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5. B 8 FA
SUMMARY

* About 30 percent of all waste in Korea is produced by the construction industry, and the environmental
problems related with waste disposal have emerged as a serious industrial problem, with no appropriate
solution.

e There is an urgent need to view the byproducts of consumption as resources for other production through
recycling.

* While such an initiative may appear to increase production costs and reduce profits in the short term, it is
essential for “Sustainable Development.”

* On this social/technical background, technologies to recycle aggregate waste concrete, which accounts for
80 percent of industrial waste, have been actively studied and reached the practical application level.

* The cementitious powder that represents more than 20 percent of waste concrete has not yet been studied
sufficiently, and most of this currently falls into disuse or becomes landfill.

¢ The purpose of this study is to secure technical skills in order to develop/use the cementitious powder as
sustainable recycled cement, to enable low-carbon eco-friendly growth.

. MRecycled low-carbon cement; has practical value as a high value-added resource based on the chemical
characteristics of waste other than an inert filler, and also has academic value and high originality as a

research subject to elucidate the recycling process and the mechanism of hydration reaction.

An analysis of the chemical properties of cementitious powder and clarification of the

mechanism of the hydration recovery

* Cementitious powder produced all over Korea was collected and its chemical properties
were analyzed. It was revealed that fine aggregate accounted for 65 percent of
cementitious powder, and hydration recovery of cementitious powder could be achieved

by sintering.

Optimal mix proportion of recycled cement
* Excel Solver was applied to make Cs;S,C,S,C;A,CsAFand LSD, SM, IM most compliant

with the OPC Management Criteria, and an appropriate value was derived according to

the changes in the fine aggregate rate.

Analysis of the mechanism of hydration reaction

* In order to produce high-quality or middle-quality recycled cement, a maximum of 30
percent fine aggregate should be mixed due to the deteriorating factor of sintering of

quartz crystals contained in fine aggregate.

Calculation of the reduced amount of greenhouse gas emissions according to recycled

cement

* Using cementitious powder as one of raw materials of cement can considerably reduce

_7_



carbon dioxide emissions. It was analyzed that by using cementitious powder with no
fine aggregate powder(S0), the carbon dioxide emission was reduced to 53 percent or
0.48 t CO,/tCement.

Building a concrete durability expectation model using recycled cement

* In determining the diffusion coefficient for chloride ion and carbonation coefficient, it
was found that when compared with OPC, the durability of recycled cement was
deteriorated by 10 percent and 20 percent depending on the mix amount of fine

aggregate, and this can be reflected in the durability design.
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¥ 1-2. AEZAAY 33=xA4

le_]‘ CaO SiOz Aleg F€203
A 3] A 48.20 6.00 1.42 0.82
HN2&EY 1 31.80 14.90 2.74 38.40
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Sl L. S s MBI MALES R KA T
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2 B O NG 8 Ham | B2
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9 2 Sioz | A20S | Fe203 | Ca0 | MO | Na2o $03 LOI Sum Factor | B g BEE .
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L L SR
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23 sand30% | 3633 | 649 . 186 3531 ; 213 068 1.29 a00 T80 99,23 =
6 BB HNBOE 208 5 B BRHY
HH| B4y SH0 HRAE LP Smplex R E
% A=at #7| 870 G4 Evolutionary B E
=% 50 510 520 530
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Ca0—0.750,

— 11—
LSD = 2.8 X 810y + 1.2 X Al Oy + 0.65 X Fe, Oy (#1-2)
_ 510y A1
 Fe,0, (21-4)
£1-3. ZEHEAHWE H&-A 59 Bogue 4 (%)
LSD SM M CsS CoS CsA C/AF
HEAWHE 091 2.7 1.7 52 24 9 9
ZAAHME 0.96 2.7 19 62 14 9 8
TEIAHE 0.87 3.0 1.1 47 32 4 11
@ ALy AAAAES] d5udH] =527
E1-4. ABAANES d5xFH] E H & -A 59 Bogue 24 (%)
T SO S10 S20 S30
o Eg g 88.27 59.46 40.77 31.02
A 3] A 11.73 39.50 56.97 66.08
=&Y 0.00 1.04 2.26 2.90
C3S 57.49 53.21 54.26 54.84
C2S 18.42 24.05 23.23 22.78
C3A 9.43 8.31 6.90 6.13
C4AF 8.99 852 9.50 10.03
LSD 93.75 91.00 91.00 91.00
SM 2.57 2.90 2.90 2.90
IM 1.84 1.76 147 1.34
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=20

Intensity (A.U)

2 Theta (Cu Ka)
1¥2-4. OPC ¥ AAAHES XRD A

@ TG/DTA

B oAFo s AHe wel =3¢ AE OPC, S07302 A HE 105TolA 2443 AZAIZ

T 9OmAZ Ay vET FJEHZ ARSI o, FHZXNLE $22% 10C/min, #H3il 570C 9]

o Huee HAA olfrv dutdo R FAYEVE 2% A wEl 100To el FaE

el = FF57F S2s7] AlFste] 1007300Co A A deAlolE 315 o EdAE

RyAFolE dFuylo|EF| F3tE o] gcle A4S Holw, AMES Fo FALE

4257550C 4 101] el E] 7] Wil th (1 2-5).

1 g o A A E TS CHO 2357 g5 s s oz o 7

:a =9 % Eﬂi A] LH CHY¥S 7te 4= 9low DTA 2P =E 53 Ca(OH), &3 +
53 0

& Aass Artstdv. CHY 2 ks

Ca(OH), = CaO+ H,0 (2 2-4)

al C
= 2 2-5% %‘8}04 Azl el CHe| & At 5 A |

W=4.116L
= ——X Xl _
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7178 WMgksty, g 21(26)7 2ol YEerd 4 o

(Ssh, >u = 7807.5% X ]‘0_6 mm/mm (/—‘1 5_6)

A71M = B AleEe Hor 7R

D v, + 271 F& FA 7130 e A
FAa77kel dlel The E 23 of Fozl kol wel wAHT)
E5_3 E—% 74]%:7([1
FadA7IHY) 1 3 7 14 28 90
BAAT, 1.2 1.1 1.0 0.93 0.86 0.75
@ v,  AUFE M%) WE AT

L
TEEe] w9 A9 ddgied wel ZAZES AxsSHS A HEstH teA (27)9

_ {1.40—0.0102)\ (40% < X < 80% A ™)
AT 13.00—0.030N  (80% < A\ < 100% L w)

(2] 5-7)
@ Yoy - ABAY A7 & ol i A

(v, = B F7 hell AT, 4,5 F9/ZHA8(v/s)oll WE A7)

- 33 FAC daAE h<I50mm 9 A¢ e FI/EHAE7E 375mmeldt A W 4,
24 ¢ 2t

- Hi F7 150mm<h € 49 £+ FI/xdA4) 7 FHd 2F 300mmT380mm ¥ -5

aly

L:M
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BN
PR
:Oé
—
rL
offt
e

7, = 1.23—0.0015h (2] 5-8)
¥,s = 1.23—0.006 (v/s)

- Hu/ gEAn dd A9 0 HyFAVE F39/5A A0 48] (h=4v/s)
{—0.00472(v/s)} (2 5-10)

V,s = 1-2€

¥5-4. FF FA W2 BAASF,

%ﬂ‘*“’i (jj T asmn A Vs mm) | AZEEAF ()
el 125 1.35
- 19 1.25
o o 117
ps " 1.08
152 375 1.00

@ 4, 1 EHZA s(mm)ell @ AF
7, = 0.89+0.00161s (2] 5-11)
© 7, @ FEAE (%)l WE AT

v, = 0.30+0.014¢ (¥ < 50%) (2] 5-12a)
7, =0.90+0.002¢ (¢ >50%) (4] 5-12b)

® 7, @ DFAANNEZ clkg/m?®)oll W2 A5
~, = 0.75+0.00061¢ (2 5-13)

@D v, ¢ 7% o)l w2 A
7, = 0.9540.008c > 1 (%] 5-14)
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Az S A YA Aol A2E 10%10%40 cm Z2tE ZAYER =AY G W =Ax AL
20Cel FdEE 60%9] ”Eﬂi &y om, %7‘3% T195-39] 54mm "I HE ZEQ Al
22 A83AY. AES 19 €43 2T HE 1202

2E5-3. W HE =EHQ AolA

295-4. RY 220 AANZ SAHE 48 APAY dx5E

QAo A7 AR E 24 ARAZ depd Aolth e

1744 =78k ait.

54 MHE 2Ed
oA 1204 o=~
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5.6 23943
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FaAYE

1. Drying Shrinkage :

A1gol <ls) WA

3}

_/,:
o Fahgo] olatshekio] e

94

AE

2. Autogenous Shrinkage :

| &shg oz TA

9]

| E

Al

3. Carbonation Shrinkage :

2 27
7] ek A o

[e]
< Wom

6(‘)]:

jpase]

O

o ol =

Hl <

R ERES D

Z
1l

EEEL

N
1l

;0E

o
ot

1o A=A

S

T8

o]

o

ACI 2092

ki3

W she] o

i, 1 in/in= 1 mm/mm)% Eo|w,

&

~ 800 x 10-6 in./in.(
AAH 7F 1.5 inor 38 mm), FFE7F 40 %ol F+2

500 x 10-6 in./in.

I

FE)=
%

= |
ACI 20991 A]

—_
fils)

= =47}

ul-
=

-

-
pu

AL
00

of
s

o)/

o w2 780 pin/ing AASFL Ut}
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Aol
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N

el
100

al7
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el
_60

JA.uﬂO

o
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o] e

H},

/1\1,

tol 2 5-1¢F o] 7

S

A SE A

»{51,

(4] 5-1)

ASH:ZSShu. [{t.S[{v/s. HRH. }[sr.h

k<3|
=

v BAAS(SH,), s BAAF(SHy,), A8 E BAA

ol
s

qow

[e]
=

|

(SH) %

o~
T

5-5¢1+= OPC &

3T
it

o] =5 2

fkel

787.2410-6 in./in.

ae
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£5-5. OPC 23E Ax5F 54 2% 1 58, 74 A2FF
SR AGAF 1.00
SHyvs : 1.00
SHrh 1.00
SRHUEFZ 787.24
SN A SAMYG | 2T F SHt FRAAZSFZE
0.00 0.00 0.00 0.00 0.00
1.00 105.22 2578.55 0.03 21.87
3.00 188.30 2119.13 0.08 62.15
5.01 256.40 2047.23 0.13 98.60
7.01 304.74 1826.04 0.17 131.38
10.01 348.82 1567.90 0.22 175.14
15.00 391.00 1303.61 0.30 236.12
20.00 421.33 1158.80 0.36 286.23
30.00 461.16 999.10 0.46 363.37
40.00 490.54 919.80 0.53 419.84
50.00 012.34 871.01 0.59 463.07
60.00 531.30 341.24 0.63 497.19
120.00 609.47 787.24 0.77 609.47
700
600 1
500
= 400
£ 1
£ 3004
m -
200
100+ —— Drying shrikage_non fiber
] —— modified Drying shrikage non fiber
O T T T T T T T T T T
0 20 40 60 80 100 120
time (day)

1¥Y5-5. OPC E3YE AxFH ¢

I EE
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@ AYAANE(SI0) o] 4 ZAHEY AxFE
#5691 AAAHME(SI0) FAYES] AxF5 SAHF % 53¢ Axs5, 48 1275 4
et e 195-60] =23tste] xdstath 53 AxFF32 766.60x 10-6 in/in.o] %k
o] o &= At
OPC ZAZES}H o] AAYAME(SI0) ZAYES] =3 AX2FHFE 766.60 x 10-6 in./in
5 Yeyernz dukdl FAES FedxFS3 500 x 106 in/in. ~ 800 x 10-6
in/in.(33, 1 in/in.= 1 mm/mm)& W=3st= Ao 2 e
E5-6. AYAME(SI0) T2UE A255F 34 23 % I, £ Az5S
AR AA ST 1.00
SHvs 1.00
SHrh : 1.00
FHAXTF 766.60
. =R . .
SAANA 2 FAZRSTZF SHt FRAAZTS
0.00 0.00 0.00 0.00 0.00
1.00 78.50 1687.52 0.03 21.29
3.00 156.95 1392.75 0.08 60.52
5.01 207.58 1657.46 0.13 96.01
7.01 257.35 1542.05 0.17 127.94
10.01 303.32 1363.39 0.22 170.55
15.00 348.82 1162.97 0.30 229.93
20.00 380.57 1046.70 0.36 278.713
30.00 422.24 914.78 0.46 353.84
40.00 452.57 348.60 0.53 408.84
50.00 477.69 812.09 0.59 450.93
60.00 499.02 790.13 0.63 484.16
120.00 593.50 766.60 0.77 593.50
700 -
600
500 +
T 400-
£ 1
S 3001
(n -
200 +
100 —— Drying shrikage_fiber
] —— modified Drying shrikage_fiber
O T T T T T T T T ! T
0 20 40 60 80 100 120
time (day)
395-6. ARBAINE(SI0) E22IYEY Ax+F 2 4 A=2FF
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[e)

o] YA A we} F4k(diffusion ),
of Ayle] Ao Ze oy

LA

& S~ (absorption) 531 Z& wWAY

ol &

o] 28%7]

(permeation )

R

S Rk EE

F71 4]

7}38

E

ol Ao 3
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|

o} njalso} QA frh B ATelAE 2] Aw
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o

ofp
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BH
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(non-steady

=

j=

=

shalem, ol
NT BUILD 492el <=3t
j=4

°

‘o

A

&4 (Capillary suction )
[e]

=
T

}

= 1) F&A9

1

(4.1), U184 =

=

°of 9

9] o]F WAY
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=

R84
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=
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(steady state flow)
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=
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=
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(non-steady state)ol| A& SHiHA| = 3 7R o]

¥6-1. ST ENA EFolF9 HIYYF

\ Governing equation and laws Type of
g g eque ' mass
- dc ks fi . 41
o = - Ddx (Fick's first law) 4.1)
Trregular
de el de : ; mobility
Diffusion S = B (Fick's second law) (4.2) :
1 o & of ions in
J o flux(g m’s). D : diffusion coefficient(m” s). solution
¢ : concentration(g/m’). x : distance(m)
ol 2p .
K, =p—: 43
s 77U T - P P By
. Gas flow
N K. : gas coefficient (m”). n, : viscosity (kg/ms).
Gas . by pressure
: vol f flowing(m™). 7 : thickness(m).
o '.oume‘ of flowing(m") lickness(m) difference
A :area(m’). p : pressure(Pa). t : time(s)
Perm - pr, p: : pressures at entry and exit (Pa)
- 01 n
eation Ko =5 HEE
t A4 @4)
K. : water coefficient(m’), Water flow
Water| N @ viscosity(Ns/m?), f : time(s) by pressure
O : volume of flowing(m?®). 7 : thickness(m). difference
Ap : difference of pressure(Pa).
A :area(m’),
po_ ko B
Caniltaty 7 dx (4.5) Water flow
ApEaaty Fc : capillary flow (kg'm:s}. in un- sat.
suction . .
fp : coefficient(kg/m). condition
dpw : slope of pressure(Pa).
- A E e SAtAS Hot
ZAYE T sl o FAA s AL RG] T A 20l T
Atk A ENA A AFe] FAS ST dxe 2o FAE e F2YE
o o Hab AL TN §% MWRNE FEA o] ool o]F
th& Aol A Z7g38ke] Fickel AITHH 2R E 26-13 #Zo] +& 5 dth A7t
2 o Gaole FEE Y] AL ToE PHOR Fhole FE
of Hael T Fol th Aol 3] IAFE T
VAC L
D= 2 x
ANt (C - C))
oJ7IM, D @ FAAF, 4 Ao @i F LA A
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SATE ]

¥ obujeh

]|
e

o T ALgE AMEe] e v

B

]

)A
Ho

N

ﬁo

<
o

3

‘q

]

tol Ficke] A2 %]

J|

)

(4 6-2)

]

)

X

VDt

Cox[l—erf[

C=

¢
<

<
o

o714, C: Ag x8 Azt 1]

CO

erf():

’

o
Ho

0l A1 9]

X =

;&I

A Qtgt Ao 2 A Beerd

19701 Collepardi7} # &

o
H

ks

1
-

—
o

o)
Nl
]

i~

i/

—

) _AU
o

BH

S A 3= (Fluorescein Sodium 0.1%;

Lambert 2]

1982+

~
fi%e)

S
=

C2H1005Na)

| 223

9|

A otE A, 19901 d Poulsenel] 9]

XRF (X-ray fluorescence spectro—scopy)

IR R

9]

Browneol 2]

=
=

3 5
AASHTO T 259-64 ol u}z}
(profile) 25 A%

o

el

oW

B
H)

N

=9 olF WY F

+ o]

3
i

@ Ao 9

ZAYE FolA9

Hho} 2ol

t:;l_

o<
de

o] oleel W7 o

2 AR ¢
202 3

N

s
S

do] StHA Atk 71 A7)

sh4 o

1417 7138}

ol F AL Al

tel =do] o]Fst= &

TEHOE S

=
=

ke
T

(2] 6-3)

Flux = Diffusion + Migration + Convection
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o 71 A, Ji FE 2= (g/m2s), F: #eldle] A<= (J/Vmol),
z: o]9 Ux7E E: ALI(V), R: 71A%(J/molK),
T: A= (K), Ve: o] 5% %=(m/s)
o] A2 Fizte] o3 Fak(diffusion), A7l 9 A7]A o] F(migration) L Ha| 28
9] tlF(convection) o ZH AFHEN Fo] o] o] TS LT

ZAYE T diold FASAE Hrhetr] flste] dAZA ZFel ®Bare o 7hA 9

A SAANEEY Thd EAQ] AIERE oA A E AdAse] 4 AlEHHe 54 ) =

A sl thste] sl

woEwelA R HIAY WS Whiting S0l Al & ol AFARE AdE

Hell A3 9= ASTM C 1202 2 AASHTO T 2774 7+4 ¥ RCPT methodE Y| %3}
=S & H

Gjorvs, T orii 5°] A|A]gF A

% qu [e} N =
Zzte] ARy dholeel FAASE Taky] A FAAPNe] 2AL At UEd
Aol #6-2 olth. o] EoA & F glfel Aduwgel wel Aald S FF ¥ BE, AY

o

Aol T, NP 2 ZAHGE Fo] Aol

A

6-2. 920le FAWAE AT =AW IS 27

Thick- Electrolyte Electric )
A Required Measurement
Test methods| ness Field Tq' - lt
) . L ime actors
(mm) | Cell T (=) | Cell T (+) | (V/m)
RCPT’ - —_— 03M —rr Total passed
5 3% Na 2 10U1'S
method e NaOH y charge
Dhir’s 36 SR Sat. 54 1~2 CI' ions
method Ca(OH» = weeks |concentration rate
Tang's Sat. .
S 50 | 0.5M Nacl 600 8 hours | Penetration depth
method Ca(OH )
Andrade's 3 Sk e 03M i 2--3 5 d ;
3 5.0M Na assed curren
method : NaOH weeks
Zhang's 50 WY Sat. 100 E~2 Cl ions
5 SM Na : ;
method Ca(OHx days |concentration rate
Torii's Sat. =2 Cl ions
- NacCl - .
method Ca(OH» weeks |concentration rate

* RCPT : Rapid Chloride Permeability Test
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- ASTM C 1202 test method

ASTM C 1202 AlgdHe 3T E goto] 60Ve AFAYS 6A17F T 7t dAhol9

ol s S FXA7= WHOE Whitingoe]l Altstson, o<t FAHs WH A AASHTO T 277
S

= =] AN

BAzANA 30Ve] ALS Askshe] 1247 o AFE A TI FEAAFFoRR
B gzl AT AFHS Frran

AEHHE ZAYES F50] SHTE X3d APgHS 77 50mm=E Aeste] F=do=
0.3M9] NaOH F8 95, 544+ 3% NaCl 89S 93 DC 60Ve] A=Az 6413
Bok BAAAUA AAE AFRRE At B Se A9 FRAFe 49
ARk A6-40 elate] 643 Fete) FEAASFE A A

Qo =900, + 21, +21 ) +....... +215, + 1) (2 6-4)

3714, Quw =%2E 7 At (coulomb), Li: x Bo A o] AFZHA)

do HowRy Atd F FHASFS AR H6-30] AANE WATIH wawste] @iol
2o U@ AFAZHS B

#6-3. & FHAG] B2 daole YT 24
Total passed charge (coulomb)| Chloride ions permeability
> 4000 High
2000~4000 Midium
1000~2000 Low
100~ 1000 Very low
< 100 Negligible

D=00103x10"x(Q,,)"™ (m/s) (4 6-5)

- Dhir’s method
o AFWe A Aol oJate] ArolLe] o]FL FAAA A
5]

beEESYH FAFE FAs e A




UG IO el AT TYAD 9K MO NaCl £EAE, AR 2L A
-3 10Ve] AFHGS 7tete] @bl YR A5 il vEE AgER A9 o
2 4=(ISE : Ion Selective Electrode)2 Al-83}o] =743t}
D{_ l{}"\." Power Sup[_:a!:.:
Crraphite
000 © @~~~ t
| '
| ]
| | { _[_'.lliITu:-iiilrl cell
i /
Distilled water
= /
! Specimen
5M NaCl |
[ Stoimbess plate
| l
E | = | 1
I¥6-1. Dhir's Z A &3 S4Hd e A=
Dhire= AJztel] & A o] dAol v% F7FEEHE Ficke A1PA S AMES 215 A

2hsts

- Tang’s method
Aest 7 714 Algdy s 98 Tang 52 At d7)ols& Ao agste] FAtA S
o -

F FAEYUE AL
1

Hol st 2 ﬂETZ‘iOJ 30VE 8AIZE &<t 7ksk & 1
AR (colorlmetrlc method)*o— AbGste], daol29 FFZolE Fotal o]E FAFHHer
3l R FZolol FAAG] AANOZHE ZIAYE Fo Hihol FAAFE FAHIL o
Al o] B Gkt H7]H o]lF S Al nHToRMN oo R = VM e Hol,

HE a1yatr] 9ske] Ficke A2 A2 o7
S F A% Nernst-Planck WA AS A3t 26-63 o] YE AT

dC d_J_D[dzc zFEdCJ

dt dx dx*> RT dx (2l 6-6)
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AR T e D + 30V
pusii—= [RIC)

bl T,

E 1)
sat. Lime %
%
water )
-

-

S e R R,

3% NaCl in sat. lime water

1¥6-2. Tang’s F XA ikA 9 AA

Z7] 2 AAxEAE vt 2ol 7Pgske] 7 i El= A (416) 2= FolXin

=7
D AAz7D : C=C x=0, t>0
2) 27174 C=0, x>0, t=0

C x+aDt x—aDt
Cj::—il ax
2 [ f( Di ]f( i ﬂ 1 67

zFE
A7 A, 4T Ry

A6-70l 27k AJZHTH

%
i
<
)
o,
=
k=)
il

L _ZFE, o _RT X
" RT " ZFE t (2 6-8)
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1.0

0.8 H

0.8 -

c/c

0.4 |

0.2

nu 1 1 h | 1 & 1 1

add @A AdRer s ek A2 g oE$ERE Tange JAFzHol ME o]&
ste] X & e 49 Agtahach

=, E == 600V/m, T =298K¢l Zx1olA,

X; =x,—1.061x)°" (2 6-9)

46-9% 216-8el T3k,

D:1_189X10“[Mj

¢ (4] 6-10)

o714 te] @9l A7k hour)©] U}

oje} e WHoR Arolo HFHOREEH i A7) EddS FAlA awlste] gt
FE ke AP S Aore v glow A6-7oA A7) Fe] I A Tt T
stth= 7EAg sl A A16-113 #Zo] FakA 4 2S AlAls T
p- RIL x, —ax?’

CZFU ot (2} 6-11)
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6.3 4%
O AdgM8

R AABAMEE o] fate] AAetd o W/C = 40%, 50%, 60%= AT A YA HE =

= = Ald
E v 2 kA el wel S0, S10, S20, S30S AR&ste] A=A ste] Al zE Al
BAHNES A3t

@ A EA A= L B

FstE A FEE AP A= 176-49 2ol ¢100x200mm HFE FAA Sl dAFAE AH
[e)

715 AH&3te] 50mm FAZ dwste] A #sttt dstE GNP S FHY AdtEd NT
BUILD 492¢] skl 196-50 webd #kel o] 03N NaOH F&H(dgf = 129
NaOH 12g)& &d=°o=2 10% NaCl =84 (NaCl 100g+5 7+ 900g)S =02 3t 30Ve
ARS 71t S v AfFgtel 71xste] A8 A 5 2 AFAFAIEES AAst AFS
Aastt. dstsE JAFol= Aol T3 F AFHES Tt 0.IN AgNO3E 5313
& u wAEE 29 wyol A s 2E AHgstel Zgsglon, AdA A, AW A9,
ANPALAZ, GatE ARdol R Fgole ex 24ARE vgor A6-120 Fohe] J3t
& A9 (Chloride Migration Coefficient) S AF=3}$) 3t 19662 A3E A
A e ARG S Gebd o)t
¥6-4. 23T E " TAA
2184 (1/m3) G A= (kg/m3)
w/C w C G S C G S
40 184 146.0 412.0 258.0 460.0 1092.0 670.7
50 175 111.1 412.0 301.9 350.0 1092.0 784.9
60 179 94.7 412.0 314.3 298.3 1092.0 817.2
®100mm 03N NaoH
—> (¥) Polentia
/\ Rubber sleeve M TG)IZID
U Specimen
A
=7 \_/ 10% MaC
50mm :1:5 Plastic suppert
a396-4. E3tE 4 AEA I¥6-5. 43lE 3 AIANE A ®
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(2) A@A Zehol 2

3 FA=H AT AN

&) Arbe &5

a9 6-6. d3E FAAE #A
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804 | I OFC

1 | M SO
704 | I s10
60_' B S20
[ ]S30

average value
of the penetration depths (mm)

WIC=40% WIC=50% WIC=60%
types of W/C
2¥ 6-7. AAE B 93] FHE G0l AT

e BRol weh Aol FFEYlE AW AWE 19689 LhEhlT. OPCel vl
2 ARAL AAom W/C=40%9 7% 3.62~8.53mm?<35ﬂ Mg om W/C=50%2
8.49710.87mm, W/C=60%2] 7% 1067150mme] W2 ZAH A, o9 ZFHA7= o}
o 26-12% o] &3}l

RuA )

100 4

—a— OPC
—e— S0
—— 510
—v— S20
—— S30

non-steady-state migration coefficient

W/C=40% | WIC=50% | W/C=60%
types of W/C
I3 6-8. OPC 2 AMAHEE 0|83 ZATYESY Lol FAAS

Sg6-89 OPC 2 AMAWMES ol eke] AAe Zae=e] diole FHFHAFE ey
th gaole AFLoldN WP olele] Aol Fstel A st
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zFE t (2] 6-12)

RTL 1, 2cy, _U-2
AN a=2 S erf =S8, E=—

D v Y AsE FAHAT (m2/sec)
z o] ARt (Aol A =1)
F Hedlo] 44 (96,481.04 J/Vmol)
U 4&% EE9 Ad 3t (V)
R : 71 A A (8.314 J/Kmol)
T AT £9 45 899 34 2% K
L A FA (m)

X g f&olee AFZol (m)
t P A EHAIZE

erf :error function

1 A3 W/C=40%°] -5 229776473 (x10-12 m2/sec)®] #eo] == Ao W/C=50%2 7
- 643878536 (+10-12 m2/sec), W/C=60%°] 7d-F- 8296712.237(x10-12 m2/sec)®] Fko] b=
HAuok AEAMES] A5 vha 32 FikE ) AR VIE e SUtE il A
F7F A Eold Aom usith HAvHENA FEAe FrFol B2 S309 B5F HE
SHAA7E o A EdECl vkl vtolx = AFS UEAT. =AWMEN S &
Eorjgdow #ishs Aow Ayt =EH AT

o

[e3

- 112 -



(%] 6-13)

He @)l

6.5 THAE A3

X0 o

= o

T [y

T

ey

o< _

< T

EINR

m oy M

o T o)

Mg

il o Nd

N ‘%U ‘ﬁbl o

2 R

= o~ o} o
o —

S ° By

B 5 A ey

¥ S B

— [N =

M_UE ka ol o) ﬁo i

oy = o M ~ O

#UOE o <o
T W om o

= =N o W

o] iy uh Njo T = oy

- N R N

B g X o 2]
)A

W= % w0 = T
BoRom oo

Mo T MR M

z
s U ~ G
© s o= o B
= i
W B
T AT

(kg/m3)
4.44

- 113 -

H6-5. 8L HHY AAxA

GO ZHE Om £1#9
(mg/dm2/day)

10




Chloride ion concentration (kg/m3) Chloride ion concentration (kg/m3)

Chloride ion concentration (kg/m3)

—— 1(year)
—@— 5(year)
—A— 10(year)
—¥— 20(year)
—4— 30(vear)

10 20 30 40 50 60
Depth from the concrete sruface(mm)

W/C=40%

—— 1(year)
—@— 5(year)
—A— 10(year)
—¥— 20(year)
—— 30(vear)

10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=50%
—l— 1(year)
—@— 5(year)
—A— 10(year)
—¥— 20(year)

—&— 30(year)

0 20 30 4 50 60
Depth from the concrete sruface(mm)
W/C=60%

I3 6-9. OPCZIHESY HLbol2 JAF BAAHS

- 114 -



5 —— 1(year)
—@— 5(year)
—A— 10(year)
—w— 20(year)
— @ 30(vear)

Chloride ion concentration (kg/m3)

0 . . — .
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=40%
54 —l— 1(year)
— —@— 5(year)
B —A— 10(year)
o) i —w— 20(year
4 (vear)
< & 30(year)
5
Y 4
£ 3
3
8
g 7
()]
S
5§ 1
=
O
0 T T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=50%
54 —— 1(year)
= —@— 5(year)
£ —A— 10(year)
2 4 -y 20(year)
b=y —&_ 30(vear)
§e)
s
2 3
8
8
c 21
Ke)
()]
-
o
<
O
0 T T T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=60%

39 6-10. SO ARAIME ZAZES Fiol2 JAF FAIHS

- 1156 -



54 —— 1(year)
— —@— 5(year)
B —A— 10(year)
D 44 —w— 20(year)
< & 30(year)
5
B
< 31 vavv
g TYVIetoes,,
8 ol Vv
5 2 vav
()
S
5 1
=
O
0 T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=40%
54 —l— 1(year)
— —@— 5(year)
B —A— 10(year)
E’ 44 —¥— 20(year)
= — @ 30(vear)
5
o i
£ 3
3
8
§ 7
()
S
5 1
=
O
0 T T T T T T T v
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=50%
1 —m— 1(year)
s —@— 5(year)
£ —A— 10(year)
E’ 4 —w— 20(year)
=y — 9 30(year)
.0
s
£ 37
3
8
c 2+
Ke)
(0]
RS
5 1
<
(&)
0 T T T T T T T 5
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=60%

a9 6-11. S10 ARYAHE ZHAYES daol2 JAF BAHS}

- 116 -



54 —— 1(year)

— —@— 5(year)
B —A— 10(year)
D 4 —w— 20(year)
< & 30(year)
5
o i
E 3
8
8
c 2+
Re)
[0
S
5§ 1
=
O
0 T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=40%
54 —l— 1(year)
— —@— 5(year)
B —A— 10(year)
E’ 44 —¥— 20(year)
< & 30(year)
5
o i
£ 3
3
8
§ 7
[0
S
5§ 1
=
O
0 T T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=50%
5+ —m— 1(year)
s —@— 5(year)
£ —A— 10(year)
E’ 4 —¥— 20(year)
=y — 9 30(year)
.0
s
£ 37
3
8
c 2+
Ke)
o)
RS
5 1
<
(&)
O T T T T T T T T T T — 1T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=60%

a9 6-12. S20 ARAHE ZAYES diol2 JAF BAHS}

- 117 -



54 —— 1(year)

— —@— 5(year)
B —A— 10(year)
D 4 —w— 20(year)
< & 30(year)
5
o i
E 3
8
8
c 2+
Re)
[0
S
5§ 1
=
O
0 T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=40%
54 —l— 1(year)
— —@— 5(year)
B —A— 10(year)
E’ 44 —¥— 20(year)
< & 30(year)
5
o i
£ 3
3
8
§ 7
[0
S
5§ 1
=
O
0 T T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=50%
5+ —m— 1(year)
s —@— 5(year)
£ —A— 10(year)
E’ 4 —¥— 20(year)
=y — 9 30(year)
.0
s
£ 37
3
8
c 2+
Ke)
o)
RS
5 1
<
(&)
O T T T T T T T T T T T T
0 10 20 30 40 50 60
Depth from the concrete sruface(mm)
W/C=60%

19 6-13. S30 ARYAHE ZAYES diol2 JAF BAIHS

- 118 -



time to corrosion (year)
w
|

OPC SO S10 S20 S30
types of cement
a9 6-14. I EF7 3cm, W/C=50%9 Zzo|A HZ $HA7] v

sh2 vebd agoelth. AAEe Elel uehd wsh po] 2o mwe daE oL

2471e] AMEES o] &3le] wHE ZAYEA ¥ EEA 3cme
b o) Al X o] =2H(2.2kg/m3)3F= A 7HS
o] )

A Wrde vehigen AaAuEs)

2o
ﬁ
=2
R
&
ol
!
L
N
oy
2
©

o~
|
=
K
2
ko
o
o
=

o 4

- 119 -



7. OPC % ABAHNE=Z A &d ZAYHEY 3 @43t A

71 M8

2REE AP 2age W7y Brke) st olalateiae] sl o @ Say B
Hhgoll O3] FAYE A ngAgde] AAFEE Hrtske Wolt AW o ® giv]F
M FUTFAE 2eHE AR FARAE, F o NAEAE FES (:02%E HA A4
sto] TA|Zbe]l WS HUbste WHe FE EEstal o Ay FIUAIAFE ] V]
Hweek)e] FWto = vy ALLS ebst AT E AtEste] vlusteE A S Bk 2 Aol
A OPC 2 AAAAMERZ Aze 529 £ gikst AlES &3 gatst zlo] S48 g4t

SRA5E BAdglon SRS ool A2 ZaeE FxEe £US vway

72 27 was A9
® A=

WA Ald A= OPC 2 AMAAHEE o] &3to] A&t o™ W/C = 40%, 50%, 60% = 33
O AAAHE S AWME vj32 9 Aol g weEk SO, S10, S20, S30S AF-gske] A
B2As AFHE AYAINEE AFESA T
¥7-1. 238 E o FgAaA
%984 (1/m3) G A F (kg/m3)
w/C w C G S C G S
40 184 146.0 412.0 258.0 460.0 1092.0 670.7
50 175 111.1 412.0 301.9 350.0 1092.0 784.9
60 179 94.7 412.0 314.3 298.3 1092.0 817.2

@ AgA A=
40+40%160 mm aﬂsﬂ Al A 371 o] &

i) Eigs! e

A @A e 5 290l Ag AlHelA gEstl o FF YA (20c+2>c01w 45-7F A A 3
T AdFE (60£5)%, =% (20T+2)Te d2dFAoA 8FF AA AT ARKI??? o £
kst A @GR E HERH AT o] Abst A TE HEkA] et E oA FAE o] &5t vH A
He Tttt

EAksl £3 21S 25 (20C+2)C, UlFE (6015)%, olitsters (5+0.2)%= sttt =4
Al7I= 1, 4, 8, 13FE st on ghits)t Zlo] SA4d e dlezddl 1%8HS FFate] A A
o2 Wek PR e ZolE yHoRKFE St Hargkel skl 05mm @2 &
s} St

- 120 -



- 121 -



o

Nk
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— W/C=50% A 5.95122 0.24607 _—
e WIC=60% A 7.34385 027466
S A .
N— — _— .
c 204 _— _—
§ e
o A - =
u e | |
s 15 //// L
= e _— _—
g | - _—
- _—
_8 10 s
= / e
3 . - = W/C=40%
5 , o W/C=50%
/8 A W/C=60%
0 A T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
time (week)

(e) S30 ABAHE o] & AHIE &2 ©rtsl zlo]

=

29™7-2. OPC 3 ABANHEES o] &

ol

104 | WIC=40%
o] | WIC=50%
B \V/C=60%

carbonation speed coefficient (mm/week')

OPC S0 S10 S20 S30
types of specimen
I97-3. OPC 2 AAAHNEE o] &3 AHNE 9 &its)

- 123 -

AWE 9ol garst Bol B AALA A

4
i

b



EK

7.4 B354 &2

AT
o} 7]

-
s

=
1_

i

kel
gl

Al Az T3
3t Ad=dc-s-n7p et

|

O T3 &

Al

oA pH7} A3

3}
=

3}

T

(2 7-1)
(A 7-2)

3 Z=7

ols

12

3l o

o] &

=
24 PEs el Atk

[e]
R
by

b7] 4

°©

Al
2
Fad A

5

=]

tol whel w9 E 7] A an

[<]

e A 7-13F A 7-22A4 vEbd $ 9lth

B3] 9te] pHE| A

7 2 7
€0, +3Ca0-28i0,-3H,0 —3CaC0, +28i0, +3H,0

€0, +Ca(OH), - CaCO, + H,0

5
it

_?L

3

71E

z:gl,

o

<7 3t

il
|

o] A7t olAAY E= 480

=

o5

1

R

4

[

of i

=73

Mo

M
ol

il

)

Ag oA alEE7bA

-

T

2] 2= A

a

Ry

ke

e of A,

hya
fn 5N

| ww ofgel 2t

I+ w2 7FA o]
[

I

2d4)

wde 9E Yo
i

o %

A}

@ Vil 7%

]

o

)

M

(2 7-3)

A AEt melE A9 o] obdsh ol

- A gl 22e

C=Mt

o

o)
oo
f

(4 7-4)
(4 7-5)

A~s\/;

C=ANt-R)

C

oiel

Nfo
A

R

o

(2 7-6)

- 124 -

e A "

[e)

F=

gol AW AR, vl A} B A

ANt+R* -R)

C=



=
T

ze) A

Q

g oA &

q

A
[e]

==
=

7:”'{!:(1'1'11'1’1 day 71/2)’ .

Fday —1/2)

[}

kel

A3} A

==
=

t: A2 (day), R:

gy -
o= ]
_woo‘lbr ,m_w = KO
® B oE b B R g 9
~ ]1.! _ <L —~
o ok TE X TN 5 & oo o
° ﬂ_H,_Qv T P © m T o ~ Mw _,ﬁ ‘Q
o b g oo # FER wIT L g
0 ! .
o T S = oA ™ AR W & Do N N wr
— 3 Bo — o O ()
O T Mo D ﬂi]ﬂﬂ o T H._doﬂ_u W%MM Ho =
o ° T — TOEe —
%,1 T W of do B wﬁ_g% “ B X ° % g °
of W 4 oo % T 5 e o ol
T B W Mo = T o o do oy B o o go g
EaA SRS = T =3 nal: et > oo
) £ 2 wE o ® CANTIE S 5 s 2
i < T = o B o ~ ~N T ou o
o .= —_— K o To o - i\ ~
wm ﬁloaﬂ XH.M& o Mo g e%ooi ﬂlmm_ éu%
® E_5 xRN eE L BLE < ¢ o
2 o o % o o A 2 do mo ' X A o
T i u B R 22w IS il
I — 0 N > A
= of & oW R R R Frd B 4 OE
oy oF T o =T o M T Gl = N cURES)
& o go T = SR T =~ w | ® W — .
A 1|o_ux » X > - N _n_onnHuNJ o [ 1 O
MH 7 ,Wm N >~ o :.L oo X o Mo M. = o oo ™ )
o iy _ © = Lt = - = M "
o LT S v s o 5 do
% 7 W N E%_ﬂmﬂo oo * SN Mmﬁ o T
(- o o o T w T 5 gw P T TG T
oT,_ﬂM )orodﬂ wﬂﬂuﬂ] \N/MLﬂwmﬂ AMMM\JI ) mﬂﬂﬁ
TR gRTX N i ST FE u T
ww Po®T g X F w2 s o 3 o= W N
. i) 1r.._ HE L.E U..* \‘M_OH —_— X 1:_AI Be TH %) N
o o% n o = 70 Mr oy H7r T o w i 3 do M No
iy Lo o ua%%&i IR ! = = 9 = m <
.vOL »A]_ —_ ~ S ;OL o T N = N ﬂ_/A_” T
o o - oy o W i Njo gy
G do W R . = P 7 B o T Sy ﬁosn%&j_ e ENCE
wﬁ%% o om BT iaﬂmo_@m U R SO w BT
—~ —_— laax
) R @ﬂ%_ﬁw 4 A o o4 ® o )
W T R = © pI = o oo s X Ty B rali~e JJo ' o o ..% e ) o ®
- ﬂi]Ez =) Sl W N .iuoan1a% B
o © X 3 = — X7 m M Mﬂilﬂr <0 L T Qp ™
o) o~ ral i~ o R ol X e R o o o
mo N ~ o - oo T 4 T T | Z, B =
N CRRC S o oo BT ® 2 = TE
o) Gy _ o= =) No o o do < = o A o My do O
e we_%7% LT EE Mmﬂ%z;ﬂowﬁﬂdms 5 Ho =
A oy JJ N o T g oy & i~ g =
2% ¥hcoo N TTE Uy g PET B
o H T wonoN ol %wu_aﬂa«ﬂr Ho Hoeﬂﬁmﬁbtdufr
C oM B R SRRl ﬂmo%mﬁmﬂ% 2z BXF
EIIIE TIrifiiaiii Til
~ ~ f 3 p
ER B3 AR
—_ H

- 125 -

]—}\}\‘;}_ AL o
. -LE 1 2F3}ER 2 9]
C_S HJ,]-O H]_Oj =]
1__0“],]- =

S

g

<
T

A=R=1E=8

E, Leed)t Isida



A7}

}

o
pal

0]

}

°
pal

(HiTL)

<
=

A
.
Al
L

4

L A (FEM) 3

}

k)
pil

2 9% #

re

S

qr

22

3 3}=

=
K3

F A tH3)14).

°

R

|

a4 2

S

A 2

ol

el

15 A= S A= ]

°

Al
a

3

5

3t

o o TN (C-S-H9 o

==
jLS

=
N

=7

o W7

3lek &

/I\l,

A
ax

3l

2k o
= &2

Ho

~
fite)

ol

it
(@)

—

<

(A 7-7)
(2 7-8)

25.0
5.3
30.3

0.49
0.21
- 126 -

Eo FEZAAN FAsTEo BHYFD

Aol

ol
25

. [{Ca% }[CWJ

2
a CCa(OH)

X7-2.

0*Cg,

o’
DCa(OH)z

S
HA
- DCO

C,S

3l
ot
o

aCCa(OH)_,

0Ce,




(21 7-9)

shek

2R Az, Dol

(Ao

aCCuCQ
ot

|

N

N o

N

(2 7-10)

CCa(OH)rIni!

CCa(OH)Z

0

Cco2

x>0:

|

A9},
(4 7-11)

R |

i 21(11)7) 0 =

o

o of 30%°] Fatshdao]l AFH. webd 2

9 A EFOS} F3lEaol 9

74

HE F3&a7F 100% 45, Al
03-0-a

)

N
To

(2 7-12)
(2 7-13)

Cep, =0

& Ccorc)uz

Cco2

CCa(OH): ~Init

’

=0

x=0: CCa(OH): -
X—> 00! CCu(OH)z

t>0

22!

N

&°] 20%9

B

A

= 1%7F =1,

0.05%0°l

J
ek B

F

A
pul

2 YehE 04e-6(mol/cm3)e] Bt =99 o]

0.004464e-6(mol/cm3)©] ¥t}

1

-

_Z»:l

Ar

wA
o

Mo

2H7] 7]

[e)

R

- 127 -

Tz27F Welr] wlFolt). Papadakis et al.15)¥ Wittmann et al.19)



1(21(14))el 7]

+=Papadakis et al.2] A<k

shAth 2 Al A

)A
o

CEES

3

+i

S

(2 7-14)

164x10°05" (1—1’3%)0)2'2

=

D

(m2/s), ¢:

PN
T

A

j;glw\

o] 7]14, Dol atgleti ol

T8 (%)

Deyon, (cm2/s) ¥ AT E Q)

ZAYE ol

il ehel 2o

7FH vk 3l Hukujimal6)2] <1tof 2]3

=
=

)

Saekil7)e] </d3td A ¢

A9} 7|FEZE |

ol
o

il

el
Nfo
&+

B
fite)

B

—_
o

Hel= A7-150 <+ A3BH

249)

3}

ccliny
A= B

(2] 7-15)

Deyiony, =exp(0.07675280-25.1797)

4

~H

o)

i
Ho

Aol A Al Watel] uwh

s

gtzdgor e}

1TH(A7-16). 2= EAFe] Alrtel whet

=057 9

L o
=

Mo

2}

o

o) AbB}EF A7} C-S-HFE WS-

2 A7Hol A Av3). webd dAAwA

=

50% 9]

ok
<3

A2kl

1
o

0|

Ho

B

1

-
T

Ho

o
o)

hin

bl

S

3 (A7-17)

+A]

NI

(2 7-16)

€ =0-¢

4
NH
o)
o
nr
Mo

3

X

(2 7-17)

0.92-3.95-0.94"

a=

A, ez A EN] (%)

- 128 -



Total Porosity Reduction Coefficient

1.0
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A
0.64 m  Analysis by Lee
A Experimental Data by Page
4 Experimental Data by Wittmann
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