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Microstructural and microchemical features of two types of concrete are investigated employing electron
and ion optical techniques. The first type is the concrete cured in seawater or normal water. The second
type is concrete cured in normal water and exposed subsequently to seawater. Major constituent phases of
concrete and differences in their distribution due to different curing media are identified. Chloride profiles
in different concretes are evaluated using the proton induced x-ray emission technique. Diffusion coeffi-
cient D was calculated by modeling the diffusion process and comparing with measured profiles. D, thus
estimated, is found to be ∼1.8 × 10−9 m2/s, which is higher than the reported values of ∼10−11 to 10−13 m2/s.
The faster diffusion of chloride in seawater-cured concrete can be attributed to the availability of water
medium in wet concrete, in the initial stages of the hydration of cement. The prediction of the concentration
profile of chloride in a layer of 100 mm of 28% fly ash containing concrete over concrete exposed to
seawater is carried out. For the worst scenario, analytical estimates of the concentration of chloride as a
function of time at a distance of 100 mm in the fly ash containing concrete were made. The concentration
profiles of chloride expected after 40 years in the fly ash-containing concrete were also estimated using
diffusion coefficient values available in the literature.

Keywords chloride diffusion, concrete, microstructure, proton-
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1. Introduction

Two physicochemical processes limit the useful life of re-
inforced concrete, namely, carbonation and chlorination. Under
normal circumstances, the steel bars in concrete are protected
from corrosion by the high alkalinity (pH ∼ 13) of the cement
phase. However, some of the chemical reactions, like that of
Ca(OH)2 with CO2, reduce the pH in the water in the surround-
ing pores in the concrete around the steel bars. This process is
called carbonation. This reduction in pH is harmful to the
formation of passive ferric oxide film (�FeOOH) over the steel
bars that reinforce the concrete. A similar effect is also pro-
duced by the presence of chloride ions, from sources like
CaCl2, a main component used to harden the concrete, the use
of either seawater or beach aggregates to mix concrete, the
chlorides in the deicing salts in cold countries, and the absorp-
tion/ingression of chloride from either sea or air in coastal
areas. Complete breakdown of the passive film occurs when
the ratio of the concentration of chloride to hydroxide exceeds
0.6, leading to depassivation of the steel bars. Chlorination of
the concrete is also deleterious to its mechanical behavior.
Hence, the acceptable level of chloride in concrete is specified
to be as low as 0.05 wt.% (Ref 1).

The chlorination of concrete has been studied employing a
wide range of techniques like potentiometric titration (Ref 2),
electrical migration (Ref 3), radionuclide diffusion (Ref 4),

electron and ion optical methods like electron probe microanal-
ysis (Ref 5), proton-induced x-ray emission (PIXE) (Ref 6),
and modeling (Ref 7-10). These studies have shown that the
transport of chloride ions in concrete proceeds via the aqueous
phase of the pore system. The dependence of chloride diffusion
on the pore system and the water-to-cement ratio has also been
studied (Ref 10). Many physicochemical processes occur dur-
ing the transport of chloride ions through concrete; the reaction
products get adsorbed, bound, or desorbed in the solid phases
of the cement. It has been possible to show that all these pro-
cesses are confined to a small distance from an imaginary
“chlorination front.” Simple analytical models (Ref 1, 7, 8),
their modifications for different physicochemical processes and
environmental conditions, and numerical methods (Ref 9, 11)
have been developed for predicting the long-term behavior of
concrete.

This article presents the microstructural variations that take
place in concrete that is either cured in seawater or is exposed
to seawater after curing. The diffusion coefficient of chloride in
concrete cured in seawater has been evaluated using the chlo-
ride profiles measured using PIXE and modeling. The long-
term consequence of chloride diffusion into concrete through
an intermediate layer of 100 mm of concrete with 28% fly ash
from a layer beneath that was exposed to seawater has been
estimated using diffusion models.

2. Experimental

Samples were prepared from three types of concrete blocks:

• Sample 1: a concrete block (150 mm cube) cured for 70
days in normal water with a chloride content of ∼20 ppm
(<0.05 wt.%).

• Sample 2: a concrete block (150 mm cube) mixed and
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poured with normal water but cured in seawater for 20
days.

• Sample 3: a block of well-cured (in normal water) concrete
exposed to seawater for 7 days. The steel enforcement was
at a distance of 280 mm from the surface of this block.

Microstructural and microchemical analyses were carried
out using specimens taken from appropriate locations from the
above three sample blocks. Two small sections (∼25 × 25 mm)
from the center and surface of sample 1 were mounted for
analysis. For samples 2 and 3, specimens were taken from
locations close to the surface, center (75 and 280 mm, respec-
tively), and three equally spaced intermediate distances. The
specimens were mounted, ground to obtain a flat surface, and
coated with gold to obtain a conducting surface. The cleaning
of debris after polishing was carried out in alcohol.

The mounted specimens were examined in a Philips XL 30
(Amsterdam, The Netherlands) environmental scanning elec-
tron microscope with an energy-dispersive analyzer for x-rays
at an operating voltage of 30 keV. Secondary electron, back-
scattered electron, and x-ray images were obtained from ap-
propriate regions. The PIXE analysis was carried out using an
incident proton beam in a 1.7 MeV Tandetron (IGCAR, Kalpa-
kkam) accelerator, collimated to a beam of 2 mm diameter to
irradiate the sample. A 2 MeV beam energy and a 10 to 15 nA
current were maintained during the experiment. The range of
protons in concrete is expected to be of the order of 40 �m. An
Si-Li detector with an active area of 30 mm2, the energy reso-
lution of which is 130 eV for Mn-K�, was placed at an angle
of 45° with respect to the beam direction for the PIXE mea-
surements. The characteristic x-rays from the sample pass
through a 50 �m Mylar window and traverse about 9 cm before
entering into the Si(Li) detector.

3. Results

3.1 Visual Examination

Photographs of sample 1 (reference) and sample 2 (cured in
seawater) are shown in Fig. 1. A comparison of the surfaces of
the two samples shows no visible difference in the size and
number of pores. However, distinct differences in their rough-
ness and coloration were observed. Sample 1 had a smooth
surface and was greenish-gray in appearance, while sample 2
had a rough surface, was white in appearance (region A) and
possessed elongated features that were light yellow in appear-
ance (region B).

3.2 Microstructural and Microchemical Analysis of the Two
Types of Concrete

3.2.1 Comparison of Surface Structures. The micro-
structure and chemical composition from the surface of
samples 1 (reference) and 2 were compared. The microstruc-
tures are shown in Fig. 2(a-c). The reference sample shows a
structure predominantly of hydrated cement paste, interspersed
with aggregate, which is a typical structure of concrete (Ref
12). The microstructures from region A and B of sample 2,
shown in Fig. 2(b) and (c), respectively, exhibited different
features. The surface was relatively rough and porous. A com-
parison of the chemical composition is made in Fig. 3. The
energy-dispersive spectroscopy (EDS) spectrum from the ref-
erence sample shows the presence of Ca, Al, Fe, and Si, which
is typical of a spectrum of cement. The O peak is not observed
because elements with atomic number 11 and above can only
be detected using a Be window. A marked difference between
the spectra from samples 1 and 2 was the high levels of Mg
observed in sample 2.

The presence of chloride on the surface of sample 2 is also
observed. Further investigations on region B, shown in Fig.
2(c) revealed the presence of two distinct regions. The micro-
graphs from the two regions are given in Fig. 4(a) and (b),
corresponding to the porous regions (C) and the darker regions
(D) in Fig. 2(c), respectively. The EDS spectra from the two
regions are shown in Fig. 4(c) and (d). Figure 4(a) showed the
presence of crystalline-faceted regions that were found to be
rich in Ca (Fig. 4c), while Fig. 4(b) showed the presence of a
needle-like structure with high levels of Mg (Fig. 4d). The
presence of a significant amount of Mg on the surface of
sample 2 is attributed to deposition of Mg salts from the sea-
water.

3.2.2 Comparison of Internal Structures. The micro-
structure of specimens taken from inner locations of the con-
crete blocks were studied, and no difference between the ref-
erence concrete and the seawater-cured concrete was observed.
Figure 5(a) shows a typical low-magnification back scattered
electron (BSE) image of a flat-ground surface of sample 2. The
intensity of the BSE signal is mainly a function of the average
atomic number of the local area of the sample (Ref 13), and the
resultant contrast in the BSE image, combined with the EDS
analysis, was used to identify the various features. A large
piece of gravel aggregate is seen on the left side of the micro-
graph. Similarly, several sand aggregates are seen interspersed
within the cement paste, at the other side. Aggregates are usu-
ally oxide minerals of Si and have a lower average Z value
compared with the Ca-rich hydrated cement paste and, thus,
exhibit a darker contrast. The very bright patches within the
aggregate are, however, due to minerals with a higher Fe con-
tent. A finely intermixed structure of different gray-level con-
trasts is observed in the hydrated cement region due to the
presence of various constituents. The hydration products have
a lower average Z compared with unreacted cement due to the
intake of water during hydration. Among the hydration prod-
ucts, Ca(OH)2 has a higher Z compared with other hydration
products, such as C-S-H (calcium silicate hydrate), ettringite
(calcium aluminum trisulfate), which subsequently decom-
poses to calcium aluminum monosulfate (AFm). No evidence
for the presence of bright and granular partially reacted cement
grain was observed. The observed variations in contrast in the
hydrated cement paste is, therefore, a result of the mixture of
two primary cement phases, namely, C-S-H, which has a low

Fig. 1 Photographs of sample 1 (cured for 70 days in normal water)
and sample 2 (cured in seawater)
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contrast compared with the bright Ca(OH2). The third major
phase in the cement (i.e., calcium aluminum sulfate hydrates,
either metastable ettringite or stable AFm), have similar Z val-
ues as C-S-H and could not be distinguished in the BSE image
even at high magnifications. Another important feature in Fig.

5(a) is the interfacial transition (IFT) zone, corresponding to
the interface between the aggregates (particularly large) and the
hydrated cement paste (Ref 12). The IFT zone observed in Fig.
5(a) exhibited typical characteristics, such as relatively large
Ca(OH)2 crystals and other hydration products, within a large
porous framework, resulting in an overall darker contrast. This
is a result of the higher water-to-cement content ratio present
adjacent to such large aggregates.

Cement constituent phases of C-S-H, Ca(OH)2, and ettring-
ite exhibit distinct morphologies, which could not be resolved
in the ground specimen. Hence, scanning electron microscopy
(SEM) analysis was carried out on a specimen from the as-
fractured concrete surface. Figure 5(b) shows the high-
magnification SEM image of hydrated cement paste. The long
slender ettringite needles, the fine layered network morphology
of C-S-H, and the hexagonal Ca(OH)2 crystal could all be
observed, along with the interspersed capillary pores. The
structure of concrete can, therefore, be summarized as a het-
erogeneous mixture of gravel and sand aggregates, hydrated
cement paste, consisting of CSH, ettringite, and calcium hy-
droxide, with an IFT zone and pore system.

The EDS spectra taken from several regions in the cement
mass and aggregates showed the presence of Si, Ca, Al, Fe, S,
and Cl in the sample. An attempt to distinguish between the
hydration products based on EDS spectra was difficult. Be-
cause it was observed that chloride was confined to the cement
regions, the analysis of the chloride content was restricted to
the cement constituent. Although the SEM/EDS technique is
not suitable for the accurate estimation of the chloride concen-
tration from bulk regions, it has been used as a first approxi-
mation to arrive at a qualitative identification of the micro-
chemistry. Furthermore, EDS is unsuitable for elemental
quantification when the elements present are on the order of a
few hundred parts per million. Hence, a detailed analysis has
been carried out by PIXE, which will be discussed later.

3.3 Effect of Exposure of Seawater on Well-Cured Concrete

A cylindrical block of concrete, designated as sample 3, was
well-cured in normal water and then exposed to seawater for
about 7 days. Specimens, at intervals of ∼70 mm from the

Fig. 2 SEM images of the surface of the samples: (a) reference
sample showing regions predominantly containing cement; (b) surface
of the seawater-cured sample showing porous structures from the re-
gions, marked “A” in Fig. 1; and (c) seawater-cured sample from the
region marked “B” in Fig. 1

Fig. 3 Comparison of EDS spectra from the surface of concrete
cured in seawater (sample 2) and reference concrete cured in normal
water (sample 1) (ignore the Au peak). Both regions A and B of
sample 2 contain more Cl and Mg than sample 1
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surface, were examined. At a distance of about 280 mm, the
steel reinforcement was encountered. The concrete adhering to
the steel was examined to determine the level of chloride and
to assess the effect of chloride content in concrete on the cor-
rosion characteristics of steel. The microstructure and EDS
spectrum from a piece of concrete in contact with the steel is
given in Fig. 6. The specimen did not include sand or aggre-
gates.

The SEM image showed a microstructure that is typical of
cement mass. The EDS spectrum did not show the presence of
Fe or detectable levels of chloride. Hence, it can be concluded
that the exposure of the surface of well-cured concrete to sea-
water for 7 days did not produce any change in the steel present
at a distance of about 280 mm from the exposed surface or of
the concrete in contact with the steel.

3.4 Estimation of Chloride Content

The estimation of low concentrations of chloride (i.e., a few
hundred to a few thousand parts per million) is nearly at the
detection limit of the EDS system. Resolving the chloride peak
was difficult due to the low peak-to-background ratio. This

precluded a reasonable quantification of the amount of chlo-
ride. Yet, the technique could be used to follow the relative
change in concentration, because an observable change in the
net intensity of the chloride peak was obtained between differ-
ent samples. Proton-induced x-ray emission, a technique that is
more appropriate for quantifying low concentrations of chlo-
ride, has been used for this purpose. It produces a low back-
ground due to the reduction in Bremsstrahlung radiation.

The chloride content in sample 1 was very low and was
uniform across the thickness of the block. Comparison of EDS
spectra from the surface and center of sample 2 (Fig. 7) showed
an observable variation in the intensity of the chloride peak.
The intensity at a depth of 75 mm from the surface (i.e., the
center of the seawater-cured block) was comparable to the
reference sample and was much lower than that at the surface.

The same specimen was analyzed by PIXE to obtain the
variation of chloride as a function of distance from the surface.
The spectra are shown in Fig. 8. The net intensity of chloride
at the surface is higher than at distances further away from the
surface or at the center of the 150 mm thick block. Such be-
havior is observed until a distance of about 35 to 40 mm. This
suggests that the chloride content at the surface and up to a

Fig. 4 (a) Faceted crystalline phase, which is Ca-rich. (b) Needle-like structure rich in Mg. (c) EDS spectra from the region in Fig. 4(a) and marked
“C” in Fig. 2(a). (d) EDS spectra from the region shown in Fig. 4(b) and marked “D” in Fig. 2(a)
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distance of 40 mm is higher than that at the center. This be-
havior can be attributed to the diffusion of chloride during
curing in seawater.

A similar analysis was carried out on sample 3 (i.e., a con-
crete well-cured in normal water and exposed to seawater for 7
days). The results of the analysis at different distances from the
surface (Fig. 9) show no observable variation in chloride con-
tent as a function of distance.

The above results have been useful in understanding the
diffusion processes in different concretes. The evaluation of D
has been carried out using well-established diffusion models.

3.5 Modeling of Chloride Ingression in Concrete Cured in
Sea Water

The process of the ingression of chloride from the surface
into the concrete block has been modeled in one dimension,
incorporating drift and diffusion mechanisms. The differentialFig. 6 (a) SEM image of the concrete surface adjoining the steel

reinforcement in sample 3. (b) Its EDS spectrum

Fig. 7 EDS spectra from the surface and center of seawater-cured
concrete (sample 2) compared with reference sample (sample 1),
showing the presence of Mg and chloride on the surface of the sea-
water-cured sample

Fig. 8 PIXE analysis of the samples from different distances of the
concrete block cured in seawater (sample 2, x � distance from sur-
face)

Fig. 5 (a) Microstructure across a cross section of a concrete block
cured in seawater showing sand, cement, and minerals typical of an
internal structure of concrete. (b) Magnified view of a fractured sur-
face showing the various constituents in hydrated cement paste
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equation describing the change in chloride concentration (C) as
a function of time (t) is given by:

�C

�t
= D

�2C

�x2 + V
�C

�x

where x is the depth measured in meters from the surface, D is
the diffusion coefficient (m2/s) of chloride in concrete, and V is
the drift velocity (m/s).

The solution for C as a function of position (x) and time (t)
is given by:

C�x, t� − Cb =
C�0, 0� − Cb

2 �Erfc� x − vt

2�Dt
�+ e

vx

D Erfc� x + vt

2�Dt
��

where, C (0, 0) is the concentration of chloride at the surface at
t � 0, Cb is the base concentration of chloride in the concrete,
and Erfc is the usual complementary error function.

The curve fitting the chloride concentration profile obtained
experimentally allows D to be evaluated. It is then possible to
quantify the chloride concentration at different distances and
times. It is then possible to compare the computed values of
chloride concentration for long service life against the specifi-
cation limit. Thus, the extent of the penetration of chloride into
the concrete can be estimated.

D was evaluated using the above equation and the semi-
quantitative data obtained by PIXE analysis. The ratio of the
intensities of chloride to calcium has been taken as an index of
chloride content. The variation in this ratio as a function of
depth from the surface is shown in Fig. 10. The diffusion
coefficient obtained by the curve fitting the PIXE data from
sample 2 was ∼1.8 × 10−9 m2/s. The value of D is higher than
the values reported in the literature, which typically range from
∼10−11 to 10−13 m2/s (Ref 14-16). The diffusion kinetics of
chloride in the seawater cured concrete appears to be two or-
ders of magnitude higher compared with those of the cured
concretes reported in the literature. This is attributed to the
higher chloride ingression as a consequence of the higher
amount of unreacted water and pores available for the diffusion
of chloride ions during the curing process.

3.6 Prediction of Long-Term Diffusion Behavior of Chloride

Methods to predict the long-term concentration profile of
chloride as a function of distance and time due to diffusion are
presented. This methodology has been illustrated with a case
study that required the prediction of chloride content as a func-
tion of distance and time, in a situation where structural con-
crete is built over seawater exposed (for 7 days) concrete. The
build up of concrete layers is shown schematically in Fig. 11.
It is expected that the concentration gradient would lead to the
slow diffusion of chloride from the seawater exposed concrete
to the structural concrete above. This would result in an in-
crease in the chloride concentration of the structural concrete
during its service life. The kinetics of this diffusion process is
dictated by the diffusion coefficient. One method of retarding
chloride transport into the structural concrete is to have an
intermediate barrier of fly ash-containing concrete, which has a
higher resistance to chloride diffusion. The extent to which
chloride can diffuse from the surface of the seawater-exposed
concrete to the surface of the barrier, consisting of 100 mm
concrete packed with 28% fly ash, has been evaluated in this
study using a simple diffusion model. The purpose of this study
is twofold: to evaluate the chloride concentration at a distance
of 100 mm in concrete with 28% fly ash after a time period of
about 40 years, if the initial concentration C0 of chloride at time
t � 0 is known; and to evaluate the time it takes for the
chloride concentration to exceed the safe limit of 0.6 kg/m3

(Indian Standards [IS] 456–2000 specification) at a distance of
100 mm.

Figure 11 shows the chloride concentration profile at t � 0
as evaluated by experiments (Ref 11), the chloride distribution
coefficient in different concrete, and the schematic of chloride
redistribution across the concrete structure during the service
life. The surface concentration Cs at t � 0 is equal to the
seawater chloride content (i.e., 20,000 ppm).

The redistribution of chloride in the structure is gov-
erned by:

J = −D��C

�x �at �x,t�

Fig. 9 PIXE analysis of the samples from concrete well cured in
normal water, exposed to seawater for 7 days (sample 3, x � distance
from surface)

Fig. 10 Chloride profile obtained by a curve fitting the ratio of the
intensity of chloride to Ca in concrete cured in seawater (sample 2),
measured using PIXE
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�C

�t
= D��2C

�x2 �
at �x,t�

Analytical solutions have been obtained using appropriate
boundary conditions. Standard analytical solutions for prob-
lems, such as the finite source, or a constant concentration of
semi-infinite thickness/finite thickness, are available. How-
ever, such a simplified analytical solution does not exist for the
present problem of varying the diffusion coefficients across the
structure using an initial Erfc distribution for the concentration.
The problem has been simplified so that an analytical solution
can be used to assess the redistribution behavior. The initial
Erfc distribution is replaced by an equivalent rectangular dis-
tribution such that the net amount of chloride (i.e., the area
under the rectangle/Erfc distribution) is the same. Also, the
diffusion coefficient is constant throughout the concrete struc-
ture.

The solution for C as a function of height (x) and time (t) is
then given by:

C�x, t� − Cb = �Cs − Cb� � �−Erf� x

2�Dt
� + Erf� x + 2h

2�Dt
��

where Cs is the initial surface concentration at t � 0 in the sea
water-exposed concrete, Cb is the chloride concentration in the
structural concrete (0.002%), h is the equivalent distance of the
rectangular distribution, and Erf is the error function.

Based on the time of exposure of the concrete to seawater,
the net amount of chloride ingression has been estimated. The
initial distribution was taken as 2 wt.% (corresponding to the
chloride content in seawater) and the effective distance (h) for
the rectangular distribution was estimated at 37 mm. These
values were used for determining C at various distances and
times.

Figure 12(a) and (b) show the variation of chloride concen-
tration as a function of time at x � 100 mm, and as a function
of x for t � 40 years, respectively. The nature and type of
chloride distribution in concrete with and without fly ash ad-
ditions have been compared. The diffusion coefficients were

taken from the literature (Ref 14-16) based on an analysis of
well-cured (normal water) concrete structures that had been
continuously exposed to seawater for several years.

The diffusion coefficient values from various sources are
listed below:

• From Ref. 14: D � 1.72 × 10−13 m2/s
• From Ref. 15: D without fly ash � 8.70 × 10−12 m2/s
• D with fly ash � 5.90 × 10−13 m2/s
• From Ref. 16: D without fly ash � 1.49 × 10−12 m2/s
• D with fly ash � 5.10 × 10−13 m2/s

It is seen from the available literature that the diffusion
coefficient for chloride in concrete is substantially reduced by
the addition of approximately 28% fly ash. Comparing the
chloride profile with the allowable limit of 0.026 wt.% revealed
that the chloride concentration at 100 mm and 40 years does
not exceed the allowable limit.

Another method to confirm the above result was to evaluate
the distance at which the two levels would be equal after 40
years. This analysis showed (Fig. 12b) that above a distance of
about 80 mm, the concentration of chloride would be below the
permissible limit. Hence, the thickness of fly ash (∼100 mm) is
more than adequate to prevent the ingress of chloride into the
structural concrete.

4. Discussion

The strength, dimensional stability, and durability of con-
crete depend crucially on its microstructure. However, it has
been difficult to arrive at a unified understanding of the influ-
ence of microstructure on the properties of concrete. The rea-
sons are as follows: heterogeneous and complex microstruc-
ture; the presence of a large number of constituents; the
presence of strong signatures of the regional diversities in the
microstructure, making a unique description difficult; and the
dependence of the structure of concrete on local humidity,
temperature, and time, unlike other engineering materials,
where the structure is an inherent characteristic of the material
(Ref 12).

Fig. 11 Schematic of the case study of structural concrete built over seawater-exposed concrete with an intermediate barrier layer. DN, diffusion
coefficient of chloride in concrete; DS, diffusion coefficient of chloride in concrete with fly ash
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Despite these limitations, broad empirical knowledge of the
structure and its influence on the properties of concrete has
been established (Ref 12). The structure of concrete, at the first
level of description, is considered as an inhomogeneous dis-
persion of four constituents: aggregate particles of different
minerals consisting of different shapes and sizes; the binding
medium of hydrated cement paste; the interface (∼2–5 �m)
between cement and the aggregates; and the system of voids,
pores, and microcracks. The physical properties, like the size,
shape, and distribution of the aggregate in the concrete, deter-
mine the unit weight, elastic modulus, and dimensional stabil-
ity of concrete. The second major component of concrete,
namely, the hydrated cement paste composed of solid particles
of C-S-H gel, Ca(0H)2, ettringite and its byproducts, and pores,
is a dynamically evolving system. The formation of these com-
pounds is understood by the “hydration” process of cement
powder obtained by pulverizing cement clinker with gypsum
(composed of clinker oxide compounds of Ca, Si, Al, and Fe
such as tricalcium silicate, dicalcium silicate, tricalcium alu-
minate/ferrite, and calcium sulfate). The water-to-cement ratio,
the type, size, amount, and distribution of “hydration prod-
ucts,” including solids and voids/cracks in the cement, dictates
the strength, dimensional stability, and durability of the con-
crete. The third constituent, namely, the interface, is a transi-

tion zone between the cement paste and the aggregate, and is
the weakest link in the concrete. The nature of this zone com-
bined with the system of pores, voids, and cracks decide the
quality of the concrete. The results of the current study are
discussed with respect to the microstructural, microchemical,
and diffusion characteristics, based on the above description of
the structure of concrete.

4.1 Microstructural and Microchemical Characteristics

The important microstructural and microchemical features
studied in the three different types of concrete are summarized
below:

• Identification of the constituents.
• Comparison of the quality of the surface between concrete

cured in seawater and that cured in normal water.
• Distribution of chloride between the constituents of con-

crete showed preferential absorption in the cement phase.

Although there were differences between the two types of
concrete at the visual level, at the microscopic level each had
a similar microstructure with respect to the major constituents
(i.e., aggregate, cement, interface, and the void/pore system).
The aggregate consisted of solid mineral particles and gravel
particles of various sizes. The particles were found to be rich in
Si, Fe, and Ti, suggesting the presence of oxide minerals. How-
ever, the size distribution was nonuniform and heterogeneous.
The matrix, namely, the hydrated cement paste, exhibited a
heterogeneous structure of hydration products and pores. The
nonuniform distribution of pore density is expected to intro-
duce significant variations in the density of the concrete.

Apart from the above general observations, the concrete
blocks cured in seawater showed distinct surface features with
respect to surface roughness and color. No visible difference
was observed in the pore density. The greenish-gray elongated
features on the surface consisting of porous regions with fac-
eted Ca-rich compounds and needle-like regions of Mg-rich
compounds have possibly formed through salt deposition from
the seawater.

The interfaces in samples 1 and 2 were observed to have the
following features compared with the hydrated cement paste:
larger size of hydration products; and higher porosity. The
differences in the geometry of hydration products and the ki-
netics of hydration (Ref 17) in the interface, or transition zone,
are attributed to the high water-to-cement ratio in the early
stage of hydration. This is due to “bleeding” (i.e., the accumu-
lation of more water around the interface of coarse particles of
the aggregate than the finer particles). It is well known that the
strength of the IFT zone depends on the volume and size of the
voids present. The higher density of the pores and the size of
the hydration products in the interface would result in poor
adhesion between the cement and aggregate phase, making this
zone the weakest link in the concrete structure.

The preferential absorption of chloride in the cement of the
concrete is understood in terms of the higher permeability of
water through the cement due to its porosity, in preference to
the aggregate. The PIXE results for sample 3 show the absence
of chloride at distances away from the surface, suggesting that
the ingress of seawater through the pore system of this concrete
could not proceed due to the nonavailability of a well-
connected pore system. The absence of chloride in cement in
contact with reinforced steel, 280 mm below the seawater-

Fig. 12 Concentration profile of chloride as a function of (a) time at
a distance of 100 mm of concrete with 28% fly ash and (b) distance for
a time of 40 years
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exposed surface, is also in agreement with the above observa-
tion.

The microstructural and microchemical heterogeneities re-
ported in the current study are fingerprints of the degree of
hydration, which in turn depends on the ratio of water to ce-
ment. At the microscopic level, the localized water-to-cement
ratio varies from one region to another, thereby introducing
vast heterogeneities in the nature and distribution of hydration
products.

4.2 Influence of Microstructure on Diffusion Characteristics
of Chloride

The useful life of reinforced concrete structures is dictated
by the kinetics of chlorination. Chloride adsorption-reaction
and diffusion processes, in addition to desorption, in a dynami-
cally evolving cement-pore system are complex. All micro-
scopic constituents discussed above influence, to varying de-
grees, the ingress of chloride in concrete. The factors that
dictate the chloride ingress in concrete, in order of importance
are: the degree of connected pores in the cement of the pore/
void system; the amount, composition, and mineralogical struc-
ture of the constituents in cement, which dictate the diffusion
coefficient of chloride in cement; the size distribution of the
aggregate, which plays a minor role because it indirectly de-
termines chloride diffusion by controlling the extent of bleed-
ing; and the interface zone, for similar reasons (Ref 18). The
inferences drawn in the current study with respect to chloride
ingress in the different concrete types are:

• Significant chloride ingression is observed only in con-
crete cured in seawater and not in concrete cured in normal
water (i.e., concrete subsequently exposed to seawater).

• The diffusion coefficient of chloride in the seawater-cured
concrete is two to three orders of magnitude higher than
values in the literature (Ref 12-14).

• Calculations have shown that the presence of an interme-
diate 100 mm layer of concrete with 28% fly ash slows
down chloride ingress between seawater-exposed concrete
and structural concrete.

The first observation, namely, the significant ingress of
chloride in concrete cured in seawater compared with concrete
cured in normal water, can be understood as follows: in the
initial stages, a large well-connected pore system is available,
at least until the hydration of cement proceeds to a significant
extent. The kinetics of the ingress of water being the same,
chloride penetration measured in the seawater-cured concrete is
apparently only a manifestation of the high chloride content in
seawater (20,000 ppm), which is absent in normal water. This
diffusion process, in principle, could have proceeded indefi-
nitely, but for the simultaneous hydration process of the ce-
ment, which produces an impermeable, tighter pore system,
thereby arresting further ingress.

Additionally, in the current study, chloride transport is as-
sumed to be driven only by the diffusion phenomenon. How-
ever, it is expected that the hydration reactions in concrete
would absorb a significant amount of chloride. This is expected
to result in an apparently high value for the diffusion coeffi-
cient. The diffusion coefficients quoted in the literature are for
well-cured concrete, subsequently exposed to seawater for sev-
eral years. Hence, the higher value of D in seawater-cured
concrete in the current study is as expected.

The chloride concentration has been predicted in structural
concrete with an intervening barrier of concrete containing
28% fly ash. This has been done for an initial chloride con-
centration of 20,000 ppm and width (h), which is a limiting
case for seawater exposure. This was done to determine the
efficiency of the 100 mm layer of fly ash-containing concrete
in preventing the flow of chloride ions into the adjacent struc-
tural concrete. The calculations show that the fly ash-concrete
barrier effectively prevents the buildup of chloride for a period
of up to 60 years. This is due to the very low diffusion coef-
ficient of chloride in concrete with fly ash, which is achieved,
in part, by the high silica content and the amorphous nature of
fly ash.

5. Conclusions

The major conclusions of the current study are:

• The microstructural and microchemical features in con-
crete cured in normal water and seawater were studied
using electron and ion optical spectroscopy techniques.

• The diffusion coefficient of chloride in seawater-cured
concrete was evaluated by a curve fitting the results of the
PIXE analysis. The high value of D is understood in terms
of the chloride content in the poorly developed pore sys-
tem of the wet concrete before the onset and progress of
hydration reactions.

• The diffusion profiles of chloride for various times and
distances have been evaluated using a simple diffusion
model. A case study for the redistribution of chloride be-
tween concrete exposed to seawater and structural con-
crete with an intermediate barrier of fly ash, 100 mm thick,
was presented.
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