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Abstract: In this study, literature on pore structure and chloride ion diffusivity was collected to
investigate the correlation of pore structure indicators with diffusivity. Good correlation between total
porosity and chloride ion diffusivity was found when the samples did not contain admixture materials
and diffusion test was conducted without acceleration. Pore diameter indicators did not correlate with
diffusivity. The diffusivity of cement paste was reduced by admixture materials compared to that
without admixture materials even if the total porosity is the same. On the other hand, the diffusivity

of concrete was not reduced by admixture materials.
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Highlights:
e Total porosity correlates with diffusivity without admixture and acceleration
e Pore diameter indicators did not correlate with diffusivity
e The diffusivity of cement paste was reduced by admixture but not in concrete

o Diffusivity from accelerated test was smaller than that from non-accelerated test
1. Introduction

Chloride ion is one of the most important deterioration factors of concrete structures [1]; therefore, the
evaluation and prediction of chloride ion diffusion into concrete is essential for the estimation of
durability and lifetime of concrete structures. One of the problems in the evaluation of chloride ion
penetration into concrete by diffusion is the long duration of the experiment. To shorten the
experimental time, methods to accelerate chloride ion penetration have been developed [2, 3] and some
researchers reported good correlation between the diffusion coefficients measured with and without
acceleration [4, 5]. However, the relationship has not been clarified and there is no agreed equation to
convert the diffusivity obtained in accelerated test to that without accelerated test. Furthermore, the
experimental time is not short enough. To further decrease the experimental time, a higher voltage is

necessary; however, this results in heat generation [6]. To solve this problem, it is desired to convert a
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property of concrete to diffusivity. One possible approach is to establish a relationship between
chloride ion diffusivity and pore structure in concrete and estimate the diffusion coefficient from the
pore structure. Chloride ion transport can be evaluated from the pore structure as chloride ion moves
through pore network in concrete. Some numerical simulations have been carried out to estimate the
mechanical and durability performance of concrete [7, 8]. In these simulations, the pore structure of
cementitious material was simulated using parameters such as mixing design and curing condition,
and a relationship between chloride ion diffusivity and pore structure should be established to estimate
the resistance from the obtained pore structure against chloride ion penetration.

Many studies have investigated the relationship between chloride ion diffusion and pore structure.
However, it is unclear which indicator of pore structure is suitable for estimating chloride ion
diffusivity. Caré [9], Higashiyama [10] and Luna et al. [11] reported that there is a correlation between
chloride ion diffusivity and total porosity. On the other hand, Halamickova et al. [12], Mohammed et
al. [13], Schiessl and Wiens [14] and Moon et al. [15] reported that diffusivity correlates with critical
pore diameter, threshold pore diameter and average pore diameter, respectively. Therefore, it is clear
that various indicators of pore structure have been reported to have good correlation with chloride ion
diffusivity because the number of data items used in these studies was limited. As a result, it is still
unclear which indicator of pore structure has a clear correlation with chloride ion diffusivity.

In this study, literature that measured both chloride ion diffusivity and pore structure was collected to
discuss which indicator of pore structure is suitable for estimating chloride ion diffusivity. If an
indicator of pore structure has a strong correlation with diffusivity, chloride ion diffusivity can be
evaluated from pore structure obtained in experiments or numerical simulation. This will also enable
us to estimate diffusivity from a small concrete sample or even concrete pieces, which is not possible
in diffusivity test. Furthermore, in the penetration test of chloride ion, the effect of heat generated by
electrical potential difference was concerned [6], and this effect was verified by estimating the

diffusivity from pore structure to validate the accuracy of the experiment.

2. Review of literature

In this study, literature that reported on both pore structure and chloride ion diffusivity was collected
and analysed. Many authors reported only the differentiated curve of pore size distribution or few pore
structure indicators. However, this study aims to determine which pore structure indicator is suitable
for estimating chloride ion diffusivity. Therefore, literature that reported both the cumulative and the
derivative of pore size distribution was collected to determine all the necessary pore structure
indicators. However, even if either the cumulative or derivative pore size distribution is missing in any
article, it can be included if the intrusion steps are clear; the missing item is obtained by converting

from the available item. Table 1 lists the literature used in this study. Ferreira et al. [16] and Zhang and
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Zhao [17] reported the derivative of pore size distribution and the intrusion steps were shown; however,
each plot was not clear because there are many plots. Therefore, these were omitted in this study. He
et al. [18] reported on cumulative curves of pore size distribution; however, their data were also
omitted in this study owing to inconsistency in the names of specimens in the figure and those in the
text. Diffusion test on cracked specimens [19] or diffusion test during loading [20, 21] were omitted
to meet the objective of this study. Furthermore, data from concrete exposed to marine environment

[22] were not included.

Table 1 Literature collected for chloride ion diffusivity and pore structure indicators

Sample Chloride
Authors
Type Admixture Test Condition Measured

Caré [9] Paste - Natural Depth
Du and Pang [23] Mortar Graphene nanoplatelet Natural Distribution & depth
Filho et al. [6] Concrete FA and hydrated lime Accelerated Depth
Isfahani et al. [24] Concrete Nano silica Natural Distribution
Luna et al. [11] Concrete BFS and LP Natural Distribution
Mohammed et al. [13] | Concrete LP, FA and silica fume Accelerated Depth
Moon et al. [15] Concrete BFS Accelerated Depth
Ribeiro et al. [25] Concrete Red mud Accelerated Concentration
Sun et al. [26] Paste, mortar - Accelerated Concentration
Touil et al. [27] Concrete Natural pozzolan Accelerated Concentration
Yang et al. [28] Concrete Nano composites Accelerated Depth

FA: Fly ash, BFS: Blast furnace slag, LP: Lime stone powder

It can be observed from Table 1 that most studies investigated concrete; however, cement paste and
mortar were also included. The admixture materials include fly ash, blast furnace slag, clay and nano
composites. Mohammed et al. [13] used a self-compacting concrete sample. In terms of the
experimental method, some studies used natural (non-accelerated) diffusion driven by the
concentration gradient, whereas others used accelerated diffusion by applying electrical potential
difference. In terms of evaluation, some studies measured the penetration depth of chloride ion
(indicated as “depth” in Table 1), some measured the concentration of the solution (“concentration”)
and others measured the chloride ion distribution in concrete (“distribution”). We reviewed literature
that reported both chloride diffusivity in non-accelerated condition and total porosity, even if the pore
size distribution was not reported in the literature, as listed in Table 2. Data reported by Jen et al. [29]
were not used because the samples for diffusivity and porosity were not consistent; chloride ion

diffusivity was measured in mortar but total porosity was measured in cement paste.
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Table 2 Literature collected for chloride ion diffusivity and total porosity

Sample
Authors Measured
Type Admixture

Kikuchi et al. [30] Cement paste FA, BFS and silica fume Concentration
Kurumisawa and Nawa [31] | Cement paste - Depth

Mihara et al. [32] Cement paste - Distribution
Nwaubani [33] Cement paste Fuel ash and meta-kaolin Concentration
Saeki et al. [34] Concrete FA, BFS Concentration

FA: Fly ash, BFS: Blast furnace slag

3. Methodology

In this study, chloride ion diffusivity and pore structure were obtained from collected literature and
the relationship between diffusivity and pore structure indicators was established. Pore structure
indicators, such as total porosity, median pore diameter, critical pore diameter and threshold pore
diameter obtained through mercury intrusion porosimetry (MIP) were examined. The total porosity is
defined as the maximum cumulative volume of intruded mercury, the median pore diameter is defined
as the corresponding pore diameter when the volume of intruded mercury reaches half the total
porosity, and the critical pore diameter is defined as the corresponding pore diameter when the
derivative of the pore size distribution reaches the maximum [35]. There are several definitions for the
threshold pore diameter as reported in [36]; however, it is defined in this paper as the intersection

between the tangent of the sudden intrusion part and the abscissa axis.

4. Results and discussions

Fig. 1 shows a comparison of chloride ion diffusivity and pore structure indicators. Ribeiro et al. [25]
and Du and Pang [23] reported diffusivities measured using two methods and both results were plotted.
From the report by Caré [9], only the data for uncracked samples were used. All the indicators correlate
minimally with chloride ion diffusivity. A possible reason is the change in resistance against chloride
ion penetration and immobilization of chloride ion due to admixture materials [37-39]. In Fig. 2,
different markers were used for data with and without admixtures. Here, admixture materials include
pozzolana material such as fly ash, blast furnace slag, silica fume and natural pozzolana. Data with
admixture materials have slightly smaller chloride ion diffusivity. In terms of total porosity, data
without admixture materials tend to positively correlate with chloride ion diffusivity, whereas data

with admixture materials did not correlate with chloride ion diffusivity. Previous studies reported that
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water permeability and air permeability of cementitious material clearly correlate with the pore size
regardless of the admixture material [40, 41]. This indicates that the factor governing chloride ion
transfer in cementitious materials is different from that of air and liquid. Another possible reason is
the difference in the experimental condition, with and without acceleration. In Fig. 3, different markers
were used for data with and without acceleration. The chloride ion diffusivity values measured without
acceleration were larger compared to those obtained from accelerated test. This trend is opposite that
reported by Chiang and Yang [5], which indicates that conversion of data obtained by accelerated
diffusion test to that of natural diffusion test is not straight forward. Data from natural diffusion test
correlate positively with chloride ion diffusivity, whereas there is no clear correlation or even negative

correlation exists between data from accelerated diffusion test and chloride ion diffusivity.
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e Caré [9] + Du and Pang [23] Filho et al. [6]
Isfahani et al. [24] Luna et al. [11] = Mohammed et al. [13]
Moon et al. [15] Ribeiro et al. [25] ¥ Sun et al. [26]
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Figure 1 Relationship between chloride ion diffusion coefficient and pore structure indicators: a)

total porosity, b) median pore diameter, c) critical pore diameter, and d) threshold pore diameter
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Figure 2 Relationship between chloride ion diffusion coefficient and pore structure indicators of

samples with and without admixture materials: a) total porosity, b) median pore diameter, c)

critical pore diameter, and d) threshold pore diameter
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Figure 3 Relationship between measured chloride ion diffusion coefficient with and without
acceleration and pore structure indicators: a) total porosity, b) median pore diameter, c) critical

pore diameter, and d) threshold pore diameter

The total porosity obtained with natural diffusion test and no admixture materials positively correlate
with chloride ion diffusivity. Furthermore, more studies investigated both chloride ion diffusivity and
total porosity compared to those that investigated pore diameter indicators. Therefore, as a next step,
studies (Table 2) that measured the total porosity and chloride ion diffusivity without acceleration were
reviewed, even if pore size distribution was not investigated. The results are plotted in Fig. 4, but no
clear correlation can be observed. Here, the result of concrete and cement paste should be separated
owing to inconsistency in the tests on concrete; the effect of gravel was included in the diffusion test
but not in the total porosity measurement with MIP because the pore structure is generally analysed
after removing gravel from the concrete sample. Fig. 5 shows data for cement paste and concrete in

which different markers were used for with and without admixture materials. The two lines in the
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figure are the regression curves of data without admixture materials assuming logarithmic
approximation. We found that the total porosity correlates with chloride ion diffusivity of cement paste
and concrete without admixture materials, with determination coefficients of 0.61 and 0.79,

respectively. The equations of the regression curves are as follows:

Cement paste: Chloride ion diffusivity = 10713 ¢38*(total porosity) 1)

Concrete: Chloride ion diffusivity = 10~12¢®8x(total porosity) ?)

The data in these figures include the diffusivity calculated by measuring chloride ion penetration depth
and solution concentration. This indicate that the effect of the different measuring items is not
significant. In terms of cement paste (Fig. 5a)), all the data with admixture materials have lower
diffusivity values compared to those without admixture materials, even if the total porosity is similar.
On the other hand, in concrete, we observed some reduced diffusivity values with admixture materials
but there was no difference in some diffusivity values or even larger diffusivity values were observed
compared to diffusivity values without admixture materials. These results indicate that in natural
diffusion, or in a realistic diffusion condition, the reduction of chloride ion diffusivity due to admixture
material is noticeable in cement paste compared to concrete. The reason for this behaviour is unclear;
however, possible reasons are that cement paste has a larger volume for the immobilization of chloride
ion due to admixture material and admixture materials can change the surface potential of cement
paste [42], and resistance against chloride ion due to electric action is more effective in cement paste
because there is no interfacial transition zone unlike in concrete. The above results indicate that to
reduce chloride ion penetration, reducing the total porosity may be more effective than reducing the
pore diameter, unlike in air and liquid penetration [40, 41]. Future study should investigate other
factors to be considered other than total porosity in evaluating chloride ion diffusivity to determine the

dominant factor for chloride diffusivity in cementitious materials.
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Figure 5 Relationship between chloride ion diffusion coefficient measured without acceleration

and total porosity: a) cement paste and b) concrete

5. Conclusion

In this study, the relationship between the indicators of pore structure and chloride ion diffusivity in
cementitious materials was investigated and we found a good correlation between total porosity and
diffusivity when the sample did not include admixture materials and the diffusion test was conducted
without acceleration. This result indicates that the diffusivity of chloride ion is governed by a different

mechanism than air and liquid transfer, which correlates highly with the indicator of the pore diameter
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in a previous study. The natural diffusivity of cement paste and concrete without admixture materials
can be estimated using the equations presented in this paper. The reduction of diffusivity due to
admixture materials was significant in cement paste but not in concrete, which indicates that the
evaluation of the effect of admixture material using cement paste may result in the underestimation of
diffusivity if the result is applied to concrete. The diffusivity value obtained from accelerated test was
smaller compared to the value obtained from natural diffusion test. This indicates that the use of
accelerated test may result in the underestimation of diffusivity. Natural diffusion test should be
conducted on concrete specimens to evaluate chloride ion diffusivity. This study revealed not only the
relationship between total porosity and chloride ion diffusivity, but also the appropriate test condition
for the evaluation of diffusivity. In the future, factors that determine the derivation of data with and
without admixture material and other factors to be considered other than total porosity in evaluating
chloride ion diffusivity to improve the accuracy of diffusivity estimation without conducting diffusion

test.
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