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ABSTRACT

Diffusion coefficients of 0.3 water to solids rato (w/s) hydrated
Portland cement paste specimens were measured using a
conventional diffusion cell. Specimens were made from both ASTM
Type I and Type II portland cements and blends containing mineral
admixtures (fly ash, granulated blastfurnace slag, or silica
fume) . The average diffusion coefficient for the portland cement
paste specimens was 14xl0" 13 m2/s. The diffusion coefficients
for the specimens containing mineral admixtures were much more
variable than those for the portland cement paste specimens. A
probable cause of the variability in the test results was the
presence of cracks observed in the test specimens.

The effects of the depth of concrete cover over reinforcing steel
and of the chloride ion diffusion coefficient on the service life
of reinforced concrete exposed to chloride ions were predicted
based on a diffusion model. Based on the model, the effect of
the cover was shown to be proportional to the square of the cover
depth. A 10-fold decrease in the diffusion coefficient of
concrete was predicted to result in a 10-fold increase in the
predicted service life.

Based on the results of the present study, it is recommended that
a new chloride diffusivity test should be developed which is
applicable to concrete. A candidate test method is proposed.

KEYWORDS: Cement; chloride ion; concrete; corrosion; diffusion
coefficient; service life.
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1. INTRODUCTION

Corrosion of steel reinforcement is one of the potentially
serious degradation problems that could affect the structural
stability of concrete structures used for disposal of storing
low-level radioactive waste (1). The corrosion products of steel
occupy a volume several times (2, 3) that of the original iron,
which can result in the development of internal tensile stress
leading to cracking of the concrete. If corrosion proceeds
unabated, it may ultimately result in the destruction of
reinforced concrete. Also, reduction in the cross section of the
reinforcement, because of corrosion, will decrease its load
carrying capacity.

Portland cement concrete normally provides an internal
environment which protects reinforcing steel from corrosion. The
high alkaline environment (pH > 12.5) in concrete results in the
formation of a tightly adhering iron (III) oxide film which
passivates the steel and thereby protects it from corrosion (2).
However, the corrosion of steel embedded in concrete has become a
serious problem in recent years, which has been attributed
largely to the depassivating effect of chloride ions. Chloride
ions can accelerate the corrosion rate of reinforcing steel so
that corrosion can become serious problem within a few years
after construction (2)

.

Chloride ions are common in nature and small amounts are usually
unintentionally contained in the mix ingredients of concrete.
Chloride ions also may be intentionally added, most often as a
constituent of accelerating admixtures. The sources of chloride
ion which are causing most of the problems, however, are deicing
salts (usually calcium chloride) and sea water. Ground water may
be contaminated with chloride ions from natural deposits and
chlorides ions coming from runoff water, e

.
g

. , from bridges or
pavements treated with deicing salts.

The service life of reinforced concrete exposed to sufficient
chloride ions to accelerate the corrosion of the reinforcement is
largely controlled by the rate that chloride ions penetrate
concrete (3). Several models have been developed to predict the
service life of reinforced concrete which are based on the
diffusion rates of chloride ions (3, 4, 5, 6). To solve such models
and to predict the service life of reinforced concrete, diffusion
studies of concrete (7) and cements (8, 9, 10) have been carried
out. The purpose of the present study was to investigate the
feasibility of measuring chloride ion diffusion coefficients of
cementitious materials. Also, the effect of the chloride
diffusion coefficient on the service life of reinforced concrete
was investigated using a diffusion model.
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2 . EXPERIMENTAL

2.1 Hardened Cement Paste Specimens

Neat cement paste specimens were made using one ASTM Type I,
identified as I, and two Type II portland cements, identified as
II-A and II-M. Their oxide compositions are given in Table 1.
Blast furnace slag (BFS)

, fly ash (FA) , and silica fume (SF) were
blended with the cements and the compositions of these mineral
admixtures are given in Table 2. Blends of the portland cements
and the mineral admixtures were made using the mix proportions
given in Table 3. All the mixes were made with a water-to-solids
ratio, w/s, of 0.3. To each mix, either 24 or 32 g of a
commercial superplasticizer was added as a dry powder to the mix
water. The cement pastes were mixed, with minor exceptions,
according to the procedures given in ASTM C 305 (11) . Cement
pastes were cast in either 51 mm cube molds or cylindrical molds
which were 76 mm high and had a diameter of 38 mm. The molds
were mechanically vibrated to minimize air bubbles and placed in
a watertight plastic bag. After 1 day, the specimens were
stripped and immersed in saturated lime water at 22°C until
tested. They were tested between 67 to 139 days after being
prepared. Specimens for diffusion tests were cut from either the
cylinders or cubes with a diamond blade watering saw. Interior
slices, either 3 or 5 mm thick, were used for testing to avoid
surface artifacts which could be caused by bleeding, surface
finishing, or by casting.

The compressive strengths of the cubes were measured from 64 to
70 days of age following the procedures given in ASTM C-109 (12)

.

The results are given in Table 4.

2.2 Diffusion Test Method and Calculations

2.2.1 Test Method . The diffusion test apparatus was similar to
that described by Clifton et. al., (13), and is shown Fig. 1.

With most of the cells, a light coating of silicone vacuum grease
was used between "O'* ring and glass surfaces but not between "0”

ring and cement paste surfaces. The exposed surfaces of the
cement paste and the adjacent glass surfaces of the cell were
sealed with a silicone rubber to prevent leakage from the cell.
The complete cell was held in place by an acrylic frame (Fig. 2)

.

The larger chamber (LC) was filled with 100 to 120 ml of 1.0 N
NaCl and the smaller chamber (SC) was filled with 39 to 46 ml of
deionized water. The cement disks were always kept wet or moist,
throughout curing and testing. Even during the cell installation
process, the disks were not allowed to dry out. Except when
measurements were being made, the exposed openings of the cell
compartments were sealed with rubber stoppers to prevent
evaporation of the cell solutions.
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Table 1. Composition of Portland Cements

Portland Cements a

Comoosition I II-A II-M

S i02 19.96 21.0 21.50

Al 2°3 6.11 4.4 4 . 00

Fe
2
0
2

2.36 3 .

1

5.20

CaO 61.87 63 .

5

63.30

MgO 3 . 02 3 .

4

2 .40

S0
3

3 .22 2.94 n . a

.

c

Na 20 0.39 0.26 0.05

k2o 0.75 0.50 0.52

LOIb 1.58 1.00 0.5

Ins. Res. b n. a

.

0.34 n . a

.

Mn 203 0.11 n. a

.

n. a

.

p2°5 0.28 n. a

.

n . a

.

Ti0
2 0.33 n. a

.

n. a

.

Designation by type of portland cement, A and M refer to sources

LOI is the loss on ignition; Ins. Res. is the insoluble residue

.

cNot available.

3



Table 2 Composition of Mineral Admixtures a

Blast
Comoosition Furnace Slaa Flv Ash Silica Fume

si0 2
35.38 56.6 92 - 93

ai
2
o 3

11.76 32.0 0.20 - 0.30

Fe
2 °3 1.01 3.6 0.10 - 0.50

Ti°2 c 2.0 c

CaO 39.14 0.8 0.10 - 0.15

MgO 11.32 0.8 0.10 - 0.20

Na20 0.07 0.3 0.10

k2o 0.41 2.5 0.10

S0
3

1.12 0.20 0.10

P2°5
c 0.1 c

LOIb 1 . 35 d 1.0 c

Carbon c c 4-5

Compositions given as reported by sources of admixtures,
in percent.

bLOI indicates loss on ignition.

cNot reported.

dReported as "gain on ignition"

.
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Table 3 Mix Design of Cement Pastesa

Mineral Portland Mineral Water
Mix Codeb Admixture Cement fa) Admixture fa) Solid

I None 4000 — 0.3
II-A None 4000 -- 0.3
II-M None 4000 — 0.3
I-FA Fly Ash 2800 1200 0 .

3

II-A-FA Fly Ash 2800 1200 0 .

3

II-M-FA Fly Ash 2800 1200 0.3
I-BFS Blast Furnace Slag 1400 2600 0.3
II-A-BFS Blast Furnace Slag 1400 2600 0.

3

II-M-BFS Blast Furnace Slag 1400 2600 0.3
I-SF Silica Fume 3600 400 0.3 '

II-M-SF Silica Fume 3600 400 0 .

3

aTo each mix, 24g superplasticizer were added, except for silica fume
mixes to which 32g superplasticizer added.

b

I = Type I Portland Cement
II-M = Type II Portland Cement
II-A = Type II Portland Cement

BFS = Blast Furnace Slag
FA = Fly Ash
SF = Silica Fume

5



Table 4 Compressive Strength of Hardened Cement Pastes

Mix Designa
Average Compressive

Strength, MPa S.D.

I 73.9 8 .

9

I-BFS 76.3 5.7

I-FA 67.5 17.3

I-SF 59.8 2 .

9

1 1-A 101.5 10.9

II-A-BFS 77.5 7 .

1

II-A-FA 66.2 12 .

1

II-M 63.1 3 .

6

II-M-BFS 87.0 19.8

II-M-FA 77.0 3 .

6

II-M-SF 106.9 13 .

0

aSee Table 3 for identification of mix design

bStandard deviation

, MPa
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The amount of chloride ion diffusing through a hardened cement
paste disk was measured using a combination chloride selective
ion electrode. The electrode potential measurements, in mV, were
converted to chloride ion concentrations by a calibration curve
made using NaCl standard solutions. The reproducibility of the
electrode was checked regularly using deionized water and
standard NaCl solutions.

Based on the observed diffusion results, it was concluded that in
most cases, linear gradients were attained within 120 days of
testing. Diffusion testing of specimens exhibiting the lower
dif fusivities (Specimen Nos. 5, 9, 18, and 23 (Table 5)) were
continued for 16 months to ensure that steady state conditions
were reached.

2.2.2. Calculation of diffusion Coefficients . The calculation of
the chloride ion diffusion constant was based on the one-
dimensional form of Fick's first equation (14):

(1/A) dQ/dt - -D dC/dx
( 1 )

This equation relates the amount of chloride ions Q diffusing
through a cross-sectional area A per unit of time, dQ/dt, to the
gradient of the concentration, dc/dx, and the diffusion
coefficient, D.

In the diffusion experiments, diffusion took place from a cell
with fixed concentration, 0-^(0), across a hardened cement paste
into a second cell with initial chloride ion concentration of
C 2 = 0. After a linear gradient was obtained at time t, the
concentration gradient within the specimen was assumed to be
everywhere the same and instantaneously equal to:

dc/dx = (C 2 (t) - C x (t)) / H ( 2 )

where H is the thickness of the specimen in the direction of
flow. In reality, the pore space of the hardened cement paste
was inhomogeneous on length scales smaller than the thickness (3

to 5 mm) of the specimens. By assuming that the cement paste
was homogeneous (thin membrane approximation) , the effective
macroscopic diffusion constant was obtained. This procedure is
conceptually similar to the determination of effective electrical
conductivities and elastic moduli in inhomogeneous composite
materials (15)

.

Substituting equation (2) for dc/dx in equation (1) and
rearranging, the following equation was obtained:

dQ/dt = -DA (C
2
(t) - C

l
(t)) / H (

3
)

9



Using the boundary condition C
2 (0) =0 and integrating, equation

(3) becomes:

HV . r
C

1
{o) V

Dt = — In —

—

- -

a q (o) v - c
2
(t) v

2

( 4 )

where and V
2
are the volumes of the solutions in the two cell

compartments (V]_ > V2 )

,

C 2 is the measured Cl' concentration of
solution in compartment SC at time t, and V = V^V

2 / (V^ + V
2 ) .

Assuming steady state conditions, a plot of the right hand side
of equation (4) vs. t should give a straight line whose slope is
D, the effective diffusion coefficient of the cement paste
specimens. A typical data plot is shown in Fig. 3. The zero
slope portion of the plot reflects the time for the chloride ions
to reach compartment LC.

2.3 Observation of Cracks in Disks

The measured diffusion coefficients (Table 5) of four of the test
specimens were substantially higher than the other specimens and,
in some cases, considerable variability was found in the results
for companion specimens. The presence of cracks was thought to
be a likely reason for the higher diffusion values and the
variability in the data. Therefore, 18 of the 23 specimens were
examined for cracks within several days after they were removed
from their diffusion cells. The examined disks were kept wet
from the time they were removed from their cells until their
examination. One or more cracks were visible in each of the 18
disks examined. The cracks usually extended from the edge of a
disk into or very near the diffusion zone. Often the cracks
extended completely through the disks. The crack widths were
estimated for 7 disks using an optical microscope as being
between 0.02 and 0.13 mm.

10
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3. TEST RESULTS AND DISCUSSION

The experimentally determined diffusion coefficients are given in
Table 5. Specimen Nos. 1, 2, 7 , 8, and 13 through 16 can be
considered control specimens as they did not contain any mineral
admixtures. Calculating the average diffusion coefficient for
these specimens, the result was 14X10"-1- 3 m2/s. This value is in
the range (5x10 x irr/s to 40x10 mys) estimated by simulation
modeling (16) of a Portland cement paste with a w/s of 0.3 and
which was hydrated to its maximum extent. Diffusion studies by
Kumar (9) and Atkinson (10) , also, gave diffusion coefficients
similar to those measured in the present study for hardened
Portland cement pastes. The above comparisons suggest that the
diffusion coefficient of around 14xl0' 23 m2/s is near the
intrinsic coefficient for portland cement at a w/s of 0.3, with
no contribution by cracks.

The diffusion coefficients of specimens containing mineral
admixtures were considerably more variable than the values
obtained with pure portland cement pastes. For example,
specimen No. 4, containing 30 percent fly ash (based on total
solid mass) had a diffusion coefficient 60xl0‘ 13 m2/s, while its
companion specimen had a value of less than O^xlO' 13 m2/s. The
highest diffusion coefficient, 1400xl0~ 13 m2/s was obtained for
specimen No. 6 which contained 10 percent, on a mass basis, of
silica fume, while another specimen (No. 23) with silica fume
gave a value of 0.56xl0‘ 13 m2 s (note that the value for its
companion specimen, No. 22, was 58.0X10'-1- 3 m2/s) . Similar,
examples of variability were obtained with the specimens
containing the blast furnace slag (e.g., compare specimen Nos. 9

and 10) . A possible cause of the variability in the test results
is the presence of cracks in the test specimens. According to
Powers (17), hydrated portland cement-based materials with w/s
below that necessary for complete hydration, could exhibit
desiccation cracking.

Analysis of the diffusivity data (Table 5) does not reveal any
relationship between the curing time of the test specimens and
their diffusion coefficients. The lack of such a relationship
suggests that the specimens hydrated to their maximum extent
before testing.

12
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4. NEED FOR A NEW DIFFUSION TEST METHOD

Although the chloride diffusivity experiments were carefully
carried out, the results had a wide scatter. Some specimens had
abnormally low or high diffusivities , far beyond what could be
reasonably expected for the materials used. Some disks were
cracked, which could have also contributed to the scatter.
Finally, months of data-taking were required to collect
sufficient data for a diffusion coefficient to be determined. A
more reliable and rapid method of determining chloride
dif fusivities is required.

There is a method that empirically attempts to assess the
chloride diffusivity of concrete, called the "Rapid Chloride
Permeability Test" (18). This test is used in attempts to
quantify the chloride diffusivity by measuring the total current
that is passed through a water-saturated specimen in 6 hours
under an applied DC potential of 60 volts. The Nernst-Einstein
relation quantitatively relates diffusivity and conductivity,
which is the physical motivation for this test. For plain
Portland cement concrete, this test appears to adequately rank
different specimens according to their w/s ratio. However, this
is only possible because the conductivity of the pore solution is
about the same for various water: cement ratios.

The measured current in the Rapid Chloride Permeability Test
(which is probably dominated by electrode polarization effects
and thus is not measuring the true DC conductivity (19)) is
directly proportional to the conductivity of the pore solution as
well as the geometrical effect of a confining, tortuous pore
network. Mineral admixtures such as silica fume appear to have
the ability of greatly reducing the pore solution conductivity, •

possibly through the consumption of calcium ions. Therefore, a
silica fume-modified concrete may show an unusually low total
current passed due only to the reduction in pore solution
conductivity, and not to any significant microstructural change
that would also be reflected in lower chloride diffusivity
values. To determine the contribution of any true
microstructural change would require knowledge of the pore
solution conductivity.

Atkinson (10) has shown how the diffusivity can be rapidly and
accurately measured using AC electrical conductivity
measurements. The pore space is first saturated with a solution
of an electrolyte with a high conductivity, and then the
frequency-dependent electrical conductivity is measured and
extrapolated back to zero. Finally, the diffusivity coefficient
is calculated from its electrical conductivity. This technique
removes the electrode polarization effects associated with DC
measurements, and gives the true DC conductivity. This technique
has been used successfully for many years in the oil-well
logging industry, and uses standard commercial equipment. It has

14



been used by Atkinson (10) with some success, but has not been
carefully and thoroughly validated for cement-based materials.

-

.
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5. EFFECT OF CHLORIDE ION DIFFUSIVITY ON SERVICE LIFE

The effect of chloride ion diffusivity on the service life of
reinforced concrete can be assessed based on the conceptual model
of corrosion schematically represented in Fig. 4. According to
this model, corrosion starts after the end of an initiation
period (dormant period) which is followed by a propagation period
(period of active corrosion) . The corrosion process can be
initiated by the diffusion of chloride ions to the depth of the
reinforcing steel, or by the effect of carbonation reducing the
pH of the pore liquid in contact with the steel, or by some
combination of these two processes. Considering only the effect
of chloride ions on the initiation period, its time is largely
controlled by the rate of penetration of the chloride ions in the
concrete and by the threshold concentration for the corrosion
process. The threshold concentration is the chloride ion
concentration necessary to induce corrosion. If the corrosion is
induced by chloride ions and if sufficient oxygen is available to
sustain corrosion, the service life can be roughly estimated by
calculating the initiation period.

The initiation period is determined for the reinforced concrete
element shown in Fig. 5 as follows. C0 is the concentration of
chloride ions at the outside surface of the concrete and is
the concentration at the depth of the reinforcement, which is
assumed to be initially 0. The initiation period is completed
when = C t , the threshold concentration. The time for = C t

can be calculated using Fick’s second law of diffusion (14):

ac
dt

= D d2 c
dz 2

(5)

where C is the chloride ion concentration
t is the time
Z is the distance
D is the diffusion coefficient.

The general solution to equation No. (5) for the concrete element
in Fig. 5 is:

-£<*•*> -i (-1)" lexfi { 2a +V-=Z) +

2/1
erf {

{2n+1) +
-ZL)]

2/r

( 6 )

where erf is the error function (20)

,

y = (L-x)/L, and
r = Dt/Lz

.

x = depth of cover
L = thickness of concrete element

16
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However, in the present case, only the n = 0 term of equation
(6) needs to be considered (higher order terms have insignificant
contributions to the summation); thus equation (6) reduces to:

erf SlzH
2/r

(7)

where 1 - y = x/L.

In the present case, to achieve a service life of 500 years, for
the parametric values of D = 5xl0" 13 m2/s, x = 75 mm, L = 300 mm,

and Cj_ = 0 at t = 0, the ratio of C t/C0 was set at 0.55.

The effects of the depth of concrete cover over the reinforcing
steel and the chloride ion diffusion coefficient of concrete are
presented in Table 6. The effect of the cover is proportional to
x 2

. For example, increasing x from 25 mm to 100 mm, increases
the service life by a factor of (100/25) 2 or 16. Therefore,
proper placement of the reinforcing steel is vital, if the
reinforced concrete is to attain its designed life.

The effect of the diffusion coefficient is significant as a 10-
fold decrease in it results in a 10-fold increase in the
predicted service life. Therefore, accurate measurements of the
chloride diffusion coefficients of concrete are necessary if
accurate service life predictions are to be made. This
reinforces the justification for the development of an accurate
chloride ion diffusivity test.

19



Table 6. Service Life of Reinforced Concrete (Years) a

Chloride Ion Diffusion Coefficient. D (m 2 /s)

Cover
( mm) 5x10

"

11 5x10

'

12 5x10
‘

'

25 0.56 5.6 56

50 2.3 23 230

75 5 50 500

100 9 90 900

aBased on setting C t/C0
= 0.55 and L = 300 mm.

20



6. SUMMARY AND RECOMMENDATIONS

Diffusion coefficients of 0.3 w/s hardened portland cement paste
specimens were measured using a conventional diffusion cell.
Specimens were made from ASTM Type I and Type II portland cements
and blends of them with mineral admixtures: fly ash, granulated
blast furnace slag, or silica fume. The average diffusion
coefficient for the portland cement paste specimens was 14xl0' 13

m2/s, which is in the range estimated by simulation modeling (16)

of a portland cement paste with a w/s of 0.3 and hydrated to its
maximum extent. The diffusion coefficients of specimens
containing mineral admixtures were considerably more variable
than the values obtained with pure portland cement pastes. A
probable cause of the variability in the test results was the
presence of cracks observed in the test specimens.

The effects of the depth of concrete cover over the reinforcing
steel and the chloride ion diffusion coefficient on the service
life of reinforced concrete exposed to chloride ions were
predicted based on a diffusion model. The effect of the cover
was shown to be proportional to square of depth of concrete
cover. For example, increasing the cover from 25 mm to 100 mm,
should increase the service life by a factor of (100/25) 2 or 16.

Therefore, proper placement of the reinforcing steel is vital if
the reinforced concrete is to attain its designed life. The
effect of the diffusion coefficient is significant as a 10-fold
decrease in it results in a 10-fold increase in the predicted
service life. Therefore, accurate measurements of the chloride
diffusion coefficients of concrete are necessary if accurate
service life predictions are to be made.

Based on the results of the present study, it is recommended that
a new chloride diffusivity test should be developed which is
applicable to concrete. A proposed candidate for the new test
involves measuring the AC electrical conductivity of a concrete
whose pore space is saturated with a solution of a chloride ion
electrolyte with a high conductivity.
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