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PRAf s 7 0 2T, RS L O TR CTRIEY & LT8R 7 7083 %AET 5,
BRTFE L RAET D AT 7% Figl-1 ISR T, AT 7%, dIF COim 20 - Boc L
A EDBRICRAET D@EIFAT /L, AR L CHEMAEDBRICRAET 2 M2 7
TIZRMNTE D, @mF AT 70E, k1t BET 5 BRI 300kg AT 5, WA T 713,
RN 1t B4 5 BRICK 120kg T AT 5,
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Fig. 1-1. Ironmaking and steelmaking process and slag.

B AT 70X, @I CEILA DR, BSOS, SIEAICEENDL VY AL
DN DT & L TEDbN DS a—27 ZADKpN, BIREOGKAG EFEAG LY
DT D, Table 1-1 IZHEIF AT 7 OALFRAKDOHI 2 =7V, @ AT 71X, oyl &
LTilmshsAalkAa, Kr~vA FHEED Ca0, =k & LTHWL D AR-E KD SiOs,
PROJFENCTH DB A KD AleOs & T4y & LTV 5,



Table 1-1. Example of chemical composition of blast furnace slag?. (mass%)

CaO | Sio, | ALO, | MgO | T.Fe | MnO | P,O, | S | f-CaO
421 (347|140 | 66 | 01 | 04 | <01|08| ©

B AT 7 OARB L OINT k% Fig.1-2 12”7, Fig.1-2 ® FRINRG AT 7 oflk
TR, TR KRR T 7ORETERZR L TW5S, FKF T, 2 EiXEFE oo,
HRF=r7)— M RoMEMEMEMEZRL TS, @ CIXFENOERMIL, 2—7
AVNENEND, —JF, FEEOP OO0 1273K FREOEE & M RAREiIAEFha—7 X
ERIE LT CO HANAERL, mIROETCMET A L7222, 7 EEOSRRE TIX, BEkiiL,
PROLA N FEICEE P4 2126y, FHE SN CO W AKX VBEILEN, A X ILVERATTHRAE
YD, TOH%, AN, ATZITPEMLTa—7 ARBEBANZEFL2AE, S5ILE
AT, AT, WREA XV BICERIA T IR E o TCIRECHIE L, I BEFLA B
O L CTHAMCHER T 5, HEEL S HEH S D8k, 2T 7 ORI 1773K 12725 T
Do EFNTOREREILOBRITTME, WEMECERA 7 7 OmBitE, S b O M2 &
WEZRIRBEIZAR DT, WHEFIREDME S, MEMES 22 X0 @A T 7 OMBITFE S
NTW5, EFAT ZHROGIE, @EOAESE, RERECRDEERBERTCTH
Zays

BIF AT ZIXRAIRIED S OW A FIE T, BRI AT T LKA T I TE 5D,
Fig.1-:2 ® FNZRT L 91, RIAEy bFEIIRY— NICE#MAZ 7 %25 L, BmL
THBEOK LCWEA, BELELDERGAT 7 EMEATEY, BHEENEWZOREE
2725 TV D, BIFRMAZ 70X, BEM, 2027 ) — NHEFH@FICHNLN D,
—7%, Fig.1-2 ® FANZRT L 912, IRELA 7 7 % K TR ERIZ L TRRIZ L B D &K
WA Z 7LD, KTRMEINDTZOHN T RG> TWD, @EFKREAZ 7L, &iFtk
AV N, 3y U —MHMEMENZHNLRD,
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Fig.1-2. Water granulated blast furnace slag and air cooled blast furnace slag

1.1.2 BERST

B A 7 7%, mdF CERELA &80 L C T 788k A, B L CIIME, I T o T8 )
W LR TR TAER SN D, WA T 7 O D F % Table 1-2 12773, il A,
il & L CImEnzaKAICHEKT S CaO NET, Bx, O A, BREDTDEE
IR & DT 2BMBECBACAIE L TRATI8I0A, 42 MOl T 2Ebek, BESRL
FOFEANIZ LD ST O Si Nk L THAET D Si0 2 ENB7R D,

Example of chemical composition of steelmaking slag?.  (mass%)

T.Fe | MnO | P,Oq S f-CaO
3.5 2.2 | 0.03 6.1

Table 1-2.
caoO | Sio, | AL,O, | MgO
424 | 11.1 1.8 6.1 | 22.5

R TR EFAET D AT 7 OW % Fig.1-3 1Zmnd, WA T ZITIIRE <315 & ik
AT 7 EWBT LI T 703 % 5, W TR T 71203, BEETR TRAT L Bt
A7 7, MOATRTERETLONYART 7, LR TEAEAT HHMA T 712000 b
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Do TIAEDNEF X, HWEFTIZ L > TEZR STV D,

B AL CUX, SRS b Bk 2 A F T ITMR 2R EIAA T, st Si 2k L T Si0:
ELATTIZHBET D, D7, BEERT 7 OHEIEE L CaO/Si0=1 FEE LK<, 1L
BEAEDFE,

RAALBE T, TSP AIKEZRAL, BT S % CaS L L TR T ZIZnBEid 5, %
T TSRO S SEUHITIERENRKREWVZIERE S 2D, HEEIX Ca0/Si02=4 L &
KREL, BILEEA &K,

i 0 ASLERTIX, WEEICAIK L BBILEkE AN E T2 ITMELZREIAALT, BWHEF P 21k
LT P05 & LTCATFIZHBET D, AT 7 L0 P EITIEREN KT WVIFERE
W, ZO7®, HWRET Ca0/Si0:= 1 ~2BETHEER T /L0y K& <, BILESEHE
IR,

HRdA ClIieFE 4 ERE T U 2 XD BRIRREICRE AT 720, FIEOP AL EBNIZ
REAALTED LT, R8P D CEBIELTCO T AL LTHRETIMRAIEEITY, ZD
BREIRFIC, WML A, AR T 2720 AIKEHEAL TWD, D7D, HIEE X
CaO/Si02:=3~4 fREC, M{LEREHENE,
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Fig.1-3. Schematic diagram of steelmaking process and generating slag.
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Mg, TR U 7ot 2 > Tl L, BRI D R E MmN 5 K O 126 B
ERELTHHRLTND, i RERERIC -V 77558005, &%, B
BEmAk, Had o,
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Fig.1-4. Iron and steel slag products and production process?.
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Fig. 1-5. Water granulated blast furnace slag.
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B KA T 7 DR & D% Table 1-3 (TR 7, @l /KEA T 7%, KT 5
TN RIS X0 BRDBIE KM Z BT 5, £ D07, @ AT 7 RIE, & X
VhERAETHZIETEEEAL N RV ET U REAV L) LRI%SOHERELZFFOEFE
A bhER, ORI D EENEESND, @K & ORSHD3EEGEFE /N S0,
LR IRMHAMER BN E DR ATE L, BB EORBEARTHELZIILD E LTE
IR EDbINT W5, 72, BF AT 77 AB VEMBISEHEL 8NN, a7
— MEMEHIC RIS TS

BFE AL ME, HEARLV T REA SN ERFKRERT T 2B LIZ@mIFAT T
M REZREAG L THEEND, @FEA Y MIRE TE DKIER T 7O SE T CHE
SINTWD, BMTHEREE CHES N, MREITT L— 2l (FRmEE THRESATY
Do

Table 1-3. Characteristics and applications of water-granulated blast furnace slag?.

Y Fi&

ML DBUNVBEKEN | §FEAVNRR
RILESUREAVNEE W
a9 —hRIRFIM

{&ENa,O, {EK,0 AR OAREH (R HKE)

BTEKEHE T TAM-HBRRM (FADM, &

2e 14, BEIH, BEKHRERH, TS0

— NOY: ¥ =ED

HABTERA X

FEIKERX

BiEMEEFLL a9 —+RAEM

FET7ILH)EM R

AE#tRL 4 (Cao, Si0,) FERARIER (714HIL)
TIERBHM

R KIEA T 7D liE A 2 ba O R 2 M ET 58, LERE AV MREZG
D120, @BIFAT T ORSZHHELTND, @Ay MIF@ERLV T FEAL R E
He~OKFNBOS BN T8, FORIC X 2 BB MBI T 5, £okw, BEEFICLZ00
Nzl 2 AN TERTHFORBBEDIZEFE A PRV, 12720, FiE
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SREE DS E LT 1-1 NOEHERECRMis TR Y, Bl 7 B CIEMERK
70%LL E, #in 28 H CTIHEMEERE 90% L EE A v M A —h —@IZFEHEN D 5TV
%o

EIEA S TBERE0%, WL KT RERA L F50%DE )L FZ LIRE

TEMEERE (%) = X100  (1-1)
BV KTy RE AL F100% D E L Z LR EE

EMEERBORELTW R T 5720, @FKREAZ 70 1-2 X, 1-3 N TRIHEEZ TK
WA T TG PEBHSN TN D,

B3= (CaO+MgO+Al,0;) /SiO; (1-2)

Bm= (CaO+MgO+Al,0;) /Si0,—0.13Ti0,—MnO (1-3)

TEMEE RO EE AW e 35 L 5 B3 £721X Bm O FIRENFEILAEL L CHEIN
TWb, KIEAZ 7 OEIEL, BERBOBEBETRe~A b, AKAELZRMLT, &FA
T DO ERHEL TERL TS, AARENMITITEREN SO T, A m i 3R
PEDICRESN T WD, @bt A MIEERLET REA S MR- D LK
FBSAE U, TR SR 2 ISHIINT B RS & 0, L DS @ EWIHIBRE N < 72 5,
W7 V7 FEOKIRO & O TIE, ARG R RIS X 2 9WIRE 021372 < 72
n, HWEEMEDOHTNEL TWD,

LED X HIZ, BA Y MATKIEAZ 7L, BHOFORETH DALY S 512
1E T 72, BREEICIS CTeAEV IAB N T T W5, Fig.1-6 (I X N KRR Z 7,
M ROME T 0 —ZRT, RKIRT LI, HEEIIEMEEMETERE TRa~v A, b
FIRA DA BRI K - TGRS 2, @iF Clias, S hBfMRA 7 7%, KEDKT
MERIXLTR&HGL, TT7AMT 5D, TERAMERT 71X, aozmirL, EEERICY
T AT B, INVTKIEA T 7 BT 2 B8, mi R 5 & AR IE P S A RS A L
—EDWIEEDEIF AT I RKE2fiE L T\ D,
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Fig. 1-6. Production flow of blast furnace cement.

122 BFRARST O IEERAR

EFIRIG A T 7 OB % Fig 1-T IR 7 . R A T ZI3REITE mm RO LA LEAFTE
THZILERTH D, @BIFRMAT 7 OFREE Z DG % Table 1-4 [ZR- T, EFHRE A
FU7HREBOSLTEE Y, FF & & BITREN M LT 5 KBEHEEZ AL TNDH, DD,
RERIFENVPHHFCE LI EDOBBHMICER I TWS, £, AFRGAZ 71ET
NAVEMBISZEELCDENNRL, BT L - AR EZES £V, TDOTEHX
REMERERIE, 2027 —MIHBEME LTHRIHS TN D,



Fig. 1-7. Air cooled blast furnace slag.

Table 1-4. Characteristics and applications of air-cooled blast furnace slag?.

it Fi&
KR BR AR
ETIVA)EMRIG Oy )—RAE M
{ENa,0, {EK,0 EAVRIY D HEE L RE)
ﬂjﬁkd‘hli&ﬁ%& RE & | AvIo—IL[RH
B
FB#LEL S (Cao, SiO,) £ FL A [RAE S

123 BF RS OFAKR

Fig.1-8 IZHEEFEDO A AR EEDEF AT 7 ORGEROHER 2%, Table 1-5 12 2012 4
DA AT 7 O H & OIRGE & & T 2 KRR OB, KR T 7 H =R 82.1%
WZHEINL, BRIvAT 7, FFZE A Y MR AT 703 Lz,

BATIIHESEROEHENES, AHFEMER S Ty, ENOE A NERE
BT 1996 FFED 99 H H t # B —Z 1T 20124 F X 59 H H t T THA LTS 3, @iFt
AV NOHEIT 21~23%TH Y, RIKOE A NAEEEORMIZHEY, @FE AV 04
FEEBHA L, ENTORFKERZ ZHENED Lz, —F, TERZNOET LT VT
DERAY NREIEBRTEF KA Z TOTREL L, O, KIEAT 7 Ol &iX
FERYLRL, 2012 FEIITEEF AT ZRFEED 38.6% I L T\ 5, B S 41,
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Fig.1-8. Amounts of blast furnace slag for various applications in Japan?.

Table 1-5. Application and sales of blast furnace slag in Japan?.

A& IRcE JISHHE
(Ft)
KB | EAVR 17,898 | JIS R5211 &iFt AV
2545 JIS A6202 AV —FRBEFRS T MR
B4 1,710 | JISA5011-1 V49U —hRARSY BH
— 18- BFERZT EM
T KA 959
a2k 463
®’Aa | EBRE 3,403 | JIS A5015 EEE SRS
R3YT | wAE 320
EA 269 | JISA5011-1 aVHY—bRRST EH#H
— 18 BFRZT EM
Ayoo—IL 212
ZDih 651
a&t 25,616
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ERNOE A > MEEEED L S13vz, 2012 EEOENOA a7 U — K HR &I
N2HITmMHY Y, TO8EIZEDLMEM, MEMIITBENE, AKA%DORRER
BRAWBITWD, AN TILERRGERGEDOBLI D, 1998 4 LUK JE 10 45 W 25 g ib
BRELZ ERER 1L L, 2006 I3 2w L & ip o e, W ORFRIZT L L TRARAZWT
A HNONTND, EFAT7 7HIEMOFHbRAICEATE N, FEEEZEDOK
T D720,

BFATZ T aar s ) — NHEMICRIHT UL, REBEEROMEZMEITE 5, Lol
RN, BAY NN OKIRERZ 7L 8Bp 0, MHEM, MEHics LT, ERISnsMm
BIZWETOBNPARREL TN Z R, EROBITICR-TRERIRRLEEZEZBND,

1.2.4 SRRSO MER®R

B A T 7 D—>, BIFAT 7O E Fig.1-9 1ZR- T, IIF AT ZJIE6IRT, &F
AT T ERDVBIEBOEAEENZ WD, EHITRIFTVEE LTS, BEX T 70
Fetk & 2Ok % Table 1-6 1239, WA T 7L KBEMENH O RERIFF N VPHFTE
DL, B E LTHWOND, 7272 L, CaO MMNIEAET B &k & KIS LT Ca(OH):
R LBICET AME N H, D), AR —T 7, NEARR=—Y U TR E%
TV, FRNZKFBIS SE TV 5, "R T 7 ORRITEAITE H, REITHTH D720,
TAROICHTHEMAN THHEAWEPARKE VN, 51T, BFHE & B AR EEN
REWZ EnD, LTHM - BEBEM (P Fav X7 va g VM) &L ThiE
HahTnsg,

Fig. 1-9. Steelmaking slag.
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Table 1-6. Characteristics and applications of steelmaking slag?.

L Eqka A&
WY, B FRAI7ILbarH)— REM
JKEE PR A4
HABHERAX T T AM- R E A
FeO, CaO, SiO, %3 AR AR
IH:E?;J;& 7 (Cao, Si0,, M@0, | IEHASLUVTEHEH
€

1.25 BEMRZST OF EKR

Fig.1-10 IZ4EE /O A ARE O 2 5 7 O iR & OHER 4, Table 1-7 12 2012 4 D
ED
HE:

R 2 7 7 D &

DOHRFEEAZRT, BE, AT 713 +TRAMOFIHEN N KB Z N,

RGN A T 7NV TR LD m  THEEREMEICEN TWDH 2 &, TAT 7 bary
U—MHBEMICER SNEEZERRH 50, BUEIZZOMARIIS DTN TH D,

RS BRFEE (million ton)

14

12+

10+

] H - a E
ﬂ Z0f

W sz it

] | I +A

— B E HHIA

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Fig.1-10. Amounts of steelmaking slag for various applications in Japan?.
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Table 1-7. Application and sales of steelmaking slag in Japan?.

Rk fh5EE g
(Ft)
A (U4l 2,584
PR 2 4t 2,597 | JIS A5015 X8R 57 Bk #x#4
+TH 3,474 | JSTM H8001: £ T REMARS T A
AL 525
g R M 426
BHELUVLIESXRA 103
FRI7ILhaAVHY—F 19 | JIS A5015 BB FREIR S
B
ZDith 1,088
BHIIT 85
&5t 10,901

1.3 RS TFBICHITHEREE

1.31 BKREGRE=

HARENTRIE SN DS A 7 7 /M OFERRTERIT, K4 Tt O RZREITRD 2,
[E N C LA RE SRk 2012 S O A pE & 2 el L C Fig.1-11 (2R9, $kH 2

Z 70, W, HE, BEA L MCRNTZEZL, IV I ERERLCETHD 679,

AV NOEMAEERT, 1990 FEHIZ 1 EtRED o722, BITEIX 5 T4 t P2 £ T
LTS Y, —J7, HEIAEREIT 11Et TR LTy, &AL MIEHD D
EFEE A FOHEIT 20~26%RETH Y, SFEA Y NROKIERT 7 OHERIT 40~
45%FRETHDH, ENTIEERA Y MEITOKIRER T ZidHo>TnDd, EDIs, BIIEITEk
PR & [FERICAKIEA T 72t LTV D, L LR b, MW T H R o i
FAT DX NPED HILTEBY, KR T 7 OREENSHBMZ D & THRIND, 2D,
T AL NUSO HEA~OmH & BRI ED DVERH D FFCEEOZ I N B D L,
ary 7 V— MHEM, a7 ) — NHMEM, 7277 har s ) — FHEMEOR

ADOREN TR AN D 5,
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Fig.1-11. Comparison of the annual production of industrial materials.
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Fig.1-12. Water absorption and surface dry density of each production lots!?.
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Table 1-8.  Ratio of concrete in mixing with aggregates for a pumping test2?,

w/e s REHE HEE (ke/md)
Eik=s EfsEQSR) | 2707 | BRE | K | AV | HEH HEMG EBFnH
(%) (%) (N/mm?) (cm) (%) W c S X% | 2545 | AD
GS-0 42 12425 159 289 758 1104 - 0.723
GS-50 55 45 24 45+15 159 289 808 520 492 0.723
GS-100 47 15 170 310 821 - 921 0.775
J0m |
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HE . 3o
— B . 6m
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Fig.1-13. Schematic diagram of a pumping test of ready-mixed concrete2?.
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Fig.1-14.  Production method of fine aggregate for concrete.
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Fig.1-15. Schematic diagram of air-granulated blast furnace slag system5?.
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Fig.1-16. Flow of air-granulated steelmaking slag system.
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Fig.1-17. Schematic diagram of air-granulated steelmaking slag plant80.
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Fig.1-18. Schematic diagram of Rotary Cup Atomizer6?.
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Fig.1-20. Schematic diagram of COz chemical absorption system36.
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Fig.1-21. Current waste heat recovery in steel works®?.
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Fig.1-22. Current waste heats unused in steel works9?,
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Fig. 2-1. Appearance of air cooled blast furnace slag.

N

Fig. 2-2. Cross-sectional photograph of air cooled blast furnace slag.
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Fig. 2-3. Sampling point in slag cooling yard.

Fig. 2-4. View of air cooling blast furnace slag in slag cooling yard.

a) Poring from slag ladle. b) Water cooling.

-34-



fEske, [ALBENSAIIARBA R VA= =2 HNTHESNTNDY, BHRACAT 7
WL ALNDH mm ORE RKATHET 5 2 LN TE RV, RIEM & b A_BIKER
BWIER T Ly aar V=D U—HE YT 4 METFT 52 81%, BRibAT 7 DH
REAILDEEL RENVWEEZDOND, TIT, BERENITICEVRILESHZRET D Z &
L7z,

AT TR BENT KALEZE L%, & 10mm A28 0 H Lz, 2ok & s
DA, WHE, NP2 VTl 2k L 7o, Fig.2-5 IZIR A 7 7 OWia 55
OB ERT, ZTOFERE%Z 2MEILL T, JILEAT 7 Z2XHFI L7, 2 ELEENG, IO
B, XA OmE - HHESEZRE L,

< 10mm

Fig. 2-5. Cross-sectional photograph of air-cooled blast furnace slag for image

analysis.
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Fig.2-6. Experimental apparatus to reproduce pores of air-cooled blast furnace slag.
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Fig.2-7. Pattern of heating and cooling temperature to reproduce pores of air-cooled

blast furnace slag.
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Fig. 2-8. Schematic diagram of slag solidification test on slope.
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Fig.2-9. Image of blast furnace slag solidification plant.
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Fig.2-10. Schematic diagram of simulation equipment for slag solidification process.
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Fig.2-11. View of experiment for slag solidification process.

a) Pouring molten slag into mold.

b) Turning mold and dropped solidified slag.
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Fig.2-12. Method for measurement of slag and mold temperature.
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Fig. 2-13. Schematic diagram of pilot plant for slag solidification process.

Fig. 2-15. Molds of pilot plant.
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Table 2-1. Specification of pilot plant.

Dimensions of mold W2mxL1mxt0.04m Depth 20mm
Number of mold 3

Mold material SC450

Ratio by weight of mold/slag 10

Rotation angle of mold 180deg.

Length of rail 18.8m

Mold moving speed 10~29m/s

Water spray nozzle 2 nozzle/mold

Water flow rate 0.070~0.083m’/min/nozzle

Fig. 2-16. View of pilot scale experiments.
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JIS A5011-1 =227 V= HARZZ7BEM H1E : @F AT 7 E8MOEFE AT 7 HEH
D N K5 TlE, MEEE 2.4g/lecem3 Pl E, WK 4.0%0L FEHES N TS, Fig.2-17 ®
HERBENS, BHY— FNTIEEEES O LHEEM ARG AT 7 2R+ _ETH D,
712 L, RRMAWHDOEAKEL %LU TOAT 70, BEIY— FNITIEFELRNZ &R
Lo,

-43-



2.8 5.0
o (a) (b)
[ . [ —~ L [ J
S £ ° X 4.0 °
> _\? ~ b a e
Lo 26 s 2 ° -
=2 O = L 4 -~
o I ~ S 3.0 !\H
D X [ ] = v Ave.
g<25 - . o 2 J . $
S g Are. ®© 20 | o
> = - = ]
22240 o o o 2 . s
g 5 ° o = 10+
0023 ¢ ° e '

2.2 0.0

Lower  Middle  Upper Lower  Middle  Upper

Fig.2-17. Density (a) and water absorption (b) of different layers in slag yard.

Table 2-2. Chemical compositions of blast furnace slag.  (mass%)

CaO SiO; ALO; MgO MnO TiO, FeO S  CaO/SiO;

419 339 144 72 029 058 023 0.73 1.24

W AT 7P OKAUTIIBSAL & PAKALAFAET 2205, WKRITEET 5 OIS
FTHD, RIAT TNEICFET D ETORILERAKKROBEGE KRG L=, BAXFL LM
KAEADLEEEKILE Pt (WB IO TORAINBRAK LTz EAE LT K AlHER K3
Qt [%]ix, EHEE Dt [kg/m3], #Erz%E DA [kg/m3l L 2-1 X, 2-2 Xo¥EFKIcHD, =2
T, pwlkg/md] ITKOEETHD,

Pt = (1—D—d)x100 (2-1)
Dt

PWPt
t=—""
< Dt

(2-2)

Fig.2-18 2@ IR A T 7 O KR L iz 8 O iR %2~ 3, K oERIE, (2-1),(2-2)
KB RO - RATRET KR Qt 285 LT\ 5, Fig.2-18 1 Qt DO#E L & E Il %
52 Lk, EERICTAL TWARAIL, EKILD 35~65%, ¥EHd 5 L 50%F-
ETHDZENbND, MEEEOEINHEVTKRRBET LTS Z b, BXILR

Pt IR FIC X DB EHEMABAKFIETITHDITH D,
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Fig.2-18. Relationship between water absorption and density in absolutely dry

condition.

a7 A=V T TN ONEE Fig.2-19 2R d, a7 U — T A7 7L MNE L B
720, A=V 7RI T ARHT T2, FARENMROIIR TR TE 2o 72, £ 2 T,
50~100mm fHIZ AT VO ZFIL L, % TZOMA 2B AL THOMNENRD X 5
IZL7c, BWATIC L o TRAEN R, ERNFETLIHB T b H o7,

REFROKALE N % Fig.2-20 (2R T, A—U 7% U 7 VOKAFITEE mm &
HTEWES ARV NFIEL, 2%~30%F TEHH Lz, V7 il Lo TUHRVEK
LRERTHENSD LD, BERAT IR DEUERGFETLIEEZOND,

ZOR=Y o TH T NZONT, BEBREITICED AT Z7HEOKILOY A X2 H|E L
7ok B % Fig.2-21~Fig.2-23 (257, Fig.2-21 I3 A FLEE & IE W im i 12 5 o 2 KL
HREOEORAFRTH D, [ILEMILENRE 2D L, FHRAIARIEIRE LD, T4
bbb, [ILENEN AT 7L, HARKINZ ), Fig.2-22 (3545 & HERm#IC S50 5
LFILRABEOLROBBETH D, [AMBLRENKREL 2D L, JAKITEL TS5, T2
bbH, KILERENA T 7%, KAEND 20, KL & FHE LB O BEFRIE Fig.2-23 ©
Lol oTe, FHKABRNKRELS D &, QLT LTz,

Fig.2-21~Fig.2-23 726, @A T VT WETH ANEATHE, FT/hIRKIEN LK
R L, W E & BICH ADERENE X, JENLKEL LY OOFERL THERED LT
WHEHERIEN D, Lo T, BFHRHAT 7 OKAAEBRIIE Fig.2-:24 DX 212EB X261
Do Thbb, WHMAZ ZHRTRAELERIEE, A7 7P EETHERILE L THED, &
HBEENHE N, NS RKILDZEAFAET 2 D KALED /N S UVIRIE TEREE 3 5, MmEEHE

=45 -



WEWE, KIEBRKE, AR UHRRKALERY, [ILRENRESVRETERRET 2, L
WoT, @IFRIE AT 7 OXRILRIEIBICIE, WEA T 7 ORGERBENANTHLLEEZD
no,

TPy ¥ T
svezilkleesayre

3 ifie 8 18§ b ea (|

£8SveEzillil6eLos

n
L
-9
m -
-m
]
[
[
e
n
_Lﬂ
B
m
m
-‘\J
w
&
.

IHEB.ZBSPEERE

"

(6 8 L858 peE2

!

Fig.2-19. Appearance of boring samples in slag cooling yard.
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Fig. 2-20. Porosity distribution in depth direction in the slag cooling yard.
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Fig. 2-21. Relationship between pore diameter and pore area.
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Fig. 2-22. Relationship between pore number and pore area.
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Fig. 2-23. Relationship between pore number and pore diameter.
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Fig. 2-24. Pore generation in slag.
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Fig.2-25. Effect of cooling rate on pore generation.
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Fig.2-26. Effect of cooling rate on apparent porosity.
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Fig.2-27. Effect of atmosphere and sulfur content on pore generation.
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Fig.2-28. Relationship between porosity and desulfurization ratio.

Fig.2-29 (21%, ZOMOGEMF0RELZ R LT, Fig.2-29a)D A T 7 OEMRIEE %2 100K
KT L 1673K & L7c3da, b & vy Al ISR R b5 08, WEIZ<ALIL R
W, AT ZREOKFIZLY, [ILERENMERTE 5 Z &R0 5, Fig.2-29b)D N
NIV T Lo LB EOREAT 7%, Ne X7V U 72T 5GA1cxT 2
Fig.2-25b)DFER LR UL, RBGAT VLRI UREOZILEL 725, LB -T, NeXT7
U o ISR ILVERICEE 2 52 TR, VWY RMEZASLVY AN T VI F Yy
RICEFE L72HAOREE AT 7% Fig.2-29I2/Rk9, T2 F VYR & OBl H 5
WEBIZ AT TRALDER L7 L 9 IR 2, Be/L YR EIIKILOREN R LR > TnD,

-51-



b
SRR A wnmi
AELEE1.3°C/ 4y BELEE.4°C/ 5 MERIRRIF
=eaE 1400°C N2/ 4 &L AEIEE1.5°C/9
AI2035DIX{EH

Fig.2-29. Effect of temperature and N2 gas bubbling content on pore generation.
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Fig. 2-30. Dependency of density in absolutely dry condition and water absorption

on slag thickness.
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Fig. 2-31. Effect of slag solidification thickness on slag cooling rate.
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Fig. 2-32. Effect of holding time on mold upon thickness of solidified slag.
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Fig. 2-34. Temperature of slag and mold at 90sec after pouring molten slag in mold.
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Fig. 2-35. Relationship between slag thickness and moving speed of mold carriage.
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Fig. 2-37. Change in mold temperature with number of pouring.

BOKBHNT K 2 8RR EIRE DR F IV Fig.2-38 O B35 & L7, W EIKIE S
REODLI LI, TOVREVWGBHDREZGEDL ZLNTE, MAKET) 0.3MPa(82.6 X
103m3/min/AR) THK L7 5A OB EIGEI L, BLFD 2-4 X TRbTZENTEDH, 22
T, AT IEHOK 1 EIY 720 o HEORER FIK], W I 1 %720 O8Bok&E[m?]
Th D,

-58-



AT=809.35W+5.4127 (2-4)

2-4 b, WHUKIES D 0.3MPa TR ZHUKGHT 256, WA T 7EA 1 5y
DO EF 89K AR T4 2720121%, #78 1 #4729 0.103m3 DBUKENLET
boH LRI,

100

L)
[ ]
80 | 0.3MPa °
g 60
|_
a a0 - x 0.2MPa
20
0

0O 20 40 60 80 100 120 140
Amount of spray water ( x 10-m3/mold)

Fig. 2-38. Effect of spray water on mold cooling.
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Fig. 2-39. Appearance of plate-like solidified slag with pilot plant.

Fig. 2-40. Cross-sectional photograph of plate-like solidified slag with pilot plant.

Fig. 2-41. Cross-sectional photograph of air cooled slag.
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Table 2-3 (254 v v NER T 7 &M Lo B M OB, KR, 0 ~0 &
ZEFIRG A T 7 WE R & el U CR T, Btk ORLEE DS HLVE EHERE FE R & <
WARENPNEL IpoTe, TIUIMERC KV, KILA S < FREE D/ SV 03 S i I HIRE
I ol EZEX b5, RN 13~bmm OFMIL, WAKEN 0.66%, T~V JlE
RN 16% EERDEIFRM AT I inbRES&ZFESI, 2227 U — NHMEM, 7TA7 71
NEEEHEM E L THO O TV DR & W% O RE N BT,

Fig. 2-42. Appearance of crushed aggregate made from plate-like solidified slag.

Table 2-3. Quality of slag aggregate made by pilot plant.

Grain size Density in Water Abrasion Ratio after
absolutely dry | absorption loss crushed
condition

(mm) (x10° kg/m’) (%) (%) (%)
Aggregate made 13~5 2.81 0.66 15.0 60.9
from pilot plant 5~25 2.76 1.08 — 17.0
slag 25~0 2.77 143 — 221
Blast furnace slag
coarse aggregate 20~5 2.36~2.52 2.22~341 | 25.0~336 —
Asphalt concrete
aggregate 13~5 2.62~2.69 0.60~0.97 | 11.0~134 —
(Tight sands)

-61-



24 EE
241 RS, SR OIEEEMN

BERERTIC LD 2T TN OMEAEE Z Rt LTz, K7 o' X TIERA T 7 &R ICEEHE
T 5720, hE - EEEEFRE TOREHER IR 2 PR OIEE T — R eBnE L& 2 Thu,

L7ehlo T, BT 25 0Lis,

o A 07T
ot pCp oX?

(2-5)

2T, AMFBMREE[W/(m- K, o (3% [g/ems],Cp (X HE[I/(kg- K], T 1327 7 7=
FHFROREK], XIFEAFMOES[m], tIXREHEsITH 5,

Fig.2-43 ([T "3 XL 91T, AZ 77, $iMOEL TG Z AT 7T 10 55E], #$8<T5 oHL
TatAEEITo72, 22T, KR — A7 7 RHEOBYREREL hs, $55 — KR O BVR =47
¥ hm, 277 —$HRREHOBIN R 287 A —4% — L U, BTSN IR 0 =l
EIZED XINRTA—F —DEERE LI, FU~NEMAT 72 EANLTCEED AT 7K
filE 1300K L EO B CTH A=, Ka— AT 7 REICHOWTIIAMNEZE L, 25
ZNER O & RAL OB T L7z, SRPASURE Ta 13 293K —& & L, RE LEFIEAR
WHo L L, At=0.5s & LT, BBREEICEVEE L=,

AT 7 OBMREEIT/NE <, 1400K BETRKEEZ T Z &AM TS, Nagata
SNREF AT 7 OBRERE 2 JE L TWD 923, 1600K LLET 0.2W/(m-K) & #ii I/ &
Wiz, ZOMEEFBEICHOWD EHLEOREITIZEA SR TET, FHEE DR,
Z Z CAFRE TIX 1400K UL E Tl Kang » 920, 1400K Kiifi TiX Nagata b 9D E KA T
7 OBREERER R A LIS, LLFo 2-6 K, 27 X HEHE L2 BYREE L [W/(m-K)]
Z W,

T>1400K ® & X,
2 =—5.0X103T+9.20 (2-6)

T=<1400K ® & %,
A =7.78X104T+1.11 (2-7)
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Ta=293K

hs .Tss X
Tsl
.............. .._-------_-_
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. Slag
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_____________ o159 P
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Tmi
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Tm4
h Yoo
m Tms
Ta=293K

Fig. 2-43. Heat transfer calculation model of slag and mold temperature distribution.

A Z T OWEN Ogino b 109D EF AT 7 OARERNEERNG, T<1443K D L X Cp
=1.039%x103J/(kg-K), 1443K=T<1673K ® & x Cp=2.2425x%103J/(kg-K), 1673K=
T<1773K ® & & Cp=1.326x103J/(kg-K) & L 7=,

SUS304 #5M Z 7356 D, AT ZHCREEE 7 R EBROLMETOF AR % Fig.2-44
(2R, 1673K DIE@A T V7 1EAND 90s 2, 120s HOFIRE & FEMELZ R LTz, X7
7 FKH, $HREHOBMREREZ he=30W/(m?2-K), hn=10W/(m2-K), A7 7 — AR H D
BHHI A R=9X 10 m2-K/W LRETHZ LIicky, HEMBEOREZEZHME13IFE 3K
SHDHENTE, AT 7 AR EHOBIIITH D R=9X104m2-K/W 1%, 05 M
F—/V RNy 2 — — R OIR FEHIERE R B RO T2 Toh % R=4~5X104m2- K/W
EHRT2/FEDOETH D,

2T, AETHRE LEBVREREE R DI VSN E B X DD AR O B SR i
BEEL R L TH D, ERE A E X TR & BHOGE, KR O B RxHREVRE,
2-8 ANBEIN TN D 12,

Nu = 0.13(GrPr)"* (2-8)

72, FHESMAEIZI EMESMmAOEE, KIEFRO A RREMRE IOV T, 2-9
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AR REINTND W,
Nu = 0.6(Gr Pr)"® (2-9)

AT T REOBILESREIL, 2-8 XD 10W/m2-K) iR s D, —F, £—/v FRE
DIMREREIT, 2-9 Kb aW/(m2-K) EFHR S D, EHED 515 5 L7 VR EFR L h,
h 13, BRRHRBMRIENOFHE SN DMLY b 2,83 fERE WV, ZHITEmA T 7 EAEE
DIFEHIRETHDH-DTH D,

1700
90sec 120sec
1500 O °
< 1300 -
@ |
2 1100 :
@ |
g i
e 900 - 1 i
e e :
700 — - _¢
500 ; slag JA mold i
300 i |
0 10 20 30 40

Distance from slag surface (mm)

Fig.2-44. Heat transfer calculation result of slag and mold temperature distribution.

Z ® ho,hm,R D% AV, FEEHR 1 RCEMBERENTE TV CHE LI A 7 7 AN
5 2min HOREPHROT-AT 7 OFRKE, Hl, SHFHERTES L QRS T MO ORH
HEEDOF R R A, Fig.2-31 OFER T 7 2EARICHE LB ORERERR L & I
Fig.2-45 1Z/r LTz, FIFIZEBWT, SEHHEAEEIL, EA 7 ZEAND 2min % ORE
SAFHREO R T ZREA T 11 S OEEEN BRIz, Fig.2-45 1289 K 9 ICEEREE 2
2 26mm LA P75 L, EOMNMBTHERD/NSWVIEEBHFEIIREL 25, £, #
M, $HEIBERE O M AT I, BEEE A 25mm LA T B IS A Do HLER Oy L
ITEEEE . 40mm DL ETIRGHEEE TITIE Y 02 b, —F, 0 H R T [

o

-64 -



26mm PLETIE, EHHERE & HITHESPITIRT T 25, BAVESOMEN LT L b B E 2
DHFLTE AW, FREET P OHIOGHEE LY D LamdaR L T,

Mold face (calc.)

Surface (calc.)

----------------------

Center

~ (calc.) Ave.(calc.)

Cooling rate (K/s)
OO P NN W &~ O OO N
I

0 20 40 60 80 100
Thickness of slag (mm)

Fig. 2-45. Effect of slag solidification thickness on slag cooling rate.

WIZIEE T — IR TCABERITET Va8 M vy NEBROSMFICEM L, BEEESR, (R
M2 B D EROIRE &2 518 Uiz, 355 E % Fig.2-36 O ERAEICH-E TRT &, Fig.2-46
DX D, ME BHE U EERE, REEEOFMREIL, BRICEMICR> TS
1473K Tix7e <, 1633K Th o7, 1633KE, EF AT FOEMHEN 20%F2E T, £/
SEAIZHRRE L TR, FEENRKIC EH LD HIRETH D 19,

RHFEETNEREIL, BMRERO/NSWAT 7 OBEARER EFiEE R L, £7,
AT 7FRE, HFHUEHEZEG L THAZRET 2552 HE LT, AEERE h=hn=40
~1000W/(m?2- K)#iH TD 90s 14,1208 e D A7 VIREZ#FHHE Lz, A7 VEXH 25mm D
RS R Z Fig.2-47(@IRd, RRKIORT L1, AT 7, AR OBRERE S KX
Kb &, AT 7RAMOIBEIIRE AR T T 505, FOEHOEETZESLNTET L, #H53
PR OIRFEITIE & A B LR,

T 7 D B A [FIAR ISR L7254, Fig.2-47(b)I2/~k T, 2 2 T, hs=30W/(m2-K),
hn=10W/(m2-K) & L7z, FICRT XL D ICEEE A 26mm LLFIC2 5 &, ELMRHEL
HEEHITHLEHOIRENE LK TT 5, £z, FLZETERWb DD, KR
b EEE R 28 26mm LA P27 SR T4 528, AR 13IE & A EE L LR,

UEDZ &b, BYREEN IW/(m-KRE L /NS WA T TN OGBEEE 2 H#n7 %
7202, BEEAZHESTHIIENANTHDLZ LRI Tz,
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Shape of fracture face

O solidified [
o unsolidified [ s
40 5 R
— Q
= [ ()
E 30 0 L2 O
ug 1633k _® O
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~ o
2 10 | 0
l_
O | | |
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Holding time on mold (s)

Fig. 2-46. Effect of holding time on mold upon thickness of solidified slag with pilot

plant.
1700 1700 _
-, Center 90sec Center 90sec—"- +="
1500 - el 1500 1 <" Center 120sec
X 1300 - Tl X 1300 [ - Surface 90sec
@ Center 120sec | o VI LI IR
2 1100 - = 1100 - :.—‘ Surface 120sec
S 900 - : S 900 |-
E 200 >~ Mold face 90sec E 200 | Mold face 90sec
50g (Mol face 120sec R 50p | Mold face 120sec
(a) Surface 120sec (b)
300 ' ' ‘ 300
0 200 400 600 800 1000 10 20 30 40

Heat-transfer coefficient (W/m2K)
Fig. 2-47.

Slag thickness (mm)

Effect of heat transfer coefficient(a) and slag thickness(b)

on slag temperature by heat transfer calculation.
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242 [ARIZRIFTANEEDEZE

WA — REIR A 7 7 OKAEE, KIABOBPER RN, [ILOMEIZ X DK ILEDOHE
IRRD B, BEEALZ#HS 752 & CRILENMEBMTE I, 2O LiE, AT770H
AR DI KALRERICAR TH D Z L 2R LTV D,

Fig.2-45, Fig.2-47b) C/RL7=LHIZ, EIF AT 7 OH0 & Rl THEAGEE FRKE < R

IRB NS, FKif, BRI R0 LR 0 ¢y B FE L R BTV, Kifl, o
TUHEAR T 22D A 7 Z13m AL EEE LT <A, BEIE LR KALRICE BT D, £Z T,

AT 7 OEELFEERT EEZOND, EHFROIRESHIOFE LI EEmAEEE T
RALRZHEH LTz, [RILOAERR, MREICIIHOGERE DEENPRENEZEZX DN
, T TIEEMA T ZEANND 2min $BORESAAFEMEN S, 2 MO mEEE
ZRDT-, Fig.2-45 128 LIMERHRICEE A 7 7 & it L2 FERIE T U1 vy N E RO
HLEEE DMED D RRALE Pt 23R, BEEE A L IEET — R eBVEMTr£ 7 L2
THHE L7 i S rk@%%%FQZ%&ﬂﬁ‘FQZ%ﬁ®$W%ﬂ H P 3K/s %

IFHHEENRELS RDIEFERKILFITNESLS DN D, TN EOBmHEE
T, BFARITN D T—EL LD,

Fig.2-26 (2R L= &k 9 ,imﬁﬁﬁ%mmT%WX?ﬁ3mg%Mﬁﬂﬁﬁ%?%%
L, RAFHRTWHELTSE, MELHED 2K/min UL T ORI, 8% OEFIRG AT T
RO AR LT, [ALEZ 10%LL T 5121, fERE R Tldm JEE 2
8K/min LA EMETHoTo, —F, A7 7@ bERMRIZA T 7 25t L ChelE 7 2% FE5RT
%, Fig.2-48Z/mx L7 L)1, FHHAMEN 8K/s LA EBMETH 572,

SALDERFEHRN A Z THOREOBRIL TH > TH, A7 7HICHEM L TWDELEDRE
It Th->Th, RKAFOEESH L OHEMIZLY 25 VNI THARKELTWS, PMUOHE
fRIFCOIBRE X T TN MERHRICA T 7 &2 i T R CHEAREORBEN R 5 2 &,
WHY— FNTIE EBIE EHEBEEDRELS R oTNDL I b, A7 7 & RROEAK
W, A7 7NOHEEND, 2T T7NENPOLOH AFARICKELS FEBL, [ILRERELT
WD EBZOND, WA T 7 &R E DEMIRNOEEL ST 20, [ULEBIERIZE
O FRHAEEDEITEF AT ZOK[ILRETICENTHL Z ERHLMNT R oT,

ZNETOER, IR END, B AT 7% 26mm OBCRICEBT 255D AT 7O
e & RALOAERTE, Fig.2-49 DL HIZRoTWD EHEESN D, AT 7 bR
AT DB, WA T VHITKRK[P OmERE L #Eil L, ZOMHBEL AT THOREI KL L,
AT T DNEND S0, HARFAL, MR KANZEAERT D, FRICIEAER (0s) D
AT 7UE, SRl Lo m AN EERE L, WM & & b ISR & KKUE ) DI EI S A

7

(Y
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7 VR ERE T D, WIHNCIE E o 72 54 1RO 70 AL L ETE L 722V, DT ISV E &
BEE N, WHDOZWE T, [RILOME, GRPNAELT, KB KREL LD, ik
REL RO TEKAIZZE DD Z N TR LT 5, Lo T, LS L0 b RN g
FIREDDOKINED EBEZ DD, 120s THEZKIZL THE FROAT 7%, @iRO A
77N HEE SN D 72,3008 TIEAT ZNEROIREIT 1IT3KRREOIZITH —RIEEICR D,
Z OW R TIXERICEE LT D7, [ILORE, SAIFIRESN TV, BEORE A
77 O%E, BT — FAORZL 100mm REH Y, FIIEAZ7ERS L1280, KM
PHOHANRETHY, NWHOEBEITES 25, BEET L5 E TORMMRLNLITE, TA%E
ABBEINL, RERKILERVZOELZL D,

30

25
20
15 |
10

@ Slope test
B Pilot

Total porosity (%)

o 1 2 3 4 5 6 7
Average cooling rate (K/s)

Fig.2-48. Effect of cooling rate on total porosity of slag.

< solid
0Os
mold
< solid
slag < liquid + solid
* solid
120s
mold
300s slag } solid

Fig.2-49. Image of pore generation in plate-like slag.
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243 [ALERERICEAMEZEEDR L

B IRID A T 7 O E L 90 0 WEOBF % Fig.2-50 (2”7, FARIZRT X 91
M BEENE L RDIEET VY EEITNSILS D, Thbb, BEEICRD EMERENE
N B9 5, 770~ E Ral%] & 2% E Dalkg/m3] & ORI, LA FD 2-10 TR E
nos,

Ra = —0.0372Dq + 119.84 (2-10)
40
35
S 30
s 25
S 20
S
2 157 & Aircooled slag o .i\
< 10 | | A Slope test
W Lab
> ® Pilot
0 . L L I

2.0 2.2 2.4 2.6 2.8 3.0
Density in absolutely dry condition Dd  ( x 10 kg/m®)

Fig. 2-50. Effect of density on abrasion resistance of slag aggregate.

MEFREME DM E2S, [RELBEICEIZ L2 b0, T b AT VA OB EEIZ XL
HZHDONEHLNIT DD, v~ 7ty h—ATHEIEZRE L, N vy MlEX
7 ZINHRT D E OWPER R & Fig.2-51 (T $, MOMEhIEE —/L FEflm ) b O %
ALTEY, Omm 1 EE—/ L REMHE, 10mm (JIFIFELFHOFREETH 5, FXTIE
E—)L REEREIIZ T 7 AENE LRV D% Crystal, ©—/L REEffmIZ T 7 AE 035K D
HD%E Glass EXBILTRLTWD, Fig2-51 IR T LI, RBABGLINDIEDTHD

F—/b REEMEIFMOE 2 L0 bEENRELSRoTEY, 7 AHEDOHREMETH D,
PRI 2SN SV, =L R 2 FR< &, T ZAEOES 720G OO T B3l LI
REW, MEEEONFEEIL, Hv=376 Th o7z, BH L OEFRG A 7 7 ORIEMIL Hv=151
~348WTHV, A vy NUER T TOHNETEBEIZZR>TWD, —FH, TA7 7

-69 -



IV NREMDOBEMICHW LN AEE A O EY, Hv=63~986 EHATIC L > TRE <R
o TRV, FEWEIX Hv=345 Tho7o, TV ~NVIMEOKTIL, [N Lz & &
AT THEOWEND LREL Rol=BICLDbDEEZ NS,

700
= | © ¢ Crystal
L 600 Q O Glass
2 500 - %
S 400 9 4
& O @
» 300 o 8 &
X 2000 © ©
2
o 100
QL | | I ! !
S 0

0o 2 4 6 8 10 12

Distance from mold surface (mm)

Fig. 2-51. Micro Vickers hardness of plate-like solidified slag.

244 HEKMEETAI7ILNEEYRAEMA~DIE

RA vy MR T ZIXMBERERE N LD, TAT 7V NEAWOBEM ~D5E A
Rt Uiz, BEARMESIE B4 0 80%LA EIC 13—5mm @ 6 SiA ZELA L, M D%Y
DERSIH B Z Bl A U 7= B HPRLEE 28 BORLFE IS WA ©, /K20l S8 5 220 2 #5 .,
6 Sy B HE R ARA DS vy NGER T SR LT BM TR E A T,

BRI E, JFE AT — LI H RS FT TIEHIX NI HE T. L7, Fig.2-52 [Z3UBREhzE
DOELE % R, PEKMESY, SR, FABREMEO SMEOELZ, ThThi
E 10m X M8 5bm CTHi T L7z, MHAMEZR BT 2720, @5 OGN Hif 2 Bl a Lo bhids
Bl T U7z, [F—FEEOEIL, FUHEMAICH T L7z, Fig.2-53 (2 TH, i L% ORER
HEEOWRW AR, BEOMELFA L, n—7 —CiEL T RiFe, £ EofikERE
DEENGGID X I, YKMESEILZT 27 7L b THEA SN B M RN ZEB A TFE L,
K23 T & %,
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Fig.2-52. Location of test pavements.
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Fig.2-53. View of test pavements after construction.
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Table 2-4 (ZHEAKPEEI2EM ORLFHEL G, BIGELA 277, AHMEEB L, 7 A7 7V b &,
—fl, REE, FRELEE, BNREETHDL, BLEADOREE,
TEREIIAL AR R BB L FIER — T, 2 CHEMAZ 7= LT\, #
LEFEIZOWTIE, B AR AR 0 7000 [F/mm (213 %1272 7228, BUERA O
B2 E T RRFAL A LV b B L 5000 [Bl/mm 2827, 7 A7 70 hEIE 0.3%D
L7,

HBEIEIZOWT 10 »r HHOBHRELXIT-o 7, AEHRBIX, 7 7 v /7 B84EE, D
ZHiEi, TP, BSEEANED 4 HE & U, HEKPEREE IR 5 JIE S R & Table
2-5 1Z87, T 10 » AZRB LA TH, @7 7 v 7 OREZTR LT,
DELIENL RN T,

BRI D RLT W ERBELNEC G WD, BEDBFTEOE Y BELZHL 5 Z 21X
HETHDH, —MEKOWE Y HEHUEIEZ 55BPM UL EXEE T, 65BPM LU E&H L BT L)
EEND, A vy NUERT 7 &Ml Ui Bh &2 O 72 PR PR O 9= 0 3EHUE I,
fiti TIE % < 62BPM, 10 » H# T 65BPM T - 7=,

HEAKBEBEDN S — 0 B O PR MEAEEICRB WO TIE, BUGBKENRHEZME L TWD 2
ENEHETHD, A ay NUERT TR Uiz b & O 72 Bk M 2 o it TE% o
BE KL, 1193ml/15s & 72 0 BHEECTH 5 1000ml/15s Lh D 5MF% e LTz,

LI EDORE RS, BOREEE R T 7 W U CERL L2803, SEKMESEETEM L LT
HEHTEDZ L 2MHERTE,

Table 2-4. Evaluation result of asphalt mixture for drainage pavement.

Evaluation items Efc?;l)%:tglr:( Mixproportion at job site | Target
value
Pilot slag Pilotslag | Tight sands
Slag in aggregate (%) 87 87 0
Asphalt content (%) 45 45 438
Density (x 10%kg/m?) 2.094 2.095 1.964
Void in total mix (%) 20.3 20.3 21.2 20
Flow value (1/m) 28 29 31 20~40
Stability (kN) 5.42 5.50 5.98 >343
Retained stability (%) 80.6 80.4 819 275
Dynamic stability |  (times/mm) 4650 5215 7058 = 3000
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Table 2-5. Result of drainage pavement after paved.

Aggregate of drainage
Evaluation items pavement Target
value
Pilot slag | Tight sands
Surface crack none none none
Rutting none none none
Skid resistance after paved 62 63 =55
(%) after 10 months 65 75 —
Water permeability after paved 1193 1183 =1000
(ml15s) after 10 months 576 639 —

245 BIRFRASTEHAETOEX

AEREHIL DORE R, ARFFETHIE LIRS &SI AT 727 27 70 MNlZER B M ~E 1
TELHENMRTE L, £ T, A vy NERTOBE R AT 7 ORGEEM OMFHE
RKone, arrz)—NHHEM, 72770 MEERBEMICE LICBEREmIEA T 7 a2
95 TEMBLE Y 1t 2B S EToRM A BT Lo, BIJE L7z mlis A g =0 fe %

7 e~ 1 2 2 PACSS® (Pan type Continuous Slag Solidification process) D% %
Fig.2-54 \Z7” 7, Afiid, BEad LS8 50 MM ICELE S, WA T Z71EA
Mot & EEE A7 ZEINHE vy M3 XL OSERGHETHBOK 2 VBRI Tns, 18
3min TEIEE L, #) 2t/min TH@ X 7 724G L, EAK 25mm (23 LiAZ, 2min H#F
B ECHAH, BEIES5ZENRTEDS, 2min ZRICHEMZ KR L TV v MIERE AT 7%
B F3ED, 20Kk, $BROBEZWEOBKBHAIT 5,

PACSS ToOMuk 2 7 7 &kt 2 Fig.2-55, Fig.2-56 12/~x9, Fig.2-55 132 7 787 b
WA T 7 %R EAL, BEIT 58 ETRAT 7RHAINTW SR TH D, Hhb
EF AT TIPS /NE W2, SN Z R GRS Y JE 2 25mm FREE OBCRIZEEE = 7
Do B ERRRD A DD, ZHUIBF OB EBEIT 272 DICHUK T 5 BRICAE L T
DR TH D, Fig.2-56 1FHHFM ML TE T LIZAT 7O Yy FNTOHRRR TH S,
RN LE Y MIETTOEIC, BRAZ 735N THARERD, MARERSTEAT 7D
HIXmiRICHER S, By FNTA I ZI3Rmah s, mA%, ZOBIRA T 7 2 ik,
Sk UTHBEM 2 ERIL -,

iy
H

=
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Fig.2-54. Schematic diagram of PACSS®.

Fig.2-55. View of operational aspect of PACSS®.

-74 -



Fig.2-56. Solidified slag with PACSS®.
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W AEE O RIZE Y, @IFROAT 7 OK[ALELZIRMTE D,

RALEME TN L CTEENEMT 2 &, @FEHRH AT 7 OmEFEEZm L35,

KR AKREDBIFIRIG AT 78T 507k L LT, ShRIEEARNCIEMA 7 7 2 AL,
120s F2E D AREH T 20~30mm OBCIRICEERE T2 HIEE I Lz, RFETRIEL
TERCIR A T 7 % e, kL, KR 1 %ELT, 30 ~0 BED 15% O Cliit
FEEDmWA T ZBEMR G LI,

ARBR A A M T L, PHREEE A 23.5mm OBREER A T 7 & e L CUERL L 72 B At
0, HEKMEREEREM E L CHEATED 2 EMR LT,
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PLEDORERZ I, IKKILROEFEREG AT 7ORKREME o 2 & LT, [BEREHREE
I EIE A T ke E 7 o & 2 PACSS®%ABH¥ L7,
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FEI3E BFRKBRATITDEZEESIVHEZFEHIAIAIANMEHEORE
3.1 #E
RKETIE, BEBEENINOKRBOKMEATZ 7#lEL2ZBNIC, BEB I OB EICRIZT

TOKWERMEDRBIZOWTHE Lz, KA T 7%, Fig.3-1 ® X 928 mm £ D
AR T, WHICZ B OMKAEZ AT HH I AEOEEKTH D,

Fig. 3-1. Water granulated slag. a) Appearance, b) Cross sectional photograph.
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Fig. 3-2. Schematic diagram of slag water granulation system.
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Fig. 3-3. Schematic diagram of experimental apparatus to make water

granulated slag.

Fig. 3-4. View of laboratory scale water granulation experiment.
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Fig. 3-5. Shapes of nozzles used in laboratory scale experiment.
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Fig. 3-6. Shape of nozzle used in slag water granulation system.
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Fig. 3-14. Effect of nozzle shape on grain size and unit weight of water granulated slag.
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Fig. 3-16. Effect of nozzle shape on quality of water granulated slag in water
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Fig. 3-19. Comparison between observed diameter and result of the calculation by

Lubanska’s equation.

.94.



3.4.2 KBARST DHAKILIKR
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Fig. 3-20. Image of slag granulation and cooling by blowing water.
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f(x)= (3-5)
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BETH5ILT, JaAX—LALEBETE D,

ANE xiZflfio CTHMEBICH T 5fE acid 3-6 KT D,

a, = O x Wy -W,) (3-6)
i=1

3-6 iz WT, xt IFANE, xi IZFATE, WuldZDEA, Wi (ZBEZFE L

T B, B e Wy W) 12 7 A RBIRCh B,

i=1
FEEICHFMBICH D LR aizH- A NHadt LT, 3-TXOEEKICRAL,
&M y 2155,
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Fig. 3-21. Structure of neural network computation.

ID=a—FNFy b= EZMMALT, KA T 7OHEMNARBEREOHE 2R
H 7=, Fig.3-16, 3-17 D KMRMTD /) ANVTBREEEZBRE RO 153 HOF —Z D
2L, B OKMESEED GBIEIZAL DK AT 7D 80t/t L b, FIX AT 7R
JEA 1640KLL F D 3T — X 2 R< 15007 — % # AW TEE Lc, A5,
KAZ 7MW, WEKGHE (7 A nmE), GHKRE, 27 7RE, 7 XALo
D/L, W &RMITHMABEERL L, ==2—F Xy U —JERICHW S T
2=y MIE S 2=y & L, FHREEDN 5%LL FD 0.05X103kg/m3LL N & 725 F
THHE L7z, BALABE RO FEFHME L HHEMEORMMKEZ Fig.3-22 25737, AFHET
X E A EL 4378 [l CUNL R L7, FHARMIIERMEEZHEE L<HETE D, ZOFHA
BRI T D=2 =T N EXy NV =T HEDODEKE/NT A =X DY A K% Table 3-1 (Z
N
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Fig. 3-22. Comparison between observed unit weight and result of the calculation by

neural network computation.

Table 3-1. List of parameter values for unit weight.

Number of Input Unit 5
Number of Middle Unit 5
Weight Matrix of INPUT to MIDDLE layer : Wy;

Components Wii Woi Wi Wi Wi
Water/slag 16.091949 3.87006  0.812757  4.705324  3.241892
Water velosity 5.412087  -3.63222 2.93967 1.126513 -2.933721
Water temperature 0.032177 -0.952206 -5.067539 -8.458968 -0.947308
Slag temperature 0.553824  0.239442  -0.843562 13.069121  3.005437
D/L -5.181974  -1.692928 -2.064522 -0.011525 -15.371742
Threshold for MIDDLE layer : Wi

Wi Wao W3 Wy Wso

0.132283  0.626573  -2.623762  0.791736  1.929385
Weight vector of MIDDLE to OUTPUT layer : V;

Vi V, V3 V4 Vs
6.022087  3.320196  1.787458 -6.059613 -2.310761
Threshold for OUTPUT layer : Vg 0.288377
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Fig. 3-23. Effect of water granulation conditions on unit weight by neural

network computation.
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Table 3-2. Base conditions to estimate effect of each condition on unit weight

by neural network computation.

Water/slag | Water velocity | Water temperature | Slag temperature D/L
(t') (m/s) (K) K) (m/m)

30 14 348 1723 0.571

Fig.3-23 O W HAIKIBE OB Z T KOHEF FME 6, M EIKIRE 2N 343K H
5 323K IZ 20KIE T35 &, HALABEE R 0.1X10%kg/m3 N+ 2, BAAEY
BEOBEMEICRETHAHKEBEOFZX, Fig.3-13 O KA FEBRIEE O FEER G R L FH
RECTHDL, HMNABEEEICKITTEHHAKKEO EEBIL, 27 7EESHHKRE
DB ND LE/INE W, DL L 0.45 I KEA2F >, KA T 7T REL< 5
EEHNAEBEENHENT 5,

3.44 Za—FIIAYNT—IIZ&BKBASTHEDHTE

BELREIL, 22—V Fy NTY—ZFHREIZLY, KA T 7 ORBEOHRE %
A Ir7-, Fig.3-16, 3-17 D KWEHEETDO ) ANV EEERFERZ T, KAF 7
e, wEUKE (2 AV RiE), mEKIRE, AT 7EE, / Ao D/IL & A
1M, PR M DRI E Lc, FHREZE %L T O 0.08Tmmbl 725 £ T
HFELL, 22— I3y NY—Z7HBEICHWD ==y MU, KERK? K
Ll ib 6=y b L, KEAT 7OVRBOEEMEEHAEMOEGRZ
Fig.3-24 2" ¥, ARFHE TIE, KERZE 9002 BT H L7, Sano b OHEEN P
X° Lubanska DX " TCEH LRIV, A= —TF 3y VT =T HE DGR,
KWEAR T 7 OFLPRBEOHEEREE L&V, ZOFAEKRICHT2=2—F 1%y b
U— 7 HREDOHKNT A —=2D U A K% Table 3-3 [Z77,
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2.4

and result of the

Table 3-3. List of parameter values for grain size.
Number of Input Unit 5
Number of Middle Unit 6
Weight Matrix of INPUT to MIDDLE layer : Wy;

Components Wii Woi Wi Wi Wi Wei
Water/slag -3.863173  8.310304 -7.123713 10.054397  4.095436 3.546344
Water velocity -13.135866  1.077602  5.991301 -0.755393  0.791933  1.982512
Water temperature ~ 8.394529 0.09753 2.81849 -6.498744 -2.196593  0.068588
Slag temperature 2.66004 -4.678781  4.055833  2.449656  -1.91708 -7.119845
D/L 6.702109  2.391121  3.591397 -2.977008  -1.06546 10.406311
Threshold for MIDDLE layer : Wi

Wio Wao W3 Wao Wso Weo
7.65614  2.410095 11.552577 3.82521  3.562869  2.831193
Weight vector of MIDDLE to OUTPUT layer : V;
\4! V; V3 V4 Vs Ve
1.794398  2.520443 3.34451  -2.756549  5.453109 -3.57254
Threshold for OUTPUT layer : Vo 0.133437
KWEAR T 7 DRI T 245 KM DO E %, Table 3-3 D==2—F /b x vy bV —

JEFFHFEERLOHTE L=, Table 3-2 #/EAESLM L L,
1o05BDORLEEEREL CEHRELZHAE LT, TNLEFNLDOSF

DG —

E &L,

-102 -

5 O0DFMEDI B 4o



iz pHEEM A, FERME L i LT Fig.3-25 &x7, RKEY, KAT7 7k
30t/t AT, WHIKIEE 343K LA E, X7 ZiE 1728K UL E O & Tk, BRI
E— B 2 R T AL T T AR E 081X, 343K L F TIL 20K D L5 T,
0.lmm K& 72D, Fig.3-13 OKMEREE DO ERER L IZT -T2, AT 7T
BEDOREIZONTIE, 1673K 205 1723K ~® 50K EHIZ% LT, 0.2mm K&
<775, Zhix, Fig.3-12 O KM FEBRIEFE O EBRMER L F oM 4R L7, D/ILIX

0.6 LA T iZ

=y

ixX &

HWORT & & bIThRENRE D,

1.0 | | | |
0.3 0405 0.6 0.7 0.809 1.0

D/L (mm/mm)

FTHIE, RERRE LR D, WAKHT®EIL,

12m/s VA Fiz 72 % & i

’g 22 . ’g 22
E 20 - ’ E 2088 o ° .
5 5 g a8 i o
g 187 IR R I | N
g 16 516 FH S
S 14| o 14 S I
&0 . & .
5 1.2 . 5 1.2 ¢ .
<> 10 L L | | | L | <> 10 | | L L | L |
0 10 20 30 40 50 60 70 80 10 11 12 13 14 15 16 17 18
Water/Slag (t/t) Water velocity (m/s)
e 22 s g 22
E 20 - o0 ol E o0 |
s . ° o,.‘a..ﬁ B
*g 1.8 o %o "... f..: g‘g‘g}i o 1.8
f iy B
;g 1.6 4- . o:. b4 g 1.6
o 14 o ®e e ) 14 -
) 50
5 12 © . S 12 ¢ K
2 1‘0 L | L | | 2 1‘0 L |
303 313 323 333 343 353 363 1623 1673 1723 1773

Water temperature (K) Slag temperature (K)
’g 22 .
S 20 3% >
S = e (03
g 18 3 8 : * Obs.
g 16 §° §§ Calc.
o 14 -
50
£ 12 ¢ "
> | |
<

Fig. 3-25. Effect of water granulation conditions on grain size by neural

network computation.
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Fig. 3-26. Schematic diagram of new slag granulation system.
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Cold runner

Fig. 3-27. View of new equipment for water granulation.
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LD, Table 33 DT —#0b, —a—F ) Fy NU— 7 HEIZL D HEM
4 Fig.3-29 ICEMTHLE, =a—F L%y N —ZEHBEICLHEIE, HETF
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Fig. 3-28. Effect of slag temperature on unit weight in new slag granulation

system.
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Fig. 3-29. Effect of blowing water velocity on grain size in new slag

granulation system.
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Fig. 3-30. Comparison between water granulated slag for fine aggregate and

water granulated slag for blast furnace cement.
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Fig. 3-31. Flow of water granulation slag production process for fine aggregate

and for blast furnace cement.
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Fig. 3-32. Appearance of water granulated slag. a) Conventional water granulated slag

b) Developed water granulated slag for fine aggregate. c)

for blast furnace cement.

Coarse fine aggregate after grinding developed water granulated slag.
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Fig. 3-33. X-ray diffraction pattern of water granulated slag. a) For blast

furnace cement. b) For fine aggregate.
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Fig. 3-34. Cross sectional photographs of water granulated slag. a) Ordinary

water granulation slag. b) Developed fine aggregate.
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Fig. 4-1. Schematic diagram of single roll type slag solidification and heat

recovery apparatus.
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Fig. 4-2. View of single roll type slag solidification and heat recovery

apparatus.

Shape control roll

Cooling roll

Fig. 4-3. Schematic diagram of slag thickness control method.
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Table 4-1. Specification of single roll type slag solidification and heat

recovery apparatus.

Equipment Specifications
Dimensions ®0.35mxW0.5m
Cooling roll Material SS400
Rotation speed 3.4~20.5rpm
Cooling water flow rate 80L/min
Shape control Dimensions ®0.16mxW0.5m
roll Material SS400
Rotation speed 7.7~46.9rpm
Dimensions WO0.37mxL2.0m
Conveyer Material SUS304
Speed 5.2~31.4m/min
Heat recovery Dimensions(inner) @®0.3mxD0.65m
apparatus Air flow rate 0.02~0.2m’/min
Heating method Nontransfer type plasma
Torch electric power 100kWx2
Plasma furnace Plasma gas Ar
Gas flow rate 0.10~0.16m’ /minx2
Furnace dimensions(inner) ©®0.4mxD0.35m
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Air 23 L, A0, HOoZ@iE73 2 Air iR, SKEIERELY 1s BICHIE L7, Air it
#1X 0.2m3/min & L 7,
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Table 4-2. Chemical composition of steelmaking slag.

Slag CaO | SiO, | ALO; | MgO | MnO | P,Os | T.Fe | M.Fe | FeO S F.CaO |CaO/SiO,

A 42.4 11.1 1.8 6.1 35 2.2 22.5 2.1 13.2 0.03 6.1 38
B 342 15.7 17.1 15.6 0.3 0.03 4.1 1.1 33 0.55 0.9 2.2
(mass%)
Hot Air
f Slag

1 |

Mesh Inlet

Fig. 4-4. Schematic diagram of heat recovery equipment.
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Fig. 4-5. Schematic diagram of twin roll type continuous slag solidification

Ladle tilt machine

pilot plant.
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Table 4-3.

Specification of twin roll type continuous slag solidification pilot

plant.
Equipment Specifications
Dimensions ®1.6mxW1.5m
Number of rolls 2
Cooling roll Material Cu
Rotation speed Max.20rpm
Cooling water flow rate 125~130m’/h-roll
Ladle tilt machine Tilt speed Max.6.5deg./min
Load Max.140t
Dimensions W1.3mxL14.5m
Conveyer Lifting height 5.5m
Speed 25m/min
Material SUS304

q/ { ; Molten slag

e A

Ladle tilt machine

Fig. 4-6. View of twin roll type continuous slag solidification pilot plant.
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Fig. 4-7. Comparison of channel shape in roll.
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Fig. 4-8. Effect of water velocity by channel on flow volume and flow velocity.
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Fig. 4-9. View of cooling roll.
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Fig. 4-10. Schematic diagram of apparatus for hot wire method to measure

thermal conductivity®.
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Fig. 4-11. Schematic diagram of calorimeter?.
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Fig. 4-12. Schematic diagram of high-temperature rotating viscometer.
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Fig. 4-13. View of laboratory scale experiment by single roll.
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Fig. 4-14. Appearance of sheet-like slag obtained by laboratory scale

experiment.
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Fig. 4-15. Relationship between cooling roll rotation speed and slag thickness

of slag A ((a) thickness, (b) frequency).
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Fig. 4-16. Relationship between cooling roll rotation speed and slag thickness

of slag B ((a) thickness, (b) frequency).
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Fig. 4-17. Effect of molten slag supply position on slag thickness of slag B ((a)
thickness, (b) frequency).
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Fig. 4-20. Heat balance of heat recovery experiment in laboratory-scale.
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Fig.4-22 21%, B\ /1% 7 — % X — X FactSage6.3 TitH L7= AT 7 OHRIAFEN
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T RYED 0 EHRRIZT D 720121F, 60% L EORMEENLETHLZ ENDLND,

Fig. 4-21. View of pilot experiment by twin roll type continuous slag

solidification process.
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Fig. 4-22. Effect of Al2O3s content and slag temperature on formability of slag

in pilot experiment.
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Fig. 4-23. Solidified slag in pit.

Fig. 4-24. Appearance of solidified slag after twin roll process
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Fig. 4-25. Relationship between cooling roll rotation speed and slag thickness

in pilot experiment.
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Fig. 4-26. Slag temperature on roll and conveyor by infrared thermography.
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Fig. 4-27. Change of slag surface temperature in twin roll process with

different transfer rates.
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Fig.4-28. X-ray diffraction pattern of solidified slag. (a) Slow cooled slag, (b)

Sheet-like slag made by twin roll process.

434 ASTDREEE, BREE HMEDRAERR

78 LAPLARMIBETIFE AT S TCHHAT I BORBE T, EALTWVWDHLI—KR Y
INAEREIETDEOME TERD SN, PR AT 7 OBRE R T & o6
Thole, BEHOZMELZEIEEN Ca0/Si02=3.3 ORLR AT 7 O AR E L %
Fig. 4-29 (/779 710, [KIZAT L 912, BRE X 1500K 2% CTRRMEEZ = L,
HERELS 2o THIERS 2o THEAEEE XK T L, KB4 OIREHEE T
0.5W/(m-K)LL F D/ S WETH - 72,

i, ABPRHELEAT 7 B OBMEELZY 0BG & LIREOMMKE Fig.
4-30 IC/R" 9 91D, T 2 CTAGEIL, BRAEEL LEETHLI FKIZART LI
A7 JIRFE 969K /5 1574K, 1723K 205 1825K O & T, A7 7 O#HE RITIAE
FElZx L CEBUICHEML TS, BEROMEX I, ZOREHHRMAICKT 5 FYEE

-133 -



BEE Cp THV,969K 705 1574K @ Cp 1% 1.01 X 103J/(g-K), 1723K 7 5 1825K
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Fig.4-29. Effect of temperature on thermal conductivity of steelmaking slag?1V.
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Fig.4-30. Relationship between enthalpy of slag B and temperature?1?,
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Fig.4-31. Effect of temperature on viscosity of slag B.
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(4-2)

T, plF AT 7 OEE[kg/m3], Cp 13 A7 7 OE#AJ/I (kg K], LITAT 7D
ARG E[W/(m-K)]Th 5,
PR 2 Z 7 0D BB Z AR BT AR O ELIE BB 32 12 %F 9 %5 Jhonson-Rubesin M3 12)
BRIz,

- >
— —

Nu = 0.037Re** Pr'? (4-3)

B A T 7 DB AR BT ER O ELIE s 2 (2 %9 5 Ranz-Marshall @z 137 5
KT,

Nu = 2+0.60Re"? Pr'? (4-4)

Air

Slag Air

Z-axis
z=0
v zZ= Z

bottom

Slag Air

a) Sheet shape slag b) Spherical shape slag

Fig. 4-32. Calculation method of heat transfer for heat exchange between slag

and air.
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Table 4-4. Conditions of heat transfer calculation for heat recovery plant.

Heat transfer system Countercurrent flow
Size of heat recovery chamber ®3mxH3m
Heat loss from chamber wall 10kW/m’
Feed rate ofhot slag 60t/h
Residence time 20min
Filling fraction 0.41
Temperature of input slag 1373K
Shape of slag W50mmxL20mm
Thickness of slag 3,4,5,7,10, 15, 20mm
Arr flow rate for heat exchange 50,000m3/h
Temperature of input air 298K
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Fig.4-33. Slag and gas temperature distribution
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Fig.4-34. Slag and gas temperature distribution in heat recovery chamber by

heat transfer calculations.
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Fig.4-35. Effect of slag thickness on heat recovery ratio and recovery gas temperature

by heat transfer calculation.
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Fig. 4-36 Estimation of slag composition and temperature for over 60% of liquid

phase ratio by FactSage.
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Fig.4-37. Schematic diagram of slag shaping on cooling rolls.
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Fig.4-38. Calculation results of slag solidification thickness on cooling roll.
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Fig.4-39 Image analysis of slag cross section by EPMA.
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Fig.4-40. Model of adhered liquid film?%.
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Fig.4-41. Calculation results of slag adhesion thickness on cooling roll.
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Fig.4-42. Comparison of measured and calculated slag thickness.
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