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AHorauis. Peosoriuni BIacTHBOCTI IIEMEHTHUX TTACT, TII0 BUKOPUCTOBYIOTBCS Y CKJIAZIAX CAMOYIIITBHIOBAIBHUX
GETOHIB, JOCIIFKEHO 3 METOK BCTAHOBJIEHHS e(DEKTUBHOCTI BIUIMBY TOJI(YHKIIOHATBHOTO MoAu(diKaTopa Ha
BJIACTUBOCTI CBLKOBiI(HOPMOBAHOTO Ta 3aTBEPALIOTO GeToHy. BeTanoBieHo, 1110 mostidyHKITIOHATBHII MonuGiKa-
TOP Y BUIVISI/I KOHIIEHTPOBAHOI CYCIIeH3i1 MiKpOKpeMHe3eMy B PO3UlHi I IPOKCHTY HATPIIO Ta cynepIuiacTidikaro-
pa Ha OCHOBI nosiMeTuIeHHAdTATHCYIH(hOHATY BIUIMBAE HA PEOJIOTIYHI BJIACTUBOCTI IIEMEHTHUX T1ACT, 3HIDKY-
H0YH IIACTIYHY B'SI3KICTb i CIa0KO 3MEHIIYIOUN 3HAYEHHsT MEKi TeKydoCTi. BCTaHOBJIEHO 3aKOHOMIPHOCTI BILTMBY
PEOJIOTIYHUX BIACTUBOCTEN IIEMEHTHOI MACTH 3 OPraHO-MiHEPAJBHUM MOAN(IKATOPOM Ha BJIACTHBOCTI CaMo-
VIIIBHIOBATBHOI GETOHHOT cyMii (TeKydicTh, yac Tedil T, ,,» MPOHUKHA 3IATHICTB, OMIp cerperaiii). JlyxHni
KOMIIOHEHT y CKJIA/l TOJi(hyHKITIOHATIBHOTO MOAMGbIKATOPA J03BOISE 3MIHCHITH YaCTKOBY 3aMity (35—45 %)
TIOPTJIAH/IIIEMEHTY MeJIeHM JIOMEHHUM TPaHyIbOBAHUM IIJTAKOM.

Kio4oBi ciioBa: caMOyIIiIbHIOBATLHIH GETOH, EeMEHTHA MacTa, PEOJIOTiUHI BJIaCTUBOCTI,
nostiyHKIIOHATBHUN MOAMGIKATOP, IIACTUYHA B’S3KiCTb, TPAHUYHE HAIPYKEHHS 3CYBY, TEKYUiCTb,
OTTip cerperartii.
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AnHotamusi. Peosiornueckue cBO#CTBA 1EMEHTHBIX TACT, UCIOJIb3YEMbBIX B COCTABAX CaMOYILJIOTHSIIONIIXCS
6eronoB (CYB), uccieoBanbl ¢ 1eJbI0 yCTaHOBIEHNS d9(MGEKTUBHOCTH BJIUSAHUS TOMU(DYHKIHOHATHHOTO
MomudUKaTOpa Ha CBONCTBA CBEKEOT(GOPMOBAHHOTO M 3aTBEP/AEBINEr0 H6ETOHA. YCTAaHOBJIEHO, YTO MOMU(YHK-
IIUOHATIbHBIF MOZIM(MUKATOD B BUJIE KOHIIEHTPUPOBAHHOM CYCIIEH3UM MUKPOKPEMHE3EMa B PACTBOPE TH/IPOKCH/IA
HATpuUst U cyrepriacTiuKaropa Ha OCHOBe MOJMMeTHIeHHADTATHHCYIbhOHATA OKA3bIBAET BIMSTHUE HA PEO-
JIOTHYeCKUe CBOMCTBA IEMEHTHBIX MACT CHUKAs MIACTUIECKYIO BS3KOCTD 1 ¢JIabo yMEHbBIIIash 3HaYeHNe Tpeieia
TEKY4YeCTH. YCTaHOBJIEHbI 3aKOHOMEPHOCTH BJIUSTHUSI PEOJIOTUYECKUX CBOWCTB 1EMEHTHOI MacThl ¢ OPTaHo-
MUHEPAJIbHBIM MOAM(MUKATOPOM Ha CBOMCTBA CAMOYILIOTHSIONIEICST GETOHHO cMecH (TEKy4ecTh, BpeMsl Tede-
must T, TIPOHHKATOIIAs CIIOCOOHOCTD, CONpoTUBIeHKe cerperaiuir). Illen0uHOil KOMIIOHEHT B coCTaBe TOJIH-
(OYHKIMOHATBHOTO MOAIN(UKATOPA MTO3BOJISIET OCYIIECTBUTD YaCTUUHYIO 3aMeHy (35—45 %) mopTiaHieMeHTa
MOJIOTBIM JIOMEHHBIM TPaHYJIUPOBAHHBIM IIJTAKOM.

KioueBsie cioBa: CaMO}’HJIOTHSHOHIHfICSI 66TOH, IeMeHTHadA I1aCTa, PeOoJIOrn4yecKue CBOﬁCTBa,
HOJIHdDyHKHHOH&]IbeIfI MOZII/I(bI/IKaTOP, TUIaCTU4YeCKasl BA3KOCTD, MPEJEJIbHOE HAIIPSAKEHUE CABUTY,
TEKY4Y€CTb, COIIPOTUBJIEHUE CETperainun.



190

Mykola Zaichenko, Olena Yegorova

THE RHEOLOGICAL PROPERTIES OF CEMENT PASTES
FORMULATED FOR SELF-COMPACTING CONCRETES WITH
MULTIFUNCTIONAL MODIFIER

Mykola Zaichenko !, Olena Yegorova?
Donbas National Academy of Civil Engineering and Architecture,
2, Derzhavina Str., Makiyivka, Donetsk Region, Ukraine, 86123.
E-mail: " zaichenko_nikola@mail.ru, ? sakhoshkoev@mail.ru

Received 16 November 2015; accepted 25 december 2015.

Abstract. The rheological properties of cement pastes formulated for self-compacting concretes (SCC) were
used to investigate the efficiency of multifunctional modifier on the properties of fresh and hardened concrete.
It was found that the multifunctional modifier in the form of the concentrated suspension of silica fume in the
solution of polynaphthalene sulfonate condensate superplasticizer and sodium hydroxide affects the rheological
properties of cement paste, decreasing plastic viscosity and slightly decreasing the value of yield stress. The
regularities of the influence of the rheological properties of cement pastes with organic-mineral modifier on the

properties of fresh self-compacting concrete (flowability; T

<00 Slump flow time; passing ability; resistance to

segregation) were determined. An alkaline component of the multifunctional modifier allows to perform a
partial replacement (35-45 %) of the Portland cement with ground granulated blast furnace slag.

Keywords: self-compacting concrete, cement paste, rheological properties, multifunctional modifier,
plastic viscosity, yield stress, flowability, resistance to segregation.

Introduction

Self-compacting concrete (SCC) is an innovative
concrete that does not require vibration for placing
and compaction. It is able to flow under its own
weight, completely filling formwork and achieving
full compaction, even in the presence of congested
reinforcement. The hardened concrete is dense, ho-
mogeneous and has the same engineering properties
and durability astraditional vibrated concrete 1, 2].
Self-compacting concrete is defined as a special type
of concrete which must fulfil the following three
basic properties [1-5]:

— filling ability: concrete must be able to flow freely
both in horizontal and vertical direction — even
upwards if needed, and fill the formwork of al-
most any shape completely under its own weight
only;

— passing ability: concrete is not allowed to cause
any blocking when passing through narrow gaps
caused by the geometry of the formwork orby a
dense reinforcement grid,;

— stability: during mixing, placement and after cast-
ing, concrete is not allowed to segregate, caus-
ing an inhomogeneous mixture.

These three basic properties, combined with the
absence of the need for compaction make the appli-
cation of SCC very advantageous in cases of com-

plex geometries of the formwork, cases with dense
reinforcement grids and difficultly attainable plac-
es [5]. Fluidity and resistance to segregation of SCC
ensure high degree of homogeneity with minimal
content of voids and uniform strength, high degree
of surface quality and high durability [6].

It’s well known [7] that pumping, spreading,
moulding and compaction of concrete mixtures all
depend on rheology and thanks to an increasingly
scientific approach it is becoming possible to pre-
dict fresh properties, design and select materials and
model processes toachieve the required performance.
Nowadays the rheological behaviour of pastes, mor-
tars and concretes continues to be a subject of anal-
ysisin light of the large number of factors involved
in cement blending, mixing and hydration (such as
type of cement, type and proportions of mineral ad-
ditions and presence or otherwise of admixtures).
For this reason, it is necessary to identify concrete
incompatibilities before concrete placement in or-
der to avoid the problems in the placing and curing
processes [8].

So, cement paste rheology measurements instead
of traditional workability tests can have a great po-
tential to detect those incompatibilities in concrete
before the concrete is placed [ 7]. For example, avoid-
ing segregation of SCC is a matter of cement paste
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rheology and granular skeleton. The cement paste
has to be sufficiently fluid to ensure the fluidity of
the concrete itself and sufficiently viscous to sup-
port the coarse aggregates [9].

The major difference in composition of tradi-
tional and self-compacting concrete lies in higher
proportion of fine parts by 30—40 % by volume. As a
rule, SCC often contains a large quantity of powder
mineral additives such as fly ash, bottom ash, granu-
lated blast furnace slag or limestone filler which are
required to maintain sufficiently low yield stress to
provide flowability at a plastic viscosity which is
high enough to avoid segregation [10, 11].On the
other hand, the sedimentation rate of coarse aggre-
gatein the cement matrix can be reduced effectively
by increasing the content of fines with high specific
density — density modifiers, and with regardsto fines,
the best density modifier is granulated blast furnace
slag. Thereby, in most cases, addition of fly ash and
silica fume does not affect the matrix density [12].

However, concretes with high percentages of
slag often have lower early strength and longer set-
ting time than Portland cement concrete without
slag. In this case according to [13] the incorpora-
tion of 2 % colloidal nanosilica (CNS) by mass of
cementitious materials reduces initial and final set-
ting time, and increases early compressive strengths
of high-volume slag concrete by 22 %, in compari-
son to the reference concrete with 50 % slag. The
similar effect has been determined in fly ash — ce-
ment mortars: the early-age compressive strength
of fly ash — cement mortars can be greatly improved
by the addition of CNS [14].The main mechanism
of accelerating effect in cement is related to the high
surface area of CNS, because it works as nucleation
site for the precipitation of CSH-gel. On the other
hand, nano-silica is applied in HPC and SCC con-
cretes mainly as an anti-bleeding agent. It is also
added to increase the cohesiveness of concrete and
to reduce the segregation tendency [15].

In our previous investigations [16, 17] the re-
source-saving method provided a stable aqueous sil-
ica fume suspension containing 20 to 45 % by weight
of silica fume which is a by-product of ferrosilicon
production and a stabilizing agent in a form of high
range water reducing admixture (polynaphthalene
sulfonate condensate) as well as sodium hydroxide
(sulphate) was elaborated. This composition has
been found highly suitable as a multifunctional modi-
fier for cementitious compositions in particular for

self-compacting concrete to enhance its flowability
as well as durability and strength characteristics. It
should be noted also that the presence of sodium
hydroxide in the composition of above mentioned
complex admixture makes it possible to use granu-
lated blast furnace slag as a partial replacement of
Portland cement in the formulation of concrete mix-
tures. The results obtained by [18] indicate a high
effectiveness of the composition of silica fume with
alkali admixture asan activator for the binding sys-
tems based on the combination of Portland cement,
silica fume and granulated blast furnace slag.

The aim of this investigation is to determine the
effect of multifunctional modifier on the rheologi-
cal properties of cement pastes formulated for SCC
and the properties of fresh and hardened self-com-
pacting concrete.

Materials and methods

Ordinary Portland cement CEM I 42.5N (OPC),
silica fume (SF) and granulated blast furnace slag
(GBFS) were used as cementitious materials. Silica
fume was represented as small and big aggregates
which were formed during drying silica fume slurry
in sludge collectors (when silica fume slurry is dis-
posed in landfills and its water content is drastically
reduced). It isstipulated by gelling and the conden-
sation polymerization accompanied with the forma-
tion of siloxane linkages. Thus, aged agglomerated
silica fume aqueous suspensions need to be redispersed
before use in concrete. This process occurred in the
solution of sodium hydroxide (sodium sulphate) and
polynaphthalene sulfonate condensate (PNS).

Dispersing aggregates of aged agglomerated sili-
ca fume was carried out in the bead mill, used to
produce ultrafine products in a liquid medium by
grinding the slurry material with solid balls — glassy
beads. Bead mill isa cylindrical vessel with a mixing
rotor, providing different modes of mixing and cir-
culation of beads. The mill is filled with the glassy
beads for 70-80 % of the volume. The beads are
moved by rotation of the mill rotor (duration of
grinding — 10 minutes).

Quartz sand and crushed granite stone with a
maximum nominal size of 20 mm and a specific gravi-
ty (dry) of 2.68 were used as fine and coarse aggre-
gates respectively. The chemical composition and
physical properties of cementitious materials are
given in Table 1.
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The proportions of cement pastes with the mul-
tifunctional modifier are summarized in Table 2. The
water demand (w/cm ratio) was varied to prepare a
standard consistency of cement pastes.

The rheological behaviour of a fluid such as ce-
ment paste, mortar or concrete is most often charac-
terized by at least two parameters, 7,and 4, as defi-
ned by Bingham equation [19]:

T=1,+ 47, (1)

where 7isthe shear stress applied to material (Pa), 7,
is the yield stress (Pa), u is the plastic viscosity
(Pa-s),and y istheshearstrain rate (s™).

Shear stress values, as well as plastic viscosity of ce-

ment pastes at different shear rates were obtained us-

ing Rheometer RHEOTEST® RN4.1 (RHEOTEST

Medingen GmbH) with cone-and-plate measuring

system according to DIN 53018 (Fig. 1).The paste

was mixed manually for 5 minutes in a porcelain
crucible and poured into the viscometer annulus.
The proportions of self-compacting concretes
with and without multifunctional modifier are sum-
marized in Table 3. The stability of SCC was tested
accordingto ASTM C1610/C1610M-10 «Standard

Mykola Zaichenko, Olena Yegorova

Test Method for Static Segregation of Self-Consoli-
dating Concrete Using Column Technique».

This test method covers the determination of
static segregation of self-consolidating concrete by
measuring the coarse aggregate content in the top
and bottom portions of a cylindrical column (mold).
A sample of freshly-mixed self-consolidating con-
creteis placed in a cylindrical mold without tamp-
ing or vibration. The mold is separated into three
sections representing different levels of the cylin-
drical specimen (or column). Portions of concrete
from the top and bottom section are washed on a
5 mm sieve, leaving the coarse aggregate on the sieve.
The masses of coarse aggregate in the top and the
bottom sections are determined and the percent sta-
tic segregation is calculate dusing the following
equation:

Szz[w}-loo, (2)
(CAy +CA,)

where S is static segregation, percent, C, is the mass
of coarse aggregate in the top section of the co-
lumn, C,, is the mass of coarse aggregate in the

bottom section of the column.

Table 1. Chemical composition and properties of the materials used

Composition (%) OPC GBFS SF

Properties

SiO, 21.40 34.80 81.80 )

Al,O4 5.80 13.40 1.60 e

Fe,05 3.40 0.70 3.00 a

CaO 61.50 39.80 1.10

MgO 1.70 6.50 0.20

K,0 0.70 0.10 0.60

SO, 2.50 0.35 3.60

Loss on ignition 1.20 3.60 7.20 v

Specific gravity 3.11 2.92 2.20 0.14-20.00 mm

Fineness (m”kg ") 365.00 414.00 - aggregates

Table 2. The proportions of cement pastes with multifunctional modifier

Mixture OPC, g GBFS, g SF, g PNS, g NaOH, g w/cm
CP 1 100 — — — — 0.260
CP2 100 — — 1.2 — 0.210
CP3 — 100 — — 1.5 0.270
CP 4 65 35 — — 1.5 0.260
CP5 65 35 — 1.2 1.5 0.230
CP6 65 35 7.5 1.2 1.5 0.265
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Figure 1. Rheometer RHEOTEST® RN 4.1.

Experimental results and discussion

Figure 2 reports the plastic viscosity of cement pas-
tes versus shear rate in the 30—270 s™! rang. The
maximum value of the initial plastic viscosity at a
minimum shear rate of 30 s~ has the reference ce-
ment paste (CP 1) with w/cm = 0.26. When the
PNS superplasticizer is added the water demand of
cement paste (CP 2) isdecreased up tow/cm = 0.21.
In this case the initial value of the plastic viscosity
isreduced almost two times and the equilibrium plas-
tic viscosity at the shear rate 240-270 s! reaches
the smallest value among all investigated composi-
tions of cement pastes. This is because floccules of
cement are better dispersed by the electrostatic ef-
fect of superplasticizer, so entrapped water can con-
tribute to the fluidity of cement paste.

The greatest water demand has a granulated
blast furnace slag when mixing with tap water —
w/cm=0.285. At the same time, the addition of so-
dium hydroxide has a weak plasticizing effect, re-

Table 3. The proportions of self-compacting concretes

ducing water demand of slag paste (CP 3) up to
w/cm=0.27.

Thus, the ratio «initial plastic viscosity/equi-
librium plastic viscosity» within the shear rate range
30-270 s~!is 5.7 while for cement pastes composi-
tions CP 1and CP 2is 12.9 and 10.7, respectively.
Partial replacement of Portland cement with gran-
ulated blast furnace slagin an amount of 35 % slight-
ly increases the water demand and plastic viscosity
of cement paste (CP 4). At the same time a positive
effect of complex additive in the form of SP + sodium
hydroxide to reduce these figures was determined
(CP 5). On the other hand, a relatively small con-
tent of silica fume increases significantly enough
both a water demand and the plastic viscosity of
cement paste (CP 6). This effect however hasa pos-
itive impact on the stability of SCC. Concrete mix-
ture with multifunctional modifier has the higher
coefficient of resistance to segregation in compari-
son with reference formulation of SCC (Tab. 4).

It should be noted also that no significant effect
of multifunctional modifier on the values of yield
stress of cement paste was determined. This fact
must be taken into account because all SCC must
have relatively low yield stress values in order to
self-consolidate. So, in accordance with the Euro-
pean Guidelines for Self-Compacting Concrete [1]
the investigated SCC with the multifunctional mo-
difier (SCC-2) refers to the next classes: SF1
(Slump-flow, mm), VS1/ VF1 (T, s), PA2 (Pas-
sing ability), SR2 (Segregation resistance, %).
Therefore, with respect to the rheological parame-
ters, once the slump flow level has been established,
it is primarily the plastic viscosity that is manipu-
lated in order to control performance.

Forhardened concrete it has been established
that the presence of sodium hydroxide in the for-
mulation of multifunctional modifier activated
concrete hardening both at early and design age
(Tab. 4).

Content of ingredients, kg-m >
Mixture | - ype | Fine Coarse SF* | GBFS | PNs | Sodum e
aggregate aggregate hydroxide
SCC-1 442 885 796 — — 6.64 — 0.48
SCC-2 287 885 746 33.5 155 6.64 6.65 0.48

* Dry content.
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Table 4. The properties of cement pastes and self-compacting concretes

Properties
. . Slump . Compressive strength, MPa
H2
Mixture V;ﬂizli . flow, Ts00 stlme, PA = 12 SR, %
’ mm Hl 3 days 7 days 28 days
CP 1 58.7 - - - 18.5 27.4 52.4
CP2 56.5 - - - 26.8 39.8 67.3
CP3 56.9 — - — 2.3 6.7 14.4
CP4 57.0 - - - 16.4 23.6 433
CP5 57.1 - - - 19.5 32.1 55.7
CP 6 57.4 - - - - 22.3 435 61.2
SCC-1 - 540 2.0 0.86 13.7 12.2 25.7 36.4
SCC-2 - 565 2.0 0.82 9.5 21.4 324 458
Conclusion

It was found that the multifunctional modifier in
the form of the concentrated suspension of silica
fume in the solution of polynaphthalene sulfonate
condensate superplasticizer and sodium hydrox-
ide affects the rheological properties of cement
paste, decreasing plastic viscosity and slightly de-
creasing the value of yield stress. Partial replace-
ment of Portland cement with granulated blast
furnace slag in an amount of 35 % slightly increas-
es the water demand and plastic viscosity of ce-
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3aityenko Mukoaa MuxaitsioBu4 — IOKTOp TEXHIYHUX HAYK, TPpodecop, 3aBifyBad kadepu TeXHOIOTI i Oy aiBeTbHITX
KOHCTPYKILiit, Bupo0iB i Mmarepianis [lon6achKol HallloHaIbHOI akaaemii OyaiBHUITBA | apxiTekTypu. Haykosi iHTepecu:
BUCOKOMIIIHI | HAIBUCOKOMIITHI 6ETOHM HAa OCHOBI MOAM(DIKOBAHUX AUCIIEPCHUX KOMIIOHEHTIB GETOHY.

€roposa Osena Bosoaumupiena — acucreHT Kadeapy TEXHOJIOTIN OyAiBeJbHIX KOHCTPYKIIiN, BUPOOiB i MaTepiasis
JlonbachKol HalliOHAIBHOI aKazeMil 6yI[iBHI/I]_ITBa i apxitextypu. HaykoBi inTepecu: caMOyTIiIbHIOBATIbHI GETOHM.

3aiiyenko Huxomait MuxaiiioBu4 — JOKTOp TeXHHYECKUX HAYK, podeccop, 3aBeayomuil kadeapoli TeXHOIOTHH
CTPOUTENbHBIX KOHCTPYKIIUIL, U3eJuil 1 MaTeprasios JJoHGACCKOI HAIIMOHATIbHON aKaleMUU CTPOMTENbCTBA 1 apX K-
TekTypbl. HaydHble MHTEPECH: BBICOKOTIPOUHBIE U 0COO0 BBICOKOIPOYHBIE OETOHBI Ha OCHOBE MOAMMDUITIPOBAHHBIX
MIVCTIEPCHBIX KOMIIOHEHTOB GETOHA.

Eropora Enena BragumMupoBHa — accucTeHT Kadeaphbl TEXHOIOTHH CTPOUTENbHBIX KOHCTPYKIIWH, U3/eTNit U MaTe-
puanos /lon6accKol HalMOHANBHOW aKaJleMUH CTPOMTEIHCTBA U apXUTEKTyphl. HaydHble WHTEPECH: caMOyTLIOTHSI-
formuecs GEeTOHBI.
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