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Abstract:

Based on effective media theory, a predictive model, relating chloride diffusivity to the capillary pores, gel pores,

tortuosity factor, and pore size distribution of hardened cement, is proposed. To verify the proposed model, the diffusion coeffi-
cient of chloride ions, the degree of hydration, and peak radius of capillary pores of cement paste specimens were measured. The
predicted results for chloride diffusivity were compared with published data. The results showed that the predicted chloride dif-
fusivity of hardened cement paste was in good agreement with the experimental results. The effect of the evolution of pore
structures in cement paste on chloride diffusivity could be deduced simultaneously using the proposed model.
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1 Introduction

In the service environment, owing to the porous
nature of concrete, chloride ions penetrate concrete
and induce the corrosion of embedded reinforcing
steel, leading to premature deterioration of the con-
crete structure. The extent of steel corrosion depends
largely on the chloride ion diffusion coefficients in
hardened cement paste (Mindess et al., 2002; Zhang
and Ba, 2010). Thus, it is especially important to
determine the diffusion coefficient of chloride ions to
predict the time of initiation of corrosion and estimate
the durability of a concrete structure. It is essential to
establish a quantitative relationship between chloride
diffusivity and the microstructure of the cement paste,
such as the evolution of its pore structure. Only if that
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the relationship between chloride diffusivity and the
evolution of pore structure is determined can the
chloride ion transport behavior be defined and the
durability of concrete be accurately evaluated.

Until now, researchers have focused mainly on
building the relation between chloride diffusivity and
the porosity of cement paste. Halamickova et al.
(1995) quantitatively related the chloride diffusion
coefficient to the critical pore diameter of capillary
pores of cement paste. Pivonka et al. (2004) deter-
mined the relation between the chloride diffusion
coefficient and the porosity and pore solution of ce-
ment paste. Huang et al. (2010) investigated the rela-
tion between chloride diffusivity and the pore solution
of cement, based on the generalized effective medium
theory. Zhang et al. (2010) researched the effect of the
porosity of fresh concrete on chloride diffusion coef-
ficients. However, the transport behavior of chloride
ions in cement relates not only to total porosity and
the concentration of the pore solution, but also to
other pore structure parameters such as porosity, con-
nectivity, size distribution, tortuosity, and the inter-
action between pore structure and transport ions. Of
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course, for concrete structures exposed long term to
sea water and/or deicing salt, the binding capacity of
chloride ions also has a significant effect on the
chloride diffusion process. Ishida et al. (2009) pro-
posed a chloride transport model considering chloride
ion binding capacity and the constrictivity factor. In
addition, Ishida et al. (2008) have established the
guantitative relationship between chloride ion binding
capacity and different types of admixtures, and the
replacement ratio. We did not consider the binding
capacity of chloride ions in our research because we
determined the diffusion coefficient using a rapid
accelerated migration test. As a rule, the diffusion
coefficient is determined by experiment for each
specimen. Due to experimental error, different re-
searchers always obtain different results, even if the
raw materials are identical. It is increasingly recog-
nized that a reliable predictive model of chloride
diffusivity is urgently needed.

The aim of this research was to develop a reli-
able predictive model based on the relationship be-
tween chloride diffusivity and the evolution of pore
structure, to deduce the chloride ion transport be-
havior of hardened cement paste.

2 Microstructure of the hardened cement
paste

Hardened cement paste is composed of unhy-
drated cement particles, hydration products, water, a
small amount of air, and pore networks occupied by
the bulk water and air at normal temperature. It is
regarded as a two-phase composite, with a pore phase
and a solid phase, consisting of various hydration
products, in a saturated state (Fig. 1a). The pore net-
work of cement paste comprises interlayer porosity,
gel pores, capillary pores, and macropores, which
forms transport pathways of aggressive medium in-
truded in the hardened cement paste. Maekawa et al.
(2003) considered that no ions are transported into the
interlayer pores of cement paste since the molecu-
lar-related size of the interlayer space is too small to
accommodate them. Therefore, the three types of
pores are taken into account in this study. A schematic
diagram of the structural model of pores of hardened
cement paste is depicted in Fig. 1b.

Constrictivity

Connectivity:
dead-end effect

Liquid phase | €— Isolated

Connectivity:
tortuosity effect

Fig. 1 Component (a) and pore structure (b) of hardened
cement paste

Note that the calcium silicate hydrates (C-S-H)
gel pores are included in the solid phase, not in the
pore phase. The main path of transport in hardened
cement paste is known to be the capillary pore space
while the gel pores play a minor role (Garboczi and
Bentz, 1992), except at very low capillary porosity.
During the initial stages of cement hydration, the
transport properties of cement paste are very good
since all of the pores are fully connected. However, as
hydration increases, hydration products grow into the
pore spaces. Consequently, the pores become smaller
and only partially connected, so that the transport
properties of the cement paste decrease.

The pores in hardened cement paste can be
classed as either continuous (including those with a
tortuosity effect), continuous with an ink-bottle
shape, dead-end with an ink-bottle shape, or isolated
pores (Fig. 1b). Continuous pores, also called effec-
tive pores, play an important role in transport path-
ways in aggressive media. Dead-end pores and
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isolated pores do not contribute to transport proper-
ties. Usually, a tortuous continuous pore can be ex-
pressed by the parameter of tortuosity or the tortuosity
factor, while a continuous pore with an ink-bottle
shape can be described by the constrictivity of the
pore network, since the constrictivity takes into ac-
count the interaction between pore structure and ion
transport (Maekawa et al., 2003).

3 Effective media theory

The effective diffusivity of a porous material can
be expressed by the relationship between pore struc-
ture parameters (Oh and Jang, 2004):

D )

p
— —, l
DO ¢cap 7,'2 ( )

where D, is the effective diffusivity of a porous ma-
terial (m%s), deap IS the capillary porosity, and z and 6
are the tortuosity factor and constrictivity of the pore
network, respectively; Dy is the diffusivity of ions
transported in bulk water, i.e., Dy=2.03x10"° m?/s for
chloride ions at 25 °C.

However, the solid phase of the cement paste
also has pores, i.e., C-S-H gel pores, and is also dif-
fusive (Garboczi and Bentz, 1992). So, a formula
more appropriate than Eq. (1) is proposed:

D )
F: = VT—por ?’ (2)
VT—por :Vcap +Vgel ! (3)

where V1_yor is the total porosity; Ve, and Ve are the
porosities of capillary and gel pores, respectively, and
can be calculated for Portland cement as follows:

019«
“ " w/c+0.32'
~w/c-0.36
@ w/c+0.32

(4)
®)

where w/c is the ratio of water to cement, and « is the
degree of hydration.

So the total porosity can be obtained by substi-
tuting Egs. (4) and (5) into Eq. (3):

w/c-0.17«
V =—" = = 6
TP w/c+0.32 ©
which illustrates that the development of porosities
can be determined when w/c and a are known.
A continuous pore with a tortuous character can
be represented by the parameter of tortuosity:

C=lel, (7
where |, is the ratio of the length of the actual ion

transport pathways, and | is the corresponding length
in the projected plane (Fig. 2).

Fig. 2 Definition of tortuosity

Tortuosity is an intrinsic characteristic express-
ing the geometrical property of pore structure, and
can be assumed to be independent of the characteris-
tics of ions. In fact, it is very difficult to measure the
tortuosity (¢) of the pore network in hardened cement
paste, so it is calculated using the material’s perme-
ability (AutoPore 1V 9500, 2001):

DZ
¢= = , (8)
424K (L+ pV,,)

where K and Vi, are the permeability (m/s) and total

volume of the porous material (m%/kg), respectively.

2
avg

ps and DS, can be obtained by mercury intrusion

porosimetry (MIP) measurements, where ps is the ap-
parent density of the material (kg/m®), and Davg is the

weighted average of the pore diameter (m):

n-1
Dazvg:ps[%llDlz+Z|iDi2+%lnDnz:|a (9)
i=2

where |; and D; are the specific intrusion volume and
pore diameter for the ith point, respectively.
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The relationship between the tortuosity and po-
rosity and average pore diameter of porous materials
can be determined by Egs. (8) and (9), but the process
of calculating tortuosity is still complicated. A con-
tinuous pore with a tortuosity effect is described by
the tortuosity factor (z), which is the ratio of the tor-
tuosity (¢) to the limited length (f), i.e., ={/f. The
results of the tortuosity factor are often influenced by
the MIP test. So, a convenient model proposed by
Nakarai et al. (2006) is adopted in this study. The
tortuosity factor is defined as a function of porosity:

7 =-1.5tanh[8.0(¢,

~0.25)]+25,  (10)

aste
where gt 1S the effective porosity, representing the
sum of gel and capillary pores effective as chloride
ion transport pathways per unit volume of cement
paste, and can be approximately replaced by V1_por.

The relationship between the tortuosity factor
and porosity is shown in Fig. 3. With the growth of
porosity, the tortuosity factor decreases. When the
porosity is above 0.5, the tortuosity factor is close to
1.0. These facts imply that the tortuosity effect of
continuous pores on transport properties almost dis-
appears at high porosities.
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Fig. 3 Effect of porosity on toruosity

Constrictivity is an important parameter for
characterizing a continuous pore with an ink-bottle
shape. Constrictivity is formulated as an expression of
the effect of pore size. Usually, porosity and pore size
are taken into account in the study of constrictivity. So
pore sizes are thought to be the main determinant of
constrictivity. The parameter of constrictivity also
adequately considers the interaction between pore
structure and ion transport. If the cross-section of a
pore space segment is straight, then constrictivity

becomes unity, whereas if the segment is restricted at
a certain point, the value of constrictivity is less than
unity. According to the pore characteristics of cement
paste, the constrictivity of pores is defined with re-
spect to the peak pore diameter (Nakarai et al., 2006):

& =0.395tanh[4(Ig r’* +6.2)]+ 0.405,  (11)

where r2* is the peak radius of capillary pores (m).

The relationship between 6 and r2™ is shown in

Fig. 4. The value of constrictivity is about 0.8 for
ordinary porous materials. However, the pores in
cement paste are widely distributed over the
nanometer-to-micron scale and pores with variable
sizes are randomly connected, while the peak radius
of capillary pores ranges from 20 to 120 nm for ma-
ture concrete (Maekawa et al., 2003). Thus, the value
of constrictivity is of the order of about 0.01 for fine
pores in sound cement paste. Of course, it becomes
larger for deteriorated cement paste.

0.8

0.6

0.4

Constrictivity

0.2

0.0

10 9 8 -7 6 5 -4 -3 -2
Ig(rs:ak/m)

Fig. 4 Effect of peak radius of capillary pores on
constrictivity

Based on above analysis, only if the ratio of wic,
the degree of hydration, and the peak radius of cap-
illary pores are determined, can the development
process of pore structures be simultaneously ob-
tained. So Egs. (6), (10), and (11) are substituted into
Eq. (2) to obtain the chloride diffusivity of hardened
cement paste in a saturated state.

4 Application of the model in hardened ce-
ment paste

To validate the proposed model in the present
study, the parameters required by the model were
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determined for various mixtures. The experimental
details were as follows.

4.1 Experimental materials

Cement paste specimens were prepared using
Portland cement type I, which is produced by mixing
pure cement clinker with 5% (w/w) of gypsum. The
chemical and mineral compositions of the cement are
listed in Tables 1 and 2. The w/c ratios of the cement
paste specimens were 0.23, 0.35, and 0.53.

Table 1 Chemical composition of the cement

. Composition . Composition
Oxide (%, wiw) Oxide (%, wiw)
Ca0 62.40 TiO, 0.27
SiO, 21.38 SO; 2.25
Al,O; 4.67 P,Os 0.10
Fe,0; 3.31 BaO 0.04
MgO 3.08 ZnO 0.06
K,0 0.54 MnO 0.18
Na,O 0.21 LOI 0.95

LOI: Loss on ignition

Table 2 Mineral composition of the cement

. Composition . Composition
Mineral (%, wiw) Mineral (%, wiw)

CsS 55.5 CsA 6.5

C,S 19.1 C,AF 10.1

4.2 Microcosmic sample preparation and curing

All cement paste samples were mixed with
de-aired distilled water, with 1 min of mixing at low
speed, and then 2 min at high speed. The pastes were
poured into 500 ml plastic beakers, which were vi-
brated for about 3 min to remove bubbles. Finally, the
pastes were poured into PVC tubes with a diameter of
14 mm and vibrated again for 2 min to reduce ex-
perimental error. The samples were placed in a room
at a temperature of 20 °C for 24 h and then moved to a
standard curing room (temperature of 20+3 °C, rela-
tive humidity above 95 %). After three days of curing,
the samples were removed and split into several parts.
The middle part of each sample with a thickness of
about 16 mm was selected for testing. Finally, the
samples were taken out for measurement of their
degree of hydration and porosity at the required
standard age. Before testing, the samples were im-
mersed in ethanol to stop further cement hydration by
removal of the free water.

4.3 Testing for pore structure

Mercury intrusion measurements were per-
formed with a Micrometrics AutoPore IV 9500
(American Michael Instruments Corp., USA), with a
maximum pressure of up to 415 MPa, which deter-
mined pore sizes in the range of 3 nm to 360 um.
Measurements were conducted in two stages: a
manual low pressure run from 0.003 to 0.21 MPa, and
an automated high pressure run from 0.21 to 242 MPa.
Data were collected and handled by a computer acting
as a control module. After low-pressure testing, the
penetrometer was removed and weighed. High-
pressure testing was then initiated. The machine was
set to equilibrate for 30 s at a contact angle of 130°.

4.4 Testing for degree of hydration

The samples were crushed and ground into
powder in an agate pot containing iso-propyl alcohol.
Then the powder was sieved using a 0.08 mm sieve.
Next the sieved powder was placed in dried and
weighed porcelain crucibles and dried at 105 °C for
24 h. The samples were then transferred to a desic-
cator for 30 min, after which, each sample of 1 g was
weighed and the mass denoted as mg. Finally, the
dried samples were placed in a 1050 °C furnace for
3 h and cooled in a desiccator and weighed again,
with the mass denoted as mygsg -c. FoOr each paste,
three samples were tested, and the results were av-
eraged. The degree of hydration was determined by
the non-evaporable water content:

(12)

where the ignition loss L=(mg—M1gsg -c)/my, and L is
the ignition loss of raw materials.

According to Powers’ model (Powers, 1962), the
formula for cement hydration can be expressed as

B 100 xW,

023 ' (13

where o is the cement hydration (%).
4.5 Rapid chloride migration test

Based on the Nernst-Einstein equation and the
specimens saturated with concentrated salt method,
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the chloride diffusivity of specimens could be rapidly
measured (Lu, 1997). The cylinder specimens with
100 mm diameter and 200 mm length were cast and
cured in a standard curing room for 28 days. Before
testing, a 50-mm-thick slice was taken from the center
part of the cylinder specimen. The specimens
($100 mmx50 mm) were saturated with water under
vacuum conditions for 24 h, and were then placed in
rubber tubes inclined at an angle of 45° in diffusion
cells for testing. A solution of 0.2 mol/L KOH was
placed inside the rubber tube, and the exterior of the
tube was immersed in 5 % (w/w) NaCl+0.2 mol/L
KOH solution. The solution surfaces inside and out-
side the rubber tube were at the same level. A direct
current potential of 40 V was applied in two diffusion
cells during each test; the duration of testing could be
estimated from the initial current, which was meas-
ured from the electric circuit at the beginning of the
test. According to the penetration depth of chloride
ions, the diffusivity of specimens can be calculated
using the following equation:

Dremo = 2.872x10°[Th(x, —ay/x,) /1], (14)

where Dgrcmpo IS the migration diffusion coefficient
(m?/s), x4 is the penetration depth of chloride ions (m), t
is the test duration, h is the height of the specimen (m),

T is the temperature (K), and o =3.338 x107%/Th.

5 Results and discussion

It is important to check that cement hydration
does not continue during diffusion testing. Thus, after
curing, the degree of hydration of each sample was
determined. This ensured that the microstructure of
the studied specimens remained unchanged during the
diffusion tests. The degree of hydration of hardened
cement pastes with wi/c ratios of 0.23, 0.35, and 0.53
were 0.573, 0.734, and 0.861, respectively, and the
corresponding pore size distributions are shown in
Fig. 5. There were two kinds of pore systems in the
hardened cement paste. The first peak is the critical
pore diameter of capillary pores, usually in the range
of 0.01 to 10 um (Cook and Hover, 1999), while the
second peak is the critical pore diameter of gel pores,
and its value is less than 0.01 um. With increasing w/c

ratios, the critical pore diameter of capillary pores
becomes larger; i.e., the critical pore diameters of the
capillary pores in Fig. 5 are 53, 62, and 77 nm cor-
responding to the cement pastes with w/c ratios of
0.23, 0.35, and 0.53. The degree of hydration and
critical pore diameter of each material are substituted
into Egs. (6), (10), (11), and (2) to give a predictive
chloride ion diffusion coefficient, once they are de-
termined. The predicted results were compared with
the results of rapid chloride migration testing (Ta-
ble 3). The predicted values were almost in accor-
dance with the experimental results.

0.004 | ’. w/c=0.53

0.000 -

Differential intrusion (ml/g-nm)
o
o
o
N

1 100 100 10® 10 10°
Pore diameter (hnm)

Fig. 5 Pore size distribution of hardened cement paste

Note that in the original constrictivity model
(Ishida et al., 2009; Maekawa et al., 2009), the peak
radius of the capillary pores in Eq. (11) does not cor-
respond to that measured by the MIP test, but relates
to computed pore parameters. However, the small
differences between estimates of the peak radius of
capillary pores from the computed model and the MIP
test have little influence on the calculated results of
constrictivity. To facilitate the calculation in practice,
in our study the computed peak radius of the capillary
pores is replaced approximately by that obtained by
MIP.

To further validate the model, we considered
published data (Ngala and Page, 1997; Caré, 2003;
Oh and Jang, 2004; Huang et al., 2010). The chloride
ion diffusion coefficient, degree of hydration of the
cement, and critical pore size of capillary pores were
given by Caré (2003). The chloride ion diffusion
coefficients of cement paste at different curing ages
were determined by Oh and Jang (2004), while the
chloride ion diffusion coefficients of cement paste at
different curing ages and different w/c ratios were
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measured by Negala and Page (1997) and Huang et al.
(2010). Since the degree of hydration of cement was
not given by some authors, for prediction consistency,
the relationship between the degree of hydration and
w/c ratio and curing age can be expressed as
0=0.716t9" exp[-0.103t>7*%/(w/c)]. Another im-
portant parameter, constrictivity, needs to be calcu-
lated. Fig. 6 shows a comparison of the computed
distributions of porosity for different mature mortars
with different w/c ratios and different degrees of hy-
dration (Maekawa et al., 2003; 2009). The peaks of
capillary pore calculated by the original model are at
about 150 and 300 nm for mortars of w/c=0.45 and
w/c=0.65, respectively. Therefore, when the w/c ratio

0.25

@
0.20}

- - - w/c=0.25 (a=15%)
— W/c=0.45 (a=15%)
..... W/c=0.65 (a=15%)

0.10+

Porosity distribution

0.05

0.00 ===

Ig(r/m)

is above 0.5, the peak radius of capillary pores in the
references (Ngala and Page, 1997; Caré, 2003; Oh
and Jang, 2004; Huang et al., 2010) can be considered
to be approximately 260 nm in this study.

The predicted results and experimental data re-
ported in the references (Ngala and Page, 1997; Caré,
2003; Oh and Jang, 2004; Huang et al., 2010) are
listed in Table 3. The results predicted by our pro-
posed model are in agreement with those reported in
the literature. Of course, due to the limitation of ex-
perimental conditions and differences between
specimens studied by different researchers, there is
some error between the predicted and experimental
results, but the error can be accepted theoretically.

0.20

(b) = = ' w/c=0.25 (a=60%)
w/c=0.45 (a=85%)
. ... W/c=0.65 (a=95%)

0.15}

w/c=0.46 (MIP)
w/c=0.25 (MIP)

Porosity distribution

Ig(r/m)

Fig. 6 Comparison of computed microstructures for different mortars (Maekawa et al., 2003; 2009)
(a) Young mortar; (b) Seven day cured mature mortar. r: pore radius. Curves of w/c (0.25 and 0.46, MIP) are obtained by

mercury intrusion porosimetry (MIP) measurements

Table 3 Comparison of predicted and experimental results

Total porosity ~ Tortuosity

D, (x107** m%s)

Research w/c %) factor Constrictivity — Experimental Ratio
0.23 0.24 2.61 0.010 0.73 1.03 1.43

Ours 0.35 0.37 1.61 0.010 2.66 3.26 1.23
0.53 0.45 1.12 0.010 7.41 10.70 1.44

Caré (2003) 0.45 0.41 1.23 0.010 5.46 5.65 1.04
Oh and Jang 0.35 0.35 1.48 0.010 3.29 3.76 1.14
(2004) 0.45 0.43 1.17 0.010 6.30 6.56 1.04
0.55 0.48 1.07 0.013 11.01 15.70 1.43

0.40 0.38 1.33 0.010 4.37 4.28 0.98

Ngala and Page 0.50 0.45 1.13 0.010 7.13 8.43 1.18
(1997) 0.60 0.50 1.06 0.013 12.03 13.10 1.09
0.70 0.54 1.03 0.015 16.01 21.10 1.32

Huang et al. 0.40 0.39 1.28 0.010 4.83 5.42 1.12
(2010) 0.50 0.46 1.11 0.010 7.57 8.24 1.09
0.60 0.51 1.05 0.013 12.10 13.60 1.12

" Ratio of the experimental result to predicted one of D,. D, effective diffusivity of a porous material
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6 Conclusions

1. The model of the relationship between the
effective diffusivity of porous materials and pore
structure characteristics was further extended, and
adopted for predicting chloride diffusivity in hard-
ened cement paste.

2. The model proposed in this paper considered
not only the effect of the capillary and gel pores, but
also took into account the effect of the tortuosity
factor of pores and pore size distribution on chloride
diffusivity. The predicted results of the diffusion co-
efficient of chloride ions were in good agreement with
our experimental results, and were almost in accor-
dance with published results.

3. The effective diffusion coefficient of chloride
ions could be deduced from Egs. (6), (10), (11), and
(2). As long as the water to cement ratio and the de-
gree of hydration of hardened cement paste were
obtained, its pore structure parameters were also
determined.
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