The examples of degree of pozzolunic reacuon of Tow and high calcium 1y ashes in the pastes
with w/b ot 040 and /b of O30 used my this model are shown i e 2 {13
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3.2 Hydration products and pozzolanic producis
It s assumed here tor simpliciny that the quanoty of hadrated produocts o coment and
pozzolanic products of Iy ash are determimed based on the reactions ~shownom Table 3~ The
quantity of products 1s caleulated based on the reaction cquations o that table and then
corresponding hivdrated mass of cement and reacted muss of Ty sy
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The relationship between the fixed chloride ratios of CoA und CoAF and fhien respoc i e
changes of degree of hydration are shown in Fieo 30 The tised chlonde ratio decteanes w ih
the increase of the change of degree of hydration durmg the exposure period o Yoo Fre 3
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Fig. 3 Relationship between fixed chloride ratios of G and CoAa and chanee of desree of
hyvdration during the exposure period

3.4 Physical binding

Chloride may be phyvsicallv adsorbed on the surface of C-S-H wel and other products of
reactions in cementitious system. such as C-A-H. C-A-F-H. curmeie and monosaliute. The
fixed chloride content by phystcal binding at the end of chlomnde exposare O g s

detined as in Eq. 9. This equation also takes into aecount the tme-dependent errect ol cunne
time plus chioride exposure period. t.

0\\ . o
Cﬂx,phy (te) = ﬁ ~ Z Mproduct(te)

where ¢, 15 the fixed chloride content of hyvdrated wnd pozzalanic products 0 and DN
(ter Is the summation of muass of hydrated products and pozzclanie products e the cnd of
chlornde exposure.
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For simplicity. it ix assumed here that all hvdeaeed and pozzotane prodacs
tined chlorde content. The fined chloride content of haodrated and povsodame products
depends on the total chloride content. water o binder ratio and Dnencss o coment i the
cemenutious svstent. The physicaliy bound chlorde content was derived oy e back,
computation using test duta of chloride hinding capaarty s The dernved cquation s oo

Eq. 10.

-0.093+w b-0.135 C. =
Oy = ; A l ~ i
L 0.037 » e 0vew s T s, | G - 0.01 1 318
where Coyorsthe wotal chtorside contonn 00 by oo Zhn e oo o e e e Co

ratto and Foas the Blame timeness of cemient oo oo



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.
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Fig. 4 Fixed chloride content for hydrated and pozzolanic products

4. RESULTS AND DISCUSSIONS

In this study, test of chloride binding capuacity was conducted based on the tact that in most
cases, chlorides attack concrete from outside environment. This type of chloride 1s called as
external chloride 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 chloride and fixed
chloride are presented by bar charts. The values in parenthesis above the bar indicate the
ratios of fixed chloride content to total chloride content.

It can be seen from Fig. 5 to Fig. 6 that the chloride binding capacity of cement paste exhibits
a time dependent behavior. Considering samples with the same exposure period, 1.-t;, paste
with shorter curing time had higher total and fixed chloride content than that with longer one.
The reason for larger wotal chloride content in shorter curing time case was that younger paste
had bigger pore diameter, so larger amount of chloride can penetrate into the paste. Fixed
chloride 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 in 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 pozzolanic products produced during the longer exposure period can
bind chlorides.

By comparing Fig. 5(a) with Fig. 5(b). it can be seen that at shorter exposure period, type 11
cement paste had higher fixed chlornde content than type 1 cement paste. This was because
type III cement had higher fineness than type 1 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 capacity of type I cement and 1ype
[T cement was nearly the same.

B



When comparing Fig. 5(a) with Fig. 5(¢), it can be observed clearly that type V cement paste
had lower fixed chloride content than type 1 cement paste for all curing and exposure periods.
This was mainly because the type V cement had lower content of C3A than type | cement.
\

By considering the effect of water to cement ratio on chloride binding capacity in Fig. 6, it
can be seen that when increasing water to cement ratio, though the total chloride content
increased but the ratio of fixed chloride content to total chloride content decreased. This may
be because chloride can be easier restrained. especially physically, in a denser paste.

Y
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In addition, Fig. 7 and Fig. 8 show that the characteristics of ume-dependent chloride binding
of cement-fly ash paste follow the same trend us those of the cemient paste.

Fig. 7 and Fig. 8 illustrate that cement paste with high calcium 11y ash had higher fixed
chloride content than that with fow calcium 1Ty ash. This is because the high calcium fly ash
usually contains some cementitions components which can hydrate to bind chloride and also
to increase the early pozzolanic reaction so that hicher pozzolaie products can be produced
expecially at the high replacement rano.
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5. VERIFICATIONS

The chlonde binding capacity model was veriied with test results obtained trom both the
authors and other researchers. The mux ingredients and chemical composition of matenals
from other rescarchers were briefly shown in Table 4. The verification was done on pastes.
mortars and concretes with different types ot cement and tIv ash. 11y ash replacement ratio.
water to binder ratio, curing tume and chlornde exposure period.

Table 3 Mixture conditions and properties of materials from other rescarchers ,

i Rescarchers | Ra~bosdussotar |40 ) blussain ix] Arva |l NMorusa [17] ]
[ Speimion | IR sy SUICHL Paste Cuiheny Coinent monar, |
nasic 17 sttt
- AL = g E L o L Y] |
wh i ty g e [T R |
ILh -_ll___ o l. - Ll . : L _\
Chlonde by = ; ) wilorg! ‘j AL L . calerig KRR S I ‘
Chionde content IECTR N T L1 o O Y Yeadty b 2o . (82 !
[ by wiol conenl Bt et | al . ol ‘
| Matétals 1 0 1L ¢ | ¢ ¢ & € | v € ¢ Fa
| Cunng time sdas 0 il v ' fe 2 2883 )
[ Chlonde expasure | 180+ "o g4 T e L~ . InOSeond Inow, 8D s
pernesd fdase o - - -
'T.lllg'.f?":«. L A LR TS A P ‘
LSO ) R MEIREEE fa o IR
E "\i"L-Jl' L) _:_\,'.‘_-T— T S - el R | Soian R
Ve itan T 4 AN Tar R T r LY !
Ca ("x B T{r::\) Pooldyl ! e 3 T fd e SR [SRINTE &)
[ 0. 1%y TR Yol Jelt 0 3o | T 0S
Lass on gnihion 1y TRt FT- Pl I LS00 s )
150 | i — ! ! ‘
{ Bogue s poreniial compoinid conmes froms : }‘
C.5 (%) | 8330 1 5717 5T s L 54 RRIR S48 25 20 3N
C.Sine [ 21 a0 | JoSt | 1650 loos  20x0 | 1780 1600 | [3X0 | 1460 |
C.A %) 233 ] 357 ] 908 . p3amr | T4% ¢ 7 12en | weg | x|
C.AFCt) 1461 1 927 | 140 ©S 1261 | 1131 IR

Notes: € = Cement. FA = Fiy ash
* SO contents were alsae rared 1o 4 00T and S0 by adding sodrum sulfate e the pasies

Fig. 9 and Fiza. 10 show the venticauon of model with the experimental results conducted by
the authors. In each figure, the fixed chioride contents calculated from model are compared
with that from experiment. [t can be scen trom the figures that the model can be used tw
predict the chloride binding capacity of cement pastes and cement tly-ash pastes at vanous
curing time and chloride exposure period up to a certain satisfuctory degree.

Fig. 11 to Fig. 14 demonstrate the ventication of the maodel with the test results trom other
rescarchers. Fig. 11 and Fig. 12 show the verfication of model with results from internal
chloride test, while Fig. 13 and Fig. 14 show the veriticatton of model with results from
external chloride test.

As indicated in Fig. 11 and Fig. 12, the model can be used to predict the chloride binding
capacity of cement pastes with vartous CoA contents from 2.43% to 14.00% and SO: contents
from 1.7%% 10 8.0% .

As tlustruted in Fig. 13 and Fig. 14, the model cun also be applied to predict the chloride
binding capacity of various cement pastes. mortars, tlv-ash mortars and concretes.
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6. CONCLUSIONS
Based on the experimental results, the model formation and the verification of model, the
following conclusions can be drawn.

1.

12

']

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

Cement pastes with high calcium fly ash had higher fixed chloride content than those with
low calcium fly ash. This 1s because the high calcium tly ash usuallv contains some
cementittous components which can hydrate to bind chloride and also to increase the early
pozzolanic reaction so that higher pozzolanic products can be produced especially at the
high replacement ratio

A model for predicting chlonde binding capacity of cement-fly ash cementitious system
was proposed by considering that the unhydrated aluminate (C;A) and aluminofernite
(C3AF ) 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-1ly ash pastes with ditfferent mixture proportion, properties of
cement and v ash, curing tume and chlortde exposure period.
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A chloride binding capacity model for cement-fly ash pastes
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2. Experimental Program
2.1 Materials, mix proportion and specimen preparation

Type | Portland cement has been used in this study. Two types of lly 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 composition and physical properties of
cement and fly ash are listed in Table 1.

Table 1 Chemical compositions and phvsical progerties of Pertland cement and fiy ash

Chernical compositions Type | Portland | Low caloum fly ash | High calowm fy zah
cement | {F-type) I __{C-type)
SiO; (%) 20.61 l 45.88 1 3maz T
AlO3 (%) 5.03 i 26.20 1917
Fe,05 (%) 3.03 | 10.94 10.93
CaO (%) 64.89 | 828 : 17 28
MgO (%) 1.43 b . OR3 745
S0; (%) 2.70 l 104 ) 201
Na,O (%) 0.22 | 0.90 1.03
KO (%) 0.46 2.78 228 B
Free lime (%) 0.79 - )
Loss on ignition (%) 1.23 0.17 0.05 Il
Physical properties ) —
Blaine fineness (cm®/g) 3,190 3.460 I 3z
Specific gravity 3.15 2.03 1 210

Seven different mixture conditions of cementitious paste were prepared lor this investigation, as
shown in Table 2. There were one mixture condition of cement paste and six mixture condiions of

cement-{ly ash paste.

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. Thirteen 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 according to ASTAI C305.

2.2 Curing time and chloride exposure period

Atter casting, specimens were sealed with plastic sheet to prevent drying for 24 hours. Except {or
specimens {o be exposed to chloride at 1 day, all specimens were cured in water immediately after
removai from the molds. Curing times were 1, 7 and 28 days as shown in Table 2. The cunng

temperature was 30£2°C.
Table 2 Mixture conditions

Mix Materials w/ib o Cunng time Chloride
Designation Cement Fly ash (day) exposure
type type period (day)

C1 Type | - 0.40 0 1.7.28 28, 56, 91
CFLA1 Typel F* 0.40 0.30 1,7,28 28,56, 91 |

CFL2 Type | F 040 [ 050 1.7.28 | 28 56.91
CFL3 Type | Fr 0.40 0.70 1,7,28 28,56, 91
CFH1 Type i c 040 | 030 1,7.28 28.56,91 |
CFH2 Type | c 040 | 050 1,7.28 28.56.91 |
CFH3 Type | c 040 | 0.70 1.7.28 28,56,91 |

* F-type fly ash has (SiQ, + AlLO; + Fe,0,) content greater than 706%. but low in Ca0 content 1t 5
called low calcium fly ashin this study.
°* C-type lly ash has (SiQ; + ALO; + Fe;03) content less than 70%, but larger in Ca0 content. 1t is
called high calcium fly ashin this study.

Al the end of water curing, specimens were exposed to chlonde by submerging in sall water with
3.0 % of chloride ion concentration (30 gram per liter} for different exposure periods. The exposure
periods were 28, 56 and 91 days as shown in Table 2. The volume of salt water {chloride solution)
was 2.0 liters. The temperature during the chloride exposure period was 30:2°C.



2.3 Determination of chloride content

At the end of chloride exposure period, specimens were removed from salt water. Surfaces of
specimen were dried by using tissue paper. FPore solution inside the specimens was obtained by
using a pore expressing apparatus. The maximum loading pressure for expressing the pore solution
was about 500 MPa. Two or three cycles of loading and unloading were performed in order to get 3 to
5 cm® of pore solution. The evaporable water content of specimen was immediately tested for being
used in the determination of free chloride in the specimen.

Total chloride was determined from the cifference between initial chlonde conient of the
submerging salt water at the stant of exposure and its final chloride content at ihe end of exposure and
shared equally to all specimens submerged in the salt water. The free chloride was determined from
chloride concentration of pore sclution expressed from specimen multiplied with the evaporable water.
Finally, the fixed chloride of cementitious paste can be determined by sublracting the total chloride
with the free chioride. All chloride concentrations were analyzed by potentiometric titration with AgNO;
solution and chloride ion selective electrode.

3. Model of Time-Dependent Chloride Binding Capacity
The chloride binding capacity model of cement-fly ash paste considers both chemical binding and
physical binding as given in Eq. 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, ettringite and
monosulfate were responsible for physical binding.
Cﬁx(tsrte)=Cﬁx,chcm(tsrte)+cﬁx,phy(te) M

where C,, (t;. t.) is the total fixed chloride content in the cementitious system (% by weight of binder},
Cie, crem (ts, L) is the fixed chloride content by chemical binding (% by weight of binder}, Cy pny (te) is
the fixed chloride content by physical binding (% by weight of binder), 1; 15 the age at the starn of
chloride exposure which is equal to curing time and t, is the age al the end of chioride exposure. {lis
noted that t.- I, means the chlonde 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 Pertland cement was calculated based upon Bogue's
equation. The hydratec mass of compound i at age t was delermined from Eq. 2.

Mpyai () = M; x%%) .1 = C3A, C4AF, C38, C,S )

where M, 4 i(t) is the hydrated mass of compound i at age t days (kg/m” of concrete), M,, is the mass
of each major compound in Portland cement (kg/m3 of concrete), (t) is the degree of hydration of
compound i of cement at age t days (%) and t is the age of the sample (day). It is noted that the age
is equal lo zero at stan adding waler to the mixture.

The details of degree of hydration of each oxide compound are not provided In this paper but
elsewhere [4] since they are not the direct scope of this study. However, the degree of hydration of
each major compound of cement in the paste with w/c of 0.40 is shown in Fig. 1.

3.1.2 Reacted mass of fly ash
The reacted mass of fly ash in the pozzolanic reaction at age t days was calculated according to

Eq. 3.
Uiz (t)
100 )

Mpoz,fa(t) =M, x
where My, 1,(t) is the reacted mass of fly ash at age t days (kg/m> of concrete), M,, is the mass of fty
ash (kg/m® of concrete) and a,{l) is degree of pozzolanic reaction of {ly ash at age t days (%).

The degree of pozzolanic reaction of low and high calcium fly ashes in the pastes with w/b of 0.40
and #/b of 0.30, 0.50 and 0.70 used in this mode! are shown in Fig. 2 [5].
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3.2 Hydration products and pozzolanic products

It is assumed here for simplicity that the quantity of hydrated products of cement and pozzolanic
products of fly ash are determined based on the reactions shown in Table 3. The quantity of products
is calculated based on the reaction equations in that table and their corresponding hydrated mass of
cement and reacted mass of fly ash.

Table 3 Reactions of cement and fly ash

| Materials | Reactions | Products |
1. Cement !
CA 2C,A + 3CSHy + 26H —> CeASsHm CoAS;Hos
2C3A + CEA§3H32 + 4H — 3C4A§H|2 C4A§H12
CaA + 6H — > CJAHG C3AH6
CQAF CdAF + 30§H2 +21H — Cs(A,F)§3H32 + (A,F)Hg CG(A,F)§3H32
2CAF + Co(AF)S3Ha + 7TH  — > Ci{AF)SH ., + (A F)H; C{AF)SH,>
CAF + 9H + 4CH _—> Ci(AF)Hys Co(AF)H15
C3S 2C3S +6H — C3S;_|H3 + 3CH CgSQH3
CQS 2028 + 4H — CgSzHa + CH C382H3
2. Fly ash
S 25 +3CH —> CgSQHj C3SzH3
A 2A + 3CH — C3A.H, CaAHy ]

Notes: C = CaO. S= Si02, A= A1203, F= FEQO:;, H= Hgo, § = 803

3.3 Chemical binding

In general, a part of C3A and CLAF in cement firstly react with gypsum to form ettringite and
monosulfate. Aflerwards, the rest of unhydrated C3A and C,AF hydrate further during curning period. It
is considered that only some fractions of original content of C3A and C.AF are efficient for chemical
binding. The efficient parts are those react during the chloride exposure period only and form Friedel's
salt and calcium chlorofernite whereas those reacted before the chlonde exposure pericd do not
contribute to chemical binding. The fixed chloride content by chemical binding (Cu. chem(ts, t}} is
defined as shown in £q. 4, The time-dependent effects of curing time, t,, and age at the end of
chloride expasure, t,, were taken into account in this equation.

Cﬁx,chcm(ts ’ te ) = Cﬁx,C,A (ts H te ) + Cﬁx,C.AF (ts ’ te ) (4)

where G, caa (ts. ) and Cy, caar (I, te) are the fixed chloride contents by chemical binding of C,A and
C.AF, respectively during the expasure period of te-t..

The amount of Cr, caa {(le, L) and C,. caar (t., t) can be determined from Eq. 5 and Eq. 6,
respectively.

Crx,caa(ts te) =Any c,n ¥ (Mhyd, c;n(te) = Muyg, ¢,a(ts )) (5)
Cox.caar(ts, te ) =Aaa c aF % (Mhyd, c.af(te) ~Mayg ¢ ae (g )) (B6)
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in which
A _ 1.12
fix,C3A — 334 e(0_03m(37)_

{7)

and
0.6

33+ 8(0-033"3“(”.; }

(8)

A )"ﬁx,C4AF =

where Ay, caa @and Ay, csar are defined as the fixed chloride ratios ot C3A and C.AF_ i 2 . the ralios of
fixed chloride to hydrated mass of C3;A and C.AF, respectively, and Aac., and
Avcaae are the changes of degree of hydration of C;A and C,AF, respectively during the exposure
period.

The relationship between the fixed chloride ratios ot 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 (Aa in Fig. 3). This implies that more
chioride can chemically be bound at early hydrations of C;A and C:AF than that at the 1ater hydrations

}~flx
040 -
CHA
o34 0 C.AF
0.20
0.10
0.00 : : , I
0 20 40 60 80 100

aa (%)
Fig. 3 Relationship between fixed chioride ratios of C;A and C,AF and chance of degree of hydration
of CsA and C,AF during the exposure period

3.4 Physical biading

Chloride m.ay be physically adsorbed on the surace of C-5-H gel and o'her products of reactions
in cementitious system, such as C-A-H, C-A-F-H, ettringite and monosul ate. The fixed chlonde
conlent by phy:ical binding at the end of chloride exposure (Cry., orylle)) is Cefined as in Eg. 9. This
equalion also tikes into account the time-dependent effect of curing time plus chloride exposure

period, te.
(9

o 1x
Cﬁx,phy(te)z 160 x ZM product (te)

where ¢y, is the fixed chloride content of hydrated and pozzolanic products (%) and £M .oaua(le) is the
summation of mass of hydrated products and pozzolanic products al 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 chloride content of hydrated and pozzolanic products depends on the tolal
chloride conlent, water to binder ratio and fineness of cement in the cementitous system. The
physically bound chloride content was derived from the back computation using test data of chlornide
binding capacity. The derived equatlion is shown in Eq. 10 (See Fig. 4).

o (_-0093xwb-0135 ) Cyq e )’
“fix 0.037 + e-0:0002w 15728, | Cy +0.01 | 3190 0o

where C,, is the total chloride content (% by weight of binder), w/b is the waler 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.
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Fig. 4 Fixed chloride content {or hydrated and pozzolanic products

4. Results and Discussions
The test results of total chloride and fixed chloride are presented by bar ¢chans. The values in
parenthesis above the bar indicate the ratios of fixed chloride content to total chloride content.

It can be seen from Fig. 5 that the chloride binding capacity of cement paste exhibits a time
dependent behavior. Considering camples with the same exposure period, t.-l;, paste with shorner
curing time had higher total and fixed chloride content than tnat with longer one. The reason for larger
total chiloride content in shorter curing time case was that younger paste was more porous, so larger
amount of chloride could penetrate into the paste. Fixed chloride was also higher because there were
targer amount of unhydrated aluminale and aluminoterrite phases, whith were accessible {or chicride
binding. On the contrary, considering pastes with the same curing tme, longer exposure penod in
saltwater resulted in higher total and fixed chloride contenl. Higher total chloride was just sirmply
because of longer exposure period while the reason for larger fixed chloride content was that larger
amount of hydrated and pozzolanic products produced during the longer exposure period can bind
chlorides.

In addition, Fig. 6 and Fig. 7 show that the characteristics of tim«-dependent chloride bindiny of
cement-fly ash paste follow the same trend as that of the cement pas'e. Furthermore, cement p.aste
with high calcium fly ash had higher fixed chioride content than that with low calcium fly ash. Ths is
because high calcium fly ash usually contains some cementitious components which can hydrat2 to
bind chioride and also to increase the early pozzolanic reaction so that higher products from fly ash
reactions can be produced especially at the high replacement ratio.
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O fixed, 28-day exposed
O wuwl 56-day exposed
O liked, 56-day exposed
03 total 91-day exposed
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Curing time (day)

Fig. 5 Chloriue binding capacity of type | cement paste
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5. Verifications
The chloride binding capacity model was vertfied with test resulls as shown in Fig. 8 and Fig. 9.

in each figure, the fixed chloride conlents 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 cerlain satisfactory degree.
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Fig. 9 Venlication of model with various

Fig. 8 Verfication of model with cement paste
cement-fly ash pastes

6. Conclusions

Based on the experimental results, the model formation and the verification of model, the following

conclusions can be drawn.

1.

The behavior of chlonde binding capacity of cement-fly ash pastes was time-dependent. Chlorida
binding depended on the curing and chloride exposure periods. Pastes having older age prior to
chloride attack bound iless amount of chloride than those exposed to chloride at younger age.
Longer 2xposure pernod of paste resulted in farger content of bound chloride.

Cement pastes with high calcium {ly ash had higher fixed chloride content than those with low
calcium fly ash. This is because high calcium fly ash usually contains some cementitious
compor ents which can hydrate to bind chloride and also o increase the early pozzolanic reaction
s0 that ligher products from fly ash reactions can be produced especially at the high replacement
ratio

A model for predicting chloride binding capacity of cement-fly ash pastes was proposed by
censidering that the unhydrated aluminate (CiA) and aluminoferrite (C.AF ) phases in cement
were considered responsible for the chemical binding, while the hydrated products from cement
and pozzolanic products from lly ash were responsible for physical binding. The model can
satisfactorily predict the chioride binding capacity of cement paste and cement-fly ash pastes with
different mixture proportion, properties of fly ash, curing time and chloride exposure period.
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A chloride binding capacity model for cement-fly ash binder taking into
account the time-dependent effect

T. Sumranwanich & S. Tangtermsirikul
Sirindhorn In{emariona! Institute of Technology, Thammasat University, Pathum Thani, Thailand

ABSTRACT: This paper presents a model for predicting time-dependent chloride binding capacity of cement-
fly ash binder. The proposed model took into account both chemical binding and physical binding. Chemical
binding was considered to depend on the amount of unhydrated aluminate and aluminoterrite phases while
physical binding depended upon the quantity of hydrated and pozzolanic products. The concept of time-
dependent chloride binding capacity was introduced in the model with the consideration of curing time and
chloride exposure period. The chloride bindings of cement pastes and cement-fly ash pastes under different
curing time and chlornide exposure period were tested. The experimental results showed that the chloride
binding capacity depends on many factors, such as cement and fly ash types, tly ash content, curing time prior
to chloride attack and chloride exposure period. The analytical results from model were verified with the ex-
perimental results. The verification showed that the proposed model is satisfactory for predicting the chlonde

binding capacity of various cemen.-fly ash binders.

KEYWOQORDS: CHLORIDE BINDING, TIME-DEPENDENT, FLY ASH, CORROSION. CHLORIDE

1 INTRODUCTION

One of the predominant causes of the corrosion of
steel in concrete is chlonde auack. 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 exter-
nal sources such as seawater or de-icing salts. Only
free chlorides present in pore solution can initiate
corrosion when the free chloride content around the
steel reaches a critical value. Therefore, the ability
of hydrating cement to bind chlorides from the pore
solution in concrete is an important factor which
controls the initiation of chloride-induced corrosion
of steel in concrete.

Chloride binding capacity of various cementitious
pastes had been studied by many researchers. Some
proposed a model for predicting the chloride binding
capacity of cement-ground granulated blastfurmnace
slag paste [Dhir et al. 1996). However, there is still
no model that considers the effect of curing time and
chloride exposure period in the prediction of chlo-
ride binding capacity of cement-fly ash paste.

Aluminate (C3A) and aluminoferrite (CiAF)
phases in cement were found to be responsible for
the chemical binding of chloride [Rasheeduzzafar et
al. 1991, Suryavanshi et al. 1995, Csizmadia et al.
2001]).  These two phases form Friedel's salt

(CagAl06.CaCl;. 10H-0O) and calcium chloroferrite
(CagFe04.CaCl;.10H-0).  Hussain et al. (1994)
found that the increase of sulfate content in cement
was found to reduce the chlonde binding capacity
since sulfates were stronger bound with C3A than
chlondes. Jensen et al. (2000) showed that the con-
tents of C3A, C4AF and sulfate in cement were sig-
nificant parameters influencing the chemical binding
of chloride. While chemical binding was discovered
to depend on the content of aluminate and alumi-
noferrite phases in cement, phyvsical binding de-
pended upon the content of hydrated products, par-
ticularly the conten: of C-S-H in concrete [Luping et
al. 1993 and Delagrave et al. 1997]. Moreover, Jen-
sen and Praut (1989) found that calcium aluminate
hydrates produced by the pozzolanic reaction of fly
ash cement blends can bind the chloride.

The aim of this study is to propose a model for
predicting chloride binding capacity of cement-fly
ash cementitious system based on mixture propor-
tion and properties of cementitious materials. The
time-dependent effects of curing time prior to chlo-
ride attack and chloride exposure period on the chlo-
ride 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.



2 EXPERIMENTAL PROGRAM

2.1 Marerials, mix proportion and specimen
preparation

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

Table 1. Chemical composition and physical properties of
Portland cement and fly ash
Chemical composition Cement Fly ash

1 v Class F Class C
Si10; (%) 20.61 2097 45.55 3842
AlLO; (%) 5.03 3.49 26.20 19.17
Fe,O;5 (%) 3.03 4.34 10.94 1093
CaO (%) 64.89 62.86 8.28 17.28
MgO (%) 1.43 3.33 2.83 7.95
SO; (%) 270 212 1.04 2.01
Na-O (%) 0.22 0.12 0.90 1.03
K;O (%) 0.46 0.47 278  2.28
Free lime (%) 0.79 1.01 - -
LOI (%) 1.23 1.21 0.17 0.05
Blaine fineness (cmzlg) 3,190 3,760 3,460 3510

Bogue's potential compound composition

C3S (%) 61.64 60.77
C,S5 (%) i12.68 14.37
CiA (%) 8.21 1.91

CiAF (%) 9.21 13.19

Eight different mixture conditions of cementitious
paste were prepared for this investigation, as shown
in Table 2. There were two mixture conditions of
cement paste and six mixture conditions of cement-
fly ash paste.

Table 2. Mixture conditions

Mix Materials w/b f/b  Curing Exposure
Cement Fly ash time {day) period (day)
Cl Type | - 040 - 1,7,28  28,56,91
C2 Type V. - 040 - 1,7.28  28,56,91
CFL1 Typel F' 040 030 1,7,28 28,56,91
CFL2Z Typel F' 040 050 1,7.28 28,56,91
CFL3 Typel F 040 070 1,7,28 28,56,9]
CFH1 Typel C" 040 030 1,7,28 28,56,91
CFH2 Typel C° 040 050 1,7,28 28,56,91
CFH3 Typel C™ 0.40 070 1,7,28 28.56.91

‘F-type fly ash has ($iO;+Al;05+Fe,05) content greater than
70% and is called as low calcium fly ash in this study.

C-type fly ash has (810;+A1,0;+Fe.0y) content less than
70% and is called as high calcium fly ash in this study.

In order to achteve rapid saturation, thin disc
specimens of 50 mm diameter and 10 mm thick cast
in PVC molds were selected for sample preparation.
Thirteen 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 according 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 at 1 day, ali
specimens were cured in water immediately after
removal from the molds. Curing times were |, 7 and
28 days as shown in Table 2. The curing tempera-
ture was 30£2°C.

At the end of water curing, specimens were ex-
posed to chloride by submerging in salt water with
3.0 % of chloride ion concentration (30 gram per li-
ter) for different exposure periods. The exposure
periods were 28, 56 and 91 days as shown in Table
2. The volume of salt water (chloride solution) was
2.0 liters. The temperature during the chloride ex-
posure period was 3032°C.

2.3 Determination of chloride conrent

At the end of chloride exposure period, specimens
were removed from salt water. Surfaces of speci-
men were dried by using tissue paper. Pore solution
inside the specimens was obtained by using a pore
pressing apparatus. The maximum loading pressure
for expressing the pore solution was about 500 MPa.
Two or three cycles of loading and unloading were
performed in order to get 3 to 5 cm’ of pore solution.
The evaporable water content of specimen was im-
mediately tested for being used in the determination
of free chloride in the specimen.

Total chloride content was determined from the
difference between initial chloride content of the
submerging salt water at the start of exposure and its
final chloride content at the end of exposure and
shared equally to all spectmens submerged in the
salt water. The free chloride content was deter-
mined from chloride concentration of pore solution
pressed from specimen multiplied with the evapor-
able water. Finally, the fixed chloride content of
cementitious paste can be determined by subtracting
the total chloride content with the free chloride
content. All chloride concentrations were analyzed
by potentiometric titration with AgNQO; solution and
chloride ion selective electrode.



3 CHLORIDE BINDING CAPACITY MODEL
The chloride binding capacity model of cement-fly
ash cementitious system considering both chemical
and physical bindings is given in Eq. 1.

Crix(ts, te) = Crix, chem(ls, te) + Crix, phy(te) (1)
where Cﬁx(ts,\tc) is the total fixed chloride content in
the cementitious system (% by weight of binder),
Crix. chemls, te) is the fixed chloride content by
chemical binding (% by weight of binder), Cax. phy
(t.) is the fixed chioride 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 chloride exposure. It is
noted that t.- t; means the chloride exposure period.

3.1 Hydrated mass of cement and reacted mass of
fly ash

The mass of each major compound in Portland ce-
ment was calculated based upon Bogue’s equation.
The hydrated mass of compound i at age t was de-
termined from Eq. 2.

Mpyq, i(1) = (M; . o) / 100 (2)

where Myyyg, (1) 1s the hydrated mass of compound 1
at age t days (kg/m’ of concrete), M, is the mass of
each major compound in Portland cement (kg/m’ of
concrete), ;(t) is the degree of hydration of com-
pound i of cement at age t days (%) and t is the age
of the sample (day).

The reacted mass of fly ash in the pozzolanic re-
action at age t days was calculated according to Eq.
3.

Mpoz. fa(t) = (Mfa . afa)/ 100 (3)

where Mg, rn(t) is the reacted mass of fly ash at age
t days (kg/m of concrete), My, is the mass of fly ash
(kg/m’ of concrete) and a(t) is degree of pozzo-
lanic reaction of fly ash at age t days (%).

3.2 Hydration products and pozzolanic products

It is assumed here for simplicity that the quantity of
hydrated products of cement and pozzolanic prod-
ucts of fly ash are determined based on the reactions
shown in Table 3. The quantity of products is cal-
culated based on the reaction equations in that table
and their corresponding hydrated mass of cement
and reacted mass of fly ash.

Table 3. Reactions of cement and fly ash [Mindess 1981]

Cement Reactions

C]A 2C3A + 3C§H2 +26H — CbASJH}j
2C,A + CeAS;Hp + 4H  —» 3C,ASH,-
C;A +6H —= C3AH5
CiAF CiAF + 3C§H2 + 21H_")"C6(A'F)§3H32 + (A,F)H3
2C,AF + Cﬁ(A.F}&H}Z + 7H“)“C4(A,F)§_H12 + (A.F)H3
CiAF+9H + 4CH — CJAFH,

C3S 2C3S + 6H — (C;S-H; + 3CH
C;;S 2C:_:S + 4H — C}S:H} +CH

Fly ash Reactions

S 25+ 3CH = (,5.11,

A 2A + 3CH — C_‘,AgH]

C= CaO, S= SiOg. A= A1203| F= FC]OJ. H= H'_!O, § = SO]

3.3 Chemical binding

In general, a part of C3A and CsAF in cement firstly
react with gypsum to form ettringite and monosul-
fate. Afterwards, the rest of unhydrated C;A and
C4AF react further with water during curing period.
It is considered that only some fractions of original
content of C3A and CAF are efficient for chemical
binding. The efficient parts are those react during
the chloride exposure period only and form Friedel’s
salt and calcium chloroferrite whereas those reacted
before the chloride exposure period do not contrib-
ute to chemical binding. The fixed chloride content
by chemical binding, Crx. chem(ts, te), is defined as
shown in Eqg. 4. The time-dependent effects of cur-
ing time, t,, and age at the end of chloride exposure,
t., were taken into account in this equation.
Cﬁx.chcm(ts, te) = Cﬁx. CBA(ts; [e) + Cﬁx, C4AF(t5y tc) (4)
where Cyix, c3alts, te) and Cry, caar(ls, t) are the fixed
chloride contents by chemical binding of C;A and
C4AF, respectively during the exposure peried.

The amount of Cﬁx. cialts, te) and Cr,x‘ cantlls, te)
can be determined from Eq. 5 and Eq. 6, respec-
tively.

Cﬁx.C3f\(t5v le) = A-I'nLCJ.r’\-[IVInyd.Clh»\('-c)' Mhyd.C3A(ts)] (5)

Crixcaat(ls, ) = Anrctar[Miyacaar(le)- Mugcaar(ts)]  (6)

in which
1.12
At C38 = 3.3 1 o(003=a0c) o
and
0.6
lﬁx,C4AF = (8)

3 ) 3 +e (0.033=<A0cqar )

where Agix. c3a and Agy caar are defined as the fixed
chlonde ratios of C3;A and C,AF, i.e., the ratios of
fixed chloride to hydrated mass of C;A and CiAF,
respectively, and Accsa and Adcyar are the changes
of degree of hydration of C:A and C,AF, respec-
tively during the exposure period.
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Figure 1. Relationship between fixed chloride rutios of CiA
and CyAF and change of degree of hydranon during the expo-
sure period

The relationship between the lixed chloride ratios
of C3A and C;AF and their respective changes of
degree of hydration are shown in Fig. 1. The fixed
chloride ratio decreases with the increase of the
change of degree of hydration reaction during expo-
sure period. This implies that more chloride can
chemically be bound at early hydrations of C:A and
CsAF. ‘

3.4 Physical binding

Chloride may be physically adsorbed on the surface
of C-5-H gel and other products of reactions in ce-
mentitious system, such as C-A-H, C-A-F-H, ettrin-
gite and monosulfate. The fixed chloride content by
physical binding at the end of chlonde exposure,
Chrix. phy(le), is defined as in Eq. 9. This equation also
takes into account the time-dependent effect of cur-
ing time plus chloride exposure period, t.

Cﬁx. phy(tc) = (ZMproduct(Ic) . ¢ﬁx) /100 (9)

where ¢y, is the fixed chloride content of hydrated
and pozzolanic products (%) and ZM ,ouualle) is the
summation of mass of hydrated products and poz-
zolanic products at the end of chloride exposure.

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

Op. = -0.093xw/b+0.135 \' | S
™71 0.037 + el WOBW T s t Cix +0.01

Fc 0.5
[3190] (10)

where Ci 1s 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)
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Figure 2. Fixed chlonde content for hiydrated and poszolame
products

As shown in Fig. 2. the physically bound chlornde
content of hydrated and pozzolunic products in-
creases with increasing total chlonde content and
decreasing water 1o binder ratio.

4 RESULTS AND DISCUSSIONS

The test results of total chloride and fixed chloride
are presented by bar charts. The values in parenthe-
ses above the bar indicate the ratios of fiscd chlorde
content 1o total chloride content.
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Figure 3. Chlonide binding capacity of cement paste



It can be seen from Fig. 3 that the chloride bind-
ing capacity of cement paste exhibits a time depend-
ent behavior. Considering samples with the same
exposure period, te-ts, paste with shorter curing time
had higher total and fixed chloride 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
chloride can penctrate into the paste. Fixed chloride
wus also higher because there were larger amount of
unhydrated aluminate and aluminoferrite phases,
which were accessible for chloride binding.
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Figure 3. Chloride binding capacity of type 1 cement - low cal-
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Figure 5. Chloride binding capacity of type | cement - high
calcium fly ash puste

On the contrary, considering pastes with the same
curing time, longer exposure period in saltwater re-
sulted in higher total and fixed chloride content.
Higher total chloride was due to longer exposure pe-
riod while the reason for larger fixed chloride con-
tent was that larger amount of hydrated and pozzo-
lanic products produced during the longer exposure
period can bind chlorides.

When companng Fig. 3(a) with Fig. 3(b), 11t can
be observed clearly that type V cemient paste had
lower fixed chlonde content than tyvpe I cement
paste for ull curing and exposure periods. This was



mainly because the type V cement had lower content
of C3A than type I cement.

In addition, Fig. 4 and Fig. 5 show that the char-
acteristics of time-dependent chloride binding of
cement-fly ash paste follow the same trend as those
of the cement paste.

Fig. 4 and Fig. 5 illustrate that cement paste with
high calcium fly ash had higher fixed chloride con-
tent than that with low calcium fly ash. This is be-
cause the high calcium fly ash usually contains some
cementitious components which can hydrate to bind
chloride and also to increase the early pozzolanic re-
action so that higher pozzolanic products can be
produced espectally at the high replacement ratio.

5 VERIFICATION

Fig. 6 shows the verification of model with the ex-
perimental results conducted by the authors. In the
figure, the fixed chloride contents calculated from
model are compared with those from experiment. It
can be seen that the model can be used to predict the
chloride binding capacity of cement pastes and ce-
ment fly-ash pastes under various curing time and
chloride exposure period with satisfactory accuracy.

Cr. (% by wt of binder) from model
2.00

M+ X0DO, O

0.00 1
0.00 1.00 2.00
Cr. (% by wt of binder) from experiment

Figure 6. Verification of chloride binding capacity model

6 CONCLUSIONS

Based on the test results and the purposed model, the
following conclusions can be drawn.

1. The behavior of chloride binding capacity of
cement-fly ash cementitious system was lime-
dependent. Chloride binding depended on cur-
ing and chloride exposure periods. Pastes hav-
ing older age prior to chloride attack bound less
chloride than those exposed to chloride at
younger age. Longer exposure period of paste
resulted in larger chloride binding capacity.
Cement paste with high calcium fly ash had
htgher fixed chloride content than that with low
calcium fly ash. This is because the high cal-

t

cium fly ash usually contains some cementitious
components which can hydrate to bind chlonde
and also to increasc the pozzolanic reaction so
that higher pozzolanic products can be produced
especially the high replacement rato

3. A model for predicting chloride binding capacity
of cement-fly ash binder was proposed by con-
sidering that the unhydrated aluminate (CuAy and
aluminoferrite (CiAl ) phases in cement were
considered responsible tor the chenucal binding,
white the hydrated products from cement and
pozzolunmic products from 1y ush were respons-
ble for physical binding.

4. The proposcd model can sausfactonty predict
the chloride binding capucity of various cement
pastes and cement-fly ash puastes with different
mixture proporuon, properties of cement and 1y
ash, curing time and chloride exposure period.
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