31 ?

20
?
? (CS, CH)
(CA)
(CA (CAF)
C,2A7 !
CA 1
CA A7 CA21CH,
CAS  CT 2 ?
BS915:PART2:1972* 0.85-1.3
311
3.1.1.1. : 2
( ) ( )
(Bauxite)
3.1.1.2 ?
(Clinker)
5

Neville ;1975



1 ! (Barnes, 1983)

Oxide(%)a Crystaline phase b
ai2o3 Si02 s  CA ¢2A CA A p, clas Femite Wttt Pleochroite

345 38  816C M T T - M M M
4855 57 1535 M T Mot M -

68-73 <05 <04 M T M

780 <03 <02 M T 5 M

Ca0 is the main complétement to A0 3+ Si02+ Fed 3

t =trace 1M = major phase, m = minor phase
cA significant proportion of the iron oxide is in the FeO state
d certain cements CA is a minor phase
6 certain cements CAj is not detected

(Neville, 1975)

Oxide Content (%)
Ca0 35-39
A3 37-41
Si02 3555
Fed 3 9-12
FeO 4-6
Ti02 15-2.5
MgO 15-1

Insoluble residue 1



)
!
3.1.1.3.
"1 L (L-shaped) ( )
100
(Dehydrated)

(Decarbonated)

1600 °C
Piles Grinding  Mills

3 4
3 (Neville.1975)

Source of Percentage content
Bauxite

Combined Loss on Si02  AR03  Fe203 Ca0

water ignition
France 5-10 115125 356 4555  20-25 05-3
Greece 13 11-125 2-35 5058 25-30 05-3
Yugoslavia 3-8 18-20 2-3  50-55 20-25 0.5-3
Ml)fed(mcludmg 35 2% 35 5 1"
Surinam)

Limestone 0.1-2 42-435 0515 021 0206  53-55.5

Ti02

2.5-3.5

25-35
2.5-3.5

2.5

Stock

MgO

0.25-1



“. U Slack

1
I
|

o

L____—"—___l

Bauxite % _____ "‘; EP

Limestone 4 Batch
Raw : % ——=—— weigher
material

- 9
o<

]
input Fusion | - 7 .
furnace | Gnnding S
= — . mill
cont il Al =g L= .
r Welsisieisiersisierssiarersisisieisisio oI NS I I
Cooling conveyor Breaker
HAC
output

1 (Neville, 1975)



4

Country of
Manufacture

United Kingdom
France

Spain
Yugoslavia
Czenchoslovakia

Germany

United States

(Rotary Kiln)

HAC

C0
35-39

35-39

38-42

35-39

HAC

& Robson, 1962

1 I

HAC
Percentage content

ai203  Si02  Fe203 RO T Color
37-41 3555 9 6 152 \Vey
dark

Gray

39-44 3555 914 01 152 Yellow
brown

44-51 5-§ 0L 052 12 Vey
light

grey

3741 810 46 46 152 Ligh
grey

CA 1924 Decolland*

( Fusiont

(Neville,1975)

Remarks
No additions
During grinding

Sintered

Some content
0f S03and
Metallic iron
Some GGBS
Added during
Grinding

)



(Ring)

9-11 900-1100 °c 6-8
1000-1100 °¢ Sintering2
(Alkali  Metal Salts) . (Calcium  Chloride)
(Calcium Fluoride) (Cryolite) (Borate)
312
3121
6%
3122

sintering



3%

1% ! '
Eipeltaver (1955)*

Sintering 1-3%
3.13
Ca0 =¢ FeO =f Fed3=F Si02 =
AN3 =A Ti2 =T HO =H Mg0 =M

CA Ca0 -Al203  Monocalcium Aluminate C4AF

4Ca0 -Al0 3 Fens  Tetracalcium Aluminoferrite
3.13.1. C-A-S
Shepherd (1915)
3

Robson, 1962
Robson, 1962



QAs + CAYA

pc?

\

\O

oS0 \
s\

\V\Z N\ 2Ca0-A1,0,5i0;
BN 15937
A0 \ LR \

\
\ n \
\

\
2 Vel

- 138
W45 138

SRS o oo

Lime - Alumina - Silica (Kirk

CjAg CA2

CAg

C/AS (Gehlenite)

Donald, 19682)

CHA3 [2A7

°c 1 \ i
\ 4
\ A
1900 ! /
\
\
\
\
\
\ Liouio CAg + tia
1700
CAy
C + liq. +
4 lia.
Cyah
1500 1202
CyA + liq ca+ | ca+cay Cay, + Chg
< lia. tq.
+
C3A i e
CA+C,A; CA*CA
1300 - — T T T
40 50 60 70 80
- Ca0 % Al,0, —

- (Barnes P., 1983)

CiA, CA



CPA7

ch

cal

Pca

CiAS

CA

3.13.2

CA

77

31321

CA

CIA

%

(Robson, 1962)

HAC



3.1.3.2.2

10%

3.1.3.23

TiQ,

4-5%

0.3% (

2Na 20-3Ca0-5AID3

0.15%

0.5-1.0%

Blast Furnace

Free Metallic Iron

Robson, 1962

12

18%

Akiyama (1934) *

1-3%

Kuhl

Omar (1925)*

1%

0.5-1.3%)

3Na2-Al2 33Si02

Free Metallic Iron 1%



Bert (1953)*

Biehl (1927)*

Richter (1932)* Si02< 6%
6

Countryof  Type of Color

origin Manufacture

Germany  Blast-fumace ey
Redlctive Ligt
Fusion Grey

A Rotary kin Light
Fusion Grey

Hungary  Brick kin Light
Fumace Bomn
Sirtering

Yuyslaia  Reverberatory  Grey
Fumace
Fusion

Spain Reverberatory  Grey
Fumace
Fusion

England  Reverberatory  Grey
Fumace
Fusion

France  Reverberatory Grey
Fumace
Fusion

Robson, 1962

SO
%

58

&9

6-8

6-8

45

45

3545

HAC

Fe2D 3< 15%

ALO,
%

4851

4041

4045

3-40

-3

3640

36-40

39-42

36-37

3142

36-39

39-42

36-39

36-39

FIAC

Fe.0,

01

56

1214

810

1012

810

%

Si02: 0-12%, Al 3: 45-70%, CaO : 28-47%

%

<10

56

Trace

47

45

o7

1
%

15

20

20

<20

20

<20

<20

MO
%

10

10

10

10

10

10

10

HAC

13

Si02: 5-10%, Al 3: 35-55%, CaO : 35-45%, Fe203:5-15%, Ti02: 1-3%

(Robson,1962)

%

10

02

Trace

Trace

Trace

Trace

Trace

s03  Mtalic
% %
05 10

02 Trace
05 Trae
01 Trace
01 Trace
01 Trace
01 Trace



CA 10% C=S

15-25% C-AS CS

3.1.33
HAC

aiZo3%

Fed 3%

CaO %

Si02%

Wangner surface.m2/kg
Blaine surface, 2/kg
Setting time

Vicat initia!( hr.min)

14

5% 60%
C-AS
ternary eutectic CA-CAS-O;:
( 20%) 5-10%
3 7
HAC (ACI 225R-85)
Low purity Intermediate purity ~ High purity
39-50 54-66 70-90
7-16 13 0.0-04
35-42 26-36 9-28
3-9 3-9 0-0.5
140-180 160-200 >220
260-440 320-1000 360-1150
3.00-9.00 3.00-9.00 0.30-6.00

Minimum compressive strength

(ASTM C 109,50-mm (2-in.) cubes),Mpa (ksc)

1day
7 days
28 days

24.1 (246) 41.4 (422) 17.2 (175)
41.4 (422) 58.6 (597) 34.5 (352)
48.3 (492) 68.9 (702) -



314

HAC

10 HAC

(Conversion)

HAC AH3

Free Lime

HAC

HAC

Ca(OH)2

HAC
AH3

Ca(OH)2

HAC

CA HAC

HAC

HAC

15



(Loose bulk density)

3-3.25

60-65 ?

3

2500-4000 .2 .

0.05%

1 >472 /
c>49 1]
12-6

1< 2

HAC

(3.7-4.0)

fusion

(Robson, 1962)

50%

30

0.4

1:3

16
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9 Sieve Test (Robson,1962)
Sieve % Retained

Aperture 0.10 mm 1-5
B.s. No 170 (0.089 mm) 2-6
A.S.T.M No 200 (0.074 mm) 5-10
A.S.T.M No 325 (0.044 mm) 14-20

3.15

HAC ,

CA
CA.10H, 0".8H AlL03ag (Alumina Gel)
CA.10H hexagonal

GjA'6H AID 3aq

cubic CA10H
CA3 (AT oasH  CB
HAC 50%

3.1.6 Conversion

HAC

HAC CA



AlD 3aq CA.10H
C”™ SH 1 2%
' HI 1 (45 <)
10 HAC (Neville,1975)
Type of acid Industrial use Concentration
Sulphuric Gas-washing plant Above pH 4
Sulphurous Bleaching chambers Above pH 4
Lactic Dairy Up to 1%
Tannic Tannery Up to 1%
Humic Peaty waters Up to 1%
Carbonic Mineral waters Up to 1%
Butyric Brewery Up to 1%
CA.10H CA-8H hexagonal
C3A-6H cubic cubic
hexagonal cubic
cubic
3[Ca0 AIXD310HD | -------- » 3Ca0- AID 36 HD + 2[AID 33 HAO]+18 HD

2.5 100%

18
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hexagonal
CgA-0H Ca(OH)2 ? Ca(OH)2
CaS04 3Ca0- AID 3-3CaS04-31HD 25 °c
CA-10H 1.72-1.78 1
CA8H 1.95 1
( 3A-6H 2.52-2.53 /
AID 33HD 2.40 1
3[Ca0- AIZ0310 HD] -----memmm » 3Ca0 AID36 HD + 2[AID 33 HD]+18 HD
(L1 S — : 378 312+ 324
S — » 0.261 + 0228  + 0.568
1 Ca-10H 0.489

0.568 hexagonal cubic



HAC 50% CA 30% OA 20%
- (10 °C)

CA + ([0 8 [E— »  CAHD
158 180 338

/ = 180/158 = 1.14

-0 A + 15H _ »  2C3AHg + AH3

642 270 756 156

/ = 270/642 = 0.421

/ =0.50*1.14+0.30*0.421 =0.7
(50 °C)
3CA + i, [— >  C3AH6 + 2AH3
474 216 378 312
/ = 216/474 = 0.456

+ L5 8 [— »  2C3AH6 + AH3
642 270 756 156

/ = 270/642 = 0.421

/ = 0.50*0.456+0.300.421 = 0.354
CA
0.354 1 HAC
0.4
40 MPa HAC

0.40

20



11

Total /c ratio

0.35
0.4

0.5

24 hr, 18 °C

Average(Mpa)

74.8
66.8
59.4

HAC

Curing

11 21

39 (Barnes, 1983)

5 days,38 °c

Average(Mpa)

Sl
40.5

25.6

3.1.7 ? Conversion

CAH 6

BRECEM (

GGBS

OASHg

3.2

321 !

HAC

CAHD  CjAHg

Ground Granulated Blast Furnace Slags (GGBS) HAC
HAC  GGBS
The Building Research Establishment (BRE) )
CiASHg  BRECEM

10

(Spent Silica - Alumina)



Working Solution (EQ)
Working Solution

1

EQ + 2

EQH + 02

EQ+silica-alumina power

Aluminium oxide

Silicium oxide

Water soluble salt

Humidity

Ethyl tetrahydro anthragquinone
Ethyl anthraquinone

Ethyl dihydroxy anthraquinone

v 286 °c

I
550-630
120-160
70-130

100
23.08
9.85

6.61

C4 82

)

>

22

Working Solution

EQH

EQ + 202

EQ+spent silica-alumina

%
55.0-63.0
12.0-16.0
7.0-13.0
10
231
0.99
0.66

(additive)



23

NTP Board of Scientific Counselor’'s Technical Report Review Subcommittee

on May 21,1999

3.2.2 Blast Furnace Slags
By-Products

(Iron Ore) (Pig Iron) Blast Furnace Slag

Air-Cooled Slag

Foamed Slag
Foamed Slag 2
Slag
Slag GBBS
25-65% Slag 85%
Foamed Slag
Ground Granulated Blast-Furnace Slags (GGBS) 13
GGBS A Sault Ste.
Marie, Ontario B A C Hamiltan 1Ontario
GGBS
1 GGBS

2)



13

3.2.3

(Douglas  Brandstetr, 1990)

Description of test

Fineness

Passing,45 JUm26

Surface area .Blaine, m2/ kg
Chemical analysis,%

Si02

Al203

Fe203

CaO

MgO

S03

k20

Na20

Loss on ignition

Glass content

Compressive strength of 7 days
Mortars (50%PC) 28 days
ASTM C989 Mpa

Slag activity index, 7 days
% (ASTM ¢ 989) 28 days

GGBS

Slag A

97
460

38.00
8.74
0.55

32.00

18.60
2.45
0.76
0.22
1.98
90.3

18.7
314

69.8
100.0

Slag B

99
540

35.10
9.34
0.98

40.10
9.62
2.90
0.22
0.18
1.84
88.1

27.8
39.5

104.1
125.8

Slag ¢

83
418

38.8
6.55
1.30
35.10
12.10
3.30
0.47
0.37
0.84
88.3
16.5
27.7

61.6
88.2

24



(NiICI26H20) ?

(2542)

C 17.04%
Ca 7.77%
Mg 0.39%
S 1.96%

(2540)
ASTM E 841-81

(2540)
ASTM E 841-81

(H,B0O3

48.81%

(NiS047H2)
0.41% 0 47.52%
Na  0.45% Fe 0.91%
N 22.89% A 0.42%
P 0.24%
(
1.15
1.14
1432
35.0
488.1
pH %
8.62

01N 2 04 742

43.2
42.3

EDX

25



6 .. 2540

26

33
GGBS 1988-1999
Edmonds Majumdar (1988) CA
GGBS Conduction
Colorimetry, X-ray Diffraction (XRD) Thermal Analysis CA
CaCo03 Corundum 1350 °c 5
XRD CA cmyy
(<2%) GGBS 4400 2.
CA  GGBS 11 5
04 4°c,20 C 40 C Conduction Colorimeter
CA CAH10,C3AH6 CjASHg
Quantitative X-ray Diffraction Analysis (QXRD)
Micronising Mill '
XRD
CA/ GGBS CA CAH,0 GGBS
4 °c 20 °c slag CAHO

10 °c CASHg
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CAH 10, CjAHg CgAHY
GGBS HAC
Majumdar (1989)
HAC GGBS Conduction Colorimetry
XRD CA cmy QXDA
GGBS 4380 .2 11 HAC
GGBS 0.3 4°c,20 °c 40 °c
Conduction Colorimeter QXDA
CA, CIA7CAHD CAHg ,CAH6  CMASHg
11 HAC GGBS 0.3 04
10 ) 24
20°c 40 °c
HAC
70.7 1:3 HAC GGBS 11
24 20°C
100 . 1:2.4:3.6
11 HAC : GGBS 0.45
0.56 24 20 C 38 C
GGBS HAC
HAC
40 °c GGBS
C'ASHg

11 HAC GGBS / 0.3



28

40 C CgAHg
CjASHg 180 ( 2ASHg 1 QjAH6
28 20°C CAHD 6
CjASHg 6 ?
GASFIg CAHD
HAC
(Amorphas Gels)
Micro Structure
Singh Majumdar (1992) HAC
HAC GGBS 5
| HAC
Conduction Colorimetry, XRD 1Thermograrimetry Electron Beam Microanalysis
HAC
GGBS 1Gasifier slags, Fly ash Metakaolin
, Micro Structure
NaS04 MgS04
HAC GGBS 11
20°C 38°C C"SHg
GGBS GGBS HAC GGBS
HAC GJASHg Silica Fume
Metakaolin HAC 14
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CjASHg
HAC
Singh Majumdar (1992) CAj (Calcium
Dialuminate) GGBS CA2
20 °c 40 °c OAHg 1AH3
(Gibbsite) C3AH6 40 °c CA2 CA
20 °c CA CAj
CA GGBS CA2 CAW CA
CjASHg 40 °c 3 GGBS
24
Rayment Majumdar (1993) CACS
Ferrite Pheochroite HAC Electron Probe Microanalysis
Stratiingite HAC GGBS 5
Scanning Electron Microscope Energy Dispersive X-ray Analyser
Fe Mg CASHg Al Fe
CA 4% CS Al Fe Stratlingite
[Ca-AKOHyijAl Si00H)2-4HD] Fe,
Mg, , Ti
Jian Ding (1995) NaZ5 04 (Sodium Sulphate)
CNSHg HAC (Silica Fume)
CAH1D GjAHg CogAHg HAC, Silica Fume,

Sodium Sulphate, Calcium Hydroxide, Sodium Tripolyphosphate (Superplasticizer)

XRD
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GASHg HAC-Silica Fume G>ASH8
3 CAHD  CjAHg
OjASHg HAC
HAC HAC
HAC
HAC
o H2D
CA-—m—- » CAHD CrHQ - » CgAHg ( )
HAC-Microsilica-Sodium Salt
H2
CA » CAHI0O c2AHg
Si02 + OH'+ Nat » Nat+ + Silicate Anion
R -~ 0 - (Hn2SirD 3ntn-
H20
OASI—'Ig ( )
Na2S04
C-ASHg CgAHg
HAC
C3AH6 Na2s04

HAC



3l

HAC 1 70 MPa 32 MPa 14
20% 2% Nazs04 28 MPa
50 60 MPa 14 28
30%
0.40 0.46 (Workability)
Majumdar (1998) BRECEM 10
/C0.45 0.56 20 C 38 C
BRECEM 10
5 20C 38cC 10 =
XRD w/c 0.45 0.56 HAC GGBS
C3AHG6 AH3 BRECEM CASHg
20 C 38 C Thermogravimetric
10 BRECEM QASHg
Singh (1997) Iron Rich Cement
Red Mud
Ball Mill 45
5%5*5 3 100 C
Electric-Furnace 200°c / 1150-1350 C
2 1

50



14 HAC (Singhll - Majumdar,1992)

Mass Material Age Water at 20 °c Water at 40 ¢
Ratio
CAHD C3AH6 ¢ 2ASHS CAHD c3ahb C2ASH8

40/60  HAC Gasifierslag 7 d | - Tr / / Tr
28 d / Tr / / /
180 d / / / / /
Loye - / / / /

60/40 HAC/PFA(UK) 7 d / / Tr - / Tr
28 d / / / / Tr
Loy / / Tr - /

50/50  HAC/PFA(USA) 7 d i /
28 d / - - / Tr -
180 d / Tr Tr / / /
1y | / No No No

determined  determined  determined
50/50 HAC/ Italian 7 d / - / / Tr
pozzolana 28 d / / Tr / / /

1 yr | Tr / / | |

60/40  HAC/Silicafume 7 d [ X : / /
28 / / / / |
180 d | / / / |

50/50  HAC/ Metakaoln 7 d  / / / Tr /
28 d / / / Tr /
180 d / | / Tr /
Loy | | / Tr /

50/ 50 HAC/ GGBS 7 d / . - - / /
28 d / . / - / /
180 d | - / - / /
Loy T - / - Tr /

/ - detected 1Tr- Traces



75 %
CAAF)3S cT

1250 °¢c
(2524)

5%
! XRD

33

2 1250 °c

(1150, 1200, 1250, 1300, 1350 °C)

0.5, 10, 15, 2.0 1250°c
Iron Rich Cement 28
CAAF)3 , CHAF CF 12.5%
1-15
Free Lime
1400 °c 1
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