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Poloprovozn?2 virobal betbobkylaktd?¢bedn® strusky

PodRkovgn?2:

DRkuj i pSedevg?2m skvRlI ®mu tTmu mich kolegT, b e
spol el n®ho vi zkumu vzni kaly j en vel nziej m®hagnhn.

doc.Ing.Franti gku Goukalovi, Ph. D. , kterTiSemienpmsky
ot 8zek tT kaj 2c? s e z8kl adn?2 ho, t ak [ aplikovar
Ing.VI asti mil ovi B2l kovi, Ph. D. (ml.)akti swavadmrh®h
materi 8 T a dlouhol etou spolupr8ci, kter§8 pSero:
akademickou sf ®ru. PodhRkovgn2 pat$2 i FakulthD c¢

za mognost profesn2ho rTstu a.pSpkygtBuUn2z pgSkstvr
rodi nh, j menovith mi m Ahol k8miA Hel ence a Anetce,



Abstrakt

Ekologick® a ekonomick® dTvody maj?2 za n8sl edek
netradiln?2 cementy a Adrkarlgarkiyc ka& tk ovnopraazni® ymat er i

na b8zi al kalicky aktivovan® strusky (AAS), di s
stavebnictv2. Mnoh® pSednosti, kter® tato pojiva
brg8§n2c? girvg2mmuohvay ugji aRt i cklTch aplikac2ch. TN mt

pSedchg§zet pougit2m vhodnhD zvolenlTch pS2sad a |
poznatky nageho a celosvRtov®ho vIizkumu tTkajz2c
pS2 s AAS. Jeou diskut ovE&ny skupiny pS2sad, kter® mohou

AAS a soulasnhD je pops8&n i vliiv pS2sad pSisp2va
sprodukc? t Dchto netradiln2ch materi 81 T. Dosag:e
probl ®my b¢%l pSpemd vySegeny, nicm®nhD je tSeba s
posouvat al kalicky aktivovan® mater i 8poledd o oblI &

stavebn2ho prTmysl u.

Kl 2] ovS§abkaltacky aktivovan§ struska?2, pSkRehdgiehy

Abstract

Ecological and economic interests in recent years have resulted in an increased demand for
non-traditional types of cement and inorganic composites. Alkali-activated materials,
especially those based on alkaline activation of blast furnace slag (AAS), have been shown
to have high potential in the construction industry. However, many of the advantages that
these binders offer are overshadowed by some of the drawbacks that hinder their wider use
in many practical applications. This work summarizes our current understanding and the
worldwide research concerning the effects of different types of chemical admixtures in AAS.
Discussed are the admixtures which significantly improve properties of AAS, as well as their
contribution to the mitigation of negative effects associated with the production of these
non-traditional materials. The obtained results suggest that many of the problems have
already been addressed with the use of chemical admixtures, however further research into
this subject would be paramount in order to make alkali-activated materials more enticing for
practical use within the construction industry.

Key words: alkali-activated slag, admixture, hydration, building industry, ecology
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PSedml uv a

LaseaprosniD @tp&8tnee gu?jceette kdfzta|l al a m8 cesta k h
pozn8n2 problematiky al kaHdsdkiynadkd i wiorvamy chhe tmarn e
traditembdotu mhatoikeladyg hl a, ge jsem ani nal vteSi
nab2sé&ut ®t o probl ematR «le§ tnealpn 2n pradPpagm2aanl ch Y%gas
v astznmo?sntlPmb ¢ ler i §1 T v gakr yberhzl y® wyysstd Sx2degléom DiIn&dsu | s
| 2m d§I| dto%rh 8km&8tz or u, ge alkalicky akavup¥v¥an®&km
zamotan® klubko rTznTch neduhT a ‘wWskal2, kter
vpr Tmysl ov@dpr aX iz Jprotoma kffyt o pmastewparflka, Senlebo j e j i
na pol §tku sv® vNDaAdES&k® Kkairuie®m.yv éoydad ydldyj bude t
pomyslIng§rkermbk@ogtsntdD§naebppt Sebou pochopit proces
uvntidMSht o materi §1 T, vhkadriem | zpTismsselneXdlned em z2 sk §
jeichpogadovanT chl nuslpaisrtanco®’s tmi. bfkensambebhkrbgean?2 ma
vhovodob® historirigiPegInmnoalok alleitc ksyt aakti vovan® mat

pSedmhNtem dlouhodob®ho testov§n?, al e i mn o h ®h
pougit?2 rozlilnlG@temiSess@&dp FphSeumNseuv NSitel nTm z
charakteristiky betpoonw,vindlg dymarBd ®hloo sk ol et 2 do
v technologii betonu. Vt ®t o souvi sl osti proto vyvst&vsg Sada
pS2sracdwnNg z| elmpowvat, nleigati vn2 vlastnost.i al kal i

Jak® pS2sady tedy pougdg?t saln®k@8sbade HPmjdisab mt Be
odpoviRd2 na ty$aduwzadSeikwys ssen OjhioyT zhumnT ch center.
c2lem a chlagm mal ® viNDdecrkd® nRYuUPPPmi jkosagenl mi
visl eekpsvhDtov@mapokdlzkalmuck ® akttaki ayde anap &irv @$ ty
pomys| n®stawvdbsi e 2pr Tmys!l u.

Al kalicky aktivovan® materi 8ly mmsat ob§zcik ®hygs hk ep:
zSejmhN nejvihDtg? p opraxin £ti &H o tpor odrT8vgoed@uisthgr nuj e dos a
poznatky t T kaj 2 c?2 se vyugit? organi akTpcS? mBBean or gar
mat er i\8Mtegkdhnpai t ol j e nav3&uah osikaeddegneaho v I zkumu, K
byly publ pkesghnigmpakt o vlaansiocphi s e ¢ h d aneBoh byly obor u
pSedstawmenry nBavbdéckhl ch k.dNefjerlegma2db®i g® publ i ka
jsou rovnhRg soul|l §st2 na@mwmatkpp SceRNIYYWER mp e e Yl i
mnoha chemickT qpbmohly Sk snaadl @ajte mMNDktce s kal 2 spojenl
sprodukc?2 tRNchto netradiln2ch materi 81 T.



1. Pvod do Segen® probl ematiky

Al kalicky aktivovan® materi 8ly jsou nestlreaddni§ n?2

praktick8 apusiokualcaes nzBa gdkovb8) n e bArwale®h ool k@i v ¢jke®. a
nen2 ¢g8dnou novmnexadr §inticlar®v Dwilbgkuen materi 8§81 T n
dnes definovat |jakousi p,kadyyws ond asu®v doromdioivey $ pi§r
objevenTch materi 8T matkemp§leySruzleon®, je¢ i sy vl
Al kalicky akti VAdM)asn® tnaakt ema &H 8§ z2emo?z s |8 Fuipd h§ In N n 2

vpr Tmysl ov® praxi.

Navzdoryci t 8t u ameri ck®ho prdamyAHn3kar Henfghbl Postdé
kter§8 za nhRco stoj2, je ta, kterou vytvsg§S2zme tel
viznamn®n?okwvi sej 2 c2AAM, v kdvoekjiaggn, ¢ge rozvoj tDRcht
nep r o b Zak aythle, jak by si zasluhoval. V. technicklTch kruz2ch pS§
doned8vna sp2dge raritu na pobbukasanw®bddbhdD wmat ent
mNn¥TL zkum al kalicky aktivronownd ath®jning et acréisiiegal al

lety pr ac?2 [K¢hhktaeirviovaamdt vysokopecn? strusku silnT mi
vivoj alkalicky aktivovanlch maVte®ti &l o wwied lao g tiis
opomenout p r §Rurdona [2] pr o b 2 hlat¢ch t930i 1950. Akt i vac2 vysokopecn?:
zjistil, ge al kalick® hydroxidy maj 2 Ve smiDsi
rozpugthDn?2 strusky a n&€sgizélds Qtked vio®rmdd dlydo\8e 72 dmp
al kalick®ho aktiv8toru, cog bylo potvrzeno o |

spougit2m modern2ch BBheytpiackk T i znsest o2 nivi z k u mn
program GluBhokslk®hovpaodsddulch | etechcmieml &ho
vel koobjemou produR/ciprtTlbtidiotud zrkasere o $ GHZITS.v NDr u , ge
vznikaj2c2 pojivov® fSgak ARSIz} sseup vBESRijridtapedb dobn ®
portlandsk®©OBC),tatment pS2r odVaz nz §hkorandih &nfdchyla o s kut
vysviDtleynsaokiou trvanlivoswvoktoDmBmo pwiaise abiedl 2 T
popularizacia | kal i cky akt i vp&iamd scli2avidmitseEy el Mde s §t T c h

l etech minuk ®époeit emd loetal pojiva zalogen8 npa al ka
pojmenoval je Ageopol wndalrtylFimtmat er i &tl rTarkhii ymér i ckl podt e
mognosieg¢ghch pwel §3v 8n®m EgyptnD p&kcelsasawbto v @ynu :
vizkumu al kal i cnkayt earkit8ilvlo vpadiTscphD | a Leskdbbom&n vl Be
potagrmhesk® repehmPoa, d2ky soustavn® pr 8ci Br a
Gkv &§reypo BR)IVisoul asn® dobhN se zablTvg§ alkalickou a
pracovi gS sp@idee | ®njejichspjoel el nTm c2lem je rozs8§hl e
mater ip8d. T Vv

Vdnegn?2 dobD | e bezesporu nejropageiSamds YR mc s mea
MTgeme se ,teplyolptge =zabTvat i jinIimi anorganic
alkali c ky aktivovaDh® emattersit§lpdzngn? novlch mat er i
sobj em¢ejch pot en c inBolgnn2ocsht 2 , kmreoh®a jps®2upawdech zcel a
vporovngn? S konkKlen|l a¢T ncedTo@dem,2 cer ofe 100 I
sporadi owky@hjk aPi cky aktivovamliobt marBpa@mij H®aanh
spotencis$sdandgeanmmi s2, ClOter ® maj? vel mi pravdBDpodol
oteplov§gn? cel ® planety., gRoVtndign & el i z&po taSketbizv 0a
mater i 8Myfch8§8z2 z prTImyslovich odpadrmr?2dqgh vd zseakohbd



pSi spdoler pkBAr odd e cPjofi.enci 81 n2 viroba al kaljeicky ak
spojenaisni ¢ g?2 energet ivpkoowvmEmaé | rposptr?lloadmkskR ®h o cem
Z m2 n IBoud@slosti vedou kz §vRrukdy@ portlandskl <cement bude
nNkol ik desetfirbegm&badyghou, pokroky agblasiikovan®
alkalick® aktivace vedlejg2ch prTmysbBhevAMdh prodol
st anou jekolgickyrnekanomickyv T znammatcér i §t 9.1 21 2

2. Al k al aktevacég: z8kl adn? princiopy

Z&8kl adn2m pSaldipalkil @ald@ ma kvtgidvya csec h orponzopsutg t ddnc 2 |zi stk |
hlinitokSemrbivi agom®mparl ksRISzpe@t Nn® a |l k Bamialaidty ®

fragmenty n8slednhD vz8jemnhD polykondepzup¥®af §ye
Procesr ozpougtRn2 je zalogen na rozkl aduyggdnsoupeR
vazebsi ont ovIikt ememavede ke snadnhj g2 Teptadjevdge ac i ma
typickl napS2klad pro f&§z&emot i hhalinite 5 ®@iEaedryc e ment
pS2t oo ®k mist@vu jscu obklopenyv § penat I mbkamgt ku Wodout akt u s
d o ¢ h Bpratonizaci Cai O vazeb, cog aumlkdtalyt k ck® dest ®ukcdBkepS2s| i
Odl i gng§ situpX?eparddlst 8kvddy vm§ DblTt rozpughhDgg2m8ze
stupnfDm i ontov®h®t oh d@iloink e i8u .ee2W2a dvoosdtyal uj 2 c2 pr
kovalent n2 ch vazeb. horztak m@ahie ignty & anatakterem donorue |l ekt ron T,

j ako |j skolua dn aipoS?t y alpkdalriozkiokhi Kev z,vi geno, cog un

pézslugnT,ch vazeb, tedy r o zHydralytickon 2 destulit u p n 2
hlinitokbBbeei pbopaatu dle n@:isl eduj2c2ch reakc?
Al=Si vstupni surovina + OH~,, <—> Al(OH),~ + ~OSi(OH); (1)
-0Si(OH), + OH,, <—> -0Si(OH),0- + H,0 (2)
~0Si(OH),0" + OH,, «<—> “OS(OH)O~ + H,0 (3)
I
~0Si(OH), + M' <—> M*0Si(OH), (4)
Al(OH), + OH,,+ M' <«—> M*-OAI(OH);- + H,0 (5)

“0Si(OH); + M*0Si(OH);™ + M* <——> M*0Si(OH),-O-Si(OH); + MOH (6)

monomer monomer dimer

Vpol| 8teln2 f8pzktdadh8kdvhlalnkal2ichk ®m zredbztvoku, ve
hl avn?2 'jooty, alei@knty al kalVykd®hok kmovantrace al kali
podporuj &l geTlkmi nNnzlevakoprava.cRkvaiée 1i3 p Saewdwsjt2 hydrat al
reakce, ve kterleauadi sntSypov@ldedmr Abru za vzniku
ani oAl(©OH),, 'OSiOH); ap S2 sllcutigojmocni ¢ h | i t rforgmmReaked 46 H

maj2 fyzik8l nBhetaekteostatdeoklaiovanvaghkguijiek®Bpo.



rozpugtlsit®ibct ® n8sl e-dnj dntklmv® ok on de n@akten® inter
zal ogen® na ulpnbiincckilpcih k@@ 1 ® tweodbdw) kI sledn® stru
vizkumu Gl assef/lmed yHar waywtk@@ngont ba®i aondenzal n?

pS2mo meziteAlr(aCH)ry, cog viznamnhD zpomaluje roz
Zt ohoto dTvodu | e pS2tomnopbjihMawm® t aBoivl cvhgdy e tr
kSemi | itReakoevdi6cnha.z nal uj 2, ¢ge kat i onejenall kanlaimnk ® hvd i kv

na rozpugtnhDn2 hlinitadkeSeimina tuwtnw& Ve 28§ zwl sl edn® s
Mezi nejpoaldlkalkaindl @satodgda®r assl m@| eni ny.Nal pSest
aK'maj2 stejnl n8bajoztpkpigh Wdingkly pSedevg?n
velikostiiontuuBy | o prok8z &ami,ojteo k@tkomdenzal n2 interak:
srostouc? v el iztooshto?t ok adtTivoondtuu . | z'esme s @d ani ti,ondg ® v IN
pol omNDrem bude pverrcoevn&heicweng? bw |l ovyovgPSenozpust nc
vstupn?2cilBl. surovin

- 5 ~p Tt ,..-"f
J‘\‘g\r‘: ;;:x _#';‘

<o I St Y

s 3 XK

hlinitokfemicitanové suroviny aktivacnim roztoku

! !

[ pieskupeni rozpusténych éastic ]

rozpousténivstupni ] [ kiemiéitanové struktury\f]

A 4

nukleace gelu

vysoky obsah vapniku nizky obsah vapniku

(vysoky/stredni obsah hofciku)

dvouvrstvé h 4 ]
hydroxidy [ C-A-S-Hge I

N-A-S-H gel

ni zlcy obsah hoféilu)

tuhnuti, tvrdnuti spojenés
vyvojem pevhosti

Obr.1:Proces al kalick® aktivace hlinitokSemilital



Dl e chemick®ho slogen2 vstupn2ch surovin, l ze r ¢
z8kl adn2 typyokIAMM msebo n2zkim obsahem v&pn2ku.
vprocesu alkalic k ® akti vace je schemdt i clke pzaotbrrra®&,engenac
aktivace surovinsvy gg2 m obsahem v8pn2ku (portlandskTl ceme
kvytvoSen2 hlavnAStHtogdlvio,v ® & SketeerC® mTge doch§zet
chemick y v§zand'lzaNa" iCanty. Bli §gg2 charakterizace t ®t
hydrataln2ch produktT vysokaopietcmlze s2r2isk.y Alek aslh
n2zk®penatlch prekurzorT (j2dzyzklel ekhgadhemsk®&p
metakaolin)nu&e§ m®rzai kK r oj amamdla mi®i:Ad:H gelu,

nNDkdy nazt@gn®@meopol ymerfi, kterT mTge rovnhDg sl
vznik zeoliticklch struktur.

22Al1 kal i ck8 aktivattuskyvysokopecn?

Principhydratace portl andsk®ho cementu je pomhRDrnhD dobSce
i nadsfpS*esknn2 popisubfPreddpdt ht atehstPpKovich f §z
d2ky vivoji a modernizaci [9l.n®wdtc@®m aalak ayltii ckkyl ¢ b k
vysokosgteskyn(AAS)sezd § bTt jegthD mnohem komplikovanhj
faktorech, kter® mohou z@Exesdh kal z p K N 8asklnei douej c2iecvzn
kapitoly proto shrnuj 2 dosavadn? p oa tvarlbyk y t T k
hydr at al n?2 cduvisp j 8 char&kiergm mikrostruktury AAS.

221Faktory ovlivRuj2aktpvacesvgbhbhbpek®2 strusky
Vivechemi ckT ch alfapwzinfjogdtkiédmgercn2 strusky

Pokud se zamRS$S2me na samotn®jisdtogitead Sxactuskyge
vliastnost pobhtedeskyl kali ck® aktivace zjcehl azealk a
struska neobsahuje ¢g8dn® krystality. Chemi ck® sl
CaO-Si0,-MgO-Al,O;a j e pops8no jako smBRDs amor f redtah f §z2
( 2 Ca gOASID,) a akermanitu L, 2C®H0AMGNOAN®DIrd n?2 fgze |
pomoc2 tzv. st upDbPp dketpeorlTy noeerfaicneu j(e pomRr Avol n®h
Pokud pSedpokl §d&me, ge vegker T hker®ankuka jhd i m8 %t o
vgehl eni t DPmygpemeétat :n8sl edovnhi

_n(Ca0)i 2n(MgO)i n(ALO,)i n(SO,)

PP = (Si0,)1 2n(MgO)T 05n(ALO,) (1)

Tent o pomDr je obvykle pro granulovanou vysokop
hodnotasi gnal i zuje v2ctdydeépol pamistt¢®mal ,

Je rovnDhDg vel mi dobSe zn§mo, ge rkhesaytca vegbbd
zin strusky. Vsi 1 nD al kalick®m prostrae20c mpedgtomtpro gh DG

vporovnlBast ikwerii koste2m, pkd ®e®@8 kompleaatgml¥ 8ny i ¢
24 hodin od aktivace [11,12]. NDkt eS2 autoSi rovnRg d8§vaj?2 do s«
Blainea sd |l ouhodobT mmi AAS.eTalingsat Br an d i3ledog | iz § &k Nr u, ge
optimg&ln2 mRrnT povrch pro alkalicko@Oca¥gt i vaci



NDkter® pr8ce se zablvaly i zkougen2m vygg2ch
ovlivnilo pevnosti AAS [14,15].

Viiv koncentraceavy br an®hal daluihak ®h o aktivs8toru

Druh poudgit®ho aktivs§toru pSedurluje, jakTm r
aktvace prob2hat. DIle tvaru kSpopsalkShiza Daydi6ltpe rTolhn2 k
al kalick®pakigi tdame nej bRgnNj g2c,h a&l kal ijcskoluc hh yadkr
kSemilitan a uhl il Nitam®raWrkia |l p ckB®hy e viul kaly po.l
vysokopecn?vodot begkypSstomnost i al Nabimthkh®hpoS2 pltl

doc hg8krrar ugen?2 10, AlLG Gai (5a Mgi O na povrchu zrn strusky vd Ts | ed k u
polarizaln2'hnongfldlel i kOY nCaijO2aMgi©Ommphem ni §g2 ene.
neg v aizObayAliS,ikoncentrace Ca** aMg”i ont T vjeomnhokem vygg?,

koncentrace kSemil it an o wdnafovrehu zinlstrusky 2 @ In wamikac h
vristva bohat§ IlrnaBk¥amdk vasthva m§ schdpnosty ad:
zpTsobuje zvigen?i krotnoewbkacebdDEm®hNomnost i al k

aktiv8toru nen?i kotnE echd Ntaax lewyj@hdio kmno gst®a vazeb
AifO, nezbytn®& gpg?o hydrhuoual n2ch produktT. tonfoal or i me
pS2padhN vykazujeveplommasjmd@mp kter® odpov2d§ sm
| 8stelm®auudgt Dn2 podyvorcpaui zron@fana .poviushkyl

VpS2t onmnydrtaxi du al kaliec kpeoh|o8tlkd nd p2k mnohem v
vpSedchoz2m pS2padhN. Vysok® pH roztoku m§& za n
vazeb SiiO a AliO. Na povrchu zrn strusky z al| ne i hned vieyd rkattahl vir st v
prodyltJel i kog,nt8 (WOHY g2 r oz p uSsHt respektive CrAeSgH gel, C
budou pSednostnhD pr§vnN tyto poj iovtakv. ®p §Epgd N el mi
struska obsahuje vel k® mnogst v?2 hoSl| 2 ku, je vel mi pravd
(MgeAl,CO3(OH)1sAH,0). Kal or i met r it okr@ ok $iSekpadd vykazuje dvr
maximum (v. prvn2ch mi nutv8eclhmio ddb%kXteephvoau@ye 2 m ixt zv. A
ampud0k odpov2d§ sm8l|len?2 a .r olxaploeukgat MwnT2r azzr i jsgt2r uvs|
n8sl ednhN pozorov&§n po naddkohomdlianzaensTthlE®HEéh miomuto
tvorbhnN jig zm2nNDGbc2A).pojivovich f§z?2

Al kal i ck8& akpowmawded nthrouygskksizauj e odl i gnT hydratal
(Obr. 2B). Zal §t ek hydrataln2ho procegplBedahmE@edId.t ej
Ni cm®@aRYy dvysok® ko)fdemttrTacip Sfoto®md cpmSwd&n2 ho
sklaarozpou gt DNn2m str usmiprzokd g ¢ v B BNreierh § f AR JHbgelu.
VnNkterTch pS2padechkhdvppepdhpBoabagn®ho maxi ma,
vysvDtlit n8sledovnnh. Rozt ok vpdn?éhohydmokidem, m§ zp
tedy koncentrace Ca® iontT rzozpugt DRn® strusky nebudger wn2mozto
kroku je tedy vytvoSeno urlit® mnoygtetp®oii Cav
ionkBemilitanov® ionty s e mohou pwdlymemr2 zdabhg?
hydrataln?2Pod®t @eplsa8§vsg Ainduk]| n? periodaht, kter:
Vtomto | aseoplRtchin8rz®8mKk a postupn®&mu r oaxzkpaongitkdn,2 |
kdy je p-rovi rozpogt prSlemiycieanty, doch8§z2 ke vz
C-A-S-H gelu [16].
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Dal fgktor, ktedT j i g nz8w2er Bid naavlastnosti AAS,j e druh poug?2van

akt i v Shlediskaup S22 s | uagl nk®ehloikavi. ®dtionty Na* aK* maj 2 rozdz2 1 nT i o
pol omDr , proto | ze o] epkr8TvbalXh ui ad dklail §atod R0 dakytd rv2a c\e
veli ko@Na'Ppodporuje tvorbu mallTch silik8tovIich ol

monomery, dimery a trimerysod®m®takbnddu)&tearkw 2P €eh§ v ¢
v2iad«kti vidr asefo®) Ilvem®E2 rhu ro&lpluagd MnRBo itaduiToto t o k Sem
teorii potvrdili ve sv® st udi i Devénter [8], kvt anS 2 zkoumal i chovgn?
aluminosilik8tT aktivovanlch buN NaOH, nebo KOH.
aktivoahae®yk&ovglyv Dt g2 pevnostiakptSiv §ptoourdui,t 2n akvQHl o r y
sez8kladn2 rezpouighPiuyilt ®p &N a®8$l.i. TutBtkklut Bhabst a\
Deventer 24 n 8§ s | ed o v n D%k ajted loinkyo gmsailp P v anteamlgre?y "Nadbc h §z 2

kr eakc?2m, k ttel? sBn IVjyi 2v §aS ety esitoucer é & dvDn ¥ dkalighky pevno
akti v matrege ®

Pougitl druh alkalick®ho aktlikviBtN[ar e §mEadBv MAG N\
spektroskopie ,bydeo e oimfwdhaak®cky aktriuka wa rglcchh
vyskytuj?2 ve,Of¢§6lndha | NaeMAKHEO),"'ve struktufe mabnbgPr§
neliga situace, kdyby se alkalick® kbNagKvypgakyjJtova
c o @ s n a d Rejich enigraci na povrch vzorku a tewmor bu WITKkwiXtTT.m | ze
pSedch§8zet z§&mmanodu asdedkm@®h @ ki Bkas e §soudtroi toih@ e

vyl uhovza stelttuny@26], nav2c reakce segd8&wvsdulldimk ICtOer T
nevytvgs? viditeln® ,680dr kttyer TSRezpatstmoovstch K al |
aktivovan®ho mat er i, £0&H,Q, rotw wkgniaRtu sveod@d nd mNa@r ost Sed
se rozpougt?2 prakticky Haz tvorby viditelnlTch vI

VIiiv vodn2zho soulinitele

Je velmi dobSe zn&mo, ¢ge vodn2 soulinitel m§& pod
StejnhN tak p%2ptacdMmu ail kal i cky a INt ic wn@®wn @n Tvcsht uma t des
promRNDnp®dolwN rTzn®ho druhuo paktgiiste®thsnto addk aVv e Icki® h
k1l 2] ovim Niakdg 2 r le ond hoostoau | vieazdprf2s bbuj e vy gg2 n8r Tst
tepla spojeo®Plem pojTovwl phavwg§dto plat2 rovnhDg i

vodn2m skl em, z8r ovenkR nvigjagk? ha o cvhoSdznz2 fnw d ssvoaut | ni @nut e
urychl en?2 hydratace a[28t U1 raajz m® nmyydkoa i &| rh2ohdo npr o
souvis?2 p%éedsavgdbmcsd kSemi|itanovTi cniDkadii &kt Tf,a kk tc
(k Se mimoidtwi , tep[l9ta, pH é)

Vliv teploty

N8§r Tst teploty, pSi kter® je vzorek vytvrzovsgn
jako je tomu vpS2padhD n&§rTstu koncentrace aktivs§toru.
al kal i ck § vedekkuvonddme, vygg2ho hy droautva Isre3j Rac 2 t esp | tav
pojivovPadh f §z?2



222Hydr atal n2 produkty

Dosavadn?2 studie se shoduj?2 na tom, ¢ge hlavn2zm h
sttus ky je hBbsheskuebitst i t QD @eh[B0-32. Ur | it ® mnogstv2 ch
vEzanGatmTge bit takienymatkrmdiek®hPS2kidminmist anov ®h ¢
tetraedru ak at i ontu al kal i ¢ K®betu ved® kjue h(on agpzSn a |Nav §n2 z k
C-A-S-H nebo C-(N)-A-S-H f §zaby byl zSet el nD odl i gen od hydrat
portlandsk®becaime mptl .t 2, ge se sni gpugj2icvanw ® ef §pzc
roste schopnost gel u v8zatcogsthaytlno? paoltkvarlziecnko® i

Kaliny akol. [33]. Geometrie k Semi |l itanolilmht u$et Rincddgsawndvi cl
jednotek, kt efS® jgel Cschopnl pojmout. Maxi m8l n2 pomh
[34]. StrukturaC-A-S-H gel u j e p dSceo mre&u ssptorSugkdtaunn ®h ¥y s ok &r mdr &
neuspoSg§&§danosti na del ¢§2 vzd8l enosti ZpTsobuj

krystalografickT mi t echni kami[35]gBvbrba jgeduvalkalickya k o p S
aktivovan® vysokop2eomdebtr nsRyesem[@8@hgzve kter ®m s
hlinitanov® tetraedry v|leRuj2 do pfemis Suij? ca f

tetraedry, po@dlwadien2k | i n@a8kmd gm® nSetoia d ®
mezi Sevrmdz es 2t Nn 2 OiAkvazlaydObS3) . Mno fjseedvrrotQ k a tedy s
propojen2 je relativnhD n2zkl pSi oafgttvavodndhbol

viraznnD[3]zr Tst §

Al¥ v g® usporadani

02
Py i pacr T ~pa| paA

L}
3
E Q QAV: QAV tobermoritové
M jednotka
/Y <; / §> ' ﬂ

cecseael ....-’.-.

propojena
tobermoritovas

jednotka v:
‘- -~ -
Al“l v g2 (pfemost'ujicim) usporadani

Q3(1Al) Q2(1Al)

Obr.3:Schematick® zn§8zornhNn2 propojenich a nepropojenlc
reprezentuj? obe-NypASHgelur ukSev[B@Co z

Alkalickouak t i vac?2 struskyN-AS3hi gejy kaa®@DsE€kdleicdi 8§r nz p
tvorba a charakter j e si | nNSaodvolui vindkt er ®dij $ kyu tbopviSgndyc hw z 2
kapitole. oNecm®nRBRovinhD | ze na minoritn?2 hydratal
ng§sleduj2c2ch vgeobecnlch z8konitost2:

f StupeRbstituce hlinitanov®h®H teedlrmepdepy pdak si

zm2nNDno, @mezmodynami ck®ho hlediskaiQidl nav?2c
vgel u zcel al[363y]l Dtohb eyplav § , ge sekund8rn?2 pr od:
aktivace budou bohat® na hlin?k.

f Substituce hoSl2ku do poji vtoowho tfo§ zceT vjoed ur osven I
| astsoy st ®mech AAS nach8z2 f8ze hydrotalcitu.
strusky sn2 zkT msimwdigp hoS|2ku je vel mi pravdRpodc
struktur nam2sto[38.vorby hydrotalcitu



T AFm f 8ze, j a k atlingit dGaA\RSkOL-a8e8), sykazu j 2pr v n® 8§ h2 c h
al kalick® aktivace silnou ne&lusphdcdustaddisztch K
hydratace [39].

T N-ASSH gel je rovnhRDg minoritn2m sekund8rn2m pr
svyugit2msm2S2kinNm2obsahpmko§pedkuyysoki4t epl ot n
nebo metakaolin [41].

T PS2tomnost al umi n§AHgvGAH) hoywdri&tRluj €C pSedev g?
vstupn?2 salfbaliingk® Vakt boaai T shr maig mabra&lit 2 k mT ¢
vhydr 8tech CaAHi:d28]lvzni ku M

T StejnhNDyptakktti v8toru r onzi hnoodrui ht gnd2 racaht vazl mi2 kcuh prod
Strusky aktivovan® s2rAamty fvyke z[§2k1 tzpESrgnoimon o
aktivace uhl il kaaign shoeda]sFmidlni k

223 Aplikal n2 potenci §I

AAM zalogen® na aktivagiyvyyokép&ony2 vet stakgbn?2i
roku1950vb T val ®m SovNDtsk®m pvakah &kt &g aW®nayv Mtaa .Yaz e n
dnegn? Uk r anjinulosy p $iy K o & pradukci alkalicky aktivovan T ch pref abri k
zahrnuj2c?2 dren8¢gn?2 trubky, sil 8gn2 panely nebo
Od produkce tRchto |jedwmal9d8miEch edhiNoplSTTst @tulp e no
pSpjdat fehezni Igc?Tc ha pvrlasptoadvl bald) n2 4 Lipetstuo(@by. 4A), kt er §
byl a dokaoose189aVgwechny zm2nhRn® virobky a stavby I
vi TznT ch | asoch.T cBy loob dojbizgt Dno, ¢ge betony na bgz
bNngnN poug2vlanhahb®=ei op cementuaApikack ®Mose vmi nul ®m
stol et?2 rogvajetah irecevddrebylo.vpd/l sk®m KrakovD pos
skl adipgtelT abri kovanich ¢gel eR®bet drydwl chyr@amalyT. |
betonov® pragadapohskpha B0 s kost Segn21988yngbbimoat G Fi ns k
prvky a chodn?2ky [281AVAW s 81 § lioce 2P Hrpveden jeden
znejrozs8hlejg2ch projektT virebgpokhbrRatnetkygt nksk
l etigtn?2 r un wa yBrishémes t b yWWed | ¢ appwadiNtn?zam sbet onovl1 ch
obj emu p S000in%(@bn 4C) [43).

Odr oku 2003 byl y v Lesk® republice rovniNgm z ah
produkovat betonna b 8z i al kalicky aktivovan®ho el ektr 8r e
byl pojmenov'@[M],P@l%lme’tkdn ve spolupr 8ci mezi BDstav
a Katedr ou technol o®raze. Vstoxwe b2 0LWUTbyynagament o
vizkumnim tTmem na FCH VUT Bcky abfsobvandlrohbyn
spougit2m odpadnwictho bpyr odauk@5fh o Sekdeav g2 m d2 ky n a
finanl nhD n&8kladnich alkalicklich aktiv8§torT odpact
komerciali zov§n a prost Ge8EYi ca.v®.mp obsylpyr opvp g0 e c |
podm8alk vyrobeny betédobv®t PpnkosyiddHlnz2 jz8chytn®
(Obr. 4B) [46,47]. AAM skl taj?2 mognost vyugit?2j siouprnoapsSPekdia
l ehl en® materi 8ly, materi §l yvIp§lon eokyetjcokilyt epak oti n 2

stabilizaci/solidifikaci nebeRpedwmkcdéd =amzrmiinloatk
vgdy Sspojuje kombinace vhodn®ho®pwejirwanhDkamény
pogadowlaa®t nost i produkovanTch materi §IT.
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Obr.4:PS2 kl ady
Lipetsku (A);

aplikace
b evtiGP BV & . ©

al

Shrnut 2

Kr 8t kl ®&NWmido knetradiln

principech alkalick®
Vsoul asn®

kalicky akpbdbagn® byusdokape
v o  iBd |; avese WelldammBrisbanefGy a y

2m materi 8l Tm poskytuje

akti vapgrro duknad g nsotsa veechhn 2jcehj i

dtoob Dpotjai va pSit ahuj 2 hledigkd teahnick®hmz o rtnaoks t i
environment 8l n2ho viznamu. St §le vgak zTstgvsg S
zej m®na reakl|ln2ch principlT a trvanlivosti, kte
materi 8ly dostS8ly svim propagovanizre vdomasimmosute
pSedevg?m multioborovim vigkmimewm, zehemug2cmatrzenl
stavebn2ho ingenirstv2. Kagdl obor pSingg?2 jinl
kv el mi Yal 1 nn ®mu Segen? kl 2] ovicherots§zekhyl Al ka |
pSedmhNtem z8j mu mnoha vizkumnich instituc?2, nici
poznatk®, p@mehou t NDmto

ntaetsetrl 8ol dT np Fnaak ttimonki@ @ p | i k-
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3.Chemi ck2®s gd y :co @jaksd | |,

Prol ?

Vposl| edn?2iclhe td2ecshetby |l o dosagerso pohhgde shim®gk®2cshesch Nc h
pro virobu bet orSpwisSsovm ®p rpodityl tPagp wS2 g amd v® Yl i nky
beton,aS ug se jedn§& o vy g gzracavatenash kle vkorgroly nadz | e p gen
tuhnudlP@hac syst®mu. VlastnostivyugpSemabdompdod@ukbo
pro konkr ®t n2 veteevkopel § ®m2 ks tsgn®lgle k dfvil man]| n2 ch
ng§kl.avddhegn?2 doezd3port ehke mb ck ® pS2sady hraj2 hlavn:
betonovich materi §l ecchhemackt@& chB8db5adi 2 convd ogred  z | ¢
uveden® vl astakmag o ms§ tvajivimrnu nov I m el d tnoijakegionh
napS2kém@a a samonive,l abe?® pd®ddony md gniowytugi t 2

s tkazn Theceht o n T

Co?

Myglenka pSidg§vgn2 chemicklpbt ége¢ie&l em mall 28n aknonnlx
viastnostis t av ebn2 chnema?t ey § & o[ul i njo vsitnakSau B ¢ ymmSERno® i k

stovek | et pSed Kristem popsali , %jiakek napda ki akl oo
vejce nebo ovocn® ¢gS8vy, na vlastnosti[4940lodukovVv a
Modern2 pS2sady jsou sp2ge na b8zi syntetickTch
pro beton§SsklT prTmysl. RozdRlen2? pSélsasv oo vi®end

mNS2tku pSingg?2 v2ce zmatku neg o6hbkasmuhdie do@d
dobu byly poug2vsgny pS2sady na b§wxizcedmadn?ochnp
konkr®tn2m %l inkem na Kl evresitmil [|]oig i ztku®hvigl abkld e2tnddm .2
pSistowpdempadN LR. PS2sady jsou vigdponmaSargayg2dh
jeichk onkr @modd mi kal nhm Yletmwmhemou z8mhDs:

A vodoredukuj2c2/plastifikaln?

A silnn vodoredukuj2c2/superplastifikaln?

A stabilizal n?

A provzdugRovac?

A urychluj2c?2 tuhnut?2 a tvrdnut 2

A zpomaluj2c?2 tuhnut?

A tnNDsnz2c?2

A ostatn?2 (ibje&tggkdrorehibiocidn?, plynotvorr
Jak?
PS2sady jsou definovg&ny jako zcela i ndughavtaejr2i §l
se jako slogka betonu, kter&8 se pSidg§vg do bet

bNDhem m2JehBoh. d8vkovg&§n2 je vel mi vmalo& ne zo hoydb Wj, ¢
do2hm.% na cel kovou hmotchosmenst oyy@kpaojvioséc2 Cel ko
pS2yaglak nesm25mm%e[B0.Vimhdhap S2padech je pS2sada p
betonuivt ekut ® formhR. Pokud vgakmljbeijt numpbd dnitb?r2s npaS e
viavahu i voda pS2?2trofmi§empdptSdsadBdm2ho [Spul init
V situaci, kdy je pougita v2ceowewey médndall p$3 ¢ ®d ao,v Nj
vzg§jemnou koegxsit Dimehkctiervi ch pS2padech se totig rT
vzg8jemnhD negativnhD ovl i veRiccvedts. pSkedkalr atd T, t ® chy  p & d
pS2sady vvzySkj d@synergick®¥%| i nky
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Chemick® pS2sady v AAS

PSedt2m, nem§s| ebduudjoruc2xe h k ap pR2oslagdAB, j @i snkeuztboyvt Snn@y
nejd S2kvreStieei novat s dmoSt2isdp dpholjeedu al k a.MiDt k ® b g k tio wma
vz2tigona vRhRdom2, @ge mmpahtd? sleeblyg m®yk vy kel ®

alkalicky @mhatievipBaWkmBgnD definov§8ny sjyaskto® npeSczhs a d
na b8zi portlandlk®hextcle meink addy ce&kr®? aska mortanklé al k a

aktivg8tor, |i snad aktivovapiS2i h dpnriottookgSee nviyl ti vt 8a$h?
jako t@kew®N | zel i$recki ,orggeanckli clpSagpdoagdcanminc kT ¢
pro bRNgn®nzemewngry¥|l astnost.i alkal icBYT aébyls vovan

vdiosavadn2m v zkumKromptsholjieg tSepasSnpmbhi kovsn2 na
protichTdnTegdpivd sjl 2ad%k T¥%| i nky ckoojn kzie§inm@n gpoSP gsiatd2ym
rTznTch typT alkalicky h&ktivévoedmpeatopme@,er §&1 T hc
pougit® pS2sady nbkadli koavl i akfDoaoy: tj. typem hli
aktivovsgn (struska,é) popalle k] menakaodohric 2, pS2c
al kal i cakt®hw&toorwgaskavdadudi e | ednokHiaddnyddt gi nou
naprosto odlign® atkaVvVEnkypdksadovpo®uyjgidheri §l
linkeymstv®&mu na bg§zi port | apnrdasck®lz@mbdé emé mt u. viyasd
t Dchto odli gnost 2t,®onilcans® ni Ndapj it 1SEebka5®]. vNE§s|l eduj 2 c
kapitoly proto shrnuj 2 dosavadn2 poznatky vizkumu tTkaj?2
chemi ckT chAApSS2 sJasdouv di skutovs&§ny skupiny pS2sad,
vliastnost.i AAS a soulasnihD je popss8&8n i vilewT pS2s
spoj enpircondsBecht o netradiln2ch materi 8§l T.

Zpohledu vyugit?2 rTznTchAdSubhakhsem8cebebnpBhpad
souvial os8a,2nkktkelr ® bypumBlug2kht vi zkumech Segeny:

f VRDtgina pS2sad je navr §aakat epriiocdnemanpdlv ® - s p v
roztokuj e ni GWYRAS.NOGt er® pS2sady se tak ve vysoko/
rozkl 8§dnaajp$S2 kl ad reak|l n2m mechaanistmesnc 2al tkalk i s
pTvodn? Oddomicpy t T kaj 2c?2sislenDdliz8shao prost Sed:
chemickou strukturu p S2 shyd ynN| ybibdaducvnu di skunap@wiPdBt c?2
potenciu§jincanue vih o dmSaspgokug 2lti ni kol i

f Vcementovich syst®mech se vel mi |l asto vyug?2
rTznTuwhmT dehemi ckTch pS2sadsoblhagdostyi tjoennt vek
vizkumnTch prac? zablTv§ koMMSinac?2 jednotlivlc

T Pokud je pS2sadak ptS® dfovgm@A do z8§mhNDwpiS2AAIN m§
zapoltena do vodrethotvebgmu| idrmoibtSel ez?n § mo , ge i
zmNDna ve vodn2m souliniteld mTge viraznhD ov
z8mNDsi

f Syst®my TmMAS jfIpg§bezesporu d2ky rTznTm modgnl m
akti vgrnoemTk ompl exvipRjr@¥ ngat ersi 81 y par thl8&nds k ®|I
cementu. Sjednocen? a popi sz8Auliisnlkoustjiednnaot p o |
aktivpSedatavuj e do budoucnapodldm@eén2dTd eadgkln
mechani s muAASS2sad v
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310r ganipcSkk® ady

PDvod do probbygemamkkplovD aktivn2ch | 8tek

PovrchovhD aktivn? | 8t ky, zn § m®e nmeanktoo vd whf askytsatn@r
skupinu chemi gkTrokT mSasedhesahi gditel ObmcpBOugiet 2
l ze nazvat jako interakmeaazinf¥8zmSt saty aspdochka@al ijr
nebo pevikdpaling,8t kde dgefich 8rieritaci la adsorpci. Je t ak vgeobeci
zn 8§ mo, ypigklemiggovr chov Mi paSktaimawin 2 chnol ogi i sijsoi k&t ovl
provzdugRovagl?2aspdfsiekdsytgeScdtyy redukuj Pcd pmchobpehn?
mechanismu jejich p Tsoben? j e proto nezbytn® pSedstavi:t

Z&8kl adn2m znakem t Dacnftiof iplS®”2s acdh ajrea Kitesjiri asheosbtn® v d j§2s
(vDtginou dlouhT adkypF oVh?2pSSetpirdgle) \faenkokekul§

obsagena ve vodn®m prostSed?2, hydiizmatokomiakt | §s't

srozpougis¥dlian z8kl adhD povahy hydrofiln?2 hlavy
rozdDlit do n8sleduj2c?2ch skupin:

f aniontov®

T kationtov®

T amfotern?

1 neionogenn?

DTl egitITm parametrem, kterT url uj e charakter

hydr olfiidomfDi | n2 rovnovs8ha (HLB). Hodnota HLB <cha
i pofiln2z | 8sti mol ekuly surfaktantuy 2nahyjdejo® i VI

surfaktanty svel kou rozpustnost 2 ve vodDhD, thapipak® ngrzk
sl oul evrei nwodlD m8| oHodmreptuyst AH®B mo hou b1t pol 2t 8§
empirickiokjVvast®fi je VYakl ppemk ved peAdhpOVeayvd c
skupin v molekule, kde parametrkp Sedst aviupgas§l ndi hydobfi hh2skhupin:
mnogstvkaSKudps @l nous kopino puwdeDaviese [54].

n
HLB= (i, GN,) @)
k=0

Chovgn?2 povrchoviRDra@aknleh?2 phr ob886ell 2 ovicharhker od had
hydr of ol49]2 | 8st i

T dlouhT hydrofobn2 SethRzec
A sn2genstg rozpustm\olsg)errg&nh/orkldthougtDdlec
A tNDsnNj g2 uspoS8§d&n2 mol ekul na mezif 8§z
A vygg? npoegipitacs t | § soip@al nT m ngp63i pad Nv
iontovlich surfaktantT

f rozvhRtvenl SetNDzec a pS2tomnost nenasycenl ch
A vygg? rozpust nopsotr owred 5% e ddd orue § 5 n 2Im
Set Dmeeebd Set Nzcem obsahuj2c?2 nasycen®
A ni gg?2 t evnzd§e necnesd®nuug o v § n 2
T pS2tomnost aromaticchh jader
A vygg adsorpce f a
ol n 2

2 ur an
A Nj g2 uspoS§ §n

k t Uu na poz
mo |

it
ul na mezi

i vn
f §z

=
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311Pl asti fi&dgl n2 pS2s

Plastifikaln2 pS2sady | sbezespgudkl ynneg rdnT2l eld8 tt kdyj,g 2 kmt ecr
pS2samM$§imdg§vaj2 se do betonu pro zlepgen?2 jeho z|
mnogstv? z8§mNsov® vody. Takto | zeg dIld®F& h rbeutond
konkr ®t nhD pevnoStiganadroladhwvoszsg§mDsov® vody je d
EN934-2[50]a mbd2 ne @I 5n Sdelrsrnt2u  Redhaku besohuio 16 %.

Tyt sap$2 | ze poug2t i takovim zpTsobem, ¢ge kromD
vbet onu pSi pZaolo?¢ &®om2 vodn2ho s oul i a ipgvreostie , zpr
vporovntet?tonsem beXrp8®Nsddypory cementu je dal g2zm
hydratal n 2 h o Poevprilcah.ovlD aktivn2 | 8tky, kter® sniguj ?2

10 % oproti kontrol nz mu betonu sednesshagzhoaj 2zpr
super pl ast Noimak ENoM©34-2 [50] rovnlugkl §d§ p e tlakuo s t %
superplastifikogan®bp m@e idawu dhély d@o 15 % po 28 dnech
oproti kontr[®l.n2mu betonu

Na trhu se vyskytovalo v u p | y n deteEhczchnal n® mnogst v?2 plastifika
vRDt ginN pS2padT jsou pSirprzaweny V epoddlgND husd i g
rozmez?2? 1,ddn*a gkancléntrace Y% i nmdBDhes| ogedNBG] an
plastifikaln?2 pS$ru&kdwrpohlae@hprajBBdmdn2z typy

 sulfonovan ® s ol i polykondenz8tT, nabhbvtvwkle@muoandloomal
sul fon8ty polynaftalhén | emoeb® seproplagest i fi k:
T sul fonovan® sol.i pol ykondenz8tkT emeolzanmil now aan & g
sulfon8ty polymelaminu, tedy melaminov® super
f lignosulveh&tynsdzkIim obsahem sacharid]T a povr

T polyakryl 8ty (polykarboxyl 8ty)

A B . R

R
CHz —
CH:0H @ @ H
|
H o@ CH—CH OH
|
SO3Na
o
|
CHs3

n SO:M SOsM &
R =H, CHs, C2Hs
M=Na
C D
H H
HO— CH —N N N— CH:0+H
\[/ \‘( CHa —(|:H CH:—CH—
|
| N = =
N Y 1 C|: (o] (|:_ (0]
OCH;3 OCH2CH2(EO)12CH2CH,OH
HNCH20S030M -
M=Na

Obr.5:Chemi ck® struktury gd amsa ibf§ziallnizgerho spuSl2fson§tu ( A) ;
pol ymelaminu (C) a polykarboxyl 8tu (D)
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Mechanismusp Tsoben2? plpStsadkal n2ch

BNDhem hydratace cementu dochgz?2 d2 ky pS2tomnos
povrchovich n8boj T njgichlflddaciiVa 2adkio vede vha m&ws kr ukt uSe
zachycuje url|lit® mnogstv2dvedpzi kit en8 mrFekadaeh?
dosagen? pogadovan® zpracovatelnost.i j Bplnnu& n®
hydrataci vgech cleemetnd o wladtbytzekn. vody, kter§

scementem, pSi spdv®zircesntent ov® pasty a zpTsobuje zho
vliastnost2 a t®BVamlekvpdtaistbéti &ml n2 c hdisgegévatad t kv
| §stice cementu edpkgh npaovrahorvhch p8§hmeZuj 3 2 mg
pSirozenflokumdiTitano kzpTsobem | ze docnnloigts tzvrea |zn§®mos os
vody [56.Vmi nul Tecth Ilbgtl di seolerg@il 1dzeN 8§m polumer w@ho §S
el ektrostatick®ho n8boj Ma naont8stpcPuobi pcuemepoue
plastifik8tory disponuj2c2 z8pornhD nabitTl mi s ku
SetNzci (GudgdVEhiygmpi ck®Sed2sdbcd8a?anmich plasti
pS2sad obd38®uskdpio®? lc he flisociaci. PSitagliv® s2ly mezi |
neutralizov8§ny d2ky adsonpciceampnboprévfrmmoapol ym
zm2nNid@hskupin. N&odciuh@ml ymer n2whypt voeSehzyc ez § psoor
nabit® skuplihmg Sdolcehk§tzr2coskbdpuezhk @Bn2 | §Bbt.6)c ce men

Naftalenovy superplastifikator
Bocni sulfonové skupiny (zapomeé nabité)

Hlavni polymerni fetézec v?‘

Sulfonové skupiny
zodpovedné za adsorpci

£ <

Zrno cementu
Sulfonové skupiny vyvolavajici
elektrostatické odpuzovani

Obr.6:Zn8zornhNn2 superplastifik8toruehaktBast aaifd¢la®lrn
odpuz ov &re2ment ovi cp Sk § g #56jo, z

Naproti t o mu YVal 1 nek superplastifik8thirsf[pemand 8§z
mechani smus tRchto supegpl aptigfei ksStteorriTc kj®enu p Hidmi
p D2Mn o st i nebt r§¢mMN dhnauhT ch boilm8xcthomB@sORETHh n

aniontovlich' skkutpeirn® @O sobuj2 adsorpci polymeru
(Obr. 7). T et NDzce naroubovan® na kmel &k ujle§ ammwpozl §ynme r u
cementovl ch |ng8s ts cch otpyntocst] §stice od sebe odtlalovat
do vel kTch a nepra¥sldel nTch aglomer §tT
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Bocm karboxvlova skupiny (zaporné nabxta)

Hlavm polvmerm
retezec

.
Naroubovany fetézec mo cementu

1\aroubo& any dlouhy bocni fetézec Efekt sterického odpuzovani

Obr.7:Zn8&8zornhNn2 superplastifik8toru na b8§zio polykarhb
odpuzovgn2 cemenpSeVzfblds&astic,

Plastifikaln2 pS2sady v AAS

Prvn2 pokusy zakomponovg&n2 plastifikaln2ch pS2s
datuj®®smbdes8§tT ch | et , kdyive GFihs®haoNorskt by ey 2 poprv® pou
pS2smayb§zi | i gepdaumf ®d@Btt V[2 v@®y{IH.vIiRo st udi e vgal
nevedly k objasniDn? chovgn? zm2nNDnich pS2sad
Dougl as a [B9\wadnedvgatdeetsr§t T ch peu@iclhi rpivafgi fi kal n?
ligno- anaftalensul f on8tu v al kalicky aktRS®2cwany®glyyl syok o
shl ed§&nye%lakhenl®mi podobmni®c lttracvh®oowt) a k t popsalktve h | 8§t e
s v ® sitWiadg aikol. [15], kteS? testownal iblSgdganesubd@Big§ohky
z8§vDru, ¢ge pSi pougit?2 tNRchto pS2sad doch§z2 K
zpracovatelnosti. Bakharev a kol. [60] naopak dosp Rdépal n®mu z8vDru neg
pSedchTdciy.stdemtj didpdan b§zi vysokopech?2restzitNaGHey akt i
avodn?2m vsykklaezno v al pSi pS2davku | ijakoopsjivdnfao nb§8tzui p o
portlandsk®hdBylce mepmtzo.t pn8d8mo® vzIepgen? Zpracov
soul ases®igen? .smPidavek p S2zpomdoval tmhnctn?®vnify o j

me ¢ h a n i pewdstd h

Obdobn® v st es &ygievebsputiiyKaliny a kol. [61]. Mal ty pSipraven® s
vysokopecn? struskyermizt mbé themmWe®©M ki gnosul fon§gt
viraznl n8r Tst (@bpr8A)chevcahtaeninoks® i vl astnosti byly

pol §teln2ch st§di?2ch hy dosahovalxved e clhizodgy poS 2sdeadvnkie nmd n e
|l i gnosuloflidoBm.% gSepol tmmogs¥RBP obdobn® pevnost.

referenl n2 s mDs. StejnhD tak tonwt @tyol ostiudpd 28 | d meacvh
mechani smus pTsoben? pS2sadASnPombb&2i mleit @y g s ux PfSo
prok&8z8&n silnl vl i v a@Hekiekoui stukt@rih mo Ipe lowslt SEdgnaaul f
(Obr. 9). D2 ky alkalick® hydkbhime pdbyg méen?2 ckh SetDh
fragmenty, cog bylo potvrzenohvazkbmaenil mulibyyk &m m:
kysl 2(ikCé@i) a z8roveR detekc? novh vytvaSeodch hy
nabit§ sulfon8daokwsS§vekapri ohkzusSte§ vio | regkauphdn jBn a

el ektr o%ltianted ke kpitS&Isa thp v § n .
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164

154 =— REF
_ 0.2%

14 ) 4 0.4%

spread (cm)
spread (cm)

T 10

0 3|0 GIO 9IO 150 1;0 11'30 2;0 24'0 2;0 Jtl)O 35;0 360 390 420 o0 20 40 60 SIO 160 150
time (min) time (min)
Obr. 8: Zpracovatelnostr o0z i t 2 m na s tAASs ak2m votvalnkku r ozt okem N

spoudgit2m pS2davku plastiohiSk&t ¢A): n@ob § K iprSeivoznadt $u luf
z Kalina a kol. [61]

Potvritegakz e mezi | §sticemSi nielsS lyee dk$2 stedByen?2 zet a
suspenze | 8stalkabtck®mky r ovptrofkoudhNa@H .kal i ck® akt
doch§zz2ysod®hldnotpH kr ozpu §€Bstcusky za soul a$§n®ho u
iont T ztakeae D¥ by tomu bpovmBlha v Bd tivrrusstkvya t voSen§ sil

skupinami depr ot oni zovg8na, t B2.yVzhiedemp krprSI3 t o b b 6 & | kat |
al kal i ckIpolt h B ahejréztoku dydroxidu, v g ak r oz puigotnny® iMt er ag
spovrchem struskye,hocokg ade®enu knabit 2, kt@dar ® | e

pougit®ho aktiANHldmek( Odrgnos0l fon8§tov®ho plasti
patr oOfr. 168, kdyj eho pS2davek zpTsobuje virazn® snz2{
I nterakce mezi kladnhD nap$2d aibosbaBaf?cemiz§pbroll
sulfon8tov® skupiny ,jesttajknhetzplocihybach eV 82 el €
pS2sady.

C1s —c-C;C-H

co C1s —C-C;C-H
e C-OH
— C—S: S
— 0-C=0 ——CuS

— satellite — 0-C=0

—— satellite

intensity (a.u.)
tensity (a.u.)

=)

alkalicka aktivace

in

T T T T T T 1 T T T T T T T T T T T T T 1
294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
binding energy (eV) binding energy (eV)

Obr.9"Mechani smus rozkladu molsiklun®p alikgabisuk®mngt astvSed
na z8kl adn YRS | ek Tl m$ e Kalinatakol.£61]
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Vposledn2 dobnD se vduwkarmplzaasmSiilk §it omg Tao b§zi
novg generace pS2sad dosahsyst@®méocmh dabb8zh pbdsi
cement u, ni cm®nNaljkeajliicchk yp oak¢tiitv2ovanl ch pojivech
nezn§8rRoedas akol. [63]st udoval.i efekt polykarboxyl 8t ov®h
syst®mech alkalicky aktivovSZnd@& vekr rvygssksmsiymés |i
kT gen® zlepgen2 anpr anexihatnd lcrkd <thi v ast Koemi 2 t e st
podobnTm z8vNDr Tm dda#eRuertas aPalaciasd6d] sen &soll ezcarbd v al vy
chemickou stabilitou pol ykar bvoex yv s §aedi z@m puiossiteSdekdy? . vT z k un
naznal pjS2,sadley pma yhk & zTibyyxwy laSltkal i ck®m pr osntefed?2 p ¢
13 chemicky nestabilnz.

A B admixture content (wt. %)
00 01 02 03 04 05 06 07 08 09 10

Na,O/BFS (wt.%)

0 T T T + T T -104
0 2 6 8 10

-15 4 :
—=— lignosulfonate

—=— polycarboxylate
-20 -

zeta potential (mV)
[4,]
1

zeta potential (mV)

25
T
-30 4

NagO/BFS =4 wt. %
-20 4

-35 4

Obr.10: MNSemat azpotenci §l u suspenzer Vysokolheranéntsntaazs ke
aktivs8taormo (PAS2davku pl ast)if iplSae|Kabagkslzdelpdy ( B)

Studie Kaliny a kol. [61] potvrzue v sl edky tohatpSivi g§&kdMuadn®n?
velmi n2zk® efektivity tRchto pS2sad. PS2davek
Zpracovatelnost z8mBhDsi , ale nav2c yVyejvMmugdmkpss
(Obr.8B). Naprosto ¢g8dn® zlepjgepht zppalloamlatekmwshydr o
polymern2ho SBODouédl (Obil n2 1bSetmalRck iy &it @ piditc h
funkci st e rmeczki® jzeSdbnroatnlyistwubkgppjevdl st edkemi hydrol T zy
skupiny odgthDpennNDode.,hllazm§ hoelS®8 mol ekul a kompl e
Mol ekuly polykarbo»sklupsieNaeaduky €680zrn®), strusk
nicm®nN k siln®mu ovl i v ptBre2p ad§ o jpel nli § oot ifcu,n kicti e re
odpuzovsg8§nz2z2 nedochs?§
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C1s —C-C;C-H

) C1s —c-c;Cc-H
C-OH
c=0 =
——0=C-ONa e
—Ee0 ——0-C=ONa

——0-C=0

intensity (a.u.)
intensity (a.u.)

-

alkalicka aktivace

T T T T T T 1
204 202 200 288 286 284 282 280 204 202 290 288 286 284 282 280
binding energy (eV) binding energy (eV)

CHZ—CHil—ECHZ—CH } [VHZ—C 1
| - | b |
+ NaOH — — =0
e y—cH - —cr ,—cn —H—ch, —cr- 0= =9 HE
| 1L | 1L | ] |
e g ¢ O Na 0 Na
0=C Cc=0 HC=O0

n
<:;H 5 CH Q—CHZ—OE|—<:H3
d

Obr.11:Mechani smus rozkl adu mol eskiull y pall kyaklair coko®&ny | p8rt aus t
vytvoSen® na z§kXRS Dand]sllpesdekKalinatadkol.$61]

Det ail n2 studumpenr p/klaisntniofsitki8t ® r T n aAASbagkztii vporlaynk®a r

kSemi|litanepmbBinedsd | Kashanilkawkah [66] D2 ky ni §gp omuo WpwrHS n\2

spSedchoz?2 mi syst®my aktivovanTl mi r chzytdokod nh z Na C
esterov® skupiny, aviprvtdo®ll ke bitadodyah 4 alkol n2ch
mol ekuly, stejnhD tak i rk§lkkeoheech@hl &kl aldNz dpooui)

k onk cheft nr? kcH skdpin nabo| pdl ymern2 Bylea DzegcgeNmol ekul y
dl ouhTm hlavn?msar ahedtd kgpchis dDuat el n® zvingzen2 nap

toku, cvedg k poklesuz pracovatel nost.i v porovn8n?2 s al kal
struskou bez Vdyjeen ® ep S2aspaSkyl .i n N nvoy sto?kn® mug es tduopcnhi § zmT <
vazby, jelikog natsiotul] a®ehdiddzkeocv T geabVice | §sticH
strusky. V soul adu S t2mto mechani smem | e vV e
mezi|l §sticovlich sil, kter® zvydujz2vIi § e sokuu pneenzze |
Zm2nNDn®ho efektu | ze zamezit zaveden2mnistcericko¢
SetNzcT a zkr §cen?2.mM2h Ipddvzni2thiovnSboNzecfeekt u pol yk
superplastifik8toru | ze rovnhRDgnkdbo2thtshpGSptomnas

SetNaddgivodu vygg?2 adsorpce pS2sadproat Sedchza askitriu
kSemi | iatl kmé nc ksBth2og ek ozv@upor ni n§boj

Ostatn?2 druhy plastifikaln2ch pr$0?zssagdh ®ymluy mws t u d
Palacios a kol. [65,67-69], ktzg $2st i | i napS2klad vel mi dobr
plastifik§totymafialenuasibl§rD @ kal i. Nk ®kn§ pd DPESS eschzd y

(cca0lhm % vedla k % inn®mu snippSndraaphB®siz8& ad mie :
byla studovs8na i povrchovs8 aktivita plastifik§8to
Vt ®tonvislestiby | o zj i gt Dnov 1 gjee jandesngoSpasnelvdASj3ea g 101

nNi gporwvwns§yn?t ®mu na.Je§zdic hOPGri mntosgd vk E mi hodnot s
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pH znal nBDkles @&kde roztoky vodnZeklBvake m®nideal kz
prost feddv nhgdiokidy,sbylzaznameng§n popzS92tsiavdngmyedlektzv ge
tekutosti pSipravenTch z@&smlosehgp rna dolm@ndgle ns2o ull aassun Mp
a konce tuhnut?2 ag o nhRkolik hodin.

Vzhledem k visledkTmeuvieedemd dny vSPep twdinvbotjjiéSno v ®
generace plastijpgok@iltngldl piSRalaidc ky akt imusv¥anb@ tm
zej m®na zamhNSechemck® zslteappbgedn2ty polymern2ch strukt
prostB8id?2 vilevojpiut M@d orcoylmittl al en2 ret amdalmr2ThioDhvl
hydratace,c 0 § § ®u |lvacsmb@) p Si pougi t 2k dmarn|Nn 2dcohs t pulpand tcihf |
pS2ebdy kdvdmm

312PS2sady redukuj2c?2 smrgthRDn?2
Pvod do problematiky smrgthRn2 cementovlich syst®n

Smrgtitn2def i nov8§no jako snigovs8§n2 objemu materi §
zat Dgovgn2. Je to vel mi dTl egit8 materi 8l ovsg v
materi 8lu z dl ouff@®.dodi®hiok htl ewWd® sikat eri 81y mohou
typTm smrgtnDn?2:

A plastick® smrgthnn?

A autogenn2 smrgtnn?

A smrgthDn®&néysych

A dekalcifikaln2 smrgthn?

Vgechny zm2nDn® typy smrgthDn2 mohodoev®®dikidag ke
naphR@fuly vyvolan® smrgthRn2m zpTsobWUj dw2s §herfeo vmad
hodnoty, neg¢gtaghu pkeavm®hsddewzaahe(8) 81 u

0 =EU>f (3)
Tvorba trhlin samozSejmhD negativmAatevikijeMuj e | alk
trvanlivost. Nejvygg?2 ¢givostnost.i betonovlich kot
Dle Wittmanna a kol. [71] j e obecnPD smrgtnNn2 visledkem nhRkoli
j sou zmbDny vV e vli hkosti materi 81l u, chemi ck® r

hydratal n2ch produkt T 3 SPpadly ®RAAS r gzet ols mr gt\dn
nNkoli kang§8sobnh vyzajl2o gneend cth syas thEBnzTi portl andskdG@
vDt ginou pSipisuje vypFH.2 muo od2slarh@-Hmogweabzpe r i § g2 1
mnogstv2 vytvoSenTch kryst dBliavpbtpatipdakt ataeeh\

skl em i vzni ku kSemi|lit®ho gel 42374kt eNeln2m& i wwgg:
sn2gen2 smrgthRn2 AAS je jedn2zm z hlavn2zch c¢c2IT
mechani smu smrgtBDn2 | e jteahko b¥lzipnonc® yrbeyd zkkl &lil ne®n AA ¢
podobnosti mi krostruktury bBDgn®ho hydratovan®ho

charakterizovatd | e obecnhD zn&§mliphoteemedAtplV@taysh®my.

V tSic§t Banpham @5 el i koval prvn2 prTkopnick® stu
me z i vysych8n2m a smrgthRDn2m por ®zn?2 hmoty a bhDhe
rTzn® pS2stupy popisuj?2c? smr gt NDn? vysych8n2m
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kapil 8rn2 hoc2aharkatzlpjog @mw a z n 8§ my a khoyyndv NpdwE?2v §my
smrgtnNn?2. Pr vima2 pjSee dzpaolkd ¢gpedrua vzni ku meni skT, jeg

cementov® matrice jako dTsRedek|l smézipovirakem®hol
ma v plsypf® fnazlTvsgn tzv. Reagede§avmice M) t | Bkems§ mse
nazlvs L a pYloaucnegoovwwoouu |, roven soul inu Pk Siav e n 2 r

povrchov®lmo ZHakBiteen? me z i &18zzeo va®har arkotzehrritean®v a t p
pol omhwsi Re68§sl ednhD zjednodugdgit r ov.Pokadichcéme) na v
vyj §dSit k azp8ivli8srine?s ttil anka vpol g mljreu nvoedlni® omdli o npldrr
vypol 2tat dl e d&@m8lR)ec2 ho ¥Yhl u

P =P T py =8 ¢ (4)
o, = ZF:;:T 2r0cosd 5)

Obr.12: Z8vi sl ost pol omBRru kSRa opaliomErzeopmSReghvor §70hoz hzr a n 2

Vzhledemkj i st Tm pochybnostem o pougitelnost:i t ®t o
jemnT mi p-ry (nhRDkopodmhrmaalo mbijokDddndater assn2 v I hkost
50%, bylavr oce 2006 pSedstavena teorie, zalogen8§ na
nN2¢g jsou disjunkln2 s2]ly hlavn2m meohpaoijtlakma m2 s mr
papSedstavuje komplexn?2 i ntpervankicnd meozvir cvhoyd o Lk tae rd®
ve zjednodugen® ver zi psan® jako superpozice pS§S

(pSev&§gnhN van dep, oWapauldsisvviicche| ski1 ) ipp&k ®sdvok vusn g
s | o @sallk rovnice (3).

Pg =Pm *Pe *Ps (6)

Pokud jsou dva pevn® povrchy ve vakuu nebo suc
pSitagliv® s2ly a pevn® povrchy jsou v tRsn®m ko
adsorbovan8 a kapil 8rn2 vodda7FEilm zpTsobuj2c2z je

PS2sady redukejemenht ® wmtl @théah sv
S ohledem na kampipls@amnd2 vmopd®ddc hoz?2 nkoagmiotsalze | ajke

“%linnhN snigovat smrgtNchs mpagu Pint2 nmSbEad e dukijc?
aktivn2ch | 8t ek, kter® sniguj?[f7]povrchov®ho napht
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PS2sady redukuj2c2 smrgthn2 (SRA) byly poudgity

pSed weg8iceti |lety. ObecnhD patS2 dazbkaplaoh
povrchovhD aktivn? | 8t ky, kter® jsou chemickT mi
slogeny z hydrofiln2 hlawhoaohydvofdabrszehmo$etulac
rozhran2 a mDnit jejich vlIiasapabthy depBclh pdsat
sn2gen2 smrgthn?2 ,pon®znprSeod erygetm®niw® ky sni gov§gn?2
kapaliny mpSztemn® ki er ® vgak mTm2sibtliedpnarmevZ@&m o |
roztoku nebo jejich internak.c?2ObsecjnidnTintie sd2ocik amj
naphRt? postupslDoutzrs@&8ekou SRA, avgak za urlitTi
koncentrace micel (CMC) , s e sjneijg{0OgrhaObr.l18)v. nDa2 kpyo v r
wtvoSenh&§mi endehdbch§z2 k jejich adsorpci na rozhr

f 8f78. SRA mol ekuly mohou tak® adsor-bapalki ma, roaeh
cementovich syst®mech obvykle znamen§ fyzickou
povrch | 8stice.rolvam®dy §dastnhospr gteoge sni guj e Yl i

molekuly jig nejsou schopn® se pop?tev®mm rsm2tgoek
Rovnid@gch8zhegatkvn2mu ovlivnDn? hydr atpaS2mt@c h p
souvislosti sk one | nT mi vliastnost mi malty nebo betonu.

cement ovich syst®mech poug2vaj[89.pSev8§gnhD neionogel

T2

3 . CMC

E \

B plateau above critical

> \ micellation concentration

5 \\

. I%%

N micellation
.

concentration Cggy [Mol/l]

Obr.13: Z&vislost povrchov®ho naplbte?v[78da ok @ncentrac

Dl e molekulov® struktury | ze neionogenn2 SRA roz
A monoal kolohy (line8&8rn2z, rozvDtven®, cykI i
A glykoly (alkandioly nebo oxyalkylenglykoly)
A alkylether polyoxyalkylenglykoly
A polymern2 surfaktanty
A jin® SRA (aminow)koholy, amidy a

PS2sady reduk®pA2c2 smrgthn2 v

Dosud bylo publikov8no pouze nBRDkolik studi?, k 1
redukuj2c2 smrgthn2 v AAS. Jak ug bTvg ¢geleznlm
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materi 8l T, pS2sady, | *kbtfegrn& cshp ocleenmelnitvoly Tfcthn gsuy st ® m
sel hg§p®pPpadnN AAS. Uks&zalo se, ¢ge W innost komer

smrgtnNn2 AAS je nedostaluj2c?2 a sp2ge funguje p
Zt ohoto dTvodu byimzamD ®esw Dh @ v §t wdizkno rrgTaznni Tecckhl cshk
| 8t ek, kter® by % innhD redukovaly smrgthDn? a
al kalicky aktivovan®ho materi 8§l u. N8§s | etdRutjo? c 2 I

obl asti a pSing@nzt ok oma &Mjait i kg c 5o alt M 2v PAABN &tec
druhu a d8vkov§8§n2 SRA.

fada komer|l n2ch SRA navbrigenniTnt hp oprrtol asnydsstk® mmy cse me n
b8zi neionogenn2ch povrchovlD akti vn®aldtioslag8t ek,

Puertas [80] studovaly vl i v. SRA na b8zi polypropylenglykolu
AAS aktivovan® pomoc?2 vodn2 how sskel aBmtRySma | rte/l aAA S
sn2gil o p&3spol plmw,N roesipektive 2% d§vky SRA. Napro
pPSi 99% relativn?2 vlihkosti byl% p®idszadmdv &Mz g$t
dg8vek SRBchtZzo visledkT | ze St2rc§cejGe sSRApPppPOSt U

smrgtnNn2 pSi ni gg2ch hodnot&8ch relativn2 vlhko
vodn2ho soulinitele na rozsah smrgtBbDn2 AAS. Byl
vody pro stejnou konzi ®theoncnia,pljtdkw®in troztolpwovr Z
doch8Zelod!l i gn® distribuci vel i kosti p-rT smDr

sreferenln2m vzor kem,gky@migl Sranp?S2hamDi ©2.[81,82h k® Bi |
poug?2SwaAl ina b8zi polypropylenglykolu pro zm2rn0Bn
vysok® hodnoty relativn2 vihkosti gseboop®Bpo smagtr
180 dnech) a to jak pé&isockniimact akneit akSembkemar
Vizkum potvrdil, ge bhDhem prvn2zch dnT vysychg§8n?
napS. po 3 %Wnech asi 80

Studie B2 | ka a [8k&b]poturgily ag 70% snz2gewnys yscnrggnerng ?t 2 m
2hm.% komer| n2 pS2sady na b§zi hexyjistbosegv gyakkoJeas opr
k ome rp|S3sab @ c mykazuz nal nT reltiamela| md@ ®Bydrataln2?2 pro
itvorbupoj i vo(Ghr. 4R ®&iest ovanl ch komerAlAs2 ghe p $2ks avd s |
mat erkitglr,I se jen velmile m8iToesimr@®&@ Swi aSttalorsz i a j
dlouhodob® pevnosti j sou si | nDToptoot | Aajl ieqtyN n 2 vedl o ke zkou
povrchovDnD aktliewnmpZanhe nlcd r8a kewBAB.t 2
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Obr.14:Bl inek rTznTch alkohol T a; glykol T na hydi
pSevz®Brdek, Kal[8lna a kol

Polyoxyal kyl en gl ykemisli bsne§ uwkk8&zalnya joakgoanv ckT ch |
podrobena dal gKmlbi rnvd z la[8hB?rioekk§ z adhiar ake er al kal i
prost Sed?2 viznamnn polybxyalkyifen jgd y sehopholst pS2sad r
smr gt BAS2(Obv. 15) . Ve strulnosti l ze shrnout, ge s
oxidu kSemilik®@ho clkh®Wa DHIGO)wEpP § Ngi t ®m aktival n2m
dochgz? k e zvygovs8n? Y%l i nnopbu (popprapylen sglykolg So v a c 2
M,=425). Z8§roveR byl a pozor om38sit eilankpteifviaclha 2 me prgo?zt o

M2 sitel nosatktpi%dasland e s® . p-rovim roztokem se zvyg
AAS, neboS mrejm!®@nha htvodi n§ch hiyyochlt@me spcthSeBov

kSemilitanovlich iontT, kter® maj2 na m2sitelnost
& time (days)
0 4 8 12 16 20 24 28
85 L [ | L 1 VIR | L
! ——M,=1.92 —a—M =192 —e—M =129
o~ 80 ——M =129 el = g ]
|3 3 y -0.14 M, =0.97 M, =0.78
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€ 70 L 024 - M, =192 + PPG 425
S 651 e e M_=1.29 + PPG 425
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o § \ "W
g % '8 041 A Eaaae 0 Tvnen
£ 504 5 7"\‘\7\'\—1_,‘:\':
= \ “
& 4l 2 054 ki =
2 RO, O e e RS, I SR &
401 : : r T T S = = s B e
0 0.5 1.0 15 2.0 -064 N == il i %
PPG 425 concentration (wt. %) 07

Obr.15: Z8vi sl ost povr chowv &hno gntdnFt 2v y(swlcep@8n)zgmt Gvmpr av o
PPG425vAAS aktivovan® rozt orkeam lvio dsii2 lhiok &tkp vap Blempdubem
zKalina a kol8] (PS21l oha V)
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Kalina, B2 | &klol.[87]r ovnNg zkoumaltinzwxlei wyd®laky cgl ypkoo lyTo x y
na schopnost Yl i n n D Jakoestlbmdu cskupirtou ssemr gl Ko A D uk8§zaly
polypropyleng | y kol y s e slpetkjuel owyodug 2h nmooti hGa )2, (lktcear & 0T r

neovl i vRugl2n2hymmracesy AAS a z8roveR jsou efekti
naphit 2 p-rov@hd6) r o Stvokiu r1 i hdiajrd buak® vemDkyp swi
cel kpwvBozitDh. U nhRDkterTch nigg2ch polyalkylengl
viragn®jen2 smrgthn2, nicm®nN hlavn2 pS2]linou b
vel mi nepS2znivhD projevilo na zvligen? porozity
znamenal o zhor gen?: mechanicklTch a dalg@2cnmral as
zpomalydratgce AASvp S2t omnosti pS2dfdkéacel kauvck®hes a
kdy |l ze jej2m navi@gem2ml iSwaHunaeggBdivah ek it pws |
hmotnost pol yoxngalvkyilverglnyakomol[gn® vyl uhovg§n2 pS2
pou(Vestdi B2 | Kainy akol.[89)byl o posouzeno, do jak® m2r .y
organick® pS2sady v AAS v Aaktivn2a formh, ted:
rozhran2-pkgpahbhi ham sni govat povrchov® naphRt2 roz
i mobilizaci ,chn azpak?okmpandh o v @joilst upnhD se vyv2jej2c?
produkpdPp$S. . kamslor®tctN byly studov&ny polyethlye
hmotnosti 35000 a byl o zjigtBhDno, ge mnogstv2 vyluhova

kl essr®osst oukdl meba hmotnost 2.

80 J4.5x10* —  REF.
7 A [ o R
- L PG

70+ 14.0x10 5 sassa PPG 200
£ oo sl — PRO4Z;
£ . £ -

] 135x10* & 3

E 60 S 2 -~ PPG 1000
& 554 PPG 200 s =
Q R, ©
7 {3.0x10* 2§
& 50 PPG 425 8 £
Q d - o O
g 4 PPG 725 125x10° § >
S 40 s 5 B
7] n <

35+ PPG 1000 woipiie® &

30+— . : . . : -

0 02 04 06 08 10 S
SRA concentration (wt. %) S Bl

0 10 20 30 40 50 60 70 80 90 100
time (hrs.)
Obr.16: zZ8vi sl ost povrchov®ho naphRDt2 (vliepouwghathmdPBGal
0 rTzn® mol ekul oAABS hankottinvoosvtain & r ozt okem; sp&e@hat vodn
zKalina a kol [87](PS2loha VII)

Dal g2 sl i bnou psdktuepn cnio8ul eSR APAS® jpsoawuwjidrgani ck® sl o

bgzi ami noTayltkbcohpbTrchovhD aktivn? | St kyoyvam® guj 2
polyoxyal kyl engl ykol vy, povrchov® napBhBDt2 p-rov®hc
viznamn® pozitivn? viastnosti. ObecnhN 1 ze S$S2ci

polyoxyal kylenglykol T sice kIl es§& powreckhoiv®k Ineaspd)
m2sitelnost t Dcht o ap&laymekm®mc hr olz§tokki, v cog ne

rovnomDrnou distribuci povrchovhD aktivn2z | 8t ky.
m2sitelnost ve vodn®m prost Beth? , kygpm@®uhodhkyuah
tedy i hydrofiln2 charakter pS2sady. Dostatel ns§
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podstatn® zvigen2 jejich % innosti. Vizkum pr
alkylovich ahkuehnnaaadid uskupihunP rcg Kaliny a kol. [90,91]

potvrdila, ge v2ce rozvRtvenl alkylovl SetD#okwci sni gu
smrgtnNn2 vysych8n2m AAS. Plinnl pS2davek aminoal
negativnhD ovlIivRuj e hydrddotpaal dn 2i pnrao cneescyh, a nciocgk @nsv |

VnhNkoli ka ytzkoiuggem%ubyhky rTznlch dreganincekp acthS2p &
skupinynei onogpamechoviD aktivn2ch [608ntaepkS?2 kB aakdh adrcesvp I

z8vDru, ge smis AAS, po p Si d §kombinag rsbv 2djieg Ro v
nespecifikovanou SRA, vykazoval a viraznnD |l epg?
smrgthNn2. Tyto dvh pS2sady sn%gi By2 gétoRmB® ohod|®k clir
podstatnhD nigg2, bylo dosageno i u plastifikaln
zm2nit, gepljaisn T fnitky§tbh & 1z i modi fi kovanTch naftal
polymerech zvigil smrgtnD®RR Ztvoyhsoytcoh§ elzanpoterdit t ® mN S
obecnhD pS2znivli efekt plastifikaln2ch pS2sad na
Cesta k%] i nn® redukci smr gt nNn? AAS p omoc?2 organi

kompli kovang, neg se na mpmoméd pPHzhd edle cnfi] gjee zAdrB% §
doslova vykoupeno viraznim zpomalen2m ppodesat h@dr
zhorgen?2 mechanicklch vlastnost 2. PSesto vgak
povrchovhlD aktivn2chflekttekw ng ermr ptABRAEBL i B&mpkny | §t e
b 8izpolyoxyalkylengl ykol T a aminoal kohol Tusé¢éi z@ajkdDnbdént
sni g2 m nvelgiavchiwen?ice Jag FTn k Ni cm®nND rozs8hl ® smrgtNDn:
pakvpS2padhD aktivace roztokem vodnp2ohuodistiRlidm jzantel z e
pS2sNead.z8kl adhD teorie kapi® §Se@em? traatduzl?cds \jtrathDE
SRA, kter® budou m2t vygg?2 potenci §lI ke snigovs

Fegenl pGrAd.jRe kG-B3B70S AVT v o j pS2sad r eduykewnji2cchz psrmr ¢
alkalicky aktigodpo®Ndyikalin®dag P2]enN| ambimoe nha

posunvt ®t o obl ast i .poD®skayn Tntohd i pfS2ksaacdi pomoc?2 vybrani
l ze doc2l it virazn®ho sn2den? povrchov®ho napht

Y%l i nnNj g2 hro?2 dpsS2kboakdBye.o f i | ma2mi mc g | legetyok §r boxy |l ov ®
kyseliny byly sy nt etyi moww$pHyn SRA po moc ? narropboivEm2 hydr of ob
SetNzcT na aminovoWp rfSkaiikylakal. [98]bypianuzkoum&na zej |
syntetizovang pS2sada na bgzi di1éd lewdn & §uhn 2oelg T 1 uc
efektivnhD snigovat | akmraqttidmg?e nnyp & dMmaEyt dgekn n
smr gth9gno proke€kzgéhedn ® evgkazujgd Mdhédbnl vIivoj jako u
pS2sadySestoge povrchov® napht 2 p-rov®ho rozt okl
dnech od pol 8t ku (Cot.Kp!l i ck® aktivace
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[C1PS without admixture | — _REF
g A in pore solution (PS) ] Ps + EAE 0 L — =7
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Obr.17:VI i v pS2sad na b8§zi aminoal kohol T na povrchov®
autogennzho smr,gtplbnetvk@B))on&ZA A ko|[93] (PS21l oha 1)
Roz dmd zi testovamiymi pozorlwy Hm Tipibhod €t evlsn Badh 2

hydratace, kdy u AAS z § mNsPS2 s abdyolua o dtdogbh dh @ v n 2 hydratal n2
C-A-S-Hgeluo nNhNkol.Rlovmddji Myl o zjigthNno, ¢ge pS2davek
ovlivRuje cel ko@muVt @boo zsiotuwi syestizcredlaz er ozpd®men
chovg&n2OBRAmateri 8§l ech, kdjejichtpylzijtdsmB puldknEks§mSi
smrgtBotogepodmhn[RBIBIAMNoh® stujfieednoapatmbDzuj 2, g
pS2dasvuerkf akm8@ nezd n8§sledek wudr gen? vikkps §g9R,®]). vni t Sn
Ztohoto dTvodu by mnDlI bTt hl avn?2 mechani smus, k
kapil §rn2nmma trl cazkdlenk p @jdov a p2Thsom becd ku zeij gnPhav piBkos
syst ®iucm®n R odT sl edkT vizkunduw DI T eyl daeekds k
povrchov®ho naphDt? nemus2 v®st oriukaf@i Ik8r n2rmh2g etnl:
VAAS nelze vgdy svtirzinkatnmM aopllii kyonv@a Ec2 hdoav88ih Bylo AAS s
pozorovs&no pSi testov§&n? Vedkysg $? ssawayg Diny podyicdt
ni gg2ho visledp®hov srgenfetrfftccveR vgak byla namnRS$
ztr8ta hmpaotThdhtui pwvn2ch dn2 hydnagatevn¥medsespad
SRA na prTbNRh hydrataln2ho procepal 8AAE|. n 2Nihg gf2§ z
alkalick® akniggtmu veyes8zk§n?2 vody do mydrat al n?
ngsledekgpejdodpmakol n2ho prsoysstSEd®t old/fold al ve o ek &
viznamnhD ni§gg2 tvorbu pojivov@&visS§tedm®hno§ sthatdem
Vtomto ohledu je tedy ot8zkou, zda pozorovan® sn
pS2tomnosthl elicslkayj ] 2 scdv@ponwisdt i o WPk anmifdNg 2 §c h .
Nab2z2 se sp2ge vysvRtlen?2, ktedra® dallimpmSmsagp2 me
zpohledu hydratace a vI1 vojem smr gt MzfledemkppdbBn®m.c hemi ck
povaze komer| nhD poafek s miwmygi SKMVigheggvEh2nei onoger
povrchovD akt iAAB2 cthSil §Wleiknn® redukci smr gt nNn?2
pogadovan® visledky, a protad ezEart8whoidnhatd§lp&2s)
tento probl ®m komplexnhD vySegily.
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3.13ProvzdiugRovac?2 pS2sady

ZSejmhN nejddugipttNjpyr2ovzdugREAYy souwh s2pSseadzvygo
odol nosti anorganicklch pojiv proti zmrazovsgn?
vytvoSen2 vel k®ho mnogstv2 wuzavSenleattv®dwShmsli
ProvzdugnhDn2m vytvoSeges@®@u vedpahem®mpprygstorem pt
objem krys\uealliTk olse dobpykle pohymsije od 0,05 do 0,3 mm a zpravidla

nejsou nikdy vyplnhDny hydrvaytad mSem 2f gpzoejdiyket w® S epbr
voda, kter8 zde nen? obsajgenaDkMPirk fakobsadT.gnjlaR
cementu, vodn?2 soulinitel, rychl ost a doba m2ch
Zaj2mavim vedlejg2m Y% inkem pradwd dwdgrkibm2e tjogmiv z
dTsl edku Znamens§ me n @ 2 spot Sebu vody a cement
umogRuj2 produkci Il ehlenTch betonT[280P8z nutnost.i

Mechani s mupr o zdakgiRdn pS2 sad

PTsoben? provzdugRemactohnl piS2spst @mel8.he velmichycuj e

dobSe vidnt, ge na mezi-Vzdugho vsRem proovzrherhaonv2) kaakptail vi r
pS2sady vgdy orientujedn@®mu8§rmztokwpi nooaug kzpTso
povrchov®ho naphDt?2, podporuje tvorbu bublin a :
rozhran? pveovcha8 jleSttkyadr of dlyn2v §zl8mpi ma d$=ssta ci ce
| §st molekuly smhRSuje do vodn®ho roztoku. Docht§

roztok zok ol 2 cementu a s§MNETOt DU zkBispoj dEfsvic | a
Zm2nhDnl zpTsob provzdugnminEm@ned vjedvmirSwelblaigrenzp $2 sve
adsorbovan8 na povrch cement u, | i jin® | 8stice,
mogn® pSed&§vkovgn2pSprsadydutgeRloyyv am¥Fge v®st ke zn
hydratal n2ch procesT mechiasejckdtt h [97§98].ar¢ttt r@gotsot U2
souvi s!| osytin [56)) v §dezsabdod4do 6% provzdsgnhDmBE gen2m obsa
vzduchuol% s n2 g2 pédakinodsta@s. bt ohot o dTv o chy AFAebylnut n ®
Y4l i npen®t ak mal ®m, kmreo g8 tnve2b u d e dapddina viagngsdi pojive. n 2

Vsoul asn® d oktkdiSpozimi§meen omezenl pol et organicklch
vhodn® Kk pougit?2 j ako pr ov z dadiaRzo v aijc %| igmJesj agk a .
vinsolovg pryskySice extrahouman§8§sktohpbowmoudrioja®he
sodn8 sTI kiw® e Iciongy jaebi &@r omati ck§ sl ou$2erndchm? czh? s

dSevn2ch 9lrogrkoywSicch. gkbBArjae2zal ogeno sp2ge na sn
chemi k81 i ?pak n@ar im®mtaov i c hhlp®Htvk&h,vikter® jsou tvo
hl avou na b8zi karboxyl 8t T,DS&sluel fjomdBu Tz n&mM® ain Tk a

amf ot ern? povrchovhD aktivn?2 slouleniny. Jejich
z8pornh nabit§ [4998h &/ AA® maytsu ®m@e h b Tt situace o]
Povrchovl n8§boj strusky je totig silnhD ovlIivnhn
ve studii Kashaniho a kol. [62]. VpS2 padhR aktivace nruozs okr@nh ok Sjea
povrchovl ng§boj strusky z8pornl, stejdTVvojdako u
adsorpce rozpugthRDnich z8&pornh nabitlch kSemilit
Opaln§ situace nast&8vs§ pSi akti vacdsorptiNal (Khyxi dy a
na silanolov® skupiny, kt er® se vysSkeynt2ujkl andan ®hc

ng8boje (wviz Obr. 10
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Non polar chain

Negative ion

Obr.18Mechani smus %| inku aniontov®cemenzdu@RpaschP pS
p Sev z§d]o

ProvzdugRovac? pS2sady v AAS

RTzn® typy provzdugRuj 2 c 2 AAS. Dpouglassaakdl. [9]yzljyi stteé dtigv &
AEA na bg8zi sul fong8tu dalkigalei ckwy gakt ipy oward@an NDme
Vt ®t 0 souvislosti bylo potvrzeno, ge vige zm2n0hn
AAS, tak OPC Ney e®mh®npercohv.z d u § n I nastnosti aAAS Izeiovlwis t at n 2
pS2davkem AEA. B@] kkowanalieviv a & k k b | a r yna zmagdvdtemos§ t u
mechani ck® vl ast nosbetonu ak tsinvrogvt adn® JP@ACEH| iastNd i |, g
al kalicky aktivowdnrisabeuond epgéShlpracovatelnost.i
nebyly ovliivnDnylanama®mnu dof)d dgerkdamr gg dmgt IAn 2
vysychg8n2zm

Jak jig bylmSexdmhmizrro kwapi telkése p - rdT sngi zEsadn?2 v
smrgtnNn2 AAS. teymewmadd gmidn2 nut rmiBdiskag iztvel |gne@® 2] eond 0zl n
prot.i znmir az ovA®vI8hr azal enr T geoodstataedukaiol r o2 s 8vhl
smrgtnNn2 AASB?2rmatke r iK&ll B3hswudoaali %kloilnek komer | nhD vyr ¢
SRA na 2-imé@hyli2,4-pentandiolu a A E A , kde hl avinl2y szleojgnk®&n at vkoySs e
sul f omolkwd&kosoByil oolzejji.gt Dno, GSRA (0,25 2,0rhm. %), ngb& 2 dav e k
EAE (0,1; 0,5hm. %) negativnh ovlivRuj e mechani ck® v
vysych8n2pmoubdyilte® ns obou (Ph82%9.ZdT shedgkmol ze navz2c v
ge Yl i nnostp ArEAV nb8BnR2Am vsyi@ Bk upi NN povr chekjdd aktiv
proto z a p o t d® éumducna v Dno v at VYQGIQH| eodb&mw& jneonsnt ®h anezv zt a hu
charakteremnelbyadr bfydtr nf obn?2 | 8§8st 2 mol ekul vy a | e
val kalicky aktivovan®m s$sgg@®mea, nm[gal biAABjkd2Hh @ m
kterflemrozs8hl ® smrgthnn2.
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Obr.19: VT v o smrgtnNn2 vysych8n2zm ovlivnhDnT pomoc2 rTzn
smrgthNDn2 pr9RA)ugd Rovaczch pSeshdltdlMEAKa[88na a kol .

3140statn?2 organick® pS2sady

Mezi ostatn2 organick® pS2ssyasdy®muk tApSS®S 2ypyrl yz nt®e s
kopol ymheosomn]. Vel mi ma |l ® hmofh)otgl3d vtzo (dr gaoiuc ehc i

( napolethylenvi nyl aceogtyVi nyl avé 8t pennbsi y tipkuvaaahu

za ohybu a z8§kudregRe p2SivsmilXISn2 Reakkonstmembari s Bls

pol ymern?2 | 8t kou (pol yvinyl a csepto§ t2pegr?tahSoen glaznci Tc |
pol ymeru p omoc?2 hl i n@br2o),dwllch vytsetdtdedcdr T ve

Kaliny akol.[102]. D§ se pSedpokl §dat, ge vel mi podobn®
vsyst ®mac bAAX.iOr gani ck® | 8tky byly pougity i jako

AAS [103,104]. Vt omt o smysl u byly testov8ny organick® Kk
jabl eDlorb&. t upowmieNsht o sloulenin byla viznamnhD o
pS2davek silnhD ovlliowmioldolp®| teendBt &l emae mr iz&I1 @ e
trvanl i vosti AAS materi 81T byl zkoylg® SpougpiSedmve®t
pS2sady byla viznamnhDAAS a2 Jonap Srease¥lg@awmosd2 ky vy
odpudi v®mu fil mu maked.v8HY de ofpobvmr2chl| §st mol ekul

ovliivnila samotnl pr TbnDh alkalick®hhbh&tduvasme,§en
mechanicklch vliastnost?2 AAS.

CH TH clH \TH
OH OH OH OTCHS
Al(OH), l o

TH (’:H \(‘ZH TH
OH o o OH
. HaC o o CH,
Al BN FE g TN A
(|)H e TH + <’:| ca ﬁ
CH CH CH H © °©

Cl
N Rt el N\

Obr.20:Zes2tNn2 SethNzcT polymeru (polyvinylacet§8t) hl
zKalinaakol.( PS2 1 oha2] X1 1 1)
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32Anorganick® pS2sady

KromhD popsanich organicklch povrchovhlD aktivn2ch
pS2shadt ®t o skupiny pS2sad patS2 zej m@era|md®ami ck
voblasti ovlivnhDn2 rychloovd teih) ¢ Mehcnhuatn2i samutsv rj denj uitc2h
vychgz? zZe skutel noss$yst ®&neuc pvnoednat peakehaijv? vV e
roztok u . Je proto zSXejlm®,® Qe pDoddI mtkz8p uiset ndBb  z m2 n
Ssyst @ovede kovI i vnDn? m2ry 1T ohi zaScsd voemB®nkhoyr at al |
produ¥dTs! edku toho Il ze vel mi Yl i nnhD ovlivnit
VpS2padhD AAS materi 8T je situace velmi podobn!
zroztoku, stejnpPS3m&dNtecwimahu siytsath®@mTo. dZTvodu mT¢
vyug2t obecnD,fpdramml§p pwgpooe§id73 Joiselem [106], zal ogenT ch na
princi ptypuakoicenrraceioni zovanl croztokul 0o ek v

T pS2sady, ktero®@gubPgthblLpgekorpes&2Sadpopdbvekamp
urychl oval faopakuphSrustazd y b r &mZeou @t NDn 2 f 8§z2 a sni
koncentrac? Kkauriomntolk ua senincawthlvej t ubhpamal a tv

T pS2tomedsbomocni chn a&m$,.K'pa Tz k koocentrac2 chni guj e
obsah rozpultBnidhvCaoztoku, naopak vygg? k
ionvygaje rozpustnoasinst hiisg@i cmiuda po®h al en?
pSedchoz2ho efektu

T pS2tomnost wur]itlch | ednpN®}Emboc30,aqnnionuijTe ( n
rozpustnost silik8tovich a hlinitanovich f §z
Ca?*. StwmfjakBvpSedchoz?2 mnipfS§2p akithn d eomttrTa cpeo dapro r u j
prvnh zm2 n Njgith vlgigi e kmumo @ st o R wederlguapkSe dnost nNn 2
druh®ho %l inku

321Anorganick® pS2sady oVAASVRuUj2c2 dobu tuhnut 2

Jedn?z2lmm tuj 2c2ch faktorT, kter® podstatijield ovl i v
rychl 8 doba tuhnut?2 souvisej2ciodotypychdlfoeodnt n@neé
ge vizkum pS2sad ovlivRuj2c2 dobu tuhnut?2 AAS |
tuhnut?2, zat2mco urychlujpahk®| ddBuoknce2ghSad wl p o ps § rOp
existuje cel§8 Sada sloulenin, kter® mohou blt pc¢
tvoS2 zejm®na organick® slouleniny, kter® se bD
vody. Plinek tohoto typu vpSedakhpitdeéydl.l ove tSaniclinD p
problemati ky AAS je vizkum retard®r T tuhnut? za
sol 2b.Ng¥T ch cementech pTsob? vybran®@ edmord@d mi2 ank
“%linkem, cog Z%gjineh mSdilgNeti?rT vodou vgak zTst8&vE r

cena oproti organs5lckT m alternati vgm

Se skupinou | 8tek na bgzi kyseliny fosforeln® a
experimentT, protoge jwWykarzbival ananezjpdmalzenn®? t U
aktivovanlch[lWovgs w® Lthwadigi p GRO, sAUA Se, YKl diynebky IHR z | i
silng z8vislost ovlivRuj2c?2 tuhnut?2 na pS$S2davku
koncentraci 0,78 M by | zjigtnDn nepatrnl viiv na dobu t
zaznamen§rentmS8ivr kome z?0,80OM 8D extr®mnhN silnl retard
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pozorovsn pSi KMonPShAtmaekgl@ily8Bouwiysel s vysokIm
sn2zgen?2m plaky Gang & Yangv[l08]pozor oval i silnlT retardaln
sodn®ho. Mechani smus Y|l inku t®to soli byl vysvDiD
kt erplol 8t c2ch hydratace rvi8ztadk w,§ peem@t ®p Tisomktiyl ov z |
pojivovich f§gzz2.

ZpSesnBbheémick®ho pTsoben? f oSADréyhanwhDesod8®ho
Kaliny §09BV¥i Rao pr&ci byly ovhRS&LOy keetar®daslonyi ¥
sviraznim prodloudgen2m pvdive®irnamecah aknd rcke® tvd harsu tn2o s |
(Obr. 21).

160 - A 80
= [ ref. sample
= EZZ20.5 wt.% P,0g
140 - Lh EEEE 1.0 wt.% P,Og
§ 0| 2.5 Wt.% P,04
E 120 4 —+—initial setting time = EES0w% P20s
= —=—final setting time £ 504 L
£ 2 _ =}
> 100- § 401 =
-:_Ej 100 2 % i
& % 30 S
80 2 i =
£ 20 =il
8 B
60 - 104 _:
T T T T T T T T T m % :_ﬂ“
0 1 2 3 4 5 o 1 T -
P,O, content (wt. %) time (days)
Obr.21:VI i v pS2f@flpBeld| t em)o maa pPol §tek a konec tuhnt
mechanick® vlastnmSevkaltBon aAAsS ko l[109]( PS2 1 oha XI)
Z8roveR vgak byl o pops8no [ pTsoben? fosforel
hydrmilad procesu. Komdbi naot gRmama®oVvptoel ektrono

(Obr. 22) byl o prok&z8no, ge v8pé€net®2i bBrzy hyduwatvac
strwektdi iydrogen a hydrogenfosforelnanT -8Hbr §n2 1
gel u. Stabilita v&penatéakkhalhiydk®mepfoshmB8e&iSnAAT
cog veéad¢ikh opRtovn®mu rtozvom@PB NDntoapnsStkhjedm ®f § z
CSH gel a v&penatl hydroxyapatit.

Zpomal ovale tuhnut?2 na b8zi fosforelnlTch solz2 s
syst ®mech AAS, tak i v jinTchOlal Kpt o ckhoakeéenvoy
nejen Y innD zpomali't proces tuhnut 2, ale maj?2
zkoumanT ch [10911@.rviaglkTal i cky aktivovanlch syst®mec
boritanT, j eji chg@ojveehzpodil|l ard ¥k ®mMkycementu je Vv
[111]. Nicholson a kol. [112]vgak zj i sti |l i, ge viraznhjg2ho zpo

ag pSi vysok® d§vchm%udol iPS( k otnakkro®t@& Nk ofncent r aci
pevnost tRchto pojiv viraznhD negat i pohledudAS i vnhna

je i chl ofd dstswdinil . Tal | i 18 d ua g dv aln dayékeNaGla p S2 d
4hm. %) jako urychl oval tuhnut 2 hmmg eykazokalojnegeh o vy gg
zpomal en? hydratace, ale dokonce doglo k zastave
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Viin®m syst®mu AAS byly pozorovg§ny svdlzinampBs®
koncentrac2ch mBS.6&6salkujy?2 k2omre| 2@ pevnost pojiva n
[113]. Zdl ouhodob®ho hlediska jsou vgak d8s8vky tak

vi8mci vyztugenlch betonT dosti problematick®.
P2p . NagPOy4
35 El El
8 s )
2 2 Py
c [ = [—
2 2 2
£ £ £
138 136 134 132 130 128 138 136 134 132 130 128 138 136 134 132 130 128
binding energy (eV) binding energy (eV) binding energy (eV)
=3 @ 3
s > <
e g 2
) £ 2
= £
138 136 134 132 130 128 138 136 134 132 130 128 138 136 134 132 130 128
binding energy (eV) binding energy (eV) binding energy (eV)

Obr.222XPS spektra rTznlch stp&Sdidavikedr dtoadeorfARasniu s o
pSevoz&al ina a kol[l09]( PS21 oha XI)

322Mi ner 8l n2 pS2sady/ pS2mDsi

Vn8sl eduj 2czch kapitol §ch j sou sumari zovsgny do.
anorganicklch | 8§tek, skce®P@®euvhDt ganbg8zen®ME yako t
uveden® | 8t ky vgak i vV e vel mamnmal ®ml immd gstwPka
pSipravenich AAS. Z8roveR je diskutovgn vIiiv tnD
neghms%, cog neodpoVvENOR2{0ldefhibnimgi oznalujdc?2 Ach

do betonuin. Ni ¢ ma®nslde nx i h Ineodreenm, k kt er ® by defino
pS2saallykad i cky aktivovanich syst®mech je zcela
VAAS i ve vygg2ch koncentrac2ch.
Mikrosilikaas peci 8§l nnD upravenl kSemen

Mikrosilkanebo speci 8§l nD upravemierkSenrde np SESMNKS)i jgs aw ci
pro zvigen2 mechanickTch vIJ[ald]tsntousdtolv aAAS.p SRalsalvac
(od5do 30 hm. %) | ak oAAS harkatdiuv osvtarnu®&hkoy pvo moc? sodnoc
Visledky prok§8zaly jednoznalnhD pozitivn2 wvliv n
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zjigthNDno, ¢ge vygedep82 havwelkstBUKevnost2. Poziti

pevnost.i v tl akw p(ofzoa o ngnau) ARYI mal t, ve Kkter
mi krosiliky (8 hm. %) a 0fphahmmh2 WM. BYuglpadd ua s
[59,115]vysvRDt 1l ili, dge pS2davek mikrosiliky pS2mo sc
L8§stice mikrosiliky s vysokIm mRDrnim povrchem p]
prostory uvniatS iwyet vrczoegh ®v e ¢ e he v & stifiagpendstd

materi §8lu. Kromh toho | ze olek8vat i pS2sphDvek p
na pevnost. materi 81l u. Zaj2mav® v $116} dde pylap Si ne s |
jako n8hrada strusky vyugita mikrosilika (od 5

pSineslo zvigen2 pevnost2 v tlaku v porovng§n2 s
vykazovaly AAS pasty s nejnigg2mb5hme$)demni m pS

podobn® <chovgn? uk 8z al [ syst®m AAS a[ki7]i vovanl
PS2davek mikrosiliky (od 5 do 20 hm. %) vykazov
hodnot bylo dosageno opRt s n2zkimi n&8hradami
Pokles pevnost 2 s vygg? pS2davkem mikrosiliKky
zpracovatel nost. z8mhDsi , jej2mg visledkem je n§r
Vztah mezi pS2davkem mikrosiliky a zfging.8govatel no
zjigtnNno, ge 10% n8hrada strusky mi kvatelrostil i kou

oproti r ef erenAME muzor ku. Nutno vgak d[dbld]anagpak g e n Nk
zaznamenaly zlepgen?pS2paa&ewatnelkmroosstiil i &y . vV t®
potvrzeno, ge za zlepgen2m, | i zhorgen2m zpr ac
kombinace mikrosigli kaSakdave&t mi krosiliky jako ta

Z uvedenich studi? | zeSkdaseht mvarpspgei kpodnBUK
na zvlgen? pevnost 2 AAS materi 81 T v podm2nk8ch
situace nast§8§v§ vystaven2m AAS s pS2davkem mik
Rashad a Khalil [116] pozorovali velmi dobrou objemovou st 81 os't referen|ln2ch
pSi n&rTstu teploty ag do 1 000 AC, zat2mco al ka

mi krosiliky jevily znalnou objemovou nestabilit
materi 81 u. AAS syst ®myi |l skypyStodanbkgmnmbbhst §ly v
teplotnZzm JgokTm. V. procesu g2h8n2 na teplotu 80
|l aboratorn2z teplotu vykazovaly referenlnz vzorky
s mikrosilikou?2 Mot @Si t eylsotdlnd updol nost vzor kT

pozorovan® vygg? tvorby akermanitu v referen]| n?
f82¥L.razn® objempsP2ygmNDsYuvi s2 s charakterem vyt
jej? devostrotickacteépbotou, cog bylo pBfvrzeno vz

Pozitivn?2 %l inek pS2davku mikrosiliky v souvisloac
studovsgn [M]di YVemrky aktivovam®slikloaml mykwadovaly
redukci smrgthNDn2 s rostouc2m pS2davkem mikrosil

vgak pSedstavuje vi[iRlumktMasSal kabdaviloil .vIiv rTzr
T

na smrggyank8&nv2ym AAS aktivovan® rovnhRg sodnlm vo
pS2davek mikrosiliky (5 hm. %) vyk8zal o 11 % v
'Zm2nRiy®vNtlen2 zalogen® na XRD anallze se jev2z jako

vzorky nebyly mhNDSeny po mgnekevRiseltevden §d osvpye kmertao dkyv, a ntteidf i
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kontroln2m vzorkem. Je patrn®, {JepS83&gkraedykcina ugi
smr g2t DMAS se | ig?2. Vzhl edem k vel mi n2zk®mu polt
dal g2ho vizkumu v t®to obl ast.:i

Pop2l ek

Pl inek popAAISk TsysyIl®me c h st upbldedsvivu raegprao®atednosty
dobu tahpewvhost.Nwatner i,z8Mmfumi n2 ge di skutovan® vI sl
vi zkumT | s ozue jzna®majpe$h2ydavku vysokottyeppilcoktTnm ashl opgoepn?2

charakterem danT mvzgku ocCollns @ SBanjgyanj[lil&@]l st udoval i | §8ste
nahrazen? VPS pop2lkem a zjistildi jeho pozitivn
Kvel mi podobnT m v Tnsel ze§dvki fsm sodstpadtl ry2[13,45]. P72 d a v e k

pop2l ku m§& viIiv i na dob[23]f udeuinBhAABa WPISo pbp
vVysok®m mnogstv? odflaue wohghrnadalut2 ag DIF|I e®kdl ink
faktorem je i typ Sypama@ kol. @24pp raokkt 8 zvaBla boa uf AABNn u t 2

sn§hradou 50®5 YdpbpTst§ pSi aktivawiysoadml miVvodBi
modulem (3, 22; 2,50) . Naproti nomg2mgmodml emz ( @

doglpoodkst aun®mbhl en2 doby tuhnut 2.

Zhledi ska vlIivu pS2davku pop?2l ku dma hfe® njept2igneA AS
z hor g[¥y74121,123,125,126]. Ni cm®nnD i zde ihrwglebaz 8alaldanl?i c
aktivsgtoru, kter§ tuto siShiuaallay [12 Tiaptevalipévaosta mn N z
vtl aku a tahu z&0&hwywBbreaedoukVPS pop?21l| kem. Al kal
roztokT hydroxidu sodn®ho & ev odrmop$iyd askk eam bpyol po? |
vykazovaly vgdy pmirpyneremdeasg3d2 zvni vou situaci |
vodn2zm spkolhdmedai pevnost 2 l ze zmBDni t pS2d®vkem vt
potvrdildi, ge 5 a 10% n8hradavan® us&kyt plogm | & sna
sodm®dn? s% |w8pana2 mS§ isvincke dnoepgaad na kr 8t kodob® | «
mat er i 8l dil, oudloedob®h o hlediska (7 a 28 dn2z2) byl
PS2znivl vliiv pS$S2davku mal ®ho mnogstv?2 v&pna na
Guerrieri a Sanjayana [128], kde vzorky s 35% n8hradou strus
nej vyggdgrotpdyv modakd. v

Pevnost AAS je rovmphg m¥%nkamispofleslaezdkvyg ne 1l z k umn «
projektu T A L-BAMA TG01010054-4 ( o d p o v Dd nKalin$ke)ji29jebhznal uj 2 pS2m

souvislost mezi vivojem tplewknwws&a 2 smrgthRn2m vysych&§8n2m.
vysok§ m2r2a AAS gubDogenl chr ezlaat p o d Ap2SnvebkiBB & 15 1D |
zapS2ldholblmodzob®ho hlediska pokles pevnost 2, k t

iniciovam®s my§oRM2 mKaimata&al. (180 pr ok § zg8%tirnada strusk
vysokoteplotn2zm pop2hleg@®@dosdrmgd K2 sa2 pgesi upn®mu
pevn o s(Obt. 23). PSest ogmropZlok&kwots n8§hr adaw ercehd pseSmloys t
vzorkT pSipravenich akt i vbaect2o nsoasro tpnreykszth@lyi k 8t 1 e
viditel n® cokyhne ny®m dTsl edku vedlo vwegolkzenigem:?
betonovl cRedukded mrTgtplSrdavkem pop2|l kT mBGd edobvnBys
Jedn2mo gmT ch dTed kdargkterpoj i vo@Wkht i vac?2 strusky a
vznikaj?2 dva typ#SldeaNASHdGeb1BK.r ®RaANDd2Cl nT pomNhDr vyt
gel T, kter® maj[A32pdovignoRuphestetkovoy72ldi sbgi paci
jednkm2sovich maramstkaT vd vDTleeEimragu Nnél i hraje
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AzSeNovawpSepakbDApougit2 pop2?2l kT |l ze olek8§vat ni
tedy v2ce por ®zn?2 a mechamnps mwvtakca’Bd] | 8drins?kcuht,o v @& ¢
vkapitole 3.12p Sest §vakd  mbhant n?2

time (days)
A B
60 [ 100/0 gl . T 15 20 B B B
7775125 I
T | EE350050
_ = —= 0,14

S 501 = 25175

L = j |
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o
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Q- —

£ 10- -0,5-

Q

o

0 =N 0,6 99%RH | 50% RH

24 hours 7 days

time

Obr.23: VT v o | pevha&kwuz (M) a smrgthDn2z vysych®ostupnog B) bet o
ng§hradou strusky vysokotepl Kadimnakol.fl80p2 | kem, pSev:

PS2davek AAS2 | kav nWg zvyguj e oadgorl ensoisvt n 2 ma t perr a s8tl
Sugama a kol. [124] vystavili vzorky st TznT m pomRrem struska/pop2l ek

kyseliny s2Adk@za@al pHse, ¢ge z&8§mRNsi se stejnlm mn
mDI yprMbPNDhu testovac2ho obdob? nejnigg? byt ek
stabikKysdl &m prost Sed? oprot.i maM RS ,i Skffopak @ kt i v o

vyk8zaly nejvygg?Al klayti ek yh mkt n opodiadna® kreart eproip&llyk T
testov&myosit Sed? s 2 rkal.n[I33] pb$ ma d i rozmku Ng,80, wmebyl

zaznameng&n §8dnl negati vn?2 viiv. , tlag bwkskopk®i e X
expanzi mDkaez& n8sledek Yplnou 2zt rVptodmmekBahi c
s2ranu hoSel nat@®hkal diofcihRa&iy kp®muv @wa®hsooul asn® p.
dhydr 8tu s2ranu v8penat ®ho odpovRdn®ho za neg8do

Rozs §hl T mtnanlivostiistusho-p op2 |1 kovich al kal i d30yhm. &kt i vova
pop?klku)zaibdavfadl Kalina [134], k hoertl j easpekty zpoh!|l edu s2rano

odol nost i, odol nosti vTI| iuvkyse Inio,s§ m, ak aa domlnmad satc
vristvy VvTIi vodnN a chemi cBkyllno rzojz ngrtaknoov, a,8Gkem 5 % t rk
nezpTsobil po 84 dnech pTsoben tahugdothyb®a pevhosta z n® zn
vt | aku. RozmRDry vgech vmlOmR7y.t akl &l izcTksyt ad kt invea
vykazoval stejnou odojSO,0jsak ov Trhat epgTBdbema bN&zi |

cementu. Po 56 dnech ponoSentobeoknoklyskliDjsdacrvov®
vykazoval AAMmnohem ni gg2 r elnaestivl|vans?2@ avtav8rnt8&nz2hnsod vzor ky
OPC. Oriental n2 ztkloaukguk yu kp8ezvanl oys,t igev zat 2 mco pevno
pevnost cementov®ho betonu kv psbat $eHi2bl,ilgpobj .o
nevykazoval c e Ip@ b6t doecli t @eNS®HM@ p r lapanatage, zat 2 mco

hl oubka karbonatace AAM byl ardimdirlh ;n@8dddinbsa | ei nov
AAM Vv TIli karbonat aci j e tedy znal nhih ni gg2, !
Mrazuvzdornost materi 8T byla zkozm8azaowx§rkdmckod
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nasycenlch betonovich vzor B dnRomtz€OivEly Rkl ®mun e
poklesu pevnostAd kal i cky aktivaeasnlu matl edi§hl mbynli m§l

mrazuvzdornim, |jak@®dokment oypbvbekirayncbheltzo novliTichp Ts
vody a chemicklich rozmrazovac2ch | 8tek byla zko
do 3% roztoku NacC | a n8slednhD vmwstamea@moamdg/zkél vi Scnk?® Povrc
AAM Dbyl rozpadll jig po 25 cyklech, zat2mco cem
vrstva AAMtedy bylavt omt o testu m®nhD odoln8, ned povrch ¢

SmNDsng8 al kalicky aktivovan8 poji vmazpohledujsjighy a p o
schopnosti i mobi |Kazloivnhaat, tKgpKl88, KB6]opvrykkod z al va, ge p
spS2davkem pop?2l kT maj2 vel k]l potRbnZm,iC8,INi, @ i nnhD i
Ba) ve svO@®mebiruktalSe? mEgbdapromebat nfxaceve k1l adn
matri ci chemickou vazbou nebo Bywylzotkl®Bijldng nj ep rool coevsoe
mTgzabudad8§vstruktury chemickoBiOy[EZ]lMetodoeX®Svyt voS
byla r ovngrfgok 8z8na schopnost tvorby nerozpuwstnlch
Cu(OH),), vp S2padnN Ba a THBaSOR akbo sufidT atgS, Hg,S) [138,139]

(Obr. 24).

Pb(OH),

Obr.24:1 mobi li zace olova tvorbou ner daipdusotbrn®h ob 2hly®d r 0 X
“utvdx)gbarya ve formhD sByapSebkdamlat ®hoKalina a kol
( P S2 IXp[h3g]

Metakaolin

Al kalick8§8 aktivace metakapohhedyet wedbny tWdobSege
struktur. DTl egi t § je vigh&diskahpou@ipgeS2aiAKibg ptSélsmdy
n §rhda strusky metakaolinemnap $2 k|l ad v T z ndaban 0 h ocvetl P&hRou jsey st ® mu
kdy doch8z2 ke zpomiB8ke.Nap @lr®tcles thyndtakadtifaviive m8§
ive vztahu kpol ykondenzaln2m r @akpd®e kiytgegr2@®adjl seonud n 2
hlinitanov®ho tetraedMl Bgod o s tzi ikt Impa dalgylesit r us
metakaolinemm§ za wur | i t Tpcohz i pt o dvimnd? n eekfveokj t[4D 142, 143]. Tento

jev zSej mhDvysgogwrvilsén sprutgndnd cho hlinitanovich te
ng§sl ednN modwat zdad | ®tRr ukt ury pla4d]ipw oK zfad z e .§g eRa ven
vytvrzen? hraje vepmoced Tl egti v D8k 8rel paki voo®and
metakaolinu. DTl egi t T m jfeakit océdmr akt er Femandez-kneffeh @ gel u.
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Palomo [145] potvrdili, ge tvorba hlinitokSemilitanov®ho gel
zvygpeynestmat erP$d3 davek metakaolinu do AAS vgak ne
zveg2 mechanicklV¥YnsowklilasmAost 2.povrch a vrstevna
metakaolinumT ge m2t za n 8wy egl2etko pwa dSne2lily6]. Nadbytek voayi t e | e
nN8§sl edalDvemsitgg?2m vivojem pevnost2rychmdompakztnmn&d
zpracovatelnosti, kter§ rovnRg o Vv[38jl47TRRS2ed awles! e d
metakaolinuov |l i vVRuj e t pl® ptr mawv amaldie® Beidl akol. [143] studovali
absorpci vody, kaptd®reéduwniasgkavospr Anisk chl ori d
betonu. VIisledky naznalujizngenpS3da geekset noeviagnkes o |
parametry, cog whedoaDosvu¥imadteri §8lu vTli pronil
do jeho struktury.

Motivasamewmizkum a vivoj pojiv na b8zi alkalick
staly s®rie pog8rT VvVig2Fr a@andigientenhni okgdot@ad8ti t
bylo doc?21 eno pougit2m aochth§zinn@Kktvirsawan ima d Mjeit a k
patent ovan®h o gepmlgmeni@48vZztm hfdot o dTvodu byl sl edovs§
metakaolinu VAAS souvi & §ed 8 asmeohnivzdornosti. Z hlediska odolnosti

materi 8lu vTli vy®mAkd)m at enp8 sottleSdm Reaw? zna | aborato
bylo zjigtnhDno, ge smDsn8 pojiva na bgzi strusky
pevnopbtowng8§n2 se Vvzor kmetakadinemvd]vvaond®e np ojuez ek o e x i st
geopol yimgrapol el &+AS-Hsgel em. PSS t vrBrp @-A-R-H gel

zpTsobujepsdhzBlgeha® f §ze, kter8 je nosilem pevn
syst @fuPSVvyst akASngl amenu 0 100ApObgtla Pprok8&z8&na v
ohnivzdornost se stoupaj2z8mBHhogstvam metakaoli

Portlandskl cement

PS2davek portl andsk @&hlojec eznpe[nstoub o d/saat o SnI®my pw oc e s
t uhrl49,150]. Ni cim®md pS2davek do AAPogomafekadnap Sede v (
vivoj pevnost 2, cog bybbudl[asendad-b58)nETnvoo dve nmnjoeh av y g ¢
koncentrace r ozpugt AnTch hlinitanovich a kSemilitano:
principem polykondenzaln2ch reakc? d8vaj? vzni
odpoviRdn® tzaperw§ hroBd 2N Ihkatt stndi@ [84,149,154] v g a kznamenaly

pokles pepBAdavkem OPC. Tento negvalloianp S¢eev §zm e
koncenpoag?Pa®kal i akt®ihwiarineaiRamirez a Palomo [155] proto

zkoumali, jak ovlivn?i orytsTo kiBy ckroantcaelnrt 2r amec HOaHn i s mu
cementu. Byl o alijje hydrathoeocemerftevpalvin2 ch mi nut 8ch od
sal kalickim aktiv8torem rychlejg?2, celkov® teplo
p Shydrataci svodou. Vy s v Rt | en? j eprrnvéns?lcehd umizredt: 8cvh kbhydr at a
vel mi rycpdudgtubnrzé 8& e a n8§sledn® precipitaci ne
sloul enin, paklesy komcerdrace ®* vr ozt oku a tedy Kk opRtov]
rozpougtiDn?2 t rNaldaHocstranmhyg dl ak 8t g2 mr8sdesdnD vel mi

zpomalen a to zej m@®h2akw sokk@ ncentr'ac2kt OH® posouvaj?2 r
hydrataln2ghaG*Raka?2 ofal nou stranu, cog zabraRu|j
hydratace. Al k8l i e maj2 rovnhRDg viIiv i nNnasi hpr a8aaidi & ®

pros tpSeefczid §decowcementu do roztoku tvoSen®ho hyd
s2ranem al k aMydratdcd @A tkaoks Tnen?2 regulagwv&ran teRgnmN nwa
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cog podporuje -alvmino-to yi d r BASTYC S tu®meveyhs o Is 0 u koncentr
al kal i ck®hbybakhvg®&kvapi vl zji gthno vygg2 mnogdgstyv
cementu hydrat &Edwanm®&hmn NDv vdysw.kt8y hihhge ndolkdkae i zp T s
rozkl ad vz4BiHlgaywve®dwc2C v silnhN z8kativGd@HR, podm?2r
aleiSi0,, jehodg pS2tomnost byla detekov&§na metodou r

Hybridn2 syst ®my

Zaj2mavou kombinac?2, kter8 spojuje cementuakter i st
al kalicky aktiv,pWerdisdtav mat ertiz&l. Prddukderhybddn?2c hsy st ®
pojiv mTge blt dvaua?2TizenrpaS?2 goPuger?2nm ch j e aktivace
hlinitokSemilitanT (OPC+VPS) vhodnim aktivs8tore
pS2pravPr AMAdMu mognost? je produkce spece8§fjngho
vpevn® formhD sm2cohsStnhatsipgaoni elsnklog®pimva poskytuj?
zaj 2mav® PSlededy.2m mohou bitvakdi,voecdgy ppounsge?
usnadnhDn?2 jej pohoypn®Ufukiswed2wpndtmupem pS2kdg avy A/
pr §ce se silnn amdhaulzp Tkavanj i StoF t okg zen Pprocesa. vIrob
Dal g2 v T hodjejichsppS?lp2avi8a®m z en?2 do EEN 097-8 K], veo r my
kter® mohoufbkokoXEWIIvgsokopecn?2Obcseathe nalyk 81 i 2, b
vyj 8dSenoOgj,asskopoNjaadavc2ch na chemi ckt®®tvo asd mmB t
nepSedepi pojs&kytecpg tNDmto hybridn2zm syst®mTm bez
ostatn2?2 typycprodmeavid.

Vizkumem hybridmogmi cmemehnt Kasn2m potenci 8§l em se
Kalinaa kol.[33]Podl e pogadavlFl[ibélnmy f FXi ki tk ®a vé mstno
cementT byl navrgen novi typ cementu pS2slug?2c?
je vysokopecn? struskahmogporal aandksakli clsll 2 naekkt i ( &
zpr Tmys| ov®hNavordgpeand®u t ypy hybridyn2xedgecremenpdgadd
vyplTvaljge2uzeden® nor my. Ni cm®nnD nhDkter ® par ami
pellivhD kontrolovsg§ny. Visledky vizkumu proké8za
mechanickimi vliastnostmi a mRrnibm2%.ovrchem vysok

Blaine ~ 400 m?/kg Blaine ~ 500 m?/kg
20 40
81 [CIREF s5{  [CIREF
6] HEH03 . H-0.3
~ ] 3@ros - ~ 3] [EEH06
€ 14] [EEH-09 & I H-0.9
= 1.2 S ,] mEmH12
£ 124 . £
é 104 E 204
2 8 ) 2 154
¢ 6] o
£ £ 10+
8 49 8
2 S
0+ [
2days 7 days 28 days 2 days 7 days 28 days
time time
Obr.25:Vivoj pevhakiu? hybridn¥dhknoemé¢ eimfi stsusky a | §8vkcu
aktiv8toru vyj 8dSenou hnp@\PB;0spg e wnikafaakdr[8Mm Na
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Pro pot Seby produkce tompotprSizgrm2ddh neydty®@mT m e owada\
jemnozrnnost strusky s hodnot amiminkly,n®sbejpol¥r ci
dostatel n®ho mnogst v? al kalick®ho aktivg8toru.

produkce netradilnalycsokymgekcemmntu ekonomickTm
Nutn® je vgatk®tzan2mhb ltas tgie jve t Seba dal g2ho vizkum
posouzen?2 trvanlivostpomgte?m§t DchSophgbentohbch

Vedl ej g2 wirroaduyk tpyorzt lemtnds k ®ho cem

Zaj2mavou pS2zpdblué p B2 BBgEn2 nNDkterTch neg8&douc

pougit?2 sekundz&rlm2odly pwrddiamdsk®ho cement u, kot
bypassovich Ohemiagk®. sl ogen2 odpragkT vetmh z8vi
surovin, al e i napmpPhulB v an®malpal powut vandsk®ho sl

ge odpragky obsam?uzko us |toeugaleojgowmya psE2nkkl ad s2rany a
alkalickid&heksmalo,vi novou moulskluznm@sstzedp @i tt,akv §pnoa
ZdTvodu vysok®ho obsahu al k8li2 nemohou blt navr
j sou vel mi |l asto odv8&§geny na skl 8dky. Pouze r
scement em, tak aby neovl i vnpirlTab Djhadihaht all 53 kea n @r @ d
Chemick® sl ogem2geodcprtagmkiTc m®n N hiediskana k tvil vhaoldm?2€h o z
procesu VPS.

Kalina a kol. [157-160] popsali ¥4 i nek D dyM®amkkobidkarnich pojedns§
Bylo zjidgtDno, ge obswhujad KEHIi 2k vi podpbraehtiiko r ozt
rozpougthNDn2 | §p8Bi spBywiE®grs kayy ¢ Rlotge ppb Ni & 8§ xTgo

pSedpokl!| adotvrzetyymay z§ k| adn stanovewoni erppmmndkc® kal or

(Obr.26A). PS2 1 i g vysokT obsah o d pir kavgekl Tmi v graykc h m® g ez t
Zpracovatelnost.i a n8sledn® nebé&amegemi tmMmechaaoi k1
vl astnost?2. Tento neoguavtiigeiotsspespB8é&bow SE§mDssv® Vv

hydrataciv o | n@®ovVo |l @aDsevodpragc2ch vorskiyttuge. imvtevid p§
vEpna, kter® vzni k®00ASi JepobopdomebBadedBod& v zn
vEpenn®mu hy dskitteur BCue(eOkb)a n z i v R o jvue ¥ masdgepv Tbh Nh u

tvrdnut 2Rozz8nghsli® smr gt Dn2 AAS materi 81 T tak mTg

k o mp en z qQbg§ 26B). | pSes nhDkter® vihody,vgakr ®@usdme a
konstatovat, g dASjsej ech jpakgi nMpai s fhd katvinn2d Tvody
zejm®na vysokl obsah chloridT, cog zoceVoa vyl ul

viztud?r obl emati ckT m fnaeksttosrle®n Bsjlboegnie n$egdmr2h evrop
projektu H2020-GeoDust [161] by | vy sl edovs&nhyemimBR®Nn w f 8§zov=®m
odpragk T odemTFmMHwhr VznTch | @dsprvaghy opypdhBmna
znaln® vikyvy ve sl opsmhu z@Dm@vae dpakTotwdu | e
jejich pougit2z pro prTmysleonwodn®r odukci AAS mat e
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Obr.26:Vi voj tepeln®ho toku g%i) RHBM) KK Icihc kynDakt i vov a
struskysr Tznl m p S2 dpaavskseoww Ibcyh cement 8Sskl,ch odpragkT
pSev z&alinaakol.( PS2 1| o[tkbd | V)

Ha g e & nw

Vyugino2 nsbdag e n®hphakogto al kalickd@bwzmakkno@t ojf ug"
pol 8t ku minul ®ho st ol]eltezh op rpySi22dma vteykp Tznp Y ATt @ | m S e d
pevnost.i mat e rpotérieno,vn 8& § | ibkyd ov pr k o b1k, 12[,162].
Vysok@ckntrace v§&penatft dijakkidSH, respakiive G-A&SHe gelk,

tak kalcium-al umi n§t ovi m f §z 2 ghHis jClaakakter AAS p&iv kpl Sa2dd aG k e m
hagen®8pmad ge bili vioRjneho kojmbniTnnaic 2a & & koB {28]r vy .
prok8zal i, ,30dadqgh 82 dgRanu PoZpougasky, vegg2 mbi sp
vytvoS®m2 ge&€l u. ZSrovetRvodd®&®hgE2z2i @©bN vytvoSene
odpovRdn® za zvigen?2 bBywllytzkodmdhpeem@&Go m&k yv
kombinacisj i nT mi aktivegt or y162] rorovali n\s1 ae rS2a nj mryamov at e |
odd&l en?2 daBysiptUhnakt?i vaci s pwod denl 2nnD  sskel esmo.d nK mp o d
z&§vhDrTm dogel [163],Yaktge S22 kvoylu.g2 val i jak roztok s
uhlilitanwlivieadgre®@®&pna vgak pSingg?2 edeegZami sa?
jedng8 o n8rTstvysdyohBasSmr gt Nn?
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Shrnut ¢livumi n e r 8l S 2scahd / WABS mBD s 2

pS2sadal/pS$2 pS2davek (

pozitivn?

negativn?

. zvl gen?z2 e
5130 [114,%16,117] P
mikrosilika a SUK zhor gen2z mec
5i 30 vliastnost?
t epl qUIBIRGH
10 zl epgenz2 zpr
[13,15,118]
" 50 (Ms=3,22; 2,50) odd8l en?[124]u
. _ zrychl enz d«
50 (Ms= 2.00) [124]
20 virazn® prodl|
: t uh fl23] 2
50 s n 2 gpeenv2n {27} 2
5(+2%hag en®h zvl gen2 pe! sn2gen?2 pevn
v_8pha (7a28d n B59] [59]
10+2%hagen® zvl gen2 peawmr sn2gen?2 pe
vE8pha [59] (la7dn 9]
75; 50; 25 sn2gen?2 [B3@)r pokles pevnos t[1330]
dobr 8§ o dkoy sneol
50 pr ost 50,4”4] &
vysokoteplotr CHsCOOH [134]
50 g8dn® zmNhDny
Na SO, [133,134]
ztr8ta mech
50 vl ast po otsz S
MgSO4 [133]
vVysok8 m2r a
50 [134]
vysok§ mrazu
50 [134]
n2zk8 odol no:
50 [134]
viborng sch
50 i mobilizace
[135,136]
. prodlougen?
20 [38,140]
zrychl en?
25; 50 polykondenza
[141]
0 n8r Tst pev
‘ [41,142,143]
rizi ko zt
.0 zpracovatelnosti a
metakaolin p ev n (38147
sn2gen? absao
) kapil §rn2 ne
10; 20 pr]’pniku chl o
[143]
g8dnl poziti
20 g8rovzdornos
[41]
0 zvli gen2 ohni
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pS2sadal/ p$?

pSzdavek

pozitivn?

negativn?

zvigen2 pe

30i 80 (akti v 8t 1
[151]
zvigen2 dl ot sn2?2 gpeonl28§t el r
50; 70 pevnostz2 (a8 pevnost?2 (a
Na;S0.) [149,153] NaxS0,) [149]
zvi geal28t el
40 pevnostz2 (&
2M NaOH) [152]
¥ sn2gen2 pe
portlandsk I c e me 20: 40; 60; 80 (aktivStor
Na,SiO3) [154]
sn2gen2 pe
30 (aktiv§t28i®3)4
[74]
30 g8dnl wvliv n
(akt i v,8@sdT49] N
vlirazmwychl en
01 30 tuhnut 2 (al
Na,SiOs3) [150]
zrychl en? a
5i 25 poj i v o (Re=100%0)
[157]
. zveg?2 pevn
5120 (RH=100%) [157]
virazng§ zt
20 zpracovateln
: pevnost @RH=100%)
[157]
. zvligen2 pol sn2gen2 dl ol
cement§$px_ek®sd» 51 50 pevnost2 (a pevnost2 (a
odpragky podm? jeoY ) podm? jeoY )
sn2gen2 pol ¢
107 50 dl ouhodobTch
(RH =99 %) [158]
" snzgenz2 sm
5125 (RH=100%) [157]
" snz2gen2 aut
5125 s mr g {16Dh 2
50 vysokl expan
[159,160]
"5 zvligen2 pol
pevn 3152421, 155]
. zvli gen2 zpr a ngfrst smr gt
hagn®§pno 175 g[162,163] P vyggych[ﬁh]zgr]n
75 odd8l en2 do

[163]
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4.Z28vDrel n® shrnut?

Al kalicky aktivovan® materi 8ly jsou vel mi slibr
Jejich Vygag? apl iktad m$oujpeas @onst Bld pymedwen nzkt er T
negati vn?2chlzevpl oadsptandpiistt 2m r TznlTch pS2sad, a$S ug

anorgani ck®r 8xc8izibyly pSedstaveny Yal 1 nky nejvz2c
Zz§s &dnn z p T soovhl é mhBRrakjeea | kal i cky akt Poogan® AASEesakly .v
vwch§ z2pot Seby nSpd®h&gicth technol ggiakfmih j csmeiz ezne?j r
vysok® smrgtBhDn2, n2zk8 zpracovatelnost a rychll

Byly diskutovgny pS2sady, kter® reduwhladiska r ozs §
organicklch pSgisamul enybkh®ziun &gengylay kol T a ami noal
schopnost redukce s mr gt NDn 2 . Ni cm®nhD jejivgdy ppetdavel mué
sohl edem na jejich necdatdirvanza| e pad®pnoo spra Vb s o st
potvrzeno, e cesta spNgédvHnz opy@hoc hhee@io® uh c h

pS2sada jej2mg principu je postavena t¥loirime® kap
redukci gdarj @t lkra?p.ot Seb2 dal g2ho vizkumu, kterT |
dosudnet est olv&md lkc hs/sl ii hawat s nbezigntelPyns2d oAt bj g2 ch v i
Ztohoto dTvodu je nutn® se zamhDSit na mognost.
viznamnou roli ve snigovgn2 smrgthn?2.kI\eloivki ocsht

parametr  T2oviriooRugH esmogE€NPT &V & dk g oS asakucT iy e
pSedst gviosvtadt p®s wn obl astliakol zaklutneur.nati vjaugsie 2 nal
anorganickTlch pS2sad a pS2mhDs?2. Sn2gen? s mr gt
vysokot ep!l okup2tako p opnoopc22| cementp8a&skbehchbyodprag
Zdl ouhodob®ho hl edi ska jnseopue r s pakt itvynt2o ap St s a dzye
prokazateln®mu negativn2zmu dopadu enaipahlediani ¢ k ®
j ej i chhocdée®md&cRI®RO gen 2 .

Kvdtnguvas pRDeoled!| o %sil 2 o zvligen2 zpracovatelnost:i
AAS. Vt ®t o obbgkkipiochopen? mechani s mu Y2l i nku bn
plastifikal mysh @mscBBHES,ms za n8sl edek mognost

svhodnT mi chEm siISd@eanz2em.iny na b8§zi ,|ig@obsulforwt
mal ®m mnogstv2 dok§g2 avtetanslhD zef §i v I\ pcaa®nad a n €
z8§sadn?2 promPdmhaelotui VBrraodtc2t Dcht o pnS® swaal paSeallsk alviug

aktiwgtdyp akivliivERwjree n8boj na zrnech strusky a
aktivn2ch |$gyetk@ngawatdlevnpgataweklTki m pSekvapen?i
stalo %pln® selh8n2 pougitelnost: nov® @emnder ace

VAAS systWmeackh® pH zpTsobuje rozklad tRchto pol
mechani smus postavenl na b8§zi sterZtt&®htoo bad Bndana
mu s 2 bTt do budoucna kladen vygg? BPrsasd Inmn zj i
al kalick®m prost Sed?.

Kdalnmp2viznamni m pokrohkiTedi d&x@l oSeiger?2 pSedl| asn®h
Anorganick® pS2sady na bg§zi fosforelnanT vykazuj
svihodou VAAS.gKa ¢d 8§V e n 2 pot 8t kluz et udhoncu? | i t [ jig
|l ignosul fon8tovimi plastifik8tory. Oba typy pS2
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pevnost.i materdI|g8d wh odal@®®nN NDhilzedi ska byl prokg8z$§
v T vneeghanickl c Wastnosti AAS.

Vi zkuABbyAzamNDSen i na zhefgwdcen?domibtewradnincethch pS2s
pS2mNs2, kter® mohou rovnRg MnSihn@ svtT znklukBieregri @ ypSoczei
zvigen? mechani ckT chdo svd ¢pesrpiBdhd t ¥ rkiledsifky, SUKu,

portl andec&m®éint u NP d®Jg ¥ §ipmwaa n pohledo jejichiodolastsv sz | n D
chemicky agresivn2ch prostSed2ch |lze doc2lit na
nebo metakaolinu. Vy t voSen® fpiwjg ovYi® 2 t DpBttamBp 52 saod n N§
vibornou sSonobprhnosgtokavytoei sk®i ser BknhuSPpSPsadi/ p!
mohou poskytnout mnoh® benefity AAS materi 81T
vpraxi Vt ®t 0 souvisl osti vgedgiottrtWxkri & r mo y mebstt rnasdliol n 2 ¢
poug2vanheh8ln2ahp$SmEa®r ® | s odiandi sltakpanl® tvd pot
viroby AAS

Byl o prok8z8no, ge vyugit2 organicklich a anorgat
z8§sadn2 vliiv na chov8n2 al kirasky. 8&y| aknli voelvak®mvm
nad§8l e smhDSovat cestou vivoje charakteristickTIec
aby jejimdbyd i medkat isvinlh Do wzI§isvadidin ® prosfTgendd al k
zpTsobem |l ze n§8slednippsypmadifi kav&ag8tTaoah akkali
materi 8 T, kter® by odefichyyygitcRrhyssha®s@ mognosti
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5. Zkratky a symboly

AAM al kalicky aktivovanl materi §l
AAS al kalicky aktivovan8 struska
AEA provzdugRovac?2 pS2sada

AFm & §z [Cax(AlLFE)(OH)s) ] L X:n HX=dvoj mocnl anion

AFt f §8ze [CasAlLFe)OH)l 1HOLL ¥ n.8; X=dvoj mocnl anic

CsA trikalcium al umi n§8t
C-A-S-H gel kalcium-aluming s i |- k&1t 8t
CMC kritick8 micel 8&rn2 koncentrace

C-(N)-A-S-H gel kalcium-alumin§ s i |-h k&t §t s al kalickTm ko

C-S-H gel kalcium-s i |-hh k&1t 8§t

C,S di kalcium silik©8t

CsS tri kalcium silik©§8t

DP stupeR depol ymerace

HLB hydrolfiigaofDi | n2 rovnov8ha

MAS-NMR nukl e8r n2 magne magc &ngle spipnmglnance (

N(K)-A-S-H gel auming s i |-h k@&t&ltkal i ckTm kovem ve sv

OPC bNngnT portlandskl cement

SRA pS2sada redukuj2c?2 smrgthn?2

SUK speci 8§l nnD upravenl kSemen

VPS vysokopecn?2 struska

XPS rentgenov8 fotoelektronovg8 spektr
XRD rentgenowng diafal d k]
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HIGHLIGHTS

« Amino alcohol surfactants reduced the surface tension of AAS pore solutions.

« Surfactants had a minor effect on autogenous shrinkage.

+ Drying shrinkage was reduced mainly thanks to hydration retardation caused by surfactants.
« Decrease in surface tension does not necessarily lead to decrease in shrinkage.

« Adsorption of surfactants on slag particles were observed.
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One of the most important technological problems associated with alkali-activated materials is high
shrinkage. In this study, shrinkage reducing admixtures (SRAs) based on amino alcohols were used in
alkali-activated slag (AAS) as strong surfactants that should, in terms of capillary pressure theory,
decrease shrinkage via the decrease in surface tension. Although the surface tension of the pore solution
was reduced by SRAs, autogenous shrinkage was not affected in the long run, while drying shrinkage was
noticeably reduced and simultaneous weight changes were dramatically increased. The expected retar-

ﬁm-:d;lvated sdag dation effect of SRAs on hydration was confirmed using isothermal calorimetry, strength development,
Shrinkage mercury intrusion porosimetry and scanning clectron microscopy. The obtained results suggest that
Admixture the observed effect of SRAs on drying shrinkage was caused by coarser pore structure rather than by a
Hydration decrease in surface tension of the pore solution. Since the decrease in surface tension does not necessarily

lead to decrease in shrinkage, the application of capillary pressure theory in AAS can sometimes be an
issue.

Capillary pressure
Surface tension

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali-activated materials (AAM) are non-traditional cementi-
tious materials, the research and subsequent practical applications
of which are currently undergoing an unprecedented development.
The increased interest in these materials is primarily related to the
revelation of their potential options, which are in many cases cru-
cial in comparison with the conventional way represented by the
usage of ordinary Portland cement (OPC). The main reason why
AAM are gaining increased recognition and interest is connected
with the reduction of CO, emissions which are lower compared
to the emissions coming from Portland cement-based materials
| 1]. It should also be noted that most AAM are based on industrial

* Corresponding author.
E-mail address: kalina@fch.vut.cz (L Kalina).

hatps:[fdolorgf10.1016/).conbuildmat.2020.118620
0950-0618/@ 2020 Elsevier Ltd. All rights reserved.

waste and secondary raw materials which significantly contribute
to the saving of natural resources.

Generally AAM show very good chemical [2] and high-
temperature [3] resistance. High early strength is also an advanta-
geous property typical for alkaline activated blast furnace slag-
based systems (AAS) cured under ambient conditions [4}. Never-
theless, these materials also have some disadvantages considerably
limiting their practical applications, especially their high autoge-
nous and drying shrinkage [5).

The capillary pressure theory and disjoining pressure theory are
known and abundantly used to explain the origin of shrinkage phe-
nomena [G). The former theory was based on the formation of
menisci which arise during the drying of cementitious matrix as
a consequence of surface tension forces. The difference between
the pressures in liquid and vapour phase Ap comprises a menisci
curvature. For a spherical liquidfvapour interfaces the Laplace
equation can be used:
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A 2y (1) icate material for alkaline activation. The phase composition was
P=7 determined using X-Ray powder diffraction (XRD) analyser

where r is the radius of the largest solution-filled cylindrical pore
and y is the surface tension at the liquidfvapour interface.

However, there are some doubts about the applicability of this
theory to the cementitious systems with very fine pores (below
10 nm) regarding the pore shape, the existence of menisci and also
the relative humidity lower than 50% [7.8]. According to these
authors, disjoining forces play the main role in the shrinkage
mechanism, particularly in mature hydrated cement paste. The
term “disjoining pressure” represents the complex interactions
between water and two solid surfaces, which may be written in
simplified version as a superposition of the contribution of disper-
sive attractive or molecular forces (predominantly van der Waals
forces), repulsive electric double layer components and structural
components. When the solid surfaces are close to each other in a
vacuum or in dry air, the attractive contributions dominate, and
the solid surfaces are in close contact. As the relative humidity
increases, water that is adsorbed and condensed within the capil-
laries forms a film separating the solid surfaces. This theory is
applicable throughout the whole range of relative humidity [6].

Additionally, recent investigations [9.10] also showed that
extensive shrinkage of AAS is created by the contribution of
visco-elastic/visco-plastic behaviour during drying related to the
rearrangement of C-{A)-S-H under capillary stresses. This could
be mare pronounced by the presence of alkalis and results in
chemical and physical changes in AAS.

With respect to the capillary model described above, one of the
ways to effectively reduce the shrinkage phenomenon is by using
the organic surfactants-based shrinkage reducing admixtures
(SRAs). The basic premise of the SRAs function is the reduction of
surface tension of the capillary fluid, i.e. pore solution, which also
decreases the capillary forces described by the Laplace equation
(Eq. (1)). This results in the mitigation of drying 11} as well as auto-
genous | 12] shrinkage. According to certain studies [ 13,14/, the cor-
relations between the shrinkage reduction and the reduction of
surface tension of pore solution exhibit direct dependence. Thus,
the assumption of goad efficiency of SRAs according to the previous
studies should particularly lie on the ability to decrease the surface
tension of pore solution in alkali-activated systems as well.

Contrary to the above mentioned well-established findings
regarding the Portland cement-based systems and also to some
studies in AAS |15,16] we have observed some problems when
using SRAs in waterglass-activated slag [17]. During the drying of
porous immature AAS with delayed hydration, very low drying
shrinkage was observed, while after prolonged curing, SRAs lost
its efficiency. Similar observations of other SRAs and other related
organic substances of various types led us to a more in-depth anal-
ysis including the context of the surface tension of the pore solu-
tion, i.e. in relation to original working mechanism of SRAs.
Therefore, this paper provides information about the efficiency of
non-ionic aminoe alcohal surfactants upon the ability to reduce
both drying and autogenous shrinkage in alkali-activated blast fur-
nace slag. The presented results discussed are regarding surface
tension of the pore solution, hydration praocess and physical-
mechanical properties of AAS, and suggest that the decrease in sur-
face tension by SRAs does not necessarily lead to expected shrink-
age reduction.

2. Experimental part
2.1. Materials

Commercial blast furnace slag (BFS) (ArcellorMittal Ostrava, a.
s.) with the Blaine fineness of 400 m?{kg was the main aluminosil-

EMPYREAN (PANalytical, Netherland) in a central focusing
arrangement using CuKx radiation with step 0.013 °20. The
method of internal standard (calcium fluorite) for the amorphous
part determination was applied. The XRD analysis showed the con-
tent of an amorphous phase of about 90%. The evaluation of the
crystallographic structure and quantitative analysis was done by
a Highscore programme using the Rietveld method. The crystal
phases identified in BFS were melilite, calcite and menwinite. The
chemical composition of BFS determined by X-ray fluorescence
(XRF) s given in Table 1 and was performed with the spectrometer
VANTA VRC (BAS, C(ZE). Quantification of elements was calculated
via the internal mode in Geochem and represented as oxides.
Sodium waterglass (Vodni sklo, a.s.) with the silicate modulus of
1.96 was used as an alkaline activator. Silicate modulus was deter-
mined by conductometry analysis.

2-(Ethylamino)ethanol (non-fluorinated secondary amine, fur-
ther EAE) obtained from Sigma-Aldrich (per analysis grade) and
self-synthetized N-ethyl.N-hydroxyethyl-heptafluoropropylamid
(fluorinated secondary amide further synHFPA) were used as the
SRA additives with assumed potential to reduce the surface tension
of a pore solution. SynHFPA was prepared according to the patent
CN106831504 by nucleophile acylation of 2-(Ethanolamino)
ethanol with perfluoroester of carboxylic acid, i.e Methyl heptaflu-
orobutyrate (99%, Sigma-Aldrich). The concentration of added sur-
factants was set to 0.5 wt (by weight of BFS).

2.2. Testing methods

2.2.1. Physical-mechanical properties

Testing samples for the measurements of compressive strength
as well as drying and autogenous shrinkage evolution were pre-
pared as follows. BFS was activated by using sodium waterglass
in an automatic mortar mixer set to exact mixing cycle in compli-
ance with EN 196-1. The mass ratio Na,OfBFS was set to 0.04 and
water to BFS ratio was adjusted to 035 including the water pre-
sented in the alkaline activator. Prepared alkali-activated pastes
were cast into steel moulds with the dimensions of
25 x 25 x 285 mm, which were moistly cured for the next 24 h.
Both, mixing and curing were performed at laboratory temperature
of 25 °C. Two different curing conditions after demoulding the
samples were chosen for the strength and shrinkage measure-
ments. One set of species was placed in the curing chamber with
a defined relative humidity (65%, humidity chamber HC 105 Mem-
mert), whereas the other one was wrapped inte plastic foil to
ensure autogenous conditions. Compressive strength measure-
ments were carried out by a compressive and bending tester Dest-
test 3310 (Betonsystem, CZE) at 1, 7 and 28 days. Observed data
were statistically processes (standard average and deviation from
6 samples). The length changes were measured in short time inter-
vals using the ASTM C490 apparatus until the age of 28 days.
Observed data were also statistically processed as standard aver-
age from three separately measurements.

To observe the autogenous volume changes during the frst
24 h, Archimedes principle measurements were carried out. The
mixtures of AAS were placed into the elastic membranes of com-
mercially available non-lubricated, non-reservoir condoms. The
condoms were then tied by a thin fishing line and hung to an ana-
lytical balance (Metler Toledo ME 204, USA). The sample weight of
air (W) was obtained. Subsequently, the condom was submerged
into a beaker filled with paraffin oil and the weight of the sample
(wj:) in the initial setting time was determined. The initial setting
time was identified simultaneously using the Vicat needle. There-
after the weights (w,) were monitored during the setting and hard-
ening of the binder every minute. The change of sample volume AV
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Table 1
Chemical compositions of blast fumace slag.
Raw material Chemical composition/wt.X
sio, ALLO, ca0 MgO 50, Na,0 K,0 Tio; Mno Fe,0y
Blast furnace slag 347 91 411 10.5 14 04 09 1.0 0.6 03

at a constant laboratory temperature T (25 °C) was calculated as
follows:

Wi W,

~AViT)= Wair — Wi

(%) )

222 Isothermal calorimetry

The evolution of hydration heat was measured using the TAM
Air isothermal microcalorimeter (TA instruments, USA). The mea-
surements of heat evolution were performed at constant tempera-
ture of 25 °C. BFS and alkaline activator were mixed together by
injecting the solution into a 15 mL Admix® vial and stirring it for
3 min, immediately after the thermal equilibrium of placed BFS
was reached. Water/BFS (0.35) as well as the Na,O/BFS (0.04) ratios
were the same as in the preparation process of testing samples. The
heat evolution was immediately recorded as the heat flow. These
measurements were performed against a reference sample which
has a similar heating capacity (i.e. water).

2.2.3. Porosimetry

The total porosity and the pore size distribution were deter-
mined by mercury intrusion porosimeter Poremaster (Quan-
tachrome [nstruments, USA). The working pressure range was
from 0.14 to 231 MPa which covered the pore diameter range from
6.5 to 1000 nm. These measurements were carried out using Hg
with the surface tension of 0.480 N/m and the contact angle of
140°. The contact angle value was selected according to Collins
and Sanjayan study [ 18] focused on the measurement of pore size
distribution of AAS-based systems. Nevertheless, the contact angle
is dependent on several factors |19] which can affect the value of
calculated pore diameter. The scan mode was chosen to average
from 11 points. Obtained intrusion data were processed by the
Poremaster program and normalized by sample weight and vol-
ume. Observed experimental data were presented as standard
averaged values from three measurements. The chosen experimen-
tal parameters should provide information about the trend of
porosity evolution due to the different mechanism of hydration
in the presence of different SRA and not determine the exact pore
distribution which could be given by the innovative MIP methods
|19}

2.2.4. Surface tension

The dynamic surface tensions of pore solutions as well as pure
amino alcohol admixtures were measured by the tensiometer BPA-
800P (KSV Instruments, Finland) with the maximum bubble pres-
sure method. Measurements were carried out at a constant tem-
perature of 25 °C. Pore solutions were obtained from hardened
samples stored in autogenous conditions in different time periods
(1 and 7 days) using the steel die-and-piston system subjected to a
pressure of 300 kN.

2.25. Zeta potential

The effect of surfactant addition on the values of zeta potential
of slag suspension was investigated by the method of elec-
trophoretic light scattering using Zetasizer Nano ZS (Malvern Pan-
alytical Ltd., UK). Our main goal in this part of measurement was
mainly to confirm the relative effect of used SRAs on surface chem-
istry of BFS grains in comparison with the sample without admix-

ture. For this purpose, 10 mL of slag suspension (1 g BFS/ 100 mL
H.0) with alkaline activator (4 wt¥ Na,O/BFS) was titrated with
the surfactants solutions using the MPT-2 titration unit (Malvern
Panalytical Ltd., UK) in the concentration range 0-5 wt% by mass
of BFS. The surfactant addition was performed stepwise with
defined concentration steps (0.25 wt%). After each step, the pH,
the conductivity, the average scattered light intensity and the zeta
potential of the suspension were measured. The above described
titrations were performed for all investigated surfactants under a
controlled temperature (25.0 £ 0.2 ¢C) in three independently pre-
pared replicates. Electropharetic light scattering (ELS) was done for
each of these replicates after individual surfactant additions in
three repeated scans (results are presented in the form of mean
values * SD, n = 9 (three repeated measurements of three sample
replicates)). The obtained data from ELS titration were processed
using the Zetasizer software (version 7.11; Malvern Panalytical
Ltd., UK). It should be noted that the values of zeta potential deter-
mined by electrophoretic light scattering for colloidal particles are
also influenced by the concentration and by the size of analysed
particles. The measurement of zeta potential in concentrated sus-
pensions such as AAS suspensions with SRAs admixtures is gener-
ally a great technological challenge, due to the high sample
turbidity. As a consequence the measurable concentrations using
this method must be in comparison with real used concentrations
in formulations significantly lower. On the other hand, the dilution
can be beneficial for the measurement because of suppressing the
changes in particle size thanks to slowed down hydration, i.e. dis-
solution of slag particles and growth of hydration products.

3. Results and discussion
3.1. Surface activity of amino alcohols

Surface activity is an essential property of surface-active agents
(surfactants) and can be evaluated by means of the surface tension
measurements. Fig. | shows the values of surface tension of pure
amino alcohol admixtures, as well as pore solutions. The solution
of alkaline activator exhibited relatively high surface tension
(71.4 mNfm at 25 °C), very similar to distilled water (72.0 mNfm
at 25°C) and the surface tension of EAE and synHFPA showed more
than halved values, 33.2 and 28.7 mN/m respectively. The addition
of surfactants into the activated BFS sample resulted in a decrease
of surface tension in pore solution, especially when the synthe-
sized fluorocarbon surfactant was used. In the case of EAE addition,
a 15% reduction was achieved. The synthesized fluorocarbon
(synHFPA) admixture decreased surface tension by about 30%.
From Fig. 1 it is evident that the surface tension of pore solution
did not change during the hydration process, although the bulk
concentration of SRA should be increased due to the chemical
bonding of water into the hydration products. Similar values and
trends of surface tension of AAS pore solution without SRAs, where
the surface tension increased only very slightly from 24 h to seven
days have previously been published {20].

3.2. Autogenous shrinkage

It is well known that capillary stress occurs due to internal dry-
ing during autogenous conditions. The consumption of water for
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the hydration products formation, i.e. self~desiccation, results in a
decrease in relative humidity in the whole system and therefore
curved menisci are created. Weiss et al. [21] and Bentz et al. [22]
confirmed that the presence of SRAs in autogenous conditions
leads to lower development of shrinkage. The utilization of some
types of commercial SRAs can even lead to an initial expansion
which decreases a part of the autogenous shrinkage later on. Sant
et al. [23] explained that this behaviour should be connected with
the amplification in portlandite oversaturation and its precipita-
tion causes an early-age expansion. Several studies also confirm
that the addition of the SRAs causes high internal relative humidity
retention [21.24 25|. For this reason, the main mechanism control-
ling the shrinkage is attributed primarily to the capillary stress
while disjoining pressure or another mechanism may dominate
the shrinkage response at lower relative humidity |26]. Neverthe-
less, it should be noted that previous studies were mainly focused
on cementitious systems based on Portland cement. The situation
in the case of AAS seems to be different which is shown in Fig. 2.

From a long-term point of view, the autogenous shrinkage evo-
lution exhibits very similar progress whether the systems contain
SRAs or not. The distinction among the samples was observed only
during the early timeframes of the hydration process. The samples
containing SRAs showed a lower shrinkage rate up to 72 h from the
start of alkaline activation, which can be related to the changes of
hydration in the presence of SRAs. Therefore, microcalorimetry
measurements were implemented. Fig. 3 shows two peaks appear-
ing in the first minutes and hours of hydration process and one
peak occurring after tens of hours. Typologically the same shape
of the calorimetric curve for waterglass-activated BFS was reported
by Shi and Day |27|. According to them, the initial peak is attribu-
ted to the wetting and dissolution of slag grains and adsorption of
ions onto them while the additional initial peak is connected with
the formation of a primary binder phase resulting mainly from the
reaction of (Si0,)*~ ions from sodium waterglass and Ca?* ions dis-
solved from the surface of BFS. The third hydration peak is the
main one where the bulk hydration of the slag takes place [28)
resulting in the fast evolution of the gel-like interstitial matrix
among the slag grains [29]. C-(A)-S-H gel is a typical binder phase
which occurs during alkaline activation of BFS [30]. It is evident
that the presence of SRAs somewhat decreased the content of the
binder phase formed during the initial hydration phase and notice-
ably retarded the peak corresponding to bulk hydration. It can be

seen that once the C-(A)-S-H gel started to form, the autogenous
shrinkage increased sharply. After 3 days, all samples behaved
the same way, despite the different shapes of testing samples
and the beginning of autogenous shrinkage measurement, ie.
1 day from the start of mixing (Fig. 2A) or the time of initial set-
tings (Fig. 2B). The calorimetry measurements were also in accor-
dance with the compressive strength development (Fig. 4). After
1 day, the samples containing an SRA showed significantly lower
values of compressive strengths in comparison with the reference
samples. The retardation effect of SRAs was undoubtedly mani-
fested. After 7 and 28 days, the compressive strength values of
all samples were very similar.

An important factor that controls the capillary pressure is also
the pore size distribution. The magnitude of shrinkage predomi-
nantly depends on the loss of water from mesopores (2-50 nm)
[31]. In the case of AAS, the proportion of pores in the mentioned
region is higher compared to hydrated OPC which is the main rea-
son for its higher shrinkage | 18]. The effect of SRAs addition on the
change of porosity is one of the crucial factors which influence the
shrinkage phenomena. Shah et al. [32] revealed a minar influence
of SRAs on the pore size distribution of hydrated OPC. However,
Kalina and Bilek [17,33] showed that some surfactants increase
the porosity of AAS very strongly. Therefore, the differences in pore
size distribution and total porosity of hardened samples were
examined. Fig. 5A shows that MIP response under the autogenous
treatment is very similar up to the pore diameter of 50 nm for all
samples after just 7 days. Simultaneously, it is evident that all sam-
ples have a high concentration of pores within the mesopore size
range, responsible for magnification of capillary tensile forces set
up at the menisci. Therefore, the effect of surface tension should
play the key role for the reduction of capillary pressure. However,
the autogenous shrinkage rate remains unchanged with or without
the SRA addition, even though the surface tension of the pore solu-
tion seems to be effectively reduced.

3.3. Drying shrinkage

According to the Wittmann and Splittgerber studies [34.35], a
relative humidity above 55% of the surrounding air ensures that
the capillary pressure outweighs the disjoining pressure because
the van der Waals attractive forces among the pore walls are min-
imized. Therefore, the verification of the capillary force shrinkage
model was further based on the measurements of length change
during the curing process with controlled relative humidity
(65%). The results in Fig. 6A show that the usage of SRAs decreased
the drying shrinkage by about 35% compared to the reference sam-
ples. Consequently, one fundamental question arises: Does the
decrease of surface tension by the addition of SRAs affect the dry-
ing shrinkage reduction? The combination of several measure-
ments suggests that a different explanation should be offered.

During the drying shrinkage measurement, the weight changes
of tested specimens were also obtained (Fig. 6B). A significant
weight loss was observed in the case of samples with SRAs, espe-
cially when EAE was used. This can be related to the reduced sur-
face tension of the pore solution, but also to the porosity and pore
size distribution. The latter is supported by the comparison of the
weight loss and drying shrinkage development. It can be seen that
for the reference paste both drying and shrinkage rate is the high-
est at the beginning of drying while for both pastes with SRAs,
extensive initial drying is not accompanied by rapid shrinking.
The highest shrinkage rate is somewhat delayed and can be seen
after around two days. This suggests that after 24 h, SRA-
containing specimens had much larger pores whose emptying does
not lead to severe shrinkage. Coarser porosity is related to the
retardation of hydration by SRAs, particularly to the delay of the
third peak on the calorimetric curve (Fig. 4), which was also
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reported in the Bilek et al. study [17]. Simultaneously, due to a
lower degree of hydration at the start of drying (24 h), a lower
amount of water is bound in the hydration products and thus more
water can freely evaporate out which increases total weight loss
during drying. Consequently, less water is available for the creation
of hydration products which is the main difference between auto-
genous conditions and controlled curing at RH = 65%. The lower
amount of formed binder phase has a direct impact on total poros-
ity and mechanical properties as well. Fig. 5B shows that the poros-
ity is greatly influenced. After 7 days; the total porosity of the
samples with SRA addition was more than five times higher than
that of the reference ones. This porosity and the slowing down of
the hydration process also reduced strength development. Fig. 4
shows that the compressive strength of samples with SRA cured
at 65% of relative humidity was always noticeably lower compared
to the reference samples. It is obvious that a lower degree of hydra-
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Fig. 4. Effect of surfactants on compressive swength development of alkali-
activated blast furnace slag.

tion also results in a lower extent of drying shrinkage. For this rea-
son, it is difficult to conclude whether the decline in drying
shrinkage is related to the reduction of surface tension of the pore
solution or the creation of a coarser microstructure (Fig. 7) with a
lower proportion of mesopores.

[t should be noted that the usage of SRAs in improving the dry-
ing shrinkage performance of OPC systems shows a somewhat dif-
ferent effect. Namely, it has been observed that the cement binders
containing SRAs exhibit the reduction in the rate of cement hydra-
tion and strength development. Nevertheless, the reduction takes
place mainly in the early-age compressive and tensile strength
[32,36) but a noticeable strength improvement was later con-
firmed with simultaneous reduction of drying shrinkage [36,37].
It is obvious that the behaviour of AAS with the addition of SRAs
is quite different. The reason may be related to the AAS pore
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structure being generally more refined when compared to Portland
cement. This implies that the lack of SRA molecules at the liquid-
vapour interface can occur at a higher relative humidity compared
to Portland cement and thus SRA loses its efficiency during the ear-
lier drying stages. This can be partially slowed down by an
increased dose of the SRA beyond its critical micelle concentration
(CMC). Although it does not lead to a further decrease of the bulk
pore solution surface tension, micelles can serve as a buffer for
later stages of drying and interfacial area increase |6/|. [n this con-
text, the issues of immobilization of SRA molecules by interactions
with AAS through adsorption on slag particles and hydration prod-
ucts, as well as their consumption by hydration product may occur.
Our recent study 38| showed that depending on the structure of
SRAs, only a relatively small fraction of SRA remains in the pore
solution in the mobile form, capable of migrating to the interfacial
area to reduce surface tension. If the portion of the immobilized
SRA is so high that its concentration in the pore solution is below
CMC, the above described buffering effect is lost resulting in an
earlier decrease of SRA efficiency.
Initially high but subsequently decreasing SRA efficiency can be
seen in previous research by Bilim et al. [16], while work by

Fig. 7. SEM images of alkali-activated blast furnace slag with (B) and without (A) SRA addition after 7 days of hydration; RH = 65%; 1 - blast furnace slag particle, 2 - binder
phase.
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Palacios and Puertas [15] reported much higher SRA efficiency at 0
the relative humidity of 99% compared to 50%. These results corre-
late well with the increase interfacial area during drying discussed i

abave. However, findings presented in this study are rather oppo-
site due to unaffected autogenous shrinkage and reduced drying
shrinkage. It is true that during initial stages of autogenous shrink-
age both SRAs seem to be efficient, but the decrease in shrinkage
correlates better with the retardation of hydration than with the
decrease in surface tension. The same stands for the initial stages
of drying shrinkage and for weight loss during drying. These
results, therefore suggest that at least in some cases of AAS, the
effects of hydration degree and related pore structure or surface
area on shrinkage prevail over the (bulk) pore solution surface
tension.

3.4. Action of amino alcohols in alkali-activated systems

The efficiency of SRAs can be affected if they adsorb at the solid/
liquid interfaces. The adsorption of non-ionic surfactants was
observed in various studies focused on different silicate solid mate-
rials such as precipitated silica [39], ground quartz {40/, soils [41]
or clays |42]. The consequence of adsorption closely related to the
development of undesired properties of mortar or concrete and
changed working mechanism of SRA at the liquid/air interface.
Therefore, the examination of how the molecular nature of used
surfactants affects the adsorption at the solidfliquid interfaces is
critical for their utilization in alkali-activated systems.

This paper provided an investigation of SRAs adsorption based
on the zeta potential measurement which gives information about
the electrokinetic potential in the interfacial double layer of BFS
grains. Several factors such as different pH, the nature of used alka-
line activator or the addition of some admixture can fundamentally
change the charge on BFS grain surface. If the BFS particles are in
contact with water, the Si-0, Al-0 and Ca-0 bonds on their surface
are broken under the polarization effect of OH- [43]. The strength
of Ca~0 bonds is weaker than that of Si-O or Al-0 bonds resulting
in a higher concentration of Ca** ions in the solution [44] and very
quick Si-Al-rich layer creation on the surface of BFS particles [45].
The Si-Al-rich layer can adsorb H;0" ions causing the increase of
OH" concentration and consequently increasing the pH of the solu-
tion. An alkaline pH means that some silanol groups on wetted par-
ticle surface deprotonate and a negative charge is induced [46].
When alkaline activator (sodium waterglass) was added into the
BFS suspension, a higher negative value of zeta potential was
observed (Fig. 8). Kashani et al. [47] explained negative zeta poten-
tial through the presence of additional silicate species from the
alkaline activator which can be adsorbed or can precipitate on
the BFS particle surface. However, the situation will quickly change
if an SRA is added to the alkaline suspension. Fig. 8 shows that a
higher content of amino alcohol surfactants decreased the zeta
potential values, as well as the surface charge. The effect of particle
size variation on actual determined values of zeta potentials after
individual SRA addition was neglected due to the minimal
observed changes in average scattered light intensity during the
performed experiments. It should follow that used surfactants
were adsorbed on the BFS surface. The adsorption mechanism of
surfactants may be explained by the hydrogen bonding between
the polar hydrophilic head of SRAs (C-OH) and the silanol groups
on the slag surface [48|. Due to the amphiphilic nature of the most
used SRAs for which the non-ionic character is typical, the ten-
dency to adsorb onto hydrophilic surfaces is always expected.
The adsorption is more accelerated if a fluorinated surfactant with
a longer hydrophabic tail is used. Similar results were achieved in
the Partyka et al. |39] study. Moreover, the authors observed that
the CMC of surfactant with longer hydrophobic chain was drasti-
cally decreased which is related to the maximum degree of adsorp-
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and after the addition of amino alcohal admixtures.

tion. The dissolution of BFS is then negatively affected and the
hydration process slows down as was shown in the formation of
a primary C{A)-S-H gel in the previous results (see Fig. 3). The
delay in the creation of the secondary C-(A)-S-H gel probably also
depends on the length of the hydrophaobic tail and molecular struc-
ture of SRAs in general as was showed by Bilek et al. [49]. However,
further and deeper investigation between the character of organic
admixtures and the hydration mechanism of AAM is necessary.

4. Conclusion

Based on obtained results, the essential conclusions may be
summarized as follows:

- The addition of surfactants with a higher potential to reduce the
surface tension of pore solution does not have any influence on
the autogenous shrinkage or on the hydration process of AAS
from a long-term point of view. The decrease in capillary pres-
sure does not lead to the shrinkage reduction. Therefore, the
basic principle of the working mechanism of SRAs in alkali-
activated systems ceases to be applicable.

- The effect of SRAs on the drying shrinkage reduction is also

speculative. Observed shrinkage reduction with the SRAs con-

tent is caused by the smaller amount of binder phase formation,
rather than by the effective action of used admixtures.

A great influence on the hydration process of AAS in the pres-

ence of SRAs was shown. The molecular character of used

non-ionic surfactants causes a noticeable adsorption on slag
particles during the alkaline activation resulting in the retarda-
tion of the hydration process. Due to similar nature of the most
commercially used SRAs, the analogous behaviour can be
expected. Therefore, the development of specific admixtures
designed exclusively for AAM will be necessary for the future.

CRediT authorship contribution statement

Lukas Kalina: Conceptualization, Investigation, Writing - origi-
nal draft, Writing - review & editing, Methodology. Vlastimil Bilelkc
Validation, Methodology, Writing - review & editing. Eva
Bartonickova: Visualization. Michal Kalina: Formal analysis. Jan
Hajzler: Formal analysis. Radoslav Novotny: Formal analysis.

66



PS21 oha |
8 L Kalina et al./ Construcrion and Building Materials 248 (2020) 118620
Acknowledgements shn ducing and ve admi Constr. Build Marer. 232

This work was financially supported by the project: GA17-
036705, “Development of shrinkage reducing agents designed for
alkali activated systems,” with financial support from the Czech
science foundation.

References

[1] )L Provis, Geapolymers and other alkali activated materials: why, haw, and

what?, Mater. Struct. 47 (2014) 11-25, hirps:[/dolorg(10.1617 [s11527-013-
211-5.

[2] A Palomo, M.T. Blanco-Varela, M.L. Granizo, F. Puertas, T. Vazquez. MW,
Grurzeck, Chemical stability of cementitious rials based kaoli
Cement Concrete Res 29 (1999) 997-1004, hitps:|{doi. or\g{lo 101650008~
B84E(0V)00074-5.

[3] J- Davidovits, Geopolymers - inorganic palymeric new materials, ). Therm.
Anal. 37 (1991) 1633-1656, https:/{doi.org/10.1007 [Bf01912193.

[4] W.KW. Lee, |.S.). van Deventer, The effect of ionic contaminants on the early-
age properties of alkali-activated fly ash-based cements, Cem. Concr. Res. 32
(2002) 577-584, hutps:)|doi.org/10.1016/SU003-8846(01)00724-4.

[5] AAM. Neto, M.A. Cincotto, W. Repette, Drying and autagenous shrinkage of
pastes and mortass with activated slag cement, Cem. Concr. Res. 38 (2008)
565-574, hrtps:({dol.org(10.1016/).cemconres 2007.11.002,

[6] p.C. Ancin, RJ. Flatr, Science and Tachnology of Concrete Admixiures,
Waodhead Publishing, Cambridge, 2015.

[7] E. Beltzung, F.H. Wittmann, Role of disjoining pressure in cement based
materials, Cem. Concr. Res 35 (2005) 2364-2370, htrps://doi.org/10.1016).
cemconses.2005.04.004.

[8] GW. Scherer, Drying, shrinkage, and cracking of cementitions matenals,
Transpart Parous Med. 110 (2015) 311-331, https://dolorg/10.1007]s11242-
015-0518-5.

[9] H.L. Ye, A. Radlinska, Shrinkage mechanisms of alkali-activated slag, Cem.
Concr. Res 88 (2016) 126-135, hrips:/dolorg/10.1016/j.cemconres 2016
07.001.

[10] H.L Ye, C. Cartwright, F. Rajabipour, A Radlinska, Understanding the drying
shrinkage pesformance of alkali-activated slag mortars, Cem. Concr. Comp. 76
(2017) 13-24, htzps:f/doLorg/10.1016fj.cemconcomp.2016.11.010.

[11] P Mehta, PJM. Monteiro, Concrete: Microstructure, Properties, and
Materials, third ed., McGraw-Hill, New York, 2006.

[12] G. Sanz, The influence of temperature on autogenous volume changes in
cementitious materials containing shrinkage reducing admixtures, Cem.
Concr. Comp. 34 (2012) 855-865, htips:|doLorg/10.1016/j.cemconcomp.
2012.04.003.

[13] P. Lura, B. Pease, G.B. Mazzotra, F. Rajabif J- Weiss, Inil of shrinkage-
reducing admixtures on development of plastic shrinkage cracks, ACI Mater. ).
104 (2007) 187-194. hreps:f/doi.org/10.14359/18582.

[14] D.r. Bentz, Influence of shrinkage-reducing admixtures on early-age properties
of cement pastes, |. Adv. Concr. Technol. 4 (2006) 423-429, hups:ffdolorg/
10.3151fJact.A.423.

[15] M. Palacios, F. Puertas, Effect of shrinkage-reducing admixtures on the
properties of alkali-activated slag mortars and pastes, Cem. Concr. Res. 37
(2007) 691-702, https:{doL.org/10.1016fj.cemconres 2006.11.021.

[16] C. Bilim, O. Karahan, C.0. Aris, S lIkentapar, Influence of admixtures an the
properties of alkali-activated slag mortars subjected to different curing
conditions, Mater Des. 44 (2013) 540-547, heps:/jdoiorg/10.1016)
Lmatdes2012.08.049.

[17] V. Bilek, L Kalina, R. Novatny, ). Tkacz, L Parizek, Some issues of shrinkage-
reducing admixtures application in alkali-activated slag systems, Materials 9
(2016), htrps:[/doi.org/10.3390/MaB060ME2.

[18] F. Collins, J.G. Sanjayan, Effect of pore size di on drying shrinkage of
alkali-activared slag concrete, Cem. Concr. Res. 30 (2000) 1401-1406, hrzps://
doi.org)10.1016/S0008-E846(00)D0327-6.

[19] JA Zhou, G.A. Ye, K. van Breugel, Characterization of pore structure in cement-

d materials using pressurization-depressurization cycling mercury
intrusion porosimetry (PDC-MIP), Cem. Concr. Res. 40 {2010) 1120-1128,
hups:{{doiorg/10.1016/j.cemconres 2010.02.011.

[20] D.B. Kumarappa, S. Peethamparan, M. Ngami, A shrinkage of alkali
activated slag morars: basic mechanisms and mitigation methods, Cem.
Concr. Res. 109 (2018) 1-9, htps:[/dol.org(10.1016/).cemconres. 2018.04.004.

[21] J. Weiss, P. Lura, F. Rajabipour, G. Sant, Performance of shrinkage-reducing
admixeures at different humidities and at early ages 638-638, ACI Mater. J. 105
(2008). hirps:[fdol.org/10.14359/19977.

[22] D.y. Bentz, MR. Geiker, K.IC Hansen, Shrinkage-reducing admixtures and
early-age desiccation in cement pastes and mortars, Cem. Concr. Res. 31
{2001) 1075-1085, hrtps://dol.org/10.1016/50008-8846(01 J00519-1.

[23] G. Sant, B. Lathenbach, P. Juilland, G. Le Saou, J. Weiss, K. Scrivener, The arigin
of early age expansions induced in cementitious materials containing
shrinkage reducing admixtures, Cem. Concr. Res. 41 (2011) 218-229, htrps:f|
doLorg{10.1016fj.cemcanres.2010.12.004.

[24] S. Chen, H. Zhao, Y Chen. D. Huang, Y. Chen, X. Chen, Experimental study on

interior relati y devel In early-age concrete mixed with

(2020), hutps:fjdel.orgf/10. Iulb{; «conbuildmar2019.117204.

[25] ZH. He, CX. Qian, Internal relative humidity and creep of concrete with
modified admixtures, Prog. Nat. Sci-Mater. 21 (2011) 426432, htps:(}doi.
org!10.1016/51002-007 1{ 12)60079-3.

[26] FH Wittmann, F. Beltzung, Fundamental aspects of the interaction between
hardened cement paste and water applied to imprave prediction of shrinkage
and creep of concrete: a critical review, J. Sustain. Cem.-Based 5 (2016) 106-
116, hreps:{/dol.org{10.1080/21650373.2015.1091998.

[27] CJ. Shi, R.L Day, A calorimerric study of early hydration of alkali-slag cements,
Cem. Concr. Res. 25 (1995) 1333-1346, hrtps://doLorg!10.1016/0008-8846
(95)00126-W.

[28] AR. Brough, M. Holloway, J. Sykes, A Atki Sodium silicate-based alkali-
activated slag mortars Part 1. The retarding effect of additions of sodium
chloride or malic acid, Cem. Concr. Res. 30 (2000) 1375-1379, https: //doi.org/
10.10165D00E-8546{00)00356-2.

[29] A Gruskovnjak, B. Lothenbach, L Halzer, R. Figi, F. Winnefeld, Hydration of
alkali-activated slag: comparison with ordinary Portland cement, Adv. Cem.
Res. 18 (2006) 119-128, htrps://dol.org/10.1680/2dcr.2006.18.3.119.

[30] A Fermandez-fimenez, F. Puertas, 1. Sobrados, J. Sanz, Structure of calcium
silicate hydrares formed in alkaline-activated slag: influence of the type of
alkaline activatar, J. Am. Ceram. Saoc. 86 (2003) 1389-1394, htps://dol.org(
10.1111/§.1151-2916.2003.1b03481.x.

[31] S. Mindess, L.F. Young, Concrete, Prentice-Hall, Englewood Cliffs, N.J., 1981,

[32] S.r. Shah, M.E Karaguler, M. Sarigaphuti, Effects of shrinkage-reducing
admixtures on restrained shrinkage cracking of concrete, ACI Marer. ). 89
(1992) 289-295. huips:f/dolorg/10.14359/2593.

[33] L Kalina, V. Bilek, E. Bartonickova, |. Krouska, Polypropylene glycals as
effective shrink ducing admi in alkali-activated materials, ACI
Mater. ). 115 (2018) 251-256. https://dol.ore/10.14359/51701099,

[34] F.Wittmann, H. Splittgerber, K. Ebert, Vanderwaals force at small distances, Z.
Phys. 245 (1971) 354, hitps://dol.org(10.10078{(¢1400699.

[35] H. Splitzgerber, F. Wittmann, Influence of adsorbed water films on
vanderwaals forces between quartz glass surfaces, Surf. Sc. 41 (1974) 504—
514, https:)/dolorg/10.1016/0039-6028(74)80066-1.

[36] KJ. Folliard, N.S. Berke, Properties of high-performance concrete cantaining
shnnkage-reducing admixture, Cem. Concr. Res. 27 (1997) 1357-1364,
heeps: fjdoLorg/10.1016/50008-8846{97 J0D135-X

[37] V. Corinaldesi, Combined effect of expansive, shrinkage reducing and
hydrophobic admixtures for durable seif compacting concrete, Canstr. Build.
Mater. 36 (2012) 758-764,  hitps:)/doi.orgf10.10186/).conbulldmar.
2012.04.129.

[38] V. Bilek, L Kalina, E Barzonickova, . Porizka, Evaluation of the susfactant
leaching from alkali-activated slag-based composites using surface-tension
measurements, Mater. Technol. 53 (2019) 33-38. hrtps:f|dolorg/10.17222
mit.2018.148.

[39] S. Partyka, S. Zaini, M. Lindheimer, B. Brun, The adsorption of non-ienic
surfactants on a silica-gel, Colloid Surf. 12 (1984) 255-270, https://doi.org/

[40] R. Denoye), . Rouquerel, Thermadynamic (incduding micrecalorimetry) study
of the adsorption of nonionic and anionic surfactants onto silica, kaolin, and
alumina, J. Colloid Interf. Sci. 143 (1991) 555-572, hups://doLorg/10.1016/
0D21-9797(91)90287-1.

[41] ZB. Liu, D.A. Edwards, RG. Luthy, Sorption of nanionic surfactants onto soil,
Water Res. 26 (1992) 1337-1345, hitps:f/deolorg/10.1016/0043-1354(92)
Q01 28-Q.

[42] N.Narkis, 8. Bendavid, Adsorption of non-ionic surfactants on activated carbon
and mineral clay, Water Res. 19 (1985) 815-824, hups:|/doLorg/10.1016/
0D43-1354(85)80138-1.

[43] €. Shi, V. Krivenko, D.M. Roy, Alkali-Activated Cements and Concretes, Taylor
& Francis, London, New York, 2006,

[44] S.J). Song, HM. Jennings, Pore solution chemistry of alkali-activated ground
granulated blast-fumace slag, Cem. Concr. Res. 29 (1999) 159-170, hreps://dol.
org{10.1016/50008-8846(98)00212-9.

[45] Z. Rajan} driambalol JH. Th P. Baillif, J.C. Touray,
Expedmental Hydration of 2 Synthetic Glassy Blast-Furnace Slags in \Water
and Alkaline-Solutions (Nach and KohD.1n) at 40-Degrees-C - Structure,
Compasition and Origin of the Hydrared Layer, J. Mater. Sci. 25 (1990) 2399~
2410, htips: |/dol.org)10.1007/BfODE38034.

[46] C. Labbez, B. fonsson, L Pochard, A. Nonat, B. Cabane, Surface charge density
and electrokinetic potential of highly charged minerals: experiments and
Monte Carlo simulations on calcium silicate hydrate, J. Phys. Chem. B 110
(2006) 9219-9230, hrrps:f/doLorg/10.1021/jp057 096+,

[47] A Kashani, J.L Provis, GG. Qiao, )SJ. van Deventer, The interrelationship
between surface chemistry and rheology in alkali aczivated slag paste, Constr.
Build Mater. 65 (2014) 583-591, hups:/{doi.org/10.1016/j.conbuildmat.
2014.04.127.

[48] P. d S. Krishnakumar, Adsorption of susfactants and polymers at
the solid-liquid interface, Colloid Surface A 123 (1997) 491-513, hrzps://doi.
org10.1016/50927-7757(96)03829-0.

[49] V. Bilek, L Kalina, R. Novotny, ). Porizka, 0. Opravil, F. Soukal, Effect of alcohal
structure on hydmlon ot‘ allcah-acuvmd slag, 10th ACIJRILEM International
Confi eon C ials and Altermnative Binders for Sustainable
Concrete, 2017.

67



UDK

Original scientific article/Izvimi znanstveni Clanek

PS2] oha |1

ISSN 1580-2949

EFFECT OF AMINO ALCOHOL ADMIXTURES ON
ALKALI-ACTIVATED MATERIALS

VPLIV AMINO-ALKOHOLNIH DODATKOV NA ALKALNO
AKTIVIRANE MATERIALE

Lukis Kalina, Vlastimil Bilek Jr., Eva Bartonic¢kovi
Brno University of Technology, Faculty of Chemistry, Purkyfova 118. 612 00 Brno, Czech Republic

Prejent rokopisa — received: ........; sprejem za objavo — accepred for publication: _..........
doi:10.17222/mit. .....

One of the most important technological problems associated with alkali-activated materials (AAM) is large shrinkage. A
possible solution to decrease the extensive drying shrinkage of these materials is the use of shrinkage-reducing admixtures
{SRAs). The promising group of SRAs. from the perspective of using in AAMSs. arc amino alcohols. However, the efficiency of
reducing the drying shrinkage strongly depends on their chemical structure. Hence, the study is focused on the molecular
architecture of amino alcohol surfactants and its relation to the affected properties of alkali-activated blast-furnace slag systems.
Selected amino alcohols were tested in terms of the ability to reduce the surface tension of pore solution as well as to influence
the drying shrinkage, hydration mechanism and mechanical properties of AAMs. The study confirms that the length and
branching of the alkyl chain linked to the amino group play the key role in SRA efficiency. Amino alcohol surfactants with a
high-carbon alkyl chain decreased dramatically both the surface tension and the drying shrinkage, but simultancously negatively
affected the process of alkali activation, resulting in a deterioration of the mechanical properties. Conversely., the addition of
0.5 w/ % of the surfactants with a low molecular weight, such as 2-(Methylamino)ethanol. showed a slight improvement of the
compressive strength after 7 d and 28 d, and at the same time reduced the drying shrinkage by 30 % compared to the reference
sample.

Keywords: amino alcohols, admixture. drying shrinkage, alkali-activated materials

Eden od najpomembnejsih tehnoloZkih problemov. ki se nanasa na alkalno aktivirane materiale (AAM) je njihov skréck. MoZna
reditev za zmanjs gc znatnega kréenja med suSenjem teh materialov je uporaba dodatkov (SRAs) za :ﬂ‘cgovo zmanjianje.
Obetajoca skupina SRA dodatkov s staliéa njihove uporabe za AAM so amino-alkoholi. Vendar je ufinkovitost zmanjianja
kréenja med suSenjem moéno odvisna od njihove kemijske strukture. Zato so se avtorji tega prispevka osredotodili na Studij
arhitekture snovi (surfaktantov), ki aktivno vplivajo na povriino amino-alkoholov in njithovo povezavo z vzroénimi lastnostmi
alkalno aktiviranih sistemov plavZnih Zlinder. Izbrane amino-alkohole so avtorji testirali glede na sposobnost zmanjianja
povrsinske napetosti porozoe {mehuraste) raztopine, kakor tudi vpliv na kréenje med sufenjem, hidracijske mehanizme in
mehanske lastnosti AAM. Studija je potrdila da dolge in razvejanc vezi alkalnih verig igrajo kljuéno viogo pri dodatkih. ki
ucinkovito zmanjiujejo kréenje. Amino-alkoholni surfaktanti z visoko vsebnostjo ogljiko-alkilnih vezi moéno zmanjiujcjo tako
povrdinsko napetost kot tudi kréenje med suSenjem. ki pa Zal istofasno negativno vpliva na proces alkalne aktivacije. kar
posledifno vodi do poslab3anja mehanskih lastnosti. Nasprotno temu pa dodatek 0.5 mas. % povrdinsko aklivae snovi z majhno
molekularno maso kot je 2-(metilamino)etanol kaZe rahlo izboljSanje tlaéne trdnosti po 7 in 28 dnch in istofasno zmanjianje

MTAECY, 54(3)....(2020)

skréka med sufenjem za 30 % v primerjavi z referenénimi vzorci.
Kljuéne besede: amino-alkoholi, meSanice. skréck po suSenju, alkalno aktivirani materiali

1 INTRODUCTION

From the general point of view. shrinkage-reducing
admixtures (SRAs) are organic surfactants that reduce
the surface tension of the pore solution of water films
that cover the solid surfaces in cementitious materials.'
The utilization of SRAs was introduced in 1983 in the
study by Sato,* where chemical admixtures based on
polyoxyalkylene glycol alkyl ether were used. Now-
adays, the SRAs are characteristic for their non-ionic
nature preventing the adsorption of the additive to the
hydration products. The typical chemical compounds
used for SRAs belong to the groups of mono-alcohols,
glycols. alkylether oxyalkylene glycols and polymeric
surfactants or their mutual combination, having a
synergic effect in enhancing the shrinkage reduction. The

*Corresponding author's e-mail:
kalina@fch.vut.cz (Lukid Kalina)
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vast majority of commercial SRAs are designed for
ordinary Portland cements (OPCs); therefore, their
efficiency in other inorganic binders may vary signi-
ficantly.

Alkali-activated materials (AAMS) represent a group
of inorganic materials characterized by a pore solution
with a high pH:* therefore, the molecular design of any
organic admixture plays a key role. The same applies to
SRAs. The searching for a suitable type of SRA de-
signed especially for AAMs turned out to be compli-
cated. despite the fact that shrinkage is one of the most
important technological problems related to many
alkali-activated systems. Until now, only several studies
have been focused on the organic admixtures affecting
the shrinkage of AAMs.*

Palacios and Puertas® studied the effect of polypro-
pylene glycol-based SRA on the shrinkage and other
properties of water-glass-activated slag (4 % Na,O). Ata
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relative humidity of 50 % the drying shrinkage of alkali-
activated slag mortars was reduced by approximately
7 % and 35 % for doses of SRA of | % and 2 %.
respectively, while the shrinkage reduction at the relative
humidity of 99 % was considerably greater: about 50 %
and 75 % for the same doses. Also, Bilim et al.% used
SRA based on polypropylene glycol to mitigate the
shrinkage of alkali-activated slag mortars. Again, the
drying shrinkage as well as the shrinkage during the
moist curing was significantly reduced (up to about 40 %
after 180 days) for either liquid sodium silicate or solid
sodium metasilicate. The SRA based on polypropylene
glycols with different molecular weights was the subject
of an investigation by Kalina et al.® as well. The study
demonstrated that increasing the length of the polymeric
chain decreases the surface tension, but also fundament-
ally changes the pore size distribution, affecting the total
shrinkage of alkali-activated blast-furnace slag. The
effect of polyethylene glycols on the drying shrinkage of
water-glass-activated slag was studied by Bilek et al.?
The results showed that the efficiency of the shrinkage
reduction increased with the increasing molecular weight
of the tested glycols.

It is evident that the research in this area was pri-
marily focused on the surfactants based on alkylene
glycols. Another alternative may be amino alcohols.
These surfactants provide an essential benefit in com-
parison with alkylene glycols. One of the important
properties regarding the SRA’s action is the dispersion of
used surfactants within the alkaline solution. Amino
alcohols show a high dispersibility range in the pore
solution because they contain hydrophilic groups, which
increase their hydrophile lipophile balance (HLB)
value."

Therefore. this study deals with the efficiency assess-
ment of amino alcohol-based SRAs in alkali-activated
blast-furnace slag systems. The molecular structure of
the used surfactants is evaluated in terms of affecting the
character and properties of the prepared alkali-activated
materials.

2 EXPERIMENTAL PART
2.1 Materials and sample preparation

Blast-furnace slag (BFS) with a Blaine fineness of
400 m*kg and the chemical composition given in Table
1 was chosen as the primary aluminosilicate material for
the preparation of the alkali-activated samples. The XRD
analysis determined more than 90 % of amorphous phase
with the content of crystals such as melilite, calcite and
merwinite. Sodium water-glass with a silicate module of

Table 1: Chemical compositions of blast furnace slag by XRF analysis

CHy /NH\R

HO CH,
R=
—CH;  —H,C—CH, —|-|2c/(:Hz\CH3
MAE EAE PAE
5 CH,
—Hc = Hzc/ cH?\CHZ/CH3 — (|:—CH3
CH, Hy
IPAE BAE TBAE

Figure 1: Molecular structure of used amino cthanol surfactants
(MAE: 2-(Mecthylamino)cthanol; EAE: 2-(Ethylamino)ethanol; PAE:
2-(Propylamino)ethanol; IPAE: 2-(Isopropylaminojethanol; BAE:
2-(Butylamino)ethanol; TBAE: 2-(rert-Butylamino)ethanol)

1.98 was used as the alkaline activator. The Na:QO/BFS
ratio was adjusted to 4 w/%. Amino alcohols with
different alkyl chains (summarized in Figure 1) were
added in the dosage of 0.5 w/%% by mass of BFS.

2.2 Preparation and physical-mechanical testing of
samples

Alkali-activated BFS mortars were prepared as
follows. The sand-to-BFS ratio was 3:1 using three
different fractions of siliceous sand specified according
to the EN-196-1 standard and the water-to-BFS ratio was
adjusted to 0.50. The mixing and curing processes were
carried out at laboratory temperature (25 °C). Mortar
samples with the dimensions of (40 x 40 x 160) mm
were cast and further cured under a defined relative
humidity (50 %) and then subjected to compressive
strength measurements using the strength tester Beton-
system Desttest 3310 after 1. 7 and 28 d. The same
process of preparation was applied for (25 x 25 x 285)
mm samples. These species were subjected to the shrink-
age measurements based on ASTM C596 (25 °C:
RH = 50 %). The dynamic surface tension of synthetic
pore solutions with different amino alcohol admixtures
was measured by the tensiometer BPA-800P (KSV
Instruments company) using the maximum-bubble-
pressure method. The synthetic pore solution was
prepared based on the chemical composition of the real
pore solution obtained 24 hours after mixing and
determined by ICP-OES. It means the same time as the
drying shrinkage measurement was started.

i atand chemical composition f w/%
Si0, ALO; Ca0 MeO SO, Na,O K.O TiOs MnO Fea0,
blast furnace slag | 347 9.1 41.1 10.5 1.4 0.4 08 1.0 0.6 0.3
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2.3 Isothermal calorimetry

The evolution of hydration heat was monitored using
the TAM Air isothermal microcalorimeter (TA instru-
ments). The measurements of heat evolution were
performed at a constant surrounding temperature of
25 °C. When the thermal equilibrium was achieved, the
BFS and alkaline activator with a specific SRA were
mixed together by injecting the solution into the 15-mL
vial and stirring it for 3 min. The samples were made of
alkali-activated paste without the standard sand:
however. with the same water/BFS and Na.O/BFS mass
ratios that were used for the preparation process of the
mortars. The heat evolution was recorded as the heat
flow immediately after mixing.

2.4 Microstructure characterization

Microstructure characterization was performed using
scanning electron microscopy (Zeiss EVO LS 10) in
secondary-clectron mode. The working distance during
the observation was 9.5 mm and the accelerating voltage
was set to 10 kV. All the samples were sputtered with
gold before the measurements.

2.5 Mercury-infrusion porosimetry

The total porosity of the samples was determined
with a mercury porosimeter (Poremaster Quantachrome
Instruments). The working pressure range was from 0.14
MPa to 231 MPa, which covered a pore diameter range
from 0.007 pm to 10 pm. The measurements were per-
formed with the following conditions: Hg surface tension
was (.480 N/m. Hg contact angle was 140° and scan
mode was chosen to average from Il points. The
intrusion data were normalized by sample weight and
volume.
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Figure 2: Effect of amino alcohols on the surface tension of the pore
solution
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Figure 3: Effect of amino alcohols (0.5 % by weight of BFS) on the
drying shrinkage

3 RESULTS AND DISCUSSION

The mechanism of action of SRA was introduced in
the study of Sato et al.? in 1983. They suggested that the
decrease of the surface tension of a cement pore solution
tends to reduce the shrinkage due to the elimination of
capillary forces. Therefore, the effect of quantity and
molecular structure of the used amino alcohols on the
surface tension of pore solution were tested. Figure 2
shows that the surface tension decreases with both a

large amount of surfactant and the presence of long or
branched alkyl substituents. Moreover, the surface-
tension measurement provides information about the
effective bulk concentration of surface-active admixtures
in AAM. In terms of a good ability to decrease the
surface tension, the addition of 0.5 w/% by mass of BFS
was used for the preparation of the mortar samples.

20 130 150 15;0 160

0 20 40 60 80 100 120 140 160
time (hrs.)

Figure 4: Effect of amino alcohols (0.5 % by weight of BFS) on the
total heat evolution
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Figure 5: Effect of amino zlcohols (0.5 % by weight of BFS) on the
compressive-strength development

The effect of amino alcohol SRA on the reduction of
the drying shrinkage is clear from Figure 3. It can be
seen that the surfactants with a long alkyl chain bonded
to the amino group tended to decrease the drying
shrinkage. Branched chains of substituents also play an
important role. It is evident that 2-(tert-Butylamino)alco-
hol has a higher ability to reduce the drying shrinkage

Figure 6: Microstructure of alkali-activated blast-furnace slag without
(top) and with 2-(rers-Butylamino)alcohol (bottom) after 7d
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Figure 7: Total porosity measurement of alkali-activated blast-furnace
slag with and without amino alcohol admixtures (0.5 % by weight of
BFS) after 7d

compared to 2-(Butylamino)alcohol. However. we can
see that the surface-tension measurement does not fully
correlate with the drying shrinkage evolution. Therefore.
the fundamental question arises. Are these two para-
meters directly dependent on each other? The answer can
be suggested by the monitoring of the hydration process.
The measurement of the total heat evolution (Figure 4)
during the alkaline activation clearly indicates the
negative effect of the SRA content. especially during the
early ages of the hydration process. This is also con-
firmed by the development of compressive strengths
(Figure 5). The results from the isothermal calorimetry
also show that amino alcohols with a low molecular
weight such as 2-(Methylamino)alcohol exhibit almost
the same total heat evolution as the reference sample
without any admixture after 7 d.

It is well known that the total heat evolution is
directly related to the binder phase’s formation. CASH
(calcium-aluminium-silicate-hydrate) gel is the main
hydration product in the systems based on the alkaline
activation of BFS. which was confirmed by several
studies.!’ The amount of formed CASH gel strongly
influences the porosity of the a AAM. The materials with
higher content of CSH or CASH gels create denser
structures with small pores. Such systems contain mainly
pores with a diameter lower than [0 nm. which greatly
affects the magnitude of the drying shrinkage.' Since
alkali-activated BFS without SRA has a typical structure.
as mentioned above, one would expect the shrinkage
strain to be larger than in a material with a coarser
microstructure, such as in the case of AAM with TBAE
(Figure 6). A similar relationship between the adverse
effect of the SRA on the AAM hydration resulting in a
lower amount of CASH and a more porous micro-
structure was also observed in previous studies®!¥ where
SRAs-based glycols were used. The changes in total
porosity were confirmed by mercury-intrusion porosi-
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metry (Figure 7). The samples with the addition of SRA
had a significantly higher porosity compared to the
reference sample after 7 d. The direct relationship
between drying-shrinkage development and the porosity
of samples caused by the addition of specific amino
alcohol surfactants was clearly observed.

4 CONCLUSIONS

The results suggest that the extent of the drying
shrinkage of AAM is mainly controlled by the porosity
of the formed structure. In other words, by the quantity
of created binder phase, rather than by the decrease of
surface tension of the pore solution. Despite the
non-ionic character of the used amino alcohol
surfactants, the adsorption on the BFS particles, causing
the reduction of their solubility in an alkaline
environment could be assumed. Promising results
indicate the usage of 2-(Methylamino)alcohol. This
surface-active admixture in the amount of 0.5 w/% by
mass of BFS did not negatively influence the mechanical
properties after 7 d and 28 d and reduced the drying
shrinkage by 30 % compared to the reference sample.
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