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Abstract
In the aluminum sector, approximately 130 million tons of waste red mud was produced in the last year. Such a high 
amount of wastes causes their storage areas to become a threat to the environment. Numerous studies have been 
conducted in the literature to eliminate this environmental threat. However, it is observed that these studies are mostly 
conducted on only a part of the waste, and there are few studies on the whole consumption of waste. Due to the said lack 
in the literature, it is thought that this waste can be utilized as a baked building material and consumed systematically. 
However, according to the literature and previous studies, it is observed that the use of the waste alone will not produce 
a quality building material. Therefore, otiose pyroclastic rocks were included within the scope of the study to be used 
together with the waste material. Accordingly, micronized pyroclastic rocks obtained from different regions were added 
to red mud at the proportions of 10, 20, 30, 40, and 50% by weight. Bentonite of 3% was added to mixtures to prevent 
capillary cracks. As a result of the preliminary experiments conducted on the baked building material samples obtained 
with the above-mentioned mixture ratios, two mixture types from each region with the highest compressive strength 
were selected. Physical and mechanical experiments were conducted on the samples to determine the resistance to frost 
actions—as an outer ambient condition with the most destructive effect—of the baked building materials (especially 
brick, etc. with the widest area of usage in outer walls and surface cover materials such as ceramic, clinker pavement, 
etc.) which will be obtained with these mixtures. As a result of the study, the optimum mixture type was determined to 
be the sample formed by adding 10% volcanic tuff around campus to red mud and baking it at a temperature of 1050 °C. 
Furthermore, different mixture types formed by adding the micronized pyroclastic material from other regions could 
reach sufficient values in terms of both compressive strength and frost actions. According to the results of the study, this 
material will fulfill the need for raw material as a building material resistant to frost actions and used in outer masonry. 
In this study, a process was obtained to eliminate a potential environmental problem, and a contemporary building 
material intended to be used as a sustainable building material was produced.
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1 Introduction

For the production of 2 tons of alumina, 4 tons of bauxite 
is treated by the Bayer process, and as a result, about 1 ton 
of aluminum metal is obtained [1]. During this production, 

130 million tons of waste sludge is produced for the annual 
production of 65 million tons of aluminum in the world [1]. 
This waste with a high alkaline (pH = 10) content is known 
as red mud [2]. Regarding the area where waste is stored, 
it is known that not only the size of the place it occupies is 
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big, but also it causes a severe environmental problem. As 
a result of any problem that may occur in tailings ponds, 
red mud will spread to the environment and cause irrepa-
rable damage. This potential environmental disaster will 
cause severe problems, as was observed in wastes that 
were spread to many European countries as a result of the 
pond accident (set collapse) in Ajka, Hungary [3, 4]. There-
fore, waste should be consumed by being used systemati-
cally [5, 6]. High iron content, the presence of alkalis, and 
its very fine-grained structure cause the application areas 
to be limited. Studies were carried out on bricks [7–9], 
ceramic [10, 11], cement [12, 13], glass (ceramic glazes) 
[14], and metal extraction [15] to develop more products. 
Moreover, studies were conducted on the opportunity of 
its use in geopolymer manufacturing [16–18] and other 
technology [19–21] fields. However, there is no product 
actualized by finding an industrial area of use based on the 
studies. Thus, it was deemed appropriate to obtain artifi-
cial clay by adding to this waste and to conduct a study on 
it as a baked building material instead of adding sludge 
to other products. For this reason, it was decided to add a 
pyroclastic rock to increase the clay property of this mate-
rial. The mentioned pyroclastic rocks are quite common 
in the region, which constitutes the subject of this study. 
However, in this study, inactive pyroclastic fields were pre-
ferred. Pyroclastic materials used in the study are known 
as volcanic tuffs and basaltic slag (pumice). Although vol-
canic tuffs, which are used in many sectors, were used in 
the cement and concrete industry [22–25], some studies 
were also carried out in the ceramic industry [26, 27]. The 
inactive pyroclastic fields that are the subject of the pre-
sent study were started to be processed in line with these 
studies. However, these fields were abandoned when their 
economic performance was not sufficient. Therefore, red 
mud waste and micronized materials obtained from inert 
pyroclastic fields were used together in the study.

The usage of the baked building material obtained with 
different mixing ratios in the outer shell can only be pos-
sible with the formation of its resistance to external effects. 
The frost action has the most damaging effect among the 
external effects. Thus, in this study, the effects of micro-
nized pyroclastic rocks at different mixing ratios and bak-
ing temperatures were discussed in terms of resistance to 
frost actions in the baked building material.

2  Materials and methods

2.1  Red mud (RM)

In the study, red mud, which was released as a waste into 
nature (tailings ponds) from Konya Seydişehir ETİ alu-
minum factory, was used. The materials used in the study 

were obtained from the given coordinates 37° 27′ 39.09″ 
N latitude, 31° 48′ 43.00″ E longitude. According to the 
study, it was determined that 3 million tons of the material 
accumulated in this tailings pond between 1973 and 1996.

2.2  Pyroclastic rock

Since volcanic-origin rocks are formed as a result of differ-
ent events occurring during volcanic mobility and have 
many types, a common naming has become a requirement 
when defining these rocks. Therefore, the general nam-
ing of volcanic materials (volcanic tuff and basaltic slag) 
was used as “pyroclastic rock”, also known as “pyroclast”, 
in the study. Due to the differences in the volcanic tuff 
and basaltic pumice materials used in the study, the pyro-
clastic materials used in the study were discussed below 
under subheadings according to the region from which 
they were provided.

2.2.1  Volcanic tuff around Selahattin village (SVT)

The first item of the volcanic materials used in the study 
was obtained from the inactive and abandoned tuff area 
around Selahaddin village located between Derbent dis-
trict and Konya province. The coordinates of the sample 
site situated in the inactive tuff area are 38° 1′ 7.94″ N lati-
tude and 32° 8′ 40.55″ E longitude. The color of the mate-
rial taken from the region is white.

2.2.2  Volcanic tuff around campus (CT)

The tuff area, which is the second among the volcanic 
materials, was also left inactive and is located in the 
Selcuklu district of Konya, near Selcuk University Alaed-
din Keykubat Campus. The samples were taken from the 
inactive tuff area at 38° 2′ 8.96″ N latitude, 32° 28′ 13.07″ 
E longitude coordinates to be used in the study. The color 
of the tuff taken from the region is gray.

2.2.3  Karapınar region basaltic slag (basaltic pumice)

Basaltic slag samples were taken around the Karapinar dis-
trict of Konya province. According to the coordinate sys-
tem, it is located between 37° 40′ 18.31″ N latitude and 33° 
41′ 46.24″ E longitude. Since there are two different colors 
of layers in the same region, the materials taken here were 
divided into the subheadings given below according to 
the color status.

2.2.3.1 Karapınar region red‑colored slag (KRS) The char-
acteristic color of the slag in the region is dark gray-black. 
However, due to the oxidized iron content, red-colored 
layers were formed in places. In the study, red and black-
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colored slags were considered as different materials, and 
red-colored slags were examined as mentioned under this 
title.

2.2.3.2 Karapınar region black‑colored slag (KBS) The 
characteristic color of the slags in the region is dark gray 
and black. In the study, black-colored slags, which are also 
abbreviated under this title, were used as materials.

2.3  Properties of raw materials

Preliminary studies were conducted for the materials. 
These studies are discussed below with their results.

2.3.1  Chemical analysis (XRF)

The chemical analysis data in Table 1 for red mud are based 
on the literature [28]. The chemical analysis of pyroclastic 
rocks was performed in the R&D Laboratory of Kütahya 
Ceramic Factory. For this analysis, a Spectro X-LAB 2000 
[400-W Rh endwindow tube and Si(Li) detector with a reso-
lution of 148 eV (1000 cps Mn Kα)] device was used, and 
the oxide values were determined by a method appropri-
ate for the TS EN 15309 standard, named as “Characteriza-
tion of waste and soil—determination of elemental com-
position by X-ray fluorescence” [29].

2.3.2  Particle density

The determination of particle density [30] was performed 
by the pycnometer method by fluid displacement speci-
fied in the standard (TS EN ISO 17892-3). The fluid pycnom-
eter method is based on the main principle of determining 
the difference between the fluid volume needed for fill-
ing the pycnometer with and without a sample in it. The 

density of solid grains is measured from the dry weight of 
the ground grains and volume difference.

2.3.3  Liquid limit value

The liquid limit value was determined by the experiment 
performed in accordance with the method described in 
the standard named “Methods of Testing Soils for Civil 
Engineering Purposes in the Laboratory” [31]. Accordingly, 
three different analyses were conducted, and a graph was 
drawn for the liquid limit value.

2.3.4  Plastic limit value

The plastic limit value was determined by the experiment 
performed in accordance with the method described in 
the standard named “Methods of Testing Soils for Civil 
Engineering Purposes in the Laboratory” [31]. The plastic 
limit experiment was repeated twice.

2.4  Production of experiment samples

The pulverizing process was carried out to micronize pyro-
clastic rocks from the material to be mixed. The sample 
production steps with the materials to be mixed were con-
ducted in the following order, and the obtained methodo-
logical results were explained in the experiment results.

2.4.1  Pulverizing

Pyroclastic rocks were pulverized to pass through a 
100-micron sieve in a laboratory-type ball-rod mill and 
steel balls produced by Ünal Engineering and Machine 
Industry. The samples were subjected to drying in a stove 
under 105 °C until they reached the constant mass. Accord-
ingly, the constant mass means weighing the sample dried 
in a stove at intervals of 24 h and not having a difference 
bigger than 0.2% between the last two weighings.

2.4.2  Mixing and Remolding

In the production of samples to be used in the experi-
ments, the production of samples was carried out by 
adding pyroclastic rock at different percentages to pure 
red mud and the main raw material red mud. The primary 
purpose is to use red mud at high rates and to make it 
possible to consume waste in this way. Therefore, it was 
decided to test the pure red mud for determining the 
potential of baked building materials. Thanks to the said 
method, using this material from its natural environment 
will provide economic gains. The method of “using pure 
red mud as it is” was chosen as the first sample type to 
learn the behavior of red mud against baking. For other 

Table 1  Chemical analysis of red mud and pyroclastic rocks

Component RM (%) SVT (%) CT (%) KRS (%) KBS (%)

Na2O 5.79 3.96 0.88 3.08 2.1
MgO 0.26 1.58 2.04 6.15 6.39
Al2O3 21.08 14.79 15.16 15.31 17.13
SiO2 15.58 68.8 67.39 47.2 51.23
P2O5 0.04 0.05 0.15 0.22 0.27
SO3 0.56 0.07 0.06 0.04 0.03
K2O 0.61 4.57 2.93 0.78 0.07
CaO 2.71 5.12 3.8 9.94 10.32
TiO2 4.62 0.17 0.43 0.98 1.03
MnO 0.03 0.08 0.06 0.13 0.15
Fe2O3 30.37 1.53 4.27 9.64 9.88
Loss on ignition (%) 15.66 17.54 15.50 1.06 6.35
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mixtures, the micronized pyroclastic rock was added as 
10%, 20%, 30%, 40%, and 50% by weight in relation to red 
mud. The “percentage by weight in dry material” method 
was selected for the amount of material to be used in mix-
tures. With these additions, it was aimed to detect changes 
in different baking temperatures, physical properties, or 
mechanical properties and, in this way, to achieve an opti-
mum mixture ratio in the production of a material with 
high mechanical strength.

2.4.3  Molding

Since the waste materials to be used in the production 
of experiment samples have a clay-like structure used in 
baked building materials, molding forms used in this field 
was targeted as a method in sample production.

In the compressive strength experiment to be per-
formed on samples, it was deemed appropriate to choose 
a standard method suitable for similar sample types. For 
laboratory-type samples, 5 × 5 × 5 cm cube samples speci-
fied in the ASTM C109 standard were observed to be simi-
lar [32].

2.4.4  Baking

Red mud was baked in the pure form at different tem-
peratures prior to the study. As a result of the control by 
hand at a temperature of 1100 °C, it was observed that 
the pure red mud was baked. Therefore, in this study, it 
was thought that the pyroclastic rocks added to red mud 
could be baked at lower temperatures. Hence, the baking 
process with decreasing temperatures such as 1050, 1000, 
and 950 °C was selected.

2.5  Selection of sample types for experiments

Since there are a lot of different mixture types and baking 
temperatures, samples to be used within the scope of this 
study were selected according to the results of preliminary 
experiments to narrow the scope. The information about 
the sample selection is given in the experiment results.

2.6  Experiments on samples

The experiments given below were conducted to reveal 
the physical and mechanical properties of samples.

2.6.1  Net dry density

To determine the net dry density values, the method in 
accordance with the TS EN 772-13 standard was followed, 
and the calculations were made [33]. Accordingly, the net 
volumes of the twelve samples, which were smoothed 

to 50 × 50 × 50 mm by abrading their surfaces, were cal-
culated for each type of mixture and made ready for the 
experiment. The lowest and highest results were obtained 
for the net dry density values obtained from the twelve 
samples for each type, and the arithmetic mean of the 
other values was calculated. The following formula was 
used in measurements (2.1):

�n,u = net dry density (kg/m3), mdry,u = dry mass (kg), 
Vn,u = volume  (m3).

2.6.2  True density

True density calculations were made according to the pyc-
nometer method specified in the standard named “Natural 
stone test methods—determination of real density and 
apparent density and of total and open porosity” [34]. The 
true density experiment was performed with two different 
pycnometers for each type of mixture, and the arithmetic 
mean of the results was calculated. The following formula 
was used in measurements (2.2):

�r = true density (kg/m3), me = pulverized dry sample mass 
(kg), m1 = pycnometer mass with sample (kg), m2 = pyc-
nometer mass without sample (kg), �rh = density of water 
at 20 °C (998 kg/m3).

2.6.3  Water absorption under normal conditions

The water absorption experiment on the samples was con-
ducted in two groups as water absorption by mass and 
water absorption by volume.

2.6.3.1 Water absorption by  mass The water absorp-
tion experiment by mass was carried out in accordance 
with the method specified in the standards named “Clay 
Masonry Units-Properties” and “Natural Building Blocks-
Inspection and Experiment Methods” [35, 36]. The lowest 
and highest results were calculated for the water absorp-
tion values by mass obtained from the twelve samples 
used for all different types, and the arithmetic mean of the 
other values was calculated. The water imbibition value 
in mass was measured using the following formula (2.3). 
The samples were dried until they reached the constant 
weight before the weighing to determine the dry mass of 
the samples.

(2.1)�n,u =
mdry,u

Vn,u

(2.2)�r =
me

m2 +me −m1

× �rh



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1632 | https://doi.org/10.1007/s42452-020-03472-w Research Article

Wm = water absorption by mass (%), mw = waterlogged 
sample mass (g), md = sample mass dried until constant 
weight (g).

2.6.3.2 Water absorption by  volume The water absorp-
tion experiment by volume includes the methods used 
in the water absorption experiment by mass. Moreover, 
the weight of the waterlogged samples in water must 
be calculated. Therefore, twelve experiment samples 
were weighed on the Archimedes scale. The results of the 
experiment were obtained using the method specified 
in the standard [36]. The lowest and highest results were 
calculated for the water absorption values by volume 
obtained from the twelve samples for each type, and the 
arithmetic mean of the other values was calculated. The 
water imbibition value in volume was calculated using the 
following formula (2.4):

Wv = water absorption by volume (%), mw = waterlogged 
sample mass (g), md = sample mass dried until constant 
weight (g), mww = the mass of waterlogged sample in water 
(g).

2.6.4  Apparent porosity (artificial porosity)

The apparent porosity is the same as the water absorp-
tion rate by volume, and the calculations made under the 
relevant heading are also valid for this section. The cal-
culations can also be made in a different way using the 
net dry density and the water absorption rate by mass. 
Accordingly, the apparent porosity values were calculated 
using the TS 699 standard [36]. In this way, it was tested 
whether there was any deviation in the method by finding 
the opportunity to compare the water absorption rate by 
volume and the apparent porosity ratio. Accordingly, the 
apparent porosity values were calculated using the follow-
ing formula (2.5):

Pg = apparent porosity (%), �n,u = net dry density (g/cm3), 
Wm = water absorption by mass (%).

2.6.5  Compactness ratio

The compactness ratio of materials is known as the ratio 
of unit volume weight to specific gravity. Accordingly, the 

(2.3)Wm =
mw −md

md

× 100

(2.4)WV =
mw −md

mw−mww

× 100

(2.5)Pg = �n,u ×Wm

ratio of the net dry density to the true density of the sam-
ples was calculated as a percentage value using the fol-
lowing formula (2.6):

C = compactness ratio (%), �n,u = net dry density (kg/m3), 
�r = true density (kg/m3).

2.6.6  Degree of porosity

The sum of porosity and compactness ratio constitutes the 
whole of the materials. The porosity values were calculated 
using the following formula (2.7):

P = degree of porosity (%), C = compactness ratio (%).

2.6.7  Compressive strength

The experiment was carried out according to the meth-
ods specified in the standards named “Methods of test 
for masonry units—part 1: determination of compressive 
strength” and “Standard Test Methods for Sampling and 
Testing Brick and Structural Clay Tile” [37, 38].

Seven samples of 50 × 50 × 50 mm for each type were 
developed for cement sample experiments, and compres-
sive strength values were determined using a device with 
50 × 50 mm heads. The standard loading speed of the 
device was selected as 0.60 N/mm2. The lowest and high-
est values of the seven samples broken for compressive 
strength values were obtained from the average calcula-
tions as the deviation value. Compressive strength values 
were calculated using the following formula (2.8):

Rc = compressive strength (N/mm2), Fc = force (N), A = sur-
face area of compressive strength  (mm2).

2.6.8  Experiment for resistance to frost action

The frost-decomposition experiment was carried out using 
the methods described in the TS EN 771-1, TS EN 539-2, 
and ASTM C67-11 standards [35, 38, 39]. The deep freezer 
set to − 22 °C was used in the experiment.

First of all, three samples of each type to be subjected 
to the experiment (D1, D2, and D3 were added to the 
samples to be used in frost experiments while naming 
the samples) were dried in the oven until they reached 
the constant mass. The samples taken out of the oven 
were cooled with a desiccator and weighed on a balance 

(2.6)C =
�n,u

�r

× 100

(2.7)P = (1 − C) × 100

(2.8)Rc =
Fc

A
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with a sensitivity of 0.01 g and recorded  (G0). The sam-
ples were then saturated with water by the method 
used in the water absorption test. The temperature of 
the freezer was set to − 22 °C. It was assumed that the 
samples were frozen at least 8 h after being placed in 
the freezer. At the end of freezing, the samples were 
removed from the freezer and left to decompose in the 
water pool at ambient temperature. The decomposi-
tion time was determined to be at least 4 h. This frost 
and decomposition process is called the “cycle”. It is said 
that there should be at least 24 cycles in the standards 
related to frost-decomposition processes on building 
materials. Therefore, it was decided to conduct 25 cycles.

As a result of the frost action, observations were made 
about how damage occurred in the samples or that they 
completed the process without any signs of damage. The 
samples, which did not disperse at the end of the experi-
ment, were dried in the oven, cooled in the desiccator, 
weighed and recorded. The frost loss on the samples was 
calculated [40] according to the formula (2.9) presented 
below:

Dk = frost loss (%), G0 = dry weight before experiment (g), 
Gkdon = dry weight after experiment (g).

The pressure resistance experiment was also per-
formed to determine whether there was a difference in 
the mechanical strength of the samples of which frost 
loss was calculated. Accordingly, the samples dried to 
a constant mass were cooled in the desiccator, and the 
pressure experiment was applied. The average values of 
the compressive strength under normal conditions were 
compared with the compressive strength average values 
at the end of the frost-decomposition process.

The relation between the compressive strength at 
the end of the frost-decomposition experiment and the 
compressive strength under normal conditions was cal-
culated using the formula (2.10) presented below [40]:

Δf  = decrease in compressive strength (%), fb = normal 
sample compressive strength (N/mm2), fdb = compressive 
strength after frost-decomposition (N/mm2).

(2.9)Dk =
G0 − Gkdon

Gkdon

× 100

(2.10)Δf =
fb − fdb

fb
× 100

3  Experiment results and evaluation

3.1  Properties of raw materials

3.1.1  Chemical analysis (XRF)

The results obtained according to the analysis are given 
in Table 1.

According to the results of the analysis of red mud, the 
fact that it contains 30.37%  Fe2O3 (hematite) shows that 
it has rich iron content. Furthermore, it can be said that it 
gives the red color to the waste due to its oxidized high 
iron content. Due to this color, it was considered that it 
could be used in brick, tile, and ceramic industries.

3.1.2  Particle density

The operations showing the calculations made with the 
data obtained at the end of the particle density experi-
ments are given in Table 2.

3.1.3  Liquid limit value

Accordingly, three different analyses were made, and a 
graph was drawn for the liquid limit value. As is seen in 
Table 2, other raw materials except for red mud did not 
provide the liquid limit value.

3.1.4  Plastic limit value

The data obtained at the end of the experiment are given 
in Table 2.

In the study conducted by Malayoğlu and Akar [41], 
the materials with plastic properties between 10 and 30% 
were classified as non-clay materials and ordinary clays. 
Malayoğlu and Akar stated that clays with kaolin and 
montmorillonite content had a plastic property between 
30 and 65%, while bentonite-containing clays had a plastic 
property of 80% and above. Accordingly, it can be stated 
that red mud is a material that does not provide sufficient 
plastic property, depending on the plastic limit experi-
ment result.

Table 2  Particle density, liquid limit, and plastic limit values of raw 
materials

RM SVT CT KRS KBS

Particle density (g/
cm3)

2.93 2.58 2.64 2.93 2.72

Liquid limit (%) 41.5 No value No value No value No value
Plastic limit (%) 28.4 No value No value No value No value
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3.2  Production of experiment samples

The results obtained during the production of experiment 
samples are presented in the following section.

3.2.1  Pulverizing

While the volcanic tuff group was oven-dried at 105 °C and 
reached its constant mass in 48 h, this temperature was not 
sufficient for the basaltic slag group. Then, the pulverizing 
process was conducted after the calcining process carried 
out for 24 h at 300–400 °C for crystal water.

3.2.2  Mixing and remolding

Hundreds of samples were produced to be used in experi-
ments. Such layers as capillary cracks were observed on the 
surfaces of the first produced samples. Due to the insuffi-
cient plastic properties of the sample mixtures, it was con-
cluded that they were effective in these layers. Therefore, it 
was decided to add an additive that would be used in very 
small amounts and would provide plastic properties to the 
mixture. To remove the observed layers, new samples were 
produced by adding 3% and 5% of bentonite. The KAR-CVL 
(construction bentonite) [42–45] material produced by Kara-
kaya Bentonite company was used. Any visible difference 
was not observed after adding bentonite. Therefore, a ratio 
of 3% was chosen as the additive amount, and this amount 
was included in the mixture ratio of all the samples to be 
produced next time. A sample calculation is given below to 
be used in determining the amount of material to be mixed.

3.2.2.1 Mixture calculation sample The water content 
analysis was performed on 1000 g red mud as it was taken 
from the waste environment. According to the analysis, if 
the water content in the red mud is calculated as 40%, the 
amount of dry material will be 600 g accordingly. If it is nec-
essary to calculate in a way to add 10% pyroclastic, 600 g dry 
material is counted for 90%, and 67 g material amount is cal-
culated for 10%. The total amount of dry material entered 
into the mixture is 667 g. In line with this result, since 3% 
bentonite will be added, the calculation is made using the 
same proportion method. Accordingly, if 667 g of dry mate-
rial is 97%, the additional amount of 3% bentonite is calcu-
lated as 21 g (Table 3).

3.2.3  Molding

Plaster molds with an inner gap of 5 × 5 × 5 cm cube were 
successful within the scope of the study. However, arrange-
ments in dimensions became necessary because of the 
drying dwindling proportion in plaster molds. Accordingly, 
plaster molds were made to produce samples of these sizes. 
Using these molds, the final shape was given to the samples 
before baking.

3.2.4  Baking

Due to the different content of the samples, preliminary 
experiments were conducted for optimum temperature val-
ues. Firstly, the minimum temperature value was determined 
for baking red mud in its pure form. The prepared samples 
were baked at 1000, 1050, and 1100 °C. In the examination 
through observation, the pure form of red mud showed 
the feature of a baked material at the border of 1100 °C. 
The value of 1100 °C was accepted as the upper limit value, 
and one sample from each mixture ratio was baked at this 
temperature value. As the rate of the addition of pyroclastic 
rock increased at this temperature, a high rate of shrinkage 
occurred in the volume. Accordingly, it was concluded that 
it is possible to bake at lower temperatures. Therefore, the 
baking process was carried out at different temperatures, 
such as 1050, 1000, and 930 °C, to determine the optimum 
temperature and optimum mixing ratio of the samples to 
be used in the preliminary experiments. A temperature 
of 930 °C was specifically chosen here. The samples were 
intended to be cooked at 950 °C, but since the ovens in the 
laboratory did not have a suitable value for this temperature 
setting, the 930 °C temperature setting was chosen as the 
closest temperature.

3.3  Selection of sample types for experiments

Hundreds of samples were prepared using the method 
described above. Due to high volume losses at the end 
of the baking of pyroclastic additions micronized in 40% 
and 50% of the samples, the samples at these rates were 
excluded from the study. Furthermore, the CT group dis-
persed at the rates of 20% and 30% of additional baking. 
Therefore, this group was excluded from the scope of the 
study. Among the remaining samples, two of the groups 
with different mixture types were selected, each of which 

Table 3  Mixture calculation according to the addition of 10% pyroclastic rock

Watery red mud Dry material Water amount 90% dry red mud 10% pyroclastic addition Total dry material 3% Bentonite addition

1000 g 600 g 400 g 600 g 67 g 667 g 21 g
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had the best compressive strength results. Accordingly, the 
samples presented in Table 4 were used in the study.

3.4  Experiments on samples

The results of the net dry density, true density, water 
absorption, apparent porosity, compactness, porosity 
ratio, and compressive strength experiments conducted 
on samples are given in Table 5.

According to TS 704, the arithmetic mean of the water 
absorption values of blend brick samples should not be 
higher than 18% [46]. The water absorption values of 
the material to be used as brick are especially impor-
tant because it can absorb the water of the adhesive 
mortar and surface coating plaster to be used for build-
ing. In applications, wetting the brick wall surfaces may 
partially solve this problem. According to the results 
obtained in the study, it was concluded that the water 
absorption values of the CT group samples might be 
appropriate, while the other types could be used as a 
brick-like building material by using water-repellent 
additives. It is possible to say that it can be used as a 

ceramic coating in places where there is no situation like 
water absorption (for example, wall covering).

Özdemir gave the porosity value of some materials in 
his study [47]. According to his study, the ratios were as 
follows: aerated concrete 74%, pumice concrete 61.8%, 
concrete 19%, andesitic tuff 8.7%, limestone 3.1%, and 
granite 0.9%. When these materials were compared 
with the samples used in the study, it was observed that 
the results were close to the value of pumice concrete. 
According to the results, it is possible to say that the 
samples have a very porous structure.

When the compressive strength results of the samples 
were examined, it was observed that they had higher 
values than the compressive strength of low-density 
brick given in TS EN 772-1 [37] and that the samples 
named KBS 20 1050 gave results close to high-density 
brick values. According to these results, it was concluded 
that it was possible to manufacture bricks that would be 
exposed to pressure from all types of mixtures and to 
produce coating materials such as ceramic, clinker, etc. 
that were not related to compressive strength.

Table 4  Mixing ratios and baking temperatures of the samples used in the experiments

Sample region, mixing ratio, baking temperature Abbreviation

Selahattin Village Tuff (SVT), 30% mixing ratio, 930 °C baking temperature SVT 30 930
Selahattin Village Tuff (SVT), 30% mixing ratio, 1050 °C baking temperature SVT 30 1050
Volcanic Tuff Around Campus (CT), 10% mixing ratio, 1000 °C baking temperature CT 10 1000
Volcanic Tuff Around Campus (CT), 10% mixing ratio, 1050 °C baking temperature CT 10 1050
Karapınar Region Red-Colored Slag (KRS), 20% mixing ratio, 930 °C baking temperature KRS 20 930
Karapınar Region Red-Colored Slag (KRS), 30% mixing ratio, 1050 °C baking temperature KRS 30 1050
Karapınar Region Black-Colored Slag (KBS), 20% mixing ratio, 1050 °C baking temperature KBS 20 1050
Karapınar Region Black-Colored Slag (KBS), 30% mixing ratio, 1050 °C baking temperature KBS 30 1050

Table 5  Results of experiments conducted on samples

Sample name Net dry 
density (kg/
m3)

True density 
[ρr (kg/m3)]

Water absorption under normal 
conditions

Apparent 
porosity 
(%)

Compact-
ness ratio 
(%)

Porosity ratio 
(%)

Compressive 
strength [Avr. (N/
mm2)]

Water absorp-
tion by mass 
[Wm (%)]

Water absorp-
tion by volume 
[Wv (%)]

SVT 30 930 1358 3303 35.13 48.05 47.78 41.21 58.79 10.8
SVT 30 1050 1393 3223 32.35 46.23 44.97 43.17 56.83 10.4
CT 10 1000 1735 3611 16.95 30.97 29.49 48.20 51.80 9.6
CT 10 1050 1971 3463 11.39 23.01 22.44 56.94 43.06 9.48
KRS 20 930 1424 3368 33.12 48.12 47.03 42.14 57.86 8.08
KRS 30 1050 1510 3244 29.17 45.24 44.05 46.60 53.40 9.03
KBS 20 1050 1670 3427 20.75 35.62 34.65 48.69 51.31 16.41
KBS 30 1050 1508 3547 29.51 45.26 44.56 42.54 57.46 13.11
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3.4.1  Experiment results for resistance to frost action

As a result of the frost action, observations were made 
about how damage occurred in the samples or that they 
completed the process without any signs of damage. 
Accordingly:

In the samples named “SVT 30 930”, very slight conchoi-
dal exfoliation was observed at the end of the 3rd cycle. 
During the 5th cycle of the “SVT 30 930 D1” sample, it was 
observed that there were small cracks on the surface. The 
same sample started to be damaged in the form of large 
piece breaks during the 6th cycle and was completely 
damaged in the 16th cycle (Fig. 1). Although the “SVT 30 
930 D2” sample did not show any signs of damage, sud-
den large piece breaks were observed during the 9th cycle. 
The type of damage continued in the same form, and it 
dispersed completely in the 17th cycle. The sample named 
“SVT 30 930 D3” showed signs of damage with small piece 
breaks during the 12th cycle, the damage type in the 15th 
cycle turned into a large piece break, and it dispersed com-
pletely at the end of the 17th cycle.

It can be said that the samples named “SVT 30 1050” 
were generally resistant to the frost-decomposition pro-
cess. Therefore, two of the three samples were not dam-
aged. The only product in which damage was observed 
in this group was the sample named “SVT 30 1050 D3”. In 
this sample, very light conchoidal exfoliation started in 
the 20th cycle of the experiment process, and small piece 
breaks were observed in the 21st cycle (Fig. 2a). Further-
more, they turned into large piece breaks in the 22nd cycle 
and continued until the last cycle of the process (Fig. 2b).

It was observed that the samples named “CT 10 1000” 
did not suffer from any damage during the frost-decom-
position process (Fig. 3a, b).

The samples named “CT 10 1050” were found to be 
unaffected in the experiment for resistance to frost action 
from the beginning to the last cycle (Fig. 4a, b).

The samples in the “KRS 20 930” group were observed 
to be the fastest damaged samples in this experiment 
period (Fig. 5a, b). The damage started in the “KRS 20 930 
D1” sample in the form of a small piece rupture during 
the 6th cycle, which grew a little more in the 7th period. 
Intense damage caused the complete dispersion of the 
sample during the 8th cycle. In the sample named “KRS 20 
930 D2”, a dense capillary crack was observed at the end 
of the 4th cycle. Capillary cracks grew enough to cause 
small pieces to break in the 5th cycle. At the end of the 
6th cycle, the sizes and amount of pieces increased, and, 
in the 8th cycle, the sample dispersed completely. Within 
the scope of this experiment, the sample that dispersed 
in the shortest time was “KRS 20 930 D3”. In this sample, 
a small number of capillary cracks were observed in the 
4th cycle. The number of these cracks increased in the 5th 
cycle. In the 6th cycle, sudden breaks were observed, and 
the sample broke in the 7th cycle.

In the samples named “KRS 30 1050”, the first damage 
caused by frost-decomposition was observed in the 15th 
cycle. If the frost-decomposition effect on this group of 
samples was examined separately, the first sign of dam-
age in the “KRS 30 1050 D1” sample was observed as small 
flakes in the 18th cycle. During the 21st cycle, small pieces 
started to break, and the process ended in this way. In the 
“KRS 30 1050 D2” sample, a small part broke during the 
20th cycle. The damage type in this sample did not change 
until the end of the experiment (Fig. 6a). In this group, the 
sample named “KRS 30 1050 D3” was the sample most 
clearly affected by frost actions. In this sample, the dam-
age that started with the break of a small part at the end 

Fig. 1  Observation of damage in various cycles in the sample named “SVT 30 930 D1”. a Major damage formation in the sample named “SVT 
30 930 D1”. b The complete dispersion of the sample named “SVT 30 930 D1” after the 16th cycle
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of the 15th cycle turned into a large break during the 17th 
cycle. Thus, it continued to break, as mentioned above, 
until the end of the experiment process (Fig. 6b).

The samples named “KBS 20 1050” were not affected 
by the frost-decomposition process that caused damage 
(Fig. 7a, b).

In the samples named “KBS 30 1050”, a small number 
of conchoidal exfoliation was observed at the beginning 
of the experiment. Significant damage in this group of 
samples was found only in the sample named “KBS 30 
1050 D1”. The shape of the damage, which started with a 
capillary crack and small piece break, turned into a large 

piece break at the end of the 22nd cycle (Fig. 8a). In other 
samples, either no damage or a small number of capillary 
cracks were observed (Fig. 8b).

The results of the frost loss calculation in the samples 
after the frost-decomposition process are given in Table 6.

Many samples yielded positive results for frost action 
resistance. However, it is observed that the optimum mix-
ture type that reached the highest resistance against frost 
action was the one having 10% of pyroclastic rock added 
to red mud and baked at 1050 °C (CT 10 1050). Moreover, 
having the least amount of the pyroclastic rock addition 
of 10% to red mud is a positive factor for this type. From 

Fig. 2  The appearance of the damage in the sample named “SVT 30 1050 D3”. a Damage observed in the sample named “SVT 30 1050 D3” 
after the 21st cycle. b The dimension of the damage observed at the end of the experiment in the sample named “SVT 30 1050 D3”

Fig. 3  The appearance of “CT 10 1000” samples that were not 
affected by the experiment process at the beginning and end of 
the frost-decomposition experiment. a The appearance of “CT 10 

1000” samples at the beginning of the experiment. b The appear-
ance of “CT 10 1000” samples which were turned into oven-dried at 
the end of the experiment
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the point of different pyroclastic material, the KBS 20 1050 
mixture type showed positive results. Alternative optimum 
mixture proportions according to the pyroclastic rock 
addition can be observed in Table 6.

According to the results of frost loss, the samples 
named SVT 30 930 and KRS 20 930 could not sufficiently 
resist to frost actions. It would be sufficient to compare this 
result with the frost loss results of other sample types that 
were related to baking temperature.

The compressive strength experiment was performed 
on samples that did not disperse at the end of the frost 
action process. Accordingly, the results of the compressive 

strength experiment performed under normal conditions 
with the end of frost compressive strength are given in 
Table 7.

The average compressive strength values under normal 
conditions and the average compressive strength values 
at the end of the frost-decomposition process gave values 
close to each other, and it was observed that the samples 
that remained intact were not affected by frost actions. 
Only the samples named “KRS 30 1050” did not give this 
result. It was determined that the compressive strength 
of these samples, of which normal compressive strength 
was 9 N/mm2 on average, decreased to 61 N/mm2 at the 

Fig. 4  The appearance of “CT 10 1050” samples that were not 
affected by the experiment process at the beginning and end of 
the frost-decomposition experiment. a The appearance of “CT 10 

1050” samples at the beginning of the experiment. b The appear-
ance of “CT 10 1050” samples which were turned into oven-dried at 
the end of the experiment

Fig. 5  The appearance of damage in the samples named “KRS 20 930”. a The appearance of the samples named “KRS 20 930” after the 6th 
cycle of the frost action process. b The appearance of the samples named “KRS 20 930” at the end of the 8th cycle
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end of the experiment, and there might be damage that 
did not reflect on the outer appearance but reduced the 
compressive strength in the inner parts.

According to the saturation degree of the samples, it 
is stated in the literature that it is possible to predict frost 
and decomposition without the experiment process. 
Accordingly, in the study conducted by Koçu [48], it is 
stated as follows: “It can be stated that there is a relation 
between the degree of saturation and frost resistance. 
When water freezes, an increase of 9% is observed in 

its volume. If the cavities of the material are filled with 
water, the water cannot find a gap to expand, and the 
material is broken down by the ice pressure. When the 
material is filled with water at the rate of 80% at most, 
the ice pressure does not cause the material to deterio-
rate as there is enough space during the transition to 
ice. In general, the saturation degree of the material is 
80% or less, which gives the result that it will be resist-
ant to the frost. The degree of saturation is calculated by 
proportioning the water absorption value to porosity.” 

Fig. 6  The appearance of the samples named “KRS 30 1050” in the 
frost-decomposition process. a The appearance of the samples 
named “KRS 30 1050” after the 22nd cycle decomposition. b The 

oven-dried appearance of the sample named “KRS 30 1050 D3” at 
the end of the experiment

Fig. 7  The appearance of the samples named “KBS 20 1050” in the 
frost-decomposition process. a The appearance of the samples 
named “KBS 20 1050” at the beginning of the frost action process. b 

The oven-dried appearance of the sample named “KBS 20 1050” at 
the end of the experiment
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Accordingly, the saturation degrees were determined for 
the samples and given in Table 8.

In terms of the relation mentioned above, the sam-
ples named “KRS 20 930”, “KRS 30 1050”, and “SVT 30 
930”, “SVT 30 1050” are likely to be damaged during the 

frost-decomposition process according to their saturation 
degrees by volume. With this prediction, it was determined 
that the probability of damage occurred partially at the 
end of the experiment, except for the SVT 30 1050 sample. 
With the experimental method, it was revealed that it was 
possible to predict the possibility of damage against frost-
decomposition in general, but it did not give exact results.

Although there is no appropriate literature to make a 
direct comparison about the subject of the study, there 
are many studies on the frost action resistance of brick 
materials used in masonry. In some of these studies, there 
are views expressing that the freeze–thaw experiment 
processes conducted according to especially the Ameri-
can (ASTM International) and Canada (CSA) standards will 
not reflect the truth [49, 50]. In these studies, it is stated 
that environmental conditions will be different and other 
factors can play a role. From this point of view, it can be 

Fig. 8  The appearance of the samples named “KBS 30 1050” at 
the end of the frost-decomposition process. a The appearance of 
the sample named “KBS 30 1050” at the end of the process. b The 

appearance of the samples named “KBS 30 1050” at the end of the 
frost-decomposition process

Table 6  Frost loss values Sample name Frost loss (%)

SVT 30 930 71
SVT 30 1050 2.2
CT 10 1000 0.3
CT 10 1050 0.07
KRS 20 930 100
KRS 30 1050 3.07
KBS 20 1050 0.15
KBS 30 1050 3.44

Table 7  Normal and end-frost compressive strength values of sam-
ples

Sample name Normal compres-
sive strength

Compressive strength at 
the end of the frost action 
process

SVT 30 930 10.8 0 (dispersed sample)
SVT 30 1050 10.4 9.6
CT 10 1000 9.6 10.8
CT 10 1050 9.5 11
KRS 20 930 8.1 0 (dispersed sample)
KRS 30 1050 9 6.1
KBS 20 1050 16.4 15.6
KBS 30 1050 13.1 13.6

Table 8  Saturation degrees of the samples

Sample name Saturation degree by 
mass (%)

Saturation 
degree by vol-
ume (%)

SVT 30 930 59.76 81.73
SVT 30 1050 56.92 81.34
CT 10 1000 32.72 59.78
CT 10 1050 26.44 53.42
KRS 20 930 57.25 83.16
KRS 30 1050 55.00 84.73
KBS 20 1050 40.43 69.42
KBS 30 1050 51.35 78.77
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said that the experiment process is effective beyond the 
real conditions. In fact, water absorption is observed on six 
surfaces of a cube experiment sample, and all surfaces are 
affected by frost actions. However, under natural condi-
tions, water absorption that is effective on frost occurs on 
one surface of the material, unlike experiment samples, 
and the pore structure of the material and other environ-
mental conditions (wind, etc.) also become effective. From 
this point of view, there is a kernel of truth in these stud-
ies. Nevertheless, the ambient conditions selected in the 
experimental process should be accepted as the toughest 
conditions that the material will face. Therefore, it is certain 
that a material with durable results under experimental 
conditions will not suffer damage under normal environ-
mental conditions. Still, it is useful to know the other fac-
tors along with the experimental process. For example, it 
can be thought that a material with a high potential of 
water absorption will be affected by frost actions. However, 
the subject cannot be interpreted in this way. If the pore 
structure of the material will allow the volume increase 
in frost, it means that the material will not be affected by 
frost actions. Another effective factor is the  CaCO3 amount 
in raw materials. There are views expressing the idea that 
the less this amount is, the higher the resistance to frost 
action will be [51]. According to the XRF analysis, the CaO 
traces of the raw materials used in the study are not in the 
amount that affects the process. According to the results 
of the comparison in the literature, the information “it is 
durable to frost actions” obtained as a result of the experi-
ments is certain and accurate. The other adverse results 
can be interpreted by considering different factors.

4  Conclusion and recommendations

The observations of the micronized pyroclastic rocks 
added to red mud in terms of resistance to frost actions 
are as follows:

• It was concluded that baked building materials, such 
as brick, clinker, ceramic, could be produced with the 
optimum mixture type and could be used within the 
building exterior wall without being affected by differ-
ent climatic conditions.

• The pyroclastic addition created gaps in the baked 
building material. Accordingly, the water absorption 
amounts of the samples were at high rates. This result 
affected the resistance of the samples to frost action.

• In terms of its physical properties, it was found that 
it had a hollow structure and it was light. Therefore, 
it could be a breathing building material used in the 
outer shell design.

In general, it was concluded that it could be used as a 
modern building material with some types of the mix-
ture, that it was suitable for both compressive strengths, 
resistant to frost actions and other external effects, light, 
breathing, and it could help to regulate indoor comfort 
conditions.

In the study, some additional research can be con-
ducted for samples that could not withstand frost actions. 
For example, alternative tests can be carried out to reduce 
porosity ratio, glazing, etc., and studies can be conducted 
to use materials obtained from these regions.
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