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Abstract. A polynomial model, which enables evaluation of the influence of amount and graining of sand in a ceramic
mix and maximum temperature and duration of burning upon ceramics frost resistance, constructed on the basis of
experimental results is presented in this work. During the experiment the mass loss of ceramic specimens was measured.
Experimental results were prepared for further statistical analysis with regard to linear summing of mass losses. Statistical evaluation of the quality of the constructed model and physical interpretation of tested factors were made. In
addition, the authors presented the results of the samples bulking investigation in comparison with the results of frostresistance test. Also the correlation of the results of both investigations was checked.
Keywords: building ceramics, experimental-statistical models, burning process, ceramic mix composition, frost resistance, water bulking.

1. Introduction
The durability of wall ceramic products exposed to
an external environment can be determined on the basis
of their frost resistance. Frost resistance is measured for
a material totally saturated with water, subjected to destructive powers occurring during multiple freezing and
thawing. It depends on many factors, among which the
most important one is related to the porous capillary
structure of material. This opinion is shared by many
researchers who examine the durability of building materials [13, etc]. The better the material structure compensates unfavourable action of internal transfer of humidity in the form of gas, liquid and solid, the higher
the material frost resistance is. The composition of the
ceramic mix and parameters of the burning process significantly influence the porous structure of the material.
Quantitative evaluation of these factors upon material
frost resistance would allow forecasting this feature.
This paper presents a polynomial model which allows quantitative evaluation of the influence of quartz
sand in a ceramic mix (amount and graining) interacting
with the maximum temperature and the duration of the
burning process upon frost resistance of wall ceramics.
Parameters of the model were evaluated by comparison
with experimental data.
2. Characteristics of the tested object
The test was carried out under laboratory conditions
with cubic specimens (125 cm3) wet-molded from plas-

tic mix using press. The mix was of plastic clay from
the ceramic factory Lewkowo and contained local river
sand. It represented a fusible clay with a melting point
of about 1200 °C and sintering range 5060 °C. It is used
for wall ceramics articles. It mostly contains the finest
fraction  grains smaller than 10 µm make up to 88 %
of its total mass and grains smaller than 2 µm from 50
to 60 %. The specific surface of dry clay is 128 m2/g.
The main clay mineral is illite (hydromica), which includes minerals from chlorite and montmorillonite groups
or laminar minerals (illite-montmorillonite). The chemical composition of clay in the form of percentage of
oxides is as follows: SiO2  4648 %; Al2O3  1417 %;
Fe2O3+FeO  6,17,4 %; CaO  910 %; MgO  3,6
4,1%; K2O+ Na2O  3,84,6 %. Roasting weight loss is
12,513,1%. The amount of free quartz (SiO2) is about
10 %.
The clay is susceptible to swelling during burning
[4, 5] because the main clay mineral is hydromica, the
finest grains make up the majority in grain size distribution, there is a high content of Fe2O3+FeO, K2O+Na2O
and a low content of free SiO2 and a high roasting weight
loss. During heating of hydromica clay, at the end of
dehydration process, when incomplete burning of organic
intrusions at 700 °C takes place, small stains in the liquid phase are formed between illite laminae. Formation
of liquid phase in crystal lattice of hydromica is explained
by presence of potassium, magnesium and ferric ions.
Illite-like structures preserve their features during heating up to 1000 °C, and when temperature reaches
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1100 °C, ferric and magnesium spinels are formed and
further precipitation of the liquid phase (or liquid-like
phase) takes place [4, 6]. With the temperature increase
up to 1200 °C spinels may disappear or pass to mullite.
This description presents the character of main changes
occurring in clay and hydromica during burning.
The correcting admixture in the form of quartz sand
(containing approximately 0,3 % of very small marl
grains) has been introduced in order to regulate technical properties of clay. The majority (96 %) of sand grains
is in the range of 0,06 to 1 mm. The shape of grains is
spherical. Approximately 67 % of these grains is in the
range of 0,25 to 1 mm. This sand is qualified as medium-grain sand. Unfortunately, there is no unity of options about the desired grain size distribution of sand in
literature. According to Avgustinik [4] it is advisable to
apply medium-grain sand (0,250,5 mm), but according
to Rogovoj [5]  coarse-grain sand (0,52 mm). However, both authors agree that dusty sands cannot be used
in building ceramics.
3. Estimation of damage moment in frost resistance
examination
Examination of ceramic material frost resistance was
conducted on cubic specimens. Before freezing the specimens were saturated with water. Five sides of each cube
were covered with rubber and thermal isolation. During
cycles of freeze and thaw, heat transfer took place at the
exposed surface of specimen. In this way a condition
close to one-way frost action was created. Specimens
saturated with water were frozen in an air-conditioned
chamber to 18 °C. Freezing time was not shorter than
4 h. Specimens were thawed in temperature 20 °C. During thawing the exposed surface of each cube was under
water. The duration of a freeze-thaw cycle was 24 h.
The number of cycles of one side or volume freezing-thawing, which causes the first damage, has to be
determined in standard wall ceramics frost resistance examinations. The moment of damage is determined after
the appearance of destruction in a form of peel, chip,
delamination (course), or cracks on a surface. The first
two types of damage are the main criteria in frost resistance examination. All forms of destruction present an
inaccurate estimation of the actual damage moment.
In the investigation, processes of material destruction during cyclic freeze and thaw were estimated on the
basis of weight loss, caused by peeling and chipping. It
was observed that the process of mass loss from the
exposed surface of a specimen ∆m (kg/m2) has both a
linear and a non-linear character. The widely known principle of linear summing of mass losses [6, 7] is valid up
to ∆ m ≈ 0,25 kg/m2. Further cyclic action of temperature led very quickly to the total destruction of specimens.
The principle of linear summing of mass losses from
the exposed surface of a material during cyclic freezing
and thawing can be mathematically formulated as:

(1)
∆m = c ⋅ N ,
where c = empirical coefficient of proportionality, which
characterises the intensity of mass loss of examined specimens; N = number of freeze-thaw cycles.
The correctness of the principle of linear summing
of mass losses in a specified range is confirmed by data
presenting the results of frost resistance examinations of
ceramic material from different clays [8].
The maximum value of linear summing of mass
losses from the exposed surface of specimens ∆ mtr =
0,2 kg/m2 was accepted in the present study. The moment of sample damage corresponded with a number of
freeze-thaw cycles causing a mass loss from the exposed
surface of a specimen equal to or a little higher than the
accepted threshold value ∆ m ≥ ∆ mtr. After comparing
11 pairs of specimens (a control one and one subjected
to freezing-thawing cycles to ∆ mtr) it was observed that
the mean loss of compressive strength of examined ceramic materials was 7 %.
4. Model, experimental design and results
The main features of ceramic materials are determined to a great extent by phase composition and porous structure, which is formed as a result of complex
and often unidentified processes occurring in a ceramic
mix during burning. Quartz sand plays a particular role
in all these processes. It has been stated [9] that coarse
quartz grains cannot react during heating and after burning quartz is partially not changed. Very fine quartz grains
react in whole and they are a part of liquid phase. The
author of work [10] also noticed that crystalline silica
grains do not take part in forming liquid phase and they
only undergo polymorphic transformation. According to
[11], shrinkage of quartz related to volume changes during phase transition is so great that quartz grains remain
separated from liquid phase. Probably it is the reason
why the decrease of compressive strength and the increase of porosity of ceramic products are observed.
Such unclear description of effects of the above phenomena allows formulating only some of premises, which
should be considered while selecting mathematical models connecting in a quantitative way material features with
amount and graining of sand in interaction with burning
parameters. The number of input quantities (independent
quantities) and scale (the level of variation of tested factors), which are the base of experimental design, should
be established before selection of mathematical model.
It has been assumed that the burning process is
characterised by two factors: X1  maximum burning temperature, X2  duration of burning at maximum temperature. As known, the relation between ceramic properties
and burning regimes is not linear. That is why parabolic
dependency has been used. Factors X1 and X2 varied on
three levels (lower, medium and upper): 900, 990,
1080 °C (X1); 1, 2, 3 hours (X2). At the same time the
rate of increasing and decreasing the temperature was
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constant (3 °C/min). The total duration of burning was
10,8; 12,5 and 14,2 hours respectively. The third variable X3 was the content of sand in the ceramic mix: 5,
15, 25 % (by weight). Sand was composed of three fractions: fine-grained Z1 (grains up to 0,25 mm), mediumgrained Z2 (0,250,5 mm) and coarse-grained Z3 (0,5
1,0 mm). The condition ΣZi=1 was satisfied at variation
of grain-size (mass) factors Z1, Z2 and Z3.
Dependency of frost resistance on technological factors X1, X2 and X3 was described by a second-order polynomial:

FR = b0 + b1x1 + b2 x2 + b3 x3 + b12 x1x2 + b13 x1x3 +
b23 x2 x3 + b11x12 + b22 x22 + b33 x32 ,

Experimental design and experimental results of ceramic
specimens frost resistance

β 23 Z 2 Z 3 + β123 Z1Z 2 Z 3 ,

(i, j = 1, 2,3; bij , i < j ).
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(2)

where
x1 = ( X i − 990) / 90 ; x2 = X 2 − 2 ; x3 = ( X 3 − 15) / 10 
are coded (non-dimensional) factors, which have equal
levels in experimental design: 1 (lower), 0 (medium), 1
(upper). Xi is a natural value of input quantity.
All coefficients of polynomial (2) are functions dependent on grain-size factors Zi and they are described
by a reduced (incomplete) third-order polynomial:

b(0,i ,ij ,ii ) = β1Z1 + β 2 Z 2 + β3 Z 3 + β12 Z1Z 2 + β13 Z1Z 3 +
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(3)

It was expected that the accepted model (2, 3) should
reflect all complex interactions between grain-size factors Zi and technological factors Xi. In [12] that type of
model was used to describe sorption humidity in ceramic
brick and hardened cement mortar containing three types
of salts. Literature gives also other examples of application of this model [13].
Composition-symmetrical experimental design containing 14 samples with different coded values of input
quantity Xi [14] was used in order to obtain experimental data necessary to evaluate coefficients of polynomial
(2). Each point of this design was repeated seven times
at different proportions of three sand fractions Zi. These
proportions were prepared according to simplex Scheffes
design, which is commonly used at experimental design
of composition-feature type [14] and to analyse material
technology problems. The clearest picture of the chosen
experimental design can be obtained after consideration
of data in Table. According to this design, at maximum
randomisation, N = 14×7 = 98 specimens were prepared.
When analysing experimental data in rows and columns in Table 1 it can be noticed that values of frost
resistance change approximately two or three times. It
may be concluded that at least some effects of factors Xi
and Zi are significant from the statistical point of view.

X2 and X3. Regression equations in the form of secondorder polynomial were determined for each column and
than they were analysed and interpreted. Residuals of
each equation were determined basing on Daniels
method [15] in the form of empiric distribution function.
The residuals were determined as a difference between
empirical and theoretical value of frost resistance. As an
example, the residuals distribution of one model formulated basing on data presented in one column, Z1=1 are
shown in Fig 1. The residuals are approximately in accordance with normal distribution and standard devia-

5. Statistical analysis of experimental results
Each column of experimental data in Table was
analysed. Each column contains results of frost resistance
tests of specimens with the same grain-size distribution
of sand and prepared at different levels of factors X1,
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Fig 1. Empirical cumulative distributions function of residuals (model of frost resistance for ceramic material
consisting of only fine-grained sand  Z1)
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tion equals approximately 2,9, based on 4 degrees of
freedom. Mean standard deviation for the family of models equals 2,67 (28 degrees of freedom).
Then, at the selected significance level α = 0,05 and
at experimental error s FR 2 = 7,15 according to Students
t-test criterion (t0,05;28 = 2,05), statistically significant regression coefficients of equation (2) were determined.
After approximation of coefficients of model (2) by polynomial (3), the final model for defining frost resistance
of specimens was found:

FR = 42,5Z1 + 33,3Z 2 + 21,8Z 3 − 13,6Z1Z 2 −
12,2Z1ZZ 3 − 4,2 Z 2 Z 3 − 21,6Z1Z 2 Z 3 −
(12,8Z1 + 11,6Z 2 + 7 ,3Z 3 − 2,4Z1Z 2 +
7 ,0Z1Z 3 + 12,3Z1Z 2 Z 3 ) x1 +
(5,2Z1 + 4 ,0Z 2 + 1,4Z 3 + 1,6Z1Z 2 −

(4)

13,2Z1Z 3 − 10,8Z 2 Z 3 + 50,1Z1Z 2 Z 3 ) x3 +
(−3,5Z1 − +4,3Z 2 + 7 ,0Z1Z 3 +
8,5Z 2 Z 3 + 21,2Z1Z 2 Z 3 ) x12.
According to the model (4), frost resistance of ceramic material achieves the highest results are x1 = +1
and x3 = +1. After calculating values of frost resistance
for every possible combination of coded value of technological factors x1 and x3, it was obtained that optimum conditions for technological factors are when maximum burning temperature is 1080 °C and 25 % of sand
is added to a ceramic mix. After substitution of coded
values for model (4) the following equation was obtained:

FRopt = 57 Z1 + 45Z 2 + 30,5Z 3 − 14,4Z1Z 2 −
11,4Z1Z 3 − 6,5Z 2 Z 3 + 62Z1Z 2 Z 3 .

(5)

6. Evaluation of the frost resistance on the base of
the ceramic materials bulking in water
There is an opinion in literature that frost resistance
of the ceramic materials may be forecast on the base of
the samples volume changes with the water saturation
[16, 17]. For the sake of simplicity of the procedure and
much shorter time needed to carry out the investigation
of the samples bulking in water in comparison with the
investigation of frost-resistance, the authors admitted to
be advisable checking the correlation of the results of
both investigations.
Investigation of the ceramic material bulking was
carried out in laboratory terms on 24 cubic samples
moulded of the ceramic mass containing 15 % of the
quartz-sand addition of the grain size composition
Z1 = Z 2 = Z 3 = 0 ,33 . The samples were burned with the
change of maximum temperature of the isothermal heat:
900 °C (7 samples), 990 °C (10 samples), 1080 °C (7
samples). The speed of heating and cooling was constant  3 °C/min. After burning the samples were kept in
water for 10 days and the changes in linear dimensions
were measured. Then the frost resistance was investigated
according to the method described in the article.
During the investigation there was noticed that after
78 days of keeping in water the bulking of samples has
stopped. In further analysis there was taken into account
the maximal bulking of the samples. The numerical value
of this indicator has decreased with increasing the temperature of samples burning. The measurement results of
the samples linear dimensions changes and the frostresistance of 24 samples were shown in Fig 3, where
one can see that the frost-resistance of samples increase
when their bulking in water decrease approximately in

frost resistance (cycles number)

Equation (5) allows calculating the maximum value
of frost resistance (optimum condition) for the specific
grain-size distribution of sand. Geometrical picture of
dependency (5) in the form of isolines of frost resistance on tricomponent diagram is presented in Fig 2.

According to this diagram, specimens with fine-grained sand
(grains up to 0,25 mm) achieve the highest frost resistance
(55 cycles). Specimens with gross-grained sand (0,5–
1,0 mm) are characterised by almost twice lower frost resistance (30 cycles).
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Fig 2. Isolines of ceramic material frost resistance on
tricomponent diagram of grain-size distribution of sand
for optimum technological conditions
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Fig 3. Relation between the results of frost resistance
test and bulking in water test
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linear dependence. The precision of the linear dependence
between the values of those indicator/indexes
characterises the negative correlation factor equal to
0,946.
The presented dependency may be the base to work
out the method of frost resistance evaluation of the ceramic samples on the basis of the materials bulking in
water indicator. The estimation of stability of dependence
between indicators requires carrying out special investigations.
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