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Abstract
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A model for predicting time-dependent chloride binding capacity of cement-fly ash cementitious
system was proposed. The proposed model took into account both chemical binding and
physical binding. Chemical binding was considered to depend on the amount of hydrated
aluminate and aluminoferrite phases during chloride exposure period while physical binding
depended upon the quantity of hydrated and pozzolanic products. The concept of time-
dependent chioride binding capacity was introduced in the model with the consideration of
curing time and chloride exposure penod. The chloride bindings of cement pastes and cement-
fly ash pastes under different curing time and chloride exposure period were tested Three
types of cement and two types of fly ash were used. From the experimental results, time-
dependent behavior of chloride binding capacity was observed. At the same chloride exposure
period, pastes with longer curing time pnior to chloride exposure bound less amount of chloride
than those exposed with shorer curing ttime. Longer exposure pericd of paste resulted in
larger chloride binding capacity. The analytical results from model were verified with the
experimental results from the authors and other researchers. The verification showed that the
proposed model was satisfactory for predicting the chloride binding capacity of various cement

and cement-fly ash cementitious systems.

Keywords: chloride. chloride binding, time-dependent, cement. fly ash
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Chapter 1

Introduction

1.1 General

One of the predominant causes of the corrosion of steel in concrete 1s chlonde attack  Chloride
ions may be present in concrete mixture, either as a result of using contaminated ingredients or
some chemical admixtures or as a result of penetration from external sources such as seawater
or de-icing salls. The ability of hydrating cement to bind chlorides from the pore solution in
concrete is one of the important factors which controls the initiation of c¢hlornde-induced
corrosion of steel in concrete. This is because only free chiorides present in the pore solution
can iniliate corrgsion when the free chlonde content around the steel reaches a cnitical value.
Therefore, chioride binding capacity 15 a significant property of concrete for prolonging the
service life of the reinforced concrete structures subjected to chlonde attack There are many
factors that govern the chioride binding capacity. such as type of cement. type and proportion
of cement replacement maternals. water to cement ratio, curing time prior to chlonde attack,

exposure period with zhlende and so on

Chloride binding capacity of various cementitious pastes had been studied by many
researchers [1-13]. Some proposed a model for predicting the chloride binding capacity of
cement-ground granulated blastfurnace slag paste [7]. However, there is still no any model that
considers the effect of curing tme and chloride exposure period in the prediction of chloride
binding capacity of cement-fly ash paste. The lime-dependent chloride binding capacity of

paste depended on age of paste at start of chloride exposure and the chlorice exposure period.

Aluminate (C,A) and aluminoferrite (C,AF) phases in cement were found to be responsible for
the chemical binding of chlonde [2-6]. These two phases form  Friedel's salt
{(CagAl,0:.CaCl,.10H,0) and calcium chloroferrite (CaFe,;0,.CaCl>.10H.0). The binding
capacity was then considered depending on the content of C A and C,AF in cement. The
increase of sulfate content in cement was found to reduce the chlonde binding capacity since
sulfales were stronger bound with C A than chlorides [8-8]. The contents of C;A C,AF and
sulfate in cement were found to be significant parameters influencing the chemical binding of
chloride [10]. While chemical binding was discovered to depend on the content of aluminate
and aluminoferrite phases n cement. physical binding depended upon the content of hydrated

products, particufarly the content of C-S-H mn concrete [11-12). Moreover, there was  evidence



that calcium aluminate hydrates produced by the pozzolanic reaction of fly ash cement blends
can bind the chloride [13].
)

1.2 Objectives

The aim of this study is to propose a model for predicting chloride binding capacity of cement-
fly ash cementitious system based on mixture proportion and properties of cementitious
materials. The time-dependent effects of curing time prior to chloride attack and chloride
exposure period on the chloride binding capacity were considered in the model. Both chemical
binding and physical binding were included into the model. The wvalidity of the model was
verified by the experimental results obtained from both the authors and from other researchers
[1, 4, 8, 17]. The proposed model will be useful for predicling the depassivation time or
maintenance free period of reinforced concrete structure and will be used for obtaining better

mix proportions of concrete in chloride environment.



Experimental Program

Chapter 2

2.1 Materials, mix proportion and specimen preparation

Three types of cement. which were type | type lll and type ¥V Ponland cements

have besn

used in this study. Two types of fly ash corresponding to ASTM F-type (low calcium fly ash)

and ASTM C-type (high calcium fly ash) were mixed with type | Portland cement for producing

the cement-fly ash pastes. The chemical compaosition and phvsical propertes of cement and fiy

ash are listed in Table 1.

Table 1 Chemica! compositions and physical properttes of Portland cement and fly ash

T

I Low calci.n fly

H.gh calcwum fiy

Chemical compositions Type | j Type I | Type v
Portland ! Portland Pontang ! ash ash
cement cement | cement i (F-type) (C-type)
Si0, (%) i 2061 | 2073 2097 | 45 88 a2
ALO, (%) 503 s49 | 319 26 20 1917
Fe,0, (%) 303 | 332 | 433 10 94 we3
Ca0 (%) 6489 | 6489 ! 6286 828 17 28
MgO (%) 143 | 125 333 283 795
SO; (%) 270 1 276 212 J 104 201 |
Na,O (%) 022 | 024 012 _ 090 103
K,0 (%) 046 | 032 047 278 228
Free ime (%) 079 i 0.57 101 - -
Loss on igniton. LOI (o) 123 | 123 121 | - 017 0os
Physical properties
Blaine fineness (cm /g) 3.190 2770 | 3760 3460 3510
Specific gravity 315 322 | 313 203 210
Bogue's potential compound composiions -
C.S (%) 6164 | 6377 | 6077 - - a )
C:S (%) P26 1 1A 14 37
C.A (%5) | g 21 G 29 rar
C.AF (%) 321 10 29 1319

Eleven different mixture conditions of cementitious paste were prepared for this investigation

as shown in Table 2.

There were five muxture condilions of cement paste ard six mixture



conditions of cement-fly ash paste. The test parameters for investigation were type of cement,

type of fly ash, water to binder ratio (w/b) and fly ash to binder ratio {f/b).

In order to achieve rapid saturation, thin disc specimens of 50 mm diameter and 10 mm thick
cast in PVC molds were selected for sample preparation  Thirteer specimens were prepared
for each mixture condition, ten for expressing the pore solution and three for determining the

evaporable water content. The mixing procedure was performed accerding to ASTM C305.

2.2 Curing time and chloride exposure period
After casting, specimens were sealed with plastic sheet to prevent drying for 24 hours. Except
for specimens to be exposed to chloride &l 1 day, all specimens were cured in water

immediately after removal from the molds. Curnng times were 1, 7 and 28 days as shown in

Table 2. The curing temperature was 30t2°C.

Table 2 Mixture conditions

Mix Materials wib /b Curning bme Chlorde
Designation Cement type Fly ash t;;_— (day) exposure period
\ (day)
C1 Type | . 040 0 1,7.28 i 28, 56, 91
c2 Type I - 0.40 0 1,7.28 f 28. 56, 91
c3 Type V - 0.40 0 1.7,28 | 2856 91
ca Type | i 030 0 1.7.28 | 2856
cs Type | ; 050 0 1.7.28 1 28 5691
CFL1 Type | = 0 40 0 30 1.7, 28 | 28 56,91
CFL2 Type | F 040 | 050 1,7, 28 i 28. 56. 91
CFL3 Type | F 040 | 070 1,7.28 | 28, 56. 91
CFH1 Type | c” KR . 030 1,728 | 28 56 91
CFH2 Type | c” i_ 040 | 050 1,7, 28 1 28 56 91
CFH3 Type | c i 040 | 070 1,7.28 28. 56. 91

* F-type fly ash has (Si10. + ALO, + Fe.Q;} conlent greater than 70%, but very litle in Ca0 content It is
called low calcium fly ash in this study.
** C-type fly ash has {S10- + AI.O, + Fe,0,) content less than 70%. but larger in CaO content It is called

high calcium fly ash in this study.

At the end of water curing. specimens were exposed to chloride by submerging 0 salt water

with 3.0 % of chloride ion concentration (30 gram per hter) for different exposure pernicds  The



exposure periods were 28, 56 and 91 days as shown i Table 2 The volume of sall v ater

(chloride solution} was 2.0 liters. The temperature duning the chlonde exposure pened was

30+2°¢C.

2.3 Determination of chloride content

At the end of chloride exposure period. specimens were removed from sall water Surfacres ol
specimen were dried by using tissue paper. Pore solution inside he spacimens wias obtamned
by using a pore expressing apparatus. The maximum loading pressure for expressmg the pore
solution was about 500 MPa. Two or three cycles of loading and unloadmg were performead n
order to get 3 to 5 cmj of pore solution. The evaporable water centent of specanen was

immediately tested for being used in the deterninaticn of free chloride m the specimen

Total chloride was determined from the difference between nitial chlonde content of the
submerging salt water at the start of exposure and it1s final chlonde content at the end of
exposure and shared equally to all specimens submerged in the salt water  The free chlonde
was determined from chloride concentration of pore solution expressed from wpecimen
multiplied with the evaporable water Finally. the fixed chlonde of cementihous paste can be
determined by subtracting the total chloride with the free chlonde. All chlonde concentrations
were analyzed by potentiometric titration with AgNO. solution and chloride ion selective

electrode.



Chapter 3

Chloride Binding Capacity Model

The chloride binding capacity model of cement-fiy ash cementitious system considers both
chemical binding and physical binding as given in Eg. 1. The aluminate phase, C,A. and
aluminoferrite phase. C,AF, in cement were considered responsible for the chemical binding
while the hydrated products from cement and pozzolanic products from fly ash, such as

C-S-H. C-A-H. C-A-F-H. ettnngite and monosulfale were responsible for physical binding.
Cﬂx (ts! te) = C ‘:'n‘;m(ts [ t._) + Cr:. pn;(tp) (1)

where C,;, (1. t.) 1s the total fixed chlonde content in the cementitious system (% by weight of
binder), Ci, wem (L. t.) 15 the fixed chlonde content by chemical binding {% by weight of binder),
Csy oy (te) 18 the fixed chloride content by physical binding (% by weight of binder), t, is the age
at the start of chloride exposure which is equal to curing time and t, is the age at the end of

chlornide exposure It is noted that t_- t. means the chloride exposure period.

3.1 Hydrated mass of cement and reacted mass of fly ash
3.1.1 Hydrated mass of cement
The mass of each major compound in Portland cement was calculated based upon Bogue's

equation. The hydrated mass of compound i at age t was determined from Eq. 2.

Moy, (£) =M, x (i'é(;) 1 = C4A, C,AF, C,S, C.S 2)

3
where M, . (t) is the hydrated mass of compound i at age t days (kg/m of concrete), M, is the
3 - .
mass of each major compound in Portland cement (kg/m of concrete), CL(t) is the degree of
hydration of compound 1| of cement at age t days (%) and t is the age of the sample (day). Itis

noted that the age is equal to zero at start adding water to the mixture.

The details of degree of hydration of each oxide compound are not provided in this paper but
elsewhere [14] since they are not the direct scope of this study. However, the example of
degree of hydration of each major compound of cement in the paste with w/c of 0.40 is shown

in Fig. 1.
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Fig. 1 Example of degree of hydration of type 1 cement (w/c=0 40)

3.1.2 Reacted mass of fly ash
The reacted mass of fly ash in the pozzclanic reaction at age t days was calculated according
to Eq 3.

o oy, (8
100

Moo o () =M (3)
where M., ,(t) is the reacled mass of fiy ash at age t days (kg/m3 of concretle), M, is the mass

of fly ash (kgfrn3 of concrete) and /(1) is degree of pozzolanic reaction of fly ash at age t days
{%).

The examples of degree of pozzolanic reaction of low and high calctum fly ashes in the pastes

with w/b of 0.40 and f/b of 0.30 used in this model are shown in Fig. 2 [15].
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o
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0 M 40 o) s 100 120)
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Fig 2 Example of degree of pozzolanic reaction of fly ash (w/b=0.40, {/b=0 30)



3.2 Hydration products and pozzolanic products
1 s assumed here for simpinaty that the quantity ot hydraled products of cement and

pozZolame product< ob iy st e debe eveedd bBoasced an the renetions showen o Table 3 The
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The amount of Ci, caa (L., t.) and Cy, cuaar (I, t.) can be determined from Eq. 5 and Eq. 6.

respectively.

Cﬁx,ClA(ts ’ te ) = }"ﬁx,C;A » (Mhyd, CAa (te ) - Mh,’d, C.A (ts )) (5)
Cﬁx,C_,AF (ts r te ) =/ fix ,CLAF 7 (Mhyd, C.AF (t.; ) - Mm-a‘ CLAF (ts ) ) (6)
in which
Af,c3a = L2 (7}
I 3'3+e(003\_\uc3ga
and
) 0.6
M fix,CAAF = 10033 Ao (8)

3.3+e

where )\m_ caa and }\,ﬁ,. c:ar are defined as the fixed chloride ratios of C,A and C.AF. 1e. the
ratios of fixed chloride to hydrated mass of C;A and C,AF, respectively, and A(J.;},; and

AO(@AF are the changes of degree of hydration of C;A and C,AF, respectively during the

exposure period.

The relationship between the fixed chicride ratios of C,A and C,AF and their respective
changes of degree of hydration are shown in Fig. 3. The fixed chloride ratio decreases with the
increase of the change of degree of hydration during the exposure period (ACL in Fig. 3). This

implies that more chloride can chemically be bound at early hydrations of C;A and C.AF.

)\-fl\
(.30 W
0.20 A
0. ] A
(.00) T T T —/
0 25 S0 75 10X)
A (%)

Fig. 3 Relationship between fixed chloride ratios of C;A and C,AF and change of degree of

hvdration during the exposure period

o



3.4 Physical binding

Chloride may be physically adsorbed on the surface of C-S-H gel and other products of
reactions in cementitious system, such as C-A-H, C-A-F-H, ettringite and monosulfate. The
fixed chloride content by physical binding at the end of chloride exposure (Cy, .., ()} is defined
as in EqQ. 9. This equation aiso takes into account the time-dependent effect of curing time plus

chloride exposure period, ..

Qix g
cﬁx,pny(te):ﬁxZMD,m(te) (9)

where Q),,x is the fixed chloride content of hydrated and pozzolanic preoducts (%) and
2M posuct(te) 18 the summation of mass of hydrated products and pozzolanic products at the

end of chloride exposure.

For simplicity, it is assumed here that all hydrated and pozzolanic products have the same fixed
chloride content. The fixed chlonde content of hydrated and pozzolanic products depends on
the total chloride content, water to binder ratio and fineness of cement in the cementilious
system. The physically bound chloride content was derived from the back computation using
test data of chloride binding capacity. The derived equation is shown in Eq. 10.

~0.093xw/b +0.135 | _ G | _Fc v

0.037 + er00002wp ™ 152k, | Cogp +0.01 | 3190 |

Ofin = (10)

where C,, is the total chloride content (% by weight of binder), w/b is the water to binder ratio

and F. is the Blaine fineness of cement {(cm’/g)

As shown in Fig. 4, the physically bound chloride content of hydrated and pozzolanic products

increases with increasing total chloride content and decreasing water to binder ratio.

10



—_ I

.
@?25)\
o
e

R %

14X 7 o Duatu of wh=0_ 30
< + Diata ot wih=0 40
O Data of wh=0_31
UV — Nodel of wb=0) 30
— — — = Maodel of wh=0 40
. °© Model of wiheu 51
”H“ Q T T T T )

O Loo 2k 30 400 300

Cior (S0 by wi ot binder)

Fig. 4 Fixed chloride content for hydrated and pozzolanic products

11



Chapter 4

Results and Discussions

In this study, test of chlonde binding capacily was conducted based on the fact that in most
cases. chlorides attack concrete from cutside environment  This type of chicride is called as
externa! chioride in this paper. On the other hand, the chlorides present in concrete at start of
concrete mixing is called as internal chloride. The test results of total chioride and fixed
chloride are presented by bar charls The values in parenthesis above the bar indicate the

ratios of fixed chlonde content 1o olal chlonde content

4.1 Chloride binding capacity of cement pastes

It can be seen from Fig. 5 to Fig 6 that the chlonde binding capacity of cement paste exhibits a
time cdependent behavior Considenng samples with the same exposure period. t_-t,. paste with
shorter curing time had higher total and fixed chioride content than that with longer one. The
reason for larger total chloride content in shorter curing time case was that younger paste had
bigger pore diameter, so larger amount of chlonde can penetrate into the paste. Fixed chioride
was also higher because there were larger amount of unhydrated aluminate and aluminoferrite
phases, which were accessible for chloride binding  On the contrary. considering pastes with
the same curing time. longer exposure period 10 saltwater resulted in higher total and fixed
chloride content. Higher total chloride was just simply because of longer exposure period while
the reason for larger fixed chloride content was that larger amount of hydrated and pozzolamc

products produced during the longer exposure period can bind chlorides

By comparing Fig. 5(a) with Fig. 5(b) 1t can be seen that at shorler exposure period, type ||
cement paste had higher fixed chlonde content than type | cement paste. This was because
type 1l cement had higher fineness than type | cement, so the hydration developed faster and
higher hydration products was produced. This resulted in higher fixed chloride content.
However, when exposure period was longer, the binding capacily of type | cement and type |II

cement was nearly the same

When comparing Fig. 5(a) with Fig. 5(c), il can be observed clearly that type V cement paste
had lower {ixed chloride content than type | cement paste for all curing and exposure periods.

This was mainly because the type V cement had lower content of C A than type | cement
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By considenng the effect of water to cement ratio on chlonde binding capacity in Fig 6. 1t can
be seen that when increasmg water to cement ratio, though the total chlonde content increased
but the ratio of fixed chlonde content 1o total chinnde content decreased  This may be because

chlonde can be caser restrauned espesally phiysically o 3 densonr paste

4.2 Chloride binding capacity of cement-fly ash pastes

In addiion. Fig 7 and Fug 8 show that the cturactenstos af tme-dependent chionde inding of
cement-fly ash paste follow the same trend as those of the cement pasle

Frg 7 and Fig B dlusteatie hal cemen? paste ot baat Caicnam By ash had tigher fixed chilonde
content than thal with foe conomm 1y ash This e Deecause the bogh o caourm £y ash usually
contamns some cementihiors components s hich can bodrate W nnd chlonde and also to
morease the early possolane redchon so that begher possotame products can be produced

especinily at the Megh refdacemaent gl
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Chapter 5

Model Verification

The chlonde Dinding capacd. model was venfied with test resulls obtained from both the
authors and other researchers  The mux ingredients and chemical compos:tion of materials

from other researchers were briefly shown in Table 4.

Table 4 Mixture condiions and properties of matenals from other researchers

' Researchers Rasne- taszota [4] Hussamn |2 Arva |1) faruya [17]
I Specmen type certtenl Daste cement paste cerment ' Cement monar,
\

paste o+ fly ash mortar

and concrete

| wib - o6 ' 0 60 050 | 050 |
/o o Oﬁ - - Oi bl 0 B T 030 i
Chloride type 7 AT o __m_l;:\m 1 exle;u:l ' external |
i Chlor]de comem— 0 3. TJ au® . 1 F0%, ' Ui-b“Oﬁc 1.20% RS 7712 1 T 18 2 K
l__— . _—t vy Wl f CC‘IW“.—.’F?l. L by \ivl_"if,_feﬁwm - %1 : | [ g/
| Malenals @ C C c ¥ ¢ . C a C - C | FA
I Cunng tme 0 R 0 . ‘O—_—M— 0 ‘-—-_(_J_ K O N 0 7 2. 28. 84 - 2_E; ]
‘ (day) | | . :
Chlonde 180 - __?O i (;U *_7780 L -180 T 180 ‘ 180 i 28. 56, ‘ 28, 91. 182,
exposure penod | : | ‘ 84 | 365
o L | P SRS ST PR S S

I Chemical compositions

SI0. (%) 2190 207¢ 2090 1992 | 2190 | 2000 1992 | 1960 | 2050 | 5500

! AlLOL (%) i 398 ) 47 S“IJOW ”6_54 ; 398 1_ 526 T G 54 ] 510 | 500 | 560
‘?e(,o.j (%) T 480 zar 305 209 -3_4_8-(-)_1 375 ' 209 . 310 _j_ 300 | 220 |
%CaO (T/o) = 6472(7) 7‘763 972 '764_50 \ {-34 70 | 9_4 QU:I_ 65,05 64—_70_i Eg{{f ISS 40 I _6.90 -
| SO, (%) T 171 300 321 ] 261 | 171 | 254 | 2617 | 300 : 200 ‘ 0.50
LLOl (%) - _“ 1 1_0_ __E_J ;;_ 215 7.1 1(1{ 110 B - j 71 1§ J LSO ' _1 80 ‘ 1(?
' Bogue's potential CompOur‘tc;C(;mposmons
‘ C,S (%-) ) | 54 30 57 1“7 | S?EEN 5;50 54—3'6 -55 83 5; 50 ‘ —55,20 | SRE T
C.5 (%) 21 807‘716 537765011 16 OO‘ 2180 | 1780 | 16 00 14 80 14 60
CLA (%) —_{| - 2;?3——‘_ 737 g 9 1L:J : 14 00 2.43 759 14.00. 9.90 8.20
! C.AF{%) - | 14 61_v‘ 9 27-._f 7"4615 (_350 14{61_ 1741ﬂ -G 50 ) 970 V 910
Notes  C = Coment FA :7r-fa~,‘ . - - o T
' SO, contenls were slsg rased o 400 and 8 007 by adding sodium sulfate into the pasles
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The verification was done on pastes, mortars and concretes with different types of cement and
fly ash, fly ash replacement ratio, water to binder ratio, curing time and chloride exposure

period. )

Fig. 9 and Fig. 10 show the verification of model with the expermental results conducted by the
authors. In each figure, the fixed chloride contents calculated from model are compared with
that from experiment. It can be seen from the figures that the model can be used to predict the
chloride binding capacity of cement pastes and cement fly-ash pastes at various curing time

and chloride exposure period up to a certain satisfactory degree

Fig. 11 to Fig. 14 demonstrate the verification of the model with the test results from other
researchers. Fig. 11 and Fig. 12 show the verification of model with resufts from internal
chloride test, while Fig. 13 and Fig. 14 show the verification of model with results from external

chlaride test.

As indicated in Fig. 11 and Fig. 12, the model can be used to predict the chloride binding
capacity of cement pastes with various C;A contents from 2.43% 10 14.00% and SO, contents

from 1.7% to 8.0%.

As illustrated in Fig. 13 and Fig. 14, the model can also be applied to predct the chionde

binding capacity of various cement pastes, mortars, fly-ash mortars and concretes.

Ce. (% by wi of cement) from model
200

o (I

a 2

o (3

x C4

+ 5

+
b T +0 &
S
ok
SR
ey !
.00 1.00 2.0
C... (Tt by wtof cement) from experiment

Fig. 9 Verification of model with various cement pastes in this study
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Fig. 10 Verification of model with various cement-ily ash pastes in this study
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Fig. 11 Verification of model for various C,A contents of cement pastes
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Chapter 6

Conclusions

Based on the experimental resulls, the model formation and the verification of model, the

following conclusions can be drawn.

1.

The behavior of chloride binding capacity of cement-fly ash cementitious system was time-
dependent. Chloride binding depended on the curing and chloride exposure periods.
Pastes having older age prior 1o chloride attack bound less amount of chloride than those
exposed to chloride at younger age. Longer exposure period of paste resulted in larger
chloride binding capacity.

Cement pastes with high calcium fly ash had higher fixed chloride content than those with
low calcium fly ash. This is because the high calcium fly ash usually contains some
cementitious components which can hydrate to bind chloride and also to increase the early
pozzolanic reaction so that higher pozzolanic producls can be produced especially at the
high replacement ratio

A model for predicting chloride binding capacity of cement-fly ash cementitious system was
proposed by considering that the unhydrated aluminate (C;A) and aluminoferrite (C,AF )
phases in cement were considered responsible for the chemical binding, while the hydrated
products from cement and pozzolanic products from fly ash were responsible for physical
binding.

The proposed model can satisfactorily predict the chloride binding capacity of various
cement pastes and cement-fly ash pastes with differenl mixlure proportion, properties of

cement and fly ash, curing time and chloride exposure period.

22



)

(2]

[3)

(4]

[3]

(6]

(7]

)

(9]

(10]

(11]

[12]

[13]

References

Arya C., Eﬂuenfeld N.R.. Newman J.B, ‘Factors influencing chioride-binding in concrete’,
Cement and Concrete Research 20 (1990) 291-300

Ramachadran S., Seeley R.C., Polomark G.M.. ‘Free and combined chloride in hydrating
cement and cement compounds’, Materials and Structures 17 (1984) 285-289

Theissing E.M., Mebius-Van De Laar T., De Wind G., 'The combining of sodium chloride
and calcium chioride by the hardened Portland cement compounds C,S. C,S. C,A and
C.AF', (Proceedings of g" International Symposium on Chemistry of Cement. Rio de
Janeiro, 1986, 823-828)

Rasheeduzzafar, Hussain E.S., Al-Saadoun S$.S., 'Effect of cement composition on
chloride binding and corrosion of reinforcing steel in concrete’, Cement and Concrete
Research 21 (1991) 777-794

Suryavanshi A.K., Scantlebury J.D., Lyon S.B., 'The binding of chloride ions by sulphate
resistant Portland cement’, Cement and Concrete Research 25 (1995) 581-592

Csizmadia J., Balazs G., Tamas F.D.. 'Chloride ion binding capacity of aluminoferrites’,
Cement and Concrete Research 31 (2001) 577-588

Dhir R.K., El-Mohr M AK., Dyer T.D., ‘Chioride Binding in GGBS concrete', Cement and
Concrete Research 26 (1996) 1767-1773

Hussain E.S., Rasheeduzzafar, Al-Gahtani A.S., "Influence of sulfates on chloride binding
in cements’, Cement and Concrete Research 24 (1994) 8-24

Xu Y., 'The influence of sulphates on chloride binding and pore solution chemistry’,
Cement and Concrete Research 27 (1997) 1841-1850

Jensen O.M.., Korzen M.SH. Jakobsen H.J., Skibsted J., ‘Influence of cement
constitution and temperature on chloride binding in cement paste’. Advances in Cement
Research 12 (2000) 57-64

Luping T., Nilsson L.-O., ‘Chloride binding capacity and binding isotherms of OPC pasles
and mortars’, Cement and Concrete Research 23 (1993) 247-253

Delagrave A., Marchand J., Ollivier J.P., Julien S., Hazrati K., 'Chloride binding capacity
of various hydrated cement paste systems', Advanced Cement Based Materials 6§ (1997)
28-35

Jensen H.-U., Pratt P.L., 'The binding of chloride ions by pozzolanic product in fly ash

cement blends’, Advances in Cement Research 2 (1989) 121-129

23



[14]

(15]

[16]
(7]

Nipatsat, N., Tangtermsirikul S.. ‘Compressive strength prediction model for fly ash
concrete’, Thammasat International Journal of Science and Technology 11 (2000) 1-7
Tangtermsirikul S.. Tatong. S . '‘Modeling of aggregate stffmess and s effects on
shrinkage of concrete’. Science Asia 27 (2001) 185-192

Mindess S . Young J F.. ‘Concrele . (Prentce-Hall New Jersoy, 1931,

Maruya T ‘Simulation of chloride won movement in hardened concretw A Ph D
dissertation, department of civil engineering. University of Tokyo, Japan 1995 (n

Japanese)



[]
= =

Output 3nlasan1533ailasunwain ann.

HRIILAANWILITAITITINATUIRITE
1.1 T. Sumranwanich and S. Tangtermsirikul, A model for predicting time-dependent
chloride binding capacity of cement-fly ash cementitious system, Materials and

Structures, RILEM (submitted for possible publication)

nsvinanwIvnlylguss lonyd
Tui393 71015 wanwdvpta o lFdsrnavlunisSownmysaulndtiaunanu

UnInaunIf (Durability of Concrete) A3 CES 492 vasantunaluladuwinmasiuss

HaLAR LWL TITIn T InYsnoe warnadauanaruluidszquioinas
3.1 T. Sumranwanich and S. Tangtermsirikul. A chloride binding capacity made! for
cement-fly ash pastes, 27 Conference on Our World in Concrete & Structures,

Singapore, August 29-30, 2002, pp. 545-552

3.2 @uiin éh'mau%‘%qa, nedsuiivadnaslialunauniauarnisiiaatuluwdn, 13
UTTUUMAMISEY AILAIMBUaIaawnIaua: LasIaiIaTIonnEa, 5 Nue UL 2545,
AnIAINTINAIERT PsInTHluw ARy Jalapamsiainssuaiaad PARINTI
YMINOIFE SINTUALL AUNTTAMITIVINOUNIAUAIEg IAINTINEDTUUHIUTTING

Tno luwszusungyansd
3.3 T. Sumranwanich and 3. Tangtermsirikul, A chloride binding capacity model for

. n )
cement-fly ash binder taking into account the time-dependent effect, The 8" National

Convention on Civil Engineering. Khon Kaen, Thailand, October 23-25, 2002

25



Appendix



1. HAITWEANHN LB AVTHITITINITHIABITIG



11 T. Sumranwanich and S. Tangtermsirikul, A model for predicting time-dependent
chloride binding capacity of cement-fly ash cementitious system, Materials and

Structures, RILEM (submitted for possible publication)



A MODEL FOR PREDICTING TIME-DEPENDENT CHLORIDE BINDING
CAPACITY OF CEMENT-FLY ASH CEMENTITIOUS SYSTENM]

T. Sumranwanich and S. Tangtermsirikul
School of Building Faciliviey and Civid Favcineering, Sorindliorn Diterinational fistitnie of
Technology, Thammasar Universiev, Pathum Thand, 12027, Thailand

ABSTRACT

A model for predicting tume-dependent chloride binding capacite of cement-1iv - ash
cementitious system was proposed.  The proposed model ook tnto account hoth chemical
binding and physical binding. Chemicul binding was considered to depend on the amount of
unhydrated aluminate and aluminoferrite phases while physical binding depended upon the
quantity of hydrated and pozzolumc products. The concept of ume-dependent chlorde
binding capacity was mtroduced in the model with the consideration ol curme tme and
chloride exposure period. The chlonde bindings of cement pastes and cement-tlv ush pustes
under different curing time and chlornde exposure period were tested. Three tvpes of cement
and two types of 11y ash were used. From the expermmental results, tme-dependent behavior
of chlonde binding capacity was observed. At the same chloride exposure period. pastes with
longer curing time prior to chlonde exposure bound less amount of chloride thun those
exposed with shorter curing time. Longer exposure period ol puste resulted in larger chloride
binding capacity.  The analstucal results from model were veritied with the expernnental
results from the authors and other researchers. The vertfication showed that the proposed
model was satisfactory for predicung the chloride binding capucity ol various cement and
cement-tly ash cementtious sy stems.

1. INTRODUCTION

One of the predominant causes of the corrosion of steel in concrete 1s chlonde attack.
Chloride ions may be present in concrete mixture, either as a result of ustng contaminated
ingredients or some chemical admixtures or as u result of penetration from external sources
such as seawater or de-icing salts. The ability of hydrating cement to bind chlorides from the
pore solution in concrete is one of the mmportant tactors which controls the initiauon of
chloride-induced corrosion of steel in concrete. This 15 because only free chlorides present in
the pore solution can initiate corrosion when the free chlonde content around the steel reaches
a critical value. Therefore, chloride binding capacity 18 a signiticant property of concrete for
prolonging the service life of the reinforced concrete structures subjected to chloride attack.
There are many factors (that govern the chleride binding capacity, such as type ol cement. tx pe
and proportion of cement replacement materials, water tw cement ratio, curing e prior o
chloride attack. exposure period with chloride and so on.

Chloride binding capacity of various cementitious  pastes hud been studied by many
researchers [1-13]. Some proposed a model tor predicting the chloride binding capucity of
cement-ground granulated blastturnace slag paste [7]. However. there 1x sull no any model
that considers the effect of curing tme and chloride exposure period i the predicuon of
chloride binding capacity of cement-ily ash puste. The ume-dependent chlonde binding
capacity of paste depended on age ol paste at start of chloride exposure und the chloride
exposure period.

Aluminate (C:A) and aluminotermte (O A phases 1t cement were found 1o be responsible
for the chenucal bindimge o chlorde [ 2-6] These two phases torm Foedel s salt
(Cac ALO CaCl 1000 and calcrum chilorotermte Cu be-QCaCl Tol 0. T Bindinig



capacity was then considered depending on the content of C3A and C4AF in cement. The
increase of sulfate content in cement was found to reduce the chioride binding capacity since
sulfates were stronger bound with C3A than chlorides [8-9]. The contents of C3A, C4AF and
sulfate in cement were found 1o be significant parameters influencing the chemical binding of
chloride [10]. While chemical binding was discovered to depend on the content of aluminate
and aluminoferrite phases in cement, physicul binding depended upon the content of hydrated
products, particulirly the content of C-S-H in concrete [11-12].  Moreover, there was
evidence that calcium aluminate hydrates produced by the porzzolanic reaction of fly ash
cement blends can bind the chloride [13].

The aim of this study 15 to propese a model for predicting chloride binding capacity of
cement-fly ash cementtious system based on mixture proportion and properties of
cementitious materials. The ume-dependent effects of curing time prior to chloride attack and
chloride exposure period on the chlonde binding capacity were considered in the model.
Both chemical binding and physical binding were included into the model. The validity of the
model was verified by the experimental results obtained from both the authors and trom other
researchers (1, 4. 8. 17].

[ %)

 EXPERIMENTAL PROGRAM

A Marterials, mix proporiion and specinten preparation

Three types of cement. which were type [ type I and type V Portland cements, have been
used n this study. Two types of fly ash corresponding to ASTNM F-type (low calcium fly ash)
and ASTM C-type (high calcium fly ash) were mixed with type I Portland cement for
producing the cement-fly ash pastes. The chemical composition and physical properties of
cement and fly ash are listed in Table 1.

b

Table 1 Chemical compositions and physical properties of Portland cement and fly ash
Chemical compositions Type | Type Il | TypeV | Low calcium | High calcium
Portland | Portland | Portland tly ash {1y ash
cement cement cement (F-type) (C-type)
SiO; (%) 20.61 20.73 20.97 45.88 38.42
ALO; (%) 5.03 4.49 3.49 26.20 19.17
Fe, 03 (%) 3.03 3.32 4.34 10.94 10.93
Ca0 (%) 64.89 64.89 62.86 8.28 17.28
MgO (%) 1.43 1.25 3.33 2.83 7.95
SO;3 (%) 2.70 2.76 2.12 1.04 2.01
Na,O (%) 0.22 0.24 0.12 0.90 1.03
K->0 (%) 0.46 0.32 0.47 2.78 2.28
Free lime (9%) 0.79 0.57 1.01 - -
Loss on ignition (%) 1.23 1.23 1.21 0.17 0.05
Physical properties
Blaine fineness (¢cm'/g) 3.190 4.770 3,760 3,460 3,510
Specific gravily 3.15 322 3.13 2.03 2.10
Bogue's potential compound compositions
CsS (%) 61.64 63.77 60.77
CoS (%) [2.68 11.41 14.37
CiA (%) 53.21 6.29 1.91
CiATF (%) 9v.21 10.29 [3.19

m3




Eleven different mixture conditions of cementitious paste were prepared for this investigation,
as shown in Table 2. There were five mixture conditions of cement paste and six mixture
conditions of cement-fly ash paste. The test parameters for investigation were tvpe of cement,
type of fly ash, water to binder ritio ¢w/b) and fly ash to binder ratio (/).

In order to achieve rapid saturation. thin dise specimens of 30 mm diameter and 10 mm thick
cast in PVC molds were selected for sumple preparation. Thirteen specimens were prepared
for each mixture condition. ten tor expressing the pore solution and three for deternnning the
evaporable water content. The miximy procedure was performed according to ASTN C305,

2.2 Curing time and chloride exposure period
After casting. specimens were sealed with plastic sheet to present drving Tor 24 hours.
Except for specimens to be exposed to chloride ut | dav, all specimens were cured in water
immediately atter removal from the molds. Curing times were 1, 7 and 28 dayvs as shown in
Table 2. The curing temperature was 30£2°C.

At the end of water curing. specimens were exposed to chloride by submercing in salt water
with 3.0 % of chloride 1on concentration (30 gram per liter) tor ditferent exposure periods.
The exposure periods were 28. 50 und 91 days as shown in Tuble 2. The volume of salt water
(chloride solution) was 2.0 liters. The temperature during the chloride exposure pernod was
30x2°C.

Table 2 Mixture conditions

Mix Materials w/b /b Curing ume Chlonde
designation Cement Fly ash (day) CXposure
type lvpe peniod (day) I
Cl Type 1 - 0.40 0 1.7.25 | 28.50.91 |
C2 Type Il - 0.40 0 1.7.28 | 28.56.91
C3 Type V - [ 0.40 0 1.7.28 | 28.56.91
C4 Type | - 0.30 0 .7.28 | 28.56 |
C>5 Type | - .50 0 | 1.7,28 | 25.36.91 |
CFLI Type | F 040 | 0.30 1.7.28 | 28,506,911 |
CFL2 Type 1 F 0.40 | 0.50 1.7.28 | 28.56.91 |
CFL3 Type | F 0.40 | 0.70 1.7.28 | 28,56,91 |
CFH]1 Typel | C¢7 T 040 | 030 1.7.28 28, 56,91
CFH2 Type | C’ 1040 1 050 ©  1.7.28 | 28,56.91
CFH3 Type | C 040 ] 070 | 1,7.28 28,36, 91

* Fetype Iy ash has (S10- + ALO: + Fe-00 content greater than Tut, but very hittle i CaQ) content. 1t s called
low calciten fIv ash in this study,

** Cotype Iy ash has (SiQ: + ALLIO: + Fe-Oo content fess than 707 but Lirger i CaO) content [y called fieeh
calctunt flv asiin this study.

2.3 Determinarion of chloride content

Al the end of chloride exposure period. specimens were removed fron salt water. Surfaces of
specimen were dried by using tissue paper. Pore solution inside the specimens wus obtained
by using a pore expressing apparatus. The maximum loading pressure for expressing the pore
solution was about 300 MPu. Two or three eveles of loading and unloading were performed
in order 1o get 310 5 em’ of pore solution. The evaporable water content of specimen wirs

immediately tested for being used in the deterimnation of free chlonde in the specimen.



Total chioride was deternuned from the difference between initial chloride content of the
submerging salt water at the start of exposure and tts final chloride content at the end of
exposure and shared equally to all specimens submerged in the salt water. The free chloride
was determined  trom chloride concentration of pore solution expressed from specimen
multiplied with the evaporable waters Finally - the Tixed chloride of cementitious paste can be
deternined by subuacting the totad chloride witly the tree chloride. All chiloride
concentrations were analyzed by potenttometric utration with AeNO; solution and chloride

ion selective electrode,

A MODEL OF TINE-DEPENDENT CHLORIDE BINDING CAPACITY

The chlorde binding capacriy maodel of coment-tly ash cementitious system considers both
chemical bindimg und phvacal binding as eiven i Ego Lo The aduminate phase. CoAL and
aluminoterrite phase. CoAE i cement were considered responsible for the chemicul binding
while the hydrated products from cement and pozzolanic products trom v ash. such as
C-S-HOC-ACHUC-ACF-HL clongite and monosullate swere responsible for physical binding.

C.(t,,t)=C _...(t, t)-C . (t) i)

where Cr, ot Goos the totad fived chloride content in the cementitious system (% by weight of
binderi. Cio e 00 Las the Tived chloride content by chenneal binding (¢ by weight of
binderi. Coo o v the hived chlonde content by physical binding (9% by weight of binder).
Loas the age at the start ot chlonde exposuare which s equal o curing ume and 1, 15 the age at
the end ot chlonde exposure. [tis noted that - 1omeans the chioride exposure period.

S Hvdrared piass of coment cond reacted mass of v ash

300 Hydrared miass of conient

The muass of cach muor compound in Portland cement was caleulated bused upon Bogue's
equation. The hydrated mass of compound tat age twas deterniined trom kg, 2.

Mo (1) =M - LSO CoalLCS.CaS (2

100

where Mg (0 s the hydrated miass of compound 1 at age tdays (kg/m" of concrete), M. is
the muss of cach mujor compound 1n Portand cement (kg/m' of concrete), U is the degree
of hydration of compound 1 of cement at age tdays (%) and Uiy the age of the sample (day).
[t 1s noted that the age s equal to zero at sturt addimg water 1o the mixture.

The details of degree of hvdration of each ovide compound are not provided in this paper but
clsewhere [14] sinee they wre not the direct scope of this studyv. However, the example of
degree of hydration of cach mujor compound of cement in the paste with w/c of 0.40 is shown
m Fig 1.

I 1.2 Reacted mass of fIv ash

The reacted mass of {1y ashin the pozzolanie reaction at age days was caleulated according
to kg, 3.

U‘fa(t) 3
Mpoz,fa(t) :Mfa ~

(3)
100

. . i . .
where Mo, s the reacted sass of Iy ash at age ©dayvs (kg/me of concrete), M, is the
mass ol [y ash tkeg/m’ of concrete) and v t0ns degree ol pozzotanie reaction of flyv ash at age
tdavs (%),



