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The use of permeability-reducing admixtures is a potential preventative
of the chloride-induced corrosion of steel reinforcement, which is
the main cause of the deterioration of concrete structures exposed
to coastal environments. This paper presents an experimental
investigation into the effectiveness of two typical commercially
available permeability-reducing admixtures: one characterized by
crystallization activity and the other by hydrophobic and pore-
blocking effects. Concrete specimens were exposed to simulated
coastal environments, and chloride concentration profiles at 28-,
365-, and 730-day exposures were determined by X-ray fluorescence
spectrometry. The results suggested that the incorporation of the
admixture, characterized by hydrophobic and pore-blocking
effects, appeared to considerably enhance the concrete durability
with respect to chloride-induced corrosion. The inclusion of the
admixture characterized by crystallization activity, however,
seemed to have almost no detectable effect. This implies the necessity of
exercising a degree of caution during specification.

Keywords: chloride-induced corrosion; coastal environment; durability;
permeability-reducing admixture.

INTRODUCTION
Chloride-induced corrosion of steel reinforcement is a

well-known and well-documented phenomenon, and is
considered to be the main cause of deterioration of reinforced
concrete structures exposed to coastal environments.1,2 The
traditional means of improving concrete durability with
respect to chloride-induced corrosion are to ensure high-
quality concrete and adequate cover. Other measures include
the use of cathodic protection, epoxy-coated and stainless-
steel reinforcement, corrosion inhibitors, penetrating
sealers, and waterproofing membranes.1,3

Permeability-reducing admixtures, a potential solution to
the problem of corrosion deterioration of structures, have
been researched and introduced into service.4 They are claimed by
their manufacturers to greatly reduce water penetration as well as
to enhance other properties of concrete; however, the
performance of these commercial products in concrete structures
exposed to coastal environments has yet to be confirmed,
especially with regard to chloride-induced corrosion.

The objective of this study was to experimentally investigate the
effectiveness of two typical internationally commercially
available permeability-reducing admixtures in improving
the chloride penetration characteristics of concrete exposed
to simulated coastal environments. The two admixtures were
characterized by: 1) crystallization activity, and 2) hydro-
phobic and pore-blocking effects, respectively.

RESEARCH SIGNIFICANCE
The chloride-induced corrosion of steel reinforcement is

the main cause of the deterioration of reinforced concrete
structures exposed to coastal environments, which annually
costs billions of dollars for the repair and maintenance of

these structures. This paper presents the results of an
investigation into the effectiveness of permeability-reducing
admixtures in enhancing the durability of concrete structures
against such chloride-induced corrosion. These results
provide the basis for an informed choice of permeability-reducing
admixtures and highlight the necessity of exercising caution
during specification. Also, the realistic results obtained from the
cyclic wetting-and-drying exposure of test specimens in this
study, which are reasonably representative of concrete in the
field, serve as valuable input for service life modeling of
concrete structures exposed to coastal environments.

DESCRIPTION OF ADMIXTURES
The permeability-reducing admixture characterized by

crystallization activity was supplied in powder form and
consisted of portland cement and various active, proprietary
chemicals. According to information supplied by the
manufacturer, these chemicals react with the moisture in
fresh concrete and with the by-products of cement hydration
to generate an insoluble crystalline formation in the pores
and capillary tracts that inhibits penetration by liquids.

The admixture characterized by hydrophobic and pore-
blocking effects was supplied in aqueous form. According to
the manufacturer’s manual, the “hydrophobic” components
change the surface tension of the cement hydrates and capillary
surfaces, making them water-repellent5,6; and under water
pressure, the “pore-blocking” components form physical
plugs that block the capillaries. These actions result in a
reduction in the permeability of the concrete.

EXPERIMENTAL PROCEDURES
The performance of the two admixtures was compared

using three concrete mixtures with the target compressive
strength at 28 days of 40 MPa (5.8 ksi). The three mixtures
were denoted Control for the control mixture and “C” and
“HPI” for the mixtures incorporating the permeability-
reducing admixtures characterized by crystallization (C)
activity and by hydrophobic and pore-blocking (HPI)
effects, respectively. The dosage and mixing sequence of the
admixtures conformed to the respective manufacturer’s technical
information. The manufacturers’ technical representatives
attended the mixing and casting of the specimens. The
chemical compositions of fly ash and cement used are
given in Fig. 1 and Table 1; and the three mixture designs
are summarized in Table 2.
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The concretes tested were deliberately specified to enable
sufficient and meaningful data to be obtained within the
reasonable period of 2 years. The pertinent Australian
standard7 requires concrete members exposed to tidal or
splash zones in sea water to have a minimum characteristic
compressive strength at 28 days of 50 MPa (7.3 ksi).

The concrete was mixed in a laboratory rotary pan
concrete mixer. The mixing water (Table 2) was based on the
saturated surface-dry condition of the aggregates and was
adjusted to achieve the desired slump in the actual mixtures.
The mixing water used was 216.8, 204, and 165 L/m3 (375.1,
352.9, and 285.5 in.3/ft3) for the Control, “C”, and “HPI”
mixtures, respectively. Because the “HPI” admixture was in
liquid form, the actual mixing water for the “HPI” mixture
was approximately 195 L/m3 (337.4 in.3/ft3).

The mixing sequence used for the Control and “C”
mixtures followed normal practice for ordinary concrete.

First, aggregates, cement, and fly ash (together with “C”
powder in the case of the “C” mixture) were mixed. The
target slump was 25 mm (1.0 in.) upon the addition of mixing
water containing water-reducer. It was then increased to
75 mm (3.0 in.) by the addition of the high-range water-
reducing admixture. The mixing sequence for the “HPI”
mixture, following the manufacturer’s advice, was different,
with the mixing water and “HPI” admixture being introduced into
the mixture before the aggregates, cement, and fly ash. A
high-range water-reducing admixture was added at the end
to bring the slump up to the target value.

Concrete of each mixture was cast into 350 mm (13.8 in.)
square by 750 mm (29.5 in.) high reinforced columns with
cover to the reinforcement of 50 mm (2.2 in.). The columns
were cured in timber molds for 3 days, and then exposed to
a simulated coastal environment in specimen tanks (Fig. 2).
The level of simulated seawater in the specimen tanks rose
and fell periodically (Fig. 3) to model real tidal conditions as
water was pumped to and fro between the tanks and a
reservoir tank. The cyclic wetting-and-drying exposure
gave conditions that were reasonably representative of
those experienced by concrete in the field and, hence,
more realistic results.

The simulated tidal period was 12 hours, divided equally
between rising and falling tides (Fig. 3). Seawater was
simulated by dissolving 32.1 g (0.07 lb) of common salt
per kilogram (2.2 lb) of water to match the typical chlorinity
in Moreton Bay, Australia, of 19,500 ppm.8 This was
checked regularly using a salinity measurement device, and
was adjusted as necessary to maintain constant conditions.

After the columns had been exposed for 28, 365, and
730 days to the simulated coastal conditions, concrete
powder samples were taken by drilling (in 10 mm [0.4 in.]
depth increments) and their total chloride contents were
determined by X-ray fluorescence spectrometry. The data
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Fig. 1—Chemical analysis of fly ash.

Table 1—Cement batch sheet for general purpose 
portland cement

SiO2 Al2O3 Fe2O3 CaO MgO SO3
Loss on 
ignition

22.4% 4.8% 3.6% 67.4% 1.2% 2.3% 0.2%

C3S C2S C3A C4AF Free lime Na2O equivalent

66% 14% 6.6% 11.0% 0.5% 0.41%

Table 2—Summary of concrete mixture designs
Constituents Unit Control C HPI

Cement kg/m3 300 300 300

Fly ash kg/m3 100 100 100

Water kg/m3 176 176 155

Water reducer L/m3 1.2 1.2 —

“C” admixture kg/m3 — 4.0 —

“HPI” admixture L/m3 — — 30

High-range water-
reducing admixture L/m3 1.6 1.6 4.4

20 mm aggregate kg/m3 759 759 759

10 mm aggregate kg/m3 229 229 229

Coarse sand kg/m3 600 600 600

Fine sand kg/m3 176 176 176

Note: 1 in. = 25.4 mm; 1 lb/ft3 = 16 kg/m3; 1 in.3/ft3 = 0.578 L/m3.Fig. 2—Experimental setup.
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obtained were considered to be sufficient to enable the
comparison of the relative performance of the mixtures,
especially including the time to corrosion initiation, with
acceptable certainty.

A 25 mm (1.0 in.) drill bit, larger than the maximum
aggregate of 20 mm (0.8 in.), was used for all sampling to
minimize the likelihood of a hole being drilled completely
through a solid piece of aggregate and consequently giving
an abnormally low value of chloride concentration.9 The
correct depths for powder sampling were checked using a
simple depth gauge, and also by comparing the weights of
the samples.

Concrete powder samples were collected at all depth
increments from each column at three locations at heights of
80, 300, and 560 mm (3.1, 11.8, and 22.0 in.) from the base
(Fig. 3), and were combined to give a representative sample
of each depth increment. The three heights were chosen to
represent the submerged zone, tidal zone, and high tide level,
respectively (Fig. 3).

RESULTS AND DISCUSSION
The compressive strength and shrinkage of the concrete

mixtures, determined in accordance with the relevant
Australian standards, are plotted in Fig. 4 and 5. The strength
developed almost identically in the Control and “C”
mixtures, whereas that of “HPI” mixture was slightly slower
(Fig. 4). The 28-day compressive strengths of the Control,
“C,” and “HPI” mixtures were 43.1, 43.0, and 38.8 MPa (6.3,
6.2, and 5.6 ksi), respectively. The development of shrinkage
is similar in all three mixtures, although the shrinkage of the
“C” mixture was slightly higher than those of the other two
mixtures (Fig. 5).

Based on the chloride profiles after 28 days of exposure,
the background chloride concentration was taken as 0.2% by
mass of cementitious material (equivalent to about 0.035%
by mass of concrete). The measured total chloride concentrations
after a subtraction of 0.2% background concentration
expressed as percentage by mass of cementitious material,
upon which all subsequent calculations were based, are
presented in Table 3.

For unidirectional diffusion into a semi-infinite medium with a
constant diffusion coefficient, a constant surface chloride
concentration Co, and the initial condition, C(x,t) = 0 for x > 0,

Fig. 3—Cycles of simulated tide and locations for concrete
powder sampling. (Note: 1 in. = 25.4 mm.)

Fig. 4—Compressive strengths.

Table 3—Measured total chloride concentrations

Height, 
mm Depth, mm

28-day exposure 365-day exposure 730-day exposure

Control C HPI Control C HPI Control C HPI

80

0 to 10 3.08 3.30 0.63 4.09 4.79 1.10 4.63 4.25 1.28

10 to 20 0.63 0.69 0.08 2.18 2.29 0.26 3.08 3.13 0.39

20 to 30 0.11 0.11 0.06 0.52 0.81 0.09 1.23 0.99 0.10

30 to 40 0.09 0.01 0.15 0.09 0.17 0.09 0.19 0.10 0.09

300

0 to 10 2.42 2.47 1.17 4.87 4.13 2.93 5.58 4.67 2.10

10 to 20 0.46 0.57 0.07 2.12 2.00 0.69 3.67 2.47 0.80

20 to 30 0.10 0.07 0.08 0.57 0.63 0.12 1.35 0.93 0.17

30 to 40 0.03 0.04 0.07 0.08 0.14 0.11 0.25 0.14 0.07

560

0 to 10 2.00 2.06 1.04 7.55 6.33 5.12 7.55 7.52 4.59

10 to 20 0.32 0.15 0.07 2.42 2.41 2.40 4.09 3.60 2.11

20 to 30 0.07 0.03 0.10 0.46 0.63 0.51 1.17 0.93 0.86

30 to 40 0.06 0.08 0.07 0.12 0.14 0.13 0.24 0.14 0.30

Note: 1 in. = 25.4 mm.

Fig. 5—Shrinkage.
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t = 0, the chloride concentration C(x,t) at depth x, and time t
is given by10-12

(1)

where x is taken as the average for each depth increment (for
example, 0.005 m [0.2 in.] for a sample taken between depths
of 0 to 0.01 m [0.4 in.]); and erf is the standard error function

Both the diffusion coefficient D and the surface concentration
Co for each concrete mixture at each age and height
were determined by fitting Eq. (1) to the corresponding
measured chloride profiles. The best fit was determined by
adjusting both D and Co to achieve the highest coefficient of
determination, R2, using a commercially available curve-fitting
software program. The best-fit values are presented in Table 4.
The estimated diffusion coefficients are consistent with
those reported by other researchers13-16 for similar
concretes. The R2 values were higher than 0.98 in. all cases
with the sole exception of the “HPI” mixture at 28 days at the
80 mm (3.1 in.) level, giving a clear indication of good fits.
It should be emphasized, however, that the values of D and Co
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do not necessarily represent the actual chloride diffusion
coefficient and surface chloride concentration; they are
simply regression coefficients that are convenient to use to
compare the performance of concretes with different qualities.

The diffusion coefficients in Table 4, which are plotted in
Fig. 6, show that both D and its rate of decrease for each type
of concrete decreased with time. The D for the 365-day
exposure were approximately 65 to 85% lower than the
corresponding 28-day values, whereas the 730-day values
were approximately 3 to 40% lower than the corresponding
365-day values. The decrease of both D and its rate of
decrease with time are probably mainly attributable to the early
exposure of the concrete to simulated seawater (at the age
of 3 days) and the continuing formation of hydration products and
their effect on the pore system within the concrete.

The decrease of the diffusion coefficient with time, especially
during the first year, should be recognized in estimating the time
to corrosion initiation of reinforced concrete structures. As
an illustration of this, the chloride profiles after 5 and 30 years of
exposure for a concrete structure with a surface chloride
concentration of 9.0% are plotted in Fig. 7 for diffusion
coefficients varying between 2 × 10–12 m2/seconds (3.1 × 10–9

in.2/seconds) and 10 × 10–12 m2/s (15.5 × 10–9 in.2/seconds).
It can be readily seen that the chloride concentrations at all
depths after 5 years of exposure for a diffusion coefficient of

Table 4—Best-fit values of D, Co , and corresponding R2

Height Best-fit values

28-day exposure 365-day exposure 730-day exposure

Control C HPI Control C HPI Control C HPI

80 mm
(3.1 in.)

D 20.09 20.36 14.84 4.28 4.28 1.86 3.27 3.25 1.18

Co 5.03 5.37 1.13 5.46 6.30 1.70 5.93 5.57 1.87

R2 1.00 1.00 0.88 0.99 1.00 0.98 0.98 0.95 0.99

300 mm
(11.8 in.)

D 19.04 21.99 9.72 3.50 4.18 1.74 3.14 2.45 1.46

Co 4.01 3.93 2.51 6.63 5.47 4.62 7.18 6.06 2.95

R2 1.00 1.00 0.99 1.00 1.00 1.00 0.98 1.00 1.00

560 mm
(22.0 in.)

D 16.68 10.51 10.33 2.37 3.00 3.65 2.30 1.93 2.22

Co 3.46 4.26 2.17 11.06 8.83 6.96 9.95 10.12 5.96

R2 1.00 1.00 0.98 1.00 1.00 1.00 0.99 1.00 1.00

Note: D is expressed in 10–12 m2/second (1.55 × 10–9 in.2/second); and Co is expressed as percentage by mass of cementitious material.

Fig. 6—Variation of diffusion coefficient with time.

Fig. 7—Illustration of effect of diffusion coefficient on
chloride concentration profile. (Note: “D-30-2” denotes
case for diffusion coefficient of 2 × 10–12 m2/seconds [3.1 ×
10–9 in.2/seconds] after 30 years.)
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10 × 10–12 m2/seconds (15.5 × 10–9 in.2/seconds) are smaller
than the corresponding concentrations for a diffusion
coefficient of 2 × 10–12 m2/seconds (3.1 × 10–9 in.2/seconds)
after 30 years of exposure. Given the large range of diffusion
coefficients in Table 4, it is clear that caution should be
exercised when estimating the service life of structures based
on chloride profiles taken at any given time, especially during the
first year of exposure.

To compare the relative performance of the three
mixtures, the time to initiation of corrosion of the three
concrete columns was estimated using the model of Mangat
and Molloy,17 in which D at a given time t can be expressed
in the form

D = Dit
–m (2)

where Di is the diffusion coefficient at a time t equal to
1 second, and m is an empirical coefficient. Substituting
Eq. (2) in Eq. (1) gives

(3)

To reflect the reality that the concrete at any given level on
the three concrete columns was exposed to the same wetting
and drying conditions, Co was assumed to be constant for
concrete at any particular level. Based on the best-fit values
in Table 4, Co was taken as 5, 6, and 10% for the concrete at
the 80, 300, and 560 mm (3.1, 11.8, and 22.0 in.) levels,
respectively (Fig. 3). The diffusion coefficient D was then
determined by fitting Eq. (1) to the respective measured
chloride profiles listed in Table 3. The coefficients Di and m
for each type of concrete at a given level were then estimated
using Eq. (2). The resulting D, Di, and m are presented in
Table 5.

Assuming a chloride threshold concentration of 1.0% by
mass of cementitious material18-21 and a depth of cover to

reinforcement of 50 mm (2.0 in.), the time to corrosion
initiation, T, can be estimated using Eq. (3). The results
are presented in Table 5. The generally short estimated
time to initiation of corrosion (Table 5) was probably
attributable mainly to the early exposure to the simulated
coastal environments at the age of 3 days. Although this
represents normal construction practice for many concrete
structures, other structures experience better curing regimes
and thus should have longer times to corrosion initiation. It
should be emphasized that the estimated values are not
necessarily a true representation of times to corrosion
initiation; the values are only presented to allow a comparison to
be made between different concretes.

Importantly, Table 5 shows that the “HPI” mixture had
significantly longer estimated times to the initiation of corrosion
than the “C” and Control mixtures at all levels. The time to
initiation of corrosion of the “C” mixture was slightly longer
than that of the Control mixture at the 300 and 560 mm (11.8
and 22.0 in.) levels, but slightly shorter at the 80 mm (3.1 in.)
level. The incorporation of the admixture characterized by
hydrophobic and pore-blocking effects in the “HPI” mixture
thus appeared to considerably extend the time to the initiation
of corrosion. The inclusion of the admixture characterized
by crystallization activity, however, seemed to have no
detectable effect on the time to the onset of corrosion.

SUMMARY AND CONCLUSIONS
The use of permeability-reducing admixtures in concrete

mixtures as one of the solutions to chloride-induced corrosion of
steel reinforcement in concrete structures previously lacked
supporting data, prompting the study of their performance
reported in this paper. The effectiveness of two typical
commercially available permeability-reducing admixtures,
one characterized by crystallization activity and the
other by hydrophobic and pore-blocking effects, was
studied experimentally.

Details of the materials and experimental procedures
adopted in the study were presented. Experimental chloride
concentrations of concrete specimens after 28-, 365-, and
730-day exposures to a simulated coastal environment that

C x t,( ) Co 1 erf x

2
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Table 5—Estimated time T to initiation of corrosion

Height
Best-fit
values

Control C HPI

28 days 365 days 730 days 28 days 365 days 730 days 28 days 365 days 730 days

80 mm
(3.1 in.)

D 20.3 4.9 4.3 23.3 6.3 3.9 2.2 0.3 0.2

Co 5.0 5.0 5.0

Di 39,172.9 55,296.3 443,010.0

m 0.515 0.529 0.831

T 3.4 2.6 3,846,599.0

300 mm
(11.8 in.)

D 7.8 4.1 3.9 8.3 3.5 2.5 3.1 1.0 0.2

Co 6.0 6.0 6.0

Di 231.1 1469.0 10,509.5

m 0.230 0.352 0.553

T 4.4 6.5 193.7

560 mm
(22.0 in.)

D 3.2 2.8 2.3 3.2 2.4 2.0 2.0 1.7 0.6

Co 10.0 10.0 10.0

Di 10.1 25.2 35.9

m 0.079 0.140 0.196

T 5.2 6.4 14.4

Note: D and Di is expressed in 10–12 m2/second (1.55 × 10–9 in.2/second); Co is expressed as percentage by mass of cementitious material; and T is expressed in years.
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were determined by X-ray fluorescence were reported.
The diffusion coefficients and corresponding times to
corrosion initiation were estimated based on Fick’s
second law of diffusion.

The incorporation of an admixture characterized by
hydrophobic and pore-blocking effects appeared to considerably
improve concrete durability with respect to chloride-induced
corrosion, as shown by the reduced diffusion coefficient and
longer estimated time to corrosion initiation. The inclusion
of an admixture characterized by crystallization activity,
however, seemed to have almost no detectable effects.
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