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Abstract. The paper continues to present the results of the study aimed at getting high
performance decorative concrete. To the previously presented analysis of the influence of the
composition on the growth process of the plastic strength of concrete mix, the results of
consideration of the compressive and flexural strength of the concretes in the dried and water-
saturated states have been added. The effects of fine zeolite (active mineral additive), quantity of fine
sand in mixture with more coarse one, dosages of superplasticiser and alkali resistant glass fibres of
6 and 12 mm length on the strength have been evaluated with the 2-order experimental-statistical
models. The models have been built on the data obtained for 27 compositions, in accordance with 5-
factor design of experiment. The visualisation of the local fields of concrete strength in coordinates
of the part of factors, changing when the values of other factors change, helps to analyse the
individual and synergetic effects of the components and to outline the next research tasks.

Keywords: fine-grained concrete, glass fibre, zeolite, compression strength, flexural strength,
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Introduction. Decorative concrete has been and remains a demanded building material [1-3],
since people want to live and work in beautiful and comfortable environment. Fine-grained concrete
can be good for decorative elements, if it has the wide spectrum of appropriate properties, of both
process mix and hardened composite. The possibility to produce various curved shapes with a
smooth interface and high-quality texture of surfaces must be provided, as well as weather and frost
resistance (i.e., durability), sufficient strength and crack resistance.

To reinforce cement matrices various kinds of fibre are used [4]. When developing specific
high performance materials (the most appropriate for what they are intended for [5, 6, p. 11]) the
possibilities to use «hybridy» fibres (poly-reinforcement), combining individual merits of various
fibre, are investigated [7-14]. As many authors confirm [7, 9], relatively short low-modulus fibres,
can prevent the emergence and development of shrinkage cracks only. They can bridge microcracks
more efficiently then the long ones. «As the microcracks grow and join into larger macrocracksy,
the long highly elastic fibres «become more active in crack bridging» [9].

With account for results of previous experimental study [10, 15] purposed to get high
performance decorative compositions, the new study has been launched [16]. It has been decided:
« to use hybrid reinforcing system consisting of the glass fibre of two lengths; « to try fine zeolite
as active mineral additive (such as metakaolin or microsilica), which should be introduced to
provide sufficient density of the matrix around glass fibre (as it was shown in [7, 17] and was
confirmed in [15]). To obtain workable mixes and appropriate thickness of the layers of cement
paste around aggregate grains and around fibres it was necessary, of course, to determine an
appropriate quantity and type of cement, quantity and fractions of sand.

The fixed quantities of the basic components and dosages of the others, varied according to
design of the experiment, have been given (as well as the design itself) in the previous paper [16].
The first results have been presented there: the data on the process of initial structure formation for
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27 compositions, the curves and the models of plastic strength growth, some numeric generalising
indices of the process and the means to evaluate their dependencies on mix proportions.

This paper continues to present the results of the study, namely, related to the effect of the
composition on the strength of the hardened decorative composite.

Conditions of the experiment. With constant contents of the binder, «white cement
(produced by CIMSA) + zeolite (fine clinoptilolite)», and of the aggregate (3.4 of cement mass, 2
fractions of sand) 5 composition factors (X;) were varied. In the system of factors, the first three
define the «cement-sand matrix» subsystem, the other two make up the «hybrid fibre» subsystem.

X1 — content of zeolite introduced instead of a part of cement, Z (4 £+ 4 % of binder mass);

X2 — mass part of fine sand (average diameter d = 0.22 mm) in mixture with more coarse sand
(d =0.37 mm), SG (Sand Granulometry, from 30 to 70 %);

X3 — dosage of polycarboxylate based superplasticiser «Melfux», MF (0.5 £ 0.2 % of binder mass);

X4 — amount of alkali-resistant glass fiber, 6 mm long (Owens Corninng, 14 u in diameter),
F6 (0.015 + 0.015 % of concrete mix mass);

Xs — quantity of alkali-resistant glass fibre,12 mm long (the same manufacturer and diameter),
F12 (0.015 + 0.015 % of the mix mass).

The wvalues of X; in 27
compositions correspond to 27 points of
the experiment design on 5-dimensional
hypercube (shown as cubes on the
square, Fig. 1) of normalised factors

> Ixil<11[18].

To the data on plastic strength
(Pm) for 27 concrete mixes [16] the data
on mechanical strength for 27
composites after 1, 3, 7, 14, and 28 days
of hardening are added. Strength values
were determined on prism specimens of
the size 40 x 40 x 160 mm, in

; accordance with Ukrainian standard
[19]. After 28 days flexural strength
(fettm, MPa) and compression strength
(fom, MPa) have been determined by
testing the specimens in normal state,

‘ ' after drying for 24 h at 105+5°C, and

-1 +1 x4 . . . .
Fig. 1. 27 t fth q N t after saturating dried specimens with
ig points of the design of experimen water during 24 h.

on the diagram «cubes on square»

Curves of structure formation: from first minutes to 28 days. The obtained data have
made it possible to display and in some way to describe the process of structure formation in the
compositions under study. Shown in Fig. 2 are so called «whole curves» of structure formation
processes [20, pp. 35-37] for 3 compositions. The first section of such curve, for the plastic state of
material, can be described by exponential model with polynomial exponent, as it was shown in [16].
The state of hardening, from 1 to 28 days, might be also described by some function of time. More
over, the appropriate growth model can be selected for the whole curve of gaining strength. Such a
description can only be formally, conditionally correct, since it would represent different states of
mixture system, characterised with different methods. Nevertheless, Morgan—Mercer—Flodin
(MMF) model (with interpretable parameters [21]) can fit the data on the growth of strength for all
27 compositions, in particular, the model (1) for #13 (got with CurveExpert, standard deviation
0.54, coefficient of correlation 0.992, ), with corresponding curve #13M in Fig. 2.
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InR = (0.124x3.42-10* + 11.2xInt®*) / (3.42-10* + Int®*), (1)

where R — common symbol for both Py, and f., (in kilopascals), T — time in minutes.
On the used Experimental- 159 -

Statistical (ES) models. Since the )
data on 27 compositions have been 1gg - ]
obtained in  the  designed )
experiment, ES-models [6, 18, 22, g¢ - Inf
23] can be built for the strength ) TchzT)
(Pm or fcn or other criteria Y) at g4
any time in the interval under )
study, as well as for any numerical ,, | Pm=12218kPa -~ / e B
characteristics of the structure ]
formation  process  (including ¢q A
parameters of process model), as )
this was shown in [16]. Thus ES- ,g |
models make it possible to )
describe the specific features of 3¢ | InPp,
the process in dependence on ] (kPa)
composition. 24 -

Such model in structured )
form can look like (2), where by 1, |
equals the level of Y in a centre of ] )
experiment (at central values of all x), oo | o= 8 | In(min)
block (a) evaluates the effect of oy 15 24 36 48 60 72 84 96 108
cement-sand matrix factors on Y, _;, | 7, day
at the median dosages of fibres, (') 1' 3; '7 1'4 2I8

(b) evaluates the effect of hybrid
fibre at median values of matrix
factors, (c) characterises synergetic
effects of factors from 2
subsystems. Here given is such
model (3) for compression strength
at 28 days, after drying (without
insignificant coefficients).

Fig. 2. The curves of strength growth with time (P, then f.m)
for compositions #2 (x1=x,=x3=xs=+1, x4=—1, no short fibre,
upper values of other factors), #13 (x1=x,=xs=—1 u x3=x4=+1,
upper content of both fibres, low values of other factors),
#16 (x1=x2=x3=x4=x5=—1, without zeolite and fibre,
lower contents of superplasticiser and fine sand)

Y = by |+ bixs +byixi® +bioxixs + D14X1Xs + D15X1X5
+hoXo + b22X22 + D13X1X3 + D24XoXa + D25XoXs5
+DsXs +D33Xa” + DoaXoXs (a)| |+ b3aXsXs + D3sXaXs (C)
+haxs + b44X42 + DysXaXs
+bsxs + b55X52 (b) 2
fma=49.42 |+ 0 x; + 0 X2+ 0 XX ||-3.74xxs + 0 Xixs
—3.27% +9.16X° + 0 XiXs | |-3.36%Xs +1.54%:%s
+12.6X3 + 0 Xg2 +1.24xX3 ||+ 1.27%aXa + 0 XaXs
+ 0 X4 + 0 X2 +1.49%4x5
+ 0 Xs —9.55Xs° 3

The joint use of the process model, the one like (1), and ES-model, like (2) in this particular case,
can be formally expressed by multiplicative model (4), where X is the vector of composition factors
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(and possibly of other technology factors). The model can be written as model of the process with
its parameters being the functions of x, or it could be ES-model with coefficients b depending on t.

Y(r, X) = Y(1) x Y(X) 4)

Discussion of modelling results. ES-model (3) describes the whole field [6, 22] of the
compression strength f.mq, of the dried concrete, in coordinates of all 5 composition factors. The
maximal level of the field equals 81.6 MPa (at x; = x2 = -1, x3 = x4 = +1, x5 = 0). The minimal one is
18.4 MPa (at x1 = x4 = +1, x, = +0.52, x3 = x5 = —1). Since the positive effect of superplasticiser is
observed at its high dosage (MF = 0.7 %), fixed in (3) has been x3 = +1. This has enabled the effects
of other factors to be visualised using the diagram «squares on square» (Fig. 3).

Shown in Fig. 3 are 5 local fields of f;mg in coordinates of fibre factors, located in the vertices
and the centre of the square {x1, X2}, changing with quantities of zeolite and fine sand. Similar images,
obtained due the model analogous to (3), are shown (Fig. 4) for the strength of the decorative concrete
in a water-saturated state, f.mw (MPa). When analysing the diagrams in Fig. 3 and 4 the following can
be noted.

Concretes with low content of fine sand (SG = 30, x, = —1) get the greatest increase in
compressive strength due to fibers, maximal levels of the strength being achieved at upper and median
dosages of short and long fibre respectively (x5 = +1, x5 = 0). Maximal relative increase of 56 % for
fema and 18 % for f.mw could be obtained when there is no zeolite in such composition.

The increase could be explained by the fact that highly dispersed fibres of high modulus of
elasticity, evenly chaotically distributed in the cement-sand matrix, form a certain framework
capable of taking most of the tangential stresses on the interfaces. Packing of aggregate grains with
such size distribution may also contribute to greater compressive strength.

T
4

Fig. 3. Surfaces of the fields fcm.q (x4, x5), MPa, in dependence on contents of zeolite (Z, x1)
and fine sand (SG, x,) at upper dosage of superplasticiser (MF = 0.7, x3=+1)
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Fig. 4. Surfaces of the fields fem.w( x4, x5), MPa, in dependence on contents of zeolite (Z, x1)
and fine sand (SG, x,) at upper dosage of super plasticiser (MF = 0.7, x3=+1)

In the concretes on fine-grained sand (SG = 70 %, x, = +1) the effectiveness of replacing the
part of cement with finely dispersed zeolite is observed at median dosage of long fibre. With greater
amount of zeolite the strength of the composite increases, the absolute increase being from 13.1 to
24.2 MPa for fomg (Fig. 3) and from 3.5 to 9.6 MPa for femw (Fig. 4).

For the concretes with large amount of coarse sand the replacement of cement with 8 % of
zeolite (binder mass %) allows the minimal level of f., ¢4 to be increased by 14 % (Fig. 3, SG = 30).

The interaction effect of these two components can probably be associated with an increase in
the density of cement matrix due to decrease in porosity and with strengthening of the contact zone
between cement stone and the aggregates, including the filaments, which prevents their pulling out.

However, the positive effect of short fibre (F6) on compression strength at high content of
coarse sand (SG = 30) becomes negative with fine grains content at upper level (SG = 70) and high
dosage of zeolite.

The influence of composition factors on flexural strength of the concretes in dried and water
saturated states ( feifma and fermw, MPa) has been analysed with the help of ES-models of the same kind
(2), describing the whole fields of these criteria, in 5-dimentional domain of X. The diagrams in Fig. 5
and in Fig. 6, with isosurfaces of local fields of the strength inside the cubes of 3 normalised factors on
the «carrying» square of 2 other factors, help to analyse the effects of composition.

On the section 0 < Z < 4 the maxima of fum g are achieved by compositions with low gquantity
of superplasticiser (MF = 0.3 %), at upper and median dosages of hybrid fibre components (F6 =
0.03 %, F12 = 0.01-0.02 %). With increase of zeolite content, from 4 to 8 %, the interaction of the
components of the cement-sand matrix with the fibre changes, specifically, for MF and F6 in the
opposite direction (Fig. 5). The maximum levels of f.smg correspond to compositions at upper MF
value (0.7%) with an average content of 12 mm long fibre and without short fibre.
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Fig. 5. The influence of composition on fractural strength
of decorative concrete in dry state, fcim.q (MPa)

Fig. 6. The influence of composition on fractural strength
of decorative concrete in water-saturated state, femw (MPa)
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The joint introduction of short and long fibres, the replacement of cement with zeolite (up to
8%), and increased content of coarse sand (from 50 to 70%) have positive effect on the bending
strength of water-saturated material, as evidenced the maxima on the local fields of fcim.w (Fig. 6).

In particular, in water-saturated concrete on coarse sand the presence of zeolite (8 %) does not
reduce the flexural strength (as in dried samples), but on the contrary increases it by about 10%.
This effect confirms the fact of strengthening of the contact zone between the cement matrix and the
sand aggregate at the expense of natural pozzolana and reinforcing fibers.

It could be also noted that at high content of superplasticiser the tensile strength during
bending of the concrete saturated with water depends little on the presence of fibres (Fig. 6). At
water saturated state fesmw Of the composites with any Z and SG (in the intervals under study)
depends little or not at all on the presence of both short and long fibres.

Conclusions. The obtained data on strength characteristics of decorative concrete, on plastic
strength of concrete mix and mechanical strength of hardened composites, have enabled to evaluate
and analyse the effects of the components, including hybrid glass fibre and zeolite, on the process of
forming the structure of the material. The effects differ for different characteristics. The
compositions providing their best levels are also different. Therefore, at the next stages of the study,
it is planned to analyze the correlation between different strength characteristics at different times of
hardening, of strength characteristics with frost resistance and other performance properties, in
different zones of the compositions region. The possibilities to predict the strength of mature
concrete by the levels of strength at early age could be also considered. The search for compromise
between the best levels of certain optimality criteria under conditions of specifications requirements
is also planned.
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AHoTanifa. B crarti mpencraBieHi pe3yibTaTd JOCHIIKEHHS XapaKTEPUCTHK MIITHOCTI
BHCOKO(YHKI[IOHAIBHOTO JIeKOpaTUBHOTO OeToHy. [[o mpeicTaBieHOro paHille aHali3y BIUIUBY
CKJIaJly Ha MPOIEC POCTY IIACTHYHOI MIITHOCTI OETOHHOI CyMill J00aBISIOTHCS BITOMOCTI TIPO
MiLHICTh OeToHy micias 1, 3, 7, 14 1 28 ni0 TBepAiHHSA B HOPMAJIBHUX YMOBAaX, a TAKOX PE3yJbTaTH
MILHOCTI TpPH CTUCKY 1 3TMHI O€TOHY B CYXOMYy Ta BOJOHAacHYeHOMYy crTaHi. OTpumaHi JaHi
J03BOJISIIOTh ~ KUIBKICHO OMMCAaTH TPOLEC POCTY MIIHOCTI (CMOYaTKy IUIACTHUYHOI, MOTIM
MEXaHIYHOT), BiJl MEpIIMX XBUIUH A0 28 IHIB KHUTTA Marepiany. BrumB Ha MIIHICTh BMICTY
TOHKOJIUCIIEPCHOTO 1EO0NITY (aKTHBHOI MiHEpaIbHOI 100aBKH), KUTBKOCTI JPiOHOrO MICKY B CyMIiIli
3 OUIbII KPYNHHM, O3yBaHHs cymnepriactugikaropy Ta ¢ibpu gopxuHO0O 6 1 12 MM (mpu
MOCTIHHOMY  CITIBBIIHOIIEHHI B’SKY4YOro 1 3allOBHIOBaYa) OLIHIOETbCS 3a  JIOTIOMOIOIO
eKCTIEpUMEHTAIBHO-CTATUCTUYHNX MOJIENIEH Jpyroro TOpPsAKY, MOOYJOBaHWX MO JaHUM PO
MILHICTh 27 KOMITO3UIIH, Yy BIAMOBIAHOCTI 3 5-()aKTOPHUM IUTAHOM €KCIepuMeHTy. Bizyamizaris
JIOKAJIbHUX TMOJIiB MIITHOCTI B KOOpPAWHATAX OKPEMHUX (PAKTOPIB Ta IX MAKCUMAJIbHHUX 1 MIHIMAJIbHUX
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PIBHIB, IO 3MIHIOIOTHCS 1]l BIUIMBOM 1HIIUX (haKTOPiB, TOMOMArae mpoaHaai3yBaTy 1HAUBITyalbHI
Ta CHHEPreTHYHI e()EKTH KOMIIOHEHTIB 1 HAMITUTH HACTYITHI 3aAa4i JociikeHHs. [IpumyckaeThes
aHaji3 3B’SA3KIB MK XapaKTEpPUCTHKAMHU MIITHOCTI B Pi3HI TEPMiHM TBEpIiHHA (Mal4M Ha yBasi
MOJKJIMBICTh TPOTHO3Y HOPMATHBHUX IIOKA3HHUKIB 3a MIIHICTIO B PaHHbOMY Bimi), MIIIHOCTI 3
IHIIMMU eKCIITyaTalliiHIMU BIIACTHBOCTSIMU JMCIEPCHO-apPMOBAHHX JIEKOPATUBHUX KOMIIO3HUTIB, B
pi3HHX 30HaX penenTypHoi o0xacTi. OCKUTbKU CKIIaH, 10 3a0e3Meuy0Th 1HAUBIIyalbHl ONTUMYMHU
PI3HUX BJIACTHBOCTEH Marepiaiy, BUSBISIOTHCS PI3HUMH, MIJIAHYETHCS TaKOXK OaraTOKpUTepiabHUMA
MONIYK KOMIPOMICY MK KpaliMH PiBHAMHU NEBHUX KPUTEPiiB ONTUMAIBHOCTI, 32 YMOB BUKOHAHHS
BHMOT JIO 1HIIIUX KPUTEPIiB.

Karwuosi cioBa: npiOHo3epHHCTH OeTOH, cKisiHa (iOpa, LEOoiT, MIIHICTh MPU CTHCKY,
MIIHICTh IPH 3THHI, IUTaH eKCIEPUMEHTY, €KCIICPUMEHTAIbHO-CTaTUCTHYHA MOJICIb.
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AHHOTauusi. B cratbe npencTaBieHbl pe3yabTaThl MCCIEIOBAHMS IPOYHOCTHBIX CBOWCTB
BBICOKO(YHKIIHOHATBHOTO JIEKOPaTUBHOTO OeToHa. K TpencraBieHHOMY paHee aHAM3y BIMSHHS
COCTaBa Ha MPOLIECC POCTA IUIACTUYECKON MPOYHOCTH OCTOHHOW CMeCH J100aBIISIOTCS CBEICHUS O
npouHocty OeroHa mocie 1, 3, 7, 14 u 28 cyTok TBeplaeHHs B HOPMaJbHBIX YCIOBHUSX, @ TaKXKe
pe3yJIbTaThl PACCMOTPEHUS MPOYHOCTH MPU CHKATUU M U3rHbe OETOHA B CyXOM M BOJOHACBIILIEHHOM
cocrostHuy. IlomyueHHble NaHHBIE MO3BOJIIOT KOJIMYECTBEHHO OMMCATh IIPOLECC POCTa MPOYHOCTH
(cHauana TUIACTUYECKOM, 3aTeM MEXaHW4eCKOW), OT MEpBbIX MUHYT 10 28 JHEH >KU3HU Marepuala.
BnusiHue Ha MPOYHOCTH COJAEpPAHUS TOHKOAWCIEPCHOrO IEoNuTa (aKTUBHOW MHUHEpAIbHOU
700aBKH1), KOJIMUECTBA MEJIKOTO TIECKa B CMeCH ¢ 0oJiee KPYIHBIM, JJO3UPOBOK CyNepIuiacTU(pHUKaTOpa
n ¢ubdpsl AmuHHOM 6 M 12 MM (IpU TOCTOSHHOM COOTHOIIEHMM BSDKYIIETO W 3alOJIHUTEIIS)
OLICHUBACTCS C IOMOILBIO OKCIEPUMEHTAIBHO-CTATUCTUYECKUX MOJENIEH BTOPOTrO IOpsiKa,
MIOCTPOEHHBIX IO JaHHBIM O MPOYHOCTH 27 KOMIIO3UIMHA, B COOTBETCTBUU C 5-(haKTOPHBIM ILIIAHOM
JKCTIepUMeHTa. Busyanuzamus JOKaJIbHBIX MOJeH MPOYHOCTH B KOOpAMHATAX 4acTH (PaKTOPOB U UX
MaKCUMaJIbHBIX M MHMHUMAJbHBIX YPOBHEH, W3MEHSIOMIMXCS IO/ BIMSHUEM JpYyruxX (QaxkTopos,
MIOMOTaeT MPOAHAIN3UPOBAaTh WHAMBUAYallbHbIE U CHUHEpreTndyeckue 3¢ (eKTbl KOMIIOHEHTOB H
HaMETUTh  CIENYIOIIME 3aJaud  uccienoBaHus. [Ipennonaraercss aHanmmM3  cBA3EH  MEXIY
XapakTepUCTUKaMH MPOYHOCTH B pa3Hble CPOKHM TBEpJEHUs (MMes B BUAY U BO3MOXHOCTb IIPOTHO3a
HOPMAaTHBHBIX TIIOKa3arelie MO MPOYHOCTM B PpaHHEM BO3pacTe), MPOYHOCTU C JIPYTUMHU
AKCIUTyaTallMOHHBIMU CBOMCTBAMH JMCIIEPCHO-apMUPOBAHHBIX JEKOPATUBHBIX KOMIIO3UTOB, B Pa3HbIX
30HaX peuentypHoit oomactu. ITockonbKy cocTaBbl, 00€CIeUnBAIOLINE UHIUBHIYyaIbHBIE ONTUMYMBI
pa3HbIX CBOMCTB MaTepuaia, OKa3blBAalOTCA Pa3HbIMH, IJIAHUPYETCS TAKKe MHOTOKPUTEPHATIbHBIN
IIOUCK KOMIIPOMHCCA MEXAY JIYYIIMMH YPOBHSIMH ONPEAEICHHBIX KPUTEPHEB ONTHUMAIBHOCTH, NPH
YCIIOBUSX BBITIOJTHEHUS TPEOOBAaHUM K APYTUM KPUTEPUSIM.

KiroueBble cji0Ba: MENKO3EepHUCTBIN O€TOH, CTEKIsHHAs (udpa, 1IEOTUT, MPOYHOCTh MpPU
C)KaTUH, MPOYHOCTH MPHU U3rude, MiIaH SKCIIEPUMEHTA, SKCIIEPUMEHTAIbHO-CTaTUCTHYECKAs! MOJIENb.

Crarrs gHaginuoia 16.12.2018
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