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INTRODUCTION

Gypsunr-f ree Portland ccme nt (hereinafter GF
ccnrcnt) can bc clescribed as the systcnt of Portland
cenrcnt clinker ground to a specif ic surf'ace arca of
400-600 nrt kg I supplemented with adntixturcs rcplaoing
the cfl'ccts of -gypsun1, nanrely sulphonated
polyelectrolytc + salt of iur alkali nretal !1. The basic

l)roperty rlÍ' GF ccItrct.tts is thc possibility oť preparing
píistes, lll()rtars ancl collcretes with a Vcry low
water-to-ccrnent ratio. This characteristic is responsible
fbr attainment oť high car|y and lon-9-term Strengths, fbr
the ability to set and hardcn at low and even subzero
tenrperatures, and l'or a high resistanoe to the el'f'ects of
irggressive environments and high ternpcratures 11,2,31.

T|rc cÍ.í.cct oÍ'adrllixtures whic|r replaoe gypsum in
CF ccnrents is syrrcr-uic in nature: the respcctive
mcohanisrn has not yet been oompletely explained, and
thc eÍ.l.ects ol'grcluncl slag ancl siIicai lunle have not so f'ar

bcen investigated.
The prcscnt study is conccrtred with the eÍfbcts of

Na,CO, , socliun.r li_unosulphonatc, ground granulatcd
blast-furnacc slag (hereinafier BF slag) and silica fume
on the properties of pastes ol' GF cements, and
summarizes the results described in [4,5,6]. Similar
investi-uations (also with other admixtures) were carried
out in 1981-92 also cln rnortars and concretes. and their
r.csults c<lnstitutccl thc bitsis o1. industrial lbrrnulations Íbr
thc nranuÍrtcturc and utilization of GF cements in the

Czech Republic [31.

EXPERIMENTAL PART

The raw matcrial lor thc preparation of GF cements
was clinkcr Íl.onl standard production of Portlancl cement'

The olinker had the composition fwt.o/ol SiO2 20.11,
Al"Or 5.56, Fe,Or 3.2l, CaO 63.18, CaO, 0.49, Na,O
0.25, K"O 1.35, MgO 2.99, SOj 0.69 and i-enition loss
0.25. Repeated sampling and analyses oÍ. sirrter Íiom
industrial production showed that the deviations l'rom the
above composition did not excccd tl-3 rcl.Vo. The
clinker was ground without gypsum in a laboratory
ball mill with an addition of 0.05 7o grinding aid
Abeson TEATM to a speciťio surÍ-acc area oÍ. about
550-570 m. kg'. The granulatcd blast-Í.urnace slag from
Vítkovice Steelworks had the composition Iwt.o/o] Sio'
39.3, Al,Or 8.17, Fe,O.,0.43,CaO 43.9,MgO 5.92, SOr
0.93. The composite cements were prepared by grinding
the sla-e jointly with clinker and Abeson TEA to a

surťace iirea of 530-570 rn. kg' (again in tlre absenoe of
gypsum). In other experimcnts. use wiis ntade oť silica
ťunre Sio' Microsilioir procluccd by Elkern (Norway)
which had the composition [wt.o/c] SiO, 97.5, Al,Or 0.4,
Fe,O.1 0.l, CaO 0.2, MgO 0.1 and H"O 0.4. The silica
l'unre was homogenized with the ground clinker or the
grouncl clinker-slag mixture.

The pastes with w = 0.25 were prepared with
sodium lignosulphonate containin-9 less than 2 o/o

reducing monosaccharicles. The admixtures replacing the
eťf.ects of gypsum, namely Na,Co. + sodium
li-enosulphonate, were always dissolved in advance in the
rnix water. Specirnens 2 x 2 x 2 cm in size were
prcpiircd tlť thc pastes, placed tor 24 hours irr a mcdiurn
r;1' saturated water vapour and then till the 28th day in
water, all at 22 "C. Thc compressive strength was
clctcrmined afier 4 hours, 24 hours and 28 days. The time
oÍ.setting was also measured (Vicat).

The rheological properties of the pastes were
dctermined visually according to their workability. This
somewhat empirical method was chosen because the
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difÍbrcnccs in the rlrco|cl*qical properties at the low water
ratio Values and with the Various amounts oť adrnixtures
employed were so _sreat tliat no sin_9le objeotive nrethod
such as that of rotary visconretry could be used. The
tollowin_e ernpirical scalc was employed:

degree 0 dry paste, unworkable
I - pastc llows only when vibrated at 50 Hz
2 paste flows only wlien the mixin.g is

knooked against
3 - paste flows by gravity
4 l)astc I'lows li'ccly.

Tlrc filllowing procedure was choscn in the stucly oť
tlre el.l.ects clÍ. iidnliXtures beoausc ol. the widc scope of
t|re experinlents envisagcd: Tlre cornbinations oť
adrnixturcs and their concentrations were determinecl by
tlrc rlethocl o1' rr.rathcntiitical planning of experiments
(íaotor analysis with two l.actors and random approach)
using the Statgraphicsl'M program. TLre individual pastes
were prepared with t|rc conlbinations oť admixture
concentrations thus cclmputed (nodal points). The same
approach was used in the stucly of the simultaneous
cÍ.f.ects rl1.grrlultcl BF slag anc| silica 1.utrlc. TIre values oÍ.
the pastc propertics (workability, set poirrt, 4-hour,
24-hour, 2t3-day strengtlr) Íbr t|re individual nodal points
wcrc cvaluatcd by the Winsurf'errNt program. The
progranr prclcluccs iilt cquidistant clata network liom
non-ccluidistant nodal points with the use of interpolating
algorithnrs. This cquiclistant data nctwork allows a spatial
3D nctwork to be created, fbr instance that of the
dependence of stren_eth on the concentrations of NarCO.,
and lignosulplronatc' Projection oť t|ris 3D dependence
ontcl a pIalte yieIds a 2D systc|ll oÍ. isolines. These
Systcms ol. 2D isolines irre thcn presentcd as a result oť
tlic cťÍ.ects <lí' adntixturcS ()I1 thc prclpcr.tics t;l. GF ccnlent
pastes in anothel'part of thc prresent study. In this way it
wiis possiblc to reducc signil'icantly thc al.nount of work
necessary lor cstablishin_s the complex relationships
bctween tlre efÍ.ects tlÍ'tlre irrdividuirl adnlixtures and their
conrbinations.

RESULTS AND DISCUSSION

Thc nlain diÍ.Í.crence between GF cements and
Portland cements is bascd on thc absence oť gypsum in
tlte fbrrner ancl its substitution with thc system ol a
sulphonatccl ltolyclcc:trolytc (c g. lignosulphonate or
sulphonatecl po|yplrentllatc) and a lrydrolyzable salt oť an
alkali metal (such as K,COr . Na,CO. , Na,SiO., ).
Sulphclnated poIyelectl.olytcs act aS eťficient settin-e
rctarders and sintultancously as plasticizers of portland
cement m()rtars and conct.ctes' and oÍten reduce tlreir
early strcngth. In Portland oernent mortars and conoretes,
salts of alkali rnetals nlostly accelerate the setting ancl

hardening process, increase early strength and oÍien
rcduce long-terrn strength' The eÍfects oť the admixtures
in pastcs (but also in mortars and ooncretes [3]) oÍ. GF
cements diÍfbr ftom those in Portland cement mixes, but
only on the oondition that both t1,pes of adnúxtures (i.e.
the polys1..t,'olyl, cmd the alkali salt) are present
sintttltatteousI\,. The etÍects of admixtures replacing
gypsum are complex in nature and cannot be attributed
the cxplicit functions known in the case oÍ. Portland
cemcnts.

The eff'ects of the Na.,CO., + sodium lignosulphonate
aiJmixture on the rheologica| properties oť GF cement
pastes (visual workability) at zi Iow water ratio oÍ,
w, = 0.25 is shown in figure l. The plot dcntonstrates thzrt
at a certain concentration oť the admixture (designated 

^
in the ditr-vram) the paste achieves the maximurn fluiclity
and that there exists a plastification optimum. At higher
contel]ts oÍ.the adnliXtures the workability again worsens.

The effect o1'the Na,CO., + sodium lignosulphonate
system cln the setting point (cf. ťigure 3) oÍ. GF pastes is
ntonotonous, without exhibiting any extremes. The tirnc
clf set can be prolonged either by increasin-9 the oontent
oť sodiurrl li-enosulplronate wlrile keeping the content oť
Na,Co. constant' o[ by increasin-e both contents oť
Na,CO. and sodium lignosulphonate. Very rapiclly settin_e
pastes can be prepared with the concentrations of
aclnrixtures corresponding to the right-hand bottorl corner
oÍ. ťigure 2.

Likewise nionotonous in the eff'ect of the Na,C0., +

sodium lignosulphonate system on thc strength of
hardened GF cement pastes atter 4 hours of hydration
(figure 3). In this case the strength is explicitly reduced
by higher additions of sodium lignosulphonare, while
being raised by NarCO.l concentrations exceeding about
1.5 7o. Very high early strengths can be aohieved at very
low lignosulphonate and very high Na,CO. contents (but
at the expense of a very short-term workability).

The eÍ'f'ect oť the Na,Co-r + sodiurn lignosulplronate
syster.n on the Z4-hour strength (fi_ture 4) is quite
well-balanced, shclwing regions clť virtually idcnticaI
strengths at vai'ious contents of Na,CO., and sodiulrr
li-lrrosu|plronate. A sharp decrease oÍ' strength clcours at
very low NarCO., contcnts and higher lignosulphonate
concentrations (lett-hand upper corner oť the plot).

The 28-day strengths oť lrardened GF pastes exlribit
il ntaximurn in the central region (figure 5) and a
signil'icant loss of strength at a lorv Na,CO. content and
a highcr lignosulphonate concentration.

The rclationships in question allow the concetrtration
clÍ. tlre Na,Co-. + li.9nosulphonate admixtures to be
selected so as to make the properties oť the paste meet
thc _uivcn perfbrmance requirements. For the systcm in
question, a compromise between the individual properties
resultcd in the selection oÍ.the optimurn corresponding to
0.85 cIo sodium lignosulphonate + 1.7 7o Na"CO,.
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Figure l. Visual workabilrty o1'pastes with rv = 0.75 vs. Na,CO',
and sodiurn lignosulphoniltc concentration, CF cernent witlt

specil'ic surlacc area ol'560 mr kgr. The symbol ^ designates

the region oť nlaximuIn pzrste Íluidization.
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Figure 4. Cornpressive strength (MPa) aťter 24 lrours fbr GF
ccment paste with w = 0.25 vs. Na,CO. and sodtum

lignosulphonate concentratiorl, GF ccment with specific surface

area of 560 rn2 kgr.
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Figurc 3. Cornpressive strength (MPa) after 4 hours fbr GF
cement paste with w = 0.25 vs. NarCO. and sodium
lignosulphonate concentration, GF cement with specific surface

area oť.560 m2 kgl.
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Figure 5. Cornpressive strength (MPa) al'ter 28 days tbr GF
cement paste with w = 0.25 vs. Na,CO., aud sodiurn

lignosulplronate concentration, GF cetrrent wit|r speciťic surface

area oť 560 m2 kg|.
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Figure 6. Compressive strength (MPa) aÍter 4 hours for GF
cement paste with 5 o/o slag and w = 0.25 vs. Na"CO.., and sodium

lignosulphonate concentration, GF cement with speciÍic surÍ.ace

area of 570 rn2 ks-r.
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FigLrrc 7. CtlttlprcSsi\,c strc|lgth (MPa) aÍicr 4 htlurs lbr CF
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Figure 8. Ctlrnpressivc strcngth (MPa) afteÍ 24 hours fbr cF
cerncnt paste \\'ith 5 % slagand lr,=0.25 vs. Na,CO. and sodiurn
li.{nosu|plronate conccntratioll. CF cernent with speciťic surface).
ilrca ()l )iO nr- Kc-'.
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Figurc 9. Ctlrnpressive stren-gth (MPa) after 24 hours Íbr GF
ccmcnt pastc with l0 7c slag and u, = 0.25 vs. NarCO., and
sodiurn li-snosulphonate concentration, GF cernent with specific
surlhce area ot'-550 rnr kcr.
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Frgurc l(). Cornpressive stren.9tlt (MPa) aÍicr 28 clays filr GF
ccrnent paste with 5 7o slag and w'=0.25 vs. Na,CO, ancl sodiurn
l i-unosul plronate concentratiott. GF cerncnt witli specific surÍtrce
area of 570 rn: k-g r.
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Tlrc propeťties ot. cF ccnlcnts are Iikewisc
inlluenced by adrriixtures exhibiting latent hydraulic
properties, in particular by ground granulated blast-
-ťurnace s|ag.

The cÍl.ect of the system Na,Co. + sodium
lignosulphonatc on the strength of hardened pastes with
GF cernent containing 5 % sla_q after 4 hours is
oharacterizedby a maximum of stren_eth (figure 6); with
|0 vo of slag (ťigure 7), the eÍ.fbot oť the Na.Co.. +

sodium li_unosulphonate system is monotonous in
oharacter, similarly to the single-cornponent GF cement.

The influence of the system Na,CO,, + sodium
lignosulphonate on the strength of hardened pastes of GF
cements containing 5 and 10 % BF slag aťter 24 hours
(ťigures 8, 9) is analogous to that on Sin-qle-component
GF cement. There is again a marked decrease in strength
at low Na"CO,, contents and high sodium lignosulphonate
concentrations.
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l'he cflect of the Na"CO.r and sodium ligno-
sulphonate adrnixture on thc 28-day strength (figures 10,

I l) is relatively small exocpt fbr the region with low
Na,CO., ancl high sodium lignosulphonate contents where
high strengths were achieved (in excess oť90 - 100 MPa,
the left-hand top corner). However, this combination
yields very low carly strengths.

With rcspect to 4-|rclur strength oť GF cetnent pastes
with 5 and l0 o/o sla-9, the optimunr concentrations
itnrountecl to 0.8 o/c li-unosulphonatc and 3.5 7o Na,CO-..
while thc highest 24-hour strcn_uths re sulted liom
adclitiorrs oť 0'8 o/o lign<lsulphonate arrd 2'5 % Na'Co..

Silica Íumc (extrcrne ly l'ine-grairred sio,) was
another substanoc whosc eÍfbct on t|re GF cement was
studicd. It was found to improve workability, allowing
the water ratio to bc l'urther reduced (down to the region
crf rv = 0.20 - 0.ZZ). In contrast to Portland cement, the

optinrum additions were fbund to be lower, over the

range oť 2 - 4 vn, as higher concentrations were
responsible l'or inrpaired rheological properties. This was
probabrly due to tltc coarser particle size oÍ. standeird Port-
latt<J ccl'tlerrts which a|ltlws larger alnounts oť the fine
silica I'umc to be accon.ln"rodatcd in thtl ficc spaces.

11

12

13
14

2345
-------) slag (wt.%)

Figure l2. Cornpresslve strength (MPa) atier 4 hours Íbr GF
cemcnt paste with yv = 0,25 vS. content oť ground BF Vítkovice
s|ag and si|ica |irrne Elkem' GF cement ground Íbr 5 hours
(specií.ic surface area 530-550 m: kg'), 2 7o Na,Co'. + O.8 va

sodium lignosulphonate.

The relationships Íbund Íbr the effbct of silica lunlc
and granulatcd BF slag on the properties oí.GF oernent
pastes are plotted in figures 12 and 13. The data were
used to derive the optimum concentrations fbr the highest
early strengths, namely up to 2 o/o s||ica Íume and up to
I Vo BF slag. The maximum 28-day strengths were
obtained with 6 Vo orZVo srlica fume and 7 o/o slag. The
optimum workability was achieved with 2 Vo sllica fume.

It lnay be concluded that the eÍfect of the
adntixtures on tlre properties oť GF cement pastes is
much nrore sensitive than that of gypsum and other
additivcs on the properties of single-cornponent Portland
cement. There is a new phenomenon clf the existence of
optimum ooncentrations of the adnrixtures, which lead to
a significant intensiflcation oť their el.Íects, i.e' tcl ál

synergy.
The relationships described Íor the pastes in question

and for the _eiven clinker hold qualitativcly also with
otlrer c|inkers, as well as Íbr lnortars ancl concrctes [3].
The sensitivity of GF oement mortars and concl'etes to
changes in the concentration oť admixtures is smaller
than that of the pastes. The positions o1' optimum
concentrations of admixtures for rnortars and oonoretes
difÍbr Íl.om those of pastes and have to be deternrined
experimentally [3].

2345
slag (wt.%)

Figure l3. Compressive strength (MPa) aÍter 24 hours tbr GF
cement paste with w = 0,25 Vs. content of ground BF Vítkovice
slag and silica f-ume Elkem, GF cement ground for 5 hours
(specific surf'ace area 530-580 m2 kg';, 2.5 o/o NarCO., + 0.8Vo

sodium lignosulphonate.
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CONCLUSION

Tlic clepcndence oť tlre properties of gypsum.Íiee
cement pastes on the anrount of admixtures of
Na'CO. . sodiurn lignosulphonate, -eround granulated
blast-ťurnace sIag and silica fume was determined
by the mathematical experiment planning method.
The relationships c|i1ter fi.orrl the eťf'ect of the
aclnrixturcs otl pastes ol' Portlarnd ccment and were
Íiluncl ttl cx|ribit Iooa| cxtrcnrc values.

On the basis ol'a compromise between the values of
4-hour, 24-hour arrd 28-day stren-eths, workability
ancl sct poittt, the optimum oť 0.85 vo sodium
lignosulphonate + l.l 7c Na,CO.. was established.

With GF cenrents containing 5 and l0 7o ground BF
sla-u, tlrc optimurn conccntrations of adrnixtures were
tbund to be 0.8 a/r, sodium lignosulphonate and

3.5 o/r, Na"Co. Íor 4-hour strength, and 0.8 vo

li-unosulphonatc and 2.5 c/r, Na,CO. fbr 24-hour
stre ngth.

In contrilst to conventional Pclrtland cement, the
tlptilttuttt addition oÍ. siIica funte is lower' namely
over thc rallge of 2 tcl 4 o/o. The rnaximum early
stren-qth Íor GF cc|-llcllts containing both slag and
silica l'unrc was exhibited with Z o/o srlica fume and

up to I o/r, sla-e. The rnaxinrum 28-day strengths
wcre aclrievcd with 6 o/o or 2 %o silica furne andT %o

slag. The optirrrum workability was obtained with
2 a/t, sl|ica Í.uttte.
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VLIV PRISAD Na,CO.,.
LlGNI NSULFoNANU SoDNÉHo.

VYSoKoPECNÍ GRANULoVANÉ STRUS KY
A ÚLETU Sio2 NA VLASTNOSTI

BEZSÁDROVCoVÝCH PoRTLANDSKÝCH CEMENTŮ

l.-RANTlŠEK ŠrcvÁna. ToMÁŠ slarra gČra.
MoNlKA t.RÝnnnrovÁ. ppr-n Štn,ter

Ú'M,, skltt a keranlik\', Vl,sokú škola clrcnticko-technologicka,
Tecltnická 5, 166 28 Pralrct
(e-mail : skvaraf@vscht.cz)

Pornocí matemati ckóho p| irnován í cx peri mcntů byl y z,i i štěny

závislosti vlivu př.ísad Na'CO-.' ligninsulfbnanu sodného. Inleté

vysokopecní granu|ované strusky a úletu Sio, na v|astnosti kaší
bezsádrovcových port|andských cementů. Tyto závis|osti .jsou
od|išné od působení uvedených přísad na kaše port|andskéhcl
cementu a existu.ií na nich Iokít|ní cxtrémy. Ziivislosti byIy
vy.iádřeny pomocí soustav izočar. Pro kaše GF cementu by|o
na|ezeno na základě kompromisu mezi |rodnotami 4 a ?4
hodinovýc|r, 28 denních pevností, zpracovatelností a počirtkem
tu|rnutí optimum přísad: 0'85 vo ligninsulfbnan sodrrý + 1,7 vo

Na,Co... U GF cementů s obsalrem strusky 5 a |0 7a by|o z
h|ediska pevností po 4 hodináclr nalezeno optimum koncentrací
0.8 Vo ligninsulfbnanu a 3.5 7o Na,CO.,, pro pevnosti po 24

hodinách pak 0.8 % ligninsulÍbnanu a2.5 vo Na,Co-.. Na rozdíl
od portIandské|ro celnentu se optimum přísady úletu sio]
pro.icvu.je při niŽších koncentracíclr a tcr do lrodnot 2-4 vo. PÍi
současném obsahu strusky a ú|etu Sio' by|a nalezena optirnální
koncentrace pro maximální počáteční pevnosti a to v ob|asti do
2 ?a ú|etu Sio' současně s obsahem strusky do I vo. Pro
rnaxirná|ní 28 denní pevnosti by|o na|ezeno optimuln s 6 7o ú|etu

Sio' nebo s 2 o/o úletu Sio' a 7 7o strusky.
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