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Project "Geomaterials characterisa- geomaterials
tion and testing'.

Contractnummer DWW 402
Contractperiode 1 juli 1990 - 1 juli 1992.

Dit onderzoekprogramma omvat de studie
naar de technische eigenschappen van
steenachtige granulaten die gebruikt worden
voor civiel-technische doeleinden. Hierbij kan
gedacht worden aan aggregaten in losse vorm
of in gebonden vorm (fundering wegen: aarde
baan; gebruik van steenachtige materialen in
ophogingen; gebruik van breuksteen bij kustbeschermingswerken; toeslag voor beton of asfalt
beton).

Het doel van het onderzoekprogramma is het ontwikkelen van een geintegreerde opzet van het
laboratoriumonderzoek van deze materialen. Hierbij ligt de nadruk op het petrografisch
onderzoek van de gesteenten, dat vooraf gaat aan het beproevingsprogramma. De duurzaamheid
(de mate waarin de technische eigenschappen behouden blijven tijdens de levensduur van de
constructie waarin het materiaal gebruikt wordt) is voor een groot deel afhankelijk van de
mineraalsamenstelling en microscopische structuur van het gesteente. Is de petrografie bekend,
dan kan aan de hand hiervan een gericht testprogramma opgesteld worden. Deze
testmethodologie is samengevat in onderstaand diagram.
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De hoofdmoot van het onderzoek omvat het ontwikkelen en beschrijven van de petrografische
technieken en parameters en de correlatie van deze laatste met al of niet aangepaste
aggregaatproeven. Verder wordt nog aandacht besteed aan het schaaleffect wat speciaal optreedt
bij grote steenblokken voor de waterbouw, waarbij (verborgen) scheuren op groter dan
microscopische schaal invloed uitoefenen op de mechanische eigenschappen.
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THE METHYLENE BLUE ADSORPTION TEST APPLIED TO
GEOMATERIALS

1. INTRODUCTION

In recent years it has become clear that the methylene blue adsorption test is a reliable and
simple method to obtain information on the presence and properties of clay minerals in soils
and rock. The test was first described in the fifties (Fairbairn and Robertson, 1957). Several
methods have been used to measure the adsorption of methylene blue by hydrophillic and
cation-exchanging substances, some of which have been rather complicated. For example,
Orchard (1976) describes how the test was done in the School of Highway Engineering in
Australia. A suspension of finely ground rock or soil was mixed with a solution of methylene
blue, left over for a few days, and then on a diluted solution the optical density was measured
by a spectrophotometer, from which the amount of methylene blue adsorbed by the clay was
determined. Because this method is quite involved and despite the fact that one could
determine the MB adsorption by comparing the colours of the test solution with a standard
set of solutions of varying MB concentration, this method was not universally accepted. In
many papers where the method is applied, no mention is made of the concentration of the
methylene blue solution used, and the adsorption is given in ml MB taken up by the soil.
Without knowing the MB concentration used, nothing can be done with such data. Possibly
also for this reason the method has not gained widespread popularity. In most geotechnical
literature the concentration is reported in grams MB adsorbed by 100 g of soil. Also this way
of reporting the concentration is basically incorrect; it should be reported in milli-equivalents
per 100 g of soil [meq/100g], because the molecular weight of MB is dependent on its water
content (it is hygroscopic).

The "spot method" developed by Jones (1964) was applied in the oil industry, to check the
quality of bentonite driling mud. This method is essentially a titration technique which
determines the amount of MB adsorbed by a suspension of fines. The "spot method" is very
simple, convenient and sufficient for the purpose of estimating geotechnical properties of
geomaterials. The spot method has been applied both to rock and soil materials. The
Laboratoire Central des Ponts et Chaussées (LCPC) has done a continuous investigation of
the method over the past 15 years and applied it on soils, rocks and aggregates. Much of
this research is summarized in the report "Essai au bleu de méthyléne" (LCPC, 1990). One
of the important conclusions that can be drawn from this report is that with help of the
methylene blue method a more convenient way is available to obtain information on the
nature and activity of clay substances in soil and rock and probably the method may be even
more reliable than the traditional geotechnical tests performed.

LCPC has found that:

1. There are good correlations between the methylene blue adsorption (MBA) and
plasticity index and liquid limit of soils. The method is easier to perform and probably
more accurate than the classical determination of Atterberg limits.

2. Clay activity can be expressed by MBA values.

3. MBA can be used conveniently in soil classifications.

Both in soils and rock a good idea of the nature of the clays present may be obtained using
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Figure 1. Diagrammatic sketch of a t-o-t sandwich structure as in pyrophyllite (Hurlbut & Klein,
1977, Dana’s Manual of Mineralogy, Wiley, New York)



methylene blue in the characterisation phase of geomaterial investigations. In this report the
major findings by LCPC are summarized and the results of our own investigations into the
application of the method to the study of rock material are presented. From our own findings
we may add:

4. MBA is a reliable method to identify potential deleterious swelling clay in rock and an
educated guess of the nature of the clay present in the rock can be made.

It appears that for geotechnical engineering purposes the MBA method gives sufficient
information on the nature of clay minerals present in soil or rock.

2. METHYLENE BLUE ADSORPTION: THEORY

2.1. Clay minerals

Clay minerals belong to the phyllosilicate mineral group. Phyliosilicates (sheet silicates) are
characterized by a platy, sheet-like, crystal structure. The understanding of clay minerals and
their classification is mainly based on crystallographic examination by X-ray diffraction and
electron diffraction studies. Linus Pauling was the first to unravel the structure of clays (1930).
The principal building elements of clay minerals are two-dimensional arrays of silicon-oxygen
tetrahedra and two-dimensional arrays of oxygen-hydroxyl octahedra. In most clay minerals
sheets of tetrahedra and of octahedra are superimposed in different fashions. Clay minerals
can be divided broadly into two groups:

a. t-o structure (kaolinite-group).
b. t-o-t structure (e.g. smectite-group).

The t-o structure consists of one octahedra layer (0) and one tetrahedra layer (t). The t-o-t
structure consists of one octahedra layer and two tetrahedra layers (Fig. 1). These two main
groups can each be subdivided into two subgroups on the basis of the infilling of trivalent Al
in the octahedral positions: if two of the three positions are occupied: dioctahedral, if all three
positions are occupied: trioctahedral.

When examining the crystal structures of clay minerals, of which more than 300 different
types have been described, two ideal electroneutral structures have been realized in nature.
These are shown in Figure 2 and 3 and represent the t-o-t mineral pyrophyllite (dioctahedral;
the trioctahedral electroneutral variety is talc) and the t-o mineral kaolinite. These minerals are
in fact stacks of the crystal structures depicted in Figures 2 and 3. The cohesive force
between the layers is primarily electrostatic, amplified by Van der Waals attraction. Cleavage
parallel to the layers is relatively easy.

The different clay minerals are derived from the prototypes by introducing more or less atom
substitutions in the crystal structure, like Si‘* <-> AP** and AP* <-> Mg, Fe**** (Figure 4).
Table 1 gives a classification of clays.

Kaolinite has the t-o structure, with the chemical formula Al,Si,O;(OH),. The structural building
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Figure 2. Atom arrangement in the unit cell of a t-o-t mineral (Mason & Berry, 1968, Elements
of mineralogy, Freeman, San Francisco)
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Figure 3. Atom arrangement in the unit cell of a t-o mineral (Mason & Berry, 1968, Elements
of mineralogy, Freeman, San Francisco)



is formed by the t-layer: (Si,O,0H)* plus the o-layer: AI(OH),. The electroneutrality is obtained
by leaving one of the three octahedral cation seats vacant. The mineral kaolinite is formed
by the stacking of the molecule units: t-o/t-0/t-0 etc.

The electroneutral t-o-t minerals pyrophyllite and talc form rather thick and Jarge crystals and
do not disintegrate to a size normal for clay minerals. They are therefore not classified as clay
minerals proper, but belong to the mica-like minerals. The clay minerals which belong to the
t-o-t structural group are the smectite and illite clay groups.

lllite has a t-o-t structure in which two t-o-t layers are connected by a shared K-ion (Figure 4).
This results in a strong crystal structure. Formula: (K,Ca,Na,H,0),(Al,Mg,Fe),(Si,,Al)O,,(OH),

Smectite clay minerals are characteristically very fine grained and chemically very active.
Much ion substitution is possible in the octahedral layer. A typical smectite mineral is
montmorillonite, AlSi,O,(OH).xH,O (no good stacking of t-o-t units; Figure 4).
Montmorillonite-like minerals can easily adsorb and release water (swelling and shrinking
clay).

Crystal structure Prototype Common clay Remarks
minerals

1:1 Kaolinite non-swelling
2:1 dioctahedral Pyrophyliite Montmorillonite Smectite
2:1 trioctahedral Talc Vermiculite Group
2:1 Muscovite llite non-swelling
2:1 Chilorite
needle structure Attapulgite

Mixed-layer clays

Table 1. Clay mineral crystallographic classification (Van Olphen, 1977)

From a geotechnical point of view the ability to swell and shrink and the possibility of clays
to be chemically active by exchanging ions is important. Therefore some emphasis is placed
on the smectite group of clays, which are very active in this respect. Before describing the
smectites in some more detail (following Van Olphen, 1977), some remarks on nomenclature
are made. In literature sometimes with the terms smectite, montmorillonite and bentonite the
same swelling clay is meant. Montmorillonite is the principal clay mineral of bentonite rock.
"Bentonite" is a soil or rock (when indurated) that originates from volcanic ash. Thus, properly
speaking, bentonite is the name of a montmorillonite-bearing rock and smectite refers to the
clay mineral group to which the mineral montmorillonite belongs.

The structure of the minerals of the smectite group of clay minerals is derived from that of the
prototypes pyrophyllite and talc by substitution of certain atoms for other atoms. The
following types of atom substitutions have been observed in representative minerals of this

group.
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Clay Symboilic Bond diamete,(g) um Substitution
mineral structure and thickness capacity
group (&) um

Kaolinite co-valent s 10 Al for Si
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U
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(lath)
—

co-valent
linkage (ionic)

Key ——\ silica sheet
to pzzzZZ2  gibbsite sheet

symbols NSNS\ brucite sheet

Figure 4. Schematic crystallographic classification of clay minerals. Gibbsite refers to
octahedral sheet consisting of AI(OH),, Brucite consists of Mg(OH),. (From Attewell and
Farmer, 1976, Principals of Engineering Geology, Chapman and Hall, London)



In the tetrahedral sheet, tetravalent Si is sometimes partly replaced by trivalent Al. In the
octahedral sheet, there may be replacement of trivalent Al by divalent Mg without complete
filling of the third vacant octahedral position. Al atoms may also be replaced by Fe, Cr, Zn,
Li, and other atoms. The small size of these atoms permits them to take the place of the
small Si and Al atoms; therefore, the replacement is often referred to as isomorphous
substitution. In many minerals an atom of lower positive valence replaces one of higher
valence, resulting in a deficit of positive charge, or, in other words, an excess of negative
charge. This excess of negative layer charge is compensated by the adsorption on the layer
surfaces of cations which are too large to be accommodated in the interior of the crystal. This
interpretation of the results of the analysis of the chemical composition of the clay minerals
was first proposed by Marshall in 1935 (Van Olphen, 1977).

In the presence of water, the compensating cations on the layer surfaces may be easily
exchanged by other cations when available in solution; hence they are called "exchangeable
cations". The total amount of these cations may be determined analytically. This amount,
expressed in milli-equivalents per 100 g of dry clay, is called the cation exchange capacity
(CEC) of the clay.

Since the exchangeable cations compensate the unbalanced charge in the interior of the
layers due to isomorphous substitutions, the CEC is a measure of the degree of substitution.
If the CEC and the chemical composition of the clay are known from a chemical analysis, it
is possible to assign the substituting ions to the tetrahedral and the octahedral sheets, and
derive the chemical formula of the clay (Van Olphen, 1977).

In the stack of layers which form a smectite particle, the exchangeable cations are located
on each side of each layer in the stack; hence they are present not only on the external
surfaces of the particle but also in between the layers. Their presence causes a slight
increase of the basal spacing as compared with that of pyrophyllite from about 9.13A to at
least 9.6A (for the dry clay) or slightly higher when the compensating cations are larger. The
difference between the basal spacing of pyrophyllite and that of a smectite is much less than
the diameter of the compensating cations. Apparently, these cations are partly sunk in the
holes of the tetrahedral sheet.

When smectite clays are contacted with water or with water vapour, the water molecules
penetrate between the layers. This so called interlayer swelling, or (intra-)crystalline swelling,
of smectites is evident from an increase of the basal spacing of the clays to definite values
of the order of 12.5-20 A, depending on the type of clay and the type of cation. A more or
less stable configuration of the hydrated clay is obtained, corresponding with the presence
of one to four monomolecular layers of water between the layers. In a water-vapour-
adsorption isotherm, a stepwise hydration with one, two, three, and four water layers could
be observed in some clays by taken X-ray diffraction patterns of a flake of the clay at different
water-vapour pressures. Cations, water, and other materials between layers are referred to
as the interlayer.

The importance of the presence of the interlayer cations for the interlayer swelling process
can be demonstrated by the following possibility to reduce the surface charge. By heating
of dioctahedral lithium-smectites, lithium ions diffuse through the layers and occupy vacant
octahedral positions, thus reducing the layer charge. The mineral then looses its swelling
ability with the charge reduction, and the layers “collapse".



Smectites also admit organic compounds of a polar or ionic character between the layers.
The adsorption of the organic compounds leads to organo-complexes of montmorilionites.
The basal spacings of these complexes depend on the size and the packing of the organic
molecules. The change in the basal spacing caused by the formation of such complexes is
often used to detect the presence of montmorillonites in natural clay mixtures. Commonly,
the complexing with ethylene glycol is used for this purpose. Methylene blue complexing also
belongs to this category.

Interlayer swelling leads to, at most, a doubling of the volume of the dry clay when four layers
of water are adsorbed. The much larger degree of swelling which is observed for many
smectite clays is due to another mechanism, osmotic swelling. Osmotic swelling is related
to the repulsive forces between two clay molecule platelets, in the so-called "diffuse-ion-layer".
The osmotic pressure is a result of concentration differences of dissolved ions or molecules
in different parts of the clay-fluid system. It is possible to calculate osmotic pressures from
the theoretically derived distribution of ions in the double layers between the clay plates and
the surrounding fluid. The calculated osmotic pressure was found to be equal to measured
swelling pressures, and both are a function of water content (or platelet distance) (Van
Olphen, op.cit. p.156).

The ’specific surface’ is that surface of the clay mineral which is accessible to water. In
smectites this total layer surface area per gram of clay represents both the external and the
internal surface area which is accessible to exchange ions and to water or other polar
molecules. For clays with platy-like particles, the internal and external surface areas per gram
of clay may be calculated from the dimensions of the unit-cell of the crystal structure, as
determined by X-ray diffraction analysis. The total external area of the flat part of the surface
per gram of clay is found by dividing the total layer surface by the number of layers which
are stacked in the particles. This number may be derived from the thickness of particles
obtained by electron microscope or other techniques (Van Olphen, op. cit.,, p.87).
Determination of surface area by adsorption data is also possible. The external surface area
may be determined by the method of Brunauer, Emett and Teller (BET), from the adsorption
isotherm of nitrogen gas on powdered clay. To determine the total internal and external
surface area other methods can be used, which are based on the adsorption of polar organic
compounds, such as glycol and glycerol from the liquid phase, or of cationic compounds
(such as methylene blue) from hydrous solution (Table 2).

Method used Specific surface (m?/g) Type of
surface
measured

kaolinite illite montmorillonite

BET 22 113 82 external

Ethylene-glycol | 45 90 750 external -

800 internal

MBA 48 74 860 external -

internal

Table 2: Specific surface of clay minerals (Denis et al, 1980)



2.2. Methylene blue

Methylene blue (3.9 bis Dimethylamino phenazothium chloride) is an organic molecule which
is built up of benzene rings.

Molecular formula: C,H,N,CIS

Structural formula:
Looking at the structural formula it can be
seen that the molecule actually contains a
negatively charged (ClI) ion and a large

N
N positively charged ion.
HaC > N e a

Hac Toks It can be regarded as a rectangular volume of
dimensions 17.0x7.6x3.25 A%. The projected
area of the molecule is about 130 A? (=
17.0x7.6). The molecular weight is 319.9.
Methylene blue hydrochloride (trihydrate) has
a molecular weight of 373.9.

Hang and Brindley (1970) have investigated the mechanisms by which MB is adsorbing on
the clay minerals kaolinite, Na- and Ca- montmorillonite and illite. X-ray diffraction was used
to clarify the adsorption behaviour in Na- and Ca- montmorillonite. Their study was specifically
undertaken to examine the determination of surface areas and cation exchange capacity
(CEC) by methylene blue adsorption. Careful experimenting with clay suspensions showed
that the clay suspensions started to flocculate at a specific concentration of MB. This point
was interpreted as the amount of MB needed to cover the clay surfaces with MB cations. The
specific surface area could be calculated as follows:

M, x A, x 6.02 x 102 [m?/g] (1)

specific surface
amount of MB adsorbed per 100 g clay [meq/100g]
= area per molecule on the surface = 130 A?

S,
S,
M
An
Maximum adsorption of methylene blue, corresponding to complete exchange of the
inorganic by the organic ions, occurs with larger amounts of MB than required for optimum
flocculation. The results of the MB adsorption experiments on montmorillonite are given in

Figure 5. Here the arrow indicates the optimum flocculation point, the plateaux give the CEC
for Na- and Ca- montmorillonite respectively.

Hang and Brindley emphasize that high concentrations of MB solutions are needed to
complete the exchange reactions. They also note that the "correct’, maximal, exchange
capacity of montmorillonite is obtained only when the Na-form is used. The exchange
reaction is far from complete when Ca-montmorillonite is used. Under wet conditions the X-
ray diffraction measurements showed that the basal spacing of the Ca-clay, normally 19.0 A,
diminished to 15.9 A with a small adsorption of MB and to 15.7 A as the adsorption increased
to the limit of about 90 meq/100 g clay. The basal spacing of the Na-clay in water remained
very large or very irregular even after full exchange of the Na* by MB cations; under aqueous
conditions no basal reflections were observable.
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Figure 5. Methylene blue adsorption by (a) Na-montmorillonite, (b) Ca-montmorillonite. Arrows
indicate conditions for optimum flocculation and probably mark the end point of the spot test
(Hang and Brindley, 1970).
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Figure 6. Electrophoresis diagram showing mobility of clay particles in a suspension. The
change of electro-negative to -positive charge is clearly related to MB addition (Lautrin, 1990).
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In Figure 5 is shown that the optimum flocculation point occurs in the region where the curve
begins to deviate from the initial 45° slope, i.e., where adsorption is no longer 100 %. This
corresponds to the end point given by the spot test (Hang and Brindley, op. cit., p.207).

From the work of Hang and Brindley (1970) we may conclude:

1. For determination of specific surface, the amount of MB leading to optimum
flocculation of the clay should be used. This point is determined by the spot test.
2. The maximum amount of MB adsorbed corresponds to the "effective" CEC, i.e. the

cation capacity also available for water molecules.

Summarizing, the mechanism is rather simple. When a methylene blue solution is added to
a watery clay mixture the positive methylene blue ion will drive away the positive ions of the
above described diffuse-ion-layer. This process will continue until all the other positive ions
have been expelled. Up to that point all the methylene blue will attach to the clay mineral
surfaces. Then MB ions will replace the positive ions of the interlayers. From then on the
remaining methylene blue ions will stay in solution. There is a distinct point in the process,
the point where the clay minerals become electroneutral. This point can also be measured
by electrophoresis techniques (Figure 6). Further adsorption gives the clay molecules a
positive charge. Maximum adsorption corresponds with the CEC. Another way of interpreting
the process can be found in the LCPC reports: As there are actually two surfaces, the
external and the internal, there are also two stages in the attachment process: a fast and a
slow one. Methylene blue will first attach to the external surface, the fast process, and then
slowly attach to the internal surface.

2.3. Test methods

Two methods have been used extensively at the Laboratoire des Ponts et Chaussées (LCPC
1990); the "spot method" and the “turbimetric method". The spot method is a simplified
titration technique. A certain concentration of MB solution is used (normally 10 g/l or 3 g/I
dry MB), which is added in definite volumes (0.5 ml) to a suspension of fine grained soil or
ground rock particles. About 2 g of particles suspended in 20 ml water is sufficient. Drops
of the suspension are placed on filter paper. When MB is adsorbed, the fluid migrating in the
filter paper from the droplet outwards is colourless. MB is added to the suspension again,
while the suspension is thoroughly shaken (by a magnetic rod stirrer, for example). Another
droplet is placed on the filter paper and the migrating halo around the droplet is examined.
This process is continued until the migrating fluid is blue coloured by the excess MB resting
in solution when all MB is adsorbed. It was found that, when using this method, the MB that
is adsorbed by the clay minerals corresponds with total coverage of the surface areas of the
clay layers. When titrating a pure clay suspension the amount adsorbed would relate to the
cation exchange capacity of that clay. (Otherwise it would relate to the CEC of the soil or rock
under study). The procedure of the spot method is described in Appendix 1. Appendix 2
gives the latest French norm for the spot test performed on sand aggregate. This procedure
differs from the procedure described in Appendix 1, which was applied for this study. Much
larger quantities of sample suspension are used with the latter method.
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The methylene blue adsorption value is calculated in grams MB adsorbed by 100 g of
sample:

MBA = (c xp) / (A/100) [g/100 g], @)

MBA = methylene blue adsorption value (Vg in French literature)
¢ = concentration methylene blue solution [g/mi]

p amount of MB adsorbed [ml]

A weight of soil or rock powder

The adsorption expressed in milli-equivalents (M,; see equation 1) can be calculated as
follows:

M, = (100xNxp) /A [meq/100 g] )

normality of the MB solution [meq/I]

In the reports of LCPC and the papers of the French authors the results of the adsorption
tests are always reported in MBA values (noted as "V,"; la valeur de bleu), with the units
g/100g or g%. This is not really good practice, because of the fact that methylene blue turns
out to be hygroscopic. Because of this its molecular weight may vary. As has been noted
above, the molecular weight of dry MB is 319.9, that of trihydrate 373.9. To determine the
hygroscopic water content of the MB, a sample of the crystalline dye is dried at 105 °C and
the loss of the weight determined (a typical weight loss is about 12.34 %). The normality of
a MB solution can then be calculated:

N = (c x 1000)/319.9 x (100.00 - 12.34)/100 [meq/I] (4)
¢ = concentration methylene blue solution [g/mi]

When dried methylene blue crystals are used to prepare the MB solution (Appendix 1), M, =
3.13 MBA [meq/100g]; when saturated trihydrate is used, M, = 2.67 MBA [meq/100g]. It is
desirable to report MB test results in meq/100g, to prevent misunderstanding. In this report
MBA is reported in g/100g and where possible M, is given as well. For the experiments in
Delft always dried MB was used to prepare the solutions. The older French values might
relate to MB solutions prepared from trihydrate.

The turbimetric method was developed by LCPC, because it was found necessary to have
a more precise test method available, to measure very minute contaminations of clay, for
example in sands used for concrete manufacture. The second reason given was that the spot
method would measure the total, external and internal, surface adsorbing MB and cannot
distinguish the two. Tourenq and Tran Ngoc Lan (1990) think that this distinction may, in
some cases, be of geotechnical significance. A distinction between short-term and long-term
geotechnical behaviour is made. An analysis of quite a number of studies seems to indicate
that:

1. In the long term it is the total specific surface (internal and external) of clays that
determines the maximal risk (here the result of the "spot test" is significant).
2. In short term only the external surface may determine the mechanical behaviour of

clays. This may relate to laboratory tests with a duration of less than 7 days.
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The turbimetric method allows one to determine adsorption only on the external surface. It
appears that, also in France, the turbimetric method is only rarely used (Mishellany, 1990).

2.4. MBA measurements on minerals

On a suite of minerals MBA spot measurements have been made, to observe whether some
adsorption would take place (Table 3). The reason for this survey was that it could be
observed that some minerals, like hornblende and chlorite sometimes would take some stain
(as observed under the microscope). It was done also to check whether other minerals than
clays would adsorb some MB, or would act inert. Table 4 gives values obtained for clay
minerals. Both tables give also the M, value and the specific surface derived from the MBA
results.

Mineral MBA [g/100g] | M, [meq/100g] S, [m?/g]
23 Analicite 0.59 1.8 14
29 Anhydrite 0

38 Antigorite 0.15 0.47 3.7
39 Apatite 0]

48 Asbestos 0.14 0.5 3.9
49 Asbestos 0.23 0.7 55
66 Baryte 0

79 Biotite 0.15 0.5 3.9
92 Calcite 0.09 0.3 2.3
100 Cancrinite 0

112 Chamosite 0

137 Dolomite 0

142 Epidote 0

152 Garnierite 5.4 16.9 132
156 Gypsum 0

165 Hornblende 0.15 0.5 3.9
172 Kaolinite 1.4 4.4 34
186 Lazurite 0

189 Magnesite 0

198 Monticellite 0.10 0.3 2.3
199 Muscovite 0.15 0.5 3.9
203 Nephelinite 0

236 Sepiolite 7.2 225 176
237 Sericite schist 0.15 0.5 3.9
238 Serpentinite 0.18 0.6 4.7
239 Serpentinite 0.15 0.5 3.9
246 Scapolite 0.15 0.5 3.9
256 Talc 0.38 1.2 9.4
284 Wavellite 0.5 1.8 14

Table 3: MBA values for minerals and rocks from the collection of the Faculty of Mining
Engineering, Delft.
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Mineral MBA [g/100g] M, [meq/100g] | S, [m?/g]
Li-montmorillonite’ 11 29.4 230
Na-montmorillonite 9.5 26.1 204
Na-montmorillonite® 126.0

K- montmorillonite 22.9 62.6 490
Rb-montmorillonite 11.4 31.1 243
Cs-montmorillonite 4.7 12.9 101
Mg-montmorillonite 22.0 60.2 471
Ca-montmorillonite 21.2 57.8 452
Ca-montmorillonite® 90.0°
Sr-montmorillonite 20.3 55.4 434
Ba-montmorillonite 17.5 47.8 374
Montmorillonite® 64.3 503
Palygorskite 14.6 38.9 312
Chlorite 0.6 2.0 16
lllite 25 6.7 52
Oswego lllite? 13.2°

Kaolinite 2.4 6.6 52
Florida kaolinite® 7.2°

Serpentine 1.2 3.3 26
Halloysite 1.3 3.4 27
Ball clay® 12.3 96
London clay® 25.2 197

' homoionic fractions of montmorillonite were prepared from Wyoming bentonite

2 data from Hang and Brindley (1970), CEC (maximum adsorption) obtained by
spectrophotometer measurements (see Fig. 5).

® data from Kihnel (Delft)

Table 4: MBA values of some clay minerals (Stapel & Verhoef, 1989)°.

2.5. Interpretation of MBA adsorption data
There are two problematic issues related to the interpretation of MBA data.

1. Does the spot test actually measures cation exchange capacity (CEC)?
2. The units of measure of MBA

The first point is related to Figure 5. If we follow the interpretation of Hang and Brindley
(1970), the MB spot test would indicate the concentration at which some MB remains in
solution. This relates to the flocculation point for pure clays. It appears that the clay is
capable of adsorbing more MB, the maximum amount is the cation exchange capacity (Fig.
5). As noted earlier (section 2.2), it depends on the chemical composition of the clay, i.e. the
type of cation, how much exchange can occur. Table 3 and 4 and data in literature show that
CEC values vary also for the same clay mineral, even with identical chemical composition.
According to the above, the MBA spot test probably underestimates CEC. There is ample
evidence, however, that MBA results (M,) correlate very well with, and are near to, CEC values
measured with other methods (e.g. Sweere and Galjaard, 1987; LCPC, 1990). in fact, "cation
exchange capacity" is a term which should be regarded in relation to the method by which
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it is determined. How much exchange will take place is a function of the environment (pH,
type of clay, type of exchanging cation etc.) If the method by which CEC is determined is
given, there is no objection to replace "M;" by "CEC".

Specific surface can be determined without problem from the MBA spot test data. The
accuracy of the spot method can be illustrated with the minimum surface area that can be
determined, which is 2 to 3 m®. This would correspond with 0.1 % kaolinite or 0.002%
montmorillonite present in the rock or soil. The calculated S, values in Table 4 are generally
lower than theoretically possible (compare with Table 2). This may relate to a systematic
underestimation by the MBA test, but probably also is a real effect. As for CEC, also specific
surface will be dependent on experimental conditions and method of determination used.

More important than the fact whether the MBA method gives theoretically correct values of
CEC and S; is its relationship with chemical activity and water adsorption, which both
determine geotechnical properties (swelling and shrinking, shear strength etc.). Figure 7
shows the results of a comparative study on homoionic fractions of Wyoming Bentonite,
where the methylene blue adsorption has been compared with the result of Foster’s swell test
(Foster, 1953; Stapel and Verhoef, 1989).

50
K
45 CMg
40 Ca
35 CBa Sr
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2
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Rb
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Mf [meq/100g]

Figure 7. Swell capacity of different montmorillonite clays and MB
adsorption

Since the LCPC has already assembled a large data base, we have chosen in this report to
follow the procedures adopted by LCPC. The MBA value will be given in g/100g or g%,
based on the result of a determination with a solution of dry MB. The more correct usage of
giving the data in meq/100g is advocated, however. Therefore M,, when possible, is given
as well. As discussed above, M, is nearly equal to the CEC. The French "V;" data should be
multiplied with 2.67 [meq] to obtain M..
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Class Description | Identification parameters and boundary | Sub class
values
A Finegrained | D, MBA,' < 25 A,
soils < 50 mm
12<I,<250r
2
Fraction 2.5 < MBA, <6
passing 25 < I, < 40 A,
80um >35% | or 6 < MBA, <8°
l, > 40 or MBA, >8°? A,
B Sandy and D nax Fraction Fraction MBA, B,
gravelly soils | < 50 mm passing passing < 0.2
with fines 80um < 2mm >
Fraction 12% 70% MBA, B,
passing > 0.2
80um <35% Fraction MBA, | B,
passing < 0.2
70% MBA, | B,
> 0.2
Fraction MBA,< 1.5 B,
passing
80um: MBA, > 1.5 Bs
12 - 35%
C Soils with Do Fraction passing 50 mm > 60-80% | C,
fines and > 50 mm (material of low workability)
coarse . . % | ¢
material MBA, > 0.1 Fracthn passing 50 mm < 60-80% A
(material of high workability)
D Soil not Fraction D ex Fraction passing D,
sensitive for | passing < 50 mm 2mm > 70%
water 80um <12% . .
Fraction passing D,
MBA, < 0.1 2mm < 70%
Dpax > 50 mm D,
(1) MBA, = methylene blue adsorption value of the soil
(2) For these soils identification using | is preferred.

Table 5. New French proposal for road stone classification, including MBA test (LCPC, 1990)
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3. MBA AND GEOTECHNICAL PROPERTIES OF SOILS (LCPC, 1990)

3.1. Soil classification

The Laboratoire des Ponts et Chaussées has published the results of numerous tests on soils
and rock in their special publication "Essai au blue de méthylene" (1990). In this chapter a
short summary of their results is given. For more details one is referred to the papers in the
LCPC report. The MB method has many advantages over the usual tests to classify soils. For
example Tourenqg and Tran Ngoc Lan (1990) point to the usual identification methods applied
for sandy and gravelly soils; the Atterberg limits and the sand equivalent test. The two tests
measure different properties on certain size fractions of the soils under study. Figure 8 shows
the results obtained by LCPC on the relationship between plasticity index |, and the sand
equivalent value ES with V; (MBA). If the test is carried out on a (fine) size fraction (o/d), then
the MBA of the total soil (0/D) can be found by:

MBA,,, = MBA, , x C,/100 ®)
C, = the weight percentage of size fraction o/d in the soil with size distribution o/D

The MBA, ;, therefore can act as an index which quantifies the effect of clay present in the
soil.

Table 5 is a classification for road base materials applied in France, where the advantage of
using MBA values is clearly illustrated. From table 5 can be seen that the MBA test can
replace the determination of sand equivalent value (ES) and the Atterberg limits. Especially
for the determination of Atterberg limits quite some laboratory work is needed. The
determination of the percentage of fines (< 80 um) can be done with the simple
“densitometer" method (LCPC, 1990, p. 16). The MBA can be determined on the fine fraction.
Compared with the Atterberg limits determination and the sand equivalent test, the MBA test
is the only one which obeys the law of additivity: the amount of MB adsorbed by a mixture
is exactly equal to the sum of the amounts adsorbed by the masses of clays present in the
mixture. This does not hold for the other two tests (Tourenq and Tran Ngoc Lan, op. cit.).
From Figure 8 can be deduced that the MBA test can replace the determination of plasticity
index Ip without problem. The sand equivalent test should be kept to describe soil with ES
> 60. For sands with ES < 60, the MBA test can distinguish between soils with kaolinite clay,
which adsorb little and soils with smectite clay, which adsorb much.

For fine grained soils, which normally are classified with use of the Atterberg limits, the
following correlations have been found (for soils without carbonates):

For: 0<MBA< 1.9

W, = 17.8 MBA + 6; - )
|, = 14.65 MBA - 11; o 7)

for 1.9 < MBA < 2.4

W, = 174 MBA -5 ; ' ®)
l, = 9MBA-76; , ©)
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Figure 8. Variation of plasticity index |, and sand equivalent value ES with MBA value V,.

) C21%) 23 10 ’ 3 Valg/100g)

30 Vgig/100g)

Figure 9. New classification for fine grained soils (LCPC 1990), according to MBA value and
clay (< 2 um) content.
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for MBA > 2.4 ‘

W, = 7.53 MBA + 10.2; _ (10)
|, = 5.23 MBA - 5.4; o - (11)

Figure 9 gives the classification of fine grained soils as proposed by LCPC, where the
percentage of clay (C, = content of particles < 2 um in the soil) is compared with the MBA
(V) value. Fine grained soils are soils with more than 50% fines (size < 80um). The line MT
in Figure 9 corresponds to a soil with about 25% of montmorillonite in the clay fraction. This
line separates "moderately active" soils from "very active” soils. The following classification
has been proposed:

A,.. = argile peu active = non active clay

A.. = argile moyennement active = moderately active clay
A, = argile trés active = very active clay

L. = limon peu active = non active silt

L.. = limon moyennement active = moderately active silt
L. = limon trés active = very active silt.

A similar diagram is developed for sands and gravels, Figure 10. These granular soils have
less than 50% fines.
The symbols in this diagram are given below.

SA = clayey sand

SL = silty sand

GA = clayey gravel

GL = silty gravel

b = bien gradués = well graded
m = mal gradués = badly graded

The distinction between gravel and sand is made according to the diagram of Figure 11,
where C,, signifies the percentage of fines < 80 um in the soils and C,,, the percentage of
sands < 2 mm in the soil (LCPC, 1990, p. 22, 23).

3.2. Geotechnical properties of soils

The activity of clay minerals in a soil was defined by Skempton (1953) as follows:

/
A=-L 12
<G (12)
I, = plasticity index
C, = percentage of clay-size fraction (< 2 um) in the soil.

For pure clays the following activities were found:
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Figure 10. Distiction between clayey and silty granular soils, based on MBA (V) value and
fines fraction (< 80 um).
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Figure 11. Distinction sand and gravel according to LCPC, based on percentage fines (< 80
um) and percentage sand (< 2 mm).
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Clay mineral A,
Kaolinite 0.33-0.46
llite | 0.90
Ca-montmorillonite 1.50
Na-montmorillonite 7.20

Skempton (1963) proposed the following soil classification:

CLASS A,

1. inactive soil < 0.50

2. inactive soil 0.50 - 0.75
3. normal soil 0.75-1.25
4. active soil 1.25-2

5. very active soil > 2

Using the relationships (5), (7), (9), (11) we can obtain A_ from the MBA test, and the result
of a sieve analysis.

LCPC (1990, p. 36) has proposed an activity index based on MBA:

Acg - .1992:4_34 s (13)

The following classes are proposed:

CLASS Acs

1. Non-clay soil <1

2. Inactive soil 1-3

3. Slightly active soil 3-5

4. Normal soil 5-8

5. Active soil 8-13

6. Very active soil 13- 18

7. Noxious soil > 18
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TABLEAU VIII

Caractéristiques géotechniques et minéralogiques des échantillons d’argile du Miocéne

b) Relations entre la cohésion,
I'angle de frottement interne
et le pourcentage d'éléments

Composition minéralogique
de la fraction < 2um
CZ AcB c/ (P»
(< 2 pm) (g/100 g Interstratifiés (kPa) (degré)
(%) dargile) K (%) 1 (%) M (%) chlorite-
vermiculite (%)

M, 30 3 20 55 25 4 32
M, 28 5 20 65 15 9 25
M, 25 72 20 40 40 15 25
M, 45 9,7 20 80 25 23
M; 50 8 25 50 25 20 20

Figure 12. Results of tests on Miocene clay (Lautrin, 1990). K = Kaolinite, | = lllite, M =

Montmorillonite.
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A Miocene clay from the Aquitaine basin was classified this way and consolidated non
drained triaxial tests were performed. The results of this study are reproduced as Figure 12
(Lautrin, 1990). As expected, clay activity is related to shear strength.

4. MBA AND DURABILITY OF ROCK

The MB test can also be performed on crushed rock aggregate or stone. This requires
crushing the rock to a size where the clay particles become exposed. Normally a size < 100
um will be sufficient. From a batch of aggregate commonly 1 kg is crushed and the test is
performed on 2 g of the finely ground rock (Appendix 1).

Wimpey Laboratories (UK) has given guidelines to assess soundness of rock aggregate
(Table 6).

Class I MBA [g/100g] M, [meq/100g]

Acceptable <07 <19
Marginal 0.7-1.0 19-27
Unsound > 1.0 > 27

Table 6. Indication of rock durability (Wimpey Laboratories, UK)

The MBA values determined on rock aggregate are a function of clay mineral content and
clay type. If the percentage of clay present is known, the clay type may be inferred. Typical
values for the three major clay types are given in Table 7.

Clay mineral range MBA [g/100g] range M, (CEC)
[meq/100g]

Kaolinite 2-5 5-15

llite 5-15 ) ;5"14/0

Montmorillonite 15 - 40 40 - 100

Table 7. Typical range of adsorption values for the common clay minerals

To appreciate the effect of swelling clay in rock, two examples of deterioration that can occur
in practice are given.

1. Limestone from a rock quarry near Tunis was used as rip-rap to protect the slopes of Lake
Tunis. The quarry is in strong limestone, locally layered and laminated. The climate in the
area is arid. When the rock blocks became exposed to wetting and drying conditions, about
30% of them deteriorated to rock powder within a few months of time. Four rock samples
were provided for study. The rocks were partly crushed and the MBA test was performed on
the rock powder. Four thin sections were prepared for microscopic study. These were stained
in a MB solution. By staining, the adsorbing minerals are coloured blue. The results of the
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MB test are given in Table 8.

Sample No. | M, [meq/100 g] | Sample description
1 6.6 Laminated Calcilutite, stained clay in
t
] 6.1 layers + patches
2 1.
9 stained clay highly dispersed
3 0.9
local stained parts, in high
3 1.9 concentrations
4 0.9

Table 8. Results of MBA test on limestone blocks from Lake Tunis rip rap.

Parts of the rocks were ground and the clay fraction was concentrated, to perform an X-ray
examination. The following minerals were identified in the clay-size fraction: quartz, kaolinite,
montmorillonite and possibly chlorite.

It is obvious that the swelling clay montmorillonite was the cause of the problem. When
wetting and drying of the rock occurs, the layers and laminae of clay will act as small pumps:
expanding when wet and shrinking when dry. This may lead to crack growth, with resulting
enlargement of the areas in the interior of the rock that will be wetted and disintegration of
the blocks.

2. Another way that rock may disintegrate for the same reason is possibly less obvious. If
rock which contains some swelling clay (for example argillaceous mudstones) is used for
road base aggregate, which - when the road is well constructed - is normally well drained and
dry, deterioration has been reported by the following mechanism. Due to the dynamic loading
by the traffic, pressure differences within the rock particles cause water to migrate from pore
to pore. If swelling clay comes into contact with this water it will start to expand and may
cause crack growth. It is known that swelling pressures up to 2 MPa can occur due to clay
swelling (Fookes et al, 1988). Due to this mechanism the rock particles start to degrade and
fines may concentrate between the road base and black top, with subsequent failure of the
road structure.

The two examples given above illustrate that, when swelling clay is present, the following
factors determine the durability of the rock.

1. clay activity (MBA and percentage of clay present)
2. microstructural position of the clay
3. a wetting- and drying mechanism.

The above made us suspicious that probably not only the MBA value of the crushed rock is
sufficient to predict durability, but the microstructural position had to be evaluated as well.
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Therefore microscopic examination is recommended.

A suite of rock aggregate used as ballast for railway tracks was examined this way. Apart
from determining MBA also the percentage of stained mineral in the rock was obtained by
estimating volume percentage present in thin section. The following formula allows one to
obtain an impression of the MBA of the "adsorbing mineral” (this will be an average value for
all adsorbing mineral types present).

MBA_, - MBAwsc # min 400 (14)
vol.% P ok

If we would know the density difference between mineral and rock, the MBA,,, can be
derived. Table 9 gives a list of common densities of minerals. From the table we can deduce
that commonly the clay minerals have more or less the same density as the minerals in the
rock powder used for the MBA ., determination. However, when smectites are present, they
will be present in the expanded state and will have a low density. If this is the case, the
Pmind Prock TaLIO Will be about 1.7/2.6 = 0.7. This means that the derived estimate of MBA,, will
be lower if a swelling clay mineral occurs. If we assume that the densities of rock and mineral
are equal, we have a conservative guess of the MBA of the mineral (i.e. the values will be
high).

Mineral Density [Mg/m®]
Kaolinite 26-27
lllite 26-29
Smectites 1.7-27
Serpentinites 24-27
Chlorites 26-33
Talc 26-28
Glauconite 22-28
Muscovite 28-29
Biotite 3.0 -3.1
Quartz 25-28
Plagioclase 26-28
Kalifeldspar 25-26
Amphibole 3.1-33
Pyroxene 3.2-36

Table 9. Densities of minerals
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rock type Vol.% . MBA (g%) | MBA min 0.7*MBA Deval
stained (9%) min (g%) (wet)

andesite * 1 0.35 35.1 246 9.7
andesite * 1 0.59 58.5 41.0 9.1
andesite * 5 1.29 25.7 18.0 6.0
andesitic basalt * 1 0.35 35.1 246 9.6
andesitic basalt * 1 0.82 81.9 57.3 9.0
basalt 5 0.35 7.0 49 14.9
dacite * 20 2.11 10.5 7.4 7.8
granite 3 0.35 11.7 8.2 14.6
granite * 4 0.70 20.1 14.0 12.1
granite * 18 0.94 5.2 3.6 8.7
granodiorite 10 0.59 5.9 4.1 15.0
quartz diorite 22 0.35 1.6 1.1 20.1
dolomite * 1 0.35 35.1 24.6 18.2
limestone * 1 0.23 23.4 16.4 6.2
limestone * 1 0.238 23.4 16.4 10.3
limestone 5 0.35 7.0 4.9 9.3
limestone 15 0.59 3.9 27 5.9
quartz arenite 10 0.35 3.5 25 10.5
quartz arenite * 1 0.47 46.8 32.8 6.2
quartz arenite * 15 0.82 5.5 3.8 7.4
graywacke 8 0.70 8.8 6.1 10.6
metabasalt 5 0.47 9.4 6.6 13.7
metagabbro * 45 1.17 2.6 1.8 55
gneiss * 1 0.35 35.1 24.6 9.3
gneiss * 1 0.59 58.5 41.0 215

Table 10. Results of petrographic examination, MBA test and Deval test on railway ballast
aggregate. Rocks indicated by * were considered suspect after petrographic examination of
MB stained thin sections.
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Apart from the microscopic examination and the MBA test, also the wet Deval attrition test
has been carried out (Table 10). It can be seen that using formula (14), and applying a
density ratio of 1, unrealistically high values of MBA_, are obtained. Using the above
mentioned ratio of 0.7, the estimated MBA,,,, values approach realistic values for smectite.
In this example, the following criteria were used to indicate potential durability problems with
regard to swelling clays:

1. MBA > 0.7 g/100g for the aggregate
2. MBA,,, > 10 if present in vol.% > 5 (MBA,,, determined with €q.14; pin/Prek = 1)
3. MBA,,, > 20

If either of these criteria were met, the rock was considered suspect. These rocks are
indicated in Table 10, and are plotted as filled squares in Figure 11. In Figure 11 the results
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Figure 11. The filled squares indicate rock considered suspicious after petrographic
examination of stained thin sections and the MBA test. The wet Deval coefficient < 10
indicates poor attrition resistance.

of the MBA test and the wet Deval test are plotted. The result of the Deval attrition test is
given in Deval numbers. A higher number indicates better performance. The MBA test results
are plotted against the vertical axis. An MBA value > 0.7 is considered marginal, > 1
indicates unsound rock. It is thought that the wet Deval test indicates also degradation due
to the action of the clay. The result shows that most of the rocks considered suspect
performed badly in the Deval test, including rocks which would pass the MBA < 0.7 criterion
(sound rock; Table 6).

Only by this method of staining rock thin sections, minute amounts (around 1 vol.% or less)
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of smectites can be detected and potentially deleterious rock indicated. It is thought that this
method should be included in the routine petrographic examination of rock construction
materials, because swelling clays can occur in any weathering grade of rock, including fresh.

Figure 11 also shows four rocks that were suspect, but performed well in the Deval test. Most
of these have 1 vol.% (or less) clay. It should be noted that petrographic examination has the
function of indicating potential hazard. In this example only vol.% and MBA values were
considered, not microstructural position. The one sample which was considered sound, both
by the MBA test and the petrographic MBA test, but with Deval coefficient 5.9, is a limestone
with 15 % clay, were the clay is surrounding the calcite grains. This rock shows
microstructural weakness, which also bears out in the Deval test.

5. CONCLUSION

This survey has shown that the methylene blue method is a very useful aid in the study of
geotechnical properties of geomaterials. The MBA test gives direct information of the activity
of clays present in the soil or rock. MBA is directly related to swelling potential of clays, which
is the property that determines mechanical behaviour. The experience of LCPC shows that
MBA can reliably and comfortably be used for geotechnical classification of soils. Also in the
study of rock intended for construction purposes MB is very valuable. If the spot test on
ground rock is done in combination with a study of stained thin sections, a very good
impression can be gained of the potential soundness of the rock.

A source of error lies in the different ways that methylene blue adsorption is reported. The

best way of reporting MB adsorption is in milli-equivalents adsorbed by 100 g of soil or
ground rock [meq/100g]
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APPENDIX 1: THE METHYLENE BLUE ADSORPTION SPOT TEST
JUNE 1992

1._Scope of the test - .
adgor reich

This test is used to quantify the t of clay mineral (smectite group) present in an
aggregate and hence to indicate the soundness of the aggregate. If a significant
amount of methylene blue is adsorbed by the soil or ground rock material, this may
indicate the presence of swelling clay minerals, although there exist substances that
also may adsorb methylene blue. Further study, for example using specialised X-ray
diffraction techniques suitable to identify smectite clay minerals, is necessary to assess
the true nature of the adsorbing substance. Low MBA (methylene blue adsorption)
values, however, nearly always indicate absence of significant amounts of swelling clay
minerals. If a petrographic study is carried out concurrently, the adsorbing minerals
may be stained, by immersing the thin sections with the methylene blue solution. In
this way the volumetric amount of adsorbing minerals can be estimated and an
educated guess of the nature of the clay mineral may be made. The methylene blue
test is an alternative way to determine the cation exchange capacity of a soil or finely
ground rock.

2. Apparatus and reagents

- 25 ml burette mounted on stand

- 250 ml Erlenmeyer flasks

- 100 ml volumetric flask and stopper

- 250 ml beakers

- glass stirring rod

- magnetic stirrer

- small clock glasses

- sample containers

- spatula

- Whatman No. 40 filter papers (12.5 cm diameter)
- distilled or de-ionised (demineralized) water

- Methylene Blue

- chemical waste tank

- analytical balance; aggregate crusher; grinding apparatus; riffle boxes; scoop; metal
trays; an oven.

3. Preparation of the Methylene Blue solution

The crystalline Methylene Blue (3.9-bis-dimethylamino-phynazothionium-chloride;
C,6H1sN3CIS) has to be oven-dried for several hours at 105 degrees C to expel water,
because it is hygroscopic. A 0.0094 N solution is prepared by dissolving 3.0 g of the
oven-dried Methylene Blue crystals in 250 ml destilled water. The solution is cooled
and diluted to 1 |. Alternatively, the solution can be prepared by dissolving a certain

30



weight of methylene blue crystals in destilled water and determine the normality of the
solution. To determine the hygroscopic water content of the MB, a sample of the
crystalline dye is dried at 105 °C and the loss of the weight, x, is determined (a typical
weight loss is about 12.34 %). The normality of a MB solution can then be calculated:

N = (c x 1000)/319.9 x (100.00 - x)/100 [meq/I]

concentration methylene blue solution [g/ml]
weight loss of crystalline dye by drying, in percentages [%)]

Cc
X

4. Preparation of the aggregate suspension

If the MBA value of a soil has to be prepared, the soil has to be sieved. The test has
to be performed on the fine fraction of the soil (at least smaller than 63 micrometer:
‘silt and clay fraction). The fines content "f* of the soil has to be determined.

If the MBA content of a rock has to be determined, a representative portion of the rock
has to be ground down to
smaller than 0.063 mm.

Prepare from the rock or soil aggregate a very fine grained powder by drying, crushing
and sieving, as described above. The powder must be representative of the aggregate
or rock composition or the fines fraction of the soil. The grainsize must be less than
63 micrometer.

Take a part of the sample, weigh it, and dry it in the oven at 105 degrees Celcius to
determine the water content of the sample. (Remember that the MBA test has to be
performed at least twice; keep enough undried sample for this purpose).

Make a suspension of the undried aggregate powder (the amount should correspond
to about 2 g dried aggregate powder) in the Erlenmeyer flask with 30 ml distilled or
demineralized water.

The crushed rock or soil may come from a small sample or handspecimen. If a
representative aggregate sample is available, the following procedure is recommended
(Wimpey Laboratories, UK, see Higgs, 1986).

To prepare the test sample, riffle the sample of aggregate down to a portion of about
1 kg and crush it in a jaw crusher to passing the 6.3 mm sieve. Then riffle the portion

down to about 100 g and, using the jaw crusher, crush it as finely as possible (say
passing 0.425 mm). Follow this by grinding it in a mechanical pestle and mortar until
nearly all of it passes the 0.063 mm sieve. The material retained on the 0.063 mm
sieve is ground to passing this sieve using a hand agate pestle and mortar. A portion
of the sample has to be used for the determination of the watercontent (see above).

4
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5. Procedure of the test

From the Methylene Blue solution 0.5 ml is added to the aggregate suspension by
means of a 25 ml burette. Shaking during the addition is necessary, for which a
magnetic stirrer may be used. To perform the titration, add successive volumes of 0.5
ml of the methylene blue solution to the Erlenmeyer flask. After each addition, agitate
the flask for 1 min. and remove a drop of the dispersion with the glass rod and dab
it carefully on a sheet of filter paper. Initially, a circle of dust is formed which is
coloured dark blue and has a distinct edge, and is surrounded by a ring of clear
water.

When the edge of the dust circle appears fuzzy and/or is surrounding by a narrow
light blue halo, agitate the flask for 1 more min. and do another spot test. If the halo
has disappeared, add more blue. If there is still a halo, agitate the flask for a further
2 min. and do another spot test. Whatever the outcome of this test, add more blue,
agitate for 2 min. do a spot test, then agitate for a further 2 min. and do another spot
test. This sequence, with a total of 4 min. of agitation is repeated until there is a
definite light blue halo. It is recommended to note down the sample number and the
amount of methylene blue added below each spot on the filter paper.

To determine the end-point, hold the filter paper up to daylight while it is still damp,
and compare the dust circles made after 4 min. of agitation. It should then be possible
to see where the halo first appears and thus where the end-point is. The
corresponding volume of methylene blue solution added is noted down.

This procedure is called the ’spot’ method. After completing the test, pour the
remaining methylene blue solution and the titrated suspension in a chemical waste
container, specially determined for this purpose.

6. Calculation of MBA and CEC

The Methylene Blue Adsorption value is - in the literature -normally expressed in grams
Methylene Blue adsorpted by 100 grams of sample material, given as g% or g/100g.

MBA = {(Xg /Y ml) xpmlMB} / (Ag /100 g); [g%]

It is preferred to express the MBA in milliequivalents adsorbed per 100 grams of
sample material.

M;= (100 x n x p ml MB) / A g; [meq/100g]

X = weight of dried methylene blue crystals

Y = volume of diluted methylene blue solution

p = volume of methylene blue solution added

A = weight of dry soil or rock powder i.e. a correction for the water content of the
sample should be made (see section 4)

n = normality of the MB solution (0.0094 meq/! for a 3 g/I methylene blue solution)

32



If a soil sample is tested, the MBA and M; are determined as follows: When the test
is carried out on a (fine) size fraction (0/d), then the M; of the total soil (0/D) can be
found by:

Mf,p = Mf, 4 X C;/100
Cy4 = the weight percentage of size fraction o/d in the soil with size distribution
o/D

The Mf, p or the similarly determined MBA, , can act as an index which quantifies the
effect o{ clay present in the soil.

M; can be regarded as a good approximation of cation exchange capacity (CEC).

7. Reporting of results

At least two determinations of the MBA adsorption value should be done on each
sample; the average is reported.

The M; value should be reported; the cation exchange capacity should be given with
an accuracy of 0.1 meq/100g. To compare the data with literature also the MBA value
should be calculated with an accuracy of 0.1 g/100 g.

It is advisable to keep record of

- the amount of soil or ground rock used (with 0.01 g accuracy)

- the water content of the sample

- the amount of methylene blue solution added (with accuracy of 0.5 ml)

Together with the result of the calculations, the filter paper, on which the sample
number and the amounts of MB (in ml) are noted down, should be kept in the
laboratory files.

8. Interpretation of results

Limiting values used in the UK (Wimpey Lab., see Higgs, 1986) are 1.0 for basaltic
rock and 0.7 for coarse grained sandstone. Cole and Sandy (1980) also give a
boundary for unsound basaltic aggregate, which (recalculated) is 1.5 g/100 g MB.
That value is also given as a boundary value for rock by Tran Ngog Lan (1985). The
values of Wimpey Lab. are given in the following table.

Indication of durability MBA (g/100g) M, (meq/100g)
Acceptable <07 <19
Marginal 0.7-1.0 19-27
Unsound > 1.0 > 27
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Some characteristic MBA values for soils and rocks are given in the following table.

Mineral

MBA (g/100g)

M; (meq/100g)

Montmorillonite
Bentonites
Chlorite

Kaolinite

lllite

Halloysite
Palygorskite
Ferrihydrite
Serpentine

Basalt

Granite
Weathered basalt
Bauxite

Organic limestone
Marble

19 - 36
5-23
0.6
2-5
1.8-25
1.3
14.6
<0.6
1.2
0.11-0.4
0.11-0.4
18.7
1.2
0.9
<0.6

50 - 96
13 - 61
1.6
5-13
48 -6.7
3.5
39.0
<16
3.2
0.3-1
0.3 -1
50

3.2

2.4
<1.6

Data from Stapel and Verhoef (1989).
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APPENDIX 2: NEW LCPC PROCEDURE FOR THE SPOT TEST

1. Introduction

The LCPC has developed a test procedure which ensures a satisfactory concentration whilst performing
the test. This is accomplished by testing larger quantities of soil or ground rock aggregate; in stead of
about 2 g, about 30 g of sample is tested. To attain higher accuracy, a given quantity of kaolinite clay
of known MB value is added to the sample. Also it is avoided to dry the test sample. The test procedure
is presently considered for standardization as Euro norm. The following text is kindly provided by Mr.
A. Mishellany of LCPC, acting also as secretary of CEN working group TC 154 /TG 6.

The preparation of the MB solution is not described. On a video tape made by LCPC to illustrate the
method the following points are noteworthy:

1. The MB solution is prepared using MB crystals of known water content: the molecular weight of dry
methylene blue is used to obtain a solution of 10 g/I.

2. Also in the new procedure the MB value is reported in g MB absorbed by 100 g of sample. But this
time, contrary to what can be deduced from earlier literature, the value is referring to solution of dry
methylene blue.

3. The solution is kept for a period of maximally 1 month, in special plastic bottles.

2. Preparation of test portion

Knowing the water content w and the fines content f (see NF P 18-597), the mass of sand 0/2 mm, at
its raw water content, which has to be washed to extract the fines, is given by the formula:

Mh - f . w+100
) f

adjusted to the nearest gram; f’ representing the quantity of fines, in grams, which it is desirable to have
in the test portion (approx. 30 g).

The mass of sand Mh shall not exceed 300 g.

3. PROCEDURE

3.1 Preparation of the test portion

Place 500 mi of distilled water in the wash bottle.

Place the sand in the platics container and using the wash bottle, add around 100 ml of demineralized
or distilled water to cover the material.

Stir well with the spatula.

Poor the contents of the container onto the (0,063 mm) sieve above which is the 0,5 mm discharge
sieve, placed over the 3 litres beaker, in several portions so as not to clog the (0,063 mm) sieve; rinse
then pour through all the material remaining in the container with the remaining water in the wash bottle.
Dry and weigh the oversize from the two sieves, this mass being M. The actual mass q of the fines
tested is given by the formula:

100Mh
100+w

q-
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Having isolated the fines, add to the beaker 30 g of kaolinite, dried to 105°C + 5°C to a constant mass,
of known blue value V,,,, between 0,5 and 3 g per 100 g of kaolinite. The volume V', expressed in ml,
of solution adsorbed by this kaolinite is given by the formula:

V' = 30 Vi

The combination of water + fines + kaolinite is agitated for 5 minutes at 600 rev/min, and then
continuously at 400 rev/min for the duration of the test using the agitator, with the impellers 1 cm above
the base of the container.

3.2 Determination of the quantity of blue adsorbed
3.2.1 Definition of the stain test

After each injection of blue (see 3.2.2), this test consists in taking a drop of suspension by means of the
glass rod and depositing it on the filter paper. The stain which is formed is composed of a central
deposit of material, of a generally solid blue colour.

The drop taken shall be such that the diameter of the deposit is between 8 and 12 mm.

The test is deemed to be positive if, in the wet zone, a persistent light blue ring appears around the
central deposit.

3.2.2 Determination

Using the burette, inject a dose of 5 ml of blue solution into the container, this being followed by the
stain test on the filter paper.

The test continues thus until it becomes positive. At this point, without adding anything, the adsorption
of blue, which is not instantaneous, is left to proceed while carrying out tests minute by minute.

If the light blue ring disappears on the fifth stain, further elementary additions of 2 ml of blue are made.
Each addition is followed by tests always carried out every minute.

These operations are repeated until the test remains positive for five consecutive minutes: the
determination is then regarded as completed.

The apparatus is cleaned thoroughly with water. If detergent products have been used, end by rinsing
with plenty of water.

4.EXPRESSION OF RESULTS
4.1. Blue value

The blue value of the fines V,,, expressed in grams of blue per 100 g of fines is given by the formula.

vi - v

V., =
bta q

V, being the final volume of solution injected, in ml.

4.2. Test of conformity in relation to a specified value

The specification is expressed as a blue value per 100 g of fines, this value being s.

The volume of blue solution to be injected in one go is then: V, = g.s + vV

The stain test is carried out after eight minutes of stirring. If it is positive, the sand conforms to the
specification; if it is negative, add a volume of blue solution equal to gs/10

If the test is still negative, after five minutes, the determination described in 4.2 is carried out. If the test
is positive, the sand is deemed to conform to the specification.
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APPENDIX 3

POINT COUNTING THIN SECTIONS OF APHANITIC ROCKS STAINED WITH METHYLENE
BLUE.

W.E.Pieters

GENERAL.

At the department of Engineering Geology, Delft Technical University,
thin sections stained with methylene blue are often used for geotechnical
assessment. The methylene blue is applied to the rock surface by submerging
the wuncovered thin section a short time (up to a few minutes) in a
methylene blue solution. Surplus dye is wiped off and the thin section is
then covered according to standard procedures.

Some questions arose concerning the nature of staining and the
accuracy of point counting, specifically in relation with very fine grained
rock. To clarify these matters hypotheses were formulated that were
subsequently tested by statistically evaluating differences between
observed and expected (on the basis of hypotheses) results of point
counting. Point counting was performed on selected thin sections, of which
one was especially prepared for this purpose. Statistical evaluation was
carried out using the Chi-square test.

QUESTIONS.

Study of thin sections of aphanitic rocks stained with methylene blue

raised two questions:
(1) does methylene blue permeate the thin sections and stain deeper
situated adsorbing grains apart from those on the surface, and if so, to
what extent?
(2) does point counting of the stained minerals record the correct volume
percentages?

An affirmative answer to question (1) is suspected to have a direct
bearing on the results of point counting (see (2)). A negative answer might
have implications for the interpretation of the methylene blue adsorption
test, spot method (Stapel & Verhoef, 1989), as might have incomplete
permeation.

IMPLICATIONS.

The spot method of methylene blue adsorption uses soil or ground rock
material passing 0.15 mm (or passing 0.006 mm, see Appendix 1). If no
permeation takes place, the potentially adsorbing minerals in the interior
of the grains will remain wunstained and will not be taken into
consideration in calculations. Similar reasoning applies when permeation is
incomplete. In those cases methylene blue adsorption values measured would
be functions of, among other things, the grain size distribution of the
material passing the delimiting sieve.

If no permeation occurs, question (2) can be answered in a
straightforward way. The surface of stained minerals is proportional to
their percentage by volume. If, however, deeper situated grains are stained
too, they may upset the results of point counting. This would happen when
they lie in focus, which is dependent on the distance from the upper



surface, the magnification used and optical properties of the microscope
(and on refractive 1indices of the material surrounding the stained
minerals). The result could be that a too large amount of grains 1is
recorded and that the volume of methylene blue adsorbing minerals is over-
estimated (a similar problem is known to occur in the case of small opaque
minerals in thin section).

SAMPLE DESCRIPTION.

In order to find an answer to these questions point counting was
undertaken on two thin sections prepared from the same plaquette. One is a
wedge shaped thin section, especially prepared for this occasion. The
thickness variation is from 30 - 0 pgum. A line was drawn on the sample
separating a zone with thickness 30 - 15 uym and a zone *15 - 0 um thick.
Its surface is roughly 3 x 2.5 cm?. The other is standard 30 pm thick,
planparallel, its surface is about 2 x 3 cm?®. Both thin sections were
stained with methylene blue.

The thin sections derive from a homogeneous, aphanitic, sparsely
phyric ignimbrite. The grain size of the matrix is less than 0.02 - 0.03
mm. Methylene blue adsorbing minerals are dispersed in this matrix. For a
description see Table 1.

EQUIPMENT.

Observations were made with a ZEISS polarisation microscope, type
UNIVERSAL. Counting was performed with a SWIFT automatic point counter
model F 415C.

COUNTING PROCEDURE.

Counting was performed with a stage interval of 1/6 mm in 7 or 8
parallel lines separated about 3 mm from each other and evenly distributed
over the sample. These spacings ensured at least 1000 points to be counted.
In the case of the wedge shaped sample counting went from the thick to the
thin end. Separate record was kept of the counts in the two zones.

Counting was performed at two magnifications (625X and 250X) and on
both the top surface and bottom surface.

One operator performed the counting (present author).

DATA.

Measurements were set up to test for influence of depth of field of
view, and to test for difference in depth or extent of permeation of
methylene blue. To this end the following series of measurements were made
(Scheme 1). The data can be found in the appendices indicated in this
Scheme.
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sample nr. shape magnific. surface data
1 wedge 625X top Table 2.1
250X top Table 2.2
250X bottom Table 2.3
planparallel 625X top Table 4.1
250X top Table 4.2
250X bottom Table 4.3

Scheme 1. Series of measurements.

HYPOTHESES AND THEIR TESTING.

Testing of the hypotheses was executed by means of the Chi-square
test of hypothesis, with a 5% level of significance.

HYPOTHESIS 1: only the top surface is stained.

Test 1: varying the position of the focal point between the upper and
lower surface.

Result: microscopic observation shows stained minerals at lower
levels.

Conclusion: MB did permeate down from the top surface. The hypothesis
is invalid.

HYPOTHESIS 2: given that MB permeated to some depth, point counting
results are not influenced by depth of field of view.

Test 2.1: observation of differences in counted MB stained minerals
between the thick and thin zones and test against expected frequencies.
This was done for the wedge shaped sample on the top surface at 625X and
250X and on the bottom surface at 250X%.

Result: computed Chi-square values (appendices 3.1.A, 3.1.B, 3.1.0C)
are smaller than the critical value at the 5% significance level (which is
3.84 for v = 1).

Conclusion: point counting results are not influenced by depth of
field of view.

Comment: a significant difference would indicate permeation of MB and
counting of deeper situated stained grains. The difference would be caused
by a shallowing of the observable MB stained zone in the first two cases
(with a concomitant reduction in MB stained grains recorded) and a
surfacing of this zone in the third case with the opposite effect) towards
the thin end (Figures 1-4).

The computed Chi-square value for the top surface at 250X (Table
3.1.B) is close to zero: 0.003. In fact it is smaller than the critical
value at the 95% significance level (which is 0.0039 for v = 1), which
should lead us to conclude that the agreement is too good at the 5%
confidence level (Spiegel, 1981, p202). However, since the count at 625X
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yields a similar low value, 0.007, but greater than the critical value, it
is considered that the lower value is above suspicion.

MBA stained
upper surface

position

Figure 1 Sketch of wedge shaped thin section, dimensions not to scale.
Only upper surface is stained with MB. Depth of field of view is of no
importance. Intensity of staining (I) is constant through entire range.

MBA stained
upper zone

position

Figure 2 Effect of permeation of MB together with depth of field of view
on observed intensity (I) of staining. Possible shielding effects and
gradients in staining to deeper levels not taken into account.
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MBA stained
upper zone

Zy

field of view

position

Figure 3 As in Fig. 2. Here depth of field of view extends beyond zone of
staining. Diminution of I commences where bottom of =zone of staining
touches glass plate. In Fig. 2 this occurs where depth of field of view
touches glass.

depth of
field of view

[l

[ !
s D
i MBA stained
zZohe

position

Figure 4 When the 1lower surface of the wedge-shaped thin section is
observed, surfacing of the MB stained zone causes higher I in the thin
part, and depending on the depth of field of view, a lowering at the
extreme end.
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Test 2.2: observation of differences in counted MB stained minerals
between two magnifications and test against expected frequencies. This was
done for the wedge shaped sample on the top surface between 625X and 250X,
for the entire sample, the thick end and the thin end.

Result: computed Chi-square values (Table 3.2.A, 3.2.B, 3.2.C) are
smaller than the critical values at the 5% significance level (3.84 for v =
1).

Conclusion: point counting results are not influenced by differences
in depth of field of view at high magnifications.

Comment: a significant difference could be due to the expected
greater depth of field of view at the lower magnification, causing more MB
stained grains to be recorded. This does not seem to be the case. This
effect is possibly partly counteracted by not recording the smallest of
grains at the lower magnification.

Because of the geometry of the thin section the effect of shallowing
of the MB stained zone towards the thin end is included in two of these
tests. Comparison of the outcome of these three and the foregoing test
however, lead to the conclusion that this has no significant effect.

HYPOTHESIS 3: permeation of MB caused a homogeneous staining of
adsorbing minerals throughout the volume of the sample.

Test 3.1: observation of differences in number of MB stained minerals
between top and bottom surfaces of treated sample and test against expected
frequencies. This was done for the wedge shaped sample at 250X
magnification. The total surface, the thick end and the thin end were
tested separately.

Result: computed Chi-square values (Table 3.3.A, 3.3.B, 3.3.C) are
greater than the critical values at the 5% significance level (3.84, v = 1)
for the entire surface and the thick end. For the thin end the value is
smaller.

Conclusion: permeation of MB is not homogeneous throughout the volume
of the sample. There is a marked difference in the degree of staining
between the thick and thin ends of the bottom surface.

Comment: The farther away from the top surface the less staining
occurs. This explains the difference in number of stained minerals between
the two zonmes.

ADDITIONAL TESTING.

Some additional tests of the foregoing hypotheses were carried out on
a planparallel thin section. This was prepared from the same plaquette as
the wedge shaped sample. In the following tests the effect of thinning of
the sample at one end is ruled out.

Test 2.3: (analogous to test 2.2) observation of differences between
counted MB stained minerals at two magnifications and test against expected
frequencies. This was done for the entire top surface of planparallel
sample 1 at 625X and 250X.

Result: the calculated Chi-square value (Table 5.1) is greater than
the critical value at the 5% significance level (3.84, v = 1).

Conclusion: point counting results are influenced by differences in
depth of field of view at high magnifications.

Comment: the result of this test contradicts the outcome of test 2.2.
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Test 3.2: (analogous to 3.1) observation of differences in number of
MB stained minerals between top and bottom surfaces of treated sample and
test against expected frequencies. This was done for the planparallel
sample at 250X magnification.

Result: the calculated Chi-square value (Table 5.2) is greater than
the critical value at the 5% significance level (3.84, v = 1).

Conclusion: permeation of MB is not homogeneous throughout the volume
of the sample. The bottom surface is markedly less stained than the top
surface.

Comment: this outcome corroborates the conclusion of test 3.1. In
fact, the high value of Chi-square (greater than the critical value at the
1% significance level) indicates that this is a highly significant outcome
(Spiegel, 1981, pl74).

CONCLUSIONS.

The present investigation is not sufficiently extensive enough to
conclude whether the depth of field of view (read magnification) influences
the accuracy of point counting of thin sections of aphanitic rock.

Methylene blue dye applied to the uncovered surface of a thin section
of a crystalline, aphanitic rock permeates imperfectly to lower levels.
This is already noticeable on a scale of 30 um.

This imperfect permeation has consequences for the interpretation of
the methylene blue adsorption test, spot method. The grain size of
crystalline, aphanitic material in the sample to be tested, be it ground
rock or soil, must be such that complete permeation of MB in the grains
occurs. Thus all adsorbing minerals can be stained.

The present investigation suggests that the maximum depth of
permeation at which no statistically significant differences are detectable
lies around 15 um. At a depth of 30 pm permeation is notably imperfect.

RECOMMENDATIONS.

The systematic error introduced by counting not only the upper
surface, but also a deeper zone of a sample, should theoretically decrease
with decrease in depth of field of view. The depth of field of view
decreases with increasing magnification. It is therefore recommended that
the maximum magnification practicable be used in point counting when high
accuracy is required.

Further investigation of the role of depth of field of view on point
counting results may be justified to find out if it is warranted to use
lower magnifications, which is more agreeable.

This investigation suggests that there is a maximum grain size that
can be used in the methylene blue adsorption test, spot method, to ensure
staining of all potentially adsorbing minerals present. This size lies
around a diameter (spherical particle) of 30 um (radius 15 um). A diameter
of 60 um would certainly be too large. Therefore a maximum diameter of
grains in the test portion of 30 um is recommended.

A repeat investigation with an immersion time of the thin section
corresponding to the time a ground rock sample stays in the methylene blue
solution during the MBA test spot method, could shed some light on the time
dependency of permeation in both thin sections and rock particles.
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Table 1.

Petrographic description of sample 1, planparallel.

LABORATORY OF ENGINEERING GEOLOGY, DELFT UNIVERSITY OF TECHNOLOGY

PETROGRAPHIC DESCRIPTION

: W. E. Pieters
19-6-1991

name
date :

Project :
location :

coordinates :

spec. no.

thin section no.

collection :

1

Rock name :

Sinsy, Korea

petrographic classification :

rhyolite/rhyodacite/dacite
01

geological formation :

MACROSCOPIC

Greenish grey, extremely fine grained rock with white feldspars.

DESCRIPTION
mineral vol. % grain size description / microstructure
matrix | quartz 68 £ 5.5 0.03 mm anhedral-subhedral
98.4% and/or
feldspar
quartz 3.0 1.5
opaques 4.0 £ 2 | 0.006 mm anhedral
23 calcite 2.0 1.5 {0.03 mm anhedral
9 chlorite 13.3 4 |0.02 mm sub-anhedral
&i MB-ads 8.0+ 3 0.02 mm anhedral
w pheno- | plagioclase 1.5 mm euhedral-anhedral, broken
Z; crysts altered to:
= 1.6% calcite 0.6
MB-ads acc
opaques acc
brown 1.0
material
opaques acc 0.2 mm
accessories
GENERAL Abbreviation: MB-ads = methylene blue adsorbing minerals. QF = quartz

REMARKS

and/or feldspar.

Phenocrysts in very fine grained matrix. Some flow banding in matrix
around phenocrysts. Rest of matrix composed of more or less circular QF
domains, partly surrounded by rings of finely divided opaques and MB-
ads. This is suggestive of devitrified or recrystallised glass with
former perlitic cracks. Plagioclase is sometimes broken. Rock is
possibly an ignimbrite.

Volume percentages determined by point counting, 300 points. When
applicable 95% confidence interval is given.




Table 2.1.

Data from sample 1, wedge shaped, studied at (12.5 x 1.25 x 40) 625X
magnification, top surface.

COUNTS rest MB ads totals
thick 516 25 541
thin 572 27 599
totals 1088 52 1140
VOL. % PER ZONE rest MB ads totals
thick 95.4 4.6 100.0
thin 95.5 4.5 100.0
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Table 2.2.

Data from sample 1, wedge shaped,
magnification, top surface.

studied at (12.5 x 1.25 x 16) 250X

Data from sample 1, wedge shaped,
magnification, bottom surface.

COUNTS rest MB ads totals
thick 505 29 534
thin 566 32 598
totals 1071 61 1132
VOL. % PER ZONE rest MB ads totals
thick 94 .6 5.4 100.0
thin 94 .6 5.4 100.0
Table 2.3.

studied at (12.5 x

1.25 x 16) 250X

COUNTS rest MB ads totals
thick 584 17 601
thin 668 26 694
totals 1252 43 1295
VOL. % PER ZONE rest MB ads totals
thick 97.2 2.8 100.0
thin 96.3 3.7 100.0
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Table 3.1.

A. Chi-square test on thick and thin part of sample 1, wedge shaped, at
625X, top surface.

OBSERVED rest MB ads totals
thick 516 25 541
thin 572 27 599
totals 1088 52 1140
EXPECTED rest MB ads totals
thick 516.3 24.7 541.0
thin 571.7 27.3 599.0
totals 1088.0 52.0 1140.0

Chi-square = T [(observed - expected)?/expected] = 0.007.
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B. Chi-square test on thick and thin part of sample 1, wedge shaped, at

250X, top surface.

Table 3.1.

OBSERVED rest MB ads totals
thick 505 29 534
thin 566 32 598
totals 1071 61 1132
EXPECTED rest MB ads totals
thick 505.2 28.8 534.0
thin 565.8 32.2 598.0
totals 1071.0 61.0 1132.0

Chi-square = T [(observed - expected)?/expected] = 0.003.
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