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A B S T R A C T

The permeability of chloride can be used as an important indicator of durability. In this article, based on the
ingress test in an artificial simulating dry-wet cycling chloride environment, the influence of four minerals,
namely basalt fiber (BF), fly ash (FA), silica fume (SF), and combined FA and SF mixture on the penetration of
chloride ions and microstructure in concrete were examined. In addition, the chloride diffusion coefficients of
concrete were fitted with Fick's diffusion law, and pore characteristic parameters and pore-size distribution with
exposure time were measured by a nuclear magnetic resonance (NMR) technology. The results show that the
addition of these mineral admixtures can increase anti-permeability and decrease properties of concrete at the
same exposure time. Moreover, the addition of SF has the most obvious decreasing effect on porosity, and the
decreased effect of FA on chloride diffusion coefficient of concrete is the most significant, especially at the later
stage. Minerals can refine the pore-size distribution in concrete, in which the content of aperture radius 100
~1000 nm pores decreases after the same exposure time. At last, we can also see that the influence of
contributive porosity of aperture radius 100–1000 nm in concrete on chloride diffusion coefficient is more than
that of total porosity of concrete, there is a better positive correlation between contributive porosities of radius
100~ 1000 nm in concrete and chloride diffusion coefficients.

1. Introduction

Chloride ingress into concrete is an issue of the durability of
reinforced concrete (RC) structures (Yu et al., 2015). The corrosion of
reinforcing steel is the most common cause of premature deteriora-
tion and failure of concrete, leading to a reduction of its service life,
particularly for structures exposed to deicing salt or marine environ-
ment (Papakonstantinou and Shinozuka, 2013). The study on the
reinforcing steel corrosion in concrete is a complex process, depend-
ing on many factors, including not only the concrete materials itself
(e.g. the admixture, the quality of concrete and the type of reinforce-
ment) but also the environmental factors (e. g. exposure condition,
temperature and humidity) (Valipour et al., 2014). Pore micro-
structure in concrete plays an important role for its mechanical and
durability properties (Pipilikaki and Beazi-Katsion, 2009). The trans-
port properties of cement-based materials are related to many factors
such as the porosity, size and connectivity of capillary pores.
Decreasing the porosity is the most important issue to improve the
durability of RC structures (Gao et al., 2013). Therefore, many
researchers have focused their studies on the porosity of concrete
materials (Jia et al., 2016). Various methods, such as reducing water

to binder ratio and adding mineral admixtures etc., have been
employed to decrease the permeability of concrete by reducing the
porosity (Mohammed et al., 2014; Camacho et al., 2014). However,
the durability failure of a RC structure is a long and slow process and
can be affected by many factors, most of which are time-dependent
(Simčič et al., 2015; Song et al., 2013). Costa and Appleton (1999)
calibrated the parameters of Fick's second law of diffusion by using a
long term chloride ion penetration experiment of concrete in the
marine environment, in which an age factor was defined to express
the time-dependent characteristic of chloride diffusion coefficients in
concrete (Boddy et al., 1999; Mangat and Molloy, 1994; Audenaert
et al., 2010). Mangat and Molloy (1994) and Tang and Nilsson (1995)
used rapid diffusivity tests and field data to obtain the variation of the
diffusion coefficient with time, respectively. Zhang and Ye (2010)
studied the influences of age and w/c ratio on the chloride diffusion
coefficient. Existing results revealed that the chloride diffusion
coefficient has a decrease trend with the increased exposure time or
the decreased w/c ratio when the concrete is exposed to the chloride
environment (Costa and Appleton, 1999; Boddy et al., 1999; Mangat
and Molloy, 1994; Audenaert et al., 2010; Tang and Nilsson, 1995;
Zhang and Ye, 2010; Khanzadeh-Moradllo et al., 2015).
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It is well-known that the resistance of concrete to chloride ingress is
largely related to the chloride diffusion coefficient and the porosity of
concrete. Some methods, such as the mercury intrusion porosimetry
(MIP), electric flux and ASTM C1202, were often used to investigate
the chloride diffusion coefficient and the micro-structure of concrete. It
was reported that MIP measurements are useful to provide threshold
diameters and intrudable pore space measurements, which can be
served as comparative indices for the connectivity and capacity of the
pore systems in hydrated cements (Cook and Hover, 1999; Loukili
et al., 1999; Zhang, 1998; Diamond, 2000). However, it is difficult to
provide precisely quantitative relation or correlation between micro-
structure and diffusion performance of concrete by using these
methods. Recently, nuclear magnetic resonance (NMR) technology
has been used to determine the quantitative relation between ionic
diffusion coefficient and pore micro-structure parameters (Wang et al.,
2015). Today, the low field NMR can be used as a useful way for the
traditional methods to characterize the pore structure of concrete.

In the present study, a new method based on the low field NMR is
developed to study the time-varying relationship between the porosity
and pore-size distribution and the chloride diffusion coefficient in
concrete. Based on an artificial simulation experiment, the effects of
three represented mineral admixtures of basalt fiber (BF), fly ash (FA),
silica fume (SF) and a ternary mixture of FA and SF on penetration of
chloride ions in concrete were analyzed. NMR was used to investigate
the porosity and micro-pore size distribution in tested concrete. In
addition, the effects of exposure time and the amount of mineral
admixtures on chloride diffusion coefficient and micro-pore size
distribution in concrete were analyzed. The results showed that NMR
is very effective in examining the micro-pore structure of large size
concrete specimen. Moreover, it can be used to study the relationship
between time-varying diffusivity and microstructure in concrete.

2. Materials and testing methods

2.1. Materials and mix proportion of tested concrete

Common river sand is used as fine aggregates in this experiment.
The fineness modulus of the sand is 2.4 with an apparent density of
2600 kg/m3. The maximum size of coarse aggregates is 31.5 mm with
an apparent density of 2700 kg/m3. The cement used in the tested
concrete is Qian-Chao complex Portland cement (PC 32.5) with a
density of 3100 kg/m3. The water used in the mix as well as for curing
is the laboratory tap water.

The admixtures used in tested concrete include the chopped basalt fiber
(BF) with filament diameter 17–20 µm and tensile strength 390–450 MPa,
the silica fume (SF) with Bertrand specific area 21,000 m2/kg, 350 mesh
and 91.3% SiO2, and the fly ash (FA) with fineness 4.6% and apparent
density of 2240 kg/m3 and specific surface area 454 m2/kg. Fig. 1 shows
the SEM images of SF with particle size 0.01–0.03 µm and stair FA with
particle size 1–10 µm, and the photo of BF with length 17–24 mm.

The weight of water used in the tested concrete mixes is 190 kg/m3,
which gives the constant water-to-binder ratio 0.5. The ratio of fine to
coarse aggregates used in the mixes is purposely kept to be 32% for
reducing the influence of raw material randomness on the experimental
results. The details of the mixture proportions of tested concrete are
summarized in Table 1.

2.2. Concrete producing

The specimen of the tested concrete was made in accordance with
the Chinese standards of SL352-2006. Five cylindrical specimens of
size Φ100 × 50 mm were used for chloride ingress test and nuclear
magnetic resonance (NMR) test for each concrete mixture. After 24 h
of the specimens being cast, they were demoulded placed into a

standard curing room for a period of 28 days with the temperature of
20 °C ± 5 °C and relative humidity of 95%. After the 28 days curing,
the cylindrical specimens were used for chloride exposure test to
examine the variation of pore structure of the mixed concrete.

Fig. 1. SEM images and photo of materials used in the test.
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2.3. Exposure environment and testing methods

2.3.1. Exposure environment
The exposure experiment of cylindrical specimens was carried out

under an artificial simulated environment, which is to simulate a
natural marine tidal zone in Zhou Shan, Zhejiang, China. Before the
specimens were put into the artificial simulated environment, the side
surface and one circular surface of the specimens were sealed using
epoxy resin, which leaves only one circular surface to expose to the
seawater environment. Fig. 2 shows a sketch of the exposure experi-
ment.

Four different artificial environmental factors were set to simulate
the changes of four seasons in the local marine tidal zone. In order to
accelerate the ingress process of chloride ions in the specimens, the
artificial simulated temperature was set twice as high as the average
one of the corresponding season in Zhou Shan. Table 2 shows the
temperature and humidity data used in each season in the simulated
test.

According to the data obtained from the local seawater test, the
weight ionic concentration of chlorides in the seawater in Zhou Shan
was about 1.27%. Using the NaCl solution to simulate the seawater, the
average concentration of NaCl solution would be as 2.1%. In order to
accelerate the ingress of chloride ions into concrete, a rather high
concentration of NaCl solution of 12.5% in weight was used in the test.
The specimens were exposed to the artificial environment, which

includes 4 h immersion in the NaCl solution, followed by 44 h of
drying for every 48 h (two days) exposure for a total of 240, 320 or 400
days exposure tests.

2.3.2. Measurement of free chloride ion concentrations in concrete
After the expected exposure time was reached, the specimens were

taken to the laboratory from the site, and grinded into powder starting
from the exposed surface into the inside of the specimen with 2 mm
interval by using a concrete grinding miller. Then, the powder was kept
for 2 h in a 150 °C oven after sieving with 0.63 mm screen and cooled
down in indoor temperature to measure the concentration of free
chloride ions. The powder sample at each depth having a mass of
approximately 6–8 g was selected to measure the content of chloride
ions, in which the weighing precision for powder sample with an
electronic balance is 0.001 g.

An experimental test is made for chloride content in tested concrete
before official testing the content of chloride ions, with the aims to
understand the least time of separating out chloride ions and the
stability of the test apparatus, so as to determine the test plan and
method. According to the study of comparison, the solution after 48 h
of mixing is a good one for testing, so the test time for content of free
chloride ions in concrete with the acidometer is 48 h later after mixing
the standard solution (Zhang et al., 2010).

When conducting the test of the free chloride concentration, the
mass of beaker (m1) is weighed first. Then adding a certain amount of
powder (generally 2–6 g) to the empty beaker and weighting their
mass, denoted as m2. Third, preparing solution (100 mL) by adding the
sample powder into the deionized water (distilled water) and weighting
their mass, denoted as m3. Vibrating the solution for 1–2 min and then
mixing 2 mL ions stabilizer (ISA) into the solution. At last, the free
chloride content in the above 100 mL solution can be measured by
using the THERMO Orion DUAL Star PH acidometer, the reading is
recorded as p. The measured free chloride concentration ω is the mass
percentage of chloride to concrete, as shown in the following.

ω p
m m
m m

= 0.0001 × ×
( − )
( − )

3 2

2 1 (1)

Table 1
Concrete mixture proportions.

Code Content (kg/m3) w/c

C FA SF BF Aggregatee W

F C

A1 380.0 — — — 578 1229 190 0.50
A2a 380.0 — — 1.03 578 1229 190 0.50
A3b 361.0 — 19 — 578 1229 190 0.50
A4c 304.0 76 — — 578 1229 190 0.50
A5d 304.0 57 19 — 578 1229 190 0.50

a A2: 0.3% by volume of cement, which is 1.03 kg/m3.
b A3: Cement replacement SF, 5% by weight of 380 kg cement.
c A4: Cement replacement FA, 20% by weight of 380 kg cement.
d A5: Cement replacement FA and SF, 20% and 5% by weight of 380 kg cement,

respectively.
e Fine aggregates (F): 100% w/w passing an 8 mm sieve, 96.5% w/w passing a 4 mm

sieve. Coarse aggregates (C): 100% w/w passing a 40 mm sieve, 40% w/w passing a
16 mm sieve.

Fig. 2. Experimental process.

Table 2
Environmental parameters of artificial climate for marine tidal range.

Parameters/seasons Spring Summer Autumn Winter

Temperature (°C) 29 52 40 40
Humidity (%) 80 85 85 76
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2.4. Porosity testing

2.4.1. Preparation of specimens
In order to examine the correlation between the diffusion of

chloride ions and the microstructure in concrete, after milling powder,
all samples used for the NMR test of pore structure were retained, in
the cylinders of 100 mm diameter and 20 mm height. First of all, the
brush was used to clear the dust on the surface. Second, the specimens
were put into distilled water for 16 h at the vacuum pressure of
0.1 MPa in order to make the water saturate the specimens fully,
which is the most important step to ensure the accuracy of the test
results. Third, the specimens were taken out from the water, wipe off
the moisture on the surface and wrap it with preservative films. At last,
the specimens were put into the magnet coil to carry out the NMR test.

2.4.2. Testing principle
NMR technique has been commonly used in the field of oil

exploration and rock materials to analyze the porosity, pore structure,
pore size distribution and pore water content (Jaeger et al., 2009; Xiao,
1998). Although there is a big difference in pore structure between rock
materials and concrete, the related researches on pore structure of
concrete have been carried out (Wang et al., 2015; Dong et al., 2015).

NMR is used to measure the signal of hydrogen proton in the sample.
The hydrogen protons are in the state of spin which make it as a micro
magnet (Tian et al., 2014). Within a fixed external magnetic field, all
protons will tend to align along with the direction of the magnetic field
(Jaeger et al., 2009). An external radio frequency (RF) pulse will impose
to the magnetic field. After reaching a stable state, the RF will revoke. The
protons will go through a process of turning back to the initial state which
is called relaxation. The relaxation is divided into transverse relaxation
and longitudinal relaxation. The time required to complete the transverse
relaxation process is called transverse relaxation time (T2). According to
the relationship between nuclear magnetic signal and T2, the porosity and
pore size distribution can be obtained (Ji et al., 2015).

In the porous structure, the T2 of hydrogen protons is related to the
bulk relaxation time (T B2 ), surface relaxation time (T S2 ) and diffusion
relaxation time (T D2 ) (Tian et al., 2014; Coates et al., 1999), which can
be presented as

T T T T
1 = 1 + 1 + 1

S B D2 2 2 2 (2)

In a water-saturated porous structure and short echo time (TE), the
T S2 dominates the relaxation time T2 (Bayer et al., 2010). Eq. (2) can
thus been simplified as

T T
ρ A

V
1 ≈ 1 =

S2 2
2 (3)

where ρ2 is the T2 surface relativity, A is the area of the pore wall and V
is the fluid volume.

According to the assumption of the shape of the pore, Eq. (3) can be
further simplified as

T
ρ F

R
1 =
2

2 (4)

where R is the pore radius and F is a shape factor, which can be
assumed to be equal to 1, 2 and 3 for planar, cylindrical and spherical
pores, respectively (Tian et al., 2014).

From Eq. (4), we can see that there is a linear relationship between
T2 and pore size. Hence, if T2 is known, the porosity and the distribution
of pores can be analyzed.

2.4.3. Testing instrument
The instrument (Macro-MR12-150H, Niumag Electric Corporation,

Suzhou, China) with a constant magnetic field of 0.3 T and a radio-
frequency coil of 150 mm in diameter, operating at 12.797 MHz, was used
for the low-field NMR experiments in this study. Different parameter

settings in the NMR equipment will lead to different results. Therefore, an
experiment was taken at the beginning to confirm the minimum error
parameters, including repeated sampling waiting time (TW), echo number
(NECH), echo time (TE), number of scans (NS) and pre-amp gain (PRG).
Table 3 shows the optimized results.

2.4.4. Calibrating
The test results may also be affected by factors such as temperature

and magnetic field intensity. Therefore, after the parameters are
determined, a standard sample with a predetermined porosity was
used to standardize the relationship between the unit volume nuclear
magnetic signal and porosity. The calibrated results in the present
study are shown in Fig. 3.

3. Results and discussion

3.1. Influence of exposed time on free chloride concentration of
concrete with different admixtures

The free chloride concentration in concrete in relation to the depth
is shown in Figs. 4–6 for PC, SF and FA concretes, respectively, in

Table 3
Parameters setting of low-field NMR.

Parameters TE (μm) TW (μm) NS NECH PRG

Values 0.2 2000 64 18,000 2

Fig. 3. Relationship between unit volume signal and porosity of a standard sample.

Fig. 4. Free chloride concentration profile of reference concrete specimen A1 at three
different times.
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which each concentration plotted represents the average value of the
measured concentrations in five repeated tests.

As it can be observed from these figures, there is an increasing
trend of chloride concentration at identical depths in concretes with
exposed time, but the rate of the increase seems different for different
mixtures. It is noted that the concrete with FA (specimen A4) or (SF
specimen A3) exhibits significantly lower free chloride content than
that of reference concrete A1. This indicates that both FA and SF can
improve the chloride-penetration resistance of concrete (Thomas and
Bamforth, 1999).

In a dry-wet cycling environment, both diffusion and capillary
suction will occur in concrete. As a consequence, a “concrete skin” layer
which not follow a diffusion process and an internal bulk zone that
follows a diffusion process will appear. Thus, apart from the diffusion
zone there is a convection zone and the highest chloride concentration
is not at the surface but at an inner place, owing to wetting and drying
interaction (Hong and Hooton, 2000; Yu et al., 2015; Sadati et al.,
2015; Guimarães and Helene, 2008). The convection zone depths of
chloride of the tested specimens can be seen in Figs. 4–6. The mean
value of convection zone depth of chloride is about 4–6 mm, but will
increase slowly with the exposed time. Note that the distribution
profiles of chloride concentrations shown in Figs. 4–6 are for concrete
specimens exposed to the simulated chloride environment. Therefore,
there is an obvious consistency of the free chloride ion concentration
curve in the natural and simulated environment, showing that the
simulated environment can achieve the same erosion and simulation
effect.

3.2. Influence of admixtures on chloride diffusion coefficient of
concrete

Fick's second law of diffusion is commonly used to fit the
experimentally obtained chloride concentration profile in concrete
(Liu et al., 2016) to determine the chloride diffusion coefficient. If
the diffusion zone is not from the surface of concrete, but from the
place xc, where xc is the convection zone depth, and the initial chloride
concentration in concrete is zero, then the chloride concentration
profile in the diffusion zone can be expressed as follows:

⎡
⎣
⎢⎢

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟
⎤
⎦
⎥⎥C C erf

x x
D t

= 1 −
−

2x t sm
c

a
,

(5)

where Cx t, is the chloride concentration at depth x and time t , Da is the
apparent diffusion coefficient in concrete, erf (⋅) is the error function,Csm
is the peak value of the free chloride concentration in concrete.

According to Eq. (5), for given xc and Csm, one can determine the
diffusion coefficient of chloride ions by using the best fit of Eq. (5) with
the experimentally obtained chloride concentration profile. Table 4
shows the results obtained for different concrete mixes with identical
w/c ratio at different exposure times.

The results given in Table 4 show that, under the artificial simulated
chloride environment the chloride diffusion coefficient in all tested
concretes decreases with the exposure time (Khanzadeh-Moradllo
et al., 2015). Fig. 7 graphically plots the variation of the chloride
diffusion coefficient with the exposure time for concretes with different
admixtures.

It can be seen from Table 4 and Fig. 7 that, the addition of minerals
in concrete can reduce the chloride diffusion coefficient of the mixed
concrete with exposed time effectively. However, different minerals
have different performances. Compared to SF, FA is more effective in
reducing chloride diffusion coefficient. For example, after 240, 320,
400 days exposure duration, the concrete with the admixture FA (A4)
has lower chloride diffusion coefficient of 23.6% and 33.1% and 43.7%

Fig. 5. Free chloride concentration profile of SF concrete specimen A3 at three different
times.

Fig. 6. Free chloride concentration profile of FA concrete specimen A4 at three different
times.

Table 4
Chloride diffusion coefficients in different concrete mixes.

Code Chloride diffusion coefficient (× 10−12m2/s)

240d 320d 400d

A1 1.449 1.024 0.848
A2 0.980 0.543 0.440
A3 1.063 0.643 0.348
A4 0.812 0.430 0.196
A5 0.678 0.374 0.235

Fig. 7. Variation of chloride diffusion coefficient of tested concrete with exposed time.
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than that of SF concrete A3, respectively. This illustrates that, as the
exposure time increases, the effect of FA becomes more significant. The
reason for this is likely due to its aggravated secondary hydration.

It is noted that, after 400 d exposure duration, the chloride
diffusion coefficients of concrete A2, A3, A4 and A5 are 48.1%,
59.0%, 76.9% and 72.3% lower than that of concrete A1, respectively.
For all of the tested concretes from exposure 240 d to 400 d, the
chloride diffusion coefficients were dropped by 41.5%, 55.1%, 67.3%,
75.9% and 65.3%, respectively. This demonstrates that the effect of FA
(A4) to decrease the chloride diffusion coefficient of concrete is better
in 400 d.

3.3. The relationship between porosity and chloride diffusion
coefficient

The T2 spectrum and the unit volume nuclear magnetic signal of the
tested concretes after the exposure of 240 d and 400 d are shown in
Fig. 8 and Fig. 9.

It can be seen from Fig. 8 and Fig. 9 that, the signal peaks of the
concretes with admixtures are all lower than that of A1, and the
emergence time of the peak of the concrete with admixture is earlier
than that of A1, which means that the addition of admixtures can
decrease the quantity of large pores in concrete. According to the
principle of NMR, the total area of each distribution curve represents
the total pore water content in the tested concrete, that is, the porosity
of the tested concrete. So, by comparing the area of the T2, one can
identify the effect of the added admixture on the porosity reduction of
the concrete.

According to the calibrated relationship between the unit volume
nuclear magnetic signal and the porosity of the specimen, the porosities
of individual tested specimens are calculated and the corresponding
results are given in Table 5.

It can be observed from Table 5 that the addition of minerals in
concrete can reduce the overall porosity of the mixed concrete, and
thus can reduce the chloride diffusion coefficient of the mixed concrete.
It seems that A4 or A5 has the lowest porosity for 240, 320 or 400 day
exposure; whereas A2 or A3 has the highest porosity for the same
exposure period. The time-varying trend of porosity of concretes with
different admixtures with exposure time in the artificial simulation
experiment is shown in Fig. 10.

The results shown in Table 5 and Fig. 10 indicated that the
porosities of concrete with admixtures decreased generally with the
exposure time except for the specimen A5 after exposure 320 d. The
result also shows that, the longer exposure time will lead to a more
reduction of porosity. Note that the sampling and/or the error of NMR
test may lead to the abnormal porosity of specimen A5 after exposure
320 d, in which the sampling for NMR test is only one specimen,
whereas the calculated chloride diffusion coefficient in concrete is
based on the mean value of the five identical specimens.

The results described above demonstrate that there is a direct
correlation between the porosity and the chloride diffusion coefficient
of concrete, except for the concrete A2 after exposure 240 d. The latter
could be the dense net, which can limit the emerging of the micro-crack
in BF concrete, and lead to the abnormal phenomenon mentioned
above (Dias and Thaumaturgo, 2005).

The date shown in Table 5 and Fig. 10 also suggest that the
reduction rate of the porosity and chloride diffusion coefficient is not

Fig. 8. T2 spectrum change of concrete specimens after espouse 240 d in simulated
environment.

Fig. 9. T2 spectrum change of concrete specimens after espouse 400 d in simulated
environment.

Table 5
Signal and porosity of the specimens by NMR.

Specimens Time (d) Signal value Porosity (%)

A1 240 221 9.41
320 206 8.79
400 187 7.95

A2 240 228 9.74
320 155 6.53
400 145 6.12

A3 240 209 8.90
320 166 7.01
400 123 5.15

A4 240 150 6.31
320 102 4.25
400 94 3.87

A5 240 144 6.27
320 134 4.19
400 110 4.28

Fig. 10. Time-varying trend of the porosity of specimens with different admixtures.
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simply linear to the exposure time in the dry-wet cycling chloride
environment. For instance, from exposure 240 d to 320 d, the porosity
of concrete A1 to A5 decreased by 6.6%, 33.0%, 21.2%, 32.6% and
33.1%, but the chloride diffusion coefficient of concrete A1 to A5
decreased by 29.4%, 44.5%, 39.5%, 47.1% and 44.8%, respectively.

Moreover, specimens FA (A4) and FA/SF (A5) will generate
aluminates during the hydration process, which can combine chloride
ions thus decrease the chloride concentration in concrete and reduce
the chloride diffusion coefficient (Arya et al., 1990). Taking A4 for
instance, from 240 to 320 days exposures the porosity had fallen 32.6%
and the chloride diffusion coefficient of A4 had fallen 47.1%. From
320–400 days exposure, the porosity and chloride diffusion coefficient
of specimen A4 reduces by 8.9% and 54.3%, respectively. The
phenomenon also shows that the total porosity is not the only influence
factor for the chloride diffusion coefficient of concrete, indicating the
complex of the mixed concrete.

3.4. The aperture distribution and influence on permeability of
concrete

Table 6 shows the experimental data for the percentage of pores of
radius 10–100 nm and 100–1000 nm in terms of the total porosity
measured by using the NMR for the tested concretes, in which the

contributive porosity is the product of percentage of the radius in total
porosity and the porosity shown in Table 5.

It is observed from Table 6 that the percentage of pores of radius
10–100 nm increases with the time but the percentage of pores of
radius 100–1000 nm decreases with the time.

Fig. 11 shows the corresponding pore-size distribution for specimen
SF (A3) after different exposure times. Fig. 12 presents the correspond-
ing pore-size distribution for different concretes after exposure 320 d.

The results show that the addition of SF or FA can decrease the
pores of radius 100–1000 nm in concrete and thus increase the
resistance of concrete against the chloride ingress. According to the
data shown in Tables 4–6, a relationship between the chloride diffusion
coefficient and the total porosity, the contributive porosity of aperture
radius 10–100 nm or the contributive porosity of radius 100–1000 nm
in concrete can be obtained by using the linear fit. Fig. 13 shows the
fitted linear relationship between the chloride diffusion coefficient and
the contributive porosity of pore radius 100–1000 nm.

The linear relationship between the porosity and the chloride diffusion
coefficient demonstrates that the influence of contributive porosity of pore
radius 100–1000 nm on chloride diffusion coefficient is more than that of
total porosity of concrete. The pore of radius 100–1000 nm is harmful to
reduce the permeability of concrete. Some researchers supposed that the
pore > 100 nm is definitely harmful to the properties of paste (Zhang
et al., 2016; Oltulu and Sahin, 2014). There is positive correlation between
the chloride diffusion coefficient and the contributive porosity of pore
radius 100–1000 nm in the concrete. In other words, the high contribu-
tive porosity in the concrete will certainly lead to a high chloride diffusion
coefficient of the concrete. Moreover, there is a negative correlation

Table 6
Percentage of different aperture radius in total porosity of the specimens by NMR.

Specimens Time (d) 10–
100 nm
(%)

Contributive
porosity (%)

100–
1000 nm
(%)

Contributive
porosity (%)

A1 240 42.27 3.98 40.05 3.77
320 46.03 4.05 37.81 3.32
400 50.03 3.98 33.72 2.68

A2 240 56.44 5.50 29.56 2.88
320 59.02 3.85 26.62 1.74
400 59.58 3.65 26.16 1.60

A3 240 62.39 5.55 25.66 2.28
320 66.04 4.63 22.28 1.56
400 67.17 3.46 21.93 1.13

A4 240 56.41 3.56 30.86 1.95
320 61.63 2.62 27.87 1.18
400 63.25 2.45 26.24 1.02

A5 240 58.86 3.69 28.58 1.79
320 60.47 2.53 29.13 1.22
400 67.62 2.89 24.18 1.04

Fig. 11. Pore-size distribution for SF concrete A3 after different exposure time.

Fig. 12. Pore-size distribution for different concretes after exposure 320 d.

Fig. 13. Relationship between contributive porosity of pore radius 100–1000 nm and
chloride diffusion coefficient in concrete.
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between the chloride diffusion coefficient and the contributive porosity of
radius 10–100 nm, which is conducive to increase the anti-permeability of
concrete.

4. Conclusion

This paper has presented an investigation on the relation between
the chloride diffusion coefficient, porosity, and pore-size distribution in
concrete and the effect of exposure time on these parameters when the
concrete is exposed to an artificial simulated dry-wet cycling chloride
environment. Based on the experimentally obtained results and the
analysis of experimental data, the following conclusions can be drawn.

(1) Concrete porosity and chloride diffusion coefficients exhibit a de-
crease trend with the exposure time when the concrete is exposed to
the artificial simulated dry-wet cycling environment. The tested
concretes with different admixtures can reduce the chloride diffusion
coefficient and the overall porosity significantly, in which the
decreased effect of SF in concrete on porosity is the most obvious,
and the decreased effect of FA on chloride diffusion coefficient of
concrete is the most significant, especially at the later stage.

(2) There is a better correlation between the chloride diffusion
coefficient and total porosity in concrete. However, the total
porosity is not the only influence factor on the chloride diffusion
coefficient; the pore-size distribution also has a great influence on
the permeability of concrete.

(3) The influence of the contributive porosity of pore radius 100–
1000 nm in concrete on chloride diffusion coefficient is more than
that of total porosity of concrete. The increase of contributive
porosity in concrete will result in a larger chloride diffusion
coefficient. There is a correlation between the contributive porosity
of radius 100~ 1000 nm in concrete and the chloride diffusion
coefficient.

(4) The chloride diffusion coefficient is found to decrease with the
exposure time for concretes with minerals. Thus, the addition of
minerals in concrete can increase the durability of the mixed
concrete to against the chloride penetration.
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