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ABSTRACT: An experimental study was conducted to evaluate correlations between the depth of water penetration, chloride permeability, and
coefficient of chloride diffusion in plain, silica fume, and fly ash cement concretes. A total of 27 concrete mixtures were prepared by varying the
water to cementitious materials ratio and cementitious materials content and using Type |, fly ash (20 %), and silica fume (7.5 %) cements. The test
results were statistically analyzed to develop correlations between the depth of water penetration, chloride permeability, and coefficient of chloride
diffusion. A good correlation was noted between the depth of water penetration and chloride diffusion, and Chloride permeability and coefficient of

chloride diffusion (R>>0.80).
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Introduction

Movement of pure water or diffusion of aggressive ions. such as chlorides
and sulfates, influences the durability of concrete. Movement of fluids
through concrete takes place in different ways, such as flow under a
pressure differential, termed as "permeability,” capillary movement in the
pores, termed as "sorption," and due to differences in concentration, termed
as “diffusion.” In addition to the exposure conditions. the aforesaid
transport phenomena primarily depend on the concrete's microstructure [1].
The microstructure of concrete is influenced by a number of factors that
include: water/cementitious materials ratio, type, and the quantity of the
cementitious materials, aggregate size and proportion, admixtures used, and
methods of preparation, placement, and curing [2].

Durability of concrete is generally assessed by measuring the depth of
water penetration according to DIN 1048 [3], evaluating chloride
permeability according to ASTM C 1202 [4], and determining the
coefficient of chloride diffusion using Fick's second law, as described by
Crank [5]. The determination of depth of water penetration and chloride
permeability provides a qualitative indication of the durability of concrete.
Further, these values are often not useful [or predicting the time to
initiation and rate of reinforcement corrosion. On the other hand, the
chloride diffusion coefficient is very useful in predicting the time to
initiation of reinforcement corrosion in concrete exposed to chloride
environments [6]. However, the determination of chloride diffusion
coefficient is difficult and requires a very long exposure time, as compared
to the measurement of depth of water penetration and chloride
permeability. Since the aforesaid three paranleters primarily depend on the
microstructure of concrete, there is a possibility of correlating them with
each other, so that a particular paranleter that is difficult to measure (e.g.,
chloride diffusion coefficient) could be determined by measuring
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another parameter, such as chloride permeability or depth of water
penetration.

Several research studies have been reported in the literature on the
correlation between the durability parameters. Armaghani et al. [7]
established a correlation between the results of the Florida water
permeability test and those of AASHTO T-277 [8] chloride permeability
test which is similar to ASTM C 1202 [4]. A unique relationship between
the Coulomb and migration coefficient of chloride ions fOf plain and
blended cement concretes was reported by Sugiyama et al. [Q]. Yang [10],
in his study on the relationship between the pore structure and chloride
diffusivity in cement-based materials, obtained a linear relationship
between the steady-state migration coefficient and nonsteady-state
migration coefficient based on the same experimental setup and specimens.
A relationship between the effective diffusion coefficient and the depth of
chloride penetration under the action of an electric field was reported by
Luping and Nilsson [11). Ramezanianpour et al. [12] developed a
correlation between the chloride permeability and chloride diffusion
coefficient using a neural network system. Yang and Cho [13] and Yang
[14] have found a linear correlation between the chloride diffusion
coefficient and charge passed (i.e., chloride permeability). A correlation
between the chloride diffusion coefficient and gas permeability of concrete
was reported by Sugiyama et al. [15]. Equations relating the effective
chloride diffusion coefficient with resistivity and permeability of concrete
have been developed by Berke and Hicks [16].

There is an increasing trend to specify concrete in terms of both strength
and durability in order to enhance the useful service-life of structures.
Among the durability indices, coefficient of chloride diffusion is more
relevant. However, its determination is difficult and time consuming. On
the other hand, the depth of water penetration and chloride permeability
could be determined with much more ease and at less expense and time.
Therefore, there is a need to develop correlaticllls between the depth of
water penetration, chloride permeability, and coefficient of chloride
diffusion. Such correlations would provide an empirical guidance en
determining the
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coelficient of chloride diffusion if chloride permeability or the
depth of water penetration is known. In the present study, the depth
ol water penetration, chloride permeability, and coefficient of chlo-
ride diffusion were measured on 27 plain, silica fume, and fly ash
cement concrete mixtures by varying the mixture proportions (1.e.,
water to binder ratio and cementitious materials content). The test
results were analyzed to develop correlations between the depth of
waler penetration, chloride permeability, and coefficient of chlo-
ride diffusion.

Experimental Program

Type I cement, silica fume and fly ash were used to prepare plain
and blended cement concrete mixtures. Silica fume (7.5 %%) and fly
ash (20 %) were used to replace Type | cement by mass. Crushed
limestone was used as the coarse aggregate while dune sand was
used as the fine aggregate. The coarse aggregate grading con-
formed to ASTM C 33 [17] (##7) limits. The specific gravity and
water absorption of the coarse aggregate were 2,55 and 2.5 %, re-
spectively. For fine aggregates, these values were 2.65 and 0.5 %,
respectively.

In order to develop test data over a wide and practical range, the
following mix design parameters were utilized in the preparation of
the concrete mixtures:

300, 350, and 400
kg/m?
0.35, 0,40, 0.45, and 0.50
(by mass)
0.68 (by mass, constant in
all mixtures)

Cementitious materials content:
Water/cementitious materials ratio:
Coarse /total aggregate ratio:

All the conerete mixtures were designed for a workability of 75
to 100 mm slump. Suitable dosage of @ high-range water reducer
was added to the concrete to obtain the desired workability.

The depth of water penetration was measured according to DIN
1048 [3] while the chloride permeability was determined according
10 ASTM C 1202 [4].

For determining the coefficient of chloride diffusion, three
75-mm diameter and 150-mm high concrete cylinders were first
cured for 28 days, Thereafter, they were allowed to dry in the labo-
ratory for seven days and then they were coated with an epoxy resin
on the curved surface and one of the flat surfaces 1o allow uniaxial
diffusion of chloride 1ons. The specimens were dried to ensure a
good bond between the concrete substrate and the epoxy coating.
The coated specimens were immersed in a 5 %% sodium chloride

solution for six months, After this period, they were cleancd and
dried to remove the surface moisture and thin slices of concrete
were thereafter obtained at 5, 15, 35, 50, and 75 mm by dry cutting.
The shices were pulverized and ground to a fine powder passing
through #100 sieve. In order to determine the concentration of
water-soluble chlorides, three grams of the powder were dissolved
in 50 mL of hot distilled water. The solution was kept in a mechani-
cal shaker for 24 hours and, thereafter, it was filtered and the filtrate
was diluted to 100 mL. The filtrate was analyzed for water-soluble
chloride content in accordance with AASHTO T-260 [18]. The
chloride concentration was plotted against the concrete depth to as-
certain the chloride concentration profile that was utilized to deter-
mine the coefficient of chloride diftusion according to Fick's sec-
ond law of diffusion, as described by Crank [5].

TABLE |—Depih of water penetration, chloride perpeabilitv, and cocficient

of chloride diffusion in plain cement concrete specimens.

Cementitious Depth of Rapid Chloride
Materials Water Chlaride Ditfusion
Content w/cm Penetration Permeability Coefficient
(kg/m’) Ratio L (Coulombs) 10 % emtis)
as0 0.35 41 2875 Hhi2
40 035 36 24458 731
350 040 47 3639 K12
400 Ot 44 3271 K02
a00 045 56 3984 15.00
350 0,45 50 3820 13.10
400 045 48 3503 12.50
350 0.50 89 5614 22.00
400 .50 82 4150 1906

Results and Discussion

The depth of water penetration. chloride permeability, and coeffi-
cient of chloride diffusion, determined for plain, silica fume. and
fly ash cement concrete specimens are presented in Tables 1-3. The
effect of the two variables, water to cementitious materials (w/cm)
ratio and cementitions materials content, can be seen through the
observation of the test results for all the three types of concretes, It
can be noted that an increase in the w/em ratio decreases the dura-
bility of both plain and blended cement coneretes while an increase
in the cementitious materials content enhances it. The effect of ce-

TABLE 2—Depth of verter nonetration, chloride permeability, and cocfficicn:

of chloride diffusion in sifica fume coment concreli specim

Cementitious Depth of Chloride
Materials Water Chloride Diftusion
Content Wicin Penatration Permeability Coefficient
(kg/m*) (mm) (Coulombs) (210 % em?/s)
350 23 820 1.22
400 21 782 1.08
350 0.40 33 995 .64
400 0.40 31 566 1.54
300 T0.45 49 1242 211
350 41 1329 141
400 3s 1149 1.37
350 50 259]

400 .50 44 201y

el coctficicni

TABLE 3—Depih of water penetration, chloride permeabiliny
of chloride diffusion in flv ash coment concrete speciniens.

Cementitious Depth of Chlonide
Materials Water Chloride Ditiusion
Conlent WAk Penetration Permeability Coeflicient
(kg/m’) Ratie {rmm) (Coulombs) (1077 em®is)
350 0.35 32 1603 212
400 038 21 1477 1.66
350 (.40 44 1769 2.41
400 .40 38 1630 202
300 0.45 48 2219 4.23
350 0.45 46 2510 4.16
400 048 45 2220 3.05
is0 .50 57 3548 5.32
400 0.50 51 2750 $.85
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FIG. |—Relationship between depth of waler penctration and coefficient of
chloride diffusion.

mentitious materials content is marginal at lower w/cm ratio (0.35
and 0.40) and significant at higher w/em ratios (0.45 and 0.50), par-
teularly at 0.50. The effect of adding silica fume and fly ash on the
durability characteristics is also observed. For a given w/em ratio
and cementitious materials content, plain cement concrete is the
least durable while silica fume cement concrete is the most durable.

To develop correlation equations between the investigated dura-
bility characteristics, the depth of water penetration is plotted
against the coefficient of chloride diffusion in Fig. 1. while the
depth of water penetration is plotted agamst the chloride perme-
ability in Fig. 2. The coefficient of chloride diffusion is correlated
with chloride permeability in Fig. 3. As shown in Figs. | and 2, both
chloride diffusion coefficient and chloride permeability increase
with an increase in the depth of water penetration. However, for a
cerfain depth of water penetration, the chloride diffusion and chlo-
ride permeability are different for the three types of concretes. Both
the chloride permeability and chloride diffusion values arc the least
in the silica fume cement conerete, followed by fly ash and plain
cement concretes in the increasing order. Thus, the positive effect
of supplementary cementing materials in decreasing chloride in-
gress is evident. A similar trend could be observed between the
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FIG. 2. Relationship between depth of water penctration and  chloride
permeability.
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FIG. 3 Relationship between chiloride permeability and coefficient of chloride
diffusion

chloride permeability and coefficient of chloride diffusion, as
shown in Fig. 3. The coefficient of chloride diffusion increased lin-
carly with the chloride permeability of conerete.

The best-fit equations and the coefficients of correlation (R,
obtained by statistical anaiysis of the experimental data, are sum-
marized in Table 4. The correlation coefficients are generally more
than 0.80, indicating a good correlation between the three durabil-
ity indices [19]. While all the points were considered in the statis-
tical analysis, one of the nine points, that indicated a significant
variation between the experimental and fitted value (=50 %) in the
correlation betwecn hileride permeability and depth of water pen-
etration for silica fume concrete, was not considered in the statisti-
cal analyses. Similarly, two of the nine data points, that showed a
variation of more than 25 %%, were not considered in the statistical
analysis to get a better correlation between chloride diffusion coef-
ficient and chloride permeability.

The best-iii models relating the coefficient of chloride diffusion
with the depth of water penctration and chloride permeability for
plain, silica fume, and fly ash cement concretes may be useful for a
quick determination of the coefficient of chloride diftusion by sub-
stituting cither oi'these values in the respective models. However, it
should be noted that the properties of concrete are dependent not
only on the mix design parameters, but on the cement type. Also, it

TABLE 4—Correlation cquations between the durability indices

Correlation between Concivie

Correlation Equation R
Chloride diffusion orc CDC=U286WPD 329 089
coethicient and depth of Silica fume CDC=0.038WPD+0.28 092
water penetration Flv ash CDC=0146WPD - 3.04 (IR
Chloride permeability anu ope ROCP=43.783WPD+1312 081

depth of water penetration  siiica fume  RCP=358393WPD-725  0.80°

Fly ash RCP=71.714WPD- 932 (.84
Chloride permeability and OPC CDC=00056RCP - 845 082
chloride diffusion Silica fume  CDC=0.0005RCP+099 082"
coefficient Fly ash CDC=00019RCP 086 0.59

Notes: WPD=depih of water penetration (mm). RCP=Chloride permeability
(Coulombs). CRC=Chloride diffusion coefficient (31077 em?/s).

"One of the nine data points exhibiting high cocfficient of variation was deleted
to obtain a good it

MTwo of the nine data points exhibiting high coctlicient of variation were deleted
to obtain a good fit.
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may not be rational to relate the absorption characteristics with the
diffusion propertics. Therefore, the correlations developed in this
study, particularly those relating the depth of water penetration to
the coefficient of chloride diffusion should be used with caution.
They cun, however, at best be utilized to calculate approximate val-

uces.

Conclusions

Based on the data developed in this investigation, the following
conclusions could be drawn:

< The coefhicient of chloride diffusion, chloride permeability,
and depth of water penetration decreased with decreasing
water to cementitious materials ratio and increasing cement

content. However, these properties varied with the type of

cement, being the least in the silica fume cement concrete
followed by fly ash and plain cement concretes in increasing
order.

+ Good correlation was noted between the coeflicient of chlo-
ride diffusion and the depth of water penetration and coeffi-
cient of chloride diffusion and chloride permeability. The
carrelation coefficients (R7) were more than 0.80.

+ The correlations developed in the present study could be uti-
lized to determine the coefficient of chloride diffusion utiliz-
ing the depth of water penetration or chloride permeability,
However, it should be noted that the values obtained from the
correlation equations are valid for the cement types and mix
design parameters investigated in the reported study. There-
fore, the results obtained utilizing the correlation equations
for other mixes would at best provide an approximate indica-
tion of the desired properties of concrete.
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