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Performance of Reinforcing Steel in Concrete

Containing Silica Fume and Blast-Furnace Slag

Ponded with Sodium Chloride Solution

by Ping Gu, J. J. Beaudoin, Min-Hong Zhang, and V. M. Malhotra

TJr,is paper descn'bes thepeifbrmance ojsteel reiriforcement in concrete
slabs that were ponded with a 3.4% sodium chloride solution jOr a
period if 6 months. The concrete slabs were cast using portland
cement concrete with and without silicafinne and blast-furnace slag.
The concrete cover to steel reinforcing bars rangedfrom 1S to 76 mm.

The concrete resistance to chloride ion penetration was determined
according to ASTM C 1202. The corrosion resistance of the steel
reinftrcing bars was determined using half-cell potential, linear

polarization, and AC impedance techniques. The test results showed
that both the silica fume and slag concretes exhibited very low pene

trability to chloride ions, with the value qf charge passed being less
than 1000 coulombs. All control conpretes had the value qf charge
passed greater than 1000 coulombs, regardless qf the water-cement
ratio (w/c). There was no significant corrosion qf the reinforcing
steel in the silicafume, slag, and controlportland cement concrete with

water-cementitious materials ratio (w/cm) 0/0.32 after 6 nwnths 0/
ponding with a 3.4% sodium chloride solution. Significa'nt corrosion
rates were observedftr the reinforcing steel embedded in controlport
land cement concrete with w/c ;;:: 0.43. As expected, the poorestper
ftrmance was of the control concrete with a w/c ofo.76, where the

corrosion of reiriforcing steel was detected, even with a 61 mm con
crete cover. There was a good correlation among the test results
obtained using the half-cell ｰｯｴ･ｮｴｩ｡ｾ linear polarization, and AC
impedance techniques.

Keywords: blast-furnace slag; portland cement concrete; reinforcement;
silica fume; slab; water-cement ratio

INTRODUCTION
It is well documented that portland cement concrete incor

porating supplementary cementing materials such as fly ash,
blast-furnace slag, and silica fume develops excellent mechani
cal properties and long-term durability characteristics. l In
addition, the use of these materials is environmentally friendly
because they partially replace portland cement, the production
of which releases significant amounts of CO

2
to the environ

ment.2 Published data on the silica fume and slag concretes
suggest that they reduce the chloride ion penetration into con
｣ ｲ ･ ｴ ･ Ｎ ｾ Ｍ Ｕ For this reason, a superior corrosion resistance of the
steel reinforcement in these concretes is expected.6- 8

This paper reports the results of an investigation undertak
en to determine the relative performance of steel reinforcing
bars embedded at various cover depths in portland cement con
crete slabs incorporating silica fume or blast-furnace slag, and
ponded with a 3.4% sodium chloride solution for up to 6

months. The resistance of the concrete to the penetration of
chloride ions was determined using ASTM C 1202. The per
formance of the reinforcing steel bars was evaluated using var
ious DC electrochemical techniques (half-cell potential and lin
ear polarization) and an AC technique (AC impedance).

SCOPE
Six large concrete slabs, 8S3 x 600 x 158 mm in size, were

cast. These consisted of four control portland cement concrete
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slabs with water-eement ratios (wlc) ranging from 0,32 to 0.76,

and two slabs made with concrete incorporating 10% silica
fume and 55% blast-furnace slag with water-cementitious
materials ratios, (wiem) of 0.32 and 0.33, respectively. The AC
impedance, linear polarization, and half-eell potential tech
niques were applied to monitor the corrosion progression of
the steel reinforcement in the concrete.

EXPERIMENTAL
Materials

Cement--An ASTM Type I portland cement was used. Its
physical properties and chemical composition are given in
Table I.

Silica ftme-A dry, uncompacted silica fume from the pro
duction of silicon metal was used. It contains 98.7% Si0

2
, and

has a specific surface of 26.1 m2I g, determined by the nitrogen
adsorption method. The detailed chemical composition and

Table 1-Physical properties and chemical
analysis of the cement, silica fume, and slag

Cement :: """ASTMType !

Spe(:lfic gravity 3.15 2.16 2.99
Fineness
-pllSSing 4S/lD1, % 87.9 98.9 96.9
-.specific surface, Blaine, m2lkg 388 ..,
.nitrogen absorption, m2/s 26.1

Compressive strength of 51-mm cubes, MPa
·7-day 33.5
-28-day 39.7

Water requirement, % 111.6 97.1
P02Z0lanic Activity Index, %
.7oday 128.8

Slag aet,ivity index, %
.7oday 77.6
• 28-day - 102.8

Chemjca! Analyses %

Silicon dioxide (Si02) 20.6 93.7 36.6
Aluminum oxide (A!:.io,) 4.0 0.2 ,..
Ferric oxide (FC2O,) 3.1 0.3 0.'
Co.lcium oxide (CaD) 62.8 0.4 35.1
Magnesium oxide (MgO) 2.' O.s 110

Sodium oxide (N810) 0.2 0.4
Potassium oxide (K20) - 1.2 o.s
Equi"o.lcnl alkali (Na20+0.658K1O) 0.' 1.0 0.7

Phosphorous oxide (P20!) 0.1
Titanium oxide (Tl01) O,ol

Sulphur trioxide (SO,) 3.1 0.3 3..
Loss on ignition I.' 2.7 1.4

• d
..

Tricalcium silicate C,S 59.3 -
Dicalcium silicate C1S 14.4 -
Trico.lciwn aluminate ClA '.3
Tctraca!cium alwninoferrite C4I\F '.3
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Table S-Compresslve strength and resistance of hardened
concrete to chloride Ion penetration

CompressIve strength, MYa Resistance to

Mix Type of SCM· Unit Chloride-ion
No. SCM· eonlenl, W/C+SCM weighJ, PenelratiOIl,

% kWm' 'eoulombl
70. 2id 910. 36'0. 2id

N7. Silica fume 10 0.32 2402 ｾｯＮＸ 64.3 6'.J 7',5. lJ'
N8 BFS 5S 0.33 2481 38.6 45.6 SJ.4 54.9 670
N3 · 0.32 2450 Sl.7 61.1 67.1 78.6 1730
NS - 0.43 2331 3S.4 37.7 41.0 48.2 3970
N6 - · O.SS 2343 26.S 31.0 33.5 35.7 5250
N4 . · 0.76 2304 14.6 18.4 20.7 21.7 5970

• Supplementary cementing matenala.

Table &-Chloride Ion penetrability based on charge
passed (ASTM C 1202 guidelines)

Charge passed (eowombs) ｃｨｩｯｲｩ､ｾｉｯｮ Penetnoility

>4,000 High

2,0Q0.4.ooo Moderate

1,000-2,000 Low

100-1,000 VcryLow'

<100 Negligible

Table 7-General guidelines for half-cell potential data
Interpretation

HalC-«U potential reading,

HaIC-«lI potentialluding, vs. HglHgCJ, COlTOSion Activity

vs. CuiCuSO, (ASTM C 876) (wed in the experiment)

less negative than -200 mv less negallvelban-128 mV 90% plObabihty 01" no CotrOSlOll

Between Between 1.;0000sioa oC the ernoeoded steel is

-200 mV and -3S0 mV -128 mV and ·278 mV uncertain

more negative thllll-3S0 mV more negative than -278 mV 90'A probab.htyor COrroSion

• Standard potential of Cu/CuSo. and Hg/HgCl. i. SW and 268 mV versus that of hydrogen stan
dard electrode, respectively. Difference of two reference electrodes;" 7i! mY.

Fig. 1-ｒ ･ ｩ ｮ ｦ ｯ ｲ ｣ ｩ ｾ ｧ steel layout ofreinforced concrete test slabs.

is 72 mY. The guidelines described in ASTM C 876 provide
general principles for the evaluation of the reinforcing steel
corrosion in concrete (Table 7).

results presented are the averages from two concrete speci
mens (Table 5). The ASTM guidelines concerning the chloride
ion penetrability are given in Table 6.

Chloride ponding ｴ･ｳｾｮ･ reinforced concrete slab, 883 x
600 x 153 mm in size (Fig. I), was cast from each concrete ｭ ｩ ｸ ｾ

ture, and consolidated using an internal vibrator. Four pairs of
reinforcing bars were embedded in each concrete slab, with
concrete covers ranging from IS to 76 mm, as shown in Fig. I.

The slabs were cured under wet burlap for 7 days, and then
exposed to the laboratory air for approximately 50 days. The
top surface of the slabs was ponded with a 3.40% sodium chlo
ride solution, and the corrosion. progression of the steel
reinforcement was assessed using half-eell potential, linear
polarization, and AC impedance techniques after 9. and 6

months of the ponding. The data presented are the averages of
the tests on two reinforcing bars at each concrete cover
thickness.

.....
'l;
15nm

833nm
.. ------ ... -.-.- •.••. ｾ -- --.It"

ASSESSMENT TECHNIQUES FOR
CORROSION OF STEEL REINFORCEMENT

Half·cell potential
The halt:..cell potential is an indication of the relative proba

bility of corrosion activity, and was determined aCl;ording to
ASTM C 876, with minor difference. In the experiment. a
Hg/HgCI2 electrode (calomel electrode) was used instead of a
Cu/CuSO. electrode, as specified in ASTM C 876. The stan
dard potential of saturated Cu/CuSO. and Hg/HgCli! is S1Q

and 268 mV versus that ofstandard hydrogen electrode (SHE),
respectively, and the difference of the two reference electrodes

256

Linear polarization technique
This method involves the application of a slow potential

scan of ±20 mV close to the corrosion potential <I>corr and the
recording of the polarization current 1. The polarization resist
ance Rp of the reinforcing steel is defined as the slope of a
potential current density plot at the corrosion potential

R
p
=(AV) (I)

AI ok"",

where AfT and AI are applied potential and current response,
respectively. The corrosion current density is calculated from

ACI Materials Journal/May-June 2000
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Fig. s-CorrosioTt rate Icorr ' obtained by linear polarization tech
nique applied to silicaftme andBFS concrete slabs (N7 and N8) and
four control slabs (NS to N6) rMasured after: (aJ :J months; and
(6) 6 months 0/sodium chloride solution ponding.t

t The J_ v.lues for the reinForcing bars with IS and 25 mm concrete cover. of the

｣ ｯ ｮ ｾ ｬ ｣ ｯ ｮ ｣ ｾ ･ ｴ ･ slab ｾｩｴｨ a wI<. of0.76 obtained after e months of ponding with the

ｾ ｉ ｵ ｭ chlon?e ""IUll?n were.higher than tho.e obtained aft.r 6 months of ponding
With the ""lution. n"s behaVior may be attributed to the accumulation ofcorrosion
products. When chloride induced corrosion takes place on the .urfare of the ateel

reinForcement, 1_could be high initially as the electrochemical reation (fe =Fe+s ::
2e') i. favored to the oxidation of fe. However, the ....aclion will decline as the Fe+!

ion concentration increases leading to an inc....... of the reverse ..aUon (fe reduction)

and deere.." of the J"",

crete corrosion studies was first started in the 1980s.10 This
technique has since been used by an increasing number of
researchers for the determination of corrosion current in the
reinforcing steel in concrete. I 4-21 Interpretation of an imped
ance ｾ ｰ ･ ｣ ｴ ｲ ｵ ｭ Ｎ however, is difficult due to the complexity of
the remforced concrete system. The equivalent circuit fitting is
commonly applied to analyze the impedance spectra. The accu
racy of such an approach relies strongly on how the electrical
components are selected, and the extent to which they repre
sent the microstructure of the steel/concrete interface}5,17.il
More details about this technique are given in the Appendix. til

The AC impedance measurements were carried out using a
81 1255 HF frequency response analyzer and a SI 1286 electri-'
cal interface. A small sinusoidal voltage signal of 80 mV was
applied over the range of frequencies 75 kHz to 0.05 Hz. The
current response caused by the voltage perturbation was meas
ured as well as the phase shift of the current and voltage char
acteristics. A three-electrode configuration was used. A large

'"The AppendiX ia available in xerographic or similar form from ACI headquartero,
whe.. it will be kept permanently on file, at a charge <qual to the oost of

reproduction plus handling at the time of request.

(2)

13

-800
700

(bIn.e_ pondIng wtth 3.,", NaCl oolutlon
(b) 1Jtsr S rnonlha pondlng ..... 10% 11I101 fume. WI(C'SF)' 0.32

｟ＱｾＢＢ P.a!lo, WlC.SF)·= wItt13.4% Naes ooluttorl
llOQ "55% olog.WllC'Si' 0.32

.- Ｂ ｾ ｯ ｉ ｯ ｑ Ｌ ｗ ｜ ｃ Ｂ Ｉ ﾷ ｏ Ｎ Ｚ ｬ ｬ Ａ

.....-.WC·O.32 I
...._.WIC' 0.32

[ 110O -e-_.WIC.O.43

Ｍ Ｆ Ｍ ｟ ｗ ｃ ﾷ ｏ ｾ

I- l
-ir-C<lrmlI. WIC. 0.55

.....CGr'In'.INC.et.55
ｾ

!
....COIWoI,WIC • 0.76

l! -I
300

i

I
-200 B 200

,100
100

26 51

Conc:roIo ""'"' (111II1)

Fig. !J-Half-cell potentials of silica ftrM and BFS concrete slabs
(N7 and N8) andfour controls (Ns and N6) rMasured qfter: (a) 2
months; and (6) 6 months ofsodium chloride solution ponding.

where B is the so-called Stern-Geary constant that can be
determined by a mass loss experiment, and ｾ ｡ and ｾ are the
Tafel slopes for the anodic and cathodic reactions, resPectively.
Values of B between 18 and 62 mV are often used. For exam
ple, 60 mV was used by John et aL, 10 and 86 mV by Wenger and
Galland. l1 Andrade l2 suggested a value of 26'or 62 mV to be
utilized in the calculation for the carbon steel in the active and
passive stages, respectively. The value of B ;:: 26 mV is esti
mated, assuming ｾ a and ｾ <as 120 mVI decade.

The linear polarization experiments were performed at a
scan rate of 0.1 mV/s(ASTM G 59 recommends a scan. rate of
< 0.1667 mV/s). They were initiated at 20 mV more negative
than the corrosion potential, and terminated at 20 mV more
negative than the corrosion potential. The IR drop can be cor

rected f?r (Rt ;:: t:..V/IWlfasuror RJ using the concrete resistance
Re obtaIned lrom AC Impedance measurement. In this study,
however, the correction was insignificant due to the small cur
rent. The electrochemical measurements were made using a
potentiostat, and the Hg/HgCll! (calomel) reference electrode
was used.

A guideline for the estimation of corrosion extent using cor
rosion current is given in Table 8. 18

the Stern-Geary equation9

AC Impedance technique
The use of the AC impedance technique in reinforced con-

f

I
I
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Corrosion current determination using linear
polarization technique

Figure 8(a) and (b) illustrate the corrosion rate Jawrobtained
by the linear polarization technique for the silica fume and slag

concrete slabs (N7 and N8) and the four control portland
cement concrete slabs (NoS to N6) after 2 and 6 months of

ponding with the chloride solution.
The values of lCO" for all the reinforcing bars in the silica

fume concrete and control concrete with a wlcofo.82 were less

than 16 J,tA/m, regardless of the thickness of the concrete
cover. This revealed that the silica fume concrete provided
good protection against chloride ion penetration. A corrosion
current of about 56 J,tA/m was observed for the reinforcing

bars in the slag concrete with IS mm cover after 6 months of

ponding.
In contrast, the ltorr valu,es were much higher for the

reinforcing bars with IS mm concrete cover in the control

concrete slab with wlcofo.76, 0.56, and 0.+8 after 6 months of
ponding, compared with those in the silica fume and slag
concrete slabs, and in the control concrete slab with a wlc of
0.82 (Fig. 8(a)). The progress of corrosion of the steel reinforc
ing bars was clearly observed in the concrete slabs with wlcof
0.55 and 0.76. The reinforcing bars with 51 mm concrete cover
in Slab N40 (wlc= 0.76) and with 25 mm cover in concrete Slab
N6 (wlc= 0.55) showed a significant increase in their corrosion
current from 2 to 6 months of ponding with the chloride ｳ ｯ ｬ ｵ ｾ

tion (Fig. 8(a) and (b)).

was '2S5 and 670 coulombs for the silica fume and slag con
cretes, respectively. These values were much lower than 17SO

Coulombs for the control concrete with a wlc of 0.82.
According to ASTM C 1202, concrete with a charge value of
less than 1000 Coulombs is considered to have an excellent
resistance to the penetration of chloride ions.

Half-cell potential of steel reinforcement In
concrete slabs

The ASTM C 876 guidelines for the evaluation of the
reinforcing steel corrosion in concrete suggest that, in general, '

the more negative potential readings are associated with the
higher probability of the reinforcing steel corrosion. This
approximation is reasonably accurate when chloride ions are

present.
Figure 2(a) and (b) show the half-<:ell potential versus the

thickness ofconcrete cover for the silica fume and slag concrete
slabs (N7 and N8), and the four con(rol concrete slabs (N8 to

N6) after 2 and 6 months of ponding in the sodium chloride
solution. Most of the half-<:ell potential readings for the
reinforcing steel bars embedded in the silica fume concrete and
the control concrete with a wlc of 0.82 were relatively noble,

with half-<:ell potentials less negative than -128 mY (versus
SCE) after 6 months. These readings indicate low probability of
the reinforcing steel corrosion. For the slag concrete slab, the
half-<:ell potentials of the first two reinforcing steel bars (with

concrete cover of IS mm) were more negative than -800 mY
(versus SeE). After 6 months ofponding, both reinforcing steel
bars with 18 and 25 mm concrete covers in slab N4
(wlc = 0.76) showed the highest negative potentials (-450 to

-550 mY versus SCE); similarly, high negative potentials were
also observed for the reinforcing steel bars with IS mm cover
in slabs N5 (wlc = 0.48) and No (wlc = 0.55). After 6 months
of the chloride ponding, the reinforcing steel bars with 25 mm

concrete cover in control concrete slab N6 (wlc = 0.55)
revealed a potential value of -821 mV versus SCE, indicating a
high probability of corrosion. The reinforcing steel bars with

51 mm concrete cover in slab N4 (wlc = 0.76) had a potential
value of -226 mY (versus SCE) after 6 months of the chloride
ponding, which indicated that the corrosion of the ｣ ｯ ｲ ｲ ･ ｳ ｰ ｯ ｮ ｾ

ding steel bars is uncertain.

7500
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f

counter electrpde that covered the. entire length of the steel
reiriforcement was applied to the concrete surface to obtain
even polarization. The corrosion rate is normally expressed by
J.lA/cm2 or J1A./m i , As it is difficult to determine the surface
area of the reinforcing bars accurately, it may be more appro

priate to use the unit length instead of unit area to present the
data of the reinforcement corrosion rate. Therefore. a unit of
J1A/m is used in the following discussion.

The detailed determination procedure is given elsewhere.22

The corrosion current density was calculated by knowing the
polarization resistance Rp and using the Stern-Geary equation
(Eq. (2)).--

-The Appendix is available in xerographic or similar form from ACI headquarters,
where it will be kept permanently on me, at a charge equal to the cost of
reproduction plus handling at the time of request.

RESULTS AND DISCUSSION
Reslsta!1ce to chloride Ion penetration (ASTM C 1202)

ｔｾ･ s.lhca fume ｡ｾ､ slag concrete had higher resistance to
chlorIde Ion penetration than the control concrete as indicated
by ASTM C 1202 (Table 5). The accumulated charge passed

10
4

10
4

10·
t

10° 101 102 10
s

10" 10" to'

Frequency (Hz)

Fig. 4-Typical example (recordedfrom slab N7 after twa manths'if
ponding with 3.4% sodium chlaride solution) 'if experimental ddta
fitting using electrical equivalent circuit (Fig. Al in Appendix,,) is
presenUd in plots of. (a) real versus imaginary; (b) log (modulus) ver
sus log (frequmcy); and (c) phase angle versus log (frequmcy).
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AC Impedance measurement and corrosion
current determination

The corrosion current in the steel reinforcing bars in the six
slab.s was de:erm.ined using the AC impedance technique. An
equivalent CIrcUIt fitting of the experimental impedance
spectra procedure was applied to estimate the value of the
ｰ ｯ ｬ ｡ ｲ ｩ ｺ ｡ ｴ ｩ ｯ ｾ ｲ ･ ｳ ｩ ｳ ｾ ｡ ｮ ｣ ･ Rp. A typical example of the experimen
tal data fitting usmg the electrical equivalent circuit models, as
described in Fig. Al (Appendix),- is given in Fig. 40. Results are
presented in the plots of real versuS imaginary {Fig. +(a)), and
ｾ ･ plot9-for example, log [modulusJ versus log [frequency]
(FIg. 4(h)), and phase angle versus log [frequency] (Fig. 4(C)).
:he symbols represent the experimental data, and the solid
lmes represent. the computer fitting results. Two ｰ ｾ ｴ ｩ ｡ ｬ arcs
were observed in the real versus ｾ ｭ ｡ ｧ ｩ ｮ ｡ ｲ ｹ plot (or Nyquist
plot). These arcs are associated with the concrete matrix and
the steel surface corrosion process (the steel-concrete interface
film was not observed). Very good agreement was obtained
between the experimental data and the computer-generated
values, as can be seen in Fig. 4(a) to (c). The values of R were
determined ｵ ｳ ｩ ｾ ｧ thebesMit approach. Figure 6(a) ahd (b)
show the corrosion current letJrr of the silica fume and slag con
crete slabs (N7 and Ns) and the four control portland cement
concrete slabs (NS to N6) after 2 and 6 months ponding with.
the chloride solution, respectively. The values of I were less
ｾＺｭ 20 J.LA/m for all the steel reinforcing hal'S emb:d'ded in the
SIlIca fume concrete and control concrete with a wIc of 0.S2

after 6 months. The steel reinforcing bar with IS mm concrete
cover in the slag concrete had a relatively higher [ value than
that of the silica fume concrete slab after both 2 ｾ 6 months

"The Appendix ia .vailahle in xerog...phic or simUar form from ACI headquarte....
where it will be kept permanently on 61e, at a charge equal to the cost of
reproduction plua handling anhe time of request.

of the ponding with 8.4% NaCl. The values of I for all the
reinforcing bars with 18 mm cover in ｣ｯｮ｣ｲ･ｴｾｲｲ slabs with
wlc ｾ 0.43, however, were significantly higher after both 2 and
6 months (> 160 ｾａＯｭ after 2 months).

Comparison of results obtained by three
electrochemical techniques

As on page 257 the results obtained by the half-cell poten
tial, linear polarization, and AC impedance techniques are in
good agre:ment. ｾ ｯ ｲ ･ negative half-cell potential readings
were assocIated With larger corrosion 'current determined by
both the AC impedance and linear polarization techniques.

The plots of the half-cell potential versus logarithmic
corrosion rate determined by the linear polarization and AC
impedanoe techniques are given in FIg. 6(a) and Ｈ｢ｾ respectively. A
linear trend for the potential log (I

alrr
) ｾ･ｬ｡ｴｩｯｮ appears to exist.

The [roN' data obtained by the linear polarization method
exhibits·less scattering than those obtained by the AC imped
ance. In fact, the linear relationship between corrosion poten
tial and log(!",",) exists theoretically in. the chloride-induced
corrosion.is

A comparison ofthe [ttm" values obtained by the linear polar
ization and AC impedance techniques in a log-log plot is pre
sented in Fig. 7. A solid reference line is applied to indicate a
linear trend between the two measurements. It appears that
both techniques are in a relatively good agreement with respect
to I",", values when the reinforcing steel is under active corro
sion. ｔｾ･ AC impedance technique, however, tends to give
lower l

rorr
values when the reinforcing steel is in a passive state.

Corrosion of steel rehlforcement In concrete
The concrete cover is a physical barrier that impedes the

chloride ion penetration, thus protecting the reinforcing steel
from corrosion. Good quality and proper .depth of concrete
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Table &-Guideline for estimation of corrosion extent

using 'CO"
Corrosion ｃｵｾｮｴ Density COtTOS10n rate Extent ofCorrosIOn

(llA/cm')' (J.lAlm)"

Icorr<O.l <47 P: passlVCI conditIOn

0.1 < Ieorr <0.5 47< C.R.< 235 I L: lOW to moocrate corrosion

O.S < lcorr< t 235< C.R.< 470 M: ｭ ｯ ､ ｾ ｲ ｡ ｴ ｣ to high. corrosion

Icorr > 1 >470 H: high COrrosion
.

• From Reference Ｒ ｾ Ｎ

"I m of No. 6 reinforcing bar (diameter of 16 mm) has geometrical area of 470 emil.

Table 9(a)-Probablllty of corrosion after 6 months
evaluated by half-cell potential method

No. Concrete mixture 13mm 25mm Stmm 76mm
N7 Concrete Incorporating 10"/0 silica fume. mid Low Low ,Low

w/(....f) - 0.32

INS COncreto Incorporating 55% stag. High Mid I Mid Low.
w/(....)-0.32

N3 Portlana cement concreto (control), Low Low LOW Low
w/.. 0.32

N5 Poruand cement concrete (controO, Hisn Low' Low Low
w/c=O.43

N6 Portland cement concrete (control), I 'usn Hisn Low LoW
w/c- 0.55

N4 PortJand cement concrete (control), High High Mid Low
w/e-O.76 .

Note: Low = half..cell potentialle8s negative than -128 mV, indicating a 90% probability of no
corrosion; Mid = half-eell potential between ｾ Ｑ Ｒ Ｘ and -278 mY, indicating that corrosion of

embedded steel is uncertain; and High = half-ull potential more negative than -278 mY, indicat
ing 90% probability of corrosion.

Table 9(b)-Severlty of corrosion after 6 months
evaluated by linear polarization technique

No. Concrete mixture 13mm 2Smm 51mm 76mm

N7 Concrete incorporatmg 10010 silica fume, P P P P
w/(....f) - 0.32

NS Concrete incorporating SSYO slag. L P P p.

w/(....)-0.l2

N3 Portland cement concrete (control). P P P P
w/c-O.32

N5 Portland cement concrete (control). M P P P
w/c-O.43

N6 Portland cement.concrete (control), L L P P
w/e-O.SS

N4 Portland cement concrete (control), M L L P
w/c- 0.76

Note: P - PassiVe: L - Low; M = Moderate: and H = High.

Table 9(c)-Severity of corrosion after 6 months evaluated
by AC Impedance technique

Note: P _ PaSSive. L _ Low, M Moderate. and H High.

No. Concrete mixture I3mm 2Smm Slmm 76mm

N7 ｾ｣ｾＬｬｊｬｃｏｲｰｯｲ｡ｴｩｮｂ 10% stllca fume, I'
p p p.

w} c+s - 0.32
NS ｣［Ｈｾｾ incCrporatins 55% .laS. L P P P

wI c+s -0.32
N3 I I'ortllDd cement concrete (control). P P P P

w/e-O.32

IN> I Portland cement concrete (control), H P P !p
w/c-O.43

I N6 ｐｾ､ cement concreto {control). H H IP P
w/c·O.SS

N4 Portlana cement concrete (control), IH L 'L P
w/c-0.76

- =
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" values obtained by both linear polor
ization and AC impeda1Ue techniques.

cover can significantly influence the rate ofcarbonation and the
diffusion of corrosion-inducing species into the concrete-steel
interface region. The thicker this cover is, the longer it takes
for the chloride ions to reach the surface of reinforcing steel. A
greater protection against corrosion is therefore assured.

The corrosion conditions of the steel reinforcement in the
six reinforced Concrete slabs were evaluated after 6 months of
chloride ponding. Table 9(a) summarizes the corrosion proba
bility of steel reinforcements by means of half-cell potential
according to ASTM Standard. C 876-91. The silica fume con
crete and the control concrete with a wlc of 0.82 showed no
probability of corrosion, even on the steel-reinforcing bars
with IS mm concrete cover. The steel reinforcements in slag
concrete also showed low probability of corrosion, excep't for
one bar with IS mm concrete cover. In contrast, for all other
control concretes with w/c ｾ 0.4S, the first two reinforcing
steel bars with IS mm cover depicted a high probability ofcor
rosion. For concrete with a wlc of 0.76, even the reinforcing
bars with 26 mm cover showed a high probabUity of corrosion.

Tables 9(b) and 9(c) give a summary of the corrosion condi
tions of the steel reinforcement in the six concrete slabs evalu
ated by the linear polarization and the AC impedance tech
niques, respectively. It is clear that the silica fume, slag, and
control concretes with w/cm of 0.82 provide adequate
tion to the reinforcing steel from corrosion in terms of miti
gating the chloride ion penetration. At a depth of IS mm,
however, there was an indication of a low level of corrosion
activity for the steel bars in the slag concrete. As expected, the
poorest performance of the reinforcing bars was in the control
concrete with a w/c of 0.76, where corrosion of the reinforcing
steel was detected even with 51 mm concrete cover. Significant
corrosion of reinforcing steel was also found in the control
concrete slabs with a wIt of 0.48 "at a IS mm depth after 6
months ofponding with the chloride solution. A similar corro
sion condition of the reinforcing bars with IS and 26 rom
covers was also observed in the slab with a w/cofO.55, and the
｣ ｯ ｲ ｲ ｯ ｳ ｾ ｯ ｮ rates ,of these reinforcing bars obtained by the AC
impedance technique were much higher than those obtained by
the linear polarization technique. Such differences might be due
to the polarization behavior of these two techniques and errors
introduced during the data analysis. Regardless of the differ
ence, the results confirmed the evaluation by the half-cell
potential measurement.

The results of the ｲ ･ ｳ ｩ ｳ ｾ ｣ ･ to chloride ion penetration
determined according to ASTM C 1202 indicated that the slag
concrete would have better resistance to chloride ion penetra
tion than all the control portland cement concrete mixtures.

•ACI Materials JournaVMay.June 2000

The haif-cell potential and the corrosion current measured by
the linear polarization and the AC impedance techniques, how
ever, indicated that the slag concrete did not provide as good
protection to the reinforcing bars with IS mm cover as the con
trol portland cement concrete with a w/cofO.S2. The previous
discrepancy in the test results may be attributed to the nature
of the tests, and the fact that the specimens for ASTM C 1202
were moist cured for 28 days, whereas the specimens for the
other tests were moist-cured for 7 days, followed by curing in
the laboratory air for about 50 days. The relatively poor per
formance of the reinforcing bars embedded in the slag concrete
with IS mm cover might be due to the slight segregation of the
slag cover concrete, and the relatively short duration of moist
curing.

CONCLUDING REMARKS
1. Both the silica fume and slag concretes exhibited very low

penetrability to chloride ions, with the value of the charge
passed being less than 1000 coulombs (ASTM C 1202). All the
control concretes had the value of charge passed greater than
1000 coulombs, regardless of the w/c;

2. The corrosion of steel' reinforcing bars as determined by
the half-cell potential, the linear polarization, and the AC
impedance techniques indicated that, regardless of the
thickness of concrete cover, there was no significant corrosion
of the reinforcing steel in the silica fume, slag, and control
concrete with a wlcm of 0.82 after 6 months of ponding with a
8.4% sodium chloride solution; and

8. Significant corrosion rates were observed for the
reinforcing steel embedded in the control portland cement con
crete with wlc ｾ OAS. As expected, the poorest performance
was of the control concrete with a w/c of O.76, where the cor
rosion of reinforcing steel was detected, even with 61 mm con
crete cover.
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