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Effects of Water-Cement Ratio, Curing Age, Silica Fume,
Polymer Admixtures, Steel Surface Treatments, and
Corrosion on Bond between Concrete and Steel

Reinforcing Bars

by Xuli Fu and D. D. L. Chung

The bond between concrete and steel reinforcing bars was evaluated by
electromechanical pull-out testing that involved measuring the shear bond
strength and contact electrical resistivity of each sample. The bond
strength was increased by steel reinforcing bar surface treatment (acetone,
water, ozone, or sandblasting, with ozone treatment being the most effective
and acetone treatment being the least effective), adding silica fume and
polymer to the concrete, an increase in the water-cement ratio of concrete
(particularly from 0.45 to 0.50), and a decrease in the curing age (particu-
larly from 14 to 7 days). The origins of these effects are reinforcing bar
cleansing for acetone treatment (accompanied by a decrease in contact
resistivity), reinforcing bar surface oxide film formation for water and
ozone treatments (accompanied by increases in contact resistivity), rein-
forcing bar surface roughening for sandblasting, polymer interface layer
formation for the addition of polymer (accompanied by an increase in con-
tact resistivity for the addition of latex, but not for the addition of methyl-
cellulose), a decreased interfacial void content (accompanied by a
decrease in contact resitivity) for an increase in the water-cement ratio
(due to an increase in fluidity) and for a decrease in the curing age (due to
a decrease in shrinkage), and an increase in the matrix modulus for the
addition of silica fume. Corrosion initially caused the bond strength to
increase while the contact resistivity increased, but further corrosion
caused the bond strength to decrease while the contact resistivity continued
to increase.

Keywords: abrasive blasting; bond; cement; concrete; curing age; plastics,
polymers and resins.

INTRODUCTION

The bond between concrete and steel reinforcing bars is
critical to the effectiveness of steel reinforcement. There-
fore, much work has been devoted to improving this bond.
The quality of this bond is most commonly described by the
shear bond strength, which is measured by pull-out testmg

The difficulty of bond evaluatlon is related to the variation
in the bond quality among samples that are identically pre-
pared. This variation stems from the fact that the steel-con-
crete interface is not clean like interfaces in electronic
devices. This variation results in a large scatter in the data, so
it is often difficult to discern the difference in bond strength
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that results from a difference in bonding condition, concrete
design, steel surface treatment, or concrete curing age.

This problem can be alleviated by measuring more than
one property on each interface sample, so that the chosen
properties are correlated. For example, one property is the
bond strength and the other property is the contact electrical
resistivity. The plot of one property versus the other for iden-
tically prepared samples is a curve, which gives the correla-
tion between the two properties. In other words, all data from
identically prepared samples fall on the same curve, which
gives information on the nature of the bond.

Upon a change in the sample preparation, the curve chang-
es. By observing how the curve changes, even a small effect:
on the bond can be discerned. The technique of measuring
both bond strength and contact electrical resistivity on each
interface sample is hereby called “electromechanical pull-
out testing,” as it involves measuring the contact resistivity
prior to pull-out and measuring the bond strength upon pull-
out for the same sample.

By electromechanical pull-out testing, information is ob-
tained about the effects of the water-cement ratio (w/c), cur-
ing age, polymer admixtures, and steel surface treatments on
the bond strength. Moreover, through correlation between
bond strength and contact electrical resistivity, the origin of
the bond strength change is elucidated. Some of these effects
have been previously reported in separate papers.z'6 This pa-
per combines all these effects to provide a coherent view of
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the information that electromechanical pull-out testing has
provided on the bond between steel reinforcing bars and con-
crete. This technique is also applicable to studying the bond
between steel fiber and cement paste,7'9 and that between
carbon fiber and cement paste.m’ll

RESEARCH SIGNIFICANCE
This paper provides information on the effects of w/c, cur-

ing age, polymer admixtures, steel surface treatments, and
corrosion on the bond between concrete and steel reinforcing
bars as obtained through electromechanical pull-out testing.

EXPERIMENTAL METHODS
The concrete was made with portland cement.(Type I), fine

aggregate (natural sand, all of which passed through No. 4
U.S. sieve), and coarse aggregate (all of which passed
through 1-in. sieve) in the weight ratio of 1:1.5:2.49. The w/c
was 0.45, 0.50, 0.55, or 0.60; it was 0.45, unless noted other-
wise. A water-reducing agent (sodium salt of a condensed
naphthalenesulfonic acid) was used in the amount of 2 per-
cent of the cement weight. '

Five types of concrete were used: (1) plain concrete (with
only cement, aggregates, and water); (2) concrete with meth-
ylcellulose; (3) concrete with latex; (4) concrete with silica
fume; and (5) concrete with silica fume and methylcellulose.
The concrete was plain concrete, unless noted otherwise.
Methylcellulose in the amount of 0.4 percent of the cement
weight was used in Concretes (2) and (5). The defoamer used
along with it was in the amount of 0.13 volume percent; it
was used whenever methylcellulose was used. The latex
used in Concrete (3) was a styrene-butadiene copolymer; it
was used in the amount of 20 percent of the weight of the ce-
ment. The antifoam used was in the amount of 0.5 percent of
the weight of the latex; it was used whenever latex was used.
Silica fume used in Concretes (4) and (5) was in the amount
of 15 percent by weight of cement.

All ingredients were mixed in a stone concrete mixer for
15 to 20 min. Then the concrete mix was poured into a 6 x 6
X 6-in. (15.2 x 15.2 x 15.2-cm) mold, while a steel reinforc-
ing bar was positioned vertically at its center and held in
place by protrusion into an indentation at the center of the
bottom inside surface of the mold. The mild steel reinforcing
bar was of size No. 6, length 260 mm, and diameter 19 mm,
and had 90 degree crossed spiral surface deformations of
pitch 26 mm and protruded height 1 mm. After the placing of
the concrete mix, an external vibrator was applied on the four
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Fig. 1—Sample configuration for measuring contact electri-
cal resistivity and shear bond strength between steel reinforc-
ing bars and concrete.

vertical sides of the mold. Curing of the concrete was al-
lowed to occur in air at a relative humidity (RH) of 40 per-
cent, unless noted otherwise. Steel pull-out testing was
carried out according to ASTM C 234 at 7, 14, or 28 days of
curing; the curing age was 28 days, unless noted otherwise.
A hydraulic material testing system (MTS 810) was used at
a crosshead speed of 1.27 mm/min.

The volume electrical resistivity of plain concrete at 28
days was 1.53 x 107, 1.51 x 107, 1.50 x 107, and 1.48 x 10’
Q.cm for w/c of 0.45, 0.50, 0.55, and 0.60, respectively, at 40

-~ percent RH during curing, and was 1.50 x 107, 1.48 x 10/,

1.46 x 107, and 1.45 x 10’Qcm for w/c ratio of 0.45, 0.50,
0.55, and 0.60, respectively, at 100 percent RH during cur-
ing, as obtained by the four-probe method, in which all four
probes (silver paint) were around the whole perimeter of the
concrete specimen (16 x 4 x 4 cm) in four parallel planes per-
pendicular to the longest axis of the specimen. The w/c, cur-
ing age, and RH during curing all had negligible effects on
the electrical resistivity. The resistivity of concrete with me-
thylcellulose was 1.55 x 107Q.cm and that of concrete with
latex was 2.77 x 107 Q.cm.

The contact electrical resistivity between the steel rein-
forcing bars and the concrete was measured using the four-
probe method and silver paint as electrical contacts, as illus-
trated in Fig. 1. One current contact and one voltage contact
were circumferentially on the reinforcing bars. The other
voltage and current contacts were on the concrete embedding
the reinforcing bar, such that each of these contacts was
around the whole perimeter of the concrete in a plane per-
pendicular to the reinforcing bars; the voltage contact was in
a plane about 2 in. (51 mm) from the top surface of the con-
crete, while the current contact was in a plalie about 4 in.
(102 mm) from the top surface of the concrete. The resis-
tance between the two voltage probes was measured; it cor-
responds to the sum of the reinforcing bar’s volume
resistance (the resistance down the length of the reinforcing
bar), the steel-concrete contact resistance (the resistance
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Fig. 2—Shear stress versus displacement (solid curve) and -

electrical resistivity versus displacement (dashed curve)
simultaneously obtained during pull-out testing of as-

received steel reinforcing bar from concrete at 28 days.

across the interface), and the concrete volume resistance (the
resistance radially outward from the interface to the vertical
sides of the concrete). The measured resistance turned out to
be dominated by the contact resistance to the extent that the
volume resistance of the reinforcing bar can be neglected and
that of the concrete cannot. Thus, the volume resistance of
the concrete (calculated from the separately measured vol-
ume resistivity given above) was subtracted from the mea-

sured resistance to obtain the contact resistance. The contact

resistivity (in Q.cm?) was then given by the product of the
contact resistance (in Q) and the contact area (in cmz). The
contact area depended on the embedment length, which was
separately measured for each sample.

Steel pull-out testing was conducted on the same samples _

and at the same time as the contact resistivity was measured.
The contact resistivity was taken as the value prior to pull-out
testing. The bond strength was taken as the maximum shear
stress during pull-out testing. Fig. 2 is a typical plot of shear
force per unit initial interface area versus displacement, and
of contact resistivity versus displacement. The contact resis-
tivity abruptly increased when the shear force reached its
niaximum, i.e., when the steel-concrete debonding was com-
pleted. It did not change before this abrupt increase.

The surface treatments given to the steel reinforcing bars
were treatments by: (1) acetone (immersion of reinforcing
bars in acetone for 15 min, followed by drying in air); (2) wa-
ter (immersion of reinforcing bars in water for 2, 5, 7, or 10
days, followed by drying in air); (3) ozone (exposure of re-
inforcing bars to O3 gas, 0.3 volume percent in air, for 20
min at 160 C, followed by drying at 110 C in air for 50 min);
and (4) sandblasting [Al,O3 particles, mesh 60 or 250 pm, at
80 psi (0.55 MPa)]. The steel reinforcing bars were as-re-
ceived, unless noted otherwise.

The pull-out samples with as-received steel reinforcing
bars in concrete (no admixtures) at 28 days of curing were
immersed in saturated Ca(OH), solution (resembling the en-
vironment in concrete), except for the exposed part of the
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Fig. 3—Variation of contact electrical resistivity with bond
strength at 28 days. (Solid circles: as-received steel rein-
Jorcing bars; open circles: acetone treated steel reinforcing
bars.)

steel reinforcing bar in each sample. The samples remained
in the solution from 1 week to 9 weeks to attain different ex-
tents of corrosion of the steel reinforcing bars. At least seven
sampIes were removed from the solution each week, wiped
dry and then subjected to electromechanical testing.

At least seven samples were tested for each combination
of steel surface treatment, curing age, w/c, silica fume ad-
mixture, polymer admixture, and extent of corrosion.

RESULTS AND DISCUSSION

Effect of reinforcing bar surface treatment

Fig. 3 through 5 show the correlation of the contact resis-
tivity with the shear force per unit initial interface area for
different surface treatments of steel reinforcing bars. The
contact resistivity increased roughly linearly with increasing
bond strength, such that the data for the different surface
treatments lie on essentially parallel straight lines. Acetone
treatment increased the bond strength slightly and decreased
the contact resistivity slightly (Fig. 3) (as in the case of the
interface between stainless steel fiber and cement pastes),
presumably because of the degreasing action of the acetone.
Water immersion for 2 to 5 days (Fig. 4) increased the bond
strength by 14 percent (more than for the acetone treatment)
and slightly increased the contact resistivity (in contrast to
the decrease in contact resistivity for the acetone treatment).
Increasing the water immersion time beyond 5 days caused
the bond strength to decrease and the contact resistivity to
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Fig. 4—Variation of contact electrical resisitivity with bond
strength at 28 days. (Solid circles: as-received steel rein-
Jorcing bars; solid triangles: steel reinforcing bars
immersed in water for 2 days; solid squares: steel reinforc-
ing bars immersed in water for 5 days; open circles: steel
reinforcing bars immersed in water for 7 days; open trian-
gles: steel reinforcing bars immersed in water for 10 days;
open squares: Oj treated steel reinforcing bars.

increase further (Fig. 4). However, even for a water immer-
sion time of 10 days, the bond strength was still higher than
that for the as-received reinforcing bars. Thus, a water im-
mersion time of 2 days is recommended. Fig. 4 shows that
ozone treatment enhanced the bond strength more than any
of the water treatments. The contact resistivity was also in-
creased by the ozone treatment, but not as much as the water
‘treatment for 7 or 10 days.

It is reasonable to assume that the contact resistivity is re-
lated to the amount of the oxidation product at the reinforc-
ing bar-concrete interface, as the oxidation product is a poor
electrical conductor. Hence, the differences in contact resis-
tivity (Fig. 4) suggest that the amount of the oxidation prod-
uct is comparable between O; treatment and 2 to 5 day water
treatments, but is larger for 7 to 10 day water treatments. The
phase of the oxidation product differs between O3 and water
treatments, as indicated by the black color of the oxidation
product of the water treatments and the dark gray color of the
oxidation product of the O treatment, This phase difference
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Fig. 5—Variation of contact electrical resistivity with bond
strength at 28 days: (a) as-received reinforcing bars; (b)
water-treated reinforcing bars; and (c) sandblasted rein-
Jorcing bars.

is believed to be partly responsible for the difference in the
extent of bond strength enhancement.

_As-received reinforcing bars were all dark gray. After im-
mersion in water for 2 days, a thin layer of black iron oxide
formed on the surface of the reinforcing bars. The oxide was
hard and thin. The oxidation product was scratched off from
the surface, analyzed by x-ray diffraction and found to be
amorphous. There was no black oxide formed on the cross-
sectional surface of the reinforcing bars after water immer-
sion, so the dark gray coating appeared to come from the na-
tive oxide that was formed on the surface of the reinforcing
bars while cooling down from hot rolling. The black coating
evolved from the dark gray coating. The black oxide powder
turned blue in K,(CN)4Fe solution, indicating that the oxide
contained Fe2*. The black layer was probably hydrated FeO.

The contact resistivity increases with increasing bond
strength among the data for each water immersion time (Fig.
4). The origin of this dependence is associated with interfacial
phase(s) of volume resistivity higher than that of concrete.
The interfacial phase enhances the bonding, unless it is exces-
sive. It may be a metal oxide. Water treatment increases both
bond strength and contact resistivity because the treatment
forms a black phase that may be akin to rust on the reinforcing
bar; the phase enhances the bonding but increases the contact
resistivity. The longer the water immersion time, the more the
black phase, and the higher the contact resistivity. However,
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an excessive amount of the black phase (as obtained after 7 or
10.days of water immersion) weakens the bond.

At the same bond strength, the water-treated reinforcing
bars exhibits a lower contact resistivity than the as-received
reinforcing bars (Fig. 4). The amount of black phase increas-
es with increasing contact resistivity, implying that the black
phase formed by the water treatment is more effective than
the rust or rust-like phase(s) formed without the water treat-
ment in enhancing the bond strength. The greater effective-
ness of the former is probably partly because of the more
uniform distribution of the black phase and partly because of
the possible difference in phase between the black phase and
the rust or rust-like phase formed without the water treat-
ment.

Water treatment and sandblasting increased the bond
strength to similar extents (Fig. 5), but were less than that
provided by ozone treatment (Fig. 4). Water immersion, like
- ozone treatment, caused the contact resistivity to increase,
but sandblasting had a negligible effect on the contact resis-
tivity. This is consistent with the presence of a black coating
on the reinforcing bars after water immersion and the ab-
sence of a coating after sandblasting. Scanning electron mi-
croscopy (SEM) showed that sandblasting roughened the
surface in a coarse way, whereas water treatment resulted in
a fine surface microstructure. The uneven surface quality
(due to uneven rusting) in the as-received reinforcing bars
was removed after sandblasting or water treatment, as shown
by visual observation. In spite of the significant roughening
by sandblasting, the bond strength was similar for the sand-
blasted reinforcing bars and the water-treated reinforcing
bars. This suggests that the bond strength increase after wa-
ter immersion is essentially not due to surface roughening,
but is due to changes in the surface functional groups (as sup-
ported by the black coating) which affect the adhesion be-
tween reinforcing bars and concrete.

The use of water and acetone treatments for increasing the
bond strength between steel wire and mortar had been previ-
ously suggested based on measurement of the flexural
strength of steel wire reinforced mortar.'? The rust that is well
adhered to the underlying steel helps the bond between steel
reinforcing bars and concrete; as has been reported.!14

Effect of polymer admixtures
Fig. 6 shows the correlation of the contact resistivity with

the shear bond strength for different polymer admixtures in
the concrete. Polymer admixtures [Curves (b) and (c) of Fig.
6] were slightly less effective than the ozone treatment of the
reinforcing bars [Curve (d) of Fig. 6] in increasing the bond
strength between the reinforcing bars and concrete (as well
as.between carbon fiber and cement paste“). Between the
two polymer admixtures, latex [Curve (c) of Fig. 6] in-
creased the bond strength slightly more significantly than
methylcellulose [Curve (b) of Fig. 6], at least partly due to
the large amount of latex compared to the amount of methyl-
cellulose. The combined use of latex and the ozone treatment

[Curve (e) of Fig. 6] gave significantly higher bond strength -
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Fig. 6—Variation of contact electrical resistivity with shear
bond strength; (a) plain concrete and untreated reinforcing
bars; (b) concrete with methylcellulose addition and
untreated reinforcing bars; (c) concrete with latex addition
and untreated reinforcing bars; (d) plain concrete and
ozone-treated reinforcing bars; and (e) concrete with latex
addition and ozone-treated reinforcing bars.

than ozone treatment alone [Curve (d) of Fig. 6]. Relative to
the combination of plain concrete and untreated reinforcing
bars, the combined use of latex and the ozone treatment re-
sulted in a 39 percent increase in the bond strength. Ozone
treatment, latex addition, and the combined ozone treatment
and latex addition caused similarly small increases in the
contact resistivity.

The contact resistivity increase after the latex addition is
presumably due to the high volume resistivity of the latex at
the reinforcing bar-concrete interface. The bond strength in-
crease after the latex or methylcellulose addition is attributed
to the adhesion provided by the polymer at the interface. The
improved adhesion due to these polymers is indicated, in the
case of stainless steel fiber in cement paste, by the increased
amount of adherent on the fiber after pull-out from the ce-
ment paste, as shown by SEM observation.

In spite of the mechanical interlocking between the rein-
forcing bars and concrete (due to the surface deformations on
the reinforcing bar) that contributes much to the bond
strength between the reinforcing bar and concrete (as shown
by the much higher bond strength between the reinforcing
bars and concrete than that between steel fiber and cement
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Fig. 7—Variation of contact electrical resistivity with shear
bond strength: (a) plain concrete; (b) concrete with silica
fume; (c) concrete with methylcellulose; and (d) concrete
with silica fume and methylcellulose.

paste’), the ozone treatment of the reinforcing bars and the
polymer admixtures to the concrete significantly increases
the bond strength between the reinforcing bars and concrete.
This indicates the importance of interface engineering in im-
proving the bond between the reinforcing bars and concrete.
In the case of the bond between stainless steel fiber and ce-
ment paste, the polymer admixtures (latex or methylcellu-
lose) in the cement paste cause the bond strength to increase
by 90 percent.” If the surface deformations on the steel rein-
forcing bar were absent, the effects of the ozone treatment of
the reinforcing bars and of polymer admixtures in concrete
would have been much larger than those described in this
paper. .
. This beneficial effect of polymer admixtures on the con-
* crete-concrete bond strength has been previously shown.1517
The presence of a polymer interlayer at the cement-aggregate
interface has been shown by microscopy to be responsible for
the improved adhesion between the cement and aggregate.18

Effect of silica fume

Fig. 7 shows the effect of silica fume. Methylcellulose in-
creased the bond strength more than silica fume, while me-
thylcellullose, in combination with silica fume, gave higher
bond strength than either silica fume or methylcellulose
alone. Silica fume caused a slight increase in contact resistiv-
ity, indicating no decrease of the interfacial void content. This
means that the increase in bond strength due to the additon of
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Table 1—Effect of admixtures on tensile properties
of cement paste

Admixm Strength, MPa | Modulus, GPa l?pl;crgleﬁg
None* 0.88 10.9 0.004
(£ 4.7 percent) | (£3.0 percent) | (+ 1.0 percent)
None' 0.89 11.13 0.0052
one (£ 3.1 percent) | (£2.9 percent) | (0.9 percent)
1.37 6.6 0.0209
Methylcellulose* (x 2.3 percent) | (2.1 percent) | (£ 0.9 percent)
1.38 6.89 0.0213
Methylcellulose? | (132 percent) | (+ 1.9 percent) | (0.8 percent)
Methylcellulose + 0.83 40 0.0088
silica fume* (+ 5.2 percent) | (+1.2 percent) | (+ 1.1 percent)
" Latex* 3.03 115 0.0352
(£ 4.5 percent) | (2.1 percent) | (1.2 percent)

* 7 days of curing (from Reference 19).
T 28 days of curing (fmm_ Reference 20).

Table 2—Effect of admixtures on flexural

properties of cement paste
Admixture Strength, MPa Toughness, MPa.mm

224

None* @32 nt) 0.056
2.29

Methylcellulose* @32 nf) 0.105

Methylceliulose + 2.79 0.193

silica fume* (2.2 percent) :
3.62

Latex* (£ 4.2 percent) 0.202

* 7 days of curing (from Reference 21).

silica fume is not due to the decrease of the interfacial void
content.

Tables 1 and 2 show a comparison of the tensile and flex-
ural properties of various cement pastes, as previously re-
ported. Latex gives the most attractive tensile and flexural
properties, but is the most expensive due to its large amount
(20 percent by weight of cement). Methylcellulose gives low
tensile modulus, although its small amount (0.4 percent by
weight of cement) makes it economical. With both cost and
performance considered, methylcellulose, in combination
with silica fume, is the most attractive; it gives a high tensile
modulus, tensile ductility, flexural strength, and flexural
toughness.

The combined use of latex and silica fume causes the
workability to be so low that the resulting paste exhibits very
poor mechanical properties. Methylcellulose differs from la-
tex when each is added to the concrete mix in that methylcel-
lulose is in the form of a liquid solution, while latex is in the
form of a solid particle dispersion. The liquid form probably
allows methylcellulose to be uniformly distributed even
when its concentration is low, so that it is effective even at a
low concentration. The low concentration, in turn, helps to
maintain workability to the mix. On the other hand, the dis-
persion form of latex results in the need for a high latex con-
centration in the mix for the latex to be effective.

The effectiveness of silica fume in combination with me-
thylcellulose (as admixtures) is due to the combined effect in
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Fig. 10—Variation of contact electrical resistivity with bond
strength for as-received steel reinforcing bars in concrete
after: (a) 1 week; (b) 2 weeks; (c) 3 weeks; (d) 4 weeks; and
(e) 5 weeks of corrosion.

prefabricated structural components that require a high bond
strength. In current practice, the w/c is chosen mainly based
on consideration of the compressive strength of the concrete.
In addition to increasing the bond strength, a high w/c reduc-
es the material cost.

Effect of curing age -

Fig. 9 shows the correlation of the contact resistivity with
the bond strength for different curing ages and curing at 100
percent RH. The greater the curing age was, the lower the
bond strength was, and the higher the contact resistivity was.
The decrease in bond strength was substantial when the cur-
ing age was increased from 7 to 14 days, and less when the
curing age was increased from 14 to 28 days. Similar trends
were observed for curing at 40 percent RH, but the bond
strength at the same curing age was higher at 100 percent RH
than at 40 percent RH.

The decrease in bond strength and increase in contact re-
sistivity upon an increase in the curing age are both attribut-
ed to the increase in the interfacial void content (or
interfacial microcracking). As curing progressed, shrinkage
(whether chemical or drying shrinkage) occurred, particular-
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Fig. 11—Variation of contact resistivity with bond strength
Jor as-received steel reinforcing bars in concrete after: (a) 5
weeks; (b) 6 week;, (c) 7 weeks; (d) 8 weeks; and (e) 9 weeks
of corrosion.

ly before 14 days of curing. This shrinkage led to the in-
crease in the interfacial void (or microcrack) content.

The finding that the shear bond strength between the rein-
forcing bars and concrete decreases with an increase in the
curing age is in contrast to the general notion that the bond
strength increases with the strength of the concrete. It is also
in contrast to the report that the tensile bond strength be-
tween concrete and concrete increases with an increase in
curing age from 3 to 90 days.!® However, it is consistent

- with results on shear bond strength and contact resistivity for

the interface between stainless steel fiber and cement paste,
obtained also by electromechanical testing.8

Effect of corrosion .

Fig. 10 and 11 show the curves of contact resistivity versus
bond strength after 1 to 9 weeks of corrosion. The bond
strength increased as the corrosion time increased from 1 to
5 weeks; such that the increase was relatively significant
from 1 to 3 weeks (Fig. 10). However, the bond strength de-
creased as the corrosion time increased from 5 to 9 weeks, such
that the decrease was relatively significant from 5 to 7 weeks
(Fig. 11). The contact resistivity increased as the corrosion time
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