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Abstract

The objectives of this investigation are to study the effects of water to binder
ratios (W/B) and fly ash contents on durability performance of concretes under marine
environment. Class F fly ash was used as a partial replacement of Portland cement type
I at 0, 15, 25, 35, and 50% by weight of binder. Water to binder ratios (W/B) were
varied as 0.45, 0.55, and 0.65. For durability study, concrete cube specimens of 200 mm
were cast, and steel bars of 12-mm in diameter and 50-mm in length were embedded in
the specimens at the coverings of 10, 20, 50,75, and 90 mm. Subsequently, the
hardened concrete specimens were cured in fresh water until the age of 28 days and then
were exposed to the tidal zone of marine environment in Chonburi province for 10
years. Durability index of concrete was evaluated based on the chloride threshold level
(T), chloride diffusion coefficient (D), fly ash replacement, W/B ratio, and compressive
strength of the concrete.

The results showed that the chloride threshold level (free chloride) of concrete
decreased with both the decrease of W/B ratio and the increase of fly ash replacement.
Furthermore, the appearance chloride diffusion coefficient of all concrete mixtures
obviously decreased with both the increase of fly ash replacement and the decrease of
W/B ratio. Based on the concrete durability (T/D. as compared to cement concrete with
W/B ratio of 0.45) and compressive strength, the durability performance proposed in
this study indicated that fly ash concretes with W/B ratio of 0.45 and 15-35% fly ash
replacements provided high quality concretes in marine site, which could be efficiently
employed to enhance the durability of concrete structures in marine environment.

Keyword: Durability index; Chloride threshold; Chloride diffusion coefficient;

W/B ratio; Fly ash; Marine environment
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TaaUszau uanean1s1ed 3.1
14

mamw&nuﬁ“lﬁff’"lumiﬁﬂymigaﬁﬁﬂmm“lquﬂmmmanuwhﬁ"u 19 1. wazilan
TugdanuaziBoaniifu 6.66 druniasmazbuaiin Tugdaauazdoamiiy 2.63 d
aeandeafuai lugdaanuaziBoaveaniasmnnuiiiaszning 5,585 uazuiasau
aziBoalimsEndng 2.2-3.1 519l 3.2 uamswamInagoUMIAANE 1 UNIZUAT AT R AT
UYBINIATIVAUNIATTIU ASTM C127-88 1ag C128-93 Tnofiamudaeimztonuavesa
smmeazaziBoaluanzdudiudaiiiy 277 uaz 257 awddy doandesiusm
ANUBNTUMNZVOTATIWATMIZNIN 1.6-3.2

ei o ~ [
3190 3.1 peRsznoumaunlives aqiszaiy

g
o =t = a
pefsznoumianll | yfudwud v . -
Y ., P Ty AT,

(Sovaz) osaaua
J (FA)

szinna 1
Silicon Dioxide, SiO, 20.80 44.95
Aluminium Oxide, 5.50 23.70
Iron Oxide, Fe,O, 3.16 10.80
Calcium Oxide, CaO 64.97 13.80
Magnesium Oxide, 1.06 3.47
Sodium Oxide, Na,O 0.08 0.07
Potassium Oxide, 0.55 2.38
Sulfur Trioxide, SO, 2.96 1.31
Loss On Ignition, 2.89 0.52
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M 3.2 qaaNiiavenasiu

- I8 | WIaTIW
AR -
MU | azioen

Bulk Specific Gravity (SSD) 2.77 2.57

Apparent Specific Gravity 2.80 2.61
Absorption (%) 0.64 0.96
Fineness Modulus 6.66 2.63
Normal Maximum Size 19 -
(mm)

3.1.4 duNaUADUATA
I duHauABUNSATIN W/B 16D 0.45, 0.55 4ag 0.65 waz Mdid1aeeh 14 lavasea1n
v Py = o o a o 1
TseIihuwianzunuiyudmuddesanausdsziani 1 lusasidudovas 15, 25, 35 uaz

b4 1 [] ]
50 Tagnimindaqusyeu Fedunauvesneuniaild lumsnyuaaslumaei 3.1

MINN 3.3 DATIEIUNTNUDIABUNTA

Mixture Proportions of Concretes (kg/m’)
Mix Cement Fine Coarse Ww/B
Fly Ash Water
Type 1 Aggregate | Aggregate
145 478 - 639 1,024 215 0.45
155 478 - 639 971 262 0.55
165 478 - 639 922 311 0.65
145FA1S5 406 72 639 1,004 215 0.45
145 FA 25 359 119 639 990 215 0.45
145 FA 35 311 167 639 977 215 0.45
145 FA 50 239 239 639 957 215 0.45
ISSFA 15 406 72 639 948 262 0.55
ISS FA 25 359 119 639 933 262 0.55
[SSFA 35 311 167 639 918 262 0.55
155 FA 50 239 239 639 897 262 0.55
165 FA 15 406 72 639 898 311 0.65
165 FA 25 359 119 639 881 311 0.65
165 FA 35 311 167 639 864 311 0.65
165 FA 50 239 239 639 840 311 0.65
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“145, 155 uaz 165~ vwede neunTad ldjusuddesauaudtsunnii I Adnsdnnive
Fagiszenuonaiv 045, 0.55 uaz 0.65 ANARL
“ =2 s Yo a a '3 o I's
FA1S5, FA25, FA35 uag FAS0 »  vuneda msunuido i luyudwuddosauaua

s

Ussianfi 1 iy Jevaz 15, 25, 35 uaz 50 Tﬂﬂﬁymﬁ’mﬁa
Usgauaudiay
Aaedamaeudeydnual
“ 4SFALS * manefa neuniafi ldifuSuuddofauoudUssinnd [ unuiidredramiuon

Y E4
az 15 laiminiagUssa uasiidnsidruhnedagszauminy 0.45

3.1.5 MIASHUAIDGNNATOY

NaeA10819ABUNT ATUIA 200x200x200 v, agilumAndunauuinaduriuguinat
123030, 671 50 W, M3zezRumounia 10,20, 50, 75 uae 90 un. fauaaslugdit 3.1 ndandy
ABUNTAILEIYATL 28 Ju idedunounia lUuguTnamelmeia Tsametuaauiionse
UTHIIHNT & 33191 0.635191 3. 3015 Tnvneursadudasuimealuanmidonadunds

Auraalugilin 3.2

=4 t = 9/ o e 1 A W = g a 1 ]
m 'J’NLL‘U‘Uﬂ\‘lLﬂaﬂUuLLUUﬁﬁ@ﬂ@uﬂiﬁ ) 1%LWﬁﬂu75@ﬂLW@ﬂu’ﬂ'ﬂ‘Nﬂiﬂ1Wlﬂﬂ‘lff]\ﬂ'ﬂ\‘i
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3.2 MSNADeUAaR 1SAdE I INABUASE
] ’a P o & A 9 o

NATOUNITUNIAFUVDIADL l3noaTy IuAdUNTANS s Mzt o ldanT12vim
Y] a Q‘{ -4 = g Y=
dulsea@nimsunsnduvesnaslsdluasunsa saldsznoulumsadensilniunanu
1 @ 1 = o d' 1 ] :’
o1l nsnaeulddiedieneuniaglgnuiaduuta 20 wu. Ardumsusimeaaiy

d’ [ = o = o o A L7 1 =1
szoza1InnIvue (10 1) lagthaounsauiiinisizsusnunnaeveifoudloss1ds
vinaduriuguina1e 7.5 gu. imsthefmihveuwmrsnsunian ldaimsme Ussum 1
2 a ol 1 a = Y = Qs.ll o [
v, ieannnuulssiuvesdsumane lsaneguinuiivineunia 910y finsda
i s Yt o w T a &gy o o) 1
UVEABUATAA TNV I LA INHLY 1 9y, 11dI9819AUNS AN eI TUaTuNg tazTou
[l ' 1 a = o 1 4
HIUAZLATINIATIIUILDS 20 (VUIAvela 850 JulAsiuas) nswSeudlsdraienaaoy
=® o LY Py o oA % p=2 1
nsunInduvoInan lsauanasg Ui 3.3 dweasuniafszaunnuinats lunaaoum
a ot e .
Ysmmsdsznounae lsanazaiolui (Water-soluble chloride) A1MMIATFIU ASTM C
=y P r a8 @ P 2 o ¥

1218 Taems lamsniSutanae lsafioglunsunsadaanslugii 3.4 Femunsadiwandos

ATVB9AR0 199 16 Aaaun1sa 3.1

3.545[(V, =V, )N]

Cl, %= (3.1)
w
We ¥ e dSwmsvesmsnzaw 0.05 N AgNo, ilddmsums lamsndastg
v, e UTuns v83a130za1y 0.05 N AgNO, ﬁ“l*i’f’f’?m%'mjs‘lmmw Blank
N f®  Exact normality Y0aeN3az a8 0.05 N AgNO, '-
0.10 Ao Milliequivalents U89 NaCl ﬁnﬁu (2.0mL X 0.05N)
W e shminvesnagiesneunie (A5W)
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asunIauimeia 10 1 waveudamdunazdnsdinivefaglsyamaemisuanan lsa
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apunIa lufunadounzannayianuaanmuaugiugaaulfiFnauenounia

Y a éa a
4.1 mammiSinamas lsaingd (1)
P ] < =y a v A A g I 9 & a
nIzuIuMIMsianseuvsunanasy IsududiodSuuaas lsaisudnieenin
< = = T ' a & Yy 9 g 1 ~ 9 Y o
wan uallunseIniozna1nil dinavisanududuvesnas lsawila Nagnszquldivan
a o a A dgl t o v & o 1 a Yo PYS 1 3
sutluaily ileswinduegiunateileds FedslimusasFutelddaanld saldndmiu ms
T S 9 Y- o fa & o gy 4 - 1 ] o a va =y
unsvesnae lsad lufsduudmadiudeiuda Syduuudldudueu neludesdianis &
4 [ ' o ’ LY .
nsnaasuiefnyIdAyaznsFuiuveInas lsalugdvesgiaaniue1d (Chloride profiles)
o s A as o a a o A 8 s & Yaet
Taolingiszaenioni3isilosiumsifeaindwiiosninnsduriiuvesnae 15 g9z 1935
a { o o <1 a
WosaMszez Uiz ayd M umanesy
& 9 ~ & a fa 1 ¥ < a =
Tunisdnufduin Idwewfzdnudsuuane lsandwaldmanasuluaeunia
a  d = A da ' a da a . = ¢ = J
Fuineiiy nSefiiSondn USurunnelsaingd (Threshold chloride) FawufSumnas lsd
9 ]
Ingdluneuniasssualinilugidosns 0.3-0.5 TasthwminTaqussau dauneuniafineu

s

] 14
dauAuazlinidiniineuninsssua uaznudieglugaesdovas 0.1-0.3 Tavtminiaeg
@ o =y =3 =N
152811 (Thomas, 1996 ; Glass& Buenfeld, 1997) lun1smiszaunas 13aIngd lunaunIaay
wian lifi%espufniusudainisonaieviiu 181938 msvmfiuandtedu wu n151435
L4 - A a 4 a o 2 A a a =} v @ o 1
fnd Il TinreanudsaimanSufaa iy H8N1TMI9INANNTNWUETEHINT
o 1 < a o a ot Y < I~{ [V = 3 dyo a
AansswmanasunulTuianas lsan indnaman tudu lumsdamnseiiinismidsuin
o a 9 A v o d 1 LY a a d o

anslsaingd (T) nndeyafiuaasanuduiussznitdosazmsinaaiylumanaiyly

o o a da d'o 1 3 Ao =1 A 9/ o a T
asunsanulTinanas lsfoasendumunannielunounsa Aldnansnaaeunainniy
a T = Y o a o Y 1a
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oS oA a a g v £ A& a -
NRAYINMINATULNANTOUAS 0 D9 2 mawmmmm;ﬂw 4.1(a), 4.1(b), 4.1(c), 4.1(d) uay
a v o d 1 a a o a JA a = o
4.1(e) MuansnnuduRusszniedesazmutaaiuiudSinuaaslsanusnulndfumaniu
a Aaw . S a A a ¢y < ¢ 4 v 9
ApUATANNERTI@MTIAR JaqUsyau 0.45 Nununudmudleiauauailszioni 1 daoi
Ea v
awAnseuaz 0, 15, 25, 35 uaz 50 lasthwinTagdszau awdau ndsiniineuniauslu
I~ P=t Py d o
annzundounzaiuna 3, 4, 5, 7 uaz 10 9 119N UATILHITI0ANBY (regression analysis)
. Y Qs 1 a s - a a
AINIEMITANNITANNTUNUSIr IS anas lsaoase (C) uazdosazmsifadiy ()14
1 a A v a as Pry w o o 1
Wy apunsanaud I uAudesny 15 Awaaslugld 410) ldaunmsanuduiusssning
=N a a o - 4
USuraanlsauazfesazmafaaidumanie () Ao CI = -0.0013(r") +0.2312(r) + 0.0149 1ijp
[ a L4
UNUAT T = 0.25%, 0.50%, 0.75%, 1.00%, 1.25%, 1.50%, 1.75% uaz 2.00% 18 USunnaslsa
Vv
B3 C1'=0.07,0.13, 0.19, 0.24, 0.30, 0.36, 0.42 uaz 0.47% laviminiaqlszay mudiay
1 o a ety v o Y a a o = Y o 9
aundgueslsuianas lsanaunussudesaznmafaanylumanasuse fovaz 02 mlé
.l Y :I v W A a a o' Y 1 dyo Y
iy 027% Tasshmiindaqulszaiu deundovesdsuanas lsaoaszananidimualv
[~ 1 =N a ~ u’/’ a da a =
{ua aaslsadingd (T) vesnounIa 145FALS uonnUYSINaInae 15AINGA YoenaUNTA

[ A < 9 @ a Y @ a
ﬁ?uWﬂN@u"]ﬂﬁ’]nlﬂﬁluﬁﬂ'ﬁmzmﬂﬂﬂu HAZUTAIAINITINN 4.1

CI = 0.0087r + 0.1654r + 0.1119
R*=09281 .

T=0.30%

T ]

01 2 3

T T 1 T

4 5 6 7 8 9 10 11 12
Rusted area (%)

a) Cement concrete

T T T T




5.0
B 45 7 a=-00013r" +02312r+0.0149
S 4.0 2_
.= R —0.922
L35 -
2 3.0 1
= 2.5 A
>~. -
O
S
]
B |
— _

01 23 45 6 7 8 9 1011 12
Rusted area (%)
b) 15%-Fly ash concrete
5.0

@ w A~
S b ©

Free cI (% by Wt. of binder)
SN
S L O W

S L
O L

1 =002327 +0.1017r +0.0138
- R =0.9632

4 T=0.17%

|
1

01 23 456 7 8 9101112
Rusted area (%)

|
.

¢) 25%-Fly ash concrete

o
o

4.5

t. of binder)
W W
o o

W
el e
S W

Free c[ (% by
=

S
O WD

1.5 1

4 QI =-0.0007F +0.139r - 0.0102
. R =0.9335

|
—

01 2 3 45 6 7 8 91011 12
Rusted area (%)

d) 35%-Fly ash concrete
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5.0
4.5 4 CI =0.0084r° + 0.0393r + 0.0381

4.0 A R? =0.9034
3.5 1

3.0 7

2.5 1
20 4 T=0.10%
1.5 7 \

Free cI (% by Wt. of binder)

01 2 3 4 5 6 7 8 9 1011 12
Rusted area (%)

e) 50%-Fly ash concrete

v d
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o Aa 3’ 1 ~ ] o
apunIafisasdmthae YaqUsyau 0.45 ugluannzinedeunzaidiuna 3, 4,

5,718z 101

LY a Qd d
4.2 fulsz@nSmaunanduvesnanlsa (D)
¥y ¥ ¥ v
Tumsfinunsell mai D, luneunsafinaudnuiulasldngmsunsdefiaesves
#n (Fick’s second law) (Crank, 1975) aaanaluaunsn 4.1)
=D, —
ot Ox

1 ]
o LY

o D, Tuaumsil @.1) Wusined fmeuialivesaumsh @.1) ugasdaaunsi (4.2)

X

5 \/D—ct)] 4.2)

A a da oy v P LY =
e C,, = YSumanelsdoas: (Tashmindaguszauiiszduanudn x wazszeznalu

Cor =C,ll-erf(

AT t
X = TZHLAINAIMUIVIADUAT A (Hu)
t a r=1
t=5zgzaUy (AUIN)
Y g Jaa = a o '
C= ANVTUTUVDIAAD 1TANHIABUAT A (N x=0) NILYSLIDULY t
[ a & [Z a A 1 2.4 =
D = futsz@nsmsunsnduvsinas 158 lUABUATANTZEZIIAT LY t (/)

o T a
erf = HANFUATHANDIA (Error function)
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Jd = Y 1 ~ d' da o da

lsaundiga daiaedelugilii 426) Auaasnisunsnduvesanslsdsaszluneuniafis
[ 1 :/ 1w A = d g 4 = 3/ Y 1 a oy

opna e TagUszaiu 045 tazumuAyudwualesauauatszand 1 Audaunuios
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az 0, 15, 25 uaz 35 lavtmidniagUszau vawsihmzmiunat 109 nmsma1 D, 16Usuam

= 4 o ' = &

D, uaz C, luaums# (4.2) e I¥ndasandesdudoyamsunsnduvesnns lsquinitga da
P YA o o =1 Ja o Ao 1 oy T W

Hafi ldfo dullsz@nimsunsnduvesnns lsdsase () lunsuniaiisasdinivedian

Py =) 4 P 4 a

sz 0.45 uazunufifudmuadesauaualsziani 1 frodawiuiesas 0, 15, 25 uaz 35

b4 v @ o ' o d a4 o 6 -6 -6

Tagrdmiindaglssenu ndwaihmemdunal 10 Y Sumdv 3.65x10°, 1.55x10°, 1.25x10°,

- Py =] o o o a & L A 1
ez 0.95x10° w’Aud awdu dudsed@niasunsniuvesaas lsd lunounsadiunauy
4 < - Y o a @ =i s a o
puq A laludnuaz@endiu AU 4.2(b) uaz 4.2(c) waznaasdulszantmsunsnduve

o o d'
ARD IAAIANTIN 4.1

B cement type I @ 15%-fly ash A 25%-fly ash O 35%-fly ash

8.0 1
= 7.0 Cement concrete,Co=7.6%, Dc = 3.65x10° mm’/s
S 60 15%-fly ash, Co=7.2%, De = 1.55x10°° mm’/s
5 DA\ 25%-fly ash, Co=6.0%, De = 1.25x10°° mm’/s
o~ N ~ 35%-fly ash, Co=5.0%, De = 0.95x10°° mm’/s
= 4.0 1 'y
2 3.0 1 :
©
~ 2.0 1
© 1o
0.0 t 3 1
0 20 40 60 80 100

Distance from surface(mm)
a) W/B =0.45
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B cement type ] @ 15%-fly ash A 25%-fly ash O 35%-fly ash|

8.0
=~ 70 7 Cement concrete,Co=7.7%, D = 6.08x] 0° mm’/s
Q
S 6.0, 15%-fly ash, Co=7.0%, De = 2.34x10°® mm’/s
0 AN 25%-fly ash, Co=6.0%, De = 1.56x10°® mm’/s
“~ 50 *\Q 6 2
© a\ N — 35%-fly ash, Co=5.0%, Dc = 1.23x10" mm’/s
Z 401 \M
2304
X
Nt 2.0 A
Q

1.0 -

0.0 — |

0 20 40 60 80 100
Distance from surface(mm)
b) W/B =0.55
W cement type I ® 15%-fly ash A 25%-fly ash O 35%-fly ash

8.0
= 70 1 ) Cement concrete,Co=9.5%, Dc =7.33x10°° mm’/s
(]
S 60 - 15%-fly ash, Co=8.0%, De = 2.55x10°° mm’/s
© \Ne \ N 25%-fly ash, Co=7.8%, Dc = 2.07x10° mm*/s
EEYRAY | PR
© ] -— = 35%-fly ash, Co=5.4%, Dc=1.75x10 " mm’/s
S 404 O\
230 -
X
< 20
O

1.0

0.0

0 20 40 60 80 100

Distance from surface(mm)

¢) W/B =0.65

< = /o a 4 2 = S ¢ &y
3171 4.2 maunsnduvesnas lsadass lunsunsaunuiyuduuddesauandilszinni 1 A7y

4 ¥y
1 ) o v @ @ t o o a
houiudesas 0, 15, 25 uag 35 Tagrhmiinaglsy oy nawgtimsmiuna 107
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M5190 4.1 dulsz@nimsunsnduaas lsa USuuaas lsaingd Adsdaiiong 28 Ju uaz

@ o o A k4 & =
AUUANUAINUYBIRBUATARLY T atiune 109

chloride diffusion Threshold Compressive
DI=T/D,_ as
coefficient at 10- chloride content, strength at
mix - compared to 145
year exposure .T 28 days
-6 2 (%)

(D, x10 " mm'/s) (wt% of binder) (ksc)
145 3.65 0.30 504 100
I45FA15 3.5 0.30 474 212
I45FA25 1.25 0.17 452 165
145FA15 0.95 0.17 450 212
145FAS0 0.50 0.17 338 165
155 6.08 0.24 370 48
IS5FA1S 2.34 0.24 370 83
I55FA25 1.56 0.24 303 100
I55FA35 1.5¢ 0.24 327 129
I55FA50 3.65 0.2:; 209 129
165 3.65 0.30 200 45
I65FALS 1.5¢ 0.24 209 K]
[65FA25 3.05 0.24 370 43
[65FA25 3.65 0.30 209 43
I65FAS0 1.25 0.30 166 100
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Abstract

The objectives of this investigation were to study the effect of W/B ratios and fly ash on threshold
chloride content of concrete under marine environment. Control concretes were designed by using Portland
cement type I with water to binder (W/B) ratios of 0.45, 0.55 and 0.65 (Concrete 145, I55 and 165, respectively).
Mae Moh fly ash was used as a partial replacement of Portland cement type I at 15, 25, 35, and 50% by weight of
binder w&th the same W/B ratio of control concretes. Concrete cube specimens of 200 mm were cast and steel
bars of 12-mm in diameter and 50-mm in length were embedded at coverings of 10, 20, 50, and 75 mm.
Subsequently, the hardened concretes were cured in fresh water until the age of 28 days and then were exposed to
tidal zone of marine environment in Chonburi province. The specimens were tested for free chloride content
(water soluble chloride) at the position of embedded steel bar and corrosion of embedded steel bar after being
exposed to tidal zone of sea water for 3, 4,5, 7, and 10 years. The threshold chloride level (T) was evaluated
from relationship between chloride content at the position of embedded steel bar and initial corrosion of
embedded steel bar. The results showed that the threshold chloride level (free chloride) of concrete decreased

with increasing of fly ash replacement (especially in low volume fly ash) and the decrease of W/B ratio.

Keyword : Marine environment, Fly ash, Threshold chloride, W/B ratio
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