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Abstract. The first results of experiment in the study aimed at getting high performance
decorative concrete are presented. Varied in the experiment were the content of zeolite as active
mineral additive, ratio of fine to coarse sand, dosage of superplasticizer, quantities of short and
relatively long alkali resistant glass fibres, at constant content of the binder (white cement + zeolite)
and the aggregate. Plastic strength of concrete mix (at 10 minutes intervals), water-cement ratio at
equal workability, early linear shrinkage and early compression and bending strength, other
mechanical and performance properties were determined for 27 compositions according to design of
the experiment, enabling to describe the dependencies of material characteristics on composition
factors with 2" order experimental-statistical models. The curves of plastic strength are shown and
numerical characteristics generalising them are proposed and estimated. The later allow the
processes of initial structure formation for various mix proportions to be compared and analysed.

Keywords: fine-grained concrete, zeolite, glass fibre, plastic strength, shrinkage, design of
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Anorania. IIpencraBieHo mepmii pe3ynbTaTH  JOCHIIKEHHS 3 METO0 OTPUMAaHHS
BUCOKO(QYHKIIIOHAJIbHOTO JE€KOPATUBHOIO OETOHY. Y CIUVIAaHOBAaHOMY €KCIEPUMEHTI BapllOBAJIUCS
BMICT II€OJIITY, CITIBBIIHOLIEHHS BOX (DpaKiliil micKy, 103yBaHHA CynepriiacTudikaTopy, KUIbKICTh
KOPOTKOT'O 1 BiJTHOCHO JIOBI'OI'O CKJIOBOJIOKHA, ITPH MOCTIHHOMY BMICTI B’SXKY4OI0 Ta 3allOBHIOBAYA.
[TnacTuuna MIIHICTH CyMilli, JIiHIAHA ycaJka 1 MILIHICTh B Pi3HI TEpMiHM, IHII BIACTHUBOCTI
BH3HA4YeHI Mg 27 KOMIIO3MIIMA BIIMOBITHO N0 TUIaHY ekcriepuMeHTy. lle mo3Bomsie ommcatu
3aJIeKHOCTI XapaKTepUCTUK MaTepially BiJl CKJIaay €KCIepUMEHTAIbHO-CTATUCTHYHUMH MOJEISIMU
npyroro mnopsaky. Ilokazani KpuBI MJIACTUYHOI MIIHOCTI Ta iX y3arajJbHIOIOYl MOKA3HUKH, 10
JI03BOJISIFOTH MTOPIBHIOBATH 1 aHAJI3YBaTH MPOLIECH TOYATKOBOTO CTPYKTYPOYTBOPEHHS.

KiouoBi cioBa: npiOHO3epHUCTHIT OETOH, IIEOJIT, CKJISIHE BOJIOKHO, IUIACTHMYHA MIIHICTD,
ycaJiKa, IJIaH eKCIePUMEHTY, €KCIIepUMEHTAIbHO-CTaTUCTUYHA MOJIEIIb, Y3araJbHIOIOUHNN TOKa3HUK.
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AnHoTanusi. [IpefcTaBieHbl TEpBbIE PE3yJbTaThl HMCCICAOBAHUS C IICJBI0 TOJYYCHUS
BBICOKO(YHKIIMOHAJIBHOTO  JIEKOPaTHBHOIO 0OeToHa. B CIUTaHHPOBAaHHOM  IKCIIEPUMEHTE
BapbUPOBAJIKMCH COJICP)KAHHME IICOJIMTA, COOTHOIICHHE JBYX (pakuuii mecka, HA03UPOBKa
cyneprutacTu(uKaTopa, KOJIHYECTBO KOPOTKOIO M OTHOCHTENBHO JJIMHHOTO CTEKJIIOBOJOKHA, IIPU
IIOCTOAHHOM COIIep)KaHI/II/I B)I)I(YHIGFO " 3aII0OJTHUTCIIA. HJ’IaCTI/ILICCKaFI HpO‘-IHOCTB CMECH, HHHeﬁHaﬂ
ycajJka ¥ MPOYHOCTH B pasHbIe CPOKH, JAPYTHE CBOWCTBA OMpPEICICHBI i 27 KOMIIO3HMIMN B
COOTBETCTBHM C IIJIAHOM DKCICPUMEHTA. DTO IMO3BOJISET ONUCATh 3aBUCHMOCTH XapaKTEPUCTUK
MaTeprala OT COCTaBa OJKCIIEPHMEHTAIbHO-CTATHCTUYECKUMHU MOJCIAMH BTOPOrO IOPSKA.
[Toka3aHbl KpHBBIC IUIACTHYCCKOW MPOYHOCTH M UX 000OMIArOIIKE MOKA3aTeIH, MO3BOJISIOIINE
CPaBHHMBATh U AHAIM3UPOBATH MPOIECCHI HAYAILHOTO CTPYKTYPOOOpa30BaHHSL.

KiroueBble cjioBa: MEIKO3EPHHUCTBIM OCTOH, ICOJIUT, CTCKJIIHHOE BOJIOKHO, IJIACTHYECKast
OPOYHOCTh, yCajKa, IUIAaH OKCIIEPUMEHTA, AKCIEPUMCHTAILHO-CTATHCTHYECKAs  MOJEIIb,
0000MIAOIIHI TTOKA3aTEb.

Introduction. Decorative fine-grained concrete could be good material for decorative
elements when creating beautiful and comfortable environment, in which people would live and
work [1]. To serve this purpose the material should have high manufacturability (possibility of
molding products of various curved shapes with a smooth interface of surfaces, by different
methods). It must be high performance material (weather and frost resistant, i.e., durable, with
sufficient strength and crack resistance, with high-quality texture of the front surface).

To create high performance concrete (HPC) various kinds of fibre, reinforcing cement
matrices, are widely used [2]. 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 macrocracks, the long highly elastic fibres
become more active in crack bridging [3, 4].

As |. Markovi¢ reminds [4], «the application of different types of fibres together in a concrete
mixture was proposed for the first time in 1987 by Rossi et al. [5], as the so-called multi-modal
fibre reinforced concrete (MMFRC)». In more recent works the possibilities to combine individual
merits of various fibre and to use hybrid fibres (poly-reinforcement) are investigated [6-9] when
developing specific HPC.

The analysis of the influence of hybrid reinforcing system consisting of the glass and
polypropylene fibres on strength, crack resistance, and other properties when developing fine-
grained concrete (Ukrainian patent Ne 45587, V. Voznesensky, P. Dovgan, A. Dovgan) has shown
not only substantial positive individual effect of the first (significantly greater than that of the
second), but the negative synergism (antagonism) of two fibrous components as well [10].

These results prompted the direction of the new experimental study purposed to get high
performance decorative compositions. Presented below is what was taken into account when
designing the experiment and then some generalisation of data obtained at the first stage of the study.

Conditions of the experiment. In order to obtain workable HPC mixes, the composition of
concrete matrix must correspond to applied types and quantities of fibres so that they can be
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Table 1 — Values of varied dosages of the components

i Factor X; Values
I xi=—1|x=0 [xj=+1
1 Content of zeolite introduced instead of a part of cement, 0 4 8
Z (% of binder mass)
5 Mass part of fine sand (average diameter d = 0.22 mm) in mixture 30 50 20
with coarse sand (d = 0.37 mm), SG — Sand Granulometry, %
3 Dosage of polycarboxylate based superplasticiser 03 | 05 | 07
«Melfux», MF (% of binder mass) ' ' '

4 Amount of alkali-resistant glass fiber, 6 mm long o loois! 003
(Owens Corninng, 14 p in diameter), F6 (% of concrete mix mass) ' '

5 Quantity of alkali-resistant glass fibre,12 mm long o loois! 0.03
(the same manufacturer and diameter), F12 (% of concrete mix mass) ' '

«accommodated in a proper way in the matrix». This means that an appropriate quantity and type of
cement, quantity and fractions of aggregate should be determined. As it was formulated in [4], the
matrix around each fibre must be dense enough «to ensure efficient utilisation of fibres in their
pullout during opening and bridging of crack». To provide this when glass fibre is used some active
mineral additive (metakaolin, microsilica...) should be introduced (as it was shown, specifically, in
[3, 11], and was confirmed in [10]).
These considerations and some previously obtained experimental data have been taken into
account when defining the factors to be varied in the experiment and their intervals of varying.
The content of the binder, «white cement (produced by CIMSA) + zeolite (fine
clinoptilolite)», and of the aggregate (2 fractions of sand, 3.4 of cement mass) remained constant.
Presented in Table 1 are varied composition factors and their values in the experiment.
Characteristics of technological
mix and properties of hardened

251 P, kPa 35 minafter mixing with water material have been determined for 27
compositions, according to 5-factor 3-
20 - #A10 #A1 level design of the experiment (with

Rechtschaffner structure [12, 13] and
added central point, Table 2).

Plastic strength of concrete mix
(Pm, kPa, at 10 minutes intervals, by
the Vicat apparatus), water-cement
ratio (W/C) at about equal workability
(slump class S4), early and late linear
shrinkage and  strength,  other
mechanical and performance
properties were determined for each
of 27 compositions, enabling to
0.35 0.40 0.45 0.50 0.55 0.60  describe the dependencies of material

Fig. 1. Scatter diagram of experimental values characteristics on composition factors

of W/C and P, for 27 compositions: (normalised to |x;|<1) with 2" order

#1 — Z and MF at upper level, no long fibre, experimental-statistical (ES) models
#10, #13, #14 — Z at lower level, MF at upper level (as one shown below).
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Table 2 — Design of experiment

Normalised values of factors

Natural values of the factors

# X1 X X3 X4 X5 Z SG MF F6 F12
1 1 1 1 1 -1 8 70 0.7 0.03 0
2 1 1 1 -1 8 70 0.7 0 0.03
3 1 1 -1 1 8 70 0.3 0.03 0.03
41 1 1 -1 -1 -1 8 70 0.3 0 0
5 1 -1 1 1 1 8 30 0.7 0.03 0.03
6 1 -1 1 -1 -1 8 30 0.7 0 0
7 1 -1 -1 1 -1 8 30 0.3 0.03 0
8 1 -1 -1 -1 8 30 0.3 0 0.03
9( -1 1 1 1 0 70 0.7 0.03 0.03
10| -1 1 -1 -1 0 70 0.7 0 0
11| -1 1 -1 1 -1 0 70 0.3 0.03 0
121 -1 1 -1 -1 1 0 70 0.3 0 0.03
13| -1 -1 1 -1 0 30 0.7 0.03 0
14| -1 -1 -1 0 30 0.7 0 0.03
15| -1 -1 -1 1 1 0 30 0.3 0.03 0.03
16| -1 -1 -1 -1 -1 0 30 0.3 0 0
171 1 0 0 0 0 8 50 0.5 0.015 | 0.015
18| -1 0 0 0 0 0 50 0.5 0.015 | 0.015
19| O 1 0 0 0 4 70 0.5 0.015 | 0.015
201 O -1 0 0 0 4 30 0.5 0.015 | 0.015
211 O 0 1 0 0 4 50 0.7 0.015 | 0.015
221 0 0 -1 0 0 4 50 0.3 0.015 | 0.015
231 O 0 0 1 0 4 50 0.5 0.03 | 0.015
241 0 0 0 -1 0 4 50 0.5 0 0.015
25| 0 0 0 0 1 4 50 0.5 0.015 | 0.03
26| O 0 0 0 -1 4 50 0.5 0.015 0
271 0 0 0 0 0 4 50 0.5 0.015 | 0.015

Plastic strength: the data, descriptions of curves, generalising indices. The values of P, at
fixed moments of time have been viewed in relation with W/C. Correlation of Pp, with W/C is
detected starting from 25 minutes after mixing with water (correlation coefficient r = -0.60
significant at risk less than 0.1 %, with a sample size of 27), is closest at T = 65 min (r = -0.74).

Spread diagram of W/C and Py, in Fig. 1 shows the data for 27 mixes at t = 35 min (the time

when the mix begins to correspond to the consistency of the class S4, r = -0.70).

The process of initial structure formation for each of 27 compositions is described with
exponential function (1), with exponent being polynomial of 5™ degree (for some compositions

adequate at 3 or 4™ degree).

Pm = exp(aptait+at’+ast +asti+ast)
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Function (2) describe the growth of plastic strength for composition # 3 (Fig. 2; got with
CurveExpert, standard error 0.103, coefficient of determination 0.997).

m = exp(1.011 + 0.355t + 2.6887° — 2.7947° + 1.0121%) (2)
1400 Shown in Fig. 3 are the examples of plastic
1200 1 P m, kPa strength curves on logarithmic scale.
1 Three first stages of initial structure
1000 + formation can be seen on such graphs, in
T particular, for composition # 13: forming of
800 7 coagulation structure, induction period and then
600 4 crystallisation stage.
+ Generalising indices of plastic strength
400 + growth. To compare, analyse, and control the
T processes of structure formation some numerical
200 T - o
1 measures, generalising criteria (G) could be
0 - used. In case of consistancy growth process,

0 20 40 60 80 100 120 140 those could be values of Py at some specific
points on the curve, the time corresponding to
certain Pp-value, or characteristics of structure
formation rate. Some of the later were put
forward in [14, 15].

The following criteria G, in particular, have been estimated for 27 mixes on the data obtained:
« the value of Pp, in half an hour after mixing with water, Ph,{t=0.5};
« the time of achieving Py, equal 35 kPa, the real root of equation (1) for this condition, t{Pn=35};
« «instantaneousy rate of plastic strength growth (3) at some time, in particular, 1. relating to the

crystallisation stage, V{Pm(tc)}

Fig. 2. Values and curve of plastic strength
of composition # 3 ( lower content of
superplasticiser, other factors at upper levels)

v(t) = dPp/dt = (a;+2a,t +3ast” +4a,t° +5ast?) - exp(ag +ait +apti +agte +agtt + ast)  (3)

The instantaneous rate has been calculated for the time t. when P, = 135 kPa is reached
(shown in Fig. 3).

The estimates of generalising indices of the initial structure formation processes in 27
compositions (at 27 points  of

experiment design) have allowed ES- 7 _ In P
models to be built, such as one (4) for [
Pm{t=0.5}. 6
h Is f ical I
Such  models for numerica P =135KPa

characteristics of time processes in 5 @<
concrete mixes make it possible to ﬁ
describe the specific features of these 4 + // Q// X7 O #5
processes in dependence on composition. i 2 P /&/ O #6
The model (4) and analogous ones for 3 & A5 A

, A #15

{P=35},  W{Pm(t)}, and other | /;C/:/Q/@” A}a/(‘*
characteristics of plastic strength 21 2@
kinetics describe the «whole» fields of I /(A
these criteria, in the coordinates of all 1 A&
composition factors under study [16, 17]. ZA/QA

The field of Pp{r=05}, in 0 ———F————+————+—_——+————F———
particular, has maximal level around 35 0.0 0.5 1.0 1.5
kPa, with contents of zeolite, fine sand  Fjg 3. Growth of plastic strength of 3 compositions:

and admixture at upper levels and 45 6 _ 7 and MF at upper level, # 15 — at lower level
median dosages of fibres.
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INP{t=0.5} = 2.08 + 0.22x; + 0.20X;° £ Ox;Xs + 0.20X1Xz + 0.11xyx, + 0.09X1Xs 4)
+0.18x, + 0.32x,° +0.16XX3 £ 0 XpXg £ 0 XoXs
+ 0.56x3 — 0.36x5° + 0 XgXq — 0.18Xaxs
—0.07x4 — 0.34x,° + 0.20X4Xs

+ 0 Xs —0.41x:2

Shown in Fig. 4 are the «local» one-factor fields [17] of the indices presented above, when
other four factors correspond to minimal or maximal level of the whole field.

In addition to the obvious substantial influence of superplasticiser, mentioned should be the
significant effect of short fibre on the instantaneous rate at started stage of crystallisation. These and
other individual and combined effects of the components could be further analysed.

The values of characteristics of plastic strength and the data on early shrinkage and strength of
too different concretes, from the whole region of compositions under study, did not show any
correlation. The correlation between the properties at various stages of the life of concrete could be
revealed in local regions of the formulations with the help of computational experiments [17, 18],
using ES-models built on the data obtained in the real experiment. It is planed to fulfill such virtual
experiments in order to analyse the relations between the properties of decorative concrete.

Conclusions. The data on technological stage of the live of the decorative concrete have been
obtained in the designed experiment. Numerical characteristics generalising the process of the
earliest structure formation have been proposed, estimated for great number of the compositions.

InP, {=0.5}

30 A y e | -

2.2

1.4

/
0.6 // o

-0.2

©{P,=35}
2.4
2.0
1.6 \\\\
1.2
N\

\—-ﬂ
0.8 o \
04

I —
V{P (o)} ——
10 // \\ N\ ,/
0.8

0.6 \

0.4 " \\ "4 -~ ‘\
-1 Xy 1 -1 X2 1 -1 X3 1 -1 X4 1 -1 X5 1
0 z 8 30 GS 7003 MF o070 F6 0030 F12 qp3
Fig. 4. One-factor dependences of numerical characteristics

of the kinetics of initial structure formation in zones of their extrema
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The combined use of the equations of the processes of structure formation and ES-models for
their numerical characteristics, describing the fields of these criteria in coordinates of
multicomponent composition, would be helpful when developing fine-grained concrete of
decorative purpose.
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