rietveld method).
Sample will be grinded with agate mortar to less than 50 μm. Sample will then be paced to glass slide with
few drops of acetone and quickly dried to minimize the preferred orientation.
X-ray diffraction spectra will then be recorded from 2- 70 2, with step size of 0,02. Counting time will be
based on wanted accuracy and available time. (1-5 seconds).
Spectrum will be analysed with High Score Plus-program
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APPENDIX 3: 5

BENTONITE

Tests for determination of the chemistry of the bentonite
STANDARD

TEST METHOD
XRF ( laboratory method 175X): Total element XRF analyses were performed using pressed
powder pellets. The pressed pellet method used at the GTK laboratory involved mixing 7 g pulverized
sample material with 210 mg of binder wax. The mixture was ground for two and half minutes in a highfrequence mill using a tungsten carbide grinding vessel. The mixture was pressed on a wax base using a
pressure of 20 t for 20 seconds. The intensities of characteristic X-ray lines were measured with a Philips
PW 1480 sequential wavelength dispersive spectrometer, using a 100kW generator, side window 3 Kw Rh
tube and PX-1, PE, curved GE-C, LIF200 and LIF220 crystals. Concentrations were calculated using the
fundamental parameter method RRFPO (Ala-Vainio 1986).

ICP-MS/AES (laboratory method 710P/M): 0.2 g of the ground sample and 0.7 g of lithium
metaborate were weighed into a 30 ml platinum crucible and mixed well. 100μl of lithium bromide solution
(50 %) was added and finally 0.1 g of lithium metaborate are spread over the contents of the crucible. The
crucible was placed into a muffle furnace at 600oC for 10 minutes, after which the fusion is continued at
1100oC for 25 minutes. The melt was poured into a 400 ml Pyrex beaker containing 100 ml nitric acid (6%)
and dissolved by agitation with a magnetic stirrer for 20 minutes. The solution was diluted to 200 ml in a
volumetric flask and mixed well. The solution was analysed by Thermo Jarrell Ash IRIS Duo High
Resolution ICP-AES and Perkin Elmer Sciex Elan 5000 ICP-MS.
Determination of ferrous iron (laboratory method 301T): 0.3 – 0.5g of the ground sample
was weighed into a 30 ml platinum crucible and 10 ml 6M H2SO4 was added. The covered crucible was
placed onto the hot plate at 100oC and the contents of the crucible were boiled for two minutes. 10 ml 38 %
HF was added and the contents were boiled for ten minutes. 50 ml 5% boric acid solution, 50 ml 6M H2SO4
and 40 ml 9M H3PO4 were added to 400 ml H2O in a 600 ml beaker. The crucible was immersed below the
surface of the acid solution. The Fe(II) was titrated with 0.05N K2CrO7 solution to a violet color using 0.2
% bariumdiphenylamine sulphonate as indicator. REF: Saikkonen, Risto J.; Rautiainen, Irja A. 1993.
Determination of ferrous iron in rock and mineral samples by three volumetric methods. Bulletin of
the Geological Society of Finland 65 (1), 59-63.)

Determination of (volatile) water (laboratory method 815L): Volatile water was determined
by Leco RMC-100 Moisture determinator.

Carbon analysis (laboratory method 811L, 816L): Total carbon and non-carbonate carbon was
determined by ELTRA CS-2000 carbon determinator. For non-carbonate carbon determination, samples
were treated with diluted hydrochloric acid prior to analysis.

Sulphur analysis (laboratory method 810L): Sulphur was determined by Eltra CS-2000 sulfur
determinator
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APPENDIX 3: 6

BENTONITE

Tests for determination of the water absorption capacity
STANDARD
DIN 18132

TEST METHOD
This test method covers the determination of the water absorption capacity of the sample. The determination
of water absorption is a simple rapid test for geotechnical application in both foundation work and
earthworks to evaluate the soilphysical characteristics of soil fines (clay, bentonite, silt) for structural
engineering purposes.
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APPENDIX 3: 7

BENTONITE/ MIXTURE OF BENTONITE AND BALLAST

Standard Test Method for Swell Index of Clay Mineral Component of
Geosynthetic Clay Liners
STANDARD
ASTM D5890-06

TEST METHOD
This test method covers an index method that enables the evaluation of swelling properties of a clay mineral
in reagent water for estimation of its usefulness for permeability or hydraulic conductivity reduction in
geosynthetic clay liners (GCL).
It is adapted from United States Pharmacopeia (USP) test method for bentonite.
Powdered clay mineral is tested after drying to constant weight at 105 ± 5°C; granular clay mineral should
be ground to a 100 % passing a 100 mesh U.S. Standard Sieve (0.149 mm) with a minimum of 65 % passing
a 200 mesh U.S. Standard Sieve (0.074 mm). The bentonite passing the 100 mesh U.S. Standard Sieve
(0.149 mm) is used for testing after drying to constant weight at 105 ± 5°C.
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APPENDIX 3: 8

BENTONITE/ MIXTURE OF BENTONITE AND BALLAST

Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index
of Soils
STANDARD
ASTM D4318-05

TEST METHOD
Two methods for preparing test specimens are provided as follows: Wet preparation method and dry
preparation method. The method to be used shall be specified by the requesting authority. If no method is
specified, use the wet preparation method.
The liquid and plastic limits of many soils that have been allowed to dry before testing may be considerably
different from values obtained on non-dried samples. If the liquid and plastic limits of soils are used to
correlate or estimate the engineering behavior of soils in their natural moist state, samples should not be
permitted to dry before testing unless data on dried samples are specifically desired.
Two methods for determining the liquid limit are provided as follows: Method A, Multipoint test and
Method B, One-point test. The method to be used shall be specified by the requesting authority. If no
method is specified, use Method A.
The multipoint liquid limit method is generally more precise than the one-point method. It is recommended
that the multipoint method be used in cases where test results may be subject to dispute, or where greater
precision is required.
Because the one-point method requires the operator to judge when the test specimen is approximately at its
liquid limit, it is particularly not recommended for use by inexperienced operators.
The correlation on which the calculations of the one-point method are based may not be valid for certain
soils, such as organic soils or soils from a marine environment. It is strongly recommended that the liquid
limit of these soils be determined by the multipoint method.
The plastic limit test is performed on material prepared for the liquid limit test.
The liquid limit and plastic limit of soils (along with the shrinkage limit) are often collectively referred to as
the Atterberg limits. These limits distinguished the boundaries of the several consistency states of plastic
soils.
The composition and concentration of soluble salts in a soil affect the values of the liquid and plastic limits
as well as the water content values of soils. Special consideration should therefore be given to soils from a
marine environment or other sources where high soluble salt concentrations may be present. The degree to
which the salts present in these soils are diluted or concentrated must be given careful consideration.
The methods described herein are performed only on that portion of a soil that passes the 0.420 mm sieve.
Therefore, the relative contribution of this portion of the soil to the properties of the sample as a whole must
be considered when using these tests to evaluate properties of a soil.
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APPENDIX 3: 9

BENTONITE

Standard Test Method for Determination of Thermal Conductivity of Soil
and Soft Rock by Thermal Needle Probe Procedure
STANDARD
ASTM D5334-05

TEST METHOD
This test method presents a procedure for determining the thermal conductivity of soil and soft rock using a
transient heat method. This test method is applicable for both undisturbed and remolded soil specimens and
soft rock specimens. This test method is suitable only for isotropic materials.
This test method is applicable to dry materials over the temperature range from 20 to 100 ºC. It may be used
over a limited range around ambient room temperatures for specimens containing moisture.
For satisfactory results in conformance with this test method, the principles governing the size, construction,
and use of the apparatus described in this test method should be followed. If the results are to be reported as
having been obtained by this test method, then all pertinent requirements prescribed in this test method shall
be met.
It is not practicable in a test method of this type to aim to establish details of construction and procedure to
cover all contingencies that might offer difficulties to a person without technical knowledge concerning the
theory of heat flow, temperature measurement, and general testing practices. Standardization of this test
method does not reduce the need for such technical knowledge. It is recognized also that it would be
unwise, because of the standardization of this test method, to resist in any way the further development of
improved or new methods or procedures by research workers.
The values stated in SI units are to be regarded as the standard. The inch-pound units given in parentheses
are for information only.
All measured and calculated values shall conform to the guidelines for significant digits and rounding
established In Practice D 6026.
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BENTONITE/ MIXTURE OF BENTONITE AND BALLAST

Standard Test Methods for Measurement of Hydraulic Conductivity of
Saturated Porous Materials Using a Flexible Wall Permeameter
STANDARD
ASTM D5084-03

TEST METHOD
These test methods cover laboratory measurement of the hydraulic conductivity (also referred to as
coefficient of permeability) of water-saturated porous materials with a flexible wall permeameter at
temperatures between about 15 and 30 ºC. Temperatures outside this range may be used, however, the user
would have to determine the specific gravity of mercury and RT (see 10.3) at those temperatures using data
from Handbook of Chemistry and Physics. There are six alternate methods or hydraulic systems, that may
be used to measure the hydraulic conductivity. These hydraulic systems are as follows:1.1.1 Method A Constant Head, 1.1.2 Method B - Falling Head, constant tailwater elevation, 1.1.3 Method C - Falling Head,
rising tailwater elevation, 1.1.4 Method D - Constant Rate of Flow, 1.1.5 Method E - Constant VolumeConstant Head (by mercury), 1.1.6 Method F - Constant Volume-Falling Head (by mercury), rising tailwater
elevation. These test methods may be utilized on all specimen types (undisturbed, reconstituted, remolded,
compacted, etc.) that have a hydraulic conductivity less than about 1 X 10-6 m/s, providing the head loss
requirements are met. For the constant-volume methods, the hydraulic conductivity typically has to be less
than about 1 X 10-7 m/s. If the hydraulic conductivity is greater than about 1 X 10-6 m/s, but not more than
about 1 X 10-5 m/s; then the size of the hydraulic tubing needs to be increased along with the porosity of
the porous end pieces. Other strategies, such as using higher viscosity fluid or properly decreasing the crosssectional area of the test specimen, or both, may also be possible. The key criterion is that the requirements
covered in Section 5 have to be met. If the hydraulic conductivity is less than about 1 X 10-10 m/s, then
standard hydraulic systems and temperature environments will typically not suffice. Strategies that may be
possible when dealing with such impervious materials may include the following. Tightening the
temperature control. The adoption of unsteady state measurements by using high-accuracy equipment along
with the rigorous analyses for determining the hydraulic parameters (this approach reduces testing duration
according to Zhang et al. (1)). Properly shortening the length or enlarging the cross-sectional area, or both,
of the test specimen. Other items, such as use of higher hydraulic gradients, lower viscosity fluid,
elimination of any possible chemical gradients and bacterial growth, and strict verification of leakage, may
also be considered. The hydraulic conductivity of materials with hydraulic conductivities greater than 1 X
10-5 m/s may be determined by Test Method D2434. All observed and calculated values shall conform to
the guide for significant digits and rounding established in Practice D6026. The procedures used to specify
how data are collected/recorded and calculated in this standard are regarded as the industry standard. In
addition, they are representative of the significant digits that should generally be retained. The procedures
used do not consider material variation, purpose for obtaining the data, special purpose studies, or any
considerations for the user's objectives; and it is common practice to increase or reduce significant digits of
reported data to be commensurate with these considerations. It is beyond the scope of this standard to
consider significant digits used in analysis methods for engineering design. The values stated in SI units are
to be regarded as the standard, unless other units are specifically given. By tradition in U.S. practice,
hydraulic conductivity is reported in centimeters per second, although the common SI units for hydraulic
conductivity is meters per second.
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BENTONITE, BALLAST AND MIXTURE OF BENTONITE AND BALLAST

Standard Test Methods for Laboratory Determination of Water (Moisture)
Content of Soil and Rock
STANDARD
ASTM D2216-05

TEST METHOD
These test methods cover the laboratory determination of the water (moisture) content by mass of soil, rock,
and similar materials where the reduction in mass by drying is due to loss of water. For simplicity, the word
"material" shall refer to soil, rock or aggregate whichever is most applicable. Some disciplines, such as soil
science, need to determine water content on the basis of volume. Such determinations are beyond the scope
of this test method. The term "solid material" as used in geotechnical engineering is typically assumed to
mean naturally occurring mineral particles of soil and rock that are not readily soluble in water. Therefore,
the water content of materials containing extraneous matter (such as cement etc.) may require special
treatment or a qualified definition of water content. In addition, some organic materials may be decomposed
by oven drying at the standard drying temperature for this method (110 ºC). Materials containing gypsum
(calcium sulfate dihydrate) or other compounds having significant amounts of hydrated water may present a
special problem as this material slowly dehydrates at the standard drying temperature (110 ºC) and at very
low relative humidity, forming a compound (such as calcium sulfate hemihydrate) that is not normally
present in natural materials except in some desert soils. In order to reduce the degree of dehydration of
gypsum in those materials containing gypsum or to reduce decomposition in highly/fibrous organic soils, it
may be desirable to dry the materials at 60 ºC or in a desiccator at room temperature. Thus, when a drying
temperature is used which is different from the standard drying temperature as defined by this test method,
the resulting water content may be different from the standard water content determined at the standard
drying temperature of 110 ºC. Materials containing water with substantial amounts of soluble solids (such as
salt in the case of marine sediments) when tested by this method will give a mass of solids that includes the
previously soluble dissolved solids. These materials require special treatment to remove or account for the
presence of precipitated solids in the dry mass of the specimen, or a qualified definition of water content
must be used. This test standard requires several hours for proper drying of the water content specimen. Test
Method D 4959 provide less time-consuming processes for determining water content. Two test methods
are provided in this standard. The methods differ in the significant digits reported and the size of the
specimen (mass) required. The method to be used may be specified by the requesting authority; otherwise
Method A shall be performed. Method A: The water content by mass is recorded to the nearest 1 %. For
cases of dispute, Method A is the referee method. Method B: The water content by mass is recorded to the
nearest 0.1 %. This standard requires the drying of material in an oven. If the material being dried is
contaminated with certain chemicals, health and safety hazards can exist. Therefore, this standard should not
be used in determining the water content of contaminated soils unless adequate health and safety
precautions are taken. Units: The values stated in SI units shall be regarded as standard.
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BENTONITE, BALLAST AND MIXTURE OF BENTONITE AND BALLAST

Standard Test Method for Determination of Water (Moisture) Content of Soil
by the Microwave Oven Method
STANDARD
ASTM D4643-00

TEST METHOD
This test method outlines procedures for determining the water (moisture) content of soils by incrementally
drying soil in a microwave oven.
This test method is not intended as a replacement for Test Method D2216; but, rather as a supplement when
more rapid results are required or desired to expedite other phases of testing. Test Method D2216 is to be
used as the method to compare for accuracy checks and correction.
When questions of accuracy between this test method and Test Method D2216 arise, Test Method D2216
shall be the referee method.
This test method is applicable for most soil types. For some soils, such as those containing significant
amounts of halloysite, mica, montmorillonite, gypsum or other hydrated materials, highly organic soils, or
soils in which the pore water contains dissolved solids (such as salt in the case of marine deposits), this test
method may not yield reliable water content values.
The values stated in SI units are to be regarded as the standard.
This standard does not purport to address all of the safety problems, if any, associated with its use. It is the
responsibility of the user of this standard to establish appropriate safety and health practices and determine
the applicability of regulatory limitations prior to use.
Note 1-Notwithstanding statements of precision and bias contained in this standard, the precision of this test
method is dependent on the competence of the personnel performing it and the suitability of the equipment
and facilities used. Agencies that meet the criteria of Practice D3740 are generally considered capable of
competent and objective testing. Users of this test method are cautioned that compliance with Practice
D3740 does not in itself ensure reliable testing. Reliable testing depends on many factors; Practice D3740
provides a means of evaluating some of those factors.

TEST METHODS

113

APPENDIX 3: 13

BENTONITE, BALLAST AND MIXTURE OF BENTONITE AND BALLAST

Unbound and hydraulically bound mixtures. Part 2: Test methods for the
determination of the laboratory reference density and water content. Proctor
compaction
STANDARD
SFS – EN 13286-2

TEST METHOD
This document specifies test methods for the determination of the relationship between the water content
and the dry density of hydraulically bound or unbound mixtures after compaction under specified test
conditions using Proctor compaction. It allows an estimate of the mixture density that can be achieved on
construction sites and provides a reference parameter for assessing the density of the compacted layer of the
mixture. This document applies only to unbound and hydraulically bound mixtures of aggregates used in
road construction and civil engineering work. It is not applicable to soils for earthworks. The results of this
test method can be used as a basis for comparing mixtures before use in road construction. The test results
also allow a conclusion to be drawn as to the water content at which mixtures can be satisfactorily
compacted in order to achieve a given dry density. This test is suitable for mixtures with different values of
upper sieve (D) size up to 63 mm and an oversize up to 25 % by mass.
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BENTONITE AND MIXTURE OF BENTONITE AND BALLAST

Standard Test Methods for One-Dimensional Swell or Settlement Potential of
Cohesive Soil
STANDARD
ASTM D4546-03

TEST METHOD
These test methods cover three alternative laboratory methods for determining the magnitude of swell or
settlement of relatively undisturbed or compacted cohesive soil.
Note 1—Refer to Section 5 to determine the best method for a particular application.
The test methods can be used to determine (a) the magnitude of swell or settlement under known vertical
(axial) pressure, or (b) the magnitude of vertical pressure needed to maintain no volume change of laterally
constrained, axially loaded specimens.
The values stated in SI units are to be regarded as the standard. The values stated in inch-pound units are
approximate.
All observed and calculated values shall conform to the guidelines for significant digits and rounding
established in Practice D6026.
The method used to specify how data are collected, calculated, or recorded in this standard is not directly
related to the accuracy to which the data can be applied in design or other uses, or both. How one applies
the results obtained using this standard is beyond its scope.
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BENTONITE AND MIXTURE OF BENTONITE AND BALLAST

Standard Test Method for Capillary-Moisture Relationships for FineTextured Soils by Pressure-Membrane Apparatus
STANDARD
ASTM D3152-72 (2000)

TEST METHOD
This test method covers the determination of capillary-moisture properties of fine-textured soils as indicated
by the moisture content - moisture tension relationships determined by pressure-membrane apparatus using
tensions between 1 and 15 atm (101 and 1520 kPa). Moisture tension (matrix suction) is defined as the
equivalent negative gage pressure, or suction, in soil moisture. The test result is a moisture content which is
a measure of the water retained in the soil subjected to a given soil - water tension (or at an approximately
equivalent height above the water table).
Note 1--For determination of capillary-moisture relationships of coarse- and medium-textured soils, refer to
Test Method D2325.
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BALLAST

Standard Test Method for Particle-Size Analysis of Soils
STANDARD
ASTM D422-63(2002)e1

TEST METHOD
This test method covers the quantitative determination of the distribution of particle sizes in soils. The
distribution of particle sizes larger than 75 m (retained on the No. 200 sieve) is determined by sieving,
while the distribution of particle sizes smaller than 75 m is determined by a sedimentation process, using a
hydrometer to secure the necessary data (Note 1 and Note 2).
Note 1—Separation may be made on the No. 4 (4.75-mm), No. 40 (425-m), or No. 200 (75-m) sieve
instead of the No. 10 (2.0 mm). For whatever sieve used, the size shall be indicated in the report.
Note 2—Two types of dispersion devices are provided: (1) a high-speed mechanical stirrer, and (2) air
dispersion. Extensive investigations indicate that air-dispersion devices produce a more positive dispersion
of plastic soils below the 20-m size and appreciably less degradation on all sizes when used with sandy
soils. Because of the definite advantages favoring air dispersion, its use is recommended. The results from
the two types of devices differ in magnitude, depending upon soil type, leading to marked differences in
particle size distribution, especially for sizes finer than 20 m.
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BALLAST AND MIXTURE OF BENTONITE AND BALLAST

Tests for mechanical and physical properties of aggregates. Part 7:
Determination of the particle density of filler. Pyknometer method
STANDARD
SFS-EN 1097-7

TEST METHOD
The document specifies the procedure for determining the particle density of filler by means of a
pyknometer. The test procedure applies to natural and artificial fillers used in concrete and in road
construction.
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BALLAST

Tests for geometrical properties of aggregates – Part 3: Determination of
particle shape- Flakiness index
STANDARD
SFS-EN 933-3

TEST METHOD
This Part of this European Standard specifies the procedure for the determination of the flakiness index of
aggregate and applies to aggregates of natural or artifician origin, including leightweight aggregates.
The test procedure specified in this Part of this European Standard is not applicable to particle sizes less
than 4 mm or greater than 80 mm.
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BALLAST

Tests for geometrical properties of aggregates – Part 4: Determination of
particle shape- Shape index
STANDARD
SFS-EN 933-4

TEST METHOD
This Part of this European Standard specifies the procedure for the determination of the shape index of
coarce aggregates. It applies to aggregates of natural or artifician origin, including leightweight aggregates.
The test method specified in this Part of this European Standard is applicable to particle size fractions di/Di
where Di  63 mm and di  4 mm.
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MIXTURE OF BENTONITE AND BALLAST

Tests for determination of the Bentonite content of the mixture of Bentonite
and Ballast
STANDARD
MLA

TEST METHOD
MLA is the test method to analyse mineral contents. The MLA system consists of a specially developed
software package and a standard modern SEM fitted with an energy dispersive X-ray analyser. The on-line
program of the MLA software package controls the SEM, captures sample images, performs necessary
image processing and acquires EDS X-ray spectra unattended. There are eleven MLA measurement modes
to handle different sample types and to meet different mineralogical information requirements. XMOD is
the point counting method in which mineral identification is determined by one X-ray analysis at each
counting point. This mode uses BSE imaging to discriminate particle matter from background and then
collects one X-ray spectrum from each grid point across the particle. The X-ray spectra are saved for offline classification. This method produces modal mineralogy information, i.e. percentages of the mineral
components of the sample.
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BENTONITE

Standard Test Method for Methylene Blue Index of Clay
STANDARD
ASTM C837-99 (2003)

TEST METHOD
This test method cover the measurement of the adsorption of methylene blue dye by a clay, which is
calculated as a methylene blue index (MBI) for a clay.
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BENTONITE

Fall-Cone Test to Determine the Liquid Limit
STANDARD
CEN ISO/TS 17892-6:2004

TEST METHOD
The standard cone used to determine the liquid limit wL has a weight of 60 gr and an angle of 60 º. The
upper limit of plasticity corresponding to the liquid limit is defined as the moisture content at which the
cone impression is 10 mm.

