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Abstract:

Mineral additives are extensively applied as cement replacement materials in both
construction concrete and mortar. Fly ash is one of the most commonly utilized additives
which improve rheological properties, as well as thermal and mechanical behavior of mortar,
and as such it has been widely investigated. This industrial byproduct comprises heavy metals
in its composition; therefore further research is needed to optimize its effective dosage.
Moreover, certain sorptive clays, such as natural zeolite and bentonite, can prevent migration
of toxic elements from fly ash by immobilizing them in their structure. Ten experimental
mortars are prepared with Portland cement, river sand and addition of fly ash, zeolite and/or
bentonite in accordance with chemometric experimental design rules. The aim of the study
was to investigate the effect of mineral additives on thermal and mechanical performances of
mortar. Thermal characteristics were monitored via dilatometric analysis and DTA method.
Principal component analysis was used on the results of physico-mechanical testing
(workability, bulk density, water absorption, shrinkage, compressive and flexural strength) to
enable the divisions of the observed samples into groups in the factor space. The performance
of Artificial Neural Network was compared with the experimental data in order to develop
rapid and accurate method for prediction of mechanical parameters of mortar. The ANN
model showed high overall prediction accuracy (¥ = 0.989, during training cycle). The test
results indicate that incorporation of the mineral additives gave cost effective mortars with
sufficiently good properties. However, tools of analytical modeling highlighted mortar with
zeolite and fly ash as the optimal composition regarding its mechanical performance.
Keywords Dilatometry, DTA; Analytical modeling, SEM; Construction composites.

1. Introduction

With concrete and mortar being the most prevailing construction materials, the
manufacturing of cement still represents a huge pollution risk. Production rate of Portland
cement is set at approximately 3000 Mt/year [1, 2]. The fabrication of cementitious
composites also induces consumption of natural resources and leads to their severe depletion
[3]. Current innovations in this industrial sector are aiming towards either full or partial
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replacing of the cement in non-shaped building materials with other pozzolana [4-7].
Available resource utilized as mineral additive is a practical solution for the reduction
material’s cost, although it can also be a means for performances improvement [8-12]. The
employment of coal combustion byproducts (fly, bottom, and landfill ash) in the building
industry is a common practice which is in accordance with the environmental requirements
[13-15]. In contemporary building industry, fly ash is a standard low-cost binder with
characteristics (pozzolanic behavior, high reactivity) matching to those of Portland cement
[16, 17]. However, this raw material contains hazardous substances such as heavy metals.
Even though their content is below upper limit [13], non-degradable heavy metals tend to
accumulate, upon being leached, and thereby impose a severe threat to the environment [18-
20]. Inhibition of leaching mechanisms and of heavy metals isolation within composite’s
microstructure is accomplished by employment of a component with sorption ability [21, 22].

Heavy metal ions are partially immobilized in cement hydrates, but the application of
clayey raw materials (natural zeolite and bentonite) characterized by hydrophilicity and
sorptivity significantly enhances fixation mechanisms [22]. The replacement of weakly
bonded cations with other cations takes place on surfaces or within clay’s structural cavities
[28-30]. These molecular sieves are letting through molecules of certain size, while molecules
of adsorbed substances are dissipating in the cavities of dehydrated clay [23]. Zeolite is a 3D
crystalline framework of SiO, and AlO, tetrahedra linked by O atoms [23, 25], while
bentonite is composed of two SiO, tetrahedra and octahedral sheet of AlO, ions [24]. Zeolite
honeycomb structure with channels of molecular dimensions (3-10 A) absorbs and loses water
up to 30 % of its weight thus enabling ion-exchange chemistry and reception of Na', K",
Mg2+, Ba®’, Ca®" cations, transition metal ions, molecules or ion groups (NHj3, COs7, NO3)
[26-28]. In bentonite’s 2:1 layer structure, Van Der Waals forces tie the piled layers of basic
units simplifying the ion exchange within interlayer space [29-30]. Properties like large
specific surface area, uniform porosity, good thermal stability and pozzolanic activity are
advantageous for application of the clays in binders, concretes, mortars and non-autoclaved
silicate products [1, 2, 22, 23]. Improvement of mechanical performances in cementitious
materials is enabled by presence of additional pozzolana (calcium silicates and calcium
aluminosilicates) formed in reactions between SiO, and Al,O; from clays with Ca(OH), [23].
Therefore, zeolite and bentonite not only immobilize heavy metals, their application also
leads to acceleration of cement hydration, increase in early strengths, decrease in bulk density
(lighter structures), evener surfaces, better drying mechanism, reduction in various processes
(chloride penetration, sulfate attack, expansion due to alkali silica reaction), decrease in
autogenous deformation and micro-cracking [2, 22, 23, 31].

The effects of the application of three mineral additives (zeolite, bentonite, and fly
ash) on the properties of mortar were studied. The clayey materials were used as sorbents to
immobilize leaching of heavy metals from fly ash. The thermal, microstructural and
mechanical properties of ten composite mortars were investigated. Artificial Neural Networks
(ANN) was employed in mathematical modeling of physico-mechanical behavior of mortars.
ANN are a good modeling tool since they provide the empirical solution to the problems from
a set of experimental data, and are capable of handling complex systems with non-linearities
and interactions between decision variables [33-37]. The aim of the investigation was to
incorporate industrial byproduct and sorptive clays in the design of mortars, thereby offering a
new solution for novel ecological material with advanced performances.

2. Experimental Procedures
2.1. Raw materials

Experimental mortar samples were prepared from cement and sand aggregate as base
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resources. Fly ash and clays were used in different ratios as mineral additives. Standard
Portland cement CEM 1 42.5R (Lafarge), with 97.5 % of particles in range 0.0 - 0.63 mm and
292 m’/kg specific surface area, was used as binder. SiO, (22 %) and CaO (62 %) were
predominant oxides in the cement composition. Utilized fly ash, collected directly from the
filter of “Kolubara” power-plant (Serbia), is a byproduct of lignite coal combustion. The
specific surface area of ash was 283 m*/kg. The diameters of ash particles varied from 1.9 pm
to 1258 um. The applied ash is an aluminosilicate containing 63 % of SiO, and 18 % of
AlLO;. The sorptive clays are also aluminosilicates. Bentonite (Sipovo deposit, Bosnia &
Herzegovina) has montmorillonite content as high as 70 %. The silicon oxide content was 60
%, while aluminium oxide participated with 13 % in the chemical composition. Bentonite was
pulverized in an agate stone mill (KHD Humboldt Wedag) prior to the experimental work.
Thus acquired specific surface area was 79.1 m*/kg. The size of particles spanned in the range
-37+75 um. Zeolite clay, which comprised zeolitizated volcanic ash and small amounts of
quartz, plagioclase and biotite, was issued from Vranjska banja deposit (Serbia). Two main
oxides - SiO, and Al,O; participated with 65 % and 12 % in the zeolite composition,
respectively. The specific surface area of pulverized zeolite was 75.5 m%/kg (diameter of
particles: -37+300 um). River sand was applied as aggregate in the mortar’s mix design. Bulk
density of the aggregate was 1720 kg/m’ in loose condition and 1980 kg/m® in pressed
condition. With SiO, content as high as 97.57 %, aggregate primarily contained quartz, less
abundant feldspar and very small traces of mica.

2.2. Experimental design

Eleven mortar mixtures were prepared. The S, sample was a standard cement mortar,
which was used for the comparison with other composites (Si.;0). The ratios of the raw
materials were chosen in accordance with the rules of chemometric experimental design.
Experimental data for the analysis were derived using the Simplex-lattice design, with 3 levels
and 3 parameters (10 mixtures and 1 control). The selected mix design is shown in Tab. L.

Tab. I The mix design of the experimental mortars.

Sample S() Sl Sz S3 S4 S5 S6 S7 Sg Sg SIO
Cement, % 25 | 175|175 | 175 | 17.5 | 17.5 175|175 | 17.5 175|175
Aggregate,% | 75.0 | 75.0 | 75.0 | 75.0 | 75.0 | 75.0 | 75.0 | 75.0 | 75.0 | 75.0 | 75.0

Fly ash, % - 7.5 - - 50 [ 25 |50 ] 25 | 25 - -
Zeolite, % - - 7.5 - 25 | 50 - - 25 125 |50
Bentonite, % - - - 7.5 - - 25 | 50 | 25| 50| 25

The mortar samples were prepared according to the standard procedure (SRPS EN 480-
1:2015). The aspect ratio between binder and aggregate was 1:3 in all composites. Mineral
additives were employed in total quantity of 30 % (calculated from the mass of binder), with
respect to EN 197-1. The aggregate comprised three fractions of river sand (-0.2+0.6; -
0.6+1.0; and -1.0+2.0 mm) in 1:1:1 ratio. The water to cement ratio was fixed at 0.5 for all
mixes. The dry mixes were homogenized by a Controls (Italy) laboratory mixer. The water
was added during mixing procedure. The green mixes were cast in steel molds (40x40x160
mm) and preserved in a chamber with 90+5 % humidity and 20+2 °C for 24". On the second
day, the samples were removed from molds and stored under the same conditions for next 6
days, after which they were cured at 20£2 °C and 60£5 % humidity.

Rheology of green mortar, i.e. workability of green mixture (W, in mm) was
estimated via slump test using a flow table (ASTM C230). Bulk density (BD, in kg/m’) was
calculated as a quotient of mortar sample mass and its volume. Shrinkage of mortar was
estimated from the hydration and hydraulic dimensional changes measured on the samples
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(during 28 days) according to the following formula:

SH = ?—l(mm/m) (1)

0

where: [y is initial dimension of the sample (16 ¢cm) and A/ is difference between
initial dimension and dimension measured at exact period of time (1%, 4“’, 7“’, 14“’, 21% and
28™ day since the start of the experiment).

Water absorption (WA, in %) was determined from the weight difference between
dry and water-saturated samples previously immersed in boiling water for 2 hours. The
flexural (FS, in MPa) and compressive (CS, in MPa) strengths of hardened mortar were tested
on an Amsler laboratory hydraulic press, in accordance with the SRPS EN 1015-
11:2008/A1:2008. Tests for compressive strength were conducted on halves of experimental
prisms (40x40 mm cross-sectional area). Testing was conducted on the 1%, 4™ 7%, 14™ 21
and 28" day since the start of the experiment.

2.3 Instrumental analyses

The chemical composition of mortars was analyzed via X-ray fluorescence method on
an ED 2000 XRF spectrophotometer (Oxford Instruments, UK). The representative samples
(100 g) were pulverized in a laboratory vibratory mill (HSM, Herzog, Germany) prior to the
testing (Standard: SRPS EN196-2:2015). Averaged values are given in Tab. II. The loss on
ignition (Lol) was determined as a weight difference between 20 °C and 1000 °C.

Tab. II Chemical composition of the mortars.

Oxide,% | S, Sq S, S; Sy Ss Se S, Ss Se Sio

Si0, 75.89 | 74.92 | 7591 | 73.25 | 74.88 | 75.7 | 73.99 | 72.94 | 75.59 | 76.56 | 73.21
ALOs 196 | 295| 272 | 249 | 311 | 295| 282 | 292| 231 | 1.79] 3.56
Fe,0; 075 151 ] 021 098] 169 | 0.03| 1.67| 051 0.35 0.1 0.63
CaO 13.86 | 12.38 | 12.95 | 15.04 | 12.92 | 13.55 | 12.47 | 1541 | 14.52 | 13.95 | 14.62
MgO 0.17| 017 ] 0.09] 0.07] 021 ] 0.09| 0.06 | 0.05]| 0.09 0.1 | 0.08
K,0 0.09| 007 0.08] 005]| 0.07] 007] 0.07| 0.04]| 0.05| 0.08] 0.02
Na,O 003 | 002] 004] 0.02] 002] 0.03| 003] 001 ] 0.04| 0.03| 0.05
TiO, 0] 0.02| 001| 0.06| 001| 001 0.05] 006]| 0.03| 0.01 | 0.05
Lol 734 796 | 799 8.04 | 709 | 7.57| 884 | 806| 7.02| 738 7.78

Dilatometry was conducted on a SETSYS TMA analyzer (25-1000 °C; 10 °C/min).
Approximately 25 mg of pulverized mortar was compacted into a tablet (& =5.0 mm). After
placing the tablet in to a corundum crucible, it was pressed by a ram with a load of 0.01 N.
The shrinkage (S, in %) was calculated as a quotient of the sample’s initial height (4() and
difference between initial height and height measured at a specific temperature (%;), Eq (2):

hy—h

S, = -100% )

0

A differential thermal (DTA) analysis was conducted in the temperature range 25-
1000 °C in an alumina pan at a constant heating rate of 10 °C/min and static air flow
(SETSYS TG-DTA/DSC, SETARAM Instrumentation).

The morphology of the crushed mortar samples was characterized by scanning
electron microscopy (JEOL JSM-IT300). The samples were covered with gold using a sputter
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machine, type BALTEC-SCD-005, for improvement of the conductivity prior to the imaging.

2.4. Statistical analysis and mathematical modeling

Response surface methodology (RSM) was employed to describe the effects of the
test variables on the observed responses and to determine test variables interrelationships. The
evaluation of RSM and ANOVA of the obtained results was performed using Statistica
software version 10 (StatSoft Inc. 2010, USA)®.

Principal Component Analysis (PCA) was used as a central mathematical tool in
exploratory data analysis. This multivariate technique transforms the data are into orthogonal
components that are linear combinations of the original variables. The procedure is performed
by Eigenvalue decomposition of a data correlation matrix [38]. Thereby, the first component
has the largest possible variance. The maximum separation among clusters of parameters is
acquired by this analysis. Also, a considerable reduction in a number of variables and the
detection of structure in the relationship between measuring parameters is enabled. The full
auto scaled data matrix consisting of different mixtures was submitted to the PCA, which
resulted is spatial relationship between processing parameters and formed graphic
differentiation between observed samples.

Artificial Neural Network model (ANN) was used to predict the values of the
experimental data, i.e. tested properties (W, SH, WA, BD, CS, FS). The database for ANN
was randomly divided into: training data (60 %), cross-validation (20 %) and testing data (20
%). The cross-validation data set was used to test the performance of the network, while
training was in progress as an indicator of the level of generalization and the time at which the
network has begun to over-train. The testing data set was used to examine the network
generalization capability. To improve the behavior of the ANN, both input and output data
were normalized. In order to obtain good network behavior, it is necessary to make a trial and
error procedure and also to choose the number of hidden layers, and the number of neurons in
hidden layer(s). A multi-layer perceptron model (MLP) consisted of three layers (input,
hidden and output). Such a model has been proven as a quite capable of approximating
nonlinear functions [39] giving the reason for choosing it in this study. In this work the
number of hidden neurons for optimal network was ten. Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm was used for ANN modeling. After defining the architecture of ANN, the
training step was initiated. The training process was repeated several times in order to get the
best performance of the ANN, due to a high degree of variability of parameters. It was
accepted that the successful training was achieved when learning and cross-validation curves
(Sum of Squares vs. training cycles) approached zero. Testing was carried out with the best
weights stored during the training step. Coefficient of determination (r*) and SOS were used
as parameters to check the performance (i.e. the accuracy) of the obtained ANN.

Sensitivity analysis is employed in studying the effects of observed input variables,
uncertainties in the obtained models and general network behavior. Neural networks were
tested using sensitivity analysis, to determine whether and under what circumstances obtained
model might result in an ill-conditioned system [39]. On the basis of the developed ANN
model, sensitivity analysis was performed in order to more precisely define the influence of
processing variables on the observed outputs. The infinitesimal amount (+0.0001 %) has been
added to each input variable, in 10 equally spaced individual points encompassed by the min
and max the training data. These signals were normally distributed with a constant intensity
and frequency. It was used to test the model sensitivity and measurement errors.

The accuracy of the models, i.e the numerical verification of the developed models
was tested using coefficient of determination (+*), reduced chi-square (%), mean bias error
(MBE), root mean square error (RMSE) and mean percentage error (MPE). These commonly
used parameters can be calculated as follows [40, 41].
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Where x.,,; stand for the experimental values and x,,.; are the predicted values by
calculating from the model for these measurements. N and » are the number of observations
and constants, respectively.

3. Results and Discussion

According to X-ray fluorescence analysis (Tab. II), the chemical composition of S;_o
experimental mortars did not significantly differ from the cement mortar (Sp). SiO,, as the
most abundant oxide, varied from 72.94 % detected in S; sample to the maximum of 76.56 %
in Sjo. Cement mortar comprised silicon oxide in the quantity of 75.89 %. Similar ratio was
observed for the other oxides, as Al,O; ranged from 1.79 % (So) to 3.11 % (S,), and CaO from
the lowest 12.38 % noticed in S; to the maximal CaO 15.41 % in S;. Fe,03, MgO, K,0, Na,O,
and TiO, can be considered minorly present oxides because their individual contents were less
than 1 %. CaO in the mortar composition, as well as certain percentage of Fe,O; and MgO,
originated from Portland cement. Zeolite and fly ash additions induced the increase in SiO,,
ALOs;, Na,O and K,O content. Bentonite has a high percentage of SiO, , but in total
composition the addition of bentonite mostly influenced the increase in TiO, content and
elevated the loss on ignition. SiO,, mineralogically present as quartz in mortars, primarily
originated from the sand aggregate. A characteristic mineral-phase composition for cement
mortar upon fully conducted hydration comprises alite (Ca;SiOs); belite (5-Ca,SiOy),
portlandite (Ca(OH),). and calcite (CaCOs;) as the most abundant minerals. These phases are
accompanied by lesser amounts of brownmillerite (Ca,FeAlOs) and tricalcium aluminate
(Ca3AL0¢) [42]. The addition of fly ash, characterized as aluminosilicate, does not
significantly alter mortar’s mineralogical composition, although it contributes with certain
amount of quartz mineral phase [13]. Zeolite brings about presence of tecto-silicate minerals,
usually heulandite —a hydrous calcium and aluminium silicate, (Ca,Na),3Al3(Al,S1),S1;3056
-12H,0) [40]. Analogously, the bentonite addition led to the appearance of smectite in the
phase composition of a mortar. This mineral is usually phyllosilicate montmorillonite with 2:1
layer distribution, (Na,Ca)g33(A1,Mg)»(Si;010)(OH), -nH,0) [41].

3.1. Thermal behavior of the experimental mortars

Thermal behavior of experimental mortars was assessed by means of differential
thermal analysis and dilatometry.

Hydration mechanisms and thermal reactions that took place upon heating up to 1200
°C were observed on two mortar samples: S, — mortar with addition of fly ash and zeolite and
S¢ — mortar with addition of fly ash and bentonite. The obtained results were compared with
the DTA curve of standard cement mortar (S,), and illustrated in Fig. 1a.
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Fig. 1. Thermal behavior of mortars: a) differential thermal analysis; b) dilatometry.

DTA curves of composite mortars S; and S¢ formed two prominent peaks fully
corresponding to those recorded on the sample of cement mortar (Sy). The initial effects were
registered in the vicinity of 130 °C; namely 129.03 °C and 131.60 °C for S¢ and S,
respectively. The first protruding effect in the cement mortar (Sy) was located at moderately
higher temperature: 133.72 °C. The intensities of the well defined endothermic maxima,
characteristic for the S, and S¢ samples, were approximately equal. The effect registered in S
mortar was less acute. The dehydration of AH;H,O gel is normally associated with
endothermic reactions that take place at approximately 120 °C [43]. The exact temperature of
dehydration depends on the type of cement and presence of mineral additives. The initial peak
in cement mortar (S,) appeared at 133.72 °C, while the peaks characteristic for fly-ash-and-
zeolite and fly-ash-and-bentonite mortars were observed at lower temperatures meaning that
all mineral additions acted as pozzolana and accelerated cement hydration. The development
of ettringite and colloidal C-S-H gel in the interval 100 - 150 °C contributes to the intensity of
the first peak in all observed mortars [44]. The additions of zeolite and bentonite intensified
the observed reactions at 130 °C. Zeolite, i.e. its mineral heulandite, exhibits a notable
endothermic effect at 120 °C as a result of single-step dehydration [40]. Similarly, bentonite
main mineral - montmorillonite dehydrates at approximately 100 °C [41]. The hydration water
comprised in the bentonite structure is further removed through a sequence of thermal
reactions in the 100 - 450 °C interval (small exothermal peak at 350 °C, endothermic valley
350 - 440 °C).

The second significant effect was observed in the vicinity of 475 °C. The present
peaks are endothermic with maxima located at 479.29 °C (S,), 471.05°C (S,) and 476.96 °C
(S¢). These reactions can be associated with the decomposition of C;,A; aluminate phase in
Portland cement. The dehydration of calcium aluminate and alumina hydrates is near
finalization at 500 °C. The exact temperature depends on mineral additives. The reaction is
usually marked by an endothermic peak on cement’s DTA curve [45]. The addition of fly ash
and zeolite, i.e. fly ash and bentonite, has moderately accelerated mentioned reaction
mechanism. The changes are marked by shifting of maximum of at 475 °C peak to a lower
temperature in both S and S¢ diagrams.

Upon second endothermic effect, all three curves (S, S; and S¢) proceeded into a
continuous complex exothermic hump (550 - 950 °C). The hump of each sample consists of
several small endothermic and exothermic peaks. The maximum for the cement mortar was
registered at 830.72 °C. S, sample showed an exothermic effect at 853.41 °C, followed by two
smaller endothermic peaks at 711.20 and 907.05 °C. The peaks located above 700 °C
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correspond to the rearrangements in the heulandite crystalline structure, since zeolite minerals
are thermally stable up to 700 - 800 °C [40]. The DTA curve of Sg mortar has a series of
infinitesimal effects located on the exothermic hump. The most significant is the exothermic
effect at 824.50 °C. This peak is followed by another exothermic effect at 902.3 °C. In
bentonite, montmorillonite structure is preserved up to 850 °C, only to swiftly decompose
during the following 50 °C [41]. The peak at 824 °C marks the start of montmorillonite
decomposition in the Sg sample. Since all samples (So, S4, Sg) comprised quartz due to the
application of river sand as aggregate, the effects located above 500°C might correspond to
the polymorphic transformation of a- into B-quartz (at 573 °C) [43]. The effects in the vicinity
of 800 - 900 °C correspond to the calcination, i.e. decomposition of calcite into CaO and CO,.
CaCOj; was present in low abundance; thereby the reactions were not intense. The final step in
the decomposition of calcium aluminate phases is expected to take place at 950 °C which is
marked by endothermic streaming of DTA curves. The formation of molten phase in the
cementitious systems did not appear during observed thermal interval (25 - 1200 °C). DTA
curves recorded for cement mortar and composite mortars were similar, with one main
difference - the intensity of the exothermic hump. Namely, energy liberated during thermal
treatment of mortar with fly ash and zeolite addition (S;) was higher than that of S¢ mortar
with ash and bentonite as additions, as well as cement mortar. Therefore, the applied mineral
additions bring about changes in cement hydration, which consequently leads to the
alternations in physico-mechanical properties of mortars.

Dilatometric analysis was conducted on composite mortars and cement mortar, and
the obtained results are illustrated in the Fig. 1b. The results of actually dimensional
changes that took place during heating from ambient temperature up to 1200°C are
condensed and displayed in Tab. III.

Tab. III Dimensional changes of mortars Sy registered during thermal treatment in
dilatometer.

Temperature | 25-230°C | 230-630°C | 630-900°C | 900-1200°C
Dimensional change, % 2, %
S -0.25* 1.5 0.1 2.0 3.15
Temperature | 5 »300c | 230-800°C | 800-900°C | 19 88; o | 1100-1200°C
Dimensional change, % 2, %
S -0.1 2.1 1.0 0.7 | 1.9 4.2
S 0.1 3.0 2.8 1.3 4.6
S, -0.2 3.9 2.0 0.3 0.4 5.8
S 0 2.0 1.0 0.7 0.7 3.0
Ss 0.1 2.7 1.5 -0.9 3.2
Se 0.1 2.7 13 1.5 2.1 45
S, 0.1 2.5 2.0 -0.5 0.7 4.6
Ss 0.1 3.0 2.3 0.5 0.6 5.3
S -0.1 5.0 2.5 1.2 0.5 6.7
St 0.1 5.5 2.75 -0.6 0.2 7.35

* (-) represents expansion of the measured sample; otherwise dimensional change is registered as
shrinkage.

Cement mortar Sy, whose curve was used for comparison in Fig 1b, exhibits two
major dimensional changes. The initial expansion of the sample (0.25 %) can be omitted from
the analysis. There is only one notable effect on the dilatometric curve of the cement mortar
in the 25 - 230 °C interval. This effect, located at approximately 200 °C, corresponds to the
dehydration of free water - capillary pore water, interlayer water and adsorbed water (up to
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100 °C), dehydration of gypsum crystal water (100 - 160 °C) as well as dehydration of C-S-H
gel. The first significant dimensional change (1.5 %) in cement mortar takes place from 230
to 630 °C (Fig. 1b, Tab. III) and it can be related to portlandite dehydroxylation. The
dehydroxylation of Ca(OH),, usually occurs between 400 and 490 °C. The registered
dimensional change in 630 - 900 °C interval is negligible, therefore the line of the diagram can
be approximated as constant. Very small expansion (0.1 %) can be attributed to CaCO;
decomposition (normally takes place above 700 °C). The second major shrinkage in S, sample
takes place above 900 °C due to the sintering process and densification of the given porous
material. Even though melting of cement mortar did not take place up to 1200°C, the sample
shrunk for 2 % in interval 900 - 1200 °C. Total linear shrinkage of Sy summed up to 3.65 %.

The samples with fly ash (S,), zeolite (S,) and bentonite (S;) predominantly followed
the dimensional change pattern of cement mortar showing two major dimensional changes —
one in 230 - 900 °C interval (removal of water from hydrated products, dehydroxylation and
decarbonation) and the other one related to the sintering above 900 °C (Fig. 1b; Tab. 3). The
first dimensional change in S; sample was higher than in cement mortar, summing up to 3.15
%. Also, shrinkage came to abrupt stop at 900 °C in S;, while the curve line of S, proceeded
into ‘dormant’ period from 630 - 1000 °C. This diversity in the behavior points out that the
addition of fly ash accelerated the hydration process. Total deformation of the S; sample
summed up to 4.2 %. The zeolite (S,) and bentonite (S;) samples had even more pronounced
total changes: 4.6 % and 5.8 %, respectively. The higher dimensional change of S, can be
attributed to the loss of water located in zeolite cavities and non-framework cations bounded.
Dehydration of zeolite takes place from 100 to 200 °C, after which strongly associated water
is liberated. The water is completely removed above 500 °C [40]. The changes above 800 °C
are related to the rearrangements in the crystalline structure of heulandite [40]. The highest
deformation was registered in S; mortar. These dimensional changes can be also related to the
loss of humidity present in the bentonite addition. Namely, the desorption of hygroscopic
water and the loosely bonded water loss takes place between 30 and 210 °C. Dehydration is
fully completed up to 600 °C [41]. Also, montmorillonite structure in bentonite swiftly
decomposes in short interval upon reaching 850 °C, which can be related to the 2 % shrinkage
registered in the S; sample during 800 - 900 °C interval (Tab. 3). Thereby the decomposition
of heulandite and montmorillonite crystalline structures contributed to the increase in mortar
deformation.

The dimensional changes registered in the samples that predominantly comprised
zeolite (S, S4, Ss and S,o) were highly influenced its presence (Tab. III). Namely, all of the
samples exhibited characteristic changes above 800 °C due to the rearrangements in the
heulandite crystalline structure. The shrinkage in 230 — 800 °C and 800 - 900 °C intervals
increased with the increase of zeolite content. Thus, S4 mortar showed initial shrinkage of 2 %
which was followed by additional 1 % above 800 °C. S5 sample exhibited shrinkage of 2.7 %
and 1.5 % in mentioned thermal intervals. The addition of bentonite (S¢) further increased
shrinkage due to the release of bentonite water and subsequent montmorillonite
decomposition (5.5 % and 2.75 % changes in 230 - 800 °C and 800 - 900 °C intervals). Total
dimensional change for S, and Ss were 3 % and 3.2 % respectively, which is lesser than
dimensional change of mortar with fly ash addition (S;) and solely zeolite addition (S,) and in
range of cement mortar’s total shrinkage. The dimensional change of S;y sample has the
highest shrinkage as it summed up to 7.35 %.

Analogously, the shrinkage of samples with predominant bentonite additive (S;, S,
S7, So) was highly influenced by releasing of bentonite water and subsequent montmorillonite
decomposition (Tab. III). Bentonite mortars were more prone to thermally induced changes
than rest of the observed composites. Also, the increase in bentonite content induced higher
shrinkage in 230 - 900 °C interval, as S and S; exhibited 4 % and 4.5 % dimensional changes,
respectively. The combination of zeolite and bentonite additions influenced further increase in
dimensional change. The shrinkage during 230 - 900 °C interval summed up to total 7.5 % in
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So, while the shrinkage or S;o was even higher (8.52 %). Total dimensional change for S¢ and
S; samples were 4.5 % and 4.6 % respectively, which is higher than dimensional change of
mortar with fly ash addition (S;) and cement mortar, but smaller that of bentonite mortar (S;).
The total shrinkage recorded in three additives sample Sg summed up to 5.3 %. The
dimensional change of Sg sample has the highest shrinkage by summing up to 6.7 %.

3.2. Physico-mechanical characteristics of the experimental mortars

Workability (W), as rheological characteristic of fresh mortar mixture was decreasing
with passing time (0-120 min), only to be stabilized at approximately 60 minutes. The
stabilized W value for cement mortar was 135 mm, while for the other mortar mixes this
parameter ranged from 95-107 mm. Since w/c ratio was kept constant (0.5) for each mixture,
the consistency of the composite mortars was stiffer than that of cement mortar. Since mineral
additives require additional amount of water, in the next experiments w/c factor will be
applied as variable in order to obtain a satisfactory viscous green mixture. The sample S;, with
fly ash additive, exhibited behavior closest to cement mortar, because spherical fly ash
particles helped in packing of cement and sand grains within composite structure. The
samples with zeolite addition and fly ash and zeolite combinations produced mixtures with
relatively high workability (Weomn= 105-113 mm). Bentonite addition gave comparatively
dryer mixtures (Weomn= 95-97 mm). Bulk density (BD) of green cement mortar was 2290
kg/m’, while BD of composite mortars ranged from the lowest value for S; sample (2000
kg/m’) to the highest of 2275 kg/m’ for S; mortar. Mortars with zeolite showed approx. 10 %
higher bulk density in fresh condition than samples which comprised bentonite.

Experimentally determined physico-mechanical properties (bulk density - BD,
shrinkage - SH, water absorption - WA, compressive strength - CS, and flexural strength - FS)
of cement mortar and composite mortars were monitored during time period of 28 days. The
obtained results after 1, 4, 7, 14, 21, and 28 days were submitted to chemometric analysis, in
order to assess the mechanical behavior of mortars during setting and hardening period. The
results were correlated to the samples’ mix design, i.e. quantity and combinations of applied
mineral additives. Upon detecting variations in the results of BD, SH, WA, CS and FS
parameters, fitting of the experimental data was conducted using ANN modeling.

3.3. Principal component analysis

Principal component analysis (PCA) applied to the given data set of the results of
mechanical properties monitored throughout 28 days, has shown a differentiation between the
samples according to variables, i.e. different mineral additives — zeolite (Z), bentonite (B) and
fly ash (FA). Subsequently PCA was used as a tool in exploratory data analysis to
characterize and differentiate neural network input parameters. The rotation of the principal
components was executed by the Varimax method with Kaiser Normalization. The obtained
results are condensed in Fig. 2.

As it can be seen in Fig. 2, there is a neat separation of the observed samples
according to used assays. Quality results show that the first two principal components,
accounting for 93.90 % of the total variability, can be considered sufficient for data
representation. Considering the map of the PCA performed on the data, SH, FS and CS
exhibited positive scores according to first principal component (each of these variables
contributed 27.1-28.3 % of total variance, based on correlations), whereas WA (10.8 % of
total variance) showed a negative score values according to first principal component The
positive contribution to the second principal component calculation was observed for: WA
(51.4 % of total variance, based on correlations) and BD (44.6 %).
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Fig. 2. Biplot graph of physico-mechanical properties experimentally gained for mortars Sy j.

Bulk density (BD), a parameter which can indicate the quality of mortar’s mechanical
performances, showed the highest values for standard cement mortar during the period of 28
days (BD= 2280-2240 kg/m®). The sample S, with fly ash as additive had somewhat smaller
bulk densities (2260-2215 kg/m”®), ranking this composition as the second best. These values
were followed by BD for zeolite mortar S, (2230-2180 kg/m®) and bentonite mortar S; (1980-
1900 kg/m’). The combination of zeolite and fly ash produced mortars with higher BD
(BDag= 2205 kg/m® and 2190 kg/m’ for S, and Ss, respectively) than the bentonite and fly ash
additive mortar (BDs= 2184 kg/m’ and 2178 kg/m’ for S¢ and S;. respectively). Over-all
bentonite addition induced lower values of BD, which ultimately led to lower mechanical
strengths. According to BD,g values, the combination of zeolite and fly ash as additive gave
composite mortars whose density was only 2-3 % smaller than that of cement mortar.

Water absorption (WA) values after 28 days were similar for the fly ash (S;) and
zeolite (S;) samples: 2.2 % and 2.1 %, respectively. Cement mortar achieved comparatively
equal value of water absorption upon hardening (2 %). The bentonite sample (S;) exhibited
even lower WA value: 1.5 %. The elevated water absorption in the fly ash sample can be
explained by increased micro-porosity of mortar due to the application of spherical porous ash
particles. Bentonite grains are less porous [41] which led to more solidified structure of the
composite material. Analogously, the combination of zeolite based additives showed higher
WA, in mortar than bentonite additives. Shrinkage (SH) measured on the mortar samples
stabilized after 21 days and remained unchanged till the end of hardening period (28 days).
The cement mortar showed the highest value of shrinkage (SHys= 0.0812 mm/m) due to the
more viscous starting consistency. The Syg values of fly ash (S,), zeolite (S,) and bentonite
(S;) mortars were as follows: 0.0075 mm/m, 0.053 mm/m, and 0.024 mm/m. Mortars with
dryer starting consistency (i.e. bentonite mortars Ss;, Ss, S;) showed smaller shrinkage over
time due to lesser quantity of evaporable water in the mixtures.

Mechanical strengths increased over the time, as expected. The initial compressive
strength of cement mortar CS4,,= 15.4 MP reached the final value of CSyg4,,= 64.6 MPa.
Analogously, flexural strength of S, increased from starting 5.9 MPa to 11.5 MPa upon
hardening. The fly ash sample S; showed slightly lower but equally good mechanical
strengths: CSy_5342y= 14.8 -61.4 MPa and FS;_55 40y = 5.5 -10.4 MPa. Final strengths for zeolite
(S,) and bentonite (S;) mortar were: CSyggay = 45.7 MPa / FSyg40,= 8.0 MPa and CSyg4,y= 21.3
MPa/FSyg40y = 5.0 MPa. The combination of fly ash and zeolite in ratio 2:1 produced higher
strengths than the sample that included higher share of zeolite in the combined additive. The
difference between their final strengths was approximately 15 %. The same correlation
appeared in bentonite-fly ash samples, i.e. the difference in final strengths was 17 %. The
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lowest values of mechanical strengths were obtained for S;, meaning that bentonite particles
created less porous mortar structure but their adhesion on sand grains was not successful
which did not result in a strong cementing bond.

The differentiation among samples prepared with different additives is evident on the
PCA graphic. Namely, the fly ash and zeolite samples with the highest FS, SH and CS values
were observed in the right side of the PCA plot. The process time coordinate is positively
correlated to FS, SH and CS and negatively related to WA. The highest WA values (i.e. fly
ash sample) are noticed to the upper left of the PCA graph. The content of fly ash is positively
correlated to BD, FS and CS, while the correlation between these parameters and bentonite
(B) is negative. The content of zeolite (Z) is less influential on BD, FS and CS that fly ash
(FA) according to PCA. Also, according to the results SH, CS and FS are bonded in a strong
positive correlation. These variables are also negatively correlated with WA. BD is positively
correlated to SH, CS and FS, and also positively correlated to WA.

3.4. Response Surface Methodology

The second order polynomial models for all observed variables were found to be
statistically significant and the response surfaces were fitted to these models.

According to ANOVA (Tab. 1V), the linear term of bentonite (B) content were the
most influential for SH, CS, FS and BD calculation, as well as the linear term of time (#) in
SOP model, statistically significant, at p<0.01 level. The linear term and the quadratic term of
t were the most influential for WA calculation (p<0.01 level). The quadratic terms of ¢ were
very influential terms in SOP models for SH, CS, FS and BD calculation (p<0.01 level). All
SOP models had an insignificant lack of fit tests, which means that all the models represented
the data satisfactorily. The coefficients of determination for response variables were relatively
high, showing the good fit capability to represent the experimental results.

Tab. IV ANOVA calculation of developed SOP models.
dff SH | WA | CS | FS BD W SH |WA|CS|FS |BD | W
FA |11]0.0007 0.5 |36.3"(0.478"| 1727.4 | 5.1 > 10.000[2.418(8.843]0.135/759.19/15.63
FA? [1(0.0007| 0.5 |36.07]0.487"| 2304.0 | 5.8 [RMSE|0.006|1.483|2.835/0.350(26.27[3.732
Z |11]0.0007 0.5 |38.470.518"| 1756.2 | 5.1 |MBE |0.000|0.000|0.000/0.000|0.000 [0.000
77 |1]0.000°| 0.5 |36.4" 0.454| 1279.7 | 5.3 |MPE [17.10535.831/9.214|4.642|0.900 [2.575
B |1]0.007 6.9 |2656.0779.586"|314121.1"4771.5" r* |0.922]0.804|0.964|0.967|0.948 (0.924
B®> [1]0.000"| 0.5 |37.6 [0.483"| 1565.1 | 5.5 |adj.r?/0.905(0.760|0.955[0.960|0.936(0.936
t |1]0.001764.1"[710.3"[4.400"| 6757.8" | 19.9 |Skew |0.132]-0.0550.019]-0.1430.060(0.172
& |11]0.0027164.77368.3"(12.7917] 2531.17" | 425.6" | Kurt | 0.458 |-1.299}-0.1191-0.722/ 0.513 [0.403
FAxZ|1(0.000" 0.5 |35.6" [0.459"| 1678.3 | 6.1 |Mean|0.000|0.000|0.000/0.000|0.000 [0.000
FAxt|1/0.000] 0.1 | 22 [0420| 0.0 29.4 |StDev|0.006 |1.494|2.857/0.353|26.47 [3.766
Zxt |1]0.000| 0.1 [121.6"[2.696"| 310.4 | 150.1 | Var |0.000{2.232(8.162|0.125(700.79/14.18

Bxt |1]0.000°| 0.7 |564.57|6.805"| 964.5 |182.4"

Error|53]0.002 | 145.1| 530.6 | 8.097 | 45551.2 | 766.0"

*Significant at p<0.01 level, "Significant at p<0.05, " Significant at p<0.10 level.

A three-dimensional graphics of the response variables were plotted for the
comparison with experiment data visualization (Fig. 3).
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Fig. 3. Visualization of the response variables determined by SOP model.

The coefficients of determination (+*) for SOP models were rather good (0.804—
0.967). The quality of the model fit was tested (Tab. IV), the higher /* values, and the lower
%>, MBE, RMSE and MPE values show the better fit to the experimental results. The residual
analysis of the developed model was also performed. Skewness measures the deviation of the
distribution from normal symmetry. If the skewness is clearly different from zero, then the
distribution is asymmetrical, while normal distributions are perfectly symmetrical. Kurtosis
measures the "peakedness" of a distribution. If the Kurtosis is clearly different than zero, then
the distribution is either flatter or more peaked than normal; the Kurtosis of the normal
distribution is zero. The average, the standard deviation (SD), the standard error (SE) and the
variance of residuals have also been analyzed and shown in Tab. IV.

The residual analysis showed that the mean of residuals were equal to zero, and the
standard deviation was 0.006 - 26.472. These results showed a good approximation to a
normal distribution around zero with a probability of 95 % (2xSD), which means a good
generalization ability of the developed model for the range of observed experimental data.

3.5. Neurons in the ANN hidden layer

All variables considered in the PCA and RSM calculations, were also used for the
ANN modeling. ANN modeling was performed for prediction of SH, WA, CS, FS and BD.
Determination of the appropriate number of hidden layers and the number of hidden neurons
in each layer is one of the most critical tasks in ANN design. The number of neurons in a
hidden layer depends on the complexity of the relationship between inputs and outputs. The
optimum number of hidden neurons was chosen upon minimizing the difference between
predicted ANN values and desired outputs, using Sum of Squares (SOS) during testing as a
performance indicator. According to the results, it was noticed that the optimal number of
neurons in the hidden layer for SH, WA, CS, FS and BD calculation was 4. The quality of the
model fit was tested of the developed model was presented in Tab. V. The used training
algorithm was BFGS 71, and the activation functions were logistic and exponential (for
hidden and output layer, respectively).

Tab. V Performance of the optimal ANN (Network name: MLP 4-4-5).
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SH WA BD CS FS Error

Training 0.980 0.994 0.990 0.993 0.990 0.004
Testing 0.976 0.991 0.988 0.986 0.994 0.010
Validation 0.944 0.980 0.979 0.964 0.986 0.014

3.6. Sensitivity analysis

The influence of the input over the output variables, i.e. calculated changes of the
output variables for infinitesimal changes in the input variables are shown in Fig. 4.
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Fig. 4. Sensitivity analysis - the influence of the input over the output variables.

As it can be seen in Fig. 4, SH, WA, CS, FS and BD were most affected by the
infinitesimal changes in time () at the minimum values of the input space (1 day). The
influence of ¢ is diminished afterwards. The effect of the infinitesimal changes in B content on
SH, CS and FS, was most influential close to the minimum of the input space. BD was most
affected by the infinitesimal changes of B content at the maximum of the input space. The
influence of FA addition is also observed in CS, FS and BD, where the highest impact is
observed in the minimum of the input space. Therefore, analytical modeling confirmed that
fly ash-zeolite mortars exhibit mechanical behavior closest to standard cement mortar, while
the most significant diversities were observed in samples that included bentonite additive.

3.7. Microstructural analysis of experimental mortars

Cement mortar and experimental mortars were analyzed via scanning electron
microscope. The results are illustrated in Fig. V (a-f).

The microstructure of each of the cementitious composites was composed of a
grain mixture - cement, sand and mineral additives. The particle sizes in the recorded
areas significantly varied between 1 um and cca 30 um. The surface of each sample
comprised multitude of pores and micro-cavities. Cementing matrix (Fig. 5 a-f),
merged together coarser sand particles. The matrix is composed of number of mineral
phases that are predominantly related to minerals developed during hydration. As
hydration proceeds, formerly clear surface of cement particle is being covered with
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unbound debris. The new formations are hydration products such as tricalcium
aluminate, brownmillerite, portlandite and calcite. The coating of “lumps and
platelets” is being created on the top of the particle, while unhydrated part remains
beneath it [44, 45]. Upon conducted hydration, thus formed layer of cement minerals
is merged together with sand particles creating a solid composite structure.

Fig. 5. SEM microphotographs of a) Sy, b) S;; ¢) S,, d) S3; s) S4 and f) Sg mortars.

The microstructure of standard cement mortar (Sp) upon completed hardening (Fig.
Va) consists of sand grains (20-30 um) bonded and covered by hydration products debris, i.e.
cement mineral particles sizing up to 10 pm. The cement particles are closely integrated with
the sand grains. Very small crystals within the mixture correspond to calcite. Coarser crystals
are sparite and microcrystalline ooid formations are micrite (0.06-4 pum). Microcrystalline
prisms and six-sided pyramids correspond to quartz. Furthermore, ettringite is recognized as
rod-shaped particles and carboaluminates appear as needles and laths [44, 45]. The pores are
regularly shaped and round with diameter varying from 2 to 10 pm, without visible
interconnections and channel formations. The S; mortar (Fig. 5b) showed comparatively
denser microstructure due to the application of fly ash additive, which eased “packing” and
left less voids between cement and sand grains. The visible mixture comprises predominantly
spherical and hollow particles, and certain amount of irregularly shaped crystalline
formations. The particles with increased superficial micro-porosity and pore diameter smaller
than 1 pm correspond to fly ash. The overall porosity is smaller than in S,, while the average
pore is 2-3 um. The S, mortar exhibited nodular and small-grained structure, as it can be seen
in Fig. Vc. The hydration products crystals are smaller than in Sy and S;. Besides the products
of the cement hydration, tabular and/or parallel crystals characteristic for zeolite mineral
heulandite are present within the surface debris. Pores are evenly, but more frequently
distributed on the surface of the mortar. Average pore is round with very small diameter (1-2
pm). S; mortar (Fig. 5d) also showed a fine grained structure, however the crystalline
formations were comparatively coarser than in S2. Also, the level of visible porosity is lower.
Agglomerations and clusters that formed on the surface comprised bentonite mineral phases,
besides usual cement minerals particles. Namely, montmorillonite appeared as stacks of
rectangular platelets merged with irregularly shaped massive quartz crystals. The combination
of fly ash and zeolite as mineral additive used in the S, mortar produced a very dense
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structure with only few scattered pores (Fig. 5e¢). The size of the pores was, however,
comparatively bigger (approx. 5 um) that in other mortars. The stiffer consistency of S
mortar led to more porous structure of the mortar upon hardening (Fig. 5f). The average pore
size in S6 was less than 1 pum (approx. 0.5 um).The microstructural analysis suggests that
zeolite and fly ash combination as mineral additive produced a favorable structure able to
provide good mechanical properties, which is in accordance with mathematical models and
experimental results.

4. Conclusion

Fly ash and sorptive clays were incorporated in the design of mortar as a novel
solution for an ecological material with good performances and ability to prevent heavy
metals from leaching into environment by immobilize them in clay structure. Thermo-
mechanical behavior of ten mortars with different combinations of minerals additives was
monitored. The main conclusions are summarized below:

- The formation of molten phase in mortars was not observed up to1200 °C);

- Addition of zeolite and bentonite did not interfere with the cement hydration route, as DTA
curves of composite mortars showed only minor differences to standard cement mortar.

- Bentonite mortars were more prone to thermally induced changes than rest of the observed
composites, having higher dimensional change. Dimensional change of zeolite mortars was in
range of cement mortar shrinkage.

- The combination of fly ash and zeolite in ratio 2:1 produced the highest mechanical
strengths. The lowest strength values were obtained for mortar with solely bentonite addition.
- The ANN model showed high prediction accuracy (r* = 0.989). Analytical modeling
confirmed that fly ash-zeolite mortars exhibit behavior closest to standard cement mortar,
while the most significant diversities were observed in samples that included bentonite
additive.
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Cadpocaj: Muneparnu dooayu ce wecmo ynompeb/basajy Kao 3ameHd 3d yeMmeHm KaKo y
KOHCIMPYKYUOHUM OemoHumMa mako u y marmepuma. Jlemehu neneo je jedaun 00 Hajueuihie
NPUMERbUBAHUX 000amaxa Koju YHanpehyje peoiowika ce0jcmeda, Kao u mepmuuxe u
MexXanuuke Kapaxmepucmuke Mmaimepd, U KAo mMakas je oncedxcno ucmpasicusar. 0saj
UHOYCMPUJCKU  HYCHPOOYKAM Caopicu meuwike Memane y C80M cacmagy 3002 ueed je
HEONnX00HO ONMUMU308AMU e208y 003adcy npu ousajuy manmepa. Mehymum, nocmoje
2/IUHE CA COPNMUBHUM CBOJCIMUMA, KAO WIMO CY NPUPOOHU 3e0um U DeHmMOoHUm, Koje Mozy 0a
npedynpede Muspayujy MOKCUYHUX eNleMeHama u3 nenera umoounuwyhu ux y ceojoj
cmpykmypu. [ecem excnepumeHmaiHux maimepa je npunpemsmweno ua 6azu Ilopmnano
yemenma, peuHoe necka u dooamaxa — iemeliee neneia, 3e01uma u/uny OeHMOHUMA y CK1aoy
Ca NpABUIUMA XEMOMEMPUJCKO2 eKChepuMeHmanone ousajua. L{um pada je buo da ce ucnuma
VMUYaj MUHEpaIHux 000amaKa Ha mepMudka u Mexanuuxa ceojcmea maimepa. Tepmuuka
ceojcmea cy npahena memoodama ouramomepujcke u DTA ananuze. Memooda enasnux
xomnonenama (IILJA) je npumerena npu auaiusu pe3yrmama QUIUUKO-MEXAHUUKUX
ucnumugarea (00padLUBOCM, 3ANPEMUHCKA MAcd, CKYN/bARbe, NPUMUCHA U  CAB0jHA
ugpcmoha) xaxko Ou ce ysopyu pazepcmanu y axkmopuom npocmopy. Ileppopmance
BEUIMAYKUX HEYPOHCKUX Mpedca ynopehene ¢y ca eKCHepUMEeHmMaiHum pesyimamuma y yumsy
dobujarba 6p302 U NPedu3Ho2 MoOena 3a NPeOUKyujy MeXanuykux napamemapa maimepd.
AHH moden je noxasao eucoxy maunocm y npedsubary (° = 0.989). Pesynmamu
UCTNPAdICUBAILA CY YKA3AAU 04 Ce NPUMEHOM 08UX MUHEPAIHUX 000amakra moxcy 0obumu
EeKOHOMUYHU Maimepu ca 0080/6HO 000pum nepgopmancama. Mehymum, aramke
AHATUMUYKO2 MOOEN08AIbA CY U3080juNe Manrmep ca 000amKom aemehiee nenena u 3e0auma
Kao mamepujan ca HajonmuMatHujum MexanHudkum c60jCmeuma.

Kuoyune peuu: ounamomempuja, DTA; anarumuuxo moodenosarve;, SEM; xoncmpyxyuonu
KOMNO3UMU.
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