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ABSTRACT

Key Words Sustainable Concrete, Environment, Life Cycle Assement

1. Background

Concrete is one of the widely-used constructiortenis in the world. It has been
reported that the consumption of concrete has besrhed 25 billion tons per year and is still
increasing nowadays. Therefore, the use of conchtaild be restricted or the concrete
producing technique should be improved in ordehdawe a sustainable society. Sustainable
concrete is associated with the life cycle of audtire. Advanced concrete producing
techniques would help to build a sustainable bagdiTherefore, future concrete production
should meet the durability and energy-saving resmént. Although the terms of green
structur® , > sustainabilit , and > sustainable developmént are not well defined
nowadays, people generally agree that a sustaidalbldopment should not deprive the ability
of the future generation to acquire their needd,smthe sustainable development should cover
issues on environment, society, and economy. Th&isiable concrete defined in this study is

expected to be used for sustainable structurebamrdaluated by the life cycle cost.

2. Research Content

Sustainable concrete can be classified as: lowecarconcrete (produced by new
producing technique), thermally insulated concvetlé reduced thermal conductivity and good
energy storage, durable concrete, and perviouse@n&Since concrete is easy-made, low-cost,
durable, stiff, and thermally insulated, it is adatp to be the main component of a sustainable
structure. This study plans to explore the mix glesaand indices of the sustainable concrete

through a series of modeling and experiments.
Obtained results are summarized as follows:
1. Indices of sustainable concrete are collected fdomestic and foreign literature.

2. The term ‘sustainable concrete’ is defined andelstionship with ‘sustainable structure’ is

established using life cycle cost.

3. The materials parameters, indices, ways of applsusgainable concrete in Taiwan are

XV



defined.

4. Strategies of sustainable developments proposethdyovernment are realized by the

sustainable concrete.

5. The quality of infrastructure construction is imped and the government efficiency is

increased.
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HsPO,A h 169 F ¥R 5-7M ER 5-3M L

5-1H 10 %4

U TR

5-6 M

o £066h 2 (g) UW(%) sce 6h{ %W©®%) EA{ %W(%)
1" 0 0 0 100
314" 14 0.14% 0.14% 100
1/2” 1275 12.75% 12.89% 99.87
3/8" 1640 16.4% 29.29% 99.71
#4 6210 62.1% 91.39% 99.09
b 825 8.25% 100% 0

(./01

34

22334



5 6 78)9;;

5-21 10 %4
0 £ 66h ? (g) oh{ 3%W(@) »>ce oh{ 3W(%) EA{ %W(%)
3/8+ 0 0 0 100
No.4 0 0 0 100
No.8 0.5 0.25 0.25 99.75
No.16 20.9 10.45 10.7 89.3
No.30 67.1 33.55 44.25 55.75
No.50 61.7 30.85 75.1 24.9
No0.100 29.3 14.65 89.75 10.25
b [ 20.5 10.25 100 0
total 200 100 F.M 3.2
(./01 22384
5-3 (f01 F %
a$ (%) AE 1¢ AYi pRa Uuu suU Uuu
DEF S (SiO) 21.04 33.42 57.2 92.63 92
EF 1 (AlLO,) 5.46 13.35 20.8 - 0.41
EF J (Fe0s) 2.98 0.21 8.1 - 0.6
EF E (CaO) 63.56 41.16 2.4 - 1.2
EF 7 (MgO) 2.52 7.76 2.2 - 0.5
2 EF f (SO - - - - -
CA 8% - 0.61 - - -
¢ EF 1 (S0)% CA 8% 2.01 - - - -
0@?(LO.D 1.38 0.30 2.1 2.95 -
F OA 0.78 - - - -
(NaOu 0.65K;0)
EF &£ (NaO) 0.32 - - - -
EF Y (Ky0) 0.7 - 0.8 - -
0% EF E (Free CaO) 0.76 - - - -
SD 2 E (GC3S) 49.08 - - - -
SD DE (GCS) 23.3 - - - -
ID 2 E (GS) 9.43 - - - -
IJD&E (C4AF) 9.07 - - - -

(./01

22334

35



5-4 0f1hOti

o$ AE I¢ PR uu suU ouu
h 3.15 2.89 2.27 2.2
i, O] ) (MP/kg) 362 412 376 -
3y *A? (%) 25.8 - - -
el (%) 87.3 - - -
If |k - - - -
! (min.) 195 - - -
o ! (min.) 290 - - -
3 3602 - - -
é: (psi) 7 5092 - - -
28 6418 - - -
AE T] 2@® )% 3.23 - - -
i, (NO.325p6  6h ?) (%) - 2.2 14 96.16
(./01 22384 )

5-5 NaOHF %

F 2
Chloride(Cl) Max. 0.005 %
Sulfate(SQ) Max. 0.003 %
Silicate(SiQ) Max. 0.01 %

Phosphate(P£) Max. 0.001%
Heavy metal (as.Pb) Max. 0.001%
Iron(Fe) Max. 0.0007%
Aluminum(Al) Max. 0.003%
Calcium (Ca) Max. 0.001%
Magnesium(Mg) Max. 0.0005%
Potassium(K) Max. 0.1%
Total Nitrogen(N) Max. 0.001%
Arsenic(As) Max. 0.0002%
Sodium Carbonate(N@0s) Max.2.0
Assay (NaOH) Max. 95.0

(.01 FEGHI )

36



5 6 78)9;;

5-6 NaSiOsF _%
Fo_ ?
Assay(NaO) 14.8%
Silicic acid(SiQ) 29.2%
H20 56.8%
(./101 FEEHI )
5-7 HPOLF  _%
F_ ?
Chloride(Cl) Max. 0.001 %

Nitrate (NQ)
Sulfate (SQ)

Alkali and other phosphates (sulfate)
Substances Reducing KMpO
Heavy Metals (as Pb)

Iron (Fe)
Arsenic (As)
Specific Gravity
Assay

To pass test
Max. 0.006 %
To pass test
To pass test
Max. 0.001%
Max. 0.005%
Max. 0.0003%

1.700-1.710
Max. 85.0%

(.01 FFEIHI )

5-1AYpRa S

(./01 22384 ) (/01

R 0

5-2a 1 UU

22384 )

37
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e
b )
o T " //
; 'Ry . pe
N » -~ \
- - ! s \L
5-3 NaOH 5-4 NaSiO;
(./01 22384 ) (/01 22384 )
(01 22384 )
5-1-1-2 Z
€1 o
o ASTM C392Z U¢ % N M7 14 28
" apA:  +<© ° U D %] !" C o« (N> 1.4~3.5
kgffem?. SWK@ DUV I : ] & O2uY m> L
& o (kgflcn?)= % (5-1)
PA+3  h " (kgf)
AA | >« Oce (cnm)
5-1-1-3
Yo E I (K@ ).Ad m 0.5+ x@a 1UU A Y



5 6 78)9;;

i PRaA DENAZ h? 10% 30% 50%Z | £ AE*? L Yy

* 0h7PR I"XY N ap (075 2Vud 6 °pe 0 .W¥ h

7A Yi pRa . Ou¥tD[ - =% AE Yo R 5-8M L
AopCc —E I E

F a1l1UUE
S AYi pbRa E

a + 2?2 L

5-8 Aw I (kg/m?)
Al A AE a1uu Avpra H 1 1 1 NaSiO;s NaOH HsPO,
OPC 220 440 - - 934 649 - - -
F1 220 396 44 - 926 644 - - -
F3 220 308 132 - 910 632 . - -
F5 0.5 220 220 220 - 893 621 . - -
s1 220 220 - 44 934 648 - - -
S3 220 308 - 132 928 645 . - -
S5 220 220 - 220 925 643 - - -
AAS 116 - - 440 915 640 649 20.43 2.8
(./01 22384 )
5-1-1-4 f fb
Aw I"é , f
5-9 mAw !I" é: . f p 5-6a]r I efN
| <« ( 1.z 8 17+Ci —. RFL
5-9 Aw " é: o f (MPa)
Qe OPC s1 S3 S5 F1 F3 F5 AAS
7 36.85 3506 31.86 18.22 3465 2475 16.22  49.91
14 40.78  40.12 3523 20.61  39.45 32.4 17.09  54.17
28 44.3 4159 3951 2477  40.86 36 18.17  65.32
(./01 22384 )

39



40

80

| HEOoPC
704 EEESL

Compressive strength (MPa)

5-6 Aw "¢ 3
(./01 22384 )
(1a1" 2§
Y j 3AE. yf 10%% 150! <A Yi PRa 1 C % 1300! < a

10U 1° C%600! < 61 1 1m%1050' < 6 H 1 1m’% 1100' <« NaOH
25 kg%o 3000! < NaSiO; 1" C %o 7000! < HsPQO, 1 kg% 3250! L° onr

Ao 05— E I (OPCP " Zx f % NT 1973! Lp 5-71" ailuu >
+ AE h? 10 %%eev e 56 % <A Yi PR + AE h?  10%%ae

ve 3.8% wg A YPRA =+ AE | x f QX=+i% 2A. f¢ LOA

5-10eN7 Zde. #0&# U¥F gAYipPRYy =+ AE | } eO
Aud |7 A. Oo ¥t &i~e3?. w $% oy foi a.
§t!"x f LF A 56!"01. x@UO©  en?tZef 1]

i #32 ] 1x n?.0 nL



5 6 78)9;;

5-10Aw !I" _ 0102 fe  (NT$)
A AE£ ai1uu AyvyipRa H 1 i 1 NaSiO; NaOH H:PO, ~
OPC 2 1320 - - 392 260 - - - 1973
F1 2 1188 26 - 389 258 - - - 1863
F3 2 924 79 - 382 253 - - - 1640
F5 2 660 132 - 375 248 - - - 1417
S1 2 1188 - 57 392 259 - - - 1898
S3 2 924 - 172 390 258 - - - 1745
S5 2 660 - 286 389 257 - - - 1593
AAS 1 - - 572 384 256 454 2452 283 4402
(./01 22384 )
4000
3000
g
‘Q 2000 —
(@]
1000 4
0- OPC F1 F3 F5 S1 S3 S5 AAS
5-7 Aw I o fo, (NT$)
(./01 22384 )
bcd ef)*+
y)=" r FZe #3 3JK W j ] 3 _s7 J3 zyS
| BFe[< ZE r <E < roo< i %] ..z ,
O n* <z 32 6 -) i¥d , MO € a ~13?) 0
- T ]*« N L®yYm! UV > J:0e W 'LN. T2w=L"
2 # & S 3 | OB6* [ - @& r«<l 063 \ Ze
wg! F[Lo©og sM e |, 7~ 08§ L$%=".fgh3 ] 0)
I"gxh a [a!".EEISIE [ (TE \ Ze1 bfHp [ )U¢

41
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TE K } F “u[vw TOO - e
1.EEIfIE [1' = ql L
Tommy o 5678 !"XY b :

Aggregate Concrete, LWAE) " i’ 0
A aA 1" EEI i [*€UWT e~
"¢ B<¢S " "0l daF t

H

S ;

11X

Lon

g |

-ve I"

B A s

ISD

%n.ae n¢t) ]i 0] -8 A HA]MBIL

5-2-1 ql 3
5-2-1-1 01
i H 1AN*A :  AE|SD°Ax
h m 1.46+3 0 % 2 cm
I H 1Am ! " « °A u$ 00O +3

ER 59M L
z A Aeé % 5-1-1-1L

OH 1Aé& % 5-1-1-1L
o i 1Aé 9% 5-1-1-1L
AEAe 9% 5-1-1-1L

UU Aé 9% 5-1-1-1L
AYi pPRaAa Aé %5-1-1-1L

(/01 2233 4

ER

(/01

0fA +©M i 2Ui

5-8M

0 % 3~4cm h m24

fiude

1 (Lightweight

/ h

)



5 6 78)9;;

5-2-1-2 Z
EEI
de n e CNS 7332 E012IE Uce °'Ut LEEI#
J """ <Meee gE?2I hda ' -.[,1E(] xr.b k 2EEI

% )" Zr 2* O+ xZr 2, %aeOA 51 a D -x) kee]

5-2 )  k# mO12EEI L
DT
¥- A— 5-2
dy Dx (5-2)
B DT
qy =- kAa (5-3)

oAEEI? (W)
A <[, 1(T
AA * Ooe (M?)
. xA) " Zr 2* Qe (A)+ XxZr 2, %(m)

K)  (W/mK)
5-2-1-3
Y, :de xg I H 1f ' H 1 [/ =+ — E I" H 1
-] &N*a1uUU A YipRa %A + AE h?2 304 m!" L7
ql .$. o ]Ybj 014] I"EEI 28" Yal3 5-11M
L
5-11EEi TE I (kg/m?)
Al AE UU
OPC 440 - - 649 934 - -
L 440 - - 649 - 537 -
LS 308 - 132 647 - 535 -
LF 0.5 308 132 - 638 - 528 -
C 440 - - 649 - - 879
CS 308 - 132 647 - - 875
CF 308 132 - 638 - - 863

(.01 22384 )



A OPC —E I E
F a1l1UUE

S AYi pbRa E

52-1-4 f fb

i aar h .8
3° N| I hal o i O A3 ¢ W+ Y%#3o }~ |/
[ . a®0A 5-12&eN7 Z [ H 1f ' H 1l&eN /[ =+ o H
1 i a&v e—E I" h 2:N i H 1+m o &NaA%o
20%  h L
5-12 18 @4 eeh
OPC C CS CF L LS LF

(kg/n?) 2023 1968 1962 1941 1626 1622 1606

(./01 22384 )
EEI TE!"é © e f
5-13 5-10mEEl TE!I" e o . f L
5-13EEITE I"é 3 f  (MPa)
N OPC C CS CF L LS LF
7 36.85 21.96 17.88 15.64 32.11 31.86 26.58
14 40.78 24.33 27.39 20.92 37.62 35.86 29.68
28 44.3 28.32 30.9 23.85 45.34 44.19 39.97
(./01 22384 )
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) w IN
o o )
1 1 1

Compressive strength (MPa)
=

7 14 28
5-10EEI TE!"é 3
(./01 22384 )
Il H 1< 1 H 1amé .8
5-11. g! H 1/ =% I 6H 1] Ne 28 &
., a— E I"aA Oe 36%¢é : e L &+ Y% 5-12¢ i
1/ ==+ 1" 6H 1 0@ " 7 f 14 | « %A4A% 13% 8
%.s, ] 28 | JHI © 2%0dna)é ce+ Y 4 # 01 3RF
L 5-11f 5-12:&eN7 Z g I" 81 30%AEh? HAYi PR
" 7 028 & : o3 TR 3 a8l 30%AZ£h? )a1l Uy ,

< 7 4A.JK L
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- ./.
© “7 _/
é 35
s 7
5 304
c | =
< -
,(,*:.) 25 o -
() 1 I""/ .’ 
> 204
g 7 /
O 154 u
o 4
§ 10—_ :::8'30
5 cs
: —m—CF
0 T T T T T T
0 7 14 21 28
5-11! H 11" €1 o
(./01 22384 )
—~ 404
&
=3
% 30
o
®
g 20
‘0
@ —=— OPC
s —e— L
g 104 ——|S
8 —v—LF
0 T T T T T T
0 7 14 21 28
5-12 I H 11" €1 o
(./01 22384 )
EEI TE !"EEI f
5-14 5-13mEElI TE!I" EEI f e —E
I H 11" A T H 1172 k .EEI 1A 3L
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5 6 78)9;;

5-14EEl TE I"EEI f  (W/mK)

N OPC C CSs CF L LS LF
7 2.12 1.2 1.15 1.12 0.957 0.944 0.911
14 2.14 1.24 1.17 1.16 0.981 0.954 0.934
28 2.23 1.27 1.21 1.2 1 0.987 0.989
(./01 22384 )

<
£
=
c
Q0
Q
=
8
O
o
7]
@
=
3
T
7 14 28
5-13EEl TE I"EEI
(./01 22384 )
Ne 1 <H 1 [/ h( 1la!"EEI 28"
5-14 ¢ " EE | eN « [|.HI=Ci o (H
Ze i @N7 Z/ h (1. 8 la!".EEI & #F§". L wo
da+ Y% H 1.T R a]!"EEI §7+3 L 2 .
EEI @0H 1%A( 6 H 1< ! H 1< I 1 )%m
3- 3L
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2.2 4
Q. 2.04
£ Ls] —*OPC
= 7] —e-cC
= 161 —4—CS
8 1,] voCF
g ] —<—L
o 1214 LS
8 10] —eLF
qqt) 0.8—-
w0 4
S o06-
t 0.4—-
8 4
T 0.2—-
0.0 ; ;
0 5 10
5-14 — N
(./01 22384 )
5-15m— %A I".EEI

"%  43%EEI

Heat Transfer Coefficient (W/m.k)

o7 7

[ H11!"aedA "%o

H

30

1 "aedA—
56%EEI

(./01 22384 )
5-2-2 q! D [®®
5-2-2-1 01

z* A Aeée % 5-1-1-1L

oPC
5-15 I"

C

EEI




5 6 78)9;;

AEAe % 5-1-1-1L

S A Em v, % R 5-16 M UV o m70~108 m h m

(./01

2.64.

22384 )

(1) S " (Diatomite)

S ". Em5ca h m 2.33R 5-17M LOA SEM
§6 &7 22 fg#: I a 7 0 %m 10~1&% m "0 %om
2~84 m i% 10~18& m B 5-18M L°p EDS & ] 2de

'O mSi OR 5-15M LOA XRD %% 4 &]* 2 F zh_%
m SiO; B 5-19M L

5-15S " U %4 (EDS)

1V { 3%  (wtX)
Si 48.65
Al 0.78
Na 1.17
@) 49.40
Total 100.00
(./01 KK7*LMM 2008)
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15.8kY X1.88K 18.8rm

5-17S " as 5-18S " E

(./01 KRA*LMM 2008) (/01 KR7*LMM 2008)

£

2 8104 (enstobalite low)

Ay

rf"\‘.)'f“\,

10 20 30 40 50 60 70 80

Angle{ 28 )
5-19S " ¥ ¥4
(./01 KK7*LMM 2008)
(2) " (Montmorillonite)
". Em 5ca h m26R 5-20M LOA SEM

§6 &7 22 fgm v, $ UV  03% m 20~364 mR
5-21M Lp EDS]* ade U m Sik O e ? Al ? MgR
5-16M LOA XRD %% 4 @] 2 Fzh_% m Si0, AlU4SiOU
H.,O0 R 5-22M L



5 6 78)9;;

5-16 "0 %4 (EDS)

U { % WtX)
Si 39.22

Al 8.24

Mg 0.69

O 51.85
Total 100.00

(./01 KK7* LMM 2008)

520 " a$ 521 " E

(./01 KK7*LMM 2008) (/01 KK7*LMM

% Si0;, (cristobalite low)
T /2 ALO; T 4S10; | H O (pyrophyllite)

\ T T T T T 1
10 20 30 40 50 60 70 80

Anale( 28 )
5-22 " Y Va4

(./01 KK7*LMM 2008)

2008)

51



(3) 9 7 B (Sepiolite)

97R Em5c 8€ h m 3.33R 5-23M LOA SEM
§6 &7 22 fgm V UV  03% m 10~204 mRB 5-24
M Lp EDSe&]* ade U mSik O e? MgyF ? AR
5-17 M LOA XRD _ %% 4 ]~ 2 F zh_% m
CaMgSiQ0,,(0OH)2¢ SiOx< MgSiOs< MgSizO10(OH)2 B M  5-25L

5-179 7 R U %4 (EDS)

U { % (wtX)
Si 24.45
Al 0.40
Ca 15.58
Mg 11.40
@) 48.17
Total 100.00
(./01 K K*LMM 2008)

5-239 7Ra S 5249 7R E

(.01 KRA*LMM 2008) (/01 KR7*LMM 2008)



5 6 78)9;;

g # CaMzsSi30:2(HO ); (Heulandite)
S50 (Quartz)

= MgSi0s (Enstatite)
oMgSia0 1 OH):2 (Tale-2M)

I T T
10 20 30 40 50 &0 70 80
Angle| 28 )

5-259 7 B _% %4
(./01 KK7*LMM 2008)
(4) B (Zeolite)

B Embc a 01 h m 2.16R 5-26 M LOA SEM

§ 6 &7 22 fgm v, $ UV $ 3% 4~ mR 27 M

Lp EDS]* ade !U m Sik O ? Mg< Nac Ca KR 5-18
M LOA XRD %% 4 @]* @ Fzh % m CaAlSi;O15 SiO; R

28M L
5-18 R !U %4 (EDS)

1V { % (wtX)
Si 36.71
Al 7.27
Mg 0.53
O 49.03
Na 1.35
Ca 3.18
K 1.94
Total 100.00

(./01 KR7*LMM 2008)
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5-26 Ra S
(./01 KK7*LMM 2008) (/01 KK7*LMM
#CaAl:8i+0: | 6H-0 (Heulandite)
® % 48100 (Quartz)

]
L

T T T T T T 1
10 20 30 40 50 B0 f0 80

Angle( 28 )

528 R _% %4

(./01 KK7*LMM 2008)
5-2-2-2

A& A0 mOSBAE f 1 m 1N I h2p(1(S
7R« "¢  R)Wmde R 2 81 !'mAEh? 15% TR
M L

ig.

Brm

2008)

" < 9
5-19



5 6 78)9;;

5-192 p I (kg/m®)
A Ak s " 97R " R 1
OPM 441.3 802.4 0 0 0 0 802.4
D 419.6 763 114.4 0 0 0 763
M 421.8 766.9 0 115 0 0 766.9
S 425.8 774.2 0 0 116.1 0 774.2
Z 418 760.1 0 0 0 114 760.1
(./01 KKA*LMM 2008)
AD S " E
M 9 7RE
s " E
Z RE
5-2-2-3 Z
S/Hp (Moisture-adsorption/desorption test)
O JISA1470-v 'U¢ % 200 mm x 200 mmx 30 mm & Hx
8 :U¢ P 8 % V>.9A 06 —. 9A :6a0 -
ap, TR 5-20M %R  5-29M L
(1)sp
N apm 33% O 2A % aAHx_ 2> , . 8 : 3p
Nt Ub© (H ap,k63p “~teo apm 939 3p Ub f
;L
(2H b

S UPMO o ap, 75%H plL
“to ap,m 334H pUbP Hp

ao ap, 93%s O3p
HpbUbP©® (v ap, k6Hp
fi; L



56

)* A ap, X)
MgCl,U 6H,0 33
K,COs 43
Mg(NO3),U 6H,0 53
KI 69
NaCl 75
KCl 85
KNO3 93
(/0 1 KEKTM*LMM 2008)

529§ (H)p %o

(./01 KK7* LMM 2008)
SEM Efg¥% 4
<é& ine = A
)* - HITACHI ~ > iC 2 S-4800¢ <? ine

Efg P 08+ H3 AWee”" 10sA $. o Aa&56!"f[TO.
O L% =-* 1z7Bin ;C Dh 7< 1 °p 1
OF° G6 N: Uo pHIJK Z &4 E@ L
[?% 2z IL U A

[?% Zz IL U Y Energy Dispersive Spectroscopy, EDS ]

N* M°: . SYN- OU8Lp] >3 x B.i| X1 H
?+ G_in -iv a I T : &) ]in iva Ici P!

:E@

H: 8 UE

SEM Y4 =

<3 Y

Qe %4



5 6 78)9;;
8« RAl : P!DCi ST > Up ST > &a012 U _ 1 &6°* op

0 % " | Aa56 !"t[TO

5-30 <?  ine = (S-4800)

(./01 22384 )
Efg% 42 SEME@ 1 y auc :

(1) U UxR D DVW %om 10x 10 x 3mn¥ L

(2) %2 D%x 80XY [ Z [\ 24 | Ut so A+ BL
38)% D Obg » T D =~ ?2aNdIlilL
(4) %ox &) Ine =DU¢ » T +BL

G)z7BIin < & D O -« 6EQ@DE L

X1bB %4 (XRD)

)* PANalytical MiC. X I1bB %4 U (¢ A X'Pert Pro,
MPD)P @ 8 M)*. ¢ Om dc ER 531M L XIbB %4 -*
Xl Bm D bB © XI If fxBp_2f p2g OB< o
peR - p, | . bB & hV 2e -, Lp Bragg's lawe”™ g
i =2dsire | Ci %t jk o+ F bBT Ci L -. Fzh VF
—. bB f Ci MNe-* ai T 7i . @%| | A D . Fzh
YL 3. i #6° op | * . %A| Aa&56 I"t[TO.

O L

57



5-31 XIbB %24 0

(./01 22384 )

XIbB %4 1 y a uec A

)V x+481t2 DaS%1g.

(2) ¥2 R %ox 100+5XY [ Z Ut So A+ B24 | N( L

(3) % RQ %] 56 D(Dce @] XRD¥%418: N bB p, 10°~80%
< & SW 3sec./0.039¢ L

(4) 2% 4 ©2 XIbB (intensity diagranf) | m & F

zh 91: 2Fzh ST ° (peak) aL

5224 f fb

2p I"é .
5-211 <2 p I"é e, 800R 5-32M &7 781 15%A
Ah? ) S " "aeHl 1".é D e, w81l 15%AZh? ). 9
7R R, &AI"é coe L
5-212 p I".é . o (MPa)

N OPM D M S z

N e
7 36.06 38.54 35.85 49.27 28.92
14 39.11 44.24 38.21 51.72 30.65
28 44.48 53.29 42.91 62.88 31.26
(./01 KK7*LMM 2008)
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Compressive strength (MPa)

5-322 p !I"— ! & oo
(./01 KK7*LMM 2008)
5-33¢ 2p I"f— E "3 R é& : o efN o  I=HI L
6041 —=— OPM /
—_ { —e—-D
© —A M P
% %07 —Vv—S v
= 1 <z /
S 40
c
9 B
.g 30 «—— ¢«
7))
8 204
5
€
8 10
0 T T T T
0 7 14 21 28
5-332 p I"— Ne 1! & : o
(./01 KK7*LMM 2008)
p 5341 81 15%A£h? ). "AS  "@¥%AHI I 41%

f 20%eé : s + 9T70R B, YAaA!".¢ D% 4% 309%



60 -

50

40

30

204

10+

Compressive strength (MPa)

OPM D M S z
5-342 p I Ne 28 ©.¢& : o
(./01 KK7*LMM 2008)
2p " 5 (HY i
5-22m2 p I". 3p f  a0eRr 5-35M Lf e g !
" 81 15%A&£h? )* 2po1 | I" 3p o - ap, ft
¥B #F n\. &N M. 97R Z. RBa ap, 33%~93%
aF o L
5-222 p I". 3p i
b ?(9) b W(%)
OPM 5.4 144 435 589 75 027 072 218 295 3.75
D 6.1 16.4  47.7 652 82.3 0.3 082 238 326 411
M 265 377 529 696 79.1 1.33 1.89 265 348  3.96
S 6.7 171 475 66.4 84.8 034 086 238 332 424

Z 26.2 35.4 46.6 65.9 80.8 1.31 1.77 2.33 3.29 4.04

RH(%) 33% 53% 69% 85% 93% 33% 53% 69% 85% 93%

(.01 KRA*LMM 2008)
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454
wl O
3.5- —A— M
< 1 —v—S
:’5;3.0- 47
é 2.5-
; 2.0—-
.§ 1.5_- /(
2 4
1.0 H
0.5—. -
0.0- T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
RH (%)
535 pWEp )f ap, (RH).
(./01 KKA*LMM 2008)
e Ya\ ap,m 69%0A 5-36a ] g " 81 15%AA
h? ).~ 2p 01l | OBea&HlI 9% 22% 9% 7%. $p L
3.0
2.5
2.0+
S
S 154
%" 104
z
0.5+
0.0-
OPM D M S z
5-362 p I" g Ao, 69% ! . pW
(./01 KK7*LMM 2008)
5-23m2 p !" Hp f a00R 5-35M @&N7 Zg !
: 81 15%A&£Eh 2 ).- 2po1 | I Hp. [ & — ap, tT¥

LT OFHLL aN M. 971 D. S "+ e L



5-232p I"  Hp f
b ? (9) b W(%)

OPM 75 4.7 72.6 69.7 60.7 3.75 3.73 3.63 3.48 3.03
D 82.3 82 79.6 76.6 67.1 4.11 4.1 3.98 3.83 3.35
M 79.1 78.8 75.6 73 63.5 3.96 3.94 3.78 3.65 3.18
S 84.8 83.9 81.1 77.3 67.2 4.24 4.19 4.06 3.86 3.36
z 80.8 79.79 76.39 73.49 62.59 4.04 3.99 3.82 3.673.13

RH(%) 93% 85% 69% 53% 33% 93% 85% 69% 53% 33%

(./01 KK7*LMM 2008)
4_0_- '//‘//}ii
. '/:/_/.~
. T
% 2.5—-
8 20-
S {1 -—=-oPMm
o 154 —e—D
S Y
1.0+ —v—s
A <« Z
0.5
0-0- T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
RH (%)
5-37 pW@Sp )f ap, (RH)
(./01 KK7*LMM 2008)
e Ya\ ap,m 33%O0A 5-38a& ] g ! 81 15%A
Ah? )Y 2po01 | OBaHlI 11% 5% 11% 3%. Hbp L
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40
354
304
S L
05
0 OPM D s z
5-382 p I" o Ao, 33% | b W
(./01 KK7*LMM 2008)
...t 7, mpe qO2A | ° t)* j MNO12 b T )
f 01.)*4 , L ACI Committee 2014 !" bt LeeR ALY
286 61 FW* < F F Chi "# «<L-2 AéFA+ .[«
671
"#3 ua < 9z 01 00a cer O&Ze =Ci
O« j & o 'F Cododnop ;< x"I ", .. T aA L
[ | Tz + ) .F ™35 . %ns O (Rapid Chloride
Permeability Test, RCPT) t (Ponding test} de#N [ [ u
A 6z ' % -E @| Tu 1" fg. l @+, Lp]
RCPTv  ASTM C1202v cew ~ |k 6 | = t O AASHTO
T259. Oe ~ 90 8 1 X %op @*N,1! & F % 48&Y y
[/ 8f })* RCPT OA | ql . .ot L
5-3-1 ¢!
5-3-1-1 01
Uuu Ama - [, €40! @0 | U0OUOU E( F-. ZcRF R
5-39M L M N* 00U D3 U-*.0C « #3330
* | deWmx { . @1 @O0 . UV[ ,% 450°C~650°CL OU
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U. h m198 F hOti T1] 5-3f  5-4L
z*A Aé % 5-1-1-1L

% 5-1-1-1L

D/

6H 1A

% 5-1-1-1L

D/

01 1A
AEAe 9% 5-1-1-1L
UU Aé % 5-1-1-1L

AYi pPRaAa Aé %5-1-1-1L

539- 0f [, UOUOU

(./101 22384 )
5-3-1-2
de x@ A0 035 0.65' 3%1AYs: |Ue Y / h(1x
@uu A Yi prRa <« UOUOU D O A+ AE h? 30%m ©n?UW
| : 8 lsg Yald 5-24M L
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5-24,... I ( kg/n?)
Al A AE UU AYi bRa ouu R |
C3 220 629 - - - 841 585 1.89
F3 0.35 220 440 189 - - 809 562 1.89
S3 ' 220 440 - 189 - 836 581 1.89
R3 220 440 - - 189 782 544 6.29
C6 220 338 - - - 983 683 -
F6 0.65 220 237 102 - - 964 670 -
S6 ' 220 237 - 102 - 978 680 -
R6 220 237 - - 102 952 661 1.69
(./01 22384 )
AcC —E I E
F UUE
S AYibRra E
R UOUU E
| A0 0.35(3Y 0.65(6)
5-3-1-3 Z
™S e %ns O (RCPT)
o ASTM C1202v ce2Z Ut aoA%wA Ne Oo0g
| + <©UN I Ul U] + & } % ~r VW (@{DOm1l0cm yr VW
(H)5cm2' DUC « %n ™5 O Ul / _©% DE %24 |
$f ) 3 A01Y Dae€s D%x T \: * ~1n] 1)]~1 2~
t 1mmHgd ] : DEG ~ T, 3 | L2© fs>ALg . AL PtTA(~DO
QO)Ex 1TV tPtA A DU fs~in sO6]E} 6]3
N L MATn ©fs~T\V)T]1Ux~AT\ D+x< Dx %A: 18+2 |
§f¥% Dt 1 ~:Ll& F©°" Hx 3%« FX: °© " Hx 0.3N2
« EF X: ayY Dfi "2k %Ao # & i % |
% B 5-40M L
| | 60V.oe 'E | : Ei©de]t” " 0 | .1 E" 200 B
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| R33% t 6 | © / B X Mé R>B | . T E>IN T d
& <M Al ?2A

Q = 90q|00 + 2 30 + 2 60+ + 2 300+ 2 330+| 362 (5-4)

Q : "E Al ? (coulombs)

l,: 1 I :©0 .1 E" (amperes)
l,: 11 :©" t% . I E" (amperes)

a a4 ~ou95cm 0O ASTM C1202v ~ }~ 3 "E Al 2?2 A

—n (99 ;
Qs_Qx (x) (55)

 AQy: &7 0m95cm2 "E Al ? (coulombs)

Q, : a4~ omxcm2 7 E Al ? (coulombs)
X : a” o (cm)
n
L 5 ]
0..nNaOF ¥ re
I I v
i
™ 3% NaC

5-40 RCPT %o
(/0 1 22384 )

5314 f fb

A e f
5-25m,,... 1"é e, f a00] 5-41 5-42%
Ae Al 0.65 0.35 &a.é¢ : e L
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5-25,... I"é D e, f (MPa)

Qe C6 S6 F6 R6 C3 S3 F3 R3
7 22.71 20.01 11.6 7.07 43.96 41.88 26.99 19.47
14 26.71 26.12 15.2 11.34 48.83 47.51 32.78 22.5
28 28.33 28.52 18.85 15.15 51.68 51.69 41.99 27.75
(./01 22384 )

)

o

=3
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&

o

=

o

€

@]

@)

541 - N+ 16 : e« (A0 0.65)
(./01 22384 )

60

Ass—- I C3
= %7

o

=3

=)

&

o

=

o

€

@]

@)

542 - N+ 16 : e« (A0 0.35)
(./01 22384 )
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RCPT f

5-43f 5-44m 28 RCPT. f @7 Z1"8
T RDKZ<—-._ 8 JK L

charge passed (coulombs)

Time (hr)
5-43>ceE Al ?f EI |k (Ad

(.01 22384 )

charge passed (coulombs)

Time (hr)

5-44>ceE Al ?f EI |k ( (Ad

(.01 22384 )

I h(1l %A

0.35)

0.65)

p 5457 Z o©oAd 065. €0! 6 | MbaeE A~{ 2 Y]JAG

035. €G0! i ©O%E2A A . a8 6 perE

Al ?2L
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4500 A
4000 —-
3500 —-
3000 —-
2500 —-
2000 —-

1500

charge passed (coulombs)

1000

500+

C3 C6
5-45 Al 6 | e "E I ?

(.01 22384 )

5-46 mAQ 0.35.1"] 81— %A / h(1] . 6 | e ~I
27 ZA0 035— E I Yer A2A  I"F YA ~E 1?2 O
3B Av e 1% 7%A 12A. 6 | s»e 21 2L

5000 —-
4500 —-
4000 —-
3500 —-
3000 —-
2500 —-
2000 —-

1500

charge passed (coulombs)

1000

500—-
0]
C3 S3 F3 C3
5-466 | >oe A1 ? (A0 0.35)
(./01 22384 )
5-47mAd 0.65. !" 8l— %A, / h(1] . 6 |»>e "~ ?
®7 ZA0Oh 065.— E I Y ) 2AIF YA. "E 1?2 O 3

B Av e 5% 229%R 2A. 6 | e A1 2L
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10000

9000

8000

7000

6000

5000

4000

3000

charge passed (coulombs)

2000

1000

C6 S6
5-476 poee "1 ? (A0  0.65)

F6

R6

(./01 223384 )
n T 1
AASHTO T277-* >aee” | 2|t 1". e %ns O« %
9] Ac u) AsS ?i 0l e il e 1", N7 I S
AR 5-26M L
5-26>ceE Al 2?8 ¢« %ns O; "t
Charge Passed Chloride Typical of
(Coulombs) Permeability
>4,000 High High W/C ratio (>0.60)
conventional PCC
2,000—-4,000 Moderate Moderate W/C ratio (0.40-0.50)
conventional PCC
1,000-2,000 Low Low W/C ratio (<0.40)
conventional PCC
100-1.,000 Very Low Latex-modified concrete or
internally-sealed concrete
<100 Negligible Polymer-impregnated concrete,
Polymer concrete
(./01 AASHTO T277, 2006)
5-48mz a ... " 6 | .>er"l ?2&e Y 5-26. v ceIN D
aoR  5-27TM1 L
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S 20004
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o C3 S3 F3 R3 C6 S6 F6 R6
5-48,... I 6 pe A0 2
(./01 22384 )
p 527 Al 065. al i <« %nsO al gtf ..t Y
ALAQ 0.35.%— E I'f 81 30%AEh? HAYi pPRa .!I"
JA ¢« %ns O agF p. .1 w81 30%A&£h? )ailul .
" o: 81 30%A&£h? HOUU .I" , mi « %nsOA .t
fif 3 f AASHTO T277.. ne SzL
5-271"  « %ns O;

C6 S6 F6 R6 C3 S3 F3 R3
| < < < < <
i) <
A < <
) A

?
(./01 22384 )

MOAF d @& nEA i «Ili¥A ¢ 32 " ce2ub 0O)
" fgll o £ ©#Fb ” L o o] ¥ ¥ ~t—- | O , 722 Q
eGai~ 2z Mx. ~O L3?, I «2ub)] o" ah “°
O] t @S2 uE?fPA O2[« 8 o A 78 .zyleeg 02

ufl < o,2« L
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ab | OA u0O oce A+ X" i) o S-NA%2 [ L

"3y 32, A/ =} v GA0zG AH o *“~ .+ ~ wLOA
" . Ag #& = iOAAt W o # o« TI MN— E 1" )

¢ Lon  OA ™ g O* (de ©°r Jeet YAU +¥% RO¢ éc*
@, zilL o fi 3 ql OA 1" OAfs At L

5-4-1 q 8
5-4-1-1 01

1A M)*2 6 1+3 OmO0.48cm h 2.67 ER

(@)}

5-49M L
i —pPp A+3 0 0.95cm h % 3.18 ER 5-50M L

AEAe 9% 5-1-1-1L

549 6 1 5-501 — P p
(./01 N®OP 2009) (01 N®OP 2009)
54-1-2  Z
uOte U0z

0Z 2i,%om 55cm 8, <« —£% 70cmee H%8 <« —Em 60 cm20

AudL WwW| R 5-51M gA~2i, ™ee# adA u OUCeA
®UeE¥% ¥ . uld O 1 K-L
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5-510A %o
(./01 NROP 2009)
ap p 10z
1.0Uabpp !
. a o6ab . t¥ v 30Up l 4D 8 N ! ¥ A+: MY

e24b € uOUp | &b 8 gx | L
2%, 4ab

Y, &D—"4] 5eA60z Y% M~ &P ¢~ }~ n?ab ©, @
b, Aab 4| . L$%3ZA-U +. v % 3 OoT 4.P?

EU91© n?£ %- 4| Bb? 910U¢C Z % 4 i 11— QW.a
Pp©, U h Véabe, 4| -QW™S 9 IDFcurveg Wm¥ O L

32+ Y2 adab 4| & , P32 0D., @3 X24D 4| ®8, 2. @

i #4ab., Aab 4| _X L fido 3 iD2aDe, fap 4| . &
RO©&N y ° abe, (mm/hr) ~ "mab 4| (min)h Vabe, -4 |
™ a ™Z 7+ 5 7N Horner A

| = 2 _ 1 5-6.

(t+b)
| méabe, (mm/hrEtmab 4| (mnEa b cm o L
n°+ A. & 2001A 6 v, O* .91 £ QW42v 1

bR 5-28M D A Wm v.© ¢ A +: N* 543 3 4D QWWm

abe, ab 4| Ywem 60% L
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5-28L ®D? ;e— &b 4| QW /4. 2%ID . [6869

hzl 24 54 104 254 504 |1004 |2004
4| 30%é&bYae
75 94 103 111 115 117 12(
, I mm/hr
4| 60%abYae i
49 69 82 99 112 125 13
, I mm/hr
4| 90%é&bYae
39 53 63 76 85 95 104
, I mm/hr
4 | 120%abVa-e
32 44 53 64 74 84 94
, I mm/hr

(./01 5GBIRRS 2001)
30Uabp ! 8

Y QOUabp !'82%# o6 Z” OAuo A+: Mp | 2ab €
a - $§@® 64D 2 t¥ LPAD 8. fgR  552M dea¥s o

3mee a|; /] «se*F 3mab* ZLmp ! 6ab . t¥ Z O<€
v, <AZE ~[ v 3 A2 ouldO( i x@ (ON A2f 3u m O L
N* 2kglenf2 7 @ Z u,m 70Yap’ & 4>, <A
?m 0.42° L
AN K@ ©

5-520Uabp ! 8

(./01 NRBP 2009)
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5-4-1-3
] Yy : 14 6 1 I —-pPp 12%de R m & o
1:< . { %W(70 % 80 % 90 %)NAAEWmMOIfl A U mo0.35R 5-29
M L
5-290A 1" (kg/m?)
AU ZA A& 6 1 i —pPp
o7 131 374 1720 -
08 150 428 1720 -
09 168 481 1720 -
0.35
B7 135 386 - 2009
B8 154 440 - 2009
B9 173 495 - 2009
(/01 NROP 2009)
AO —E OA I E
B I —-PpE
a a o 1< .{% (70% (7y 80 % (8 90 % (9))
5-4-1-4 f fp
OA 1"¢ ., i
5-53mOA I"é Do, f U3ya 00.f R 554M L
304
< 254
o
2
E 20
(@]
3
‘u:) 15 4
g
2 10
g
Q.
s s
O
04
o7 08 09 B7 B8 B9
5-53N« 28 OA!I" é: o i
(/01 NROP 2009)
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30

25 —=-0
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20

154

10

Compressive strength (MPa)

0 T T T
70 80 90

Fill voids ratio (%)

554 & g 1;< Wfée : o

(/o1 NROP 2009)

5-55mOA f a00nR 5-56 M L
0.12
i
g 0.10 1
= 0.08-
:% 0.06
§ 0.04
g
£
8 0.02 H
0.00 -
o7 08 09 B7 B8 B9
5-550A f
(/o1 N®®P 2009)
5-56m & o ;< WffOA (K)2 &7 7 "OA
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é 0.08 4
é 0.06
g
; 0.04 4
g 0024
0.00 T T T
70 80 90
Fill voids ratio (%)
556 4 @:< WfOA
(/01 NROP 2009)
p]="0 gue H £m ©TO j i a®f x U°+._ 8ce°
l'o " " .sTf3 C. Y  BfAx_ 6 1.~f7?3 Re“ L
60$% 6 1. f¢ Aj <|S,-E +] o w 069SDu=+?2
0 *2 — a 4a¢ N@{%» O 9S¢—« 4af£! T7FTeiz
« a4 ®dnx@ghU.-*a 1Ze 9 S.E-5678 u) aF e L
3z O @&E4|p] 8 fOm. | 32 06 Sr h< Zé
F (Y . Z« o Y% ,0_ °@gS#F. [ » 02 0h . &a@®L
0+ 3 ¥j M~ Yy © ) {° a O#™ Zo ~-Szyea
ue ~ 6. ASit N eRhA} ¥ ""9 S{YO© i~ Ze LX2
a[F U-*; ‘x@h } 8" Y. I aZe 9 SE
y2 *L
p]% £u _° 1 ©o .01 Z ofi] u. q
I :%U3y . aui 1.0*U¢ "~ 0. YL
5-5-1 q!
5-5-1-1 01

AEAe 9% 5-1-1-1L
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6H 1Aeée % 5-1-1-1L
i 1Aée 9% 5-1-1-1L
z’A Aé % 5-1-1-1L
Ui 1" 1A 1 h m244& 8§ AW 1.7%+3 0 % 3 cm ER
5-57M L
5-57Ui I" H 1

(/01 2 BB4 )
i —PpAeée %5-4-1-1L
5-5-1-2

ql ™A U m 0.5de)* O0H 1m K@ xX@ i —p
b <Ui H 1i 23%H 1ma N / =+ o H VW
"R 5-30M L

5-300i 11 (kg/m®)

AU A& i1 6H 1 i —pPp Ui 1 H
@) 440 649 934
B 0.5 440 649 951
r 440 649 898
(/01 2 BB4 )

AO —E " E
B I —-PpE
r Ui I H 1E
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5-5-1-3 f fb
U 1mm¢ L e, f
5-31f  5-58mUi 11"é . hi .« o — f-
Ne 1! & e L
5-31Ui  11!"é . f  (MPa)
N OPC B
N '
7 36.85 37.89 29.86
14 40.78 40.89 30.8
28 44.3 45.9 32.88
(/o1 23884 )
g
2
B
&
17
2
4
Q.
€
@]
O
5-58Ui  11"é D e,
(Jo1 23884 )
°U3yaoon 5-59f 5-60M  2:p 5-59&N7 7
Ui 11 g — N« | ! é «f— E I" E i efN
e« |.HI+=HI Lp & &7 Z Ui 11".é . Y ]—
E I"# YA. = | —-bPp I"f— E I" Y, «<1AL
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