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Abstract
In order to rate the drying behavior of different clay raw materials it is necessary to establish
the criteria for comparison. Mineralogical composition, clay minerals content, particle size
distribution, packing, porosity, forming procedure, and raw material aging are known as
intrinsic parameters. Due to the fact that these parameters are cross linked and are usually
inter-dependently related to each other, the attempts to set up a criteria for correlation between
intrinsic parameters and drying sensitivity has been limited. That was the reason why the
estimation of the cracking tendency was linked with the easiness of the drying process in each
reported method. The most applied methods for estimation of the drying sensitivity of clays in
the ceramic industry were proposed by Bigot, Ratzenberger, Piltz, Hermansson and Varlamov.
The fact that previously mentioned methods were not compared up till know has defined the
main objective of this study. The only reported comparison was between Bigot and Ratzenberg
drying sensitivity index. The second objective of this review was to present these methods and to
estimate the drying behavior of tree different clay raw material. It was confirmed that Varlamov
method is very simple, accurate and fast. It is correlated with the mineralogical composition of
clay and cannot be used for description of the drying kinetic. The other two models can provide
info about the drying kinetic. Piltz model is the most relevant for describing the drying behavior at
the beginning of the drying. The results have confirmed that the most suitable conclusion about
the drying behavior of the tested clays is obtained when results from Bigot, Piltz and Varlamov
methods are available.
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1. Introduction
An experimental growth in drying requests and demands
on a global scale has been registered during the last fifty years.
Even though new drying technologies as well as updated
operation strategies and scale up methods has a positive effect
on the reduction of the production costs and better quality
of the dried products, the need to qualitatively estimate the
drying sensitivity of clays and consequently predict the drying
behavior is still actual and present. It is expected that the closer
interaction between the scientific community and industry will
very soon lead to the progress in much precise determination
of the drying sensitivity of clays, which is nowadays stressed as
the key factor for successful drying and satisfaction of the new
drying requests and demands in the near future.
It is important to state that comparison of different raw
materials and its suitability regarding to crack formation during
drying is possible if qualitative values of drying sensitivity are
available. It is well known that mineralogical composition, clay
minerals content, grain distribution, packing, porosity, forming
method and raw material aging are affecting on the easiness
of the drying process [1]. Previously mentioned parameters
are usually inter-dependently related to each other. That is the
reason why the drying sensitivity has not been related with
the mentioned intrinsic parameters in most recognized and
validated models. For example in Piltz, Hermansson, West,
and Ford models [2, 4], the evaluation of the cracking tendency
is linked with the easiness of the drying process. Previously
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mentioned models along with, Bigot and Ratzenberger models
[5, 6], which are commonly used for qualitatively estimation of
the drying sensitivity of clays and consequently the prediction
of the drying behavior, are disregarding intrinsic link with
the mineralogical composition of clay minerals and their
physicochemical properties. More objective and rapid method
was proposed by Varlamov. According to this model, based
on the Thermogravimetric curve (TG), the drying behavior
of clays is closely related with the intrinsic parameter which
corresponds with the clay mineral content [7]. One of the
objectives of this review was to present, discuss and compare
the most commonly used techniques for assessing the drying
sensitivity. The second objective was to actually characterize,
compare and predict the drying behavior of three raw materials
by applying the previously mentioned routines.

2. Material and methods
There are several methods for measuring and characterization
of the drying sensitivity of clays. Bigot, Ratzenberger, Piltz,
Hermansson and Varlamov are the most used techniques.
Bigot method is widely used due to the fact that necessary
equipment is not expensive. Piltz, Ratzenberg and Hermansson
methods require a laboratory recirculation dryer in which
drying air parameters can be regulated and optionally the
linear shrinkage and weight changes can be recorded during
drying. Drying air parameters were regulated inside the dryer
with accuracies of ±0.2 °C, ±0.2 % and ±0.1 % for temperature,
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humidity and velocity, respectively. The sample mass and linear
shrinkage were continually registered during drying with the
accuracy of 0.01 g and 0.01 mm, respectively.
Varlamov method requires the DTA/TG device which is relatively
expensive, or in other words it is necessary to have the TG curve of the
corresponding raw material. Nevertheless this method can precisely
provide us with important parameters such as mineralogical
composition of clay which can tell us in advance if montmorillonite,
montmorillonized hydrous micas or hydrochlorite, which are very
sensitive to drying are present in the raw material.
Samples for Bigoth and Ratzenberg methods are prepared
in a similar way. The raw material was dried at 60 °C and
then the pan mill was feed with it until the whole content
has passed through the sieve of 5 mm. After that the crashed
material was simultaneously moisturized and further milled,
using the rotor crusher which gap was set to 3 and afterwards
to 1 mm. Rectangular and cylindrical bars were formed from
the previously homogenized clay in the extruder “Hendle” type
4, under a vacuum of 0.8 bar. From the rectangular bar two
samples of 120 × 20 × 14 mm were formed. From each formed
tile a rectangular sample 30 × 15 × 15 mm was cut. These
samples were dried and Bigots curve was registered.
From cylindrical bar with the diameter of 33 mm four
samples with 150 mm length were created. The side surface of
two samples was coated with polyurethane resign in order to
prevent the moisture evaporation. Only two uncoated circular
ends were served as evaporation surfaces. Previously prepared
cylindrical samples were dried and the corresponding
Ratsenzberg drying curves were recorded.
2.1 Bigoth method
The graph which represents the relationship between
shrinkage and water content, registered during natural drying
of the formed clay sample is usually called the Bigot curve.
A special device which was capable for registration of such
drying curves was firstly reported in 1921 under the name
“barrellograph” [6]. It is important to note that the Bigot’s curve
has a characteristic shape, which is directly correlated with the
simultaneous activation of internal transport mechanisms
which are dictating the moisture flow up to the surface of the
clay product. In other words, as the moisture is transported out
of the product, the clay particles in the body are getting closer
together. For more detail information see the paper [8].
The shrinkage rate is liner until the critical moisture content
(Mc) is reached. Around the critical point (CP) some clay
particles are already in contact and the rate of shrinkage is
decreased. Consequently, the slope on the Bigot’s curve will
gradually decrease. In this stage, the sample volume variation
is no more proportional to the evaporated water volume. After
the CP the shrinkage is nearly realized and almost all of the
material particles are in contacts [9].
Bigot has firstly taken the value of moisture loss in critical
point as a tool for comparing different clay drying sensitivity.
Based on this value clays were classified as: insensitive
(Mc ≤ 5%; 0 < Kc < 1), poorly sensitive (5 < Mc < 7%), sensitive
(7 < Mc < 10 %; 1 < Kc < 2) and highly sensitive (Mc > 10%; Kc> 2).
The same author has also proposed the Eqs. (1) and (2) for
calculation of the drying sensitivity index (DSI-B and Kc),

where Mi, Mc and DS represents respectively initial moisture
content of the green heavy clay product, critical moisture at
which the drying shrinkage finishes (%) and drying shrinkage
of specimens dried at 110 °C for 24 h (%). DSI-B index is used
if it is necessary to compare clays which Mc values are similar
(1)

(2)
2.2 Ratzenberg method
This method is based on the determination of the moisture
difference between the external water and internal water content
registered after previously prepared coated cylindrical samples
were dried at 65 °C for 7.5 h. After drying, the two cylinder ends
of each specimen were cut so that the thickness of the cut disks
was 20 mm. The remained cylinder was divided into three pieces.
The cut disk with the thickness of 20 mm which represent the
middle part of the previous cylinder was kept. These end disks,
middle disk and the uncoated cylindrical sample were dried at
110 °C for 24 h in order to find out the moisture content and
linear drying shrinkage. Determined moisture content in the
end disks was averaged and marked as external water content,
while the determined moisture content in the middle disk was
marked as internal moisture content. The uncoated cylindrical
sample was used for measuring the linear drying shrinkage.
Ratzenberg has suggested the Eq. (3) for calculation of
the drying sensitivity index, where MD and LDS represents
respectively the moisture difference (between internal and
external moisture content in %) and linear drying shrinkage
of the uncoated samples in %. Based on this value clays were
classified as: insensitive (DSI-R ≤ 30), sensitive (30 < DSI-R < 70)
and highly sensitive (DSI-R > 70).
(3)
Aungaticard and Wada have updated this method by drying
more coated samples at the same temperature but at different
times of 2.5, 5, 7.5, 10, 15 and 20 h. The maximal MD for
each sample was detected from the graph between moisture
difference and drying time. This value was used for calculation
of DIS-R index. If the updated method is used it is important
to mention that MDmax value can be different from the MD7.5
value. It is suggested to always calculate the DIS-R using both
MDmax and MD7.5 values [10].
2.3 Pilltz method
This method assumes that the hand-shaped specimen is
exposed to the forced drying in a laboratory recirculation
dryer in which values of drying air velocity, temperature
and humidity are respectively set at 0.5 m/s, 80 °C and 10 %.
During drying the appearance of the first crack is registered.
This vale was used as a tool for comparing different clay drying
sensitivity. Piltz classification is reported in Table 1. Piltz
has also suggested the Eq. (4) for calculation of the drying
sensitivity index which is labeled as Tb. Low drying sensitivity
will have clays for which Tb > 0.9.
(4)
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Time to form the
first crack (min)

Drying sensitivity

Industrial sensitivity
degree

0-2

Absolutely sensitive

(1 - 2)

2-4

Extraordinary sensitive

(2 - 3)

4-6

Highly sensitive

(3 - 4)

6-8

Sensitive

(4 - 5)

8 - 10

Moderately sensitive

(5 - 6)

10 - 12

Lowly sensitive

(6 - 7)

12 - 20

Slightly sensitive

(7 - 8)

> 20

Insensitive

(8 -10)

Table 1 Drying sensitivity according to Piltz
1. táblázat Szárítási érzékenység Piltz szerint

2.4 Hermansson method
The drying sensitivity of ceramic bodies with large
dimensions (industrial green products) is calculated according
to Hermansson as the time related difference between volume
shrinkage and surface shrinkage during the drying stage. The
total linear shrinkage was determined using the linear variable
differential transformer placed above the sample. The surface
shrinkage was detected from the pictures by measuring the
shrinkage between two lines which were marked prior to the
drying experiment.
This method requires in general drying and shrinkage-curves
to be determined for both mild and hard drying conditions. In
other words it is recommended to dry four samples. Drying air
velocity and humidity was set respectively as 1.5 m/s, and 20%
in each experiment. The drying air temperature was set at 50 °C
and was raised for 10 °C in each following experiment.
For this method Eq. (5) was proposed for calculation of the
drying sensitivity index labeled as S. Based on this value clays
were classified as: insensitive (S < 1.1), sensitive (1.1 < S < 1.3)
and highly sensitive (S > 1.3). It is important to state that S
values are dependent of drying conditions, initial moisture
content etc. and that the single S value for a body is not
sufficient to evaluate the drying sensitivity.
The most important finding was the fact that the tendency
for crack formation is related to the time relation between
surface and total linear shrinkage. Crack formation was
found to occur not or from the exposed surface but within
the body and parallel to the faces exposed to drying. After a
certain time the outer parts of the body have been dried out
and consequently have become rigid with increased strength.
The preceding drying of inner parts will probably create share
stresses parallel to the exposed surfaces which will eventually
led the crack formation [2].
(5)
2.5 Varlamov method
It was proposed to determine only the portion of the
losses that is released in the temperature range above the
drying temperature, at 100-200 °C in order to compare
different clays as regards the interlayer moisture lost during
drying. A relationship was found between the amount of
moisture liberated at temperature up to 200 °C, mineralogical
composition and drying behavior of clays. Varlamov has
90
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arranged 14 clay materials with different drying sensitivity.
These clays were arranged in such way that the first clay was
kaolin and the last one was montmorillonite. The remaining
12 clays were arranged between previously mentioned one
according to complex technological test results in a series
according to decreasing drying sensitivity.
The first and last clay were not used as a common raw material
and were taken as a standard material. The raw materials listed
in Table 2 were further divided with regards to technological
parameters in three subgroups: well drying, medium drying
and poorly drying clays. According to Varlamov [6] well
drying clays by their chemical composition belong to semiacid clay minerals and by their plasticity to moderately plastic
one. Medium drying clays are placed into a group from semi
acid to acid clay and from moderately to medium plastic clay
raw materials. Poorly drying clays are commonly classified as
acid clay materials, and their plasticity vary in a range from
moderately plastic to medium plastic ones.
It is important to say that in literature plasticity classification
based on the value of Pfefferkorn plasticity index PI is in
most cases recognized as low (PI<20), moderate (20<PI<25),
good (25<PI<30), high (30<PI<35) and highest (PI>40) [7].
Nevertheless in older literature such as for example reference
[6] classification limits are stated as low (PI<25), moderate
(25<PI<30), medium (30<PI<35) and high (PI >35).

Clays

SiO2
%

Al2O3 Fe2O3 CaO
%
%
%

Mineralogical
composition

Interlayer
loss of
Drying
moisture at Sensitivity
200 °C

1.

45.74 40.57

0.38

traces

K with traces of HM

0.25

2.

68.88 14.28

7.27

0.60

K, HM,H

1.20

3.

64.04 18.69

3.41

1.83

HM, K

1.55

4.

55.62 15.17

5.23

7.83

HM,K

1.96

5.

60.46 16.18

3.72

6.10

HM, K, HC

2.09

6.

63.12 16.25

6.75

1.10

HM, with ferrous
hydroxide,H

2.17

7.

59.64 18.21

6.78

1.80

K, HM, H

2.46

8.

67.32 12.18

4.02

4.55

K-HC, M and
Carbonate

2.53

9.

75.56 10.51

5.61

0.50

MHM,K-HC

2.73

10.

69.74 10.80

4.30

5.05

MHM,K-HC

3.17

11.

62.38 15.00

5.50

4.40

MHM,M,HC

3.82

12.

68.52 11.72

6.53

1.60

MHM, K-HC

4.05

13.

61.56 12.90

6.05

5.75 MHM with carbonate

4.50

14.

53.50 18.08

6.51

1.50

9.93

M

well
drying

medium
drying

poor
drying

K – kaolinite, HM – hydrous mica, H – hematite, HC – hydrochlorite, K-HC – kaolinitehydrohlorite composition, M – montmorillonite, MHM – montmorillonitized hydrous micas
Table 2 Estimation of Varlamov clay sensitivity index based on interlayer loss of
moisture
2. táblázat A Varlamov-agyag érzékenységi indexének becslése a rétegközi
nedvességveszteség alapján

építôanyag § Journal of Silicate Based and Composite Materials

3. Results and discussion
Three clay raw materials were characterized. XRD and
TG results were reported at Figs. 1 and 2. Drying plasticity,
sensitivity and chemical composition of the investigated clays
were reported in Table 3 and 4.
All three clays have different mineralogical composition.
Kaolin is mostly present in clay B, along with small amounts
of illite (hydrous micas). Kaolinite-hydrochlorite composition
along with some montmorillonite is present in clay A.
Montmorillonitized hydrous micas with some montmorillonit,
hydro-chlorite and small amounts of illite and kaolin are
detected in clay C.

drying in accordance to Bigot and Ratzenberg routine while
in accordance with the Piltz and Hermanson routine it is
classified as extraordinary sensitive with a possibility of deep
crack formation especially at the beginning of drying.

Temperature °C

Temperature °C
Fig. 1 XRD and TG diagrams of investigated raw materials A
1. ábra A vizsgált A jelű nyersanyagok XRD és TG diagramja

If detected mineralogical composition, as well as interlayer
loss of moisture at 200 °C are compared with the Varlamov
clays classification (see Table 2) it can be seen that clays A, B
and C are similar as clays 8, 4 and 11. In other words clays A
and C are consisted of swelling minerals which are problematic
for drying and consequently the deterioration of drying
sensibility is expected. Linear drying shrinkage, plasticity as
well the shape of DTA/TG curves are in accordance with the
previously reported mineralogical composition.Results have
shown that all commonly used method for determination of
drying sensitivity can classify different clay raw materials in the
same designating order.
It is interesting to note that drying sensitivity determined
using Bigoth, Ratzenberg, and Varlamov method is similar,
while the one determined using Piltz and Hermanson method
can be slightly different. These two methods can provide much
precise information about the drying behavior at the beginning
of drying. For example clay C is classified as highly sensitive to

Temperature °C
Fig. 2 XRD and TG diagrams of investigated raw materials B and C
2. ábra A vizsgált B és C jelű nyersanyagok XRD és TG diagramjai
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It is also interesting to note that even though calculated
DSI-B values are in accordance with the Bigot classification Kc
values are not. As it was earlier stated if 1 < Kc < 2 the clay is
classified as sensitive. Calculated Kc value for clays A and C
are equal to 1.01 and 1.46. So if this parameter is used alone
for classification of the drying sensitivity the corresponding
drying behavior of those clays could be estimated as safe and
a little bit problematic respectively. That assessment does not
correspond with the actually determined drying behavior in
which clay A is characterized as a little bit problematic, while
clay C is characterized as problematic for drying.
Clay

A

B

C

Moisture cont. after forming (wt. %)

24.22

23.08

25.26

PI

29.8

27.30

35.1

Plasticity

Good

Good

highest

Plasticity according to
Pfefferkorn

h0/h

1.53

1.60

1.29

ctg α

0.59

0.31

0.50

A

B

C

Linear shrinkage at 1050C (wt. %)

6.27

3.97

9.40

Shrinkage at critical point (wt. %)

5.69

3.51

6.78

Moisture loss at critical point (wt.%)

9.81

6.41

12.00

Moisture content in critical point %

12.03

15.19

10.23

DSI - B

0.90

0.66

1.24

Bigoth

1.01

0.51

1.46

sensitive

poorly

highly

Kc
Drying sensitivity at critical point

A

B

C

Linear shrinkage at 1050C (wt. %)

Ratzenberg

6.38

4.05

9.50

MD7.5

7.36

4.40

8.42

47

18

80

sensitive

poorly

highly

DSI – R
Drying sensitivity

Table 3 Drying plasticity and Bigoth drying sensitivity
3. táblázat Szárítási képlékenység és Bigoth szárítási érzékenység

Piltz

A

B

C

Time to form the
first crack (min)

7

14

3.5

Industrial
sensitivity degree

4

7

3

Drying sensitivity

Highly

Slightly

Extraordinary

A

B

C

Mid plane
shrinkage %

Hermanson

6.45 / 6.38 /
6.25 / 6.23

3.65 / 3.58 /
3.55 / 3.52

8.82 / 8.78 /
8.67 / 8.55

S index

1.14 / 1.20 /
1.34 / 1.36

1.01 / 1.05 /
1.1 / 1.1

1.31 / 1.91 /
2.52 / 3.68

Exp.1 - crack
tendency
Exp.2 - crack
formation
Exp. 3&4 - deep
cracks

No crack
formation

Cracks and
deep cracks
in all 4
experiments

Drying
sensitivity
Varlamov
Clay

SiO2
%

Al2O3
%

Fe2O3
%

CaO
%

MgO
%

TG loss
Drying
at 2000C Sensitivity

A (8)

63.25

13.19

4.88

5.59

2.37

2.65

Medium

B (4)

55.37

13.65

6.94

7.66

1.53

1.53

Well

C (11)

58.57

19.08

5.59

2.43

0.68

5.82

Poor

Table 4 Pilthz, Hermanson and Varlanov drying sensitivity
4. táblázat Pilthz, Hermanson és Varlanov-féle szárítási érzékenység
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4. Conclusions
The drying sensitivity of three clays was investigated using
five commonly used drying sensitivity models. Results have
confirmed that all commonly used method for determination
of drying sensitivity can classify different clay raw materials in
the same designating order. The most objective characteristic
of clay drying sensitivity can be determined if TG curve of
the raw material is available. This method is usually known
as Varlamov. It is a rapid method based on the mineralogical
composition and physico-mechanical nature of clays. Bigot
method is very important due to the fact that the shape of this
curve is directly correlated with the simultaneous activation
of internal transport mechanisms which are dictating the
moisture flow up to the surface of the clay product. In other
words, this curve can be correlated with the kinetic of drying.
DSI – B is widely used for quantification of the drying sensitivity
of different clays which Mc values are similar. Piltz methods can
provide much precise information about the drying behavior
at the beginning of drying, then other models. For complete
view of the drying behavior it is recommended to combine at
least Bigoth, Piltz and Varlamov method.
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