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Abstract ‘Lo improve the chloride ingress resistance of concrete, slag is widely used as a mineral admixture in concrete industry.
And currently, most of experimental invesligations aboul non sleady state diffusion lests of chloride penetration are slarled alter four
weeks slandard curing of concrele. For slag blended concrele, during submerged chloride penelration lests periods, binder reaction
proceeds continuously. and chloride diffusivity decreases. | lowever, so far the dependence of chloride ingress on curing ages are
not detailed considered. ‘lo address this disadvantage, this paper shows a numerical procedure to analyze simultaneously binder
hydralion reactions and chloride ion penetralion process. Firsl, using a slag blended cement hydration model, degree of reactions of
binders, combined water, and capillary porosity of hardening blended conerete are determined. Second, the dependences of chloride
diffusivity on capillary porosity of slag blended concrete are clarified. Third, by considering time dependent chloride diffusivity
and sarface chloride content, chloride penetration profiles in hardening concrete are calculated. ‘The proposed prediction model is

verified through chloride immersion penelralion lest results of concrele with ditlerent water o binder ratios and slag contents,
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LINTRODUCTION

Corrosion of sleel rebar is a common degrading mechanism
for reinforced concrete (RC) structures at close to marine
environment. Corrosion of reinforcement causes defects of
RC structures. The concrete cover of reinlorcement will spall
ofl, and the cross section, vield strength, and ductility of the
reinforcement will be reduced, and the honding strength
hetween steel rebar and concrete will be impaired. 1lence load
bearing capacily and serviceability may be reduced (Shi el al.
2012).

Blast turnace slag (BI'S) 13 a by-product of steel industry. The
chemical compositions of granulated slag is similar with that
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of cement, and slag has been widely used a mineral admixtures
(o produce high perlormance concrele. Slag blended concrete
shows advanlages in restraining chloride ion ingression and
improving concrete resistance about chloride ion penetration.
The experimental investigations and theoretical modeling
about chloride ingress resistance of slag blended concrete are
abundant. Using waler (o binder ratio of concrele, Lile-365
program {2018} evaluated chloride dittusion coefticients at 28
days curing age. Papadakis (2000) calculated the total porosity of
concrele conlaining supplementary cementitious malerials and
evaluated the chloride diffusivity as a lunction ol porosily and
paste contents. By using chloride diffusion coethcient proposed
by Papadakis (2000}, Va and Stewart (2000) predicted chloride
ingression of concrele structuges in coastal zone and application
of de-icing salts environment. However, it should be noticed thal
[ife-365 program (2018) and Papadakis (2000} assume that all
the hinder will hvdrate regardless of water to binder ratios. Wang
(2014) reported that with the reduction of water o cement ratios,
rate of hvdration and {inal degree of hydration decrease.

Using the reaction degree of cement, Nielsen and Geiker
(2003) calculated phase volume fractions ot hydrating
concrele, such as chemically shrinkage, capillary water, and
solid products. Furthermore, chloride diflusivity in paste and
concrete were determined using phase volume fractions and
aggregate contents. Sun et al. (2011} proposed a multi scale
model for predicling chloride dilfusion coeflicient of concrete.
Microstructure of harden cement paste and interfacial transition
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zone (I'TZ) is introduced into model proposed. | lowever,
Nielsen and Geikers model (2003) and Sun et als model (2011)
are only valid for Portland cement concrete. The influences of
mineral admixtures on chloride diffusion coefficient are not
taken into account. By using reaction degrees of cement and
silica [ume, Song et al. (2007) calculaled capillary porosily
and chloride diffusivity in bulk paste and ITZ. Furthermore,
diffusivity of concrete are determined by considering eftects of
bulk paste, I'l'Z, and aggregate. By using general effective media
equalion, Oh and Tang (2004) calculaled chloride ditlusivily
in bulk paste. Furthermore, chloride dilfusivity of concrele
is calculated using composite spheres assemblage model
considering influences of paste matrix, aggregate, and I'I'Z.,
However, Song el al. (2007) and Oh and Tang (2004)s model
do not consider the evolution of capillary porosity and are only
valid for fully hardened concrete. 'or Song et al. (2007) and Oh
and Jang {2004)s model, more improvements are necessary for
considering the ellects of ages.

And currently, most of experimental investigalions about non
steady state diffusion tests of chloride penetration are started
after four weeks standard curing of concrete. I'or slag blended
concrete, during submerged chloride penelration lesls periods,
binder reaclion proceeds continuously, and chloride dilfusivily
decreases. | lowever, so far the dependence of chloride ingress on
curing ages are not detailed considered. An empirical parameter
(Song and Kwon 2009) is widely used 1o describe the evolulion
ol chloride diffusion coellicient with curing ages. While this
empirical time parameter cannot fully describe the evolution
ot hardening concrete microstructare. ‘The influence of various
faclors such as cement ype, waler-o-binder ratio, and [ly ash
replacement ratio on this empirical time parameler requires
further investigation.

To address the disadvantages of current models, this paper
presents a prediction model (o analyze simultancously binder
reaclion and chloride penetration process. By combining
blended cement hydration model with chloride penetration
model, the dependences of evaporable water, capillary porosity,
and chloride diflusivity on age ol slag blended concrele are
clarified. Furthermore, by considering time dependent chloride
diffusivity and surface chloride content, chloride penetration
profiles in slag blended hardening concrete are determined.

2. CEMENT HYDRATION MODEL
AND CHLORIDE INGRESS MODEL

2.1 Slag Blended Cement hydration model

Wang (2014} proposed a hydration model for concrete
containing supplementary cementitious materials, such as tly ash,
slag, and silica fume. Hydration equations for cement and mineral
admixtures are respectively proposed, and the mutual interactions
between cement hydration and mineral admixtures reaction are
considered through capillary water contents and calcium hydroxide
contents. The hydration model is valid for concrete with different
water to binder ratios, mineral admixture replacement ratios, and
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curing temperatures

Reaction degrees of cement and mineral admixture are vsed
as fundamental indicators to evalvate propertics development of
concrete. Degree of cement hydration («) is defined as the ratio
of mass of hydrated cement to mass of cement in the mixing
proportion. The value of degree of cement hydration {«) ranges
between 0 and 1. Degree of cement hydration a=0 means hydration
doces not start, and degree of cement hydration a=1 means cement
has fully hydrated.

By using an integration method, degree of cement hydration
can be determined as follows:

tfd
a= [/ 0

, da . o .
where 215 time, —— is rate of coment hydration. The detailed

dt
. da , . - :
equattons for 2 are available in our former rescarch (Wang
i
2014}).

Similarly, reaction degree of mineral admixtare ( &, ) is
defined as the ratio of mass of reacted mineral admixture to
mass of mineral admixtore in the mixing proportion. The value
of reaction degree ol mineral admixture (¢, ) ranges belween
0 and 1. @, =0 means mineral admixlure reaction does not
slart and e, =1 means all the mineral admixture has reacled.

Reaction degree of mineral admixture also can be determined
using an integration method in time domain as follows:

a, = j;("%wjdt ')

is rale ol mineral admixture reaclion. The delailed

1".{

where

dit

]

equations for are available in our lormer research (Wang

2014)).

Based on mixing proportions and reaction degree ol binders,
the phase volume tractions of hardening slag blended concrete
can be determined as follows (Wang 2014):

C
Vi=—"(-a) 3)
P
Vy=—(l-a,) @)
Psq
V,=04*C *a+045*, * P 3)
V=W,V ®)
V.=V, +0.0625*C,*a+0.10*a, * P )
Ve=V,+0.15*C, *a+0.15%a, * P (8)
V=1-V-V.-V,-¥, ©)
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where V,, V, . V,. V,. V,. V,,and V. are volume fractions
of unhydrous cement, unreacted slag, combined water,
capillary waler, capillary porosily which equals 1o the sum ol
capillary water and chemically shrinkage, evaporable water
which equals to the sum of gel water and capillary water, and

. . ‘Y . N .
reaction products, respectively. €7y is mass of cement in the

mixing proportions , 0

. is density of cement. p is mass
of slag in mixing proportion, Py, is density of slag. W, is
mass of waler in the mixing proportions, and ¥, is volume of

aggregale. In equation (5), 0.4*C, *a and 045*,, * PP
are combined waler from cement hydration and from slag
reaclion respeclively. In equation (7), 0.0625*C * o
and 0.10%,, * Pare chemical shrinkage [rom cement
hydralion and [rom slag reaclion respectively. In equalion (8},
0.15*Cy*a and 0.15%a,, * I are gel water [rom cemenl

hydration and from slag reaction respectively.

2.2 Chloride diffusion coefficient model

Concrele is a three phase material consisling ol cemenl paste
matrix, aggregate, and interfacial transition zone (I'l'7) between
cement paste matrix and aggregate. lnterfacial zones are formed
due 1o the wall effect and one sided growth of the cemenl
particles. Cemenl pasle malrix is connecled with inlerfacial
transition zone. The diffusivity ol cement paste phase D, is
mainly dependent on capillary pores ol the cement paste, and
can be determined as follows {Oh and Jang 2004):

Dy(0)=A*($)* (10
V.
¢ re=—s (11)
= &+i+ﬂfo
P. Ps

where A, and A, are the relation coefficients between the
capillary porosity and chloride ditlusivity, @,,.,,, is the capillary

porosily in the binder paste. In equation (10), intrinsic ditlusion
coelficient A, relates o type of binders, such as cement or
slag. ixponent A, (A, >1) relates to pore size distribution or
complexity of microstructure of reaction products.

When the diflusivity of the aggregate particle inclusions is
assumed (0 be zero, according o composile sphere assemblage
{CSA) model (Oh and Jang 2004}, the chloride diffusion
coethcient of concrete can he determined as follows:

D, 14
€ =1+ a
D 1

P 1
2D,/ D)1 3

1-V, (12)

where 12_is the diffusivity of concrete, 12 is the diffusivity in

the interfacial transition zone, and € is thickness ratio of I'l'Z.
As shown in equations (10}-{12), with the proceeding of binder
hydration, the capillary porosily of concrele decreases, and the
chloride dilfusion coellicient decreases correspondingly.

By using hard core/soft shell model, Bentz et al. {1999)
evaluated the connectivity of interfacial zones for different
choices of inlerlacial zone thickness, Furthermore, by
comparing agains! with cemenl morlar mercury inlrusion
data, it was found that a choice of 20pm for the interfacial zone
thickness gave the best agreement with the mercury data (Bentz
et al 1999). The mean radios of coarse aggregate is about 10 mm.
Hence in this study, the thickness ralio of ITZ is used aboul &
=0.002.

Bentz el al (1999} studied the ellects of mineral admixtures on
interfacial transition zone. ‘They found that for fly ash blended
mortar, the fraction ratio of CSI1 between ['lZ and bulk matrix
is similar with that in plain cement morlar. Similarly, based on
analysis about chloride diffusivity of concrele wilh various (ly
ash and slag additions, Oh and Jang (2004) proposed that for
Portland cement concrete, fly ash blended concrete, and slag

blended concrete, the ratios between DJ and DP are almost

same { Dl / Dj,= 7).

‘Lhe eftects of slag additions on chloride diffusion coefhcients
ol concrete are summarized as lollows: [irsl, incorporaling
GGBS into blended binders can increase total porosity because
the reactivity of slag is lower than that of cement. 'This point
is considered using slag blended cement hydration models
(equations (1)-(9)); second, calcium silicate hydrate (CSH) gel
produced [rom slag reaction has finer gel pores than that from
cement hydration. This etfect is considered using intrinsic
diffusion coethcient A, in equation (10): third, the formation of
slag reaction products can fill large capillary voids and reduce
the average pore size. This effect is considered using chloride
diffusion exponent A, in equation (10). It should be noticed
that in our study, the evolution of chloride diffusion coethcient
is direclly related (o time-dependent capillary porosity, We
do not use the empirical time parameter (Song and Kwon
2009} to describe the age dependence of the chloride diftusion
coefficient. Compared with empirical time parameter method
(Song and Kwon 2009), the physical meaning of proposed
model in this study is much ¢learer.

2.3 Time dependent surface chloride content

Nagataki et al. {1993) measared water soluble chloride
concentration of pore solution in the surface of concrete
specimen. They lound that chloride concentration of pore
solution increases with the immersion period. At an immersion
periad of 90 days, the chloride concentration of pore solution
13 almost twice as high as that ot the immersion selution. After
90 days, the chloride concentrations of solutions are still in an
increasing rend. Baroghel-Bouny et al.(2007} also lound (hal
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for concrete specimens, after 90 days non-steady-state diffusion
tesls, the ratio belween chloride concentration ol surlace
concrele pore solution and chloride concentralion of conlacl
external solution is about 2.2, which generally agree with
Nagataki et als results (1993).

The chloride condensalion index is defined as the chloride
concenlration ol the pore solution in the specimens divided by
the chloride concentration of the surrounding solution in which
the specimen is immersed. Based on Nagataki et als results
(1993), we propose thal chloride condensation index can be
determined as follows:

CI=0.8+0.022¢/(1+0.013¢) (13)
where CF is chloride condensalion index, and £ is immersion
period (days). As shown in Figure 1, condensation index
increases quickly al initial immersion periods. At late ages, the
increase of condensation index is marginal.

25
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Figure 1. chloride concentration condensation index

2.4 Governing equation of Chloride diffusion

lor saturated concrete, chloride ions can penetrate concrete
through ionic diftusion. The ionic diffusion comes from the
exisling concentration gradient between exposed environment
and pore solluion of concrele. This process can be described
using Fick’s Tst law as follows (Maekawa et al 2009):

acf
J=-D¥,—L

— (14)
where | denotes the flux of chloride ions in concrete due to
diffusion (kg/m*s); C, denotes free chlotide concentration al
depth x{m) (the unit of C;is kg/m” of pore solution).

In saturated concrete, the mass conservation of chloride ions
can be determined using l'icks second law, as follows (Maekawa
el al 2009):

(15)
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where C, denotes the total chloride concentration {the anit of €,
is kg/m” of concrete).

Chlorides present in concrete consists of [ree chloride and
boand chloride. Lree chlorides refer to dissolved chloride ions
in the pore liquid. I'ree chlorides exist in a freely mobile state.
Bound chlorides include solid phase chloride and adsorbed
chloride. Bound chlorides can nol move at ordinary chloride
concentration gradient. T'he relations among total chloride
concentration, bound chloride concentration, and free chloride
concenlrations are shown as follows (Mackawa el al 2009):

C,=C,+V*C, (16)
Where C, denoles the concentration of bound chlorides (1he
unit of €, is kg/m” of concrete). The evaporable water contenls
V., can be determined from hydration model using equation (8).

By substituting equations (15)-(16) into equation (14), licks
second law can be modified as follows:

o, _a b, oG, a7
ot o 1+l% ox
v, oc,

v v . - - u
where €, / AC, denotes the binding capacity of the concrele

binder. As shown in equation {17}, chloride penetration process
relates to some tactors, such as chloride diffusion coefticient,
chloride binding isotherm, and evaporable waler conlents in
concrele.

2.5 Nonlinear chloride binding model

Diflusing chloride ions are physically bound and chemically
bound onto pore surlaces within cement matrix (Mackawa
et al 2009). T'he relationships between bound chlorides and
tree chlorides can be described using binding isotherms.
Chloride binding isotherms relates (o chemical compositions
cementilious system and surrounding environmental
conditions. By measuring free chloride and bound chloride
contents for slag blended concrete, Maekawa et al.{2009)
proposed hat under equilibrium condition, the relationship
between free chloride 1ons and bound chlorides is modeled as
[angmuir type equation as follows:

xC;
="
*1+4C, (1%
7 =-34b"+233b+11.8(0<H<0.6)  (19)

where p is slag replacement ratio. In equation (18), the unil
of [ree chloride and bound chloride is weight percentage by
mass of binder. In equation {18}, #=0 means Portland cement
concrete.
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2.6 Boundary condition and initial condition
of chloride ingress
The inilial condilion and boundary condition used in
proposed model are shown as follows:

Fort=0: C,=C, at x>0 (20)
Fort>0: C, =CI*C, at x=0 2n
L - (22)

—— =0 at x=L/2 (axis of symmetry)
o (

where C, is chloride concentration in the pore solution
before the concrete is exposed to an external salt solution,
C, is the chloride ion concentration of salt solulion in
contacl with the concrete outer surlace (equation (21)
considers chloride concentration condensation), and L is
the thickness of the member.

2.7 Summary of proposed model

The proposed numerical procedure considers the inleraclions
between cement hydration and chloride penetrations. ‘The steps
of proposed numerical procedures are shown as follows:

First, using a blended cement hydralion model, degree of
binder reactions and phases volume [raclions of hardening
concrete, such as evaporable water content, combined water, and
capillary porosity are determined.

Second, the dependences of chloride dilfusivity and surface
chloride conlent on age of concrele are clarified. Chloride
diffusion coetficient of hardening concrete is calculated
considering the evolation ot capillary porosity in binder paste
and composite sphere assemblage (CSA) model. By using
chloride condensation indexa, the evolution of surlace chloride
content is clarified. Chloride binding of slag blended concrete is
described using Langmuir binding isotherm.

Third, chloride profiles in hardening concrete are calculated.
Governing equation ol chloride diffusion {equation (17)) and
in time is an initial-value problem and in space is a boundary-
value problem. In this study, finite element method is used to
solve this equation .

3. VERIFICATION OF PROPOSED MODEL

Experimental results from Song and Kwon (2009) arc
used to verify the proposed model. Song and Kwon (2009)
made systematically experimental study about chloride
ingress of slag blended concrete. They measured chloride
dilfusion coefficients and chloride penctration profile of
slag blended concrete with various mixing proportions.
Concrete specimens with three different water-to-
binder ratios of 0.47, 0.42, and 0.37 and (wo dillerent slag
contents of 30% and 50% were prepared. Concrete cylinder
specimens were cured in moist conditions.

Measurement of chloride diffusion coefficient: At the
curing periods of 28 days (four weeks), 90 days (three
months), 180 days (six months), and 270 days (ninc

months), chloride diffusion coefficients are measured
through an clectrical acceleraled method, Afler the
clectrical accelerated tesl, a silver nilrale solution (AgNO,
with a concentration of 0.1 mol/l) is used as an indicator
to measure chloride penetration depth, and the chloride
diffusion coeflicient is calculated through the penctration
depth (Song and Kwon 2009).

Measurement of total chioride contents: After 28 days
of curing, the specimens are immersed in a 3.5% NaC(l
solution for & months. The specimens are coated with
resin, except for the upside surface thal allows for a one-
dimensional intrusion of chloride ions. Acid-soluble
chloride contents (which equal to total chloride contents)
are measured al dilferent penetration depths (Song and
Kwon 2009).

3.1 Capillary porosity

In hydrating cement-slag blends, with the increasing of
combined waler, reaction producls deposil in capillary pore
space, and capillary porosity decreases. Figure 2 shows the
amount of capillary porosity in binder paste as functions of
curing ages. As shown in Ligure 2, when water to binder ratio
ncreases from 0.37 1o 0.47, the amount of capillary porosily
increases, For concrele containing 50% slag, the amounl of
capillary porosity is higher than that in plain concrete.

1 : : : : :
water to binder ratio 0.37-no slag
—— water to binder ratio 0.42-no slag
0.8 —water to binder ratio 0.47-no slag ||
2
[
2 0B ,
o
(=%
Fe?
o
F 04 E
(3
o
0.2 k|
0 2 c r r L
0 50 100 150 200 250 300
time{days)
(2-a} plain concrete
1 T T T T T
—water to binder ratio 0.37-50% slag
—water to binder ratio 0.42-50% slag
an- ——water to binder ratio 0.47-50% slag |
=
[
2 0B} i
o
Q
s 04 B
o
(5]
0.2 4
0 r r r 3 r
o 50 100 150 200 250 300

Ume{days)
(2-b) 50% slag concrete

Figure 2. capillary porosity

3.2 Evaluation of chloride diffusion coeflicients and
chloride ingress profile for slag blended concrete
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As mentioned in section 2.2, the intrinsic diffusion coethcient
Al and exponent A2 in equalion (10) is dependenl on waler 1o
binder ralios, and only relates to lype of binders. We assumed (hal
cement and slag contribute to intrinsic diffusion coefticient A1
and exponent A2 relating to binder weight tractions as follows:

4 =B* G ) * M, (23)
Co+M, Co+M,
Co+M, C,+M,

where B, and B2 are lhe contributions of cement and slag on

intrinsic diffusion coellicient A, respectively; and (.ﬂ] and (.ﬂz are
the contributions of cement and slag on exponenl A,, respectively.
al
G and MU
C M "0 M,

slag in cement-slag blends respectively. As shown in L. (23) and
{24}, when the replacement ratio of slag equals to zero, the chloride

are Lhe weight {ractions of cement and

. - ~ . . )
diffusion coeflicient is only dependent on the values of B, and ()
» which relate to cement; when slag is used as a mineral admixture,

the chloride diffusion cocfficient is dependent on the values of B,

B, (| and (.

Using experimental results about chloride diffusion cocthcients
measured at different ages for various mixing proportions, the

values of By, B,, C,,and (C, are calibrated as 3.90e- 10 {1.72e-
10, 1.21 and 2 31 respectively. As shown in Ligure 3, the analyzed
results general agree with experimental results.'Lhe correlation

cocfficient between analyzed results and experimental results
1 0,96, The addition of slag can reduce the intrinsic chloride
diffusion coctficient A, (because of B, = B, ). Lhis is because the gel
produced from slag reaction has finer gel pores than from cement
hydration. Tn addition, the addition of slag can increase the chloride
diffusion exponent A, {(because of (') <, ). This may be duc to
the pore-size refinement effect resulting from the slag reactions.
With the reduction of intrinsic chloride diffusion cocthicient A and
increase of the chloride diffusion exponent A, | chloride diffusion
coetficients decrease correspondingly.

=11

x 10
3 3 T T T T

25~ i

svalualion msults aboul ohicide diffusion cosfficient [n'?;‘s)

0 05 1 15 2 25 3
experimental results about chloride diffusion coefficient (mzls)x 10"
Figare 3. comparisons between experimental resulls and

analyzed results of chloride diflusion coeflicient

0
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The calculated total chloride concentration profiles are
shown in Figure 4. The calculated results generally agree with
experimental results, As shown in Figure 4-a, with the increasing
of water to cement ratios, due to the reductions of chloride
diffusion coefficients, given the same depth the chloride ions
concenlration will decrease. As shown in Figure 4-b and 4-¢,
compared wilh that of Portland cement concrele, because of
the reduction of chloride diffusion coefficients and increasing
of chloride binding capacity. the additions of slag can reduce
chloride penetration deplh.

Figure 5 shows the effect of chloride concenltralion
condensation on chloride penetration protile. I this calculation,
the concenlration condensation is ignorcd (C1 =1), and 1he
boundary condition al x=0is used as €’ = € in equation (21).
As shown in Figure 5, the chloride conlents in the surface zone
are much lower than experimental results, and chloride ingress
depths are similar with that shown in Iigure 4. I lence chloride
concenlration condensalion mainly atlect chloride contents in
the surface zone of concrele.

Iigure 6 shows the effect of chloride binding on chloride
penetration profile. In this calculation, the chloride binding
capacily is ignored ( X =0), and the binding capacity is used
as (", =0 in equation (18). As shown i Figure 6, the chloride
contents in concrete are much lower than experimental resalts,
and chloride ingress depths are much higher than that shown in
Figure 4. Hence chloride binding presents signilicant influences
on chloride content and chloride penetration depth.

4. CONCLUSIONS

This paper presents a numerical procedure to analyze
chloride penetration into hardening slag blended concrete.
The simultancous binders hydration reaction and chloride ion
penelration process are modeled.

lirst, using a slag blended cement hydration model, degree
of binders reaction and phases volume fractions ot hardening
concrele, such as evaporable waler content, combined waler, and
capillary porosity, are determined.

Second, a general equation of chloride diffusion coethcient for
hardening slag blended concrete are proposed. The increasing
total porosity due (o slag addition, the pore relinement at
macro-scale by slag due (o lilling eficct, and the pore refinement
at micro-scale due to latent-hydraulic property and pozzolanic
reaction of slag are analyzed.

Third. by using numerical analysis method, chloride profiles
in hardening concrete are calculated. Analysis resulls generally
agree with experimental results of concrete with difterent curing
ages and different mixing proportions. Because of the reduction
ol chloride dilfusion coeflicients and increasing of chloride
binding capacity, the additions ol slag can reduce chloride
penetration depth. Chloride concentration condensation
mainly affect chloride contents in the surface zone of concrete.
Chloride binding presents significant inlluences on chloride
conlent and chloride penetration depth.
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