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Investlgatlon of the Rapld Chlonde Permeability Test

by Roif F.Eeldméﬁ, Gordon W. Qhéri, Réjean J.%ou'sseau', and Peter J.@midajski

High-quality impermeable concrete as cover of reinforcing steel is one of
the best methods of preventing chlorides from initiating corrosion.
AASHTO T 277 and the ASTM C 1202-91 Rapid Chloride Permeability
Test were developed becanse of a need to rapidfy measure permeability of
concrete to chloride jons, Some criticisms have been made, mainly con-
cerning the fact that conditions under which measurements are made may
cause changes to the specimens. This work was designed to observe how
changes in the testing procedure affect resuits. Factors such as tempera-
ture, AC impedance, initisl DC current, charge passed, and chloride ion
profiles were monitored during polarization of four different concretes, It
was found that simple measurement of initial current or resistivity gave the
same ranking as conventional tests for the four concretes and can replace
the rapid chioride test with a considérable time saving.

Keywords: chlorides; concretes; conductivity; corrosion; durability.

Steel reinforcement corrosion is well recognized as one of
the main causes of the premature deterioration of such con-
crete structures as bridges and parking garages.!- Reinforce-
ment corrosion is induced primarily by ingress of chlorides
into uncontaminated concrete,” e.g., from deicing salts, that
penetrate through the concrete cover to break down the pas-
sive oxide film that normally protects the steel.

Preventing the ingress of chlorides to the reinforcement is
one approach to improve the durability of a concrete struc-
ture. This can be done with thicker concrete cover and, more
importantly, with concrete highly impermeable to chloride
ions. This explains the need for tests that can be used in the
field to rapidly measure the permeablhty of concretes to
chloride ions.4

Much work has been done in measurin g concrete perme-
ability through the steady-state flow of water under a hy-
draulic gradient,® but this test was considered somewhat
irrelevant to bridge decks and it presents considerable diffi-
culty with regard to its application and reproducibility.®

The main mechanism for transport of chloride ions
through crack-free concrete is diffusion. This has been dem-
onstrated by several researchers’"1! using the classical diffu-
sion cell. However, this method requires considerable time
for completion, since steady-state values are required.
Therefore, it is not suitable for the purpose of a rapid test.

The need for a rapid test has led to a technique that uses a

voltage gradient to force the chloride ions to migrate more
rapidly through the porous materials under test. However,
this approach is frequently regarded as an indirect way of
measuring chloride ion permeability.* This early work led to
AASHTO T 277 and the ASTM C 1202-91 Rapid Chloride
Permeability Test. Researchers'? have carried out experi-
ments that examined the effect of a) various forms of pre-
soaking and prevacuum treatment of the specimens; b)
different screen materials; and ¢} specimen diameter. Other
work was directed at a study of factors relating to the repro-
ducibility of the results.?* The rapid chloride test has been
used in studies on the effect of pozzolanas and supplementa-
ry materials on concrete resistance to chioride ion penetra-
tion,4!% and has been specified increasingly for use in
parking garage slab placements and on shotcrete repair
jobs,16

Recently some doubts have been expressed regarding the
rapid chloride test. The main criticism is that the measure-
ment conditions are severe and may cauvse both physical and
chemical change in the specimen, resulting in unrealistic val-
ues. ‘

The present work was designed to observe how changes
in experimental conditions and the specimens affected re-
sults. Temperature, AC impedance, DC current, charge
passed, and chloride ion profiles were monitored during the
application of voltage.

RESEARCH SIGNIFICANCE
The rapid chloride penetration test involves determina-
tion of the electrical conductance of concrete to provide a
rapid indication of its resistance to the penetration of chlo-
ride ions. This test is now ASTM C 1202-91 and is applica-
ble to types of concrete where correlations have been
established between its procedure and long-term ponding

~ pracedures, such as those described by AASHTO T 259.

The test is now widely used to assess relative quality of
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Table 1—Chemical composition of Type 10 cement

Element Percent
5105 21.39
AlOy 5.26
Fes0y - 2.07
Ca0Q 66,35
MgO 1.55
Na;O 0.09
K,O ' 1.00
c —
LOI 0.35
504 1.42
Free lime 0.94
Cs8 65.06
Cy8 : 12.25
CiA 1044
C4AF 6.30

Table 2—Detalls of Methods 1 through 4 for
applying voltage to concrete specimens

concrete in the transportation sector and is also often speci-
fied for use in parking garage slab placements and in the per-
formance of shotcrete repair jobs. However, the test takes a
relatively long time and the conditioning imposed on the
samples (60 volts) is severe, causing, in many cases, heating
and physical and chemicai changes to the specimen.

This paper studies effects that occur in specimens during
the test, and during several modified procedures. Correla-
tions are made between the test and greatly simplified proce-
dures, which reduce the period of severe conditions and
considerably shorten the length of time taken to perform the
test. :

EXPERIMENTAL
Material and specimen preparation
Concrete cylinders approximately 200 mm ¢7.87 in.)
long and 102 mm (4.02 in.) in diameter were cast. The mid-
dle 51 mm (2.01 in.) of each cylinder was used as 2 speci-
men. ASTM Type I cement was used (Table 1). The concrete
was mixed at a water-cement ratio of 0.55 with a cement-
sand-coarse aggregate ratio of 1:2:3. Maximum aggregate
size was 19 mm (0.75 in.). The coarse aggregate used was
crushed limestone. Five different maturity levels of concrete
were studied: 1, 4, 6, 28, and 68 weeks.

Experiment sequence

The rapid chloride permeability technique was conduct-
ed using different solutions in the electrode reservoirs. These
are summarized in Table 2 and referred to as Methods 1
through 4. Method 3 follows the conventional AASHTO T
277 procedure, while in Method 4 only, a saturated calcium
hydroxide solution is used to fill both reservoirs. In all four
methods, the voltage was applied for 6 hr, removed, and the
specimens were allowed to cool to room temperature. The
voltage was again applied for 6 hr. Three periods of 6 hr each
were generally used on each specimen. In the case of the 1-
week-old specimen, the sample rapidly became very hot on
polarization and the application time had to be reduced to a

_ACGI Materials Journal / Mav-June 1994

Methods |Voltage, DC| Tine, hr + )

1 [1] [] NaOH NaOH
] NaOH NaQH
6 NaOH NaOH

2 60 6 NaCl NaOH
6 NaCl NzOH
6 NaCl NaOH

3 60 1] NaUH NaCl
6 NaOH NaCl
6 NaOH NaCl

3 60 [ Ca(OH), Ca(OH),
6 CE(OH)Z Ca(OH)z .
6 Ca(OH), Ca(OH),

3-hr period. AC impedance measurements were recorded be-
fore and after each polarization period after the samples
cooled to room temperature. In addition, the DC current
passing and temperature were measured during the experi-
ments. The total charge passed in each test was determined
by integration of the current-time curves.

In another experiment, four specimens (concrete cured
for 28 days) were subjected to polarization for 6, 12, 18, and
24 hr, respectively, using Method 3. The voltage was re-
moved after each 3-hr period during the first 12 hr. Current
and resistivity were measured at room temperature before
and after the voltage was applied; current was also measured
throughout the period. The last two specimens were subject-
ed to one and two additional 6-hr periods, respectively.
Chloride profiles were measured on each of the four speci-
mens; average values of three specimens were taken at
depths of 0 to 2 mm (0 t0 0,079 in.), 8 to 10 mm ¢0.32 t0 (.39
in.), 24 to 26 mm (0.95 to 1.02 in,), and 48 to 50 mm (1.89
to 1.97 in.} from the surface near the cathode.

impedance measurements

Resistivity values were calculated from impedance mea-
surements. These measurements were performed with an
LCR meter at a frequency of 10 KHz. In this frequency
range, no significant contribution from the measuring elec-
trodes to the total impedance!” was recorded. The impedance
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Fig. I-—Current and concomitant temperature versus time during polarization by Method 3

of the samples was measured in two ways. In the first meth-
od, impedance was measured before the specimens were in-
stalled in the permeability equipment. The slices of concrete
were sandwiched between two damp cloths and two stainless
steel plates (Type 304). Special care was taken to insure that

the stainless steel plates were parallel during measurements.
In the second method, impedance was measured through the
electrodes while the concrete specimens were in the elec-
trode solution. A small correction was made for the imped-
ance of the electrolyte. The resistivities differed on average
by 1 percent. -

RESULTS

Measurements made during performance of rapid
chioride permeability technique

Current and temperature measurement during palanza-
tion—Current and temperature measurements taken from the
beginning of the polarization period (using Method 3) are
presented in Fig. 1 for concretes cured for 1 and 28 weeks.
The three cycles were carried out for only 3, 3.5, and 3.5 hr
on the 1-week-old specimens; currents and temperatures in-
creased steadily with time for all three cycles. The current at
the beginning of each cycle was considerably lower than for
the previous cycle. It was measured at room temperature,
and the temperature increased to over 80 C for the first cycle,
and almost that for the other two cycles (Fig. 1). Final cur-
rents were measured at elevated temperatures and were up to
75 percent greater than the initia] current; the younger the
concrete, the greater the difference, Results for the concrete
cured for 28 weeks showed little difference between cycles
for the initial or final current, although temperatures in-
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creased to about 55 C. In general, the results showed that dif-
ferences between initial and final currents and temperatures
are greater with lower maturity concretes and decrease with
maturity. The total charge passed, along with the initial and
final currents, all decreased from Cycle 1 to 3. Measure-
ments of initial and final current and temperature, and charge
passed, on the four concretes using the four methods, are pre-
sented for the first cycle only in Table 3. Results are similar
for Methods 1, 2, and 3, but for Method 4, on 28-week-old
concrete, charged passed, final current, and final temperature
are considerably lower than for the other methods, despite
the fact that the initial currents are similar. )
Measurements of current and resistivity (after cooling)
during polarization cycles—Results of the measurement of
current and resistivity, before and after each cycle, after the
specimens had attained room temperature, are presented in
Tables 4 and 5, respectively (for the four concretes and four
methods). Resulis for charge passed in each cycle are pre-
sented in Table 6. Plots for the change of resistivity of the
concretes with time of polarization by the four methods are
presented in Fig. 2. A decrease in current with total time of
polarization occurs by Method 1 for both the 1- and 6-week-
old week concretes (Table 4); this is accompanied by an in-
crease in resistance for both concretes (Fig. 2), although it is
much greater for the 1-week-old concrete. The increase inre-
sistance is probably due to the continued hydration with ac-
companied decrease in porosity and pore sizes. These
processes are accelerated by the elevated temperatures
brought on by the passage of the current, but at the same time
the conductivity of the pore solution is increased by the tem-
perature increases, resulting in current increases. The charge

ACI Materials Journal / May-June 1994




Table 3--Measurement of initial and final current and
temperature on polarlzatlon for first cycle by Methods 1

1 through 4
Method 1—First 6 hr
Charge passe | Initial current, | Final current, | Final tempera-
Time, weeks |coulombs/6 hrs amp amp ture, C !
T T3100 Y 7X) 0783 837 i
6 7475 0.222 0.387 £8.9 1
28 5130 0.159 0.279 56.0
68 2504 0.102 0.127 38.1 ﬁ
Method 2—First 6 hr T :
78 5736 0.169 0323 W1 i
68 2887 0.109 0.150 42,1 %
] Method 3—First 6 hr . il
| 10943 0.359 0.635 B1.7 §
6729 0.227 0.450 66.1 §
28 4892 0.153 0272 | 549 i
68 1773 0.078 0.084 345 -
ethod 4—First 6 hr
73 T781 0.143 0.166 240
68 2118 0.099 0.009 294

Table 4—Comparison of Initial current for dlfferent concretes during application of Methods 1

through 4
Hydration time, weeks
1 o 6 .28 68
-Total time, | Current, | Change, | Totaltime, | Curent, | Change, | Carent, | Change, | Cunrent, Change,
hours amps percent hours amps percent - amps | percent amps percent
Method 1 [ 0.423 0.00 0 0227 0.00 0.159 0.00 0.102 0.00
3 0.335 -20.80 6 0225 1 -0.88 0172 | 818 ©0.103 .98
6.5 0.290 -31.44 12 0.198 «12.78 - _— 0.101 -0.98
Method 2 — — — L A e 0.169 - 0.00 0.109 0.00
— — — ¢ | - e 0.199 1775 0107 | -1.8%
— — e i2 - — - - 0.104 -4.59
Method 3 0 6,359 0.00 [1] 0.222 0.00 0.153 0.00 0078 0.00
3 0.279 -22.28 6 0.190 -14.41 0.163 6.54 0.076 -2.56
6.5 0.238 -33.70 12 - 0.166 -25.23 _ —_ 0.073 641
Method 4 — - — 0 — - 0.143 0.00 0.099 0.00
= - - 6 - — 0.160 11.89 0.086 -13.13
- - _ 2 —_— — — S—_— 0.083 -16.16

Table 5—Comparison of resistlvity for different concretes during application of Methods 1 through 4
_Hydration time, weeks

1 ‘ .6 A 28 68
Total time, | Resistivity, | Change, | Total time, | Resistivity, | Change, | Resistivity, | Change, Resistivity, | Change,
hours ohm-cm percent hours ohm-cm percent ohm-cm percent ohm-cm percent
Method T 0 16135 T 0.00 0 3033 0.00 . 4378 0.00 %3] 000
3 2029 25.63 6 3043 033 4023 -7.05 6246 0.10
6.5 2316 43.41 12: 3406 12.30 . 3594 -16.96 6179 -1.17
10 2439 51.02 18 3520- 16.06 - - 6259 0.11
Method 2 — — = 0 — e 4255 0.00 6289 0.00
—_ — — 6 — —— 3778 -11.21 6136 2243
— — — 12 — - F 3106 -27.00 6112 281
— — — -} - 18 —_ —— —_ — 6299 .16
T NEéthod 3 [4] 1860 U 0 3147 U 4328 U0 B0 O
: 3 2363 26.63 6 3407 8.26 4022 =107 8275 -4.97
: 6.5 2125 46.03 12 3894 2374 3595 -16.94 8489 251
? 10 2818 5102 18 4003 2720 —_— —_ 8501 2238
Method 4 — juas — 7 — —_ 4033 U.00 oT9U 000
f : — — —_— 6 — — . 4206 -9.22 7328 7.92
—_ — — 12 — —_ 4145 - ~10.53 7939 1692
— —_— — 18 — — — - — 2232 21.24
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Table 6—Comparison of charge pased for different concretes during application of Methods 1

through 4
Hydration time, weeks
1 6 28 68
Charge Charge Charge Charge
. passed, Change, . passed Change, passed, Change, passed, Change,
[Total time, B ~p1ombs/6 percent [Fotal time, bt ¢ 1ombs/6 percent |Coulombs/6| percent |Coulombs/6j percent
hr hr hr hr
Method 1 3 13100 0.00 6 7475 0.00 5130 0.00 2504 0.00
6.5 11302 -13.73 12 7721 3.29 5813 1331 2421 -3.31
10 9804 -25.16 18 6096 -18.45 —_ — 2401 -4.11
Method 2 — — — 6 — — 5726 0.00 2887 0.00
—_ — — 12 —_ — 7327 27.96 2686 -6.96
— — — 18 — — - — 2631 -8.87
Method 3 3 10944 0.00 [ 6729 0.00 4892 (.00 1773 0.00
65 8408 2317 12 5801 -13.7% 4865 -0.55 1563 -11.84
10 7288 <3341 18 4778 -28.99 — —_— 1576 -11.11
Method 4 — — = & — — 3781 0.00 2118 0.00
—_ e _ 12 — — 3537 -6.45 1840 -13.13
- e — 18 — —-— - — 1708 -19.36
50
Method 2
40 3
®
g 20
g
-
20
-40 i & 2 A . _40 A A L b
[} 4 L] 12 16 20 0 4 8 12 18 20
. Time, hours ‘Time, hours
60
Method 4
W 3
®
g 20
]
20
-40 . k. d -40 b o
0 4 8 12 i6 0 [i] 4 3 12 16 20
Time, hours Time, hours

|-¢— 1wk =0 Gwhky & 28wks -'E"ﬁwks‘

Fig. 2—Resistivity change at room temperature versus fime of polarization of four con-

cretes by Methods 1 through 4

passed per unit time is much greater for the 1-week-old con-
crete than the 6-week-old concrete. The 28-week-old con-
crete, however, shows an increase in current and decrease in
resistance, while the 68-week-old concrete shows little
change in either. For the 28-week-old concrete, this is prob-
ably due to sodinm and hydroxy] ions entering the concrete,
increasing the conductivity of the pore solution, while the
change in pore structure due to further hydration is slight.
For the 68-week-old concrete, changes in the pore structure

.and solution concentrations are probably slight. These re-
sults reflect those for the charge passed through the speci-
mens,

250

The results for Method 2 involve only the 28- and 68-
week-old concretes. They differ from Method 1 only in that
the decrease in resistance and increase in current for the 28-
day-old concrete is significantly greater for Method 2. These
trends continue with the value of the charge passed through
the specimen, which is much greater for Method 2 and the
28-day-old concrete specimen.

Results for Method 3 show a more rapid decrease in cur-
rent and increase in resistance with time of polarization than
for Method 1 for the 1- and 6-week-old concretes. Conse-
quently, the charge passed through the specimens is also less
over the equivalent time period. This may be due to the ac-

ACI Materials Journal / May-June 1994




- celerating influence .of the chloride ion on hydration rate,

since this ion migrates to the anode in Method 3. In addition,
hydroxyl ion migration adding to the conductivity of the

- pore solution in Methods 1 and 2 will not occur in this case.

In Method 3, for the 28-week-old concrete, a significant in-

" crease in current, and a significant decrease in resistivity, are

observed, but to a lesser extent than for Method 2. This re-
ftects both the increased conductivities of the pore solutions
due to the respective migration of chloride and hydroxyl
ions, but also the fact that hydroxy! ion is more conductive
than chloride ion, and, finaily, that part of the latter is immo-
bilized from solution by reacting with the aluminate phases

" in the hydrated cement. Results for the 68-week-old concrete

are similar to Methods 1 and 2 in that no significant changes
in current, resistance, and charge passed are observed.

Results from Method 4 also display increases of current
and decreases of resistance with time for the 28-week-old
concrete when the system is polarized. The charge passed,
however, decreases. The decrease in resistance is greater
than for Method 3, for the first 6 hr, but for the second peri-
od, it is much less, and the charge passed is also much less
than in Method 3. It is interesting to recail that the initial cur-
rent was not much lower than for the 28-week-old concrete
measured in Method 3. These measurements during applica-
tion of Method 4 have been referred to earlier in the section
on current and temperature measurement during polariza-
tion. The probable explanation is that, initially, hydroxyl and
calcium ions migrate into the specimen, increasing the con-
ductivity of the pore water; the source of ions from the ini-
tially saturated calcium hydroxide solution is rapidly
depleted and there is no further increase of current or de-
crease in resistance. The 68-week-old concrete in Method 4
shows an approximately 20 percent decrease in current and
charge passed, and an approximately 21 percent increase in
resistance. These results may be explained if it is assumed
that there is a greater migration of ions from the specimen at
the level of impermeability obtained at 68 weeks than diffu-
sion into the samples from the saturated calcium hydroxide

- solution.

Correlations between initial current, charge passed, and
resistivity—Plots of initial current versus charge passed and
conductivity, and conductivity versus charge passed using
Methods 1 and 3, are presented in Fig. 3 through 6.

Results of regression analysis of the data from Methods 1
and 3 are presented in Table 7. It can be seen from the figures
that the data is well represented by straight lines. It may be
observed that the changes in slope for charge passed versus
conductivity, and charge passed versus initial current for the
three cycles, are significant for both Methods 1 and 3. In ad-
dition, the changes observed are only slightly greater for
those of Method 1. In the case of the conductivity versus ini-
tial current plot, the changes in slope between the three cy-
cles are much smaller for both Methods 1 and 3.

Extended polarization period by Method 3 for
28-day-old concrete and chloride profiles through
specimens

Four concrete specimens were subjected to polarization
by Method 3 for 6, 12, 18, and 24 hr, respectively. Measure-
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Fig. 3—Plot of initial current versus charge passed on
pelarization of four concretes by Method 1

ments of current, resistivity, and total charge passed were
made every 3 hr of polarization at room temperature for the
first 12 hr; readings were taken every 6 hr for the final 12 hr.
Chloride profiles were measured through the four speci-
mens. Current, resistivity, and charge passed are presented in
Table 8 and chloride profiles are shown in Table 9. Chloride
profiles were determined at depths of 0 to 2 mm (0 to 0.079
in.), 8to 10 mm (0.32 t0 0.39 in.), 24 to 26 mm (0.95 10 1.02
in.), and 48 to 50 mm (1.89 to 1.97 in.) from the cathodic side
of the specimen. The average of three separate cores for each
depth is summarized in Table 9.

Some of the data presented in Table 8 are plotted in Fig.
7 as initial current, resistivity, and charge passed versus total
time. Except for Specimen A, the curves for the specimens
display maxima in the resistivity-versus-time plot and mini-
ma in the charge passed and current-versus-time plots, The
maxima and minima occur at between 6 and 11 hr for the
three parameters. It may be observed in Table 9 that, at the
surface of Specimen A (6 hr of polarization), adjacent to the
anode (sample depth, 48 to 50 mm), the chloride concentra-
tion is 0.36 percent by weight of cement compared to 1.14,
0.72, and 1.16 for Specimens B, C, and D. This confirms that
the maximum level of chloride absorption has not been at-

. tained in 6 hr of polarization, and therefore, beyond this

point, the chloride concentration in the solution increases, re-
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Fig. 4—Plot of conductivity versus initial current on polar-
ization of four concretes by Method 1

sulting in a lower resistance and increase in current and total
charge passed. Results in Table 8 show that changes in cur-
rent and resistance can be substantial, For example, for Spec-
imen D, a decrease of 27.6 percent in current occurs after 9
hr of voltage application, but an additional 9 hr results in an
increase in current. Resistivity decreases of over 28 percent
also occur after the maximum resistivity is attained.

DISCUSSION

It has been shown that polarization of relatively young
‘concrete can cause considerable changes due to large in-
creases in temperature that accelerate hydration. In the case
of Method 3, this acceleration may be enhanced by the in-
gress of chloride ion into the pore solution. These phenome-
na are compounded because the resistance of the pore
solution decreases with an increase of temperature. The net
result for the four concretes was an increase in current during
the three full 6-hr periods, regardless of the age of the con-
crete or the method used; the younger the concrete, the great-
er these effects on both the current and calculated charge
passed.

Measurements of initial current and resistivity at room
temperature can remove the effect of temperature on the re-
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Fig. 5-Plot of conductivity versus charge passed on polar-
ization of four concretes by Method 1

sult. It is clear from the plots presented in Fig. 2 that Methods
1 through 3 give similar results, that is, the 1-week-old con-
crete increases rapidly in resistivity, the 6-week-old concrete
increases less rapidly, the 28-week-old concrete decreases in
resistivity, while the 68-week-0ld concrete remains relative-
ly constant. More extensive work with Method 3 on 28-day-
old concrete confirms that ionic conductivity of the pore so-
lution plays an important role (Fig. 7). The measurements of
initial current, resistivity, and charge passed, as well as chlo-
ride profiles after 6, 12, 18, and 24 hr of polarization (Table
9), indicate that, after approximately 9 hr, the initial current
and rate of charge passed increase, resistivity decreases, and
chemical absorption of chloride into the specimen is com-
plete. These observations imply that the concentration of
chloride ion in the pore solution increases after the 9-hr pe-
riod; before this, the concentration would be lower due to the
chloride interaction with the cement. Consequently, the ca-
pacity of a specimen to pass charge can be increased by the
addition of ions, whether chloride or hydroxyl.

The correlations of charged passed with conductivity and
initial current show that, with the four concretes used, in the
range of 11,000 to 1770 coulombs, resistivity measurements
by AC impedance techniques or initial current measurement
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crete increases rapidly in resistivity, the 6-week-old concrete
increases less rapidly, the 28-week-old concrete decreases in
resistivity, while the 68-week-old concrete remains relative-
ly constant. More extensive work with Method 3 on 28-day-
old concrete confirms that ionic conductivity of the pore so-
lution plays an important role (Fig. 7). The measurements of
initial current, resistivity, and charge passed, as well as chlo-
ride profiles after 6, 12, 18, and 24 hr of polarization (Table
9), indicate that, after approximately 9 hr, the initial current
and rate of charge passed increase, resistivity decreases, and
chemical absorption of chloride into the specimen is com-
plete. These observations imply that the concentration of
chloride ion in the pore solution increases after the 9-hr pe-
riod; before this, the concentration would be lower due to the
chloride interaction with the cement. Consequently, the ca-
pacity of a specimen to pass charge can be increased by the
addition of ions, whether chloride or hydroxyl,

The correlations of charged passed with conductivity and
initial current show that, with the four concretes used, in the
range of 11,000 to 1770 coulombs, resistivity measurements
by AC impedance techniques or initial current measurement
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Fig. 6—Plot of initial current versus charge passed on
polarization of four concretes by Method 3

would have provided the same ranking of concretes. This re-
sult is contrary to the findings of other researchers.!® Resis-
tivity or current measurements take very little time to
complete, do not change the nature of the specimen, and can
be made without the use of refatively concentrated solutions.
Correlations with the rapid chloride test should, however, be
performed with lower permeability concretes and blended
cement concretes.

CONCLUSIONS
1. Application of the rapid chloride permeability test in-

duces change in the pore structure and resistivity of the con-
crete specimens tested,

Table 7—Slope and correlation coefficients for pioté of Methods 1 and 3
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Fig. 7—Electrical properties as time function of 28-day-old
_concrete by Method 3 on 28-day-old concrete

2. During the 60 VDC polarization of older concrete, re-
sistivity may decrease and initial current and charge passed
increase due to an increase in concentration of ions in pore
solution, resulting in overestimates of concrete permeability.

3. Good correlation between initial current and conduc-
tivity, initial current and charge passed, and conductivity and
charge passed were obtained.

4. The same ranking of four concrete specimens (cured
at 1, 6, 28, and 68 weeks) was obtained with sodium hydrox-
ide or chloride in the electrode reservoirs. Chloride ion is not
needed in the rapid permeability test. -

5. Simple measurement of initial current or resistivity

S R S it oy

R,

AN

PRV

Methed 1, hr Method 3, hr i
6 2 | 18 6 12 18 !
Charge passed versus m(x 109 r 319 331 2.96 243 174 306 i
conductivity - 1,00 -1.00 1.00 1.00 0.99 1.00 %
Inittal current versus mx 165 r 6.92 7.25 - 7.00 6.71 6.71 6.63 z?
conductivity C100 0.99 1.00 1.00 1.00 1.00
Charge passed versus initial | (x 10%) r 322 3.77 3.02 320 337 346
current ‘ - 1.00 0.99 1.00 1.00 0.98 , 10O
Niimber of data points ) 4 3 4 4 3
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Table 8—Current parameters as a function of time of polarization by Method 3 on 28-day-old

concrete
Current
A B C D
Change, Change, Change, Change,
Total time, br | Current, amps|  percent  |Current, amps| percent |Current, amps{ percent [Current, amps{ percent
0 0.265 0.00 0.276 0.00 0.286 6.0 0.264 0.00
3 0.233 -11.86 0.247 -10.49 0.251 -12.30 0.230 -13.00
6 — — 0.226 -18.26 0.223 -21.77 0.207 -21.73
9 _— — 0.227 -17.85 0.226 -20.90 0.151 -27.61
12 e — — — 0.255 -10.79 0.197 -25.36
18 —_ — — — _ — 0.215 -18.66
24 — — — — - — — —
Charge passed
Charge Charge Charge Charge
passed, Change, passed, Change, passed, Change, passed, Change,
Total time, hr [coulombs/3hr|  percent  |coulombs/3hr| percent |coulombs/3hr{ percent (coulombs/3he| percent
0 pas o p— — p— o — p—
3 38s3 0.00 4297 0.00 4332 0.00 3626 0.00
6 3267 -15.21 3766 -12.36 3433 -20.75 3100 -14.51
% - ‘ — 3514 -18.22 3442 -20.54 2765 -23.75
12 — — . 3820 -11.10 3705 -14.47 2610 -28.02
18 — — — — 4433 2.33 3042 -16.12
24 — — — e — — 3716 2.48
Resistivity
Resistivity, Change, Resistivity, Change, Resistivity, Change, Resistivity, Change,
Total time, hr{ ohm-cm percent chm-cm percent chm-cm percent ohm-cm percent
[H 2576 0.00 2527 a.00 2424 0.00 2674 ¢.00
3 2793 8.42 2667 5.54 2588 6.77 3214 20.19
6 3103 20.46 2879 13.93 2910 20.05 3257 21.80
9 —_ — 2831 12.03 3079 27.02 3546 32.61
12 —— e 2712 1.69 2673 10.27 3644 36.28
18 — - — — 2299 -5.16 3245 21.35
24 —_ . — — —_ — — 2901 8.49

Table 9-—Chloride profiles for 28-day-old concrete specimens
(A through D) after polarization by Method 3

Chloride content, by weight of cement

Depth" Al ): ct p**

0-0002m (0-0.0781n.) 0.79 0.77 0.68 0.69
0.008 - 0.010 m (0.32 - 0.39in.) 0.85 0.67 0.58 0.60
0.024 - 0,026 m (0.95-1.02in.) 0.88 077 0.68 - 069
0.048 - 0.050 m (1.89 - 1.97 in) 0.36 1.14 0.72 116

~—>Sample deplh [tom NegAtve electods (NaCl), T
YA = 06 hr of polasization,
1B = 12 hr of polarization.
¥ = 18 hr of polarization.
"D = 24 hr of polarization,

gives the same ranking for the four concrete specimens FH.W.A.-RD-76-70, FHWA, U.S. Depantment of Transporfation, Apr.

(cured at 1, 6, 28, and 68 weeks) tested, and can replace the
rapid chloride test for those types of concrete.

6. Correlations with the rapid chloride test on blended ce-
ment concretes have not as yet been attempted.
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