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Quality Design of Cement Considering the Importance of Fluidity

AAAAbbbbssssttttrrrraaaacccctttt

  The influences of characteristics of Portland cement, inorganic blending
component and fine aggregate on the fluidity and strength development of mortar
were investigated for the purpose of obtaining the basic knowledge which is
applicable to the quality design of cement considering the importance of fluidity.
Some characteristics of the materials such as particle size distribution of cement
and fine aggregate, mineral composition of cement, kinds of calcium sulfate in
cement and so on were selected for the investigation, and their influences on the
fluidity of mortar were discussed from the view points of three factors,
ÒCompacting-ability of solid particlesÓ, ÒInitial hydration of cementÓ and
ÒInteraction between cement and organic additiveÓ.  Moreover, the influences of
some of these characteristics on the strength development of mortar were also
discussed from the view points of the hydration of cement in later age and the
formation of the texture and structure of hardened mortar.

  As a result, following four methods were considered to be effective and
applicable to the quality design of the cement which shows a improved fluidity.
   (1) Lowering the fineness and broadening the particle size distribution.
   (2) Lowering the amount of interstitial phase in cement.
   (3) Addition of inorganic blending component such as limestone powder.
   (4) Ensuring proper amount of calcium sulfate hemihydrate in cement.

  The 1st method is considered to be suitable for ordinary Portland cement,
though it is applicable to any cement.  The 2nd method has been already applied

to belite rich cement, and this new cement shows a good performance in the
fluidity and strength development.  The 3rd method is the most simple and easy

way to the improvement of fluidity.  However, it is better to consider the
prevention of loss in fluidity with time for the application of this method.  The

last method is effective for the prevention of loss in fluidity.
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Fig. 1. 1
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C: CaO,  S: SiO2,  A: Al2O3,  F: Fe2O3,  H: H2O

C3S: 3CaO.SiO2,  C2S: 2CaO.SiO2,  C3A: 3CaO.Al2O3,  C4AF: 4CaO.Al2O3
.Fe2O3
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(1) 

3

Table 2. 1

(2) 

AE No.70 Poz

W/C =0.35, Poz=C 0.25%, 20

10 15%

DSC 

(3) 

Poz

Poz

§ 150

Mty

20

512 sec-1
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11

512 sec-1 W/C

Pln Poz=C 0.25wt% 0.35 Mty=C 1.0wt%

0.30

I Table 2. 2 JIS R 5201

TTTTaaaabbbblllleeee    2222....    1111  Characteristics of each cement with various mineral composition

 Blaine  BET     n * Mineral composition (%) free CaO  SO3 (%)
Sample  (cm2/g)  (m2/g)  value  C3S  C2S  C3A  C4AF (%)       [Hem]

(a)  HA   3280   0.90   0.97 62.2 13.5 8.3  8.7 0.5  2.2  [ 0]

(b)  NA   3260   1.02   0.99 50.3 23.2 8.4  9.9 0.2  2.2  [ 0]

 NB   3320   1.05   1.02 59.1 15.1 7.8  9.5 0.9  2.1  [ 0]

(c)  MA   3160   0.98   1.04 46.8 29.8 3.0 12.4 0.2  2.2  [ 0]

 MB   3180   0.93   1.00 45.6 32.3 3.9 10.7 0.9  2.2  [ 0]

(d)  BC   3280   0.99   1.09  6.2 78.7 1.4  8.0 0.3  2.1  [ 0]

 HU   4520   1.25   1.20 61.6 12.3 7.7  8.6 0.5  3.1  [29]

(e)  HI   4250   1.10   1.06 62.1 13.0 9.2  8.2 0.2  2.8  [18]

 HS   4430   1.13   1.19 65.5  10.9  8.1   7.9 0.5  2.6  [65]

 note;(a): Prepared from high early strength Portland clinker,
     (b): Prepared from ordinary Portland clinker, (c): Prepared from moderate heat Portland clinker,
     (d): Prepared from belite rich clinker,      (e): High early strength Portland cement
      *: Measured by laser-scattering particle size distribution analyser

        and caliculated from 15 and 30 m residue following Rosin-Rammler equation
   (Hem): Percentage of SO3 from calcium sulphate hemihydrate in sum of SO3 determined by DSC

TTTTaaaabbbblllleeee    2222....    2222         Mix proportion of mortar

Sand Additive (C %) W/C S/C

Pln 0.65 2.00

Toyoura stanndard sand Poz 0.25 0.60 2.00

Mty 1.00 0.55 2.00

Pln 0.65 2.00

Fine aggregate I Pln 0.60 2.85

Poz 0.25 0.60 2.85

Mty 1.00 0.50 2.85

Note; Pln: without additive, Poz: Pozzolith No.70, Mty: Mighty 150
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TTTTaaaabbbblllleeee    2222....    3333   Composition of each clinker used for the
preparation of cements shown in Table 2. 4

Clinker   C3S  C2S  C3A  C4AF (%) free CaO (%)

(1)   57.0  20.6  8.8   9.4 0.5

(2)   58.5  18.9  7.8   8.8 0.6

(3)   69.9  10.3  8.5   8.5 0.6

 Note; (1): Ordinary Portland clnker No.1,
      (2): Ordinary Portland clinker No.2,
      (3): High early strength Portland clinker

TTTTaaaabbbblllleeee    2222....    4444      Characteristics of each cement with various
fineness and particle size distribution

Sample

Blaine

 (cm2/g)

BET

  (m2/g)

10 m *

residue (%)

n value of *

 15-30 mm

40 m *

residue (%)

N1 3360 0.96 58.3 1.11     8.6

(1) N2 3320 0.99 56.3 0.96    11.9

 N3 4290 1.30 50.4 0.97     7.9

N4 4270 1.11 45.1 0.80    10.8

N5 4150 45.7 0.56    13.1

(2) N6 4210 46.0 0.90     4.7

N7 4230 46.3 1.22     0.8

H1 4480 1.24 45.1 1.27     3.9

(3) H2 3250 0.97 59.5 0.98    13.9

H3 4400 1.32 48.1 1.00     8.1

 Note; (1): Prepared from ordinary Portland clinker No.1,
      (2): Prepared from ordinary Portland clinker No.2,
      (3): Prepared from high early strength clinker
   *: Measured by laser-scattering particle size distribution analyser
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2.3 Table 2. 4
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Pln Table 2. 5

2.3 II III

Table 2. 6 I

TTTTaaaabbbblllleeee    2222....    5555 Mix proportion of mortar

Sand Additive (C %) W/C S/C

Toyoura stanndard sand Pln 0.65 2.00

Fine aggregate I Pln 0.65 2.00

Pln 0.60 2.85

Fine aggregate II Pln 0.60 2.85

Fine aggregate III Pln 0.60 2.85

       Pln: Mixed without additive
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TTTTaaaabbbblllleeee    2222....    6666         Mixing proportion of concrete

W/C s/a Unit weight (kg/m3)

   (%)    (%) W C S G

63.3 48.5 190 300 850 919

(1) 

Fig. 2. 7
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Fig. 2. 10
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AE W/C
7)

W/C=0.5 C3S/C2S C3A/C4AF

AE W/C

3)4)

2 AE W/C

10~30 AE

(1) 

a) 

OPC

MPC BC-A BC-B

Table 3. 1 BC-A C2S

56% 10% BC-B C2S 70% 8%

AE SP-A SP-B

b) 

C3S C2S C3A C4AF 3,300 

100cm2/g

SO3=2.0% 10,000cm2/g

EPMA Table 3. 2

C3A C4AF C4AF C3A
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TTTTaaaabbbblllleeee    3333....    1111        Characteristics of cements

   Mineral f.CaO SO3 specfic Blaine 50% R Solid

   composition   (%) gravity size volume

C3S  C2S  C3A  C4AF (%) (%) (cm2/g)  ( m)  (%)

OPC 55   20    9     9 0.8 2.0 3.15 3530 12.7 73.1

MPC 41   37    3    12 0.3 1.9 3.20 3640 12.3 77.0

BC-A 28   56    2     8 0.5 2.0 3.20 3390 13.0 71.5

BC-B 18   70    2     6 0.6 2.0 3.22 3350 12.1 71.4

 Blaine      : Blaine specific surface area
 50% R size  : Particle size for 50 % retaining measured by laser-
                 scattering particle size distribution analyzer
 Solid volume : Percentage of solid volume of cement-fine aggregate
                 mixture (S/C=1.32) packed by tapping (180 times)

TTTTaaaabbbblllleeee    3333....    2222     Chemical composition and burning condition of synthesized cement components

   Chemical composition    (%)    f.CaO Burning condition

 SiO2  Al2O3  Fe2O3  CaO  MgO  R2O   (%)

C3S  24.9   0.8    0.4   72.6   0.4   0.0  0.3 1520 10hr.

C2S  33.9   0.4    0.6   62.6   0.9   0.8  0.1 1420 30min.

C3A   1.6  35.1    2.4   60.4   0.4   0.1  0.3 1280 3hr.

C4AF   0.5  20.1   32.8   44.8   0.7   0.0  0.1 1355 3hr.

(2) 

a) 

W/C 0.28 S/C 1.32 10 20 30

90

AE 1.7%

JIS R 5201

30
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b) 

i)  

10 20 30

W/C 0.35

AE SP-A 1.5%

ii)  

W/C=0.28 AE SP-A =C 1.7% 10

20 30

4)

0.15mm

0.09mm

BET FE-SEM Field Emission Scanning

Electron Microscope RH15% DSC

c) AE

W/C 1.00 10 20 30

10 AE SP-A

AE 4% W/C=1.00 90

AE

d) 

W/C Matec

Applied Sciences ESA8000

20 W/C 0.30 AE SP-A 1.0 1.7

4.0% 90

Electrokinetic Sonic Amplitude; ESA
8) ,

Table 3. 1
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FFFFiiiigggg....    3333....    1111        Fluidity of fresh mortar with high range water

reducing AE agent (SP-A)  at different temperature
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AE agent (SP-B) at different temperature
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reducing AE agent (SP-A) at different temperature
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FFFFiiiigggg....    3333....    7777   Morphology of ettringite formed in cement paste with high range

water reducing AE agent (SP-A) at different temperature
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0.09mm

BET

c) AE
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30 

AE

d) 

W/P Matec

Applied Sciences Acousto Sizer

20 W/P=100vol.% AE SP-M P 1.5wt.%

5 30

TTTTaaaabbbblllleeee    3333....    3333   Characteristics of ordinary Portland cement

Blaine BET Density Chemical composition (%)

(cm2/g) (m2/g) (g/cm3) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O ig.loss free CaO

3350 0.97 3.15 21.3 5.0 2.9 65.8 1.4 2.0 0.36 0.44 1.4 0.7

TTTTaaaabbbblllleeee    3333....    4444   Characteristics of blending components

Sample Blaine BET Density Chemical composition (%)

(cm2/g) (m2/g) (g/cm3) SiO2 Al2O3 Fe2O3 CaO MgO SO3 ig.loss

Lo 8900 2.79 2.7 0.2 0.2 53.3 0.9 0.0

BS 3780 2.90 33.1 13.2 0.3 42.5 7.1 2.0

FA 4350 3.27 2.20 64.9 22.9 4.3 1.6 3.8

(1) 

0 30 Fig. 3. 14
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Ca
26)27)28)

AE W/C 

(1) 

Table 3. 5 1

1 A 1

A Ca

Na

TTTTaaaabbbblllleeee    3333....    5555   Chemical composition of cement

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

MPC 23.0 3.8 4.1 62.9 1.3 1.9 0.23 0.41

                 Note ;   MPC : Moderate heat portland cement

(2) 

a) 

JIS

EPMA

Ca(OH)2  1.6 10-4N KOH 

20.0 2
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b) 

2 JIS

W/C=0.60 S/C=3.67 No.8 

0.25% 10 

c) 

W/C=1.00 S/C=2.50 No.8 0.25%

2

d) 

Ca2+ ICP 

Na+ K+ SO4
2- OH-

Ca(OH)2 CaSO4
.2H2O 29)

Ca(OH)2 =[Ca]*[OH]*/[Ca][OH] -------------------------------------------------(1)

CaSO4
.2H2O =[Ca]*[SO4]*/[Ca][SO4] ------------------------------------------(2)

[Ca]* [OH]* [SO4]*

[Ca][OH] [Ca][SO4] 

e) 

88 m

D- 15% DSC

DSC

(1) 

2 Table 3. 6 A

JIS 

A 0.7%

Fig. 3. 21 Fig. 3. 22 A X 
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A

5.8 (CuK ) (001) 

30)

TTTTaaaabbbblllleeee    3333....    6666     Test results for fine aggregates

Absorption
of water

(%)

Organic
impurities

Loss in
washing
test (%)

Clay
contained     

(%)

Soundness

(%)

Sand A 2.42 pale 2.7 0.7 7.3
Ogasa pit sand 1.49 pale 1.7 0.3 6.0

JIS less than 3.0 paler than
standard color

less than 3.0 less than 1.0 less than 10

Mo
Py

Fd
Tr

Fd,
Py

Tr
Fd

Fd

Fd

Fd
Tr

Fd
Tr
Py

Py Tr
Fd

Py

Fd  : Feldspar
Py  : Pyroxene
Mo : Montmorillonaite
Tr   : Tridymite

5          10         15         20          25         30          35         40
q  (Cuka)

After treated 
 by ethylene 
glycol

Before treated 
 by ethylene 
glycol

In
te

n
si

ty

In
te

ns
ity

4   6   8
q  (Cuka)

FFFFiiiigggg....    3333....    22221111    X-ray diffraction pattern of sand A

A Fig. 3. 22

EPMA A 

Table 3. 7  A Al2O3 Fe2O3 MgO CaO

Ca Na 

SiO2/Al2O3 5 8 A SiO2/Al2O3 11
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Table 3. 8 A OH- Ca2+

A 

OH-

Na

A

A 

SiO2/Al2O3

FFFFiiiigggg....    3333....    2222 2222        Polarized micrograph of fine aggregate A (open nicol)

TTTTaaaabbbblllleeee    3333....    7777         Chemical composition of montmorillonite in sand A determined by EPMA

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

Mo in sand A 44.7 6.7 18.4 3.6 14.2 0.04 0.11 0.01

H type Mo 52.4 15.5 1.5 1.7 4.2 0.03 0.05 0.11

Na type Mo 56.0 19.1 3.6 0.2 2.8 0.04 1.18 0.11

Ca type Mo 57.1 12.6 2.0 1.5 3.9 0.03 0.51 0.12

               Note ; Mo : montmorillonite
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TTTTaaaabbbblllleeee    3333....    8888         Fineness of sand A and adsorbed amount of ions

Sample name BET Adsorbed amount of ions (10-3 m mol/g)

(m2/g) Ca2+ ion OH- ion K+ ion

Sand A - 1.8 1.2 0.3

H type Mo 31 4.7 0.7 1.3

Na type Mo 10 13.3 1.3 8.7

Ca type Mo 36 6.1 0.7 2.4

    Note ; Mo : montmorillonite

         BET : BET specific surface area

(2) 

Fig. 3. 23

A 

2.5

2.5

10mm

100

150

200

250

0 60 120 180

Sand A

Ogasa sand

M
or

ta
r 

flo
w

Age (min.)

FFFFiiiigggg....    3333....    2222 3333  Influence of fine aggregate on the fluidity of mortar

31) 2
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H Ca Na
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92

H
ea

t 
ev

ol
ut

io
n

 r
a

te
 (

J/
g.

hr
 )

Age (hours)

36

0        0.5       1      10     20       30      40
0

6

12

24

4

10

18

30

6

8

12 Ogasa sand

Na type mont-
morillonite 6%

Na type mont-
morillonite 2%
Na type mont-
morillonite 4%

FFFFiiiigggg....    3333....    22226666  Influence of amount of Na type montmorillonite

on heat evolution curve

b) 

Fig. 3. 27

Ca(OH)2 

33)11) OH-

Ca(OH)2 1  

A OH-

K+ OH-

Ca(OH)2 1 

Ca(OH)2 3

Ca(OH)2 A 

SO4
2-

A 

OH- K+

C3A Ca(OH)2 
10)

Ca(OH)2 

Ca(OH)2
33)11)

Ca(OH)2



93

Ca(OH)2
34)35)36) Ca(OH)2

Ca(OH)2
33)11)

A 

Ca(OH)2

Ca(OH)2 C3A Ca(OH)2

0

0.02

0.04

0.06

0.08

0.1

0 1 2 3 4 5 6

Ca2+ OH- SO
4

2- K+ Na+

C
on

ce
nt

ra
tio

n 
of

 io
ns

 (
m

ol
/l)

Age (hous)

Sand A

0 1 2 3 4 5 6 7
Age (hous)

Ogasa sand

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6 7

Sand A
Ca(OH)

2

Sand A
CaSO

4
Ogasa sand
Ca(OH)

2
Ogasa sand
CaSO

4

S
at

ur
at

io
n 

de
gr

ee

Age (hous)

FFFFiiiigggg....     3333....     22227777  Concentration of ions and saturation degree of Ca(OH)2

and CaSO4 in liquid phase in fresh mortar

c) 

2 Fig. 3. 28

1 6% 6

1

CaSO4 

2 3

Ca(OH)2 C3A 

C3A

Ca(OH)2 



94

0

2

4

6

8

10

12

0 1 2 3 4 5 6 7

Sand A Ogasa sand

A
m

ou
nt

 o
f h

yd
ra

te
 (

%
)

Age (hours)

Monosulfate

Ettringite

FFFFiiiigggg....    3333....    22228888        Influence of aggregate on amount of hydrates

(4) 

OH- K+

Ca(OH)2 

Ca(OH)2 

37)

C-S-H 33) 11)



95

Ca(OH)2 

Ca(OH)2 

Ca(OH)2 

0.5 1.0%

AE

(1) JIS 

OH- K+ Na 

Ca H 

SiO2/Al2O3

(2) K+ OH-

Ca(OH)2 1 Ca(OH)2

Ca(OH)2 Ca(OH)2 

Ca(OH)2 

(3) 1 

Ca(OH)2 

(4) Ca(OH)2 

free CaO



96

3

(1) 4 W/C 

BET

AE

AE AE 

(2) AE

BET 

AE

30 

AE

(3) W/C=0.60 

1

OH- K+



97

Ca(OH)2

Ca(OH)2

1

Ca(OH)2

free CaO



98

1) , , , 

, , No.45, pp.110-115 (1991)

2) , , 

 (1993)

3) , , , 

,  (1992)

4) , , , ,

, Vol.16, No.1, pp149-154 (1991)

5) , , ,  (1993)

6)  , , 

, , 41, pp.42-45 (1987)

7) , , , 

, , No.46, pp.104-109 (1992)

8) , , , pp104-110 (1991)

9) S. Uchida, T. Okamura, M. Takehiro and H. Uchikawa, Influence of Cheracters of Cement

on Fluidity of Fresh Cement Paste and Mortar with Organic Admixtures, ,

42 , 2 , 123 , pp.114-125 (1990)

10) H. Mori, K. Minegishi, Effect of the Temperature on the Early Hydration of the System

3CaO Al2O3-CaSO4 2H2O-Ca(OH)2-H2O, Proceedings of the Fifth International

Symposium on the Chemistry of Cement, Vol.II, pp.349-361, Tokyo (1968)

11) H. Uchikawa, S. Uchida, K. Ogawa and S. Hanehara, Influence of CaSO4.2H2O,

CaSO4.1/2H2O and CaSO4 on the Initial Hydration of Clinker Having Different Burning

Degree, Cement and Concrete Research, Vol.14, pp.645-656 (1984)

12) , , , , , 

, Journal of the Ceramic Society of Japan, 105 [11],

pp.1007-1011 (1997)

13) , , , , 

, , Vol.16, No.1, pp.335-340 (1994)

14) K. Yoshioka, E. Sakai, M. Daimon and A. Kitahara, Role of Steric Hindrance in the

Performance of Superplasticizers for Concrete, Journal of the American Ceramic Society,

80 [10], pp.2667-2671 (1997)

15) , , , , , 

, No.50, pp.886-891 (1996)



99

16) E. Sakai and M. Daimon, Mechanisms of Superplastification, Materials Science of

Concrete IV, Edited by J. Skalny, The American Ceramic Society (1995)

17) , , , , 

, 35, pp.202-205 (1981)

18) , , , 

, 38, pp.122-125 (1984)

19) , , AE , 

No.546, pp.24-32, Aug. (1992)

20) H. Uchikawa, Effect of Blending Components on Hydration and Structure Fromation, 8th

International Congress on the Chemistry of Cement, Rio de Janeiro, Brasil, Vol. I,

pp.249-280 (1986)

21) ,  , , , , 

 , 

, pp.141-146 (1998)

22) , , , AE

, , No.51, pp.246-251 (1997)

23) , , , 

, , Vol.20, No.2,

pp.73-78 (1998)

24) , , , 

, 52 , pp.28-29 (1998)

25) , , AE

, 52 , pp.8-9 (1998)

26) , , , ,

44 , 5 , pp.166-167 (1989)

27) , , , , 45

, 282-287 (1991)

28) , , , Vol.4,

No.8, pp21-25, Aug. (1966)

29) , , Ca(OH)2 , ,

82, pp333-336 (1974)

30) R. C. Reynolds, Jr., American Mineralogist, Vol.50, pp990-1001 (1965)

31) , , , 

, 

, No.43, pp42-47 (1989)



100

32) , , , Vol.14, No.3, pp.12-

19 (1976)

33) , , , , , 

CaO , , Vol.93, No.4, pp201-208 (1985)

34) J. F. Young, Cement and Concrete Research, Vol.2, pp415-433 (1972)

35) M. E. Tadros, J. Skalny and R. S. Kalyoucu, Journal of the American Ceramics Society, 59,

pp344-347 (1976)

36) Z. Q. Wu and J. F. Young, Journal of the American Ceramics Society, 67, pp48-51 (1985)

37) , , No.242, pp2-15 (1993)



101

1)2)3)

4)5)

SO4
2-

6)

AE
7) 8)

AE 
9)10)11)12)13)14)

(1) (2) 

SO4
2-

CaSO4
.2H2O AE

W/C 



102

.1 

AE W/C 

AE

AE

AE

W/C AE 

.2 

(1) 

II 

3 5 Table 4. 1

3 Table 4. 2

5 3

BC-1 Total SO3 2.2% BC-

2 BC-3 II Total SO3

2.6% 2.9%

Table 4. 2

6700 cm2/g 130
15)

AE

SP-R

SP-M 2

(2) 

a) 

W/C=30%  165 kg/m3 s/a=50%

W/C=30%, S/C=1.47 AE C 2.0%
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AE SP-

R C 0.03wt.% SP-M C 0.04wt.%

20

60

b) 

W/C 100wt.% SP-M C 3.0wt.% 20 5 

OH- ICP Ca2+, SO4
2-, Na+, K+

CaSO4 2H2O 16)

AE Ca Ca2+

c) AE

AE

TTTTaaaabbbblllleeee    4444....    1111  Character of each cement ground by plant mill

Sample
 name

Blaine
(cm2/g)

        AJS
 15m R 30m R  n
  (%)     (%)  value

    Mineral
    composition (%)
C3S  C2S  C3A  C4AF

free
CaO   
(%)

R2O

(%)

Total
SO3

(%)

SO3 (%)
from

Gyp  Hem  An

BC-1 3420 48.0   12.0  1.53 29.4  55.3  2.3  7.3 0.4 0.41 2.2  0.5  1.3   0.0
BC-2 3400 47.0   11.0  1.55 27.6  56.7  2.5  7.0 0.4 0.39 2.6  0.3  0.6   1.3
BC-3 3300 51.0   13.9  1.55 27.1  56.8  2.5  7.0 0.6 0.40 2.9  0.1  1.3   1.1

Note :  n value: derived from Rosin-Rammlar equation,    R2O: Na2O+0.658K2O
       Gyp: CaSO4 2H2O,    Hem: CaSO4 0.5H2O,    An: Type  CaSO4

       SO3 (%) from Gyp and Hem: determined by DSC
       SO3 (%) from An: calculated by assuming SO3 content of clinker as 0.4%

TTTTaaaabbbblllleeee    4444....    2222   Samples prepared in laboratory from plant-made cements

  Sample name BC-2a BC-2b BC-2c BC-3a BC-3b

  Base cement BC-2 BC-2 BC-2 BC-3 BC-3
  Hem added (SO3 %) 0.1 0.2 0.3 0.1 0.2
  Total SO3 (%) 2.7 2.8 2.9 3.0 3.1

       Note:  Hem: CaSO4 0.5H2O
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FFFFiiiigggg....    4444....    1111  Change in mortar flow with time for each plant-made cement
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(2) 

3  

Table 4. 2 5

Total SO3

Fig. 4. 2 Fig. 4. 3 BC-1 Total SO3 

BC-1 Total SO3

BC-2 BC-2a, 2b, 2c SO3

30

AE

SP-M Table 4. 1

BC-2 SO3
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BC-2 SO4
2-

BC-2

SO4
2- AE 

BC-3 BC-3a, 3b

SO3

SP-M BC-3

BC-1 SO4
2-

SO4
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FFFFiiiigggg....    4444....    4444  Relationship between CaSO4.0.5H2O content of cement and
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FFFFiiiigggg....    4444....    7777   Change in pore diameter and pore area constructed by

cement particles before and after the hydration
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TTTTaaaabbbblllleeee    4444....    3333  Ionic concentration of liquid phase in paste

Sample Time Ionic Concentration (m mol/l) Ionic Saturation ratio

 (min.) OH- SO4
2- Ca2+ Na+ K+ strength Ca(OH)2 CaSO4

OPC 0 64.63 81.60 53.46 17.62 72.23 0.347 1.70 3.27

30 90.68 36.93 27.47 18.48 74.94 0.221 2.46 1.27

OPC+Lo (10%) 0 62.88 63.80 53.71 16.53 70.83 0.310 1.76 2.92

30 83.33 32.88 28.54 17.49 69.70 0.208 2.27 1.25

OPC+Lo (20%) 0 58.70 62.29 54.01 15.38 59.08 0.299 1.58 2.99

30 84.59 33.49 28.89 15.00 59.55 0.204 2.41 1.31

OPC+Lg3 (10%) 0 59.70 57.51 42.95 17.32 65.32 0.272 1.40 2.44

30 78.41 35.90 27.68 17.29 64.45 0.207 1.96 1.33

OPC+Lh2 (10%) 0 59.45 65.99 54.24 16.67 62.86 0.310 1.59 3.05

30 83.92 38.13 28.86 17.35 66.30 0.218 2.24 1.39

OPC+Lh3 (10%) 0 61.21 65.61 55.76 16.24 62.82 0.313 1.72 3.09

30 87.43 39.03 28.45 17.12 69.88 0.222 2.36 1.38

OPC+Lh3 (20%) 0 57.20 71.30 56.77 15.19 54.89 0.320 1.50 3.33

30 80.58 29.15 28.37 15.23 57.21 0.192 2.27 1.20

OPC+La3 (10%) 0 58.78 68.62 52.49 18.05 66.48 0.314 1.49 3.03

30 78.32 38.50 27.89 18.33 65.58 0.214 1.92 1.39

OPC+BS (20%) 0 54.86 59.70 47.67 15.74 64.93 0.283 1.28 2.70

30 72.06 29.58 27.95 16.38 56.81 0.188 1.82 1.23

OPC+BS (40%) 0 51.44 57.98 44.81 10.67 45.78 0.260 1.13 2.71

30 57.78 29.46 28.67 11.16 44.33 0.173 1.29 1.37

OPC+FA (20%) 0 51.19 65.82 53.84 13.81 62.65 0.303 1.19 3.10

30 76.65 43.67 28.74 14.92 60.34 0.221 1.84 1.57

Lg3: Lo+CaSO4
.2H2O (SO3=3.0%),  Lh2: Lo+CaSO4

.0.5H2O (SO3=2.0%),

Lh3: Lo+CaSO4
.0.5H2O (SO3=3.0%),  La3: Lo+CaSO4 (SO3=3.0%)
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2

1,000kgf/cm2

7) W/C
8)

9)10)

11)12)13)

W/C

W/C

W/C

(1) 

HPC SF

LS Table 5. 1

Table 5. 2

AE

AE

TTTTaaaabbbblllleeee    5555 ....    1111        Characteristics of cement and blending component

Blaine BET ig.loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O (%)

HPC 3.12 4,200 1.1 20.5 4.7 2.8 64.8 1.6 2.9 0.23 0.40

SF 2.20 20.0 1.0 96.0 0.0 0.4 0.8 0.21 0.45

LS 2.70 30,000 43.1 54.9 0.5 0.10 0.10

HPC: High early strength Portland cement,   SF: Silica fume,   LS: Lime stone,
: Specific gravity,   Blaine: Blaine specific surface area (cm2/g)

BET: BET specifice surface area (m2/g)



123

TTTTaaaabbbblllleeee    5555....    2222   Characteristics of fine aggregate

Kind of aggregate Solid velume
     (%)

              Residue (%)
 0.15  0.30  0.60   1.2   2.5  5.0 mm

Ogasa pit sand 2.59 68.2  90.6  74.2  56.4  34.7  12.3   0

Spherical sand (a) 3.09 67.0  94.0  42.0   0.3           

Spherical sand (b) 3.09 63.0      99.2   0.5           

: Specific gravity

(2) 

a) 

Table 5. 3

Fig. 5. 1 2

2

60%

60%

JIS 4 4 16 cm 5

10 cm

TTTTaaaabbbblllleeee    5555....    3333   Mix proportion of mortar

No. SF

(C %)

LS

(C %)

Aggregate W/P

(%)

W/C

(%)

S/C

(%)

SP-mty

(C %)

SP-C

(C %)

S-HSF 10 Spherical sand (a+b) 13.1 14.4 50 2.0

S-HLS 5 5 Spherical sand (a+b) 13.8 15.2 50 2.0

O-HSF 10 Ogasa pit sand 22.7 25.0 50 2.0

O-HPC Ogasa pit sand 25.0 25.0 50 2.0

SF: Silica fume,   LS: Lime stone
W/P: Water/(cement+blending component) ratio  (wt.%)
SP-mty: -naphthalene sulfonate-based superplasticizer
SP-C: Polycarboxylate-based high range water reducing AE agent
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W/C

W/C

2

W/C

(1) 

HPC

BHC

SF BHC 10% BSF OS

SS Table 5. 4 Table

5. 5 AE SP

TTTTaaaabbbblllleeee    5555....    4444   Characteristics of cement and silica fume

Blaine BET SiO2 Al2O3 Fe2O3 CaO SO3

(%)
           Residue (%)
10.0  15.0  20.0  30.0  40.0µm

n
value

HPC 3.12 4,350 21.1 4.8 2.5 65.8 2.8 48.0  31.6  20.6   7.9   1.5 1.14

BHC 3.12 4,310 21.2 4.6 2.6 66.0 2.7 48.6  36.6  29.2  18.4   8.7 0.75

SF 2.20 20.0 96.0 0.0 0.4 0.8                   

HPC: High early strength Portland cement,   
BHC: Specially ground high early strength Portland cement

: Specific gravity,   Blaine: Blaine specific surface area (cm2/g),
BET: BET specifice surface area (m2/g),  
Residue (%): Measured by laser-scattering particle size distribution analyzer,
n value: Derived from Rosin-Rammler equation
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TTTTaaaabbbblllleeee    5555....    5555   Characteristics of fine aggregate

Kind of aggregate Solid velume
 (%)

              Residue (%)
 0.15  0.30  0.60  1.2  2.5  5.0 mm

OS 2.59 68.2  91.5  76.6  60.1  37.4  8.7  0  

SS 2.62 67.0  99.0  91.0  82.1  21.0  5.1  0

OS: Ogasa pit sand,   SS: Ogasa pit sand sieved inlaboratory,

: Specific gravity

(2) 

a) 

S/C 0.25 4.0 

60
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W/C 0.14 0.33 S/C 0.25 0.50

0.75 3.00 SP 2.0%
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Fig. 5. 14 10nm 2 m
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3 

18)19)

20)21)22)

Ca(OH)2 

21) W/C 
2)

W/C 

3.2

W/C 

(1) 

OPC MPC 

BC-A BC-B

Table 5. 6 BC-A C2S 

56% 10% BC-B C2S 70% 8%

AE SP SP-A

(2) 

a) 

20 W/C=0.35 

SP W/C=0.30 200 20 
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TTTTaaaabbbblllleeee    5555....    6666   Characteristics of cement

   Mineral f.CaO SO3 specfic Blaine 50% R Solid

   composition   (%) gravity size volume

C3S  C2S  C3A  C4AF (%) (%) (cm2/g)  ( m)  (%)

OPC 55   20    9     9 0.8 2.0 3.15 3530 12.7 73.1

MPC 41   37    3    12 0.3 1.9 3.20 3640 12.3 77.0

BC-A 28   56    2     8 0.5 2.0 3.20 3390 13.0 71.5

BC-B 18   70    2     6 0.6 2.0 3.22 3350 12.1 71.4

 Blaine      : Blaine specific surface area
 50% R size  : Particle size for 50 % retaining measured by laser-
                 scattering particle size distribution analyzer
 Solid volume : Percentage of solid volume of cement-fine aggregate
                 mixture (S/C=1.32) packed by tapping (180 times)

b) Ca(OH)2

EPMA 

DSC Ca(OH)2 Ca(OH)2

c) 
23)

Scrivener 24)

EPMA 

EPMA

CMA/EPMA Computerized Electron

Probe Micro Analyser  1100  1400 m 

1 m

Table 5. 7 CaO 65.0%

SiO2 26.0 34.0%
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CaO 14.0%

SiO2 34.0 %

TTTTaaaabbbblllleeee    5555....    7777     Range of concentration counted as unhydrates

CaO SiO2 (%)

C3S 65.0 (%)

C2S 26.0 ~ 34.0%

Aggregate 14.0 (%) 34.0 (%)

W/C 

(A) (B)

A=SA/(S-SG-SP)(1+(W/C)) --------------(1)

B=SB/(S-SG-SP)(1+(W/C)) --------------(2)

) SA

SB

S 

SG

SP

W/C

EPMA 

Al 10%

(3) 

a) 

EPMA



142

b) 

c) 

  W/C=0.25 91 

SEM

(4) 

S/C 1.32 W/C=0.22 0.25 0.30 0.35 

 200 20 SP 4 4 16cm 

20 SP

SP 3.0%

JIS R 5201 

(1) 

a) 

Fig. 5. 17

OPC MPC BC-A BC-B

OPC MPC BC-A BC-B

25) Al2O3 Fe2O3 MgO 

C3S 

C3SSS C2S  C2SSS C3SSS C2SSS

Odler 26) T1 C3S B2O3 -C2S 

W/C=0.7 -C2S 50% C3S

-C2S 75% C3S -C2S 
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FFFFiiiigggg....    5555....    1111 7777  Influence of mineral composition of cement on the

rate and amount of heat evolution
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C4AF C3S
29) free CaO 

30)31)

C3A 
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b) Ca(OH)2
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Ca(OH)2 Fig. 5. 18
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FFFFiiiigggg....     5555....     11118888     Amount of combined water and Ca(OH)2 in mortar

made of the cement with various belite content
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BC-A BC-B OPC 

OPC 

Ca(OH)2

Ca(OH)2 C-S-H 

Ca(OH)2 D 

Ca(OH)2

OPC 

Ca(OH)2 BC-A BC-B

Ca(OH)2 

Ca(OH)2 

C-S-H 

C/S

c) 

EPMA Table 5. 8

BC-B EPMA

EPMA 

TTTTaaaabbbblllleeee    5555....    8888     Relationship between BougeÕs eqation and EPMA method

Bouge s  equation EP MA

C3S C2S C3S C2S

OPC 55 20 53 18

MPC 41 37 44 36

BC-A 28 56 30 61

BC-B 18 70 30 65
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EPMA 

Fig. 5. 19
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FFFFiiiigggg....    5555....    1111 9999  Hydrated alite and belite in each cement mortar

determined by new method with EPMA
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FFFFiiiigggg....    5555....    22220000  Influence of mineral composition on hydration degree of

alite and belite determined by new method with EPMA

Berger 32) C3S: -C2S=1:1

W/C=0.4 -C2S 10

C3S 25)
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BC-A BC-B 

Berger 32) -C2S 

C3S Odler 26) C3S -C2S
25)

C3SSS C2SSS 

25)32) 

C-S-H 
26)

B2O3 -C2S W/C=70%

W/C 

BC-A BC-B MPC 

(2) 

a) 

OPC BC-B W/C=0.25 

Fig. 5. 21

OPC Ca(OH)2 C-S-H 
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OPC,
 3 days

OPC,
 28 days

OPC,
 91 days

BC-B,
3 days

BC-B,
28 days

BC-B,
91 days

10 mm

FFFFiiiigggg....    5555....    2222 1111  Back scattered electron images of mortar

(Numerals indicate measured points shown in Table 5. 9)
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C-S-H OPC Ca(OH)2
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25) C2SSS

Ca

C-S-H

OPC BC-B W/C=0.25 91 EPMA 

Table 5. 9 Fig. 5. 21

TTTTaaaabbbblllleeee    5555....    9999     Chemical compositions of hydrates in typical hydrated parts in mortars (91 days)

Point of

analysis

CaO

(%)

SiO2

(%)

Total

(%)

C/S Phase Contrast Amount

(1) Outer

hydrate

37.2 22.9 67.3 1.7 C-S-H gray -

black

large

OPC

(2) Outer

hydrate

51.6 10.9 69.8 4.8 Ca(OH)2 gray -

black

small

(3) Inner hydrate

of alite

47.0 20.5 74.0 2.3 C-S-H+Ca(OH)2 light gray large

(4) Inner hydrate

of alite

37.2 22.9 67.3 1.7 C-S-H light gray small

(1) Outer

hydrate

38.8 19.9 65.5 1.9 C-S-H gray large

BC-B

(2) Outer

hydrate

38.1 13.0 55.5 2.9 C-S-H+Ca(OH)2 black very

small

(3) Inner hydrate

of alite

42.8 24.0 72.2 1.8 C-S-H light gray large

(4) Inner hydrate

of alite

39.7 17.3 65.0 2.3 C-S-H+Ca(OH)2 light gray small

OPC CaO/SiO2 C/S 1.7 CaO 37%

OPC-1 C/S CaO 52% OPC-2

C-S-H Ca(OH)2

  OPC C/S 2.3 CaO 50%

OPC-3 C/S 1.7 CaO 37% OPC-4

Ca(OH)2 C-S-H 24) C-S-H 

BC-B C/S 1.9 CaO 39% BC-B-1
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C/S 2.9 CaO 38% BC-B-2

C-S-H C/S OPC

Ca(OH)2 C-S-H

BC-B C/S 1.8 CaO 43%

BC-B-3 C/S 2.9 CaO 40% BC-B-4

C-S-H C/S

OPC Ca(OH)2 C-S-H

BC-B Ca(OH)2

Ca

Ca(OH)2 

W/C C-S-H 

Ca(OH)2 C-S-H

Ca(OH)2 C-S-H+ Ca(OH)2 C-S-H C-S-H+ Ca(OH)2

C-S-H + Ca(OH)2 

C-S-H Ca(OH)2 

C/S C-S-H Ca(OH)2

b) 

W/C=0.25 Fig. 5. 22 OPC 50nm
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FFFFiiiigggg....    5555....    2222 2222  Pore size distribution of each cement mortar
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MPC BC-A 50nm 10 50nm 

28 10-50nm BC-A

MPC OPC 

BC-A 28 91

BC-B 50nm

28 10 50nm 28 
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2)14) 3-10

nm C-S-H 10-50nm 

C-S-H 50 nm 

Ca(OH)2

C-S-H 34) 

50nm

 Ca(OH)2 

10-50nm

C-S-H

(3) 

a) W/C AE

  W/C SP SP

 200 20 SP W/C Fig. 5. 23

OPC W/C 0.35 0.30 SP 

1.0% 1.5% W/C=0.25 SP 

3.0%

MPC SP OPC BC-A 

MPC BC-A OPC W/C 0.30 

SP SP 3.0% W/C=0.25

MPC BC-A Table 5.

6

BC-B SP

W/C=0.25 SP 1.7% SP
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FFFFiiiigggg....    5555....    22223333  Amount of super plasticizer required

for mortar flow 200 20 mm
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FFFFiiiigggg....    5555....    22224444  Relationship between cement water ratio and compressive

strength of mortar
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FFFFiiiigggg....    5555....    22226666        Relationship between pore volume and compressive strength of mortar
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C-S-H 

(5) 

W/C=0.25 91 SEM Photo.2

OPC 

BC-B

OPC BC-B 

BC-B

W/C 
2)

OPC, 91days BC-B, 91days

20mm

FFFFiiiigggg....    5555....    22227777        Secondary electron image of fractured mortar

(C: cement paste,  T: aggregate)
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(6) 

Fig. 5. 28 EPMA
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FFFFiiiigggg....     5555....     22228888        Relationship between hydrated calcium silicates

and compressive strength
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(2) 

C-S-H Ca(OH)2 
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3 4

Ca(OH)2 C/S C-S-H
36)37)38)

C/S C-S-H
6)

37)

C-S-H

C-S-H C-S-H

C-S-H C-S-H

(1) 

W W

50 10 2 WSL WSF

OPC OPC

Table1

TTTTaaaabbbblllleeee    5555....    1111 0000        Chemical composition of each cement and blending components (%)

ig.loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Total

White cement 4.7 21.5 4.1 0.2 63.9 1.7 3.1 0.45 0.09 99.7

OPC 1.9 21.1 4.8 2.8 64.6 1.5 2.2 0.26 0.50 99.7

Blastfurnace slag 34.1 16.1 0.5 41.7 6.5 0.0 0.20 0.30 99.5

Silica fume 1.0 96.0 0.0 0.4 0.8 0.21 0.45 98.9
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(2) 

JIS R 5201 W/C=0.65 S/C=2.0 20
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D-dry
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10

b) FT-NMR
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54.7 3 4kHz

D-dry
1H 29Si NMR Mass Gated Decouple

22 ppm from TMS

WSL OPC

c) TMS-SFC-GPC

39 28

10 175

GPC GPC

SFC
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FFFFiiiigggg....    5555....    22229999        Compressive strength of mortar (W/C=0.65, S/C=2.00) of each

cement cured under various conditions
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20nm 2)14) 20
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FFFFiiiigggg....    5555....    33330000  Pore size distribution of hardened mortar prepared from various

cements cured under different conditions
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FFFFiiiigggg....    5555....    33331111  Relationships between pore size distribution and strength of hardened

mortar prepared from various cements cured under different conditions
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       (1) W  water curing at 20°C                   (2) W  steam curing at 65°C

 (3) W  autoclave curing at 180°C          (4) WSL  autoclave curing at 180°C

  (5) WSF  autoclave curing at 180°C

mm

FFFFiiiigggg....    5555....    33332222        Scanning electron micrographs of hardened mortars cured for 28 days
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(3) C-S-H

28 EPMA C-S-H Table 5. 11

C-S-H C/S

C/S 36)

20

C/S C/S

C/S 1.3 1.4

C/S C-S-H
6)36) SEM

C/S

TTTTaaaabbbblllleeee    5555....    11111111  Chemical composition of C-S-H in hardened mortar at

28 days measured by EPMA

Curing
condition

Cement SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Total C/S molar
ratio

W 28.7
(3.1)

2.4
(0.5)

0.2
(0.2)

43.1
(1.8)

2.0
(0.4)

1.4
(0.4)

0.15
(0.08)

0.01
(0.01)

77.9
(3.2)

1.63
(0.22)

Water WSL 27.9
(6.4)

4.1
(1.3)

0.2
(0.1)

36.7
(2.7)

1.8
(0.7)

1.4
(0.2)

0.11
(0.07)

0.04
(0.03)

72.3
(8.9)

1.48
(0.35)

WSF 26.9
(6.5)

2.2
(0.7)

0.2
(0.1)

39.3
(4.2)

1.7
(1.0)

1.3
(0.3)

0.10
(0.02)

0.02
(0.01)

71.7
(11.1)

1.62
(0.30)

OPC 29.1
(1.5)

1.8
(0.5)

1.2
(0.4)

42.1
(3.5)

1.0
(0.6)

0.9
(0.2)

0.12
(0.08)

0.10
(0.05)

76.4
(2.4)

1.56
(0.20)

Steam
W 27.5

(1.6)
2.2

(0.3)
0.1

(0.1)
45.9
(2.2)

1.6
(0.7)

1.5
(0.3)

0.12
(0.05)

0.02
(0.01)

79.0
(2.2)

1.80
(0.14)

WSL 22.9
(3.5)

3.6
(1.4)

0.3
(0.1)

33.1
(5.4)

1.2
(0.3)

1.8
(1.5)

0.12
(0.09)

0.08
(0.03)

65.5
(6.6)

1.69
(0.23)

WSF 26.8
(5.2)

2.3
(0.6)

0.2
(0.2)

38.3
(5.3)

1.4
(0.9)

1.2
(0.4)

0.08
(0.07)

0.03
(0.03)

70.5
(10.3)

1.56
(0.25)

W 29.8
(6.3)

1.5
(0.3)

0.1
(0.1)

43.5
(4.7)

1.1
(0.3)

9.3
(7.2)

0.35
(0.20)

0.06
(0.02)

85.7
(5.1)

1.65
(0.50)

Autoclave WSL 24.1
(4.7)

3.8
(1.1)

0.1
(0.0)

31.5
(3.0)

0.3
(0.2)

1.1
(0.3)

0.21
(0.08)

0.21
(0.11)

61.4
(8.5)

1.37
(0.19)

WSF 28.6
(6.5)

2.9
(0.9)

0.1
(0.0)

35.1
(1.2)

1.9
(0.9)

1.4
(0.5)

0.09
(0.01)

0.04
(0.09)

70.0
(8.6)

1.35
(0.25)
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(4) C-S-H

36)

2 CuK =29 30¡

NMR TMS C-S-H

a) NMR

W NMR Fig. 5. 33 22ppm
29Si NMR

Q0 SiO4
4- Q1 Q2

Q3 Q4 5

W Q0 Q4

Q1 Q2 Q3 C-S-H
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Water curing 
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re f
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   -20        -40        -60         -80      -100

ppm from TMS

FFFFiiiigggg....    5555....    33333333  NMR spectra of hardened W cement mortar

Fig. 5. 34 Q1 Q2 Q1/Q2 Fig. 5. 35

20nm
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Fig. 5. 34
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TMS GPC Fig. 5. 37 20nm

W WSF

20nm

WSL

W 2

0

20

40

60
Tetramer 
or more

0

10

20

Dimer

0

10

20

30
Trimer Tetramer

0

2

4

6

8

10

20100
0

1

2

3

4
Pentamer

303020100
0

1000

2000

Tetramer
or more

Pore volume of 20 nm or more (Vol.%) Pore volume of 20 nm or more (Vol.%)

A
ve

ra
ge

 m
ol

ec
ul

ar
 w

ei
gh

t o
f 

po
ly

si
lic

at
e 

m
ea

su
re

d 
by

 G
P

C

20100

Hexamer

0

2

4

6

8

30

A
m

ou
nt

 o
f p

ol
ys

ili
ca

te
 

re
co

ve
re

d 
as

 T
-d

er
iv

at
iv

es

3020100
0

10

20

30

Heptamer
or more

3000

P
ea

k 
in

te
ns

ity
 o

f s
ili

ca
te

 a
ni

on
 r

ec
ov

er
ed

 
as

 T
-d

er
iv

at
iv

es
 m

ea
su

re
d 

by
 S

F
C

W W W
WSL WSL WSL
WSF WSF WSF

Water curing Steam curing Autoclave curing

OPC

FFFFiiiigggg....    5555....    33337777  Relationships between amount and average molecular weight

measured by GPC, peak intensities of  various silicate anions

measured by SFC, and pore volume of 20nm or more
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Fig. 5. 32 SEM C-S-H
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