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The alkeilittitv clrung,e of the alkaline activated blast funtace slag alone (a dose of 3 wt.o/o d NarO) and of the compositcs
containing up to 20 wt.Ta of tha .flt, ash cotrtltone nt is ne arlv tlte scune atvl rang,es front the pH valuc I l.4j aJier 3 davs of
lt'l,clratiotttotltel,uluetÚ'aPpro.r.ll.2a.fter42tlaysofltl,dration.Anincreaseoftheflvashcontent
|lrc intcrttrtl pH l,,ttlues úppro.r, by 0'2 at eaclt respective time o.f ltytlratiott.

INTRODUCTION

Alkaline cernents including alkaline activated blast
l'urnace slag (BFS) ccnrents exhibit in generally higher
mechanical stren-qth, lower porosity and increased
resistance to cclrrosion in comparison to the portland
cements (PC) t1.2,31. They can be blended with some
highly disperse particulates (pozzolanic additives) without
irnpairin-e thcir mechanical propcrties si_gnificantly, what
Iníry colltl.ibutc to thc ccollo|.l1y of tlreir exploitation [4].

The nrineral part.iculatcs are less alkaline than
clinker ntincrals oť thc PC, or an actiůtor Solution of the
BFS cernents. They lend to reduce OH content of the
pore solution during hydration and consequently reduce
the pH - a mea,sure for the stability of siliceous
components includcd into corrcsponding matrices.

Alkali content, as transmitted through pore solution,
aÍ.fbcts the natu[c oť solids lbrrned as well aS the
nricrostructure of thc cement stonc and aflěcts the course
of rcaction between cement and other embedded solids
[51. The hydrous prccipitated phases at hydration of alkali
activatcd ccnrents. arc alkalinc hydroaluminosilicate gels
Mc.O.Al"OrQ-4) SiO".rr H"O (Me,O=NazO, K,O) whioh
convert in tirne to zeolite type minerals being more stable
and more durable than calciunr hydrosilicates [6].

A pore solution chemistry at hydration of ordinary
portland cernents (OPC) is lairly well docurnented

[5'7- l l-|. The inÍbrmation about the pore so|ution
ohemistry of alkaline activated cements is soanty. It is
presumed that the pH at hydration of BFS cements is
rather high, as high as f'avouring the lbrmation of zeolites
(pH = 13.5) [l2].

High interna| pH at lrydration oť oPC is mofe or
less deleterious to thc durability of glzrss fibers in
corrcsponding cement matrices I I 3.1.

The purpose of the present investigation was to

determine changes in pH at hydration of the alkali
activated blends composed of the BFS and f1y ash, at a
relatively low dose of alkali, and to compare them with
pH changes at hydration of the OPC.

The results will make possible an preliminary
assessment of the durability of glass Í.ibcrs in the

composite BFS matriccs.

EXPERIMENTAL PART

An alkaline activator was prepared Íl.orrr tlre
commerpial water glass solution (Sn,, = SiO"/Na"O = 3.3,
p = |.346 g.cm 3) and a 50o/o solution oť NaoH
(p = |.550 g.cm-3; to s' = l.9. A content oí.the activator
was set to introduce 3 wt,o/a oť Na"o to a hydrating
systenr respective to the content of dry cotnponents.
Water was added in preparin-q casts in order to kcep the
oonstant f.luidity oť the cement paste' Tlre ratio oÍ. liquid
to solid phases was kept in the range of 0.3 to 0.35
allowing fbr the incrcased water intake by the f1y ash.

Cement casts (2 x 2 x 2 cn.l) were dernoulded aÍier
24 hours hydration in the moist air at room temperature
and were leÍi fbr further hydration in the moist air at

22 "C Íor the specified time.
The bulk densities of samples were measured fiom

their weight and dimensions.
Fragments of samples after compressive tests were

vibratory mil|ed and used Íbr preparation of cement
suspensions fbr pH measurements. The suspensions
contained 0.5 grams of the milled sample in 100 ml of
distilled, fieshly boiled and cooled water. The
suspensions were kept in plastic vessels covered by thin
PE fbil at room temperature and l'requently mixed. The
pH of suspensions was measured in irre-9ular intervals
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clurin_q 125 days (Digital pH rncrer CPH 5l - Mono-
krystaly Turnov, _ulass clectrodc HC 103). The initial
values of suspensions wcrc llleasured l0 scconds afier
rnixin-e of thc powder obtained fiom the hydrated sample
with water.

RESULTS AND DISCUSSION

Thc cheniical conrposition and 1'urther characteristics
o1' basic raw nratcrials arc given in table l. The
conrpositi<ln 01'blcnds is given in table 2 and the average
buIk dcnsitics of |rydralin-u cálsts are given in table 3'

An incrcascd content o1'the f1y aslr dccreases the
bulk c|ensitics rlÍ.|rydrating sarrtples. on the otlrer lrand a
slight exparnsion may be inf'crred until 14 days of
hydration with an inorease in bulk clensities at f'urther
hydration. Rel''erence samples of casts made t}om OPC
and a pure water show an honro_ueneous increase in bulk
clensities since the oriein of hvclration.

Tablc | . Chcrnical cornposition and physical characteristics
oť tlrc ratw nratcrials.

Table 3. Bulk densities of hydrating samples (g cm"r).

hydration (days)

^1+L?8IAI+

OPC
s-l
s-2
s-3
s-4
s-5

r.98
2.07
2.04
201
1.99

t.92

2.04
2.06
2.03

2.00
r.98
r .91

2.08
2.06
2.01

r.99
t.97
r .91

2.06
2.07
2.05
2.03
r99
1.92

z.al
2.08
2.08
2.05

2.02
r93

oxidcs
I]FS
(wl.%,)

11y ash
(wÍ.o/o)

",' 
n.. iT#ř' fJ,l.J,i,J",,..,

According to the figure I the compressive strength
cl|. the low filled BFS/Í1y aslr composites exceeds
significantly the compressive stren_eth of samples made
|.rom oPC, containing no Í.iller. The carly strength (3

days) and thc ťurther strength development nlay bc quite
indicative fbr a differentiation among inclividual cements.
Low and medium additions of the f'ly ash enhancc thc
early strength of composites the strength increase in the
next period hydration is relatively low. Higher additions
decrease the early strength in comparison to the pure
BFS, but the strength increase (up to 42 days) is
continuous and quite appreciable. We may speculate that
the addition oť the Íly ash in amount oť ca 50 wt.?o may
lead to a f'air compromise economizing the overall
buildin-u material cost at acce ptable early strength
parameters a signiťicant strength developnlent at the next
hydration. Only at 60Vo of f1y ash in the mixrure (S-5) a

strength in the initial period of hydration is appreciably
lowcr than a strength of the OPC samples. After 42 days
of hydration, also in this case a strength of the composite
is still higher than 45 MPa. A scatter of experimental
stren*eth data was fbund to be on the level of approx. 2-3
MPa.

A partial conclusion can be made íl'om the strength
data in a Sense that already a content oť 3 wt'%o of Na,o,
introcluced by the alkaline activator, brings about the
appreciable compressive strength developnrent of the
BFS/f1y ash composites and, secondly, as much as 40Vo
oÍ' the BFS conrponent can be substituted in created
mixtures by the applied low cost waste material not
inrpairing the strength of the composite significantly.

Changes in the alkalinity during hydration

An alkalinity of hydrating mixtures S- I to S-5 is a
result oť reactions between BFS, f1y ash and the alkaline
solution. The initial measured pH characterize an antount
of unbound alkalis of powdered composite cements aÍter

LOI
CaO
sio.
Al,ol
FerO.,

M-sO
Na,O
SO,

0.6I
4t.42
37.81

t.o3
0.ó |

Íi.89

0. 10

t.39

t,95
2.94

53.2s
76.21

6.93

2.39
0. l3
3.44

granulurncLry

> 0.1 nrnr
().|.().()ó3 rrrm

< 0.063 rnnr

3.02
?t.63
75.05

6.15

26.66
66.18

speciÍic surfhce

1rn2 kg-r1
290 500

mineralogical
cornpositiorr

glass
(akermanite-

gchlcnitc)

glass
rnullite
quitrtz (cristoballite)

Table 2. Ctlmposition oť blends (wt.o/o),

sample BFS f1y ash

s-l
s-2
s-3
s-4
s-5

I00
95
80
60
40

0

5

z0
4O

60
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Figure |. Cornpressive strength oť BFS/f1y aslr composites and

oPC in dependence on titne oť hydration.

+ - S-l: x - S-2: tr - S-31 x - S-4; e - S-5; f - PC

oertain periods of their hydration, liberated into solution.
It is bclicvccl that suolr a pH valuc^ is directly proportional
to tlrc internzrl pH ctl'thc pore soluticln.

Thc measured initial pH values are given in figure
2. Figure 3 shows c:hangcs of ori_einal pH values when
kccping the respcctivc cemcnts in suspensions fbr a

prolonged tirne.
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Figure 2. Initial 7rH values ( l0 seconds afier rnixing ) of
hydrated sarnples water suspensiorrs.

+-S-l; x-S-2: !-S-3: X-S-41 e-S-51 l-PC

From resuIts sutlrttlarizecl in ťigure z fbllowing
conclusions can be nracle:

the initial pH values of suspensions after 3 days of
hydration are at a level of I 1.35 - I 1.45, what are
va|ues a ha|f an order lesser than values Íbr
ref'erence samples prepared fi'om OPC.
for all nrixtures a decrease in initial pH values with

a time of hydration is observed what is a result of
the expeoted depletion oť Íl.ee alka|is in the
hydration process.
the pH change in hydration is very similar fbr the
pure BFS matrix and matrices with low additions of
f1y ash (up to 207o).
higher f'ly ash additions lead to the well resolved pH
deorease in the whole observed period of hydration.

A sample of the cement suspension prepared íiom
OPC in an analogous way shows the initial pH after 3
days of hydration equal to | 1.95 with a nroderate
increase atter 7 and l4 days of hydration. This value is
comparable to the pH of the pore solution expressed afier
l0 month of hydration of the oPC containing 20o/o <>ť

silica fume [7]. Other tested PC shown the higher (13.1-
13.6) pH values [7,81. The next expected pH increasc due
to portlandite fbrmation was not observed because oÍ.t|re
lack of the N, protection and a reaction ol' portlandite
with CO" to calcium carbonate. The presencc of caicium
carbonate in suspension was seen by thc prcscnce of
white flakes.

From nreasurements performed the si_unil'icantly
lower alkalinity oť the simple sla-9 ocnrcnt as well as of
the two component slag-f1y ash composites can bc sccn
in oomparison to cement nratrtoes oť thc oPC. A|.ter 42
days crf hydration of the OPC pH of the hardened cement
paste is approximately one order higher than pH oÍ. the
composites with a higher content of f1y ash (rnixtures S-4
and S-5).

As mentioned figures 3a to 3e contain 7:ř/ values of
suspensions in depcndence on the leach time in watcr. Itt

all cases a certain, tcmporal inorcasc o1' pH is observed.
This indioates that in diluted suspension better oonditions
for a release of alkalis to the solution exist than to their
incorporation into hydration producls. pH in lca<;h tests
increased about 0.1 to 0.25. The peak value achieved was
I 1.60.

Next course is charactcrized by a dccrease of
suspensions pH values. The decrease is not always
monotonous but is steady in time in all cases. At S-l
samp|e without f1y ash pH decrease is slow (aÍier 90
days to nrinimum oť 10.30 ancl aťter l25 days up to
9,70), Sarnples S-2 and S-3 (5 and 207o oť the f1y ash)

cxhibit almost equal decrease oť pH, higher that at a pure
slag rnatrix S- l. Al'ter 125 days the shortly hydrated
samples (c.i. introduced into suspension aťtcr 3, J <lr |4
days of hydration) coincide in their pH values at a level
of 9.00 to 9.10. For mixtures with a higher content of the
f1y ash equal level of pH is reached sooner, e.i. after 90
days of leaching, or already aÍter 80 days of |eaching'
whereas there is no change of the pH in the next period
of |eaching. To pH va|ue of 9.0 would apparent|y Íb|low
a|so pH va|ues of these mixtures hydrating Íbr a lorrger
time.
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Figure 3. Changes in pH values o1'BFS/Fly Ash cornposites an<i

rr) S-l.lr) S-2..') S-3, /) S-4, c) S-5,.D pC

(tirneol'hydration: +-3tlaysl x- Tdays; fl - 14days; X-

Lowering of pH in leach tests indicates the ability of
solids "to consume" alkalis. It is possible either by a

reaction oť a|kalis to Íbrrn low soluble sodiurn hydro-
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Alkalinit.y" change during hydratiott of the bla,st.furnace slag -.fly ash conrposites

oontent, is able to accommodate a higher portion of
a|kalis than the sla-e itselť wlrat is ascertained by the pH
va|uc oť the respective nrixtures aťter tlre longer periods
of hydration.

At rel'erence santples of hydrated cement pastes pH
va|ucs in |cach tests (ťi-uure 3f) are in a riinge from |2.25
to l l.60 ancl the decrease of pH afier certain time oť
lryclraticln dcpends again on a fbrmation clťCaCo. issuing
frorn Ca(OH)..

CONCLUSIONS

Contpclsites Í}om industrial wastes which include
milled -granulated blast l'urnacc slag and as received f1y

ash sl'row srlocl strcngtli cliaracteristics already at a low
cltlsa.ue clÍ tlre alkalinc soIution (3 wÍ.o/o of Na,o) at
preparation of cement casts.

Thc alkalinity o1.cclltrposite lnatrices aÍler 3 days of
lrydriitiorr is approxirnatcly |rall. an order lower and ín 42
clays hyclration irs lnuch as one order lower in comparison
to rcÍ.erence sanrpIes fl.clrn oPC. The bonding of alkalis
into ncwly lbrmecl phases is stable what results in a

levcllin-e oť pH values at pH _ 9.5-9.] Íbr samples with
ii low content oť |1y ash and at values equal 9.0 Íbr
santples witlr a lrigh cclntent oť l1y ash.

Thc results inclicate thc essential dil'f'erence fbr an

alkalinity changc in hyclration of tlie OPC ccrnent and of
thc prcsently stuclicd coltrposites. Thc alkaline oomponent
rlÍ. thc ctlntpositcs is cxlraustcd in hydration |eaving the
low pH ol'rnatriccs what rnight be espccially suitable in
il casc <11-glass l'ibre rcinfbri:ed composites.
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ZMĚNA ALKALITY gĚHpI\4 HYDRATACE KoMPIZ|T|J
Z VYSOKoPECNÍ STRUSKY

A ELEKTRÁnErusrcÉHo POPíLKU

VÁCLAVA ToMKoVÁ, lÁN ptnlLlNcx

Katedra tepelné techniky FMMI VŠB TU ostrallct,
tř. 17. listopadu l5, 708 33 ostral,a

*Katedra kerantikt,, skla a cementu CHTF STU,
Radlickélrc 9, Bratislal,a, Slovenskcí republika

A|terntrtivnírn po.jivem, nahrazujícírn běžné ccttrenty' může
být .jemně rnletá vysokopecní struska (granulovaná' ske|ná), .ie.iíŽ
hydrauIické vlastnosti se nabudí prostřednictvíln roztoků někte-
rých sIoučenin alkalických kovů. př.edevšíln Na. Tyt'o tzv,
struskoa|kalické cementy se po zatuhnutí vyznaču.|í vysokými
počiitečnírni i dlouhodobýnri pcvnosttni. nízkou pórovitostí a
zvýšenou odol ností vůči korozi' Přídavek eIektri.lrens kélro popí| ku
do směsi zvyšuje ohybové pevnosti lrmot. Bělrern lrydratace se
přidanó alka|ické roztoky podí|e.ií na tvorbě stabilních hydratač-
níclr produktů - CSH Íází a lrydroalurnosiIikátů sodných -přičernž
ncvznikají ani Ca(oH), ani AF. Íáze.iako při hydrataci portland.
skýclr cementů. Vysoké 2H matrice liydratu.iícího PC výrazně
sniŽu.;e pevnost a tím i použitelnost skleněných v|iiken. aplikova-
ných .jako výzLuŽ.

Zárněrem práce by|o porovnat 7lH těclrto lrmot s hodnotami
pH natricí vytvoř.errých z a|ka|icky aktivovanýclr srněsí vysoko-
pecní strusky a elektrárenskélro popí|ku. Připravily se vzorky ze
strusky a .ie.iích srněsí s popílkern aŽ do obsa|ru 60 o/a popílku.
prostřednictvím roztoků vodního skla s rrrodu|ctn S/N = l.9, př.i

dávce 3 lrmot. %, Na:o vzlrlcdern k tuhýrn složkáln. V lcrrníncclr
3.1, |4,28 a42 dní,hydratace Se starrovily clb.jcrnové |rmotnosti
a pevnosti v t|aku. Ulomky po pevl]oStníclr zkotrškách sc InIely
ve vibračnírn rnlýne a pro s|edování pH sc připravily SuSpenze
0,5 g vzorku ve l00 rn| desti|ované vody. pH suspenz,í se rněřilo
kombinovanou sk]eněnou elektrodou bělrcrn l25 dní.

Pevnostní zkoušky prokázaly veIrni dobré mechanické
vlastnosti všeclr kornpozitů, s lrodnotami pevrtostí v tlaku od 40
do 80 MPa po 28 dnech. okarnžité liodnoty pH v |0. sekundě po
přípravě suspenzí byly od ll.35 do l|,45 (po 3 clneclr předchoz,í
hydratace) a pokles|y na l l.30 aŽ l | .00 po 42-dertIrí lrydrataci
kornpozitu. Tyto úda.ie pH odpovída.jí rnnoŽství volných. neváza-
ných alkálií v matrici, ie.;ichž podíl tedy klesá s dobou hydratace.
oproti porovnávacím vzorkům z PC.isou tyto lrodrroty 1lH t.iŽší
o 0,5 až l řircl' Bčhern vylulrování vzorků v suspenzíclr (konstant-
ního ob.iemu a teploty, často prorníchávanýclr) se z-.iistiI rna|ý
krátkodobý nárůst pH o 0,1 ttž 0,25 v důslcclku uvo|nění da|šíclr
alkítlií. Následná etapa loužení vzorků.ie spo.ienár se soustavným
k|esanírn pH. |J kompozitů s nízkýnr podí|em popílku klesne 2H
po l25 dnech na 9'0 aŽ9,2 pro krátkodobě lrydratované vzorky
(3' 7 ncbo l4 dní). o něco vyšší.iešte zůstane pH pro pozdě.ii
připravené suspenZe (déle hydratu.|íci vz,orky). Srněsi S-4 a S.5
s ve|kým podílem popílku vykazu.jí rychle.|ší pok|es pH: na
úroveň 9'0 už po 90' resp. 85 dneclr' po 125 dnech už u všeclr
vzorků. Snižování pH pÍi vy|uhovacích testech svědčí o sclrop-
nosti systérnu '.konzumovat,' a|kálie, t..i. vázat .ie do rná|o
rozpustných hydratačních produktů nebo sorbovat na povrchu
přítornných fází, a to ve větší míře při vyšším zastoupení popílku
v kornpozitech. V suspenz,íclr porclvnávacích vzorků z PC bylo
2H stále oko|o l2. s mírným poklesern asi na l l.ó0 při Zreago-
vírní vyloučenéItcr Cti(oH), na CaCo-..

Velrni dobró rnechanické pevnosti a nižší úroveň pH rnatricí
dovolu.je uvažovat o využití těchto kompozitů pro přípravu
stavebníc|r prvků armovaných skleněnýlni v|ákny.
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