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57910052: MAIJOR: CIVIL ENGINEERING; M.Eng. (CIVIL ENGINEERING)
KEYWORDS: CHLORIDE PENETRATION/ STEEL CORROSION/ PALM OIL FUEL ASH/
MARINE ENVIRONMENT/ COMPRESSIVE STRENGTH/

MICROSTRUCTURE
PONHSAMPATEA LY: DURABILITY OF PALM OIL FUEL ASH CONCRETE
UNDER 5-YEAR EXPOSURE IN MARINE ENVIRONMENT. ADVISORY COMMITTEE:

WICHIAN CHALEE, Ph.D., 166 P. 2016.

The objective of research is to investigate the effects of Palm Oil Fuel Ash on
compressive strength, Chloride Diffusion Coefficient (D,), and steel corrosion of concrete after
being exposed to the marine environment for 5 years. Water-to-binder ratios (W/B) were carried
at 0.40, 0.45 and 0.50. Palm oil fuel ash (the particles retained on a sieve #325 < 1.5%) to
partially replace portland cement type I at the percentages of 0, 15, 25, 35 and 50 by the weight of
binder. The 200-mm concrete cube specimens were cast and steel bars with 12-mm diameter and
50 mm in length, were inserted with the covering depth of 10, 20 and 50 mm. Besides, the
cylindrical specimens of 100-mm in diameter and 200-mm in height were cast for compressive
strength test and then cured in fresh water for 28 days. Subsequently, the specimens were tested to
determine the compressive strength, the total chloride contents, and the surface loss of steel
corrosion after being exposed to tidal zone for 5 years. The results showed that chloride diffusion
coefficient (D,) and steel corrosion were clearly decreased with replacing palm oil fuel ash
< 25% by weight of binder including the increased compressive strength. However, high volume
of palm oil fuel ash replacement (up to 50% by weight of binder) did not well prevent the chloride
resistance and steel corrosion. Moreover, high volume of water-to-binder ratio increased the
chloride diffusion coefficient (D,) and this was shown clearer in normal concrete than palm oil
fuel ash replacement concrete. Besides, the model for predicting chloride penetration showed that

the predicted chloride concentration had margin of error within + 30%.
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Yudwualosanauallsznouaieoon leanan (Major oxides) ttazoon l1asos
. . v = J o Y 1 = 4 aa
(Minor oxides) aauaadlun131ai 2-1 eon loandn laun uaadensenlad (Ca0) Fam
a o s PR g o ,
(Si0,) 99iu1 (ALO,) uazwleisneonles (Fe,0,) oonleans 4 Hsawnuldsesaznii 9o
S { I s ' s
vou1judua dauiiaouosn ludses (Minor oxides) laun uuniiidouoen lad (MgO)
4 @ [ 4 4 o
oon leruesdantla (Na,0 tag K,0) nazarssamles laseon laq (S0,) uaz 63l
1 <A ] ] 4
dauilsznovveseen lerounaueging wu Tnmidlsueenlas (Tio,)
@ o Ao ad A ' A = o
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A s ~ ~ s s s ~
M1319% 2-1 8aRdszneumanlvedfusudlesataudlszani 1

Asan Iuanlseiasg, 2548)

s ~ ~ o o s ~
paf)sznpumamlve ) usudlesauauailssiani 1

pafsznoumaAll - — —
i@ﬂagiﬂﬂu'lWUﬂ AURNAY
Calcium Oxide (CaO) 60— 67 64.4
Silicon Dioxide (SiO,) 17-25 20.0
Aluminium Oxide (Al,0,) 3-8 5.8
Iron Oxide (Fe,0;) 0.5-6.0 3.2
Magnesium Oxide (MgO) 0.1-4.0 0.5
Sodium Oxide (Na,O) 0.1-13 0.5
Potassium Oxide (K,0) 0.1-1.3 0.5
Sulfer Trioxide (SO;) 05-3 2.6
aslsznovdu 1-3 1.0
Loss On Ignition (LOI) 0.1-3.0 1.0

Insoluble Residue 02-0.8 0.5
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1 I ) o 4 ] 1
Pnanndenidesaz 90 Juilumimuanuauiinveyuduud C,S Joguiniiga i
' A = A o 3 a Aaan < ) . a
s masnEmmun Wowaunuiheznal§nsenlensa (Hydration reaction) Hagina
9 = ' Y] aaa o . a 1w
ANNiou Honn aAnuiouvealnienlemssu (Heat of hytration) HaziAANTNOA?
<Y Yo o 1 Y A ' @ @ AA o W
HAZIINA C,S Timasneudea laomniz lugie 7 Juusn msdszneuvanmualindifny

= A 4 o =
voajusuaesauauamasgruaaaadlunsen 2-2

A o AA o W a s s s
AT N 2-2 ’L’f'lﬁﬂizﬂ@llﬂ'ﬁﬂ‘1/]']\1Lﬂll1/]’(3”ﬂmm@ﬁﬂummu@]ﬂ@ﬁ@uauﬂn1@ﬁi'lu

3y Juanlseiag, 2548)

assgnounanmunil gl $ooaz Tagrimin
lasunaiBouaamna (C,S) 3Ca0-Si0, 45-55
launa@eusana (C,S) 2Ca0-Si0, 15-35
TasunaiBouezgiiug (C,A) 3Ca0-ALO, 7-15
= a 4 4
waznnateuozgil Tuod 134 (C,AF) 4Ca0-ALO,-Fe,0, 5-10

v = % dJ Y
2. auuﬂmamummnmﬂmuumu

v A

4 ~ Y s 3 aa . a
pef1lszneumaniveaun1auiiull Fan (Sio,), 0giiui (ALO,)
oa ¢ o s o s % o 1 1A
wazileisennluq (Fe,0,) Wuesnlsznouvian tazidithduiniuuaazuvaed
d' = g’/ dy d‘ a ay d‘ Y 1 (% d'
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4

A J = Y s 3o o a o a
A1519% 2-3 asadszneumaniveanithauiingy (e ININNNENA Llagulﬂﬁ'gﬁll

q

NY5A 1NNA, 2549)

@15Uszney %@ﬂagiﬂﬂﬁl']ﬁﬁjﬂ
Calcium Oxide (CaO) 6.40
Silicon Dioxide (SiO,) 65.30

Aluminium Oxide (AL,0;) 2.50

Iron Oxide (Fe,0;) 1.90

Magnesium Oxide (MgO) 3.00

Sodium Oxide (Na,O) 0.30

Potassium Oxide (K,0) 5.70

Sulfer Trioxide (SO;) 0.40

Loss On Ignition (LOI) 10.00
Jaaiealyau

AWeMDI ASTM C 618 (2001) Faqiloss Traru naneds Jagilsznoudie

4 an Aan a A
200 lsAUDITAN (Siliceous) N30 ¥anasvguU (Siliceous and aluminous) ?JQ‘]J?%JWEI!@;N

aan [

A I = = o = 4 A ¥
Wwovatluniazden %33Jﬂ’Nll?f”lll”liﬂVI”I‘}JQﬂimﬂm!ﬂm“ﬁﬂll"lﬁﬂiﬂﬂ"l%’ﬂ (Ca(OH),) ‘Vlvlﬂmﬂ
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Tnunfiguanialumsiyouilszau ldaadronuiudmud Fonlfaserninaduiin Ugase
1/oas Tasa11 (Pozzolanic reaction)

v v a o = P~ J
aguiuiaados Taamieninnlslununeunialuglvesmsunuinyg udmua

J J ' y o wa 1 [ I~
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Y a2 A [ 4 Aaan d' o @ A = aa .
ANYNNUIDU Mwaﬂﬂﬂ!m%WﬂﬂgﬂﬁﬂWﬂﬁWﬂﬂJ o Lmawamﬁamﬂ"lamw (3Ca0.2Si0,.3H,0
A a J = a
W30 C-S-H), uaaidoy lanson lua (Ca(OH),) tazunaiBoyogiiiua la1nsa (3Ca0.ALO;.6H,0

%39 C-A-H) aauaadluaumsi (2-1) 99 (2-3)

2(3Ca0.2Si0, ) + 6H,0 —> 3Ca0.28i0,.3H,0 + 3Ca(OH), 2-1)
2(2Ca0.2Si0, ) + 4H,0 — 3Ca0.28i0,.3H,0 + Ca(OH), (2-2)
3Ca0.AL0;. + 6H,0 —> 3Ca0.AL0,.6H,0 (2-3)

v Y
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. o ¥ . 4 A 4
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A a 49! A o .. o ann 1 A
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Y A A ] A =R d
uiNAUNIANO1UINNI 3 TATINAW (Hansen, 1990)
Ca(OH),+ SiO,+ H,0 —> xCa0.ySi0,zH,0 (2-4)
Ca(OH),+ ALO+ H,0 —> xCa0.yALO,.zH,0 (2-5)
A x, y 1Az z luaumsn (2-4) waz 2-5) umnuds lauasiiaves

a
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April 2004 Clear, No Color 8.2 16,000 2,500
Feb 2005 Clear, No Color 8.2 18,000 2,200
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April 2010 Clear, No Color 8.1 18,910 2,610
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Weight of AgNO,, Chloride Content, Cl Chloride Content

Sample Layer  Sample, W AV (% by Weight of (% by Weight of
(2) (ml) Concrete) Binder)
1 10 2.998 1.5333 7.5770
2 10 1.671 0.8546 4.2232
3 10 1.354 0.6922 3.4208
4 10 0.836 0.4273 2.1116
140P00 5 10 0.649 0.3317 1.6390
6 10 0.134 0.0685 0.3387
7 10 0.125 0.0637 0.3147
8 10 0.095 0.0486 0.2401
9 10 0.087 0.0442 0.2186
10 10 0.073 0.0373 0.1845
1 10 2.526 1.2916 6.3684
2 10 1.378 0.7045 3.4736
3 10 0.619 0.3163 1.5596
4 10 0.362 0.1851 0.9128
140P15 5 10 0.255 0.1304 0.6430
6 10 0.113 0.0575 0.2837
7 10 0.094 0.0478 0.2358
8 10 0.076 0.0386 0.1904
9 10 0.062 0.0317 0.1563
10 10 0.059 0.0299 0.1475
1 10 2.141 1.0950 5.3441
2 10 1.150 0.5879 2.8692
140P25 3 10 0.592 0.3025 1.4764
4 10 0.308 0.1573 0.7675

5 10 0.215 0.1097 0.5354




107

Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
6 10 0.109 0.0555 0.2708
7 10 0.078 0.0396 0.1934
140P25 8 10 0.071 0.0363 0.1772
9 10 0.061 0.0312 0.1523
10 10 0.039 0.0199 0.0973
1 10 2.288 1.1702 5.6644
2 10 1.254 0.6411 3.1033
3 10 0.681 0.3483 1.6860
4 10 0.452 0.2312 1.1190
140P35 5 10 0.249 0.1273 0.6164
6 10 0.133 0.0680 0.3293
7 10 0.086 0.0437 0.2117
8 10 0.078 0.0399 0.1931
9 10 0.068 0.0348 0.1683
10 10 0.048 0.0245 0.1188
1 10 2.526 1.2916 6.1744
2 10 1.384 0.7076 3.3824
3 10 0.707 0.3616 1.7285
4 10 0.518 0.2649 1.2664
140P50 5 10 0.374 0.1910 0.9131
6 10 0.167 0.0854 0.4083
7 10 0.099 0.0504 0.2408
8 10 0.094 0.0478 0.2286
9 10 0.086 0.0440 0.2103

10 10 0.070 0.0358 0.1711
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
1 10 2.975 1.5213 8.4511
2 10 1.865 0.9538 5.2988
3 10 1.611 0.8237 4.5757
4 10 0.969 0.4956 2.7531
145P00 5 10 0.874 0.4470 2.4832
6 10 0.303 0.1550 0.8609
7 10 0.141 0.0719 0.3992
8 10 0.091 0.0465 0.2585
9 10 0.083 0.0422 0.2344
10 10 0.072 0.0366 0.2031
1 10 2.575 1.3167 7.2605
2 10 1.660 0.8490 4.6814
3 10 0.925 0.4728 2.6072
4 10 0.536 0.2741 1.5116
145P15 5 10 0.345 0.1762 0.9715
6 10 0.166 0.0849 0.4681
7 10 0.097 0.0496 0.2736
8 10 0.083 0.0422 0.2327
9 10 0.062 0.0315 0.1734
10 10 0.057 0.0292 0.1607
1 10 2.215 1.1328 6.1959
2 10 1.359 0.6948 3.8000
145P25 3 10 0.725 0.3705 2.0266
4 10 0.347 0.1775 0.9706

5 10 0.285 0.1458 0.7972
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
6 10 0.145 0.0742 0.4056
7 10 0.080 0.0409 0.2238
145P25 8 10 0.064 0.0327 0.1790
9 10 0.055 0.0279 0.1524
10 10 0.036 0.0182 0.0993
1 10 2.415 1.2351 6.7174
2 10 1.475 0.7544 4.1028
3 10 0.833 0.4258 2.3156
4 10 0.434 0.2217 1.2058
145P35 5 10 0.293 0.1496 0.8136
6 10 0.154 0.0785 0.4270
7 10 0.105 0.0537 0.2921
8 10 0.072 0.0368 0.2003
9 10 0.065 0.0332 0.1808
10 10 0.046 0.0235 0.1280
1 10 2.505 1.2812 6.9013
2 10 1.643 0.8403 4.5265
3 10 0.892 0.4562 2.4575
4 10 0.478 0.2442 1.3155
145P50 5 10 0.336 0.1716 0.9243
6 10 0.186 0.0951 0.5124
7 10 0.118 0.0601 0.3237
8 10 0.087 0.0445 0.2397
9 10 0.081 0.0412 0.2218

10 10 0.067 0.0343 0.1846
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
1 10 3.070 1.5701 9.6001
2 10 2.262 1.1566 7.0719
3 10 1.640 0.8385 5.1268
4 10 1.231 0.6296 3.8494
150P00 5 10 0.967 0.4943 3.0223
6 10 0.476 0.2432 1.4869
7 10 0.144 0.0736 0.4503
8 10 0.085 0.0435 0.2658
9 10 0.081 0.0412 0.2517
10 10 0.073 0.0373 0.2283
1 10 2.932 1.4993 9.0813
2 10 2.093 1.0702 6.4823
3 10 1.246 0.6373 3.8599
4 10 0.668 0.3414 2.0678
I50P15 5 10 0.639 0.3268 1.9795
6 10 0.357 0.1823 1.1044
7 10 0.099 0.0506 0.3067
8 10 0.080 0.0409 0.2478
9 10 0.073 0.0371 0.2246
10 10 0.063 0.0322 0.1952
1 10 2.440 1.2479 7.5199
2 10 1.332 0.6810 4.1036
150P25 3 10 0.749 0.3828 2.3068
4 10 0.367 0.1877 1.1311

5 10 0.328 0.1678 1.0109
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Weight of AgNQO,, Chloride Content, Cl Chloride Content
Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
6 10 0.248 0.1266 0.7628
7 10 0.093 0.0476 0.2866
I50P25 8 10 0.071 0.0361 0.2173
9 10 0.050 0.0253 0.1526
10 10 0.034 0.0171 0.1032
1 10 2.732 1.3970 8.3674
2 10 1.640 0.8385 5.0223
3 10 0.821 0.4199 2.5150
4 10 0.421 0.2151 1.2881
150P35 5 10 0.368 0.1880 1.1258
6 10 0.255 0.1302 0.7796
7 10 0.105 0.0537 0.3216
8 10 0.075 0.0381 0.2282
9 10 0.063 0.0320 0.1915
10 10 0.045 0.0230 0.1378
1 10 2.847 1.4558 8.6255
2 10 1.754 0.8971 5.3150
3 10 0.880 0.4498 2.6651
4 10 0.525 0.2682 1.5893
I50P50 5 10 0.384 0.1964 1.1636
6 10 0.269 0.1373 0.8136
7 10 0.114 0.0580 0.3439
8 10 0.080 0.0409 0.2424
9 10 0.079 0.0401 0.2379
10 10 0.066 0.0338 0.2000
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Weight of AgNO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
1 10 8.666 1.2663 6.2577
2 10 4.112 0.6008 2.9689
3 10 3.303 0.4826 2.3847
4 10 1.879 0.2746 1.3568
140P00 5 10 1.387 0.2027 1.0016
6 10 0.382 0.0558 0.2758
7 10 0.227 0.0332 0.1639
8 10 0.198 0.0289 0.1430
9 10 0.106 0.0154 0.0762
10 10 0.067 0.0098 0.0484
1 10 6.766 0.9887 4.8747
2 10 3.550 0.5187 2.5573
3 10 1.808 0.2642 1.3026
4 10 1.015 0.1482 0.7309
140P15 5 10 0.630 0.0920 0.4535
6 10 0.336 0.0491 0.2421
7 10 0.184 0.0269 0.1326
8 10 0.104 0.0151 0.0746
9 10 0.084 0.0122 0.0602
10 10 0.055 0.0080 0.0396
1 10 5.624 0.8217 4.0105
2 10 2.406 0.3516 1.7159
140P25 3 10 1.473 0.2152 1.0505
4 10 0.589 0.0861 0.4201

5 10 0.364 0.0532 0.2596
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
6 10 0.269 0.0392 0.1915
7 10 0.112 0.0164 0.0799
140P25 8 10 0.086 0.0125 0.0610
9 10 0.058 0.0085 0.0414
10 10 0.037 0.0053 0.0260
1 10 6.107 0.8923 43194
2 10 2.814 04111 1.9901
3 10 1.713 0.2502 1.2113
4 10 0.854 0.1248 0.6041
140P35 5 10 0.497 0.0726 0.3515
6 10 0.303 0.0442 0.2140
7 10 0.172 0.0251 0.1213
8 10 0.117 0.0170 0.0824
9 10 0.086 0.0125 0.0605
10 10 0.046 0.0067 0.0325
1 10 6.851 1.0010 4.7853
2 10 3.010 0.4398 2.1026
3 10 2.078 0.3036 1.4515
4 10 1.340 0.1958 0.9360
140P50 5 10 0.943 0.1378 0.6587
6 10 0.335 0.0489 0.2337
7 10 0.205 0.0300 0.1432
8 10 0.154 0.0224 0.1072
9 10 0.118 0.0172 0.0821

10 10 0.062 0.0090 0.0430
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
1 10 9.099 1.3295 7.3859
2 10 4.595 0.6714 3.7297
3 10 3.697 0.5402 3.0007
4 10 1.875 0.2740 1.5221
145P00 5 10 1.447 0.2114 1.1746
6 10 0.629 0.0918 0.5102
7 10 0.240 0.0351 0.1948
8 10 0.187 0.0273 0.1518
9 10 0.101 0.0148 0.0820
10 10 0.089 0.0129 0.0718
1 10 7.829 1.1439 6.3079
2 10 3.664 0.5353 2.9519
3 10 2.150 0.3142 1.7324
4 10 1.624 0.2372 1.3081
145P15 5 10 1.044 0.1525 0.8408
6 10 0.416 0.0608 0.3352
7 10 0.206 0.0301 0.1660
8 10 0.140 0.0204 0.1124
9 10 0.089 0.0130 0.0717
10 10 0.066 0.0096 0.0532
1 10 6.322 0.9237 5.0522
2 10 2.649 0.3870 2.1167
145P25 3 10 1.668 0.2437 1.3327
4 10 0.926 0.1353 0.7401

5 10 0.655 0.0957 0.5235
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
6 10 0.374 0.0546 0.2985
7 10 0.158 0.0230 0.1259
145P25 8 10 0.099 0.0145 0.0791
9 10 0.074 0.0107 0.0587
10 10 0.057 0.0083 0.0452
1 10 7.096 1.0369 5.6394
2 10 3.117 0.4555 2.4772
3 10 1.842 0.2692 1.4639
4 10 1.016 0.1485 0.8074
145P35 5 10 0.807 0.1179 0.6413
6 10 0.405 0.0592 0.3219
7 10 0.204 0.0298 0.1621
8 10 0.129 0.0189 0.1025
9 10 0.081 0.0118 0.0640
10 10 0.068 0.0099 0.0536
1 10 7.828 1.1439 6.1618
2 10 2.940 0.4296 2.3142
3 10 2.125 0.3105 1.6727
4 10 1.479 0.2160 1.1638
145P50 5 10 0.950 0.1387 0.7474
6 10 0.453 0.0662 0.3566
7 10 0.251 0.0367 0.1976
8 10 0.156 0.0228 0.1228
9 10 0.114 0.0166 0.0893

10 10 0.073 0.0107 0.0575
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
1 10 10.299 1.5049 9.2012
2 10 4.885 0.7137 43641
3 10 3.609 0.5274 3.2245
4 10 2.152 0.3144 1.9223
150P00 5 10 1.497 0.2187 1.3375
6 10 0.968 0.1414 0.8644
7 10 0.251 0.0366 0.2238
8 10 0.195 0.0284 0.1738
9 10 0.125 0.0182 0.1112
10 10 0.105 0.0153 0.0938
1 10 9.393 1.3725 8.3133
2 10 4312 0.6300 3.8161
3 10 3.126 0.4568 2.7668
4 10 1.909 0.2790 1.6897
I50P15 5 10 1.316 0.1923 1.1648
6 10 0.846 0.1236 0.7488
7 10 0.201 0.0294 0.1779
8 10 0.155 0.0226 0.1372
9 10 0.110 0.0160 0.0969
10 10 0.085 0.0124 0.0752
1 10 6.839 0.9993 6.0216
2 10 3.218 0.4702 2.8332
150P25 3 10 1.832 0.2677 1.6132
4 10 1.187 0.1734 1.0448

5 10 1.040 0.1519 0.9153
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Weight of AgNQO,, Chloride Content, Cl Chloride Content

Sample, W AV (% by Weight of (% by Weight of
Sample  Layer
(2) (ml) Concrete) Binder)
6 10 0.681 0.0994 0.5992
7 10 0.159 0.0232 0.1400
150P25 8 10 0.120 0.0175 0.1052
9 10 0.094 0.0137 0.0828
10 10 0.069 0.0100 0.0603
1 10 7.975 1.1653 6.9800
2 10 3.928 0.5740 3.4379
3 10 2.356 0.3443 2.0620
4 10 1.340 0.1958 1.1728
I50P35 5 10 1.213 0.1772 1.0612
6 10 0.752 0.1099 0.6582
7 10 0.220 0.0321 0.1926
8 10 0.144 0.0210 0.1256
9 10 0.110 0.0160 0.0958
10 10 0.089 0.0130 0.0779
1 10 8.506 1.2429 7.3638
2 10 4.122 0.6023 3.5683
3 10 2.464 0.3600 2.1328
4 10 1.393 0.2035 1.2056
150P50 5 10 1.075 0.1570 0.9303
6 10 0.811 0.1184 0.7017
7 10 0.244 0.0357 0.2112
8 10 0.158 0.0231 0.1368
9 10 0.120 0.0175 0.1039

10 10 0.094 0.0137 0.0814




NMANUIN U
dy A A Aa <3 a ao) v A A A a =
WaNIINATDUWUNTUNUNHANANATULASHINUDNG Y IUUDINNTUNNTSYSADUNTA

Y < 1
HUHANAN 9



119

A X A a 3 A A A ' 2 < =
ATTNNANUINN V-1 wamimﬁauwuﬂﬁuumaﬂﬂE'chluﬂ@uﬂiwwﬂuummmﬂunm 53]

Rusted area of embedded steel

Covering Depth : 10

Covering Depth : 20

Covering Depth : 50

Type of
SA C RA SA C RA SA C

Concrete
(mm)  (mm’) (%) (mm)  (mm) (%) (mm) (mm’) (%)
140P00 1857 2000 92.87 1490 2000 74.52 - - -
140P15 1787 2000 89.36 1145 2000 57.26 - - -
140P25 1604 2000 80.19 1057 2000 52.87 - - -
140P35 1851 2000 92.55 1162 2000 58.09 - - -
140P50 1917 2000 95.86 1276 2000 63.82 - - -
145P00 1948 2000 97.39 1647 2000 82.36 - - -
145P15 1902 2000 95.10 1315 2000 65.73 - - -
145P25 1752 2000 87.58 1266 2000 63.31 - - -
145P35 1814 2000 90.70 1592 2000 79.62 - - -
145P50 1952 2000 97.58 1722 2000 86.11 - - -
150P00 1980 2000 98.98 1809 2000 90.45 - - -
I50P15 1827 2000 91.34 1648 2000 82.42 - - -
150P25 1776 2000 88.79 1303 2000 65.16 - - -
150P35 1847 2000 92.36 1438 2000 71.91 - - -
I150P50 1949 2000 97.45 1532 2000 76.62 - - -




120

A XA A a 3 A A A ' ¥ < =
AT NAIANUINN U-2 wamimﬁauwuﬂﬁuumaﬂﬂﬂﬂuﬂauﬂﬁﬁmwiuummmﬂunm 51

Weight Loss of steel (%)

Type of Covering Depth : 10 Covering Depth : 20 Covering Depth : 50
Concrete  Before  After Loss  Before  After Loss Before After  Loss
(2) () (%) () @ @ (@ @ (%)
140P00 44.99 42.03 6.58 45.70 4336 5.12  43.83 43.83 -
140P15 43.84 42.15 3.85 41.96 40.49 3.50 44.58 44.58 -
140P25 41.60 40.28 3.17 44.02 42.68 3.04 42.89 42.89 -
140P35 40.75 39.27 3.63 43.73 42.14 3.64 43.52 43.52 -
140P50 45.00 43.22 3.96 44.33 4235 447 44.40 44.40 -
145P00 40.63 36.85 9.30 41.82 38.35  8.30 40.28 40.28 -
145P15 43.71 41.03 6.13 44.26 4091 7.57 40.42 40.42 -
145P25 44.62 42.74 4.21 43.90 41.18 6.20 43.19 43.19 -
145P35 41.62 39.17 5.89 44.78 41.43 7.48 44.17 44.17 -
145P50 42.39 39.01 7.97 43.47 3996 8.07 44.02 44.02 -
150P00 42.67 3797 11.01 45.36 41.06 9.48 49.09 49.09 -
I50P15 43.89 40.03 8.79 43.91 40.18  8.49 44.27 44.27 -
150P25 43.33 39.84 8.05 43.82 40.52  7.53 43.72 43.72 -
I50P35 42.68 39.19 8.18 44.64 41.15 7.82 46.72 46.72 -
150P50 42.40 38.89 8.28 45.23 41.54 8.16 43.00 43.00 -
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Total Cl at 1 Total Cl at 1.5 Total Cl at 3 Total Cl at 5
Sample  Layer year years years years

(Wt. of binder) (Wt. of binder) (Wt. of binder) (Wt. of binder)

1 1.2076 1.1959 5.0899 7.5770
2 0.3552 0.3805 3.1627 4.2232
3 0.2841 0.3459 2.4708 3.4208
4 0.0710 0.1581 1.2848 2.1116
140P00 5 0.0000 0.0791 1.1366 1.6390
6 0.0000 0.0000 0.0000 0.3387
7 0.0000 0.0000 0.0000 0.3147
8 0.0000 0.0000 0.0000 0.2401
9 0.0000 0.0000 0.0000 0.2186
10 0.0000 0.0000 0.0000 0.1845
1 0.9488 0.9910 4.6347 6.3684
2 0.1406 0.1775 2.6625 3.4736
3 0.1054 0.1479 1.0847 1.5596
4 0.0351 0.1479 0.5917 0.9128
140P15 5 0.0351 0.0493 0.4931 0.6430
6 0.0000 0.0000 0.0000 0.2837
7 0.0000 0.0000 0.0000 0.2358
8 0.0000 0.0000 0.0000 0.1904
9 0.0000 0.0000 0.0000 0.1563
10 0.0000 0.0000 0.0000 0.1475
1 1.0471 1.0298 4.0508 5.3441
2 0.1745 0.1952 2.3914 2.8692
140P25
3 0.2094 0.1367 0.8785 1.4764

4 0.1047 0.0683 0.4392 0.7675
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ATNMANUINT A-1 (AD)

Total Cl at 1 Total Cl at 1.5 Total Cl at 3 Total Cl at 5
Sample Layer year years years years

(Wt. of binder) (Wt. of binder) (Wt. of binder) (Wt. of binder)

5 0.1745 0.0293 0.2440 0.5354
6 0.0000 0.0000 0.0000 0.2708
7 0.0000 0.0000 0.0000 0.1934
140P25
8 0.0000 0.0000 0.0000 0.1772
9 0.0000 0.0000 0.0000 0.1523
10 0.0000 0.0000 0.0000 0.0973
1 0.9001 0.9149 4.5018 5.6644
2 0.2077 0.2420 2.8560 3.1033
3 0.2077 0.2033 1.1134 1.6860
4 0.1385 0.2130 0.8229 1.1190
140P35 5 0.1385 0.0581 0.5809 0.6164
6 0.0000 0.0000 0.0000 0.3293
7 0.0000 0.0000 0.0000 0.2117
8 0.0000 0.0000 0.0000 0.1931
9 0.0000 0.0000 0.0000 0.1683
10 0.0000 0.0000 0.0000 0.1188
1 0.9930 1.0804 4.5891 6.1744
2 0.4200 0.2486 2.6770 3.3824
3 0.2739 0.2199 1.2429 1.7285
4 0.1712 0.2199 1.0039 1.2664
140P50 5 0.1370 0.0860 0.8127 0.9131
6 0.0000 0.0000 0.0000 0.4083
7 0.0000 0.0000 0.0000 0.2408
8 0.0000 0.0000 0.0000 0.2286
9 0.0000 0.0000 0.0000 0.2103

10 0.0000 0.0000 0.0000 0.1711
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Total Cl at 1 Total Cl at 1.5 Total Cl at 3 Total Cl at 5
Sample  Layer year years years years

(Wt. of binder) (Wt. of binder) (Wt. of binder)  (Wt. of binder)

1 1.6300 1.5055 5.1109 8.4511
2 0.8800 0.7000 3.8887 5.2988
3 0.4700 0.5500 3.1110 4.5757
4 0.0900 0.3389 1.5555 2.7531
145P00 5 0.0200 0.1111 1.3888 2.4832
6 0.0000 0.0000 0.0000 0.8609
7 0.0000 0.0000 0.0000 0.3992
8 0.0000 0.0000 0.0000 0.2585
9 0.0000 0.0000 0.0000 0.2344
10 0.0000 0.0000 0.0000 0.2031
1 1.3100 1.4282 4.6870 7.2605
2 0.3700 0.4522 2.7571 4.6814
3 0.2200 0.2426 1.2683 2.6072
4 0.0500 0.1213 0.7720 1.5116
145P15 5 0.0400 0.0993 0.7720 0.9715
6 0.0000 0.0000 0.0000 0.4681
7 0.0000 0.0000 0.0000 0.2736
8 0.0000 0.0000 0.0000 0.2327
9 0.0000 0.0000 0.0000 0.1734
10 0.0000 0.0000 0.0000 0.1607
1 1.3700 1.0118 4.2114 6.1959
2 0.3300 0.2516 2.6253 3.8000
145P25 3 0.2500 0.1313 0.8751 2.0266
4 0.1100 0.0984 0.6016 0.9706

5 0.1000 0.0602 0.6563 0.7972
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Total Cl at 1 Total Cl at 1.5 Total Cl at 3 Total Cl at 5
Sample  Layer year years years years

(Wt. of binder) (Wt. of binder) (Wt. of binder)  (Wt. of binder)

6 0.0000 0.0000 0.0000 0.4056
7 0.0000 0.0000 0.0000 0.2238
145P25 8 0.0000 0.0000 0.0000 0.1790
9 0.0000 0.0000 0.0000 0.1524
10 0.0000 0.0000 0.0000 0.0993
1 1.3800 1.2183 4.3509 6.7174
2 0.3900 0.2719 2.6650 4.1028
3 0.2700 0.1577 0.8158 2.3156
4 0.1300 0.1305 0.7070 1.2058
145P35 5 0.1200 0.0816 0.7070 0.8136
6 0.0000 0.0000 0.0000 0.4270
7 0.0000 0.0000 0.0000 0.2921
8 0.0000 0.0000 0.0000 0.2003
9 0.0000 0.0000 0.0000 0.1808
10 0.0000 0.0000 0.0000 0.1280
1 1.6100 1.5191 4.4172 6.9013
2 0.5000 0.5010 2.6395 4.5265
3 0.3300 0.3124 0.9696 2.4575
4 0.1400 0.1077 0.8080 1.3155
145P50 5 0.1100 0.1077 0.8080 0.9243
6 0.0000 0.0000 0.0000 0.5124
7 0.0000 0.0000 0.0000 0.3237
8 0.0000 0.0000 0.0000 0.2397
9 0.0000 0.0000 0.0000 0.2218

10 0.0000 0.0000 0.0000 0.1846
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Total Cl at 1 Total Cl at 1.5 Total Cl at 3 Total Cl at 5
Sample Layer year years years years

(Wt. of binder) (Wt. of binder) (Wt. of binder) (Wt. of binder)

1 2.0470 2.0422 5.7474 9.6001
2 1.3919 1.4307 4.1577 7.0719
3 0.6550 1.1006 2.9960 5.1268
4 0.1228 0.8988 1.6509 3.8494
I50P00 5 0.0409 0.1101 1.4063 3.0223
6 0.0000 0.0000 0.0000 1.4869
7 0.0000 0.0000 0.0000 0.4503
8 0.0000 0.0000 0.0000 0.2658
9 0.0000 0.0000 0.0000 0.2517
10 0.0000 0.0000 0.0000 0.2283
1 1.7034 1.7323 4.9063 9.0813
2 0.6083 0.6481 2.9680 6.4823
3 0.3650 0.4179 1.3326 3.8599
4 0.0811 0.1696 0.8480 2.0678
I50P15 5 0.0811 0.0909 0.8480 1.9795
6 0.0000 0.0000 0.0000 1.1044
7 0.0000 0.0000 0.0000 0.3067
8 0.0000 0.0000 0.0000 0.2478
9 0.0000 0.0000 0.0000 0.2246
10 0.0000 0.0000 0.0000 0.1952
1 1.6946 1.6993 4.6340 7.5199
2 0.4842 0.4519 2.7478 4.1036
150P25 3 0.3228 0.3194 1.1510 2.3068
4 0.1210 0.1024 0.7532 1.1311

5 0.1210 0.0783 0.7352 1.0109
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A ,
AMITNNANUINN A-1 (D)

Total Cl at 1 Total Cl at 1.5 Total Cl at 3 Total Cl at 5
Sample Layer year years years years

(Wt. of binder) (Wt. of binder) (Wt. of binder) (Wt. of binder)

6 0.0000 0.0000 0.0000 0.7628
7 0.0000 0.0000 0.0000 0.2866
I50P25 8 0.0000 0.0000 0.0000 0.2173
9 0.0000 0.0000 0.0000 0.1526
10 0.0000 0.0000 0.0000 0.1032
1 1.8448 1.8508 4.6479 8.3674
2 0.5615 0.5271 2.7492 5.0223
3 0.3609 0.3893 1.1859 2.5150
4 0.1203 0.1497 0.8326 1.2881
I50P35 5 0.1203 0.1018 0.6888 1.1258
6 0.0000 0.0000 0.0000 0.7796
7 0.0000 0.0000 0.0000 0.3216
8 0.0000 0.0000 0.0000 0.2282
9 0.0000 0.0000 0.0000 0.1915
10 0.0000 0.0000 0.0000 0.1378
1 2.2264 2.2455 4.8880 8.6255
2 0.6000 0.5273 2.8025 5.3150
3 0.3976 0.4266 1.2975 2.6651
4 0.1193 0.2666 1.2383 1.5893
I50P50 5 0.0795 0.1303 0.9895 1.1636
6 0.0000 0.0000 0.0000 0.8136
7 0.0000 0.0000 0.0000 0.3439
8 0.0000 0.0000 0.0000 0.2424
9 0.0000 0.0000 0.0000 0.2379

10 0.0000 0.0000 0.0000 0.2000
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A 5-year exposure

# 3-year exposure @ 1.5-year exposure M 1-year exposure
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~ 7.00 - 1-year regression, Co=1.28%, 3 = 0.835
é 600 4 T 1.5-year regression, Co=1.43%, = 0.842
3 a —'T " 3-year regression, Co=5.07%, p=0.811
T ON N e S-year regression, Co=6.76%, = 0.813
= 4004 e N
& AN
'S 3.00 - NN
2 2.00 - e R
NS \. \\A
S e ao
© 0.00 T T T : \':i_—'Lﬂ—-‘ T . T ‘ T - T ._

0 10 20 30

40 50 60 70 80 90

Distance from surface(mm)

v
o o 9

(M) oarathaeiaglszanuminy 0.40 mednhdniniuiesas 25 (140P25)

| A 5-year exposure & 3-year exposure @ 1.5-year exposure W 1-year exposure

8.00
__7.00 A 1-year regression, Co=1.22%, 3= 0.845
g 00 N T 1.5-year regression, Co=1.29%, = 0.842
.g o _\ A — 7" 3-year regression, Co=5.41%, 3= 0.789
% 500 1 -\.\\\ """" 5-year regression, Co=7.11%, = 0.801
24004 '\
& AN
'S 3.00 - &
2 i N\,
g 2.00 \\A\
= 100 _\-\\\.‘i{\.t -
© 000 . . T T W W W ——

0 10 20 0 40 50 80 90 100

(1) oandhaeaadszauminy 0.40 merudhdminiufosas 35 (140P35)

< '
MNNIANUINT A-1 (7D)

131



8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00

CI' (% by wieght of binder)

0.00

A 5-year exposure @ 3-year exposure @ 1.5-year exposure B 1-year exposure

N 1-year regression, Co=1.32%, = 0.837

\A """""""" 1.5-year regression, Co=1.47%, 3 = 0.845
NN 7" 3-year regression, Co=5.49%, = 0.788
T N 77777 5-year regression, Co=7.46%, = 0.782
7] .\. \\\\

NOAN
T », \\\\
NN

\l\'\:;\ A .
T T T . 1\—..-77_--.-.- T ‘ T ‘ .

. —h—

30.. . 40 50 60 7 80 90 100
%wtance from surface(mm?

@) Sasiauiweiaquszauminy 0.40 waudnhaminiudosas 50 (140P50)

12.00

10.00

8.00

6.00

4.00

2.00

CI' (% by wieght of binder)

0.00

A 5-year exposure @ 3-year exposure @ 1.5-year exposure M 1-year exposure

1-year regression, Co=1.81%, 3= 0.787

N e 1.5-year regression, Co=2.04%, 3 = 0.794
a —" 7" 3-year regression, Co=6.18%, p=0.732
5-year regression, C0o=9.78%, = 0.739

0 10 20 30 40 50 60 70 80 90 100

Distance from surface(mm)

v
o o 9

@) sandmiwedaglszaumiiy 0.45 waudhauiniuievas 0 (145P00)

< '
MNNIANUINT A-1 (7D)

132



10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

CI' (% by wieght of binder)

A 5-year exposure @ 3-year exposure @ 1.5-year exposure M 1-year exposure |

. 1-year regression, Co=1.61%, 3 = 0.825

i~ 1.5-year regression, Co=1.92%, 3 = 0.832
i A\ T 3-year regression, Co=5.73%, B = 0.784
_\ \\ -------- 5'year regreSSiona CO:8'58%9 B: 0.776

it LY PN WU W S .

0 10 20 30 40 50 60 70 80 90 100

Distance from surface(mm)

) sandihaeTaadsganumin 0.45 neudnhduiniuiosas 15 (145p15)

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00

CI' (% by wieght of binder)

0.00

| A 5-year exposure @ 3-year exposure @ 1.5-year exposure M 1-year exposure

1-year regression, Co=1.79%, B = 0.854
"""""""" 1.5-year regression, Co=1.38%, = 0.848
’ 3-year regression, Co=5.33%, = 0.794
"""" 5-year regression, Co=7.34%, = 0.783

~

b
a l:._'r“gl ‘ T * T - T -_

0 10 20 30 40 50 60 70 80 90 100

Distance from surface(mm)

v
o o 9

(%) Sanamiwedaqlszaumiiy 0.45 maudhauiniudevay 25 (145p25)

< '
MNNIANUINT A-1 (7D)

133



9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

CI' (% by wieght of binder)

A 5-year exposure @ 3-year exposure @ 1.5-year exposure B 1l-year exposure |

1-year regression, Co=1.85%, 3= 0.877
N 1.5-year regression, Co=1.74%, 3= 0.881
\ "7 3-year regression, Co=5.36%, 3 = 0.789
5-year regression, Co=7.81%, = 0.776

N\, ~
LERER IR N
\'\'\'~ il SR S W—

T -_

0 10 20 30 40 50 60 70 80 90 100

Distance from surface(mm)

o 1 %’ 1T o T o F) 4 901 v 9
() amwmuummﬁ@ﬂizmummu 0.45 waruo1U1aniiusesas 35 (145P35)

9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

CI' (% by wieght of binder)

A 5-year exposure @ 3-year exposure @ 1.5-year exposure l1-year exposure)

\‘\ ““““““““ 1.5-year regression, Co=2.22%, = 0.851
N 7" 3-year regression, Co=5.57%, = 0.804
NN e 5-year regression, Co=8.11%, = 0.778
\\. oy
AN
A 4 \1\

1-year regression, Co=2.09%, 3 = 0.854

N .
. -4

~. ] . __A

R N T I —
10 20 30 40 50 60 70 80 90 100
Distance from surface(mm)

@ U %’ 1 @ Y 9 4 “g v 9
() emwmuummﬁ@ﬂizmummn 0.45 waruo1U1aniiusesas 50 (145P50)

NMNNMANUINT A-1 (D)

134



12.00

10.00

8.00

6.00

4.00

2.00

CI" (% by wieght of binder)

0.00

A 5-year exposure @ 3-year exposure @ 1.5-year exposure Bl 1-year exposure

1-year regression, Co=2.51%, = 0.755
“w 1.5-year regression, Co=2.48%, = 0.738

N — 7" 3-year regression, Co=6.46%, = 0.734
‘o T 5-year regression, Co=10.64%, 3 = 0.725

-~

Distance from surface(mm)

() Sanahneiaglsyanumin 0.50 naadithautiniuiesas 0 (150P00)

12.00

10.00

8.00

6.00

4.00

2.00

CI' (% by wieght of binder)

0.00

50 60 70 80 90 100

A 5-year exposure @ 3-year exposure @ 1.5-year exposure l1-year exposure)

1-year regression, Co=2.21%, f=0.831

NV 1.5-year regression, Co=2.36%, 3= 0.827
. "7 3-year regression, Co=5.73%, = 0.779
SN, T 5-year regression, Co=10.22%, B =0.752

Distance from surface(mm)

v
o o 9

() sandnhnedaglszaumifiy 0.50 waudhauiniudevay 15 (150P15)

MNNMANUINT A-1 (D)

50 60 70 80 90 100

135



10.00
9.00

~
5 8.00
T 7.00
= 600

o
= 500
& 400
2 300

>
2" 200
S 1.00
O 0.00

A 5-year exposure 4 3-year exposure @ 1.5-year exposure B 1-year exposure)

1-year regression, Co=2.08%, 3= 0.841
N 1.5-year regression, Co=2.25%, 3= 0.839

T ‘\\ — T 3-year regression, Co=5.39%, B =0.782
A 5-year regression, Co=8.85%, 3 =0.789
\'Q AN
\ A\\\
N AN
. T
N So
}'\-i‘f\‘ A
T T N Rl - 1N N W .

0 10 20 30 40 50 60 70 80 90 100

Distance from surface(mm)

v
o o 9

(3) damaruinetagUszaumiiny 0.50 naudnhdniniudeoas 25 (150P25)

12.00

-
o
o
S

8.00

6.00

4.00

2.00

0.00

CI" (% by wieght of binder)

A 5-year exposure @ 3-year exposure @ 1.5-year exposure M 1l-year exposure

1.5-year regression, Co=2.65%, 3 = 0.863
A T T 3-year regression, Co=5.67%, B = 0.798
- 5-year regression, C0=9.82%, 3 = 0.792
. A
N, AN

1-year regression, Co=2.53%, = 0.869

0\ T~ * ‘ - ‘:-_ A
T T |_ - T = . T ‘ T . T . T ._
10 20 30 40 50 60 70 80 90 100
Distance from surface(mm)

o v 0 o 1w kY s ¥ o 9
(n) @ﬁi1ﬁ3uu1ﬁﬂ’)ﬁ@ﬂi$f;‘fTLll,‘Vﬂﬂ“]J 0.50 wammﬂmuumuiaﬂaz 35 (I50P35)

< '
MNNIANUINT A-1 (7D)

136



CI' (% by wieght of binder)
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duilszans g

TIUHTY mae B
17 1.5% 31 51
140P00 0.786 0.795 0.755 0.762 0.775
140P15 0.838 0.836 0.805 0.798 0.819
140P25 0.835 0.842 0.811 0.813 0.825
140P35 0.845 0.842 0.789 0.801 0.819
140P50 0.837 0.845 0.788 0.782 0.813
145P00 0.787 0.794 0.732 0.739 0.763
145P15 0.825 0.832 0.784 0.776 0.804
145P25 0.854 0.848 0.794 0.783 0.820
145P35 0.877 0.881 0.789 0.776 0.831
145P50 0.854 0.851 0.804 0.778 0.822
150P00 0.755 0.738 0.734 0.725 0.738
150P15 0.831 0.827 0.779 0.752 0.797
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duilszans g

TIUHTY mae B
11 1.5% 37 5

150P25 0.841 0.839 0.782 0.789 0.813

150P35 0.869 0.863 0.798 0.792 0.831

150P50 0.874 0.869 0.795 0.776 0.829

mInmanuIni a3 anduduvesnas lsdimaneunie
adutuvesaae lsaiimnounia .
y 1nae C
AIUNEY C, (% Tagrhmindagilszaiu) ’

11 159 33 51 11 159 33 51
140P00 1.4 1.53 5.91 8.72
140P15 131 146 582 7.74

140P25 1.8 1.43 5.07 6.76 1.3 1.4 5.5 7.5
140P35  1.22 1.29 5.41 6.91
140P50  1.32 1.47 5.49 7.46
145P00  1.81 204 618 9.78
145P15 1.6 1.92 5.73 8.58

145P25  1.79 138 533 7.34 1.8 1.9 5.7 8.3
145P35  1.85 1.74 536 7.81
145P50  2.09 222 5.67 8.11
I50P00  2.51 2.68 6.46  10.49
I50P15 221 2.36 573 10.15

150P25 2,18 225 5.39 8.85 2.5 2.6 5.9 9.8
I150P35  2.53 2.65 5.67 9.82
I50P50  3.09 3.2 6.01 9.93
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