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Abstract

In this study the electrochemical technique is applied to accelerate chloride ion migration in concrete to determine the chloride ions in anode
cell, and the pore characteristic of the same mortars in concrete was obtained from the mercury intrusion porosimetry (MIP). The plain ordinary
Portland cement and the constant aggregate with eight w/c ratios ranging from 0.3 to 0.65 were used. A good linear relationship between the
steady-state migration coefficient and non-steady-state migration coefficient based on the same experimental setup and specimens was obtained.
Both of the steady-state migration coefficient and non-steady-state migration coefficient were linearly related to the capillary pore volume and the

critical pore diameter.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The pore structure of cement-based materials is one of its
most important characteristics and strongly influences both its
mechanical behavior and its transport properties. The durability
of cement-based materials depends on their transport properties,
and it is affected by the pore structure.

Cement-based materials contain air voids, capillary pores,
and gel pores (the interlayer spaces in a C—S—H gel), and the
pores in concrete are randomly sized, arranged, and connected
[1]. Because of the wide range of feature sizes in pore, from
nanometer-sized pores to micrometer-sized air voids [2], the
microstructure of cement paste is very complex. The mercury
intrusion porosimetry (MIP) is the most widely used method for
the study of pore structure characteristics of cement-based
materials. The MIP method has been used to investigate the
influence of mineral admixture effect on the pore structure [3—9]
and the effects of carbonation on pore structure and diffusion
properties [ 10]. Halamickova et al. [ 11] found that the coefficient
of chloride ion diffusion varied linearly with the critical pore
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radius as determined by the MIP, and the permeability followed a
power—law relationship vs. the critical radius. However, there
are some limitations of the MIP testing in determining pore size
distributions in cement-based materials. The very fine pores in
diameters from 1 to 3 nm are not intruded by mercury for most
commercial porosimeters [12]. Using image analysis, Diamond
[12] found that the pore shapes in hydrated cements are different
from cylindrical pores assumed by the Washburn equation
model. The assumptions in the Washburn equation model
influences the result of pore size distribution in cement-based
materials measured with the MIP. The “ink bottle” effect [12,13]
and the segmentation of capillary pores by the gel [12] produce
the overestimation of fine pores and for the underestimation of
larger capillary pores. During mercury intrusion under very high
pressures, the mercury breaks down fragile walls within the
cement microstructure [13,14]. Diamond [12] pointed out that
the MIP measurements are useful only to provide threshold
diameters and intrudable pore space measurements, which can
serve as comparative indices for the connectivity and capacity of
the pore system in hydrated cements.

In order to accelerate the movement of chloride ions, several
accelerated chloride ions diffusion test methods by the
application of an electrical field [15—19] were developed. The
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test ASTM C1202 (RCPT) [15], the current passing through the
concrete specimens in 6 h is measured, and the resistance of the
concrete to chloride ion penetration is assessed by the total
charge passed in non-steady-state [20]. Feldman et al. [21,22]
have shown a good correlation between 6 h charge passed
obtained from RCPT and both initial current and the
conductivity of concrete measured at the beginning of the
test, and pointed out that measurements of initial current or
conductivity provides a rapid and cheap way of predicting
concrete chloride permeability. Using the total charge passed
during the last 24 h before the termination of the test to define
the final coulomb value from steady-state chloride migration
test, Sugiyama et al. [23] found that the final coulomb was
linearly related to the concrete migration coefficients. Truc et al.
[24] presented a method for measuring the chloride diffusion
coefficient from a steady-state test by measuring the drop in
chloride concentration in the cathodic solution. Castellote et al.
[25] have established a linear relationship between the chloride
concentration and conductivity in the anodic compartment from
the migration test, and pointed out that the diffusion coefficient
can be calculated without making a chloride analysis but
through the simple monitoring of the conductivity of the
anolyte. Using the steady-state migration testing, Tong and
GjOrv [26] established that the chloride diffusivities from
steady-state, non-steady-state, and electrical conductivity mea-
surements were well correlated. For concrete without mineral
additives, measurements of initial electrical conductivity appear
to provide a good basis for estimation of chloride diffusivity
[26].

In this study, the first purpose is to determine if there exists a
direct relationship between the steady-state and non-steady-
state migration coefficient obtained from the accelerated
chloride migration test. The second purpose is to determine if
there is a relationship between the capillary pore volume and
critical pore diameter and the transport properties (steady-state
and non-steady-state migration coefficient).

2. Experimental program
2.1. Materials and specimen preparation

ASTM Type I Portland cement without mineral additions
was used as binders. For concrete, river sand was used as fine
aggregate and crushed limestone with a maximum size of
10 mm was used as coarse aggregate. In order to consider the
same mortars in concrete and without taking into account the
contribution of coarse aggregate, the mortar for the MIP was
obtained from the fresh concrete passing a #4 (4.75 mm) sieve.
In this study, eight w/c ratios ranging from 0.3 to 0.65, were
selected in the mix proportions as shown in Table 1. For all
mixes, the fine aggregate and coarse aggregate were constants
as 865.1 and 811.5 kg/m’, respectively. The dosage of
superplasticizer (SP) was used for low w/c mixes (C30, C35,
and C40) to attain the required workability (slump between
8 and 10 cm).

For each mix, a number of cylindrical specimens (¢
100 x200 mm) were cast and cured. After mixing, a vibrating

Table 1
Mix design
Mix Wie Unit content: kg/m®

Water Cement Fine Coarse SP

aggregate aggregate

C30 0.30 160 551 865 812 6
C35 0.35 173 510 865 812 5
C40 0.40 187 474 865 812 2
C45 0.45 199 443 865 812 0
C50 0.50 208 416 865 812 0
Cs5 0.55 216 392 865 812 0
C60 0.60 222 371 865 812 0
(66N 0.65 228 351 865 812 0

table was used to ensure good compaction. The surface of the
specimens was then smoothed, and wet burlap was used to
cover the concrete. After demolding, the specimens were cured
in water (23 °C) for 28 days. The samples for the MIP tests were
extracted from the center of the cylindrical specimens (mortar)
using a core catcher. The resulting cylinder (¢p 10x200 mm)
was then cut with a fine saw to obtain the central cylinders with
dimensions of ¢» 10 x 10 mm, and the ACMT specimen (30 mm
in thickness) was obtained by sawing the mid-portion of
concrete cylindrical specimen (¢ 100 %200 mm).

2.2. Experimental procedure

2.2.1. Mercury intrusion porosimetry (MIP)

Before the test, the samples were dried by putting them in an
oven at 7=70 °C for 24 h or more to a constant weight and
stored in sealed containers for the MIP test. The MIP test was
carried out on a Micromeritics AutoPore-9520 mercury
intrusion porosimeter capable of generating pressure in the
range of subambient to 414 MPa (60,000 psi). The samples
were evacuated to about 20 um Hg and the low pressure was
generated up to 30 psi by nitrogen gas. As the pressure on the
mercury gradually increases, mercury is forced into the pores on
the surface of the sample. Pressure was subsequently increased,
in which equilibration is to be based on 10 s elapsed time at high
pressure analysis. After each pressure increment, the equipment
allowed the pressure and volume reading to stabilize before
recording the pressure/volume data pair, until the maximum
pressure 414 MPa was reached.

2.2.2. Accelerated chloride migration test (ACMT)

In order to avoid heterogeneity, the specimens were vacuum-
saturated prior to test. Before the test, the lateral surface of the
specimen was coated with epoxy and the specimen was placed
in the vacuum desiccator, the pressure less than 1 mm Hg
(133 MPa) was maintained for 3 h. De-aerated water was added
to immerse the specimen and the vacuum level was maintained
for one additional hour. Specimens were soaked in the added
water for 18 h after turning off the pump.

The ACMT was used and described in Refs. [27,28]. The
30 mm thick slice was placed between two acrylic cells. One of
the cells was filled with a 0.30 N NaOH solution and the other
cell was filled with 0.52 N NaCl solution. The cells were
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connected to a 24 V power source in which the NaOH electrode
becomes the anode and the NaCl electrode becomes the
cathode. During the test, the chloride ion concentration was
determined from the solution in the anode cell, titrated with the
AgNOj; solution by the potentiometric titration method in
accordance with AASHTO T260-97.

3. Results and discussion
3.1. The pore characteristic of mortars from the MIP

The porosity and pore size distribution study was carried out
on the MIP. The cumulative intruded pore volume curves that
obtained from the MIP for mortars with different w/c ratios are
provided in Fig. 1. Although the samples were prepared with
eight different w/c ratios, in the interests of clarity, only four
distributions are given in Fig. 1. The remaining distributions fall
between their appropriate neighbors in the plot. Each curve
shown is the average of five separate tests. The pressures were
converted to equivalent pore widths using the Washburn
equation, as in Eq. (1):

—4~vyCosf
a =000 1)

where d is the pore width, P is the net pressure across the
mercury meniscus at the time of the cumulative intrusion

Pore diameter (nm)
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Fig. 1. The cumulative intruded pore volume of Hg curves obtained from the
MIP.

Table 2
The total intrusion volume and capillary pore volume of Hg, and critical pore
diameter for mortar

Mix Total intrusion
volume (mL/g)

Capillary pore
volume (30—
10,000 nm), (mL/g)

Critical pore
diameter (nm)

Average Average Average
C30 0.0588 0.0528 0.0465 0.0427 77 77
0.0535 0.0416 82
0.0587 0.0459 74
0.0454 0.0403 79
0.0476 0.0391 74
C35 0.0545 0.0580 0.0427 0.0445 85 77
0.0604 0.0433 81
0.0591 0.0476 75
0.0561 0.0433 72
0.0599 0.0455 74
C40 0.0666 0.0684 0.0585 0.0542 83 84
0.0701 0.0551 86
0.0696 0.0531 84
0.0680 0.0523 82
0.0675 0.0519 87
C45 0.0715 0.0707 0.0559 0.0547 99 106
0.0700 0.0554 110
0.0713 0.0536 107
0.0694 0.0540 104
0.0715 0.0545 107
C50 0.0873 0.0829 0.0758 0.0627 125 117
0.0772 0.0553 104
0.0887 0.0631 118
0.0821 0.0637 120
0.0790 0.0558 117
C55 0.0917 0.0883 0.0689 0.0654 139 130
0.0889 0.0649 120
0.0876 0.0656 119
0.0872 0.0643 138
0.0861 0.0635 134
C60 0.0921 0.0901 0.0797 0.0723 136 134
0.0886 0.0633 146
0.0881 0.0624 140
0.0910 0.0786 129
0.0906 0.0775 122
C65 0.1043 0.1022 0.0763 0.0772 130 142
0.1032 0.0780 149
0.1057 0.0886 148
0.0988 0.0688 158
0.0992 0.0742 126

measurement, 7 is the surface tension, and 6 is the contact angle
between mercury and the pore wall. The values for y and 6 were
assumed to be 0.484 N/m and 117°, respectively [29]. The
values of pore size obtained from Eq. (1) are also shown in Fig.
1. This figure indicates that the total intruded volume of
mercury per gram of the sample increases with increasing w/c
ratio. For all mixes, the cumulative intruded mercury for pores
larger than 500 nm shows almost no difference, but at the pore
size between 150 and 50 nm the intruded mercury is
significantly increased. The total intrusion volume of mercury
obtained from the MIP for all specimens is shown in Table 2.
The volumes of mercury intrusion in a specified range of
pores were normalized by the total volume of mercury intrusion
of the same specimen. To appreciate the distribution of pores,
the normalized volume of mercury intrusion belonging to the
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Fig. 2. Pore size distribution of mortars with different w/c ratios.

pore width ranges greater than 550, 150-550, 50—150, and 3—
50 nm was calculated from these intrusion curves, and these
results are shown in Fig. 2. The mortars with different w/c ratio
show a very similar normalized volume of mercury intrusion in
all pore width ranges. There was a large penetration of mercury
in the pore range of 3 to 50 nm and 50 to 150 nm. For all mixes,
the trend of pore size distribution was similar.
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Fig. 3. Correlation between total intruded pore volume and w/c.

Fig. 3 shows the relationship between the total intrusion
volume of mercury obtained from the MIP and the w/c ratio for
all mixes, and the corresponding regression results are also
shown in this figure. It can be seen in Fig. 3, that a linear
relationship exists between the total intrusion volume of
mercury and w/c, with a regression coefficient R* of 0.947.

3.2. Chloride migration in the ACMT

Studying the chloride—time curve obtained from the ACMT
of concrete is a way to understand the permeability of these
materials. In this study, the chloride concentration was
determined from the solution in the anode cell and was the
average of three individual results. The typical result of chloride
concentration is plotted in Fig. 4(a) as a function of time. Fig. 4
(a) shows that three stages exist, non-steady-state, transition
period, and steady-state with respect to the change of the
chloride concentration. In the non-steady-state, the chloride ions
are in the process of migrating through saturated pores in
concrete and have not yet reached the anode cell. In the
transition period between points A and B in Fig. 4(a) and (b),
the first chloride ions penetrate through the specimen, and there
is an uneven distribution of the chloride content in the specimen
[26]. In the steady-state, the flux of chloride ions passing
through the concrete specimen becomes constant.
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In the non-steady-state condition, the chloride ions have not
yet reached the anode cell. The non-steady-state diffusion
coefficient is determined based on measurements of the time-
span for chloride ion penetration through specimen when the
chloride ion reaches the edge of the anode cell. Since the
chloride concentration is not continually monitored and the
time-span is not easy to determine, a regression line is carried
out for the transition period portion of the chloride—time curve
to determine the time-span for chloride ion penetration through
specimen as:
C=at, for transition period (2)
where C is the chloride concentration in anode cell, ¢ is the
elapsed time, a and b are the experimental constants. The time
to.5s corresponding to C/Cy=0.5% (C/C,, chloride concentra-
tion in anode cell/chloride concentration in source cell) [11] was
calculated from Eq. (2), and listed in Table 3.

In the steady-state, to calculate the chloride migration rate
(K) for chloride ion penetration, linear regression is carried out
for the steady-state portion of the curve as:

C =Kt +ec, for steady state (3)

where K (chloride migration rate) is the slope of the chloride—
time curve for the steady-state portion. The time ¢, t,=—c/K,
determined by the interception of the steady-state chloride—time
curve and the time axis is the time-span for chloride ion
penetration through specimen from the steady-state as shown in
Fig. 4(a). The values of ¢, and K for all specimens are listed in
Table 3.

Table 3
Breakthrough time from steady-state and non-steady-state conditions, and the
chloride migration rate

Mix fos (h) t, (h) K (mol/L/hx 104
€30 56.58 49.78 3.61
47.89 40.02 3.46
47.58 49.78 3.61
35 35.65 34.70 5.11
34.06 35.64 4.96
37.81 36.98 461
C40 28.01 28.97 6.60
32.68 20.73 5.47
32.79 30.19 5.86
C4s 25.77 20.72 6.52
27.58 26.50 6.28
26.70 24.63 5.80
Cs0 16.57 16.34 9.44
18.54 17.74 9.02
19.52 20.03 8.83
Css 15.32 13.85 10.56
14.92 10.09 10.40
13.96 14.04 11.27
C60 15.24 13.74 10.39
12.41 11.82 11.83
14.47 15.02 12.28
C65 12.15 11.89 13.76
12.81 12.70 13.21
12.38 13.98 13.57

Table 4
The non-steady-state migration coefficients M, s and M, obtained from #, 5 and
ts, and the steady-state migration coefficient M

Mix M,s, (m*/sx107'%) M,s

M, (m*/sx107'%)

Average Average

C30 4.14 4.65 4.70 5.08 3.52 3.48
4.89 5.82 3.38
4.92 4.70 3.52

C35 6.57 6.54 6.75 6.55 4.98 4.717
6.87 6.57 4.84
6.19 6.33 4.50

C40 8.36 7.55 8.08 9.04 6.44 5.83
7.16 11.29 5.34
7.14 7.76 5.72

C45 9.08 8.78 11.30 9.88 6.36 6.05
8.49 8.83 6.12
8.77 9.50 5.66

C50 14.13 12.92 14.33 13.07 9.21 8.87
12.63 13.20 8.80
11.99 11.69 8.61

Css5 15.28 1591 16.91 18.93 10.30 10.48
15.69 23.20 10.14
16.78 16.68 11.00

C60 15.36 16.80 17.04 17.48 10.14 11.22
18.86 19.80 11.54
16.18 15.59 11.98

C65 19.27 18.82 19.69 18.29 13.43 13.19
18.28 18.44 12.89
18.91 16.74 13.24

3.3. Chloride migration coefficient

In the ACMT, chloride ions are transported in concrete under
an applied voltage. The non-steady-state migration coefficient
obtained from the ACMT in non-steady-state can be calculated
from the modified Fick’s second law. From the analytical
solution of the modified Fick’s second law, the non-steady-state
migration coefficient can be calculated as [11]:

I [x—oy/x
M, =- , 4
i @
where f§ = ‘ZI‘;;E Joo =2 [lerf™! (I—ZC—C), M, is non-steady-state

migration coefficient in m?%/s, z is the electrical charge of
chloride, F is the Faraday constant (96500 C/mol), E is the
strength of the electric field between the anode and cathode
(V/m), R is the universal gas constant (8.3 J/mol/K), T is ab-
solute temperature (K), C is chloride concentration in the anode
cell (mol/L), C, is chloride concentration in the source cell
(mol/L) and erf ' is the inverse of error function. By using the
time 7y 5 and 7, in Table 3, the non-steady-state migration coef-
ficients M, 5 and M, respectively, are calculated from Eq. (4).
The non-steady-state migration coefficients M,s and M,
obtained from £, 5 and ¢, for all specimens are listed in Table 4.

In the steady-state, using the Nernst—Planck’s equation that
the steady-state migration coefficient, Mg, is calculated as
[16]:

RT V,K

_ Ya 5
* 2|C,FE A4 )
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where ¥, is the volume of solution in anode cell (m®), and 4
is the specimen surface exposed to chloride ions (m?). By
using the chloride migration rate (K) in Table 3 and Eq. (5),
the steady-state migration coefficient (M) for all specimens is
calculated, and listed in Table 4.

A comparison of the steady-state migration coefficient (M)
based on the steady-state and the non-steady-state migration
coefficient obtained on the basis of different breakthrough times
(to.5 and #, in Table 3) are demonstrated in Fig. 5(a) and (b).
From Fig. 5(a), it can be seen that a well correlated linear
relationship between the non-steady-state migration coefficient
(M,5) obtained on the basis of £, 5 and the steady-state migration
coefficient (M) was observed. Comparing the regression results
in Fig. 5(a) and (b), it can be obtained that the linearity between
M,s and M is better than M, (the non-steady-state migration
coefficient obtained on the basis of #;) and M.

3.4. Capillary pore volume, critical pore diameter, and
migration diffusivity

As previously mentioned, Portland cement-based material is
a porous construction material. The capillary porosity and
connectivity of these capillary pores are the most important
characteristics of pore system related to the diffusivity of
concrete. Since the critical pore diameter represents the
grouping of the largest fraction of interconnected pores
influencing the transport properties [11], the critical pore
diameter can be used to assess the connectivity of cement-based
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materials. The critical pore diameter (d.) is defined as the
inflection point on the intrusion pore volume (V) versus
diameter (d) curve, or the maximum of the dV/(log d) curve.
The results of the capillary pore volume (pore diameter between
30 to 10,000 nm) and the critical pore diameter for all mixtures
are listed in Table 2.

The migration coefficients of non-steady-state and steady-
state, determined from the ACMT, are plotted against the
capillary pore volume obtained from the MIP in Fig. 6. Each
ACMT and the MIP result shown is the average of three and five
separate tests, respectively. The data in Fig. 6 was also carried
out by the linear regression analysis, from which indicates that
the steady-state migration coefficient, non-steady-state migra-
tion coefficient, and the capillary pore volume are linearly
correlated. Fig. 7 illustrates the relationship between the critical
pore diameter, determined from the MIP, and migration
coefficients of steady-state and non-steady-state obtained from
the ACMT. The linear relationship between the critical pore
diameter and steady-state migration coefficient as well as the
critical pore diameter and non-steady-state migration coefficient
are fairly good. It appears that capillary porosity and
connectivity of those pores are important characteristics of
pore system related to the diffusivity of chloride ions in ordinary
Portland cement concrete.

4. Conclusions

The chloride migration in free mineral addition concrete with
the constant aggregates was investigated using the ACMT, and
the pore characteristic of the same mortars in concrete was
obtained from the MIP. The non-steady-state and steady-state
migration coefficients were calculated from the modified Fick’s
law. Based on the results obtained from the present experimen-
tal investigation, the following conclusions can be drawn.

(1) The reported migration coefficients show good linearity
between steady-state and non-steady-state accelerated
chloride migration tests, since the same experimental
setup and specimen were used, and a linear variation of
the electrical potential in the specimen was assumed to
calculate the migration coefficient of steady-state and
non-steady-state. But, the migration coefficient of non-
steady-state is higher than the steady-state. It is possible
that a part of chloride ions bound to the hydration
products, and block some fine pores in steady-state, and
reduced the steady-state migration coefficient. The
different time to reach non-steady-state and steady-state
do not affect the correlation between the migration
coefficients of steady-state and non-steady-state.

(2) Because the chloride—time curve in the transitional period
is non-linear, the linearity between the steady-state
migration coefficient (M) and M,s (obtained from ¢ s
in Fig. 4) is better than M, and M, (obtained from £ in
Fig. 4).

(3) The migration coefficients are linearly related to the
capillary pore volume (pore diameter between 30 to
10,000 nm) and the critical pore diameter. In the

migration test, chloride ions migrate through the pore
solution in concrete. The critical pore diameter represents
the grouping of the largest fraction of interconnected
pores in the specimens. The chloride migration coeffi-
cients are influenced by the capillary pore volume and the
connectivity of pores in the specimens.
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