Chloride conductivity
testing of concrete - past
and recent developments

M Otieno, M Alexander

The chloride conductivity index (CCl) is a quality control parameter used to assess the resistance
of concrete to chloride ingress. It is determined from the chloride conductivity (CC) test which
has been in use in South Africa for close to two decades. During this time, it has undergone a
number of changes to improve on its robustness, reproducibility, and repeatability. Plans are
now under way to incorporate the test and other durability index tests (oxygen permeability
and water sorptivity) into the SANS standards, and it is important that the end user is aware of
the changes and why they were made. Specifically, aspects concerning a new design of the CC
testing rig which is already in use, and a modified old design which is still being used in some
laboratories, are highlighted, such as the significant but variable differences in CCl results that
could occur between the old and new CC test rigs. Experimental investigations were carried
out to establish the cause of these differences, which was identified as largely due to possible
incomplete filling of the original device. Modifications were therefore made to the old CC test
rig to ensure that both the new and the modified CC test rigs give similar results.

INTRODUCTION
The paradigm shift from prescriptive to
performance-based durability design and
specification of concrete structures has faced
many challenges, not only in South Africa,
but also around the world. These challenges
include possible increased initial project costs,
changing the mindset of practising concrete
engineers and contractors, selection of suitable
materials, quantification of severity of exposure
environments, and development and standardi-
sation of durability tests. Nevertheless, strides
have been made to overcome these challenges,
and in South Africa the combined efforts of
researchers, engineers, contractors and cement
manufacturing companies have seen the
concrete industry adopt the durability index
(DI) tests for concrete durability design and
specification. The DI tests encompass chloride
conductivity (CC), oxygen permeability (OP)
and water sorptivity (WS) tests, and were
developed as a result of collaborative research
efforts at the Universities of Cape Town and
the Witwatersrand, with support from the con-
crete industry. The DI tests have been in use
in South Africa for close to two decades, and
have been subjected to various tests to assess
their robustness, reproducibility and repeat-
ability, including international round-robin
tests (Gouws et al 2001; Stanish et al 2006;
Beushausen & Alexander 2008). The ultimate
goal is to incorporate these tests into the South
African National Standards (SANS), and plans
are already under way to realise this.

This paper focuses on the chloride
conductivity test, which is used to assess the

resistance of concrete to chloride penetration.
Like any other test, the testing equipment,
operator experience and materials used are
just as important as the testing process itself.
Common sources of error in this test include
improper specimen conditioning (i.e. oven-
drying followed by vacuum-saturation with
5M NaCl solution), use of wrong concentra-
tion of the salt solution in the test, incorrect
circuit connection (incorrect test set-up), and
incomplete filling of the luggin capillaries and
the anode and cathode compartments with
the salt solution. The latter source of error
(i.e. incomplete filling of the luggins and the
compartments) mainly relate to the design of
the CC test rig, although operator experience
can also contribute to the errors.

In an attempt to limit the probability
of occurrence of these errors, a number of
changes have been made to the design of the
CC test rig over the years, and it is important
that the end user is made aware of these
changes, i.e. why the changes were made,
and how they affect the results, if at all. This
is the purpose of this paper, but first a brief
background of the CC test is given.

BRIEF BACKGROUND ON THE
CHLORIDE CONDUCTIVITY TEST

The CC test, developed by Streicher (1997), is
a rapid chloride conduction test used to assess
the intrinsic potential of a given concrete

(or mortar) to resist the ingress of chlorides
by diffusion. However, in the test, chlorides
penetrate the test specimen by migration (also
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referred to as conduction, electro-diffusion

or accelerated diffusion) due to a potential
difference induced in the test set-up. The two
transport mechanisms (diffusion and migra-
tion) can be related by the Nernst-Planck
equation (Bockris et al 1981; Andrade 1993):

zZF \(dU
-] g
RT/\dx
where
J = unidirectional flux of the ionic species
(mol/cm?2s)
D = diffusion coefficient of the ionic species
(cm?/s)
z = electrical charge of ionic species (ionic
valence)
F = Faraday’s constant (96500 C/mol)
T = absolute temperature (K)
U = potential difference (voltage) across the
sample (V)
x = a distance variable (cm)
R = universal gas constant (8.314 J/mol-K)

A detailed test procedure is available in the
Durability Index Testing Manual (DI Manual
2010). In summary, nominally 70 + 2 mm
diameter, 30 + 2 mm thick concrete discs are
prepared, typically from cored specimens.
Four specimens (discs) are tested for each
concrete. Prior to testing, the specimens are
dried in an oven at 50°C for not less than
seven days and not more than eight days.
The specimens are then vacuum-saturated
with 5M NaCl solution before being placed
in a test rig with a cell filled with the same
salt solution on either side. A 10 V potential
difference is applied across the specimen,
and the current through the specimen is
measured in a very short time (typically 10
seconds). The chloride conductivity index
(CCI) is then calculated using the formula
(Streicher & Alexander 1995):

o= ﬁ 2)
VA
where
o = chloride conductivity index of the
specimen (mS/cm)
i = electric current through the specimen
(mA)
V' = voltage difference across the specimen
V)
d = average specimen thickness (cm)
A = cross-sectional area of the specimen

(cm?)

Chloride penetration resistance of a given
concrete increases with decrease in o and
vice versa. Values of ¢ typically vary from

< 0.5 mS/cm for dense chloride-resistant
concretes to > 2.5 mS/cm for very penetrable
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Figure 2 Chloride conductivity set-up after first m

concretes. The chloride conductivity is fun-
damentally related to steady state diffusivity
(D,) by the Nernst—Einstein equation, which
relates the conductivity of a bulk material to
its D, as follows (Bockris et a/ 1981; Garboczi
& Bentz 1992):

Q—DS— o
DO UO

where
Q = diffusivity ratio
o = conductivity of concrete (S/m)

odification (Alexander et al 1999)

o, = conductivity of the pore solution (S/m)

D, = steady state diffusivity of chloride ions
through concrete (m?2/s)

D, = diffusivity of chloride ions in the

equivalent pore solution (m?/s)

However, in reality non-steady-state condi-
tions exist, and the chloride diffusion is
represented by an apparent diffusion coef-
ficient (D). This limits the application of the
Nernst-Einstein equation. Therefore the CCI
(0) is empirically related to the (apparent)
chloride diffusion coefficient (D,) which is
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used in service life design (Mackechnie &
Alexander 1996). Practically the diffusion
coefficient determined from o is depend-

ent on the binder type, age of concrete and
marine exposure environment (Mackechnie
2001). This means that concretes made using
different binder types can exhibit the same
CCI, but different diffusion coefficients. This
is mainly due to differences in chloride bind-
ing capacities of different binders (Arya et al
1990).

THE CHLORIDE CONDUCTIVITY

TEST SET-UP AND TESTING RIG

The design of the CC test rig and set-up can

contribute to systemic errors. The initial CC

test set-up developed by Streicher (1997) is
shown in Figure 1. Initially, 5M NaCl in satu-
rated Ca(OH), solution was used. However,

Streicher and Alexander (1995) showed

that Ca(OH), has a negligible effect on the

conductivity of the salt solution. Therefore,

subsequent test set-ups used only 5M NaCl
solution. Furthermore, the Cu/CuSO, half
cells were also omitted in subsequent test
set-ups, as the voltage across the specimen
could be accurately measured directly by
replacing the porous plugs with stainless
steel plugs (Figure 2). The modified CC test
rig, shown in Figures 3 and 4, will be referred
to as the “old CC test rig” in this paper.

The CC test rig shown in Figures 3 and 4
has been used virtually since the inception of
this test. More recently (circa 2012), a “new
CC test rig” was developed. A schematic
representation of the new CC test rig is
shown in Figures 5 and 6. The new CC test
rig encompasses the following changes (with
respect to the old CC test rig):

i. The carbon anode is replaced with a
stainless steel anode, i.e. both the anode
and cathode are now made using stainless
steel — Figure 7(a) and (b).

ii. The fixed length luggin capillaries are
replaced with telescopic spring-loaded
ones — Figures 7 and 8.

iii. A hole has been drilled in both the anode
and cathode compartments to facilitate
easier filling with 5M NaCl solution —
Figures 5 and 9.

These design changes were motivated for the

following reasons:

i. Use of stainless steel as both the anode
and cathode electrode — this was not only
driven by practical and cost considera-
tions, but also by similar test set-ups used
in other standard tests in which stainless
steel is used as both the anode and cath-
ode material, e.g. the Standard test method
for electrical induction of concrete’s ability
to resist chloride ion penetration (ASTM
2012). Early proving trials showed that
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Figure 8 Spring-loaded luggin capillaries in the new CC test rig
replacing the carbon anode with stainless In order to ensure that the robustness, accu-
steel had no effect on measurements. racy and repeatability of the CC test were
ii. Replacement of fixed length luggin capil- not compromised, it was necessary to assess
laries with telescopic spring-loaded ones — the effect(s), if any, of these changes on the
even though the 5M NaCl solution has very
high conductivity (213.7 mS/cm (Streicher

1997)), the luggin capillaries are meant to

test values, which are current (i) through,
and voltage (V) across, the specimen. It was
required that the old (Figure 3) and the new
facilitate accurate measurement of the volt- (Figure 5) CC test rigs should give similar
age across the test specimen only. The tips results if the same concrete specimen is
of the luggin capillaries should therefore be tested at the same age in both rigs. An initial
as close to the specimen surface as possible. | detailed assessment of the performance of
The telescopic luggin capillaries enable this the new CC test rig in comparison to the
old one was conducted by Mukadam (2014)
of varying thickness are tested. whose study showed that (Figure 10):

iii. A hole drilled in both the anode and i

to be achieved, especially when specimens

In general, for a given concrete (binder

Figure 9 Hole in the anode and cathode cell
compartments of the new CC test rig

values between the two CC test rigs. For
a given binder type, concretes with higher
w/b ratios resulted in higher differences
in CCI values between the two rigs than
those with lower w/b ratios.

ii. Even though there were differences in CCI
values between the two rigs, the trends in
CCI values for a given binder type and w/b
ratio were consistent for the two test rigs,
with CCI values increasing with increasing
w/b ratio and vice versa, as expected.

Mukadam (2014) suggested three possible caus-

es of this difference, summarised as follows:

i. Difference in electrode material: the use
of stainless steel for both the anode and
cathode material in the new CC test rig
as opposed to stainless steel cathode and
inert carbon anode in the old one.

ii. Use of telescopic (new CC test rig)
versus fixed length (old CC test rig)
luggin capillaries.

iii. Presence of air bubbles in the old CC test
rig which could potentially block the migra-
tion of chloride ions, causing a decrease
in the current registered, and as a result
a lower conductivity. However, it was not
clear in his work whether the “air bubbles”
were entrapped in the luggin capillaries,
anode and cathode compartments, or both.

The findings by Mukadam (2014) were the

genesis of an exploratory investigation to find

out the cause(s) of the differences in CCI values
between the old and new CC test rigs. However,
after a critical review of the three possible
causes, (i) and (ii) were found unlikely to be

the source(s) of the difference in CCI values

between the two test rigs due to the reasons

given earlier. Focus was therefore placed on

(iii) even though the reason given by Mukadam

(i.e. “.. air bubbles blocking the migration of

chloride ions”) was not clear because it could

cathode compartments — these ensure
complete filling of the anode and cathode
compartments with the 5M NaCl solution
before testing.

58

type and w/b ratio) the new CC test

rig consistently gave higher CCI values
than the old one. However, there was no
consistency in the differences in the CCI

potentially occur in either of the rigs, and

would therefore be random in nature.

Further experimental tests were

needed, but before these could be carried
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out, a critical review of Mukadam’s raw data
(Mukadam 2014) was necessary. The review
showed that the difference in the CCI values
between the old and new CC test rigs ema-
nated only from the difference in the meas-
ured current through the test specimen; all
the other parameters (i.e. specimen geometry
and voltage across the specimen) remained
unchanged. Mukadam’s results showed that

a higher current through the test specimen
was recorded in the new CC test rig than in
the old one, even though the voltage across
the specimen was, as required, kept constant
at 10 V. The review of Mukadam’s results

and a careful assessment of the old CC test
rig led to the hypothesis that the difference
in the CCI values obtained using results
from the old and new CC test rigs was due

to incomplete or variable filling of the anode
and cathode compartments with 5M NaCl
solution during the test, specifically of the old
CC test rig, and not due to blocking of chlo-
ride ion migration by air bubbles entrapped
in the system (luggin capillaries, anode and
cathode compartments, or both) as suggested
by Mukadam (2014). The following section
further explores this hypothesis.

Cause and effect of incomplete
filling of the anode and/or cathode
compartments with 5M NaCl solution
Cause: The design of the old CC test rig and
the procedure used to assemble it during the
test makes it susceptible to incomplete filling
of the anode and/or cathode compartments
(especially the cathode cell compartment —
see Figure 11(a)) with the 5M NaCl solution).
This is not the case in the new CC test rig
where the anode and cathode compartments

Void in cathode
compartment
potentially not
completely
filled with 5M
NaCl during
rig assembly

Cross-sectional area of specimen not
in contact with 5M NaCl solution

Effective cross-
sectional area

of specimen in
contact with

5M NaCl solution

(b)

Figure 11 (a) Schematic showing portion of anode cell in the old CC test rig that may not be filled
with 5M NaCl solution during assembly; (b) Typical cross-section showing surface of
specimen in contact with salt solution during testing in the old CC test rig

are filled through the holes in the compart-
ment ends (see Figures 5 and 9). However,
care should still be taken when filling the
new CC test rig with the salt solution to
avoid entrapping air bubbles in either the
anode or cathode compartments (and even in
the telescopic luggin capillaries).

Effect: Incomplete filling of the anode and
cathode compartments in the old CC test rig
leads to over-estimation of the cross-sectional
area of the specimen when calculating the
CC index using Equation 2, which assumes
that the whole surface area of the specimen’s
cross-section is in contact with the salt solution
during the test when it is carried out with the
test rig assembly in a horizontal position. If the
whole cross-section area of the specimen is not
in contact with the salt solution during the test
(Figure 11(b)), the current through the speci-
men is smaller than if it were fully in contact
with the salt solution — this will be shown later

in the results obtained from tests carried out.
Theoretically, the conductivity of a given mate-
rial will increase with increasing cross-sectional
area (Urone et al 2013), i.e. conductivity is
inversely proportional to cross-sectional area
(in contact with the 5M NaCl solution). Over-
estimation of the specimen cross-section leads
to under-estimation of the CCI and explains
the lower currents reported by Mukadam (2014)
in the old CC test rig compared to the new one.

A further critical analysis of Mukadam’s
results (Mukadam 2014) showed that, in order
to obtain similar CCI values in the old CC
test rig as those in the new one, lower cross-
sectional areas are required (see Figure 12).
This confirms that the whole surface area of
the specimen was not in contact with the salt
solution during the test. However, determin-
ing the actual surface area of the specimen in
contact with the salt solution during the test
is not practically feasible or desirable.
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SERIES | EXPERIMENTS: Table 1 Summary of concrete mix proportions (kg/m3) - Series | experiments
ASCERTAINING MUKADAM'S il o i3
(2014) RESULTS = = =
In order to ascertain Mukadam’s (2014) results w/b ratio 0.40 0.50 0.65
with respect to the trends in CCI values CEM 1 42.5R 475 380 292
obtained using both the old and new CC test 13 mm andesite stone 1040 1040 1040
rigs, three concrete mixes were‘ made using Andesite crusher sand 95 505 479
CEM 142.5R and three w/b ratios (0.40, 0.50
. . Wat 190 190 190
and 0.65). The mix proportions are sum- ater

marised in Table 1. Three 100 mm cubes were
cast for each mix. After casting, the concrete
cubes were covered with a plastic sheet in the
laboratory for 24 hours after which they were
demoulded and cured under water at 23 + 2°C
for 28 days. After curing for 28 days, two
100 mm concrete cubes for each mix were
cored to make test specimens (70 + 2 mm
diameter x 30 + 2 mm discs) for testing in the
old and new CC test rigs.

The circuitry used for the CC tests using
either the old or new CC test rig was slightly
modified to enable the recording of the

supply voltage (V) and current (A_) — see

Figures 13 and 14. In the standard CC test,
only the luggin capillary voltage (V) and
supply current (A) are measured — these are
adequate for the calculation of the CCI using
Equation (2). The additional parameters were
measured because this was an exploratory
experimental investigation. In summary, the
following parameters were measured during
the CC testing (see Figures 13 and 14):

i. Supply voltage (Vy), i.e. voltage supplied
by the power supply

Capillary voltage (V,), i.e. voltage across
the test specimen

iii. Current “to” the test specimen (A), i.e.
from the power supply

iv. Current “from” the test specimen (A,).

The above measurements were recorded

simultaneously using an Agilent 34970A

data logger (fitted with Agilent 34901A 20

channel multiplexer module) connected to

a desktop computer. Theoretically, for the

series circuits shown in Figures 13 and 14:

i Vi>V,

il. Aj=A,

The specimens were tested following the

procedure outlined in the DI Manual (2010)
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to the letter, except for the assembly proce-

dure for the new CC test rig with respect to

filling the luggin capillaries and anode and
cathode compartments with the 5M NaCl
solution. For a given concrete, the same set
of four specimens for each concrete mix was
tested in both the old and new CC test rigs.

During the testing process using the two

rigs, the following were noted:

i. It was easier and less time-consuming to
assemble the new CC test rig than the old
one. This is attributed to the improved
ergonomic design and the colour-coding
used in this rig (see Figure 6).

ii. Filling of the anode and cathode com-
partments with 5M NaCl solution took a
slightly longer time in the new CC test rig
than in the old one.

Series | results and discussion

The results obtained from the Series I

experiments showed the following:

i. As expected, the average 28-day CCI
values increased with increase in w/b ratio
regardless of the CC test rigs used (old or
new) — Figure 15. Increase in CCI depicts
decreased resistance of a concrete to chlo-
ride penetration (Alexander et al 1999).

ii. The CCI values calculated using results
from the new CC test rig were consis-
tently higher than corresponding ones
calculated using results from the old CC
test rig — Figure 15.

iii. For a voltage of ~10 V across the speci-

men, a higher current through the speci-

men is measured in the new CC test rig

than in the old one — Table 2.

The results also show that, as expected,

V>V, and A, = A_ in both the new and

old CC test rigs — Table 2. Furthermore,

the results show that a higher supply
voltage (V) is needed in the old CC test
rig than in the new one to ensure that the

iv.

voltage across the test specimen (V) is

~10 V as required.
These results, except for (iv), corroborate
those of Mukadam (2014); Mukadam (2014)
only reported V, and A. The trend in (iv) fur-
ther confirmed the hypothesis that the differ-
ences in CCI values between the old and new
CC test rigs are due to incomplete filling of
the anode and/or cathode cell compartments
with the 5M NaCl solution in the old CC test
rig. It is interesting to note from Figure 15
that the error bars from the old and new CC
test rigs overlap completely, or largely, for the
different w/b ratios. Thus, statistically the sets
of results can be considered statistically simi-
lar for each w/b ratio, implying that in prac-
tice differences are relatively small. As stated
earlier, the conductivity of a test specimen
decreases with decrease in “wetted” cross-
sectional areas. Therefore, for a series circuit
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Figure 13 Chloride conductivity testing cell circuitry set-up for the old CC test rig
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Figure 14 Chloride conductivity testing cell circuitry set-up for the new CC test rig

like the one used in the CC test, a higher
voltage thrust will be required to ensure that
the voltage across the specimen in the old CC
test rig, whose whole cross-section area is not
in contact with the salt solution during testing
(Figure 11), is ~10 V. The increased resistance

of the test specimen, due to decreased cross-
sectional area conducting the current, results
in a lower current through the specimen in
the old CC test rig than in the new one. This
is consistent with Ohm’s law, i.e. V = IR where
V is the voltage, I is the current through
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Figure 15 Chloride conductivity index results obtained using old and new CC test rigs

Hole for filling anode/cathode
compartment with 5M NaCl solution

PVC screw cap fitted with O-ring

Figure 16 Old CC test rig showing the holes drilled in the anode and cathode compartments

Table 2 Average measured voltages and currents in the new and old CC test rigs - Series | tests

Average voltage (V) Average current (mA)
w/b ratio

(CEM 1 42.5R) Vs Ve As Ac

Old* New** Old New Old New Old New
0.40 14.28 13.37 10.10 10.19 96.4 109.5 96.1 109.7
0.50 13.60 14.47 10.14 10.17 121.4 159.8 119.5 159.8
0.65 14.61 13.54 10.18 10.10 205.7 236.1 205.7 236.3
* Old CC test rig; ** New CC test rig
See Figures 13 and 14 for definition of notations V,, V,, A;and A_

the conductor and R is the resistance (or its
inverse, conductance) of the material (Abbott
1989). However, it was suspected that the dif-
ference in the supply voltages (V,) between the
old and new CC test rigs was, to some extent,
also due to the difference in electrode materi-
als used in both rigs — carbon anode and
stainless steel cathode in the old CC test rig,
and stainless steel anode and cathode in the
new CC test rig. This was explored in the next

62

series of tests presented later in this paper
in which the influence of incomplete filling
of the anode and cathode compartments
was eliminated.

It was necessary to test experimentally
the hypothesis that incomplete filling of the
anode and/or cathode cell compartments with
the 5M NaCl solution in the old CC test rig
was the cause of the difference in CCI values
between the old and new rigs. A second series

of tests was therefore carried out. This is
presented in the following section.

SERIES Il EXPERIMENTS:

TESTING THE HYPOTHESIS

OF INCOMPLETE FILLING OF

THE ANODE AND CATHODE

COMPARTMENTS WITH SALT

SOLUTION IN THE OLD CC TEST RIG

In order to test experimentally the hypoth-

esis that the differences in CCI values

between the old and new CC test rigs were
due to incomplete filling of the anode and/
or cathode cell compartments in the old CC
test rig, two options were available:

i. develop a method to quantify the actual
surface area of the test specimen in con-
tact with the 5M NacCl salt solution dur-
ing the test, or

ii. ensure that the whole cross-section of the
test specimen is in contact with the 5M
NaCl salt solution during the test.

After a careful assessment of the practical

feasibility of each option, option (ii) was pur-

sued. In order to ensure that the whole cross-
section of the test specimen is in contact with
the 5M NaCl salt solution during the test, it
was necessary to make sure that the anode
and cathode compartments were completely
filled with the salt solution. This was achieved
by modifying the old CC test rig by drilling

a hole (~8.7 mm diameter) in both the anode

and cathode compartments of the old CC test

rig (Figure 16), similar to the holes in the new

CC test rig (Figure 5 and 9). After filling the

compartments with the salt solution, the holes

were closed using PVC screw caps, as is the
case in the new CC test rig.

In this series, chloride conductivity tests
were then carried out on in laboratories at
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Figure 17 Chloride conductivity index results obtained using the new and modified old CC test rigs

the Universities of Cape Town (UCT) and the

Witwatersrand (WITS) for comparison pur-

poses. Different specimens were tested in both

laboratories, but this did not affect the objec-
tive of the tests, i.e. to test the same specimens
in both the new and modified old CC test rig.

Each laboratory had its own set of CC test rigs.

The following should also be noted about the

specimens tested in this series of tests at either

the UCT or WITS laboratory:

i. At the WITS laboratory, the same concrete
specimens that were used in Series I tests
were again used in the new CC test rig and
the modified old one (with holes for filling
the anode and cathode cell compartments
with salt solution). After Series I tests,
the specimens were left submerged in 5M
NaCl solution for 113 days; the specimens
were therefore tested at the age of 148 days

ii.

after casting. However, testing age was not
important, so long as the same specimens
were tested in both the modified old and
new CC test rigs at the same age.

At the UCT laboratory, test specimens
were prepared from 100 mm cubes of
the same concrete mix of a recent study;
three 100 mm cubes were cast using

the concrete with a w/b ratio of 0.58

and CEM II 52.5N (B-L), with minimal
quantities of ground granulated corex
slag and limestone. The mix proportions
are summarised in Table 3. After cast-
ing, the concrete cubes were covered
with a plastic sheet in the laboratory for
24 hours, after which time they were
demoulded and cured under water at

23 + 2°C for 28 days. After curing for

28 days, two 100 mm concrete cubes
were cored to make test specimens (70

+ 2 mm diameter x 30 + 2 mm discs) for
testing. Each specimen was tested first

Table 3 Summary of UCT concrete mix proportions (kg/m3) - Series Il experiments

Material Quantity (kg/m3)
CEM II 52.5N (B-L) 289
Sand (50/50 blend of dune sand and crusher sand) 913
13 mm greywacke stone 1004
Water 169

in the modified old CC test rig, and then
immediately in the new CC test rig.

Series Il results and discussion

The results obtained from the Series II
experiments from both UCT and WITS
laboratories can be summarised as follows:

i

iil.

The average 148-day CCI values (WITS
results) increased with increase in w/b ratio,
regardless of the CC test rigs used (new and
modified old) — Figure 17. This trend was
expected, and corresponds to that obtained
in Series I experiments. However, the CCI
values obtained in Series II experiments are
considerably lower than those of Series I
experiments due to the difference in age
(i.e. microstructure densification due to
continued cement hydration and a degree
of chloride binding) of the specimens at
testing — 28 days and 148 days in Series I
and II experiments respectively.

The CCI values calculated using results
from either the new or modified old CC
test rig are consistently statistically the
same for the various concretes tested in
the two laboratories — Figure 17.

=

For a voltage of ~10 V across the specimen,
similar currents through the specimen are
measured in both the new and modified
old CC test rigs — Table 4. In the case of
the WITS results where A and A, were
measured, even though not reported here,

A, = A_ in both the new and modified old
CC test rigs, as in the Series I experiments.

iv. The WITS results show that, as expected,

V; >V, in both the new and modified old
CC test rigs — Table 4. The results also show
that, similar to Series I experimental results,
a higher supply voltage (V) is still needed in
the modified old CC test rig than in the new
one to ensure that the voltage across the test
specimen (V) is ~10 V as required.

In Series I experiments, the trend in (iv) was
attributed partly to incomplete filling of the
anode and/or cathode cell compartments with
the 5M NaCl solution in the old CC test rig,
and partly due to the difference in electrode
materials in the old (carbon anode and stainless
steel cathode) and new (stainless steel anode
and cathode) CC test rigs. However, in Series II
experiments, the influence of the contribu-
tion of incomplete filling of the anode and/

or cathode compartments was eliminated by
completely filling these compartments through
the holes drilled in them as shown in Figure 16.
Therefore, in the WITS results, the higher V
values recorded in the modified old CC test rig
compared to the new one can be reasonably
assumed to be due to difference in electrode
material used in the two rigs. Nevertheless,

the supply voltage (V) does not affect the CC
test results, because a series circuit is used

in the test. Regardless of the V, value during
the test, it is important to ensure that a ~10 V
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Table 4 Average measured voltages and currents in the new and modified old CC test rigs

Average voltage (V) Average current (mA)
la'll;f)srt;::)gry (C]vivl\//}’ Ir2t21.05R) R Ve A,
old* New** old New old New
0.40 11.97 11.40 10.05 10.05 19.2 20.8
WITS 0.50 13.05 11.40 10.35 10.04 34.2 36.6
0.65 13.65 11.56 10.03 10.06 72.1 71.8
UCT -a -b -b 10.53 10.55 174.1 174.6

* Modified old CC test rig; ** New CC test rig; @ Concrete mix proportions not known; ® Not measured
See Figures 13 and 14 for definition of notations V,, V, and A

potential difference (V,) is created across the
test specimen before the corresponding current
(A is recorded, as was done consistently and
correctly in Series I and II experiments.

The results of Series II experiments
therefore confirm that the differences in
CClI values, which were essentially due to a
difference in the measured currents through
the different test specimens (see Table 2),
had been caused by incomplete filling of the
anode and/or cathode compartments of the
old CC test rig with 5M NaCl solution. In the
Series IT experiments where the old CC test
rig was modified to ensure the anode and
cathode compartments are completely filled
with the salt solution, the measured currents
through the different test specimens were
sensibly the same, as were the CCI values.

CONCLUDING REMARKS AND
THE WAY FORWARD
Based on the results of the experiments pre-
sented in this paper and those of Mukadam
(2014), and taking into consideration that the
chloride conductivity test is in the process of
being incorporated into SANS standards, it
is prudent that the larger South African con-
crete construction industry be aware of the
design changes and modifications made with
respect to the test rig. These are summarised
as follows:
1. The old CC test rig can continue to be
used, but it should be modified by drilling

a hole in both the anode and cathode

compartments to facilitate complete fill-

ing of these chambers with the 5M NaCl
solution. This will ensure that:

i. consistent chloride conductivity
results (especially the current through
the specimen) are obtained, and

ii. results obtained using the new and
modified old CC test rigs are similar
(or statistically the same).

Laboratories using the old CC test rig can

contact the authors of this paper to facili-

tate its modification as mentioned above.

Contact can also be made with Mr Eike

von Guerard of Secundum Engineering

Services cc in Cape Town (T: +27 21 551

1734, M: +27 84 250 4430, E: secundum@
blitsweb.com).

2. A new CC test rig is now being manufac-
tured for use in the CC test. The old CC
test rig will no longer be manufactured.
The new CC test rig has the following
characteristics:

i. Telescopic spring-loaded luggin
capillaries
ii. A hole each in both the anode and
cathode compartments
. Stainless steel anode and cathode

—
=
=

iv. It is colour-coded and has improved
ergonomic design to facilitate easy
assembly during the test.

Both the new and modified old CC test rigs

will give similar results, and either can be

used for testing the penetration resistance of

a concrete to chloride ingress. However, it is

important to highlight the following aspects

of the CC test that will continue to require
the attention of the user to ensure that reli-
able results are consistently obtained:

1. The luggin capillaries should be com-
pletely filled with the 5M NaCl solution
before the test is carried out. In the
process of filling the luggin capillaries,
care should be taken to avoid entrapping
air bubbles.

2. The CC cell assembly (both the new and
modified old test rigs) should be placed
standing vertically on a level surface
when being filled with the 5M NaCl solu-
tion through the holes in the anode and
cathode compartments to ensure that it is
fully filled with the salt solution.

3. The test voltage across the specimen is
read from the voltmeter (correctly con-
nected across the luggin capillaries); it is
not the voltage indicated in the DC power
supply.

4. Inter-laboratory tests: laboratories are
encouraged to participate in round-robin
tests from time to time to check the
reproducibility and repeatability of the
test results.
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