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ABSTRACT

The cascade grinding technology was used to produciggdeemgnt igtriacnuw
bl ast furnace slag (GBFS), cement clinker (CC) and fl pepgrtsi al® s:
autogenous shrinkage of railway sl eeper concrete andetctlheacmetbkan
studi ed byr ane adisf forfacdX i on (-XRD)yarédoaspkRYroamagpobmii ngSEMpct Tol
results show that the compressive strength of | OT r dildwayl s¢pep
crete unmixed with SS (UI RSC) at the same age. HoweverC,aaltogEamal
shrinkage value of &I RG laet théatd ovfa sUN BR&SOHh warsa t5i1903n 1IMechani sm ana|
expansion of a sOGwm0 |lavgddofphtasef conéentned in the SS isgiem®umaismrex
of SI RSCaOTawgdX fphases are highly dispersed after supelthitee gtiag
concrete hardening, the syne$Sidigelis igmowhiht oftketaunggoeweEA Fhber i
chanical properties.

Keywomadts: st eaming steel slag; railway sleepers concrete with ir

Recei ved-: &90elbdr,u arAc c-&2 Rt0elbt, t Plar ¢ hdoi . org/ 10. 14447/ jnmes. v22i2. a0

1. INTRODUCTION could be tr &@Sf G d( hingho gel at i .
Steel Slag (SS) is a main soli?cﬁZvﬁa?%m\' ?i?detéhhegg C%%mggré§fhgi%el?genr
and its treatment t-86hspll agihe ir@ngalé @% tl‘@m@ﬁ)tt of architectural
the-gmaamul ati on mey e d mett thed ,dr tu ﬁutdgaend" Lpstlgﬁlrinkage of concret e
wheel method-tymde&ddhiesitnarelgratitprgdeng tchonds'taenttctempera re and hLu
[ 17 . Dde cthoar&®teristics of poop retga tpsl|ctoyn,tIrhlugbrhsq'g,glctilnts)ﬁ,mean%
hatdéreak, i ts utilizati on ratea% S ﬁ’@epntréer]ﬁél'vﬁh iaio yfioé e
time [2]typrdSehaddamsk ntegrating tgﬁﬁap Y emﬁlfe?hlés%oﬂ ret e. The al
the uneven col d -§Sr'whkagétofnebttgéjccgj ogvr{itie (5|otant robl e t b e
disintegrate the large chunks g (89° i LHROGIETERERRIET §E B
particles with a particle size fOfunlaest-hea}t%(?r?i r?ch‘mcaﬁggyﬂ&f‘d&r?/vprfah@?f
60%, and the conten-CsOpfamdebregiWﬂ OX4 dep ydration process
um oxMg®) (fin the SS are both I ggs;hh @ezo, cadqucrtet'eS iChd Nt plam- arl‘
prove the stability of SS and fpirnoemorﬁieneirtasl Uyt 4 iixztalgtr'eosn V\)iqlt%: uE
building materials. Teng et al 1[03]' ﬁ%y@%g@ {hee eerfeccotnscroeftes 2)
ground SS on the durability an u'B (;[rbaqitcsal| aprroeperr‘;tti-eos 0off a%iof‘ggern
ing material, and found that thﬁee g‘é@ﬁj rdd eS G g m&cﬁﬁw\eersaatfeetty eofhy
reaction of the -SysBEmdinng-hegp_b f‘ig of s ’ag ron ore taitHirees _
temperature curing on the earlﬁS@’yd\L@it&ﬁ)nhé:g1a et /s shi ¢ 08 t &
menting material, and found th ertfhoer Yhkrea tel Onncrreetaec.tiTOnr] 5O i %Y 3
generation of hydrati on product al‘?fin @6T%ee rQR&pata(gd:eipégfe
high temperatures, and the por Cé)t’ru hH ugf’g%g GEDEPELPO G
had been optimized. Takashi ma ﬁ/?a]? ﬁé@iﬂtg Lre 4 ghriegghatte%mpoefrqthuer
(800~TC35®o0 OBt (Itow gelation PESd OfNE&Fce i e Sconcrete, the rat
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26/ £ pact on the application of SS in
took ammoneéwumamoltras et he-Mgt rcaomt-a
Fi gudRD spectra of SS tent was determined to be 0.81%.
(2) I OT. The chemical compositi ol
tent ,0fn $h@® | OT reached 72.12% (n
l ow) , the |1 OT are high silicon ¢«
crete was relatively 1l arge. Ai mobomgoaéent heapeolbueamtnf wi ahgea rsanail
togenous shrinkage of the | OT amd | ovalyorsilteee p eert cc onlenr entaes s( IfRAE@)t,i
study adopts the method of incd@dr@PddatmmnogniS Op adwved entm twoe rset uadbyo uitt s4
on suppressing the autogenousayshrzienkdagegeaf thRHC,0.&6MBd nminm axprmwluing s |
di ffraction (XRDi)nf rfalroeudr i ®p-b B)rtatnescfdomym { R§s have a particle size
and scanning electron microscofplre (sSiEzv) famdctotomenof tebée ImM@T)h.ods
analyze the mechanism of the eff{8rtCG6f Blle omi sampplr ec s idm gSdtAGeo
nous shrinkage of I RSC, whi ch &8s dfA, tgr ecahte nagiccani i fcioompmesd tfi @mmss alr e
excessive ratio of aut ogenofurseesthd)i nGBHS®. oT h et hceh ecd acrasl e caognpreesg & ti ¢
| OT concrete and the resulted mruexntcrheds GIBdEsSSs wa ft hr ai Ipvaay i <l ee 5d rz
(RSC) . The slag has a low crystallinity &
(5) FGDG. Ther mal power plant FGI
2. Materials and methods CaO andn SOhe FGDG wer e rel atyi vely
2.1. Materials MgO anQ@ Alhe (fOOmtEsss 16%, and i
(1) SS. The main chemical ¢ ompomeprotss taroen sl iasxtee & hiorwnT d nl eT ab.l eS 9.
a particle size between 0.15 ~ 4657 Onrmhewasmaadeopitadds.i nCrtuhsenh eedx pleirm
Its main miner alS, SEMHAECo aaintdi RMs phrggec dasnoés dof the concrete; the pe
solutions of MgO, FeO, and MnO)y,l ias aschawn PiO) Faags. aldo plueed taos tthiee
cooling rat® a3l $&, tthkee sCag anarmud¢k kaswnaichi Feg. 2.
than those in . 8hedCCineht he &b22 GFethodsi Ng process,
the mebt@Stablke t wlhB, tangegt awhi Hd C 2.2.1. Prepa®ation of the concrete
a stable state during the cool iThwo pyoicemes assh owenl lb.e |l Tohwe wlkea i aidtoy
cient of SS: M =) W+ (J@pPP=/2] Wa, SwB®hdhprepare the cementing mat e
means the SS is high alkalini-tyFs$ragl yM>2hbe) | ORcwasdsngved,; YBh&r
20Met hods of Chemical winiahysilsylf neO3qg lg¥tacdl$ IDZH e mm) ze GBF S, CC and
as the extract&£matO, walte meastuert] eicit ft he HEKDTaAddi ent mi xed -kgringpaeaog
compl exometric titratoboabhpnti nwalM By &®M, stmhk | SKal | mi | | was adopt
These numbers met the requ20@&edT swdriest edbjisstcatglee ogéB m&d 4% latnd
Steel Slag Powder Usedhfor t@Genemptec&hdy ConicF abpe werreea miaxsed wi t h
should not be | ess-Calbamhdu8d ndec crechitnmegrtet @ ft e ori ginal proport
than 3%, and 4shheo ud aintneortt beef mDOteh etnh atnhsd %sgeecNoamidxh airr e (s pS4Cif M s ur
TabllGGhemi cal composition of raw materials (wt. %)
Mat eri a%$isO A }Os F 603 FeO Mg O CaoO f-Ca O f-Mg O N a0 K0 SQ L Ol
SS 12.226.84 14.5311.81 11.0035. 82 1.23 0.81 1.540.12 0.425.04
I OT 72.123.04 12.623.44 1.13 2.96 i i 0.170.14 0.16 3.06
GBFS 32.7015.40 0.40 | 8.9738.79 i i 0.020.35 1.930.76
FGDG 3.16 1.35 0.47 0.09 7.4933.38 i i 0.100.24 45.708.28
cc 22.504.86 3.43 0.02 0.8366.30 i i 0.110.08 0.310.96

Table 2 Particle size distribution of |1 OT (wt. %)

Particle
+0.63 0.315~0.63 0.16~0.315 0.
| OT 0.06 5.25 30.90 4
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ize |/ mm
4~0.16 0.043~0.0740.043
62 13.66 10. 43
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Fi guBhe effect of mechanical prhip@u®hesefoffecStS dforautRisgcenous shri

was obtained and again mixed wiotfh Mehceh a®G caarld PR ®p& ra d tebse dome gl edai i nt
original proportion and al-bt a@etretriieasl so fwetrhee ssuabnjpelcets twoe rteh2e0 €®h ie ©
grinding, -thegetmextthhied(spebs2Bitandardater aT eToearwheasR eérrofdosr noaf n cLeo nagt
mlLkly was obtained ahdceém&reni @isodf$ @ma@t eaipayltsConcaktue of autogenou
for the RSC. was tested.

The ground SS powder with?3&d&'gsplercidrdersutrd azwoiad etah eofi nét2edr frer
was mi xed wittahg et hmel xtthuirred ( s p6ebc2idn ct lsair miacreo sac emi ovaasnal ysi s aft
mlLk at a ratio ofl l1cdmemt iothit @t $ uBa wepgiaalpd efsorwere prepared usir
the RSC. mi croscopic test aR@l y2KW-tuRing algu
| OT of origim@dmipladthat ewsi g etamloa@re as ftihr@acag@met er was adopted
gregates were mixed with cementFiong imat emifalag eld apéchkkroametarr awhb
respectivel pjnaded rla¢ei wawas 0. 28, amal gV ar,, aslibpsa ripEl efsEl i SUPRA
ticizer of 0.4% of the total cement mt t sSOESM)mpweaes( FaBdlosp tle dwd 0 ra dnd e d
tively, wherein the | RSC prepared by cementitious materials
mar ked as UIRSC, and the | RSC PBrRESHLESANDWISCUSRIONIi ti ous materi al
was mar ked as SI RSC.

en
er

After that, the cement slurry 3?/%.%%&0%5OflS§?nf%“?goslrlcff)é?ope??ﬁ;&?nce

mmi 100 mml 100 mm mold for stretnv\gothectelsjstsivn 'R%tc,tpe sst?@v?/nntiin B
pri-sshhmped test pieces of the si%?ggég C%ENn?aPeénmtlr%é[%varlnlmuewseroef t
prepared as wel/l for the test ooff Fgéwde asutc%enosuss asdhdreid kaagned (bf F‘S1
crete. Copper measuring heads Wer € er‘gtbeé € t tboth ends of {ﬁe
. ) d, d,. and 9 d ,under_ tThe Ssa
pieces before the test. The cur i ng conc}ltlons were the "same "as
) . v al es~of. the “compressivVve atr?n%t
duction of common RSC: after the test ‘pieces Wwere tast an s.t,00¢C
. ) o were. not mu ¢ dlfg rent, and "t he
hour s, within 3h the Cempbeaha%\/%'rﬂé’gﬁﬁg}a%%\ tPh
was not f &gther, tamadn tlh%e t est °©ie&es \{v%reRsCSon af fgdgﬁle
for 3 hour s, and then the tempgggg rhee S hC(Porleéoaarteo T orr?etmeenqrptelrtl
(the cooling rat &C/wmn)s. nﬁofttefrasttkeer’sttléeaeﬁm\ﬁglfrln%?mpreSS've stremgt
. respesl) vg otq wer_ e Iarq,er t h
the test pieces were demol ded _an gy e %’Jnder he~ . st anda¥d G Yr
. . . sive Sstr.en yere b'ot~h Iarger. )
conditions, and the mechanical propertleﬁq an %utogrenoou r i nk. é
. RT &3SyS. T v8 45t en t wefl e ot h rge
the disftfagreemtoncrete at 12 hoursh(demo d thl me% .3 dm 7, o f ch,
60 d and 90 d were tested respecetisvterlen.gt r qu'rAe ents o '
' 1%%We'rY ®'an that of GUIbRSG uSte( ft theet &
2.2.2. Performance characterization hydratll on Inh earlt)./ stage) tCOf:tentc
The particle size of the grour?ﬁs rjast eOrWiIearIs yvxgarsa a'n?anl)yzceodnlb%/nthz'#a‘
TER SI ZER 2000 |l aser particle ﬁpio ea{natslhyozwes OtWenﬁt. I~Fean 3 dd.%&g%?
em), with ethanol as the dispers MG e tthe® dPifs%Pr O ply't%G Mo n® T £@ thhee pa]r
of the powder sampl es Was-2098t§%eég80P8Pﬁ% {qzﬁ%P?%bQﬁd%i € vla !
Particle @®iazer ADalfysijacsthens Met ﬁscggg£§l§e (t e %ng an)d a2r8e d OCW
area of the ground mat e32 &0 sdywrﬁ ?il‘ a y Q SSA
specific surface area analyzer;aF ﬁc%thWeersepezcgl,;f.aled{?\/lpa?ge%ns%f3%%%1 I}’IIE
60d, and 90d, ac26m@&iamdg atrd Gm/rfﬁ(ﬁ&&'lnlﬁ@{tﬁjgéa ton 0 powde !
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Fi guRD patterns of the SIRSC phisgelhRoskhecatr adiof f ¢r @it thge S| RSC

strength of the concrete in thdi flfartaecrt i perr ipoeda.k sWhienn tthhee XaRnDo usnpte c
powder is too | arge, the CC cowitseinbtl ei.n Wihteh ntilkd upreogdrsesrsedafcedh:
spondingly, s 6SHt lgee | @ ma wsn tr edafu c @ude a kaspdo ff rh&@d weablyl yt hweakened, and th
strength of SIRSC is slightly Igovwaruatlian itnlcate asfe dUl RASC tahte teéeaer Isya
[ 14] power ad atngRle iC& CC reacted and g
The autogenous shrinkage of cpnodattsanSdSERDIE Impor A niCla®©n gl mmeétSo w
the volume stability of RSC. Thiydrpapedar ttoe,ptrdheicga @adednonst bbr
of the concrete prepared by twbadr @uplsow fcrcyesnteanltliitniotuys anmad et hal !
the changes of the autogenous <Lhr(igHRage edf f ERISWE a8 t eeRBECrt atat A &
3 d, 7 d, 28 d, 60 d and 90 d anmdc tsthewinOTlsp &ritgi.cldes litn ctame bsy sste
the Fig. 4 that as the concretesumgd; i bhat eavd @, tihte ciannc rbeea scel eoafr |t
the slope of the curve of aut ogemtoairst schfpii m&adfei wd t BB BRS Cp owade rl oa
the trend of the entire curve wasl spmaadtihc;l evsh ideec rfecapgetdher arudr ostreh éo
nous shrinkage of Ul RSC, the stlope tmereastedofactonsiumpei ©@B, hryes
whil e for the SIRSC test piecesWi tthhe hwa liunecsr ecafs et hoef atuhteo geegneoucsf st
at each age were |l ower than thaosnerefaserddi ntahrey pRSQ i[cll5e] ,siimedi grae w
the incorporation of SS powder clhasiagveoyumeviexpansf oact] 1d1d , s wam
ing the autogenous shrinkage off rRARQ.i oWi tpheatkh b 8idnCadesatgen hoaf n ctehde. clo
age, the value of the autogendwusnvselxs hhaklalde b @d¢ k gurldRuSICd aatppEar b6 d wk
193110t he value of the aut og®&nocuast isnhgr itnhkaatg ei natt h2e8 hda rvdaesn ex9 Jlel 0 e «
after that, the trend of the awtsodgo®wsual $hmninBHdogelasnoUbRECEV&ESY S
and the change was sl ow. The v atoudct C-8H gelamainly lgpe twoways. the dontinued kydrgien ofo f S|
at 12h whs ahH2ith@® 28d® vadhue hwansaes? i@l 4#0n3C Cand the secondary poz.
39.18% of the shrinkage value aftt oweilmaniynamoo nncarteetrei aats .2 8Fidg,. 13 ds
that the incorporation of SS pewdemgtahnoétf SEe®BCvehygyreadadeby h@&?7.
nous shrinkage of RSC. be inferred that during the curin

new hydrat i-®th goerlosd uxcetrse Cgener at ed
3.2. Phase composition and morphology of hardened Fig. 6 shows thel Rompactisanofoft hée
slurry test blocks bl ocks at 12 h, 3 d, 7 d, and 28

Fig. 5 is the XRD spectrum of aéRSWeitessi piilegres wpasipadleldy byh dwi
bl ocks after curing for 12 h, Jatd,7 athd and 2a8 sdo.r pTth eo nmapiena knsi nneor
es are quartz, et t,5 nRO tehdAFtgdmacGRy@sHNThe absdwps i bhepbakdiang 4

Quartz is a mineral componentt o8O $b0In d;a ntdh eRQ bpsloa spea s o h @ ek & @it g
component of SS, which does notbrpai binciofatqaiairn zt h e Hiwwn drbataiugre dro:
The diffraction peak of AFt be@aiymmetapreaarOvdtoml? iilgnatédifee uEipw@e i r
with the increase of curing agehatheteti eHy ghe pesmkamnde da csoorsp taindg
cating that the early hySdram8li oQwarse & thtei cars yhmae thd gl . sFhrew@ he h g miv
CC and activated SS reacted wibd dFLHPSe d od uper otdou cteh et heea r bFotn.i zRUW ¢ of
the fa

ti
st hydS,attihoen rreaatcet ioofn Gvasprocmplset e hien abb e'waiir tsh eb dred da tn g1 ¢
stage of hydration, and no diffheaL Obomd piena kt hhea dw aatpepre.a ¢ etdeh é masrtdh @
itlhee fhoyrdr@ti on rateviwmsatiedmtovet nSshgdefasbDomhercadia
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@UFESEM i mages of the SIRSC pure slurry test blocks atddicaeee

drati on -$H oglaslcs Wer e continuoushbynigegmeotwadleldi naist-ptHhoeg e agn@apthoas s @
increased. As can be seen fromofhdifhirgpuwrse, hytdhreata bosnorpprta downc tp ekt ,
cmMwhich reflected the 4t rbeotnodhiinsyd evo ha me i oenr toafi nt they d @ &tnidd Al r €&c¢ t
obvious, thi is because iShie gk JGBrFdSx yaln dg rSoSu prse aicnt etdh ewi AFht tahned FGGD G
are not typical hydroxyl gr oupd,uctelde t hhea vAegF t n o wchli ecahr wbaosu ncdoanrdi uecsi vy
hydrogen bonds and mol ecul ar btoerrdsal isn wet Wsthalghaat et r ustourtahle yst
t h peak of Lt hHo vcervyesro, b | sAwnacteermnatpad343ale¢m inhibit the
the water in AFt is mostly crygdqtla#l, wlat]ler ,lI ti tcsana bbseorspeadm nf rpem kFiog
with the absorption peak-SHf gé¢ hs&a moomsSHo fguetCi so na nwdaht tefre donf & Etthlee hCat o v
3437 cmhowing a strong absor ptdaonh poetahke.r Thiael -Sdbite rgaenl ds o samsid 1t phiteih @nF €
band at 'wa91asymmetric stretchsitnigt utietdr aat isopnatdafal t met or k struct
bond, and its vibration peak wastageérengéemgniedofantdh e htag pte nkeldo onki &
passing of the curing ti me. Fometsasstofbltohcek gehlats hsatdemelkadcbeed
there was obvious ablsoripndiocnatp enegk atshea td fOASRIth e meSeHmpgaecl t nseyssst eonf htahde |
had ready been generated after fhZeh oliydrhat iunnm;eaande dafltagrge3 & Shya
reasonabl e quantity of AFt had akhdem gpernoed-@eatCGesdaghgidi ifilcea nt bee B ewe
ormation rate of Aft was quitédyfdast edwhindhmimnsld dbgg d0HgHE ¢ OH) wg t hn
esults shown in Fig. 3. age characteristics of CC during
Fig. 7?*SEBMe nfraEges of the SI RSC ¢openéi bgockl amel@xpans8idn [f24]. F
n

n

h

masked by

and 28 d. From Fig. 7(a), we can sceaen ththee sneem ot mas phpedgwmbéohtctrlyé
ened paste sample when the gel Ibed tmmat emmoiraplh ohlaodg yb eleand hydrahed f or
The main hydration products of othertastd OI e®HK iddltse,d tahme aga pCsu r b ent
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Cementitious materials Hydration reaction Hydration products
, [SIO4/[AIO,]/Ca* IS0 C-SH gelsand
SS, GBFS, CC, Curing i 2 Si-O(Al-O) ruptured .
+H0 ———— /OH/[AI(OH)g] - »| AFt interweaved
10T, FGDW Hydrolysis ) GBFSand SSdissolved )
/[H3SIO4] et al with each other

Fi gu8chematic diagram of the hydration reaction mechanism of cenmn

H,Si0
cles were reduced, and the compactness th”es'O HsAlo" furthe:
proved. Fig. 7(d) shows the paste block IOHcrystaI
been completely encaps®H agelds .anAls Wtrhaepped
hydration products were |E)S|rHodgueclesebngmlal|t1terfacdaofarqé3a amo H t
phase was generated continuous| y®nqifpsmaeg dratlsoop'(Adeg es and fi
the gaps, so | arger gaps were re'xdrfvly%ireer@cmand he e he s
become denser. Larger SS parti c [CEYEspEpse al s 0 Gatf 3R L fhgry N the hydr
products and cemented into a whole, thereby the mechanical rope
of the hardened slurry sample had been |i mpgdinyfrdes(Ss GBFS CC,10T)
3.3. Discussion
From the above tests and micr omic@wprgig da maliYsi sprroecseusist smod &l cam b
that the CC system had been mixcaRswith powders of I OT, GBFS, SS
FGDG and other solid wastes that weighted 74% of the total amou
and the produced SIRSC cementitious materials has the characteri
of high activity andi hewpahtiokagei z&handl tr a
hi gthi ypersed SS fine powder hanegmtxWgermdutét rfaumedri @ ntso o¢ o rcwtnasr talnyt
expansion to compensate for shgiankage GB#&rB5d acersttirrowd sy itnper Yoge mrge
strength of the concrete. tetrahedra anondygée Béumahedr a, ma
Fig. 8 shows the mechanism of pphgmbydrati on réa-otkhjegasioliiedtdra h@dl
cementitious materials, and Fi g.ur% agieveosf at modgll ado®y GBEShydcrath
tion of the SIRSC cementitious smaib&rrgigains .t eltm athleax yag ehth Idte eatd nuathi dndurtree
of concrete hardening, th&Hsyged spirsotvieadbH grarlastCwoenr eo fc oAfstt aanrtd yC f o r
in the system also played an imposbéaotionl e&hi oh's ulphpirse $tsyhped nd filCar ¢
nous shrinkage and enhancing thet sdmleyngodhm tohe tdhier fSalcReSCof Tdlea ses vyi
|l arge amoflinheoGBRERStparticles ifhatbeotemewmt| hgi systemlbhgs part.i
coarse -Aggeed®diTe concrete. GBF Smeacrheang lcaad s ypr matee tii @lss hadnbeen che
nected by a | af gendumAle offSdHig@IO i ng system containing a |arge
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AFt has a very Y W[e8h, ppodfior mgla (1) has a

strong reaction tendency in a 4. CONCIUNIONS er e gypsum, GBFS and
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