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Abstract. A few words about the history and importance of composite materials, dispersed
systems with multicomponent dispersion medium and dispersed phase, in the progress of civilization are
in the beginning of the paper. This and the methodology of the fields of material properties in the
coordinates of composition and process factors, described by experimental-statistical (ES) models,
underlie the research presented in this paper. One of the main tools of the methodology is random
scanning of "composition-process™ fields of material properties. The aim of the work is to show how
this tool allows to evaluate the change in properties if one of them should be unchanged, using the
examples of solving two tasks in the study of lightweight gypsum concrete, with cenospheres and perlite
as fine aggregates. Microsphere size distribution with average about 0.1 mm and average size of perlite
grains about 0.3-0.5 mm could suggest rather compact piling and forming relatively steady skeleton.

ES-models of the dependences of density and compressive and flexural strength on the
content of aggregates and dosages of two chemical additives have been used, built on the results of
the designed natural experiment, in which property levels were determined for 18 compositions.

In computational experiments the compositions (of filler at fixed average values of admixtures
dosages) are generated, and the estimates of their properties by the models allow isoparametric analysis
to be performed. In the first example, compositions in which the concrete density level goes beyond the
specified boundaries of the isoparametric corridor are excluded from the analysis. Changes in strength
are estimated under condition of an approximately constant required density. The strongest
compositions under this condition can be assessed. In the second case, the compressive strength must
be the required constant. Changes in density and flexural strength under this condition are evaluated
based on their levels in compositions remaining in the isoparametric corridor of compressive strength.
In this case, the lightest compositions of a given strength can be determined. Isoparametric analysis has
proven to be quite useful in materials science.

Keywords: experimental-statistical model, isoparametric analysis, lightweight gypsum
concrete, cenospheres, perlite, strength, density.

Introduction. Composite materials with natural matrices and reinforcements of local origin
have been used since ancient times. The authors of [1] compare the importance of this fact with the
discovery of fire and the invention of the wheel. Nowadays, the composites, with a variety of
dispersion media and dispersed phases, present the special class of High-Performance Materials
(HPM), those that best serve exactly what they are designed for [2-4]. HPM is called one of top
achievements of modern civilization.

Building composite materials are complex multicomponent dispersed systems. Nested
multicomponentity is characteristic (complex chemical additives, a mixture of three mineral fillers
with three grain sizes each). When studying and developing building composites the methodology
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of composition-process fields has proved to be effective [5, 6]. It allows the fields of material
properties Y (structural, technological, and performance characteristics, criteria of utilization and
ecology, any other criteria, including cost) in the coordinates of composition and process factors
(CP-factors), vector X = (X1, X2, ..., Xi, ..., Xk), to be described. Experimental-Statistical models [5],
built on the results of designed natural experiment [7, 8], are used as the functions Y(x). They make
it possible to extract directly inaccessible information hidden in the data with the help of
computational experiments, carrying out the random scanning of the property fields [5, 9, 10]. The
individual and combined influence of the factors on Y can be evaluated, the acceptable, optimal and
compromise CP-solutions can be estimated. Among the problems that could be solved is the one
indicated in this paper title. It is necessary to estimate the changes in Y(x) when the level of one Y
must be kept constant. The way to solve the problem is shown below on the base of building
material science specific study.

So, the aim of the study presented in this paper has been, firstly, to promote the way to solve
the problems of keeping one property of material unchanged and of evaluating the variations of
others under this condition.

Secondly, to see the changes in the properties of lightweight gypsum concrete, when specified
level of one of the properties must be maintained constant.

To solve the problems of this kind V.A. Voznesensky put forward and developed [11]
isoparametric analysis (IPA). The procedure was quite complicated. Nowadays, IPA is carried out
using computational materials science methods [5, 12]. Many problems have already been solved
with the help of IPA. This paper presents another one.

When developing the lightened
gypsum concrete on the base of B-
hemihydrate [13] it was suggested that
alumina-silica microspheres
(cenospheres, Fig. 1) formed as a part of
fly ash [14, 15] could replace (totally or
partially) water absorbing aggregates,
perlite in particular, and reduce the
quantity of mixing water and the decrease
in strength. The cenospheres have low
density and heat conductivity, spherical
form, chemical inertness, high hardness
and melting temperature [15, 16].

Fig.1 Cenospheres The methods. Two groups of

composition factors varied in the

designed experiment are shown in Table 1, corresponding to their values being the levels of
normalised factors, | xil <1 (1).

Table 1 —Values of composition factors in the experiment

[ Factor Xi Levels
' xi=—1|xi=0 [xi=+1
|1 | Aggregate factors — quantities | cenospheres (CS) 30 | 50 | 70
2 (gypsum volume %) of: perlite (P) 0 15 30
13| Matrix factors — dosages | Superplasticiser (SP) 03 | 05| 07
4| (%of gypsum mass) of: | ajr-entraining admixture (AE)| 0.2 | 0.5 | 0.8
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=% X; = x;- AX; + Xo; L
where xi — is normalised value of the i factor, Xi — natural value, Xoi — center of variation range,
AX — half range (variation interval).

Microsphere size distribution with average about 0.1 mm and average size of perlite grains
about 0.3-0.5 mm could suggest rather compact piling and forming relatively steady skeleton.

The factor ranges have been chosen basing on preceding trials. In particular, the lower limit of
CS is conditioned by revealed growth of strength when introducing up to 20-30% of cenospheres.
The required amount of water for each B-hemihydrate based composition provided mix spread of
18 cm (at glass table).

Material property levels measured according to Ukrainian standards were determined for 18
compositions, corresponding to the points of the synthesized 4-factor D-optimal design of the 2"
order [7, 17, 18]. Density p (kg/m®), compression and bending strength fem and fer (MPa), and heat
conductivity A (W/m/K) were among the properties.

The data obtained have made it possible the fields of material properties in four composition
coordinates (of vector x) to be described by non-linier 4-factor experimental-statistical models like
(2) and (3) written in structured form. Block (a) contains effects of the aggregates, block (b)
includes effects of the admixtures, block (c) presents synergetic effects of the aggregates and
admixtures. The models are adequate to experimental data at the errors of 1% for p and 6% for fcm,
with significant coefficients at 10% risk.

Xi

p = 9452 | —39.5x1 = 0 x1% + 6.5x1x2 + 0 xwx3
—73.3x2+ 0 x2? @ £ 0 xixa 2
— 5.5x3 + 10.9x3% + 7.5x3x4 + 5.6x2x3
— 9.8x4 + 11.8x4° (b)|| — 8.7x2x4 (c)

fom = 5.46 | —0.75x1+ 0 x12+ 0 x1x2 +0.19x1x3
—1.14x2 + 0 x2? @@ || £ 0 xixa 3)
—0.36x3 + 0.40x2% + 0 xaxs || + 0.22x2x3
— 0.55x4 + 11.8x4? || £ 0 x2x4 (c)

The uniformly distributed aggregate compositions were generated, 1000 points (x1, x2), for
which the levels of the properties were determined by ES-models at constant values of admixtures
contents (centers of their ranges). The reasonable number of points is conditioned by the size of
factor domain under consideration (2%, [5]). The vertices of k-dimensional factor cube, 4 vertices
(1) of the square {xi, x2} in our case, are added to generated random points to take part in
computational experiment (since they could not theoretically be generated [5]).

The random compositions have been got with the help of Excel analysis package. All
calculations are carried out in Excel.

After sorting these data by the level of the property Yis, which should remain specified
constant Cis, those of compositions (the points xis) are left for participation in the analysis, the
values of Yis at which, according to the model Yis(x), fall within the isoparametric corridor Cis +
AYis(Xis). The width of the corridor AYis can be assigned based on the technical conditions of a
specific task and, obviously, should cover the confidence interval [18] for Yis estimates (by the ES-
model).

The levels of other Y under consideration are calculated by corresponding model at each Xis,
showing their changes in isoparametric corridor, that is, at approximately the same level of Yis. The
best, for this or that Y, values of Xis can be estimated.
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The results of the research. The following results have been obtained when solving two
tasks of IPA.

In the first case approximately constant level of p should be provided. This could be
conditioned by specification for the material to be used in certain constructions, wall partitions or
even floor coverings, for example. In the second case fem should be "almost constant™ for similar
reasons.

The level assigned for p as Yis was pis = 950 + 10 kg/m3. The results of scanning the field of
pis in acceptable region is shown in Fig. 2.

Shown in Fig. 3 are the results of scanning the fields of fem and fcxr at p = 950 kg/m?. The
following maximal levels of these properties and the contents of the aggregates providing them
under this condition are femmax = 6.1 at x1 = -0.86, x2 = 0.25 (CS = 32.8, P = 18.8) and fc.tt max= 2.2 at
X1=-0.93, x2=0.34 (CS=31.4,P=20.1).
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Fig. 2. Approximately constant density of about 9.5 (kg/m?)
provided by variation of content of aggregates CS and P (x1, X2)

In the second case the level assigned for fcm as Yis was femis= 5.0 + 0.2 MPa.

Shown in Fig. 4 are the results of scanning the fields of p and fci at fom ~ 5.0 kg/m®. The
following minimal level of p and maximal fct with the contents of the aggregates providing them
under this condition are: pmin = 854.7 kg/m?® at x1 = 0.63, x2 = 0.34 (CS = 31.4, P = 20.1) and fcif max =
2.2atx1=0.76,x2= -0.95 (CS=65.2, P =0.0).

The estimates of properties levels in Figs. 2-4 are the results of one realization of statistical
trials. However, the estimates obtained after numerous realizations of compositions imitation
converge to estimates quite close to presented results (practically coinciding).

The existence of significate positive correlation between density and strength is considered
evident and is known from various studies of materials. It was shown [11] for lightened gypsum
concrete under study, in particular. But here we see that the same density can correspond to greater
or less strength (Fig. 3). And rather low density could be accompanied by rather high strength (Fig. 4).
This fact could not be directly observed from experimental data. This was revealed in
computational experiment for isoparametric analysis.

Conclusions. It was managed in the presented study to demonstrate the new capabilities, the
special facet of computer isoparametric analysis. It could be especially useful in multicriteria
multifactor studies of any high-performance materials.

This conclusion is based on the results of solving two specific tasks in the study of
lightweight gypsum concrete filled with cenospheres and perlite particles. In the first one material
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density was to be kept approximately constant and variation of compression and bending strength
under this condition should be considered. In the second task the compression strength had to be
about the specified constant and changes in the density and bending strength under this condition
were shown. It had turned out that the materials of the same density could be of significantly
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Fig. 3. Changes of strength with "constant” density about 9.5 kg/m?,
provided by varying the content of aggregates CS and P (X1, X2)
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Fig. 4. Changes of density and bending strength under condition
of fem ~ 5.0 kg/m?3, provided by varied content of aggregates
P and CS (xz, x1)
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different strength, and relatively low density could be accompanied by rather high strength.
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AHoTanig. CraTTiO BIAKPUBAIOTH KUIbKA CIIIB MPO ICTOPII0 Ta BAXKJIUBICTh Y PO3BUTKY
[UBLUTI3ANI]  KOMIIO3HMIIMHUX MaTepiaiiB, JUCIEPCHUX CHCTeM 3 0araTOKOMIIOHEHTHHMH
JMCIIEPCIMHUM CEepelioBUIEM Ta JucrepcHoro ¢azoro. Lle Ta meromosoris MmosiB BIACTHUBOCTEH
MaTepialiB B  KOOpAMHATaX  PELEeNTypHO-TEXHOJOTIYHUX  (DaKkTopiB, SAKI  ONUCYIOTHCA
excriepuMeHTaibHo-cTatucTuyiumu ~ (EC)  mogmenssMu  —  mepeayMOBH  JOCIIIKEHHS,
MPEACTABICHOrO y il cTarTi. OJHUM 13 OCHOBHHUX 3aC00iB METOJIOJIOTI] € BUITAJKOBE CKAaHYBaHHS
pelenTypHO-TEXHOIOT1YHUX moiB. [[is1i poOoTH — MmoKas3arw, K el IHCTPYMEHT JI03BOJISIE OI[IHUTH
3MiHY BJIACTUBOCTEH, SKIIO OJHA 3 HUX Mae OyTHM HE3MIHHOI, Ha MPUKJIaAl BUPIMICHHS IBOX
3aBaHb Yy JOCII/DKEHHI IOJIETHIEHOTO TincoOeToHy, 3 ILeHocdepamMu Ta TEpIiTOM SK
3amoBHIOBauYaMu. Po3monin posmipy mikpocdep i3 cepennim 6mau3pko 0.1 MM Ta cepemHiii po3mip
gacTuHOK nepiity 0.3-0.5 MM MOXyTh NPUIYCTUTH JOCUTh KOMIIAKTHE IXHE MaKyBaHHsS Ta
(¢opMyBaHHS BITHOCHO CTa0IbHOTO Kapkacy. BuxopucroByrorecsi EC-mopmeni 3anexHocTel
IIUTBHOCTI Ta MIIIHOCTEH Ha CTUCK Ta BUTHHI B/l BMICTY 3aIlOBHIOBAadiB Ta J03yBaHb JIBOX XIMIYHUX
N00aBOK, MOOY/JIOBaH1 3a J@aHUMM CIUIAHOBAHOT'O HAaTYPHOI'O €KCIEpUMEHTY. B obuuciroBambHUX
eKCIIepUMEHTaX TEHEepYIOThCS CKIAAM (3aloBHIOBaYa MpH (PIKCOBAHUX CEpENHIX 3HAUYCHHSX
J03yBaHHS 100aBOK), OIIHKHM ISl HHUX BJIACTHBOCTEH 110 MOJEINSM JO3BOJISIIOTH BHUKOHATH
130MapaMeTpuuHUi aHami3. Y mHeprioMy NPHUKIAAl 3 aHali3y BHUKIIOYAIOTHCA CKIAAW, MPU SKHX
piBEeHb HIUTBHOCTI O€TOHY BHXOJUTH 32 3aJlaHi MEXI1 130mapaMeTpuyHOro Kopuaopy. OIiHIOIThCS
3MIHHM MIITHOCTEH 32 yMOBH NMPUOJIN3HO MOCTIMHOT HE0OX1AHOT HIUIBHOCTI. MOXyTh OyTH BU3HAuUEH1
HallOiIbIl MilHI 3a wLi€l yMOBU. Y JpyromMy MNpHUKIaal HEOOXiIHOIO NOCTiiiHOIO Mae OyTu
3a0e3neuenHa MilHICTE HAa CTHCK. OIHIOIOTHECSA 3MIHM IIUIBHOCTI Ta MIIHOCTI HAa BUTMH 3a I€l
YMOBH, 3a iX PIBHAMH y CKJIaJax, 0 3JIMIIMINCS B 130MapaMeTPUYHOMY KOPHJOp1 JUIsl MILHOCTI
Ha CTUCK. Y LbOMY BHIAJKy MOXYTh OyTHM BH3HAu€HI HaWJIErIll KOMIIO3HUIIT 334aHOI MIIHOCTI.
Enextponna mikpockoriis Moke OyTH peKOMEHJ0BaHa JUIsl Bi3yali3allii Ta po3yMiHHS MEXaHi3MiB
SIBUI y MDK(a3HUX MIapax «MaTpUIS-IHEPTHI 3allOBHIOBAY1». [30mapamMeTpuyHuii aHali3 BUSBHBCS
Ty’e KOPHCHUM Yy MaTepialo3HaBCTBI.

KiiouoBi cjioBa: eKkCrepuMEHTATbHO-CTATUCTHYHA MOJIENb, 130TapaMeTpUYHUN  aHali3,
MOJIETHIEHUH Tico0eToH, eHocepa, MepIiT, MilHICTh, IIUTBHICTb.
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