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ABSTRACT

The corrosion of steel reinforcementsin concreteis of great importance in the view of safety and durability of
reinforced concrete structures. This study is focused on the corrosion behavior of steel bars induced by internal
chlorides in concrete. The main objective of this study is to determine the threshold chloride concentration
causing depassivation and active corrosion of steel reinforcement in concrete. To examine the threshold
concentration of chloride ion, the half-cell potential, the chemical composition of extracted pore solutions of
concrete and the extent of corroded area of the specimens were measured. Major test variables include the added
amount of chlorides in concrete, type of binder, and water-to-binder ratios. From the present comprehensive test
results, the factors influencing threshold chloride concentration are investigated, and the rationa ranges of
threshold chloride concentration causing active corrosion of steels are proposed. The present study provides the
reaistic chloride limit for corrosion initiation of reinforced concrete structures, which can be used efficiently in
the future technical specification.
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1. INTRODUCTION

The corrosion of steel reinforcement in concrete is of great concern in recent years as the durability is
becoming more important in concrete structures. Especially, chloride-induced corrosion of reinforcing steel is
increasingly important in many countries due to increased use of sea sand and heavy construction of marine
structures. Although many investigators (Kropp, 1995; Schiessl, 1997; Hausmann, 1967; Gauda, 1970; Stratfull,
1973; Khan, 1991; Lorentz, 1995; Page, 1991; Lambert, 1991; Tayyib, 1988) have studied the mechanism of
chloride-induced corrosion, the chlorideion concentration that causes the initiation of steel corrosion in concrete—
a most important parameter in determining the durability life and/or service life of concrete structures — is till
ambiguous and needs further study. Thisthreshold concentration for corrosion initiation isknown to be affected by
anumber of factorsincluding cement content, type of binder, chloride binding, concentration of hydroxy! ions, etc
(Krop, 1995). This study is focused on the corrosion of steel barsinduced by internal chloridesin concrete at early
ages. The main objective of this study is to determine the threshold chloride ion concentration causing
depassivation and onset of active corrosion of steel reinforcement in concrete. To this end, a comprehensive
experimental program has been set up, and alarge number of specimens have been tested. The major test variables
include chloride concentrations, type of cement and mineral admixtures, and water-to-binder ratios. To examine
the threshold chloride concentration, half-cell potentials and chemical composition of extracted pore solutions
were observed according to the added amount of chlorides, type of binder and water-to-binder ratios. From the
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present test results, the factors influencing threshold chloride concentration are investigated, and the rational
ranges of threshold chloride concentration causing active corrosion of steel are proposed. In particular, the effects
of the water-to-binder ratios, and the type and amount of binder on the threshold chloride concentration have not
beenwell clarified yet. The effects of various parameters such as C;A content, alkali content, and [CI']/[OH] ratios
on the chloride binding aso need to be identified. Therefore, this study has great importance to establish the
threshold total and free chloride ion concentration for the initiation of corrosion steel barsin concrete structures.

2. CORROSION TESTS OF STEEL BARS IN CONCRETE

2.1 Materials and specimen preparation

The test variables are summarized in Table 1. The maor test variables include the types of cement,
water-to-binder ratios, use of mineral admixtures and admixed chloride contents. The chlorides were admixed into
concrete specimens as sodium chloride, of which concentrations vary from zero to two percent by weight of binder
(i.e.0.0,0.2,0.4,0.6,0.8,1.2, 1.6 and 2.0 %) for al the test series as shown in table 1, respectively. Table 2 shows
the chemical composition of various binders and Table 3 gives the chemical compounds of the cements. Table 4
summarizes the mixture proportions for various water-to-binder ratios. The prismatic mortar specimens
(100x100%x200mm) with a 13mm steel bar embedded centrally, as shown in Fig. 1, were cast in steel molds. The
specimens were demoulded after 24hr and cured in 20+2°C temperature and 95+5% relative humidity.

Table 1. Summary of major test variable

. . . Mineral admixtures Total chloride
Test series Water/binder ratio Types of cement (%, by binder weight) addition

LI 0.55 Typel -

NI 0.45 Typel - 0,0.2,04, 0.6,

HI 0.35 Typel - 0.8,1.2,1.6,20

NV 0.45 TypeV - (% by weight of
NIFA15 0.45 Typel Fly ash 15% binders)
NIFA30 0.45 Typel Fly ash 30%
NIS30 0.45 Typel Slag 30%

Table 2. Chemical composition of cementitious materials

Binders Oxide composition percent by weight
Ca0 SO, Al,O3 Fe,03 MgO K,0 Na,O SO; LOI
Typel 61.20 22.00 6.20 3.20 2.80 1.10 0.10 2.00 1.40
TypeV 62.03 22.11 4.20 4.27 2.87 0.72 0.09 2.03 1.70
Slag 43.34 33.86 14.67 0.32 595 0.61 0.19 0.12 0.67
Fly ash 3.89 59.74 23.60 6.07 0.95 0.96 0.49 0.40 3.90
2 R
mortar
Table 3. Chemical compound of cement o g’ y |
. Compound composition percent by weight
B
NG 7CS [ C,S | GA | CAF | Alkal b
Typel 357 | 362 | 11.0 9.7 12 o | - |
TypeV | 50.1 | 256 | 3.9 13.0 0.8 sedant

mortar to express pore solution

Fig. 1 Schematic diagram of test specimens

2.2 Measurement of half-cell potential and pore solution extraction

Half-cell potentials were measured every 3 days for all specimens using a copper-copper sulfate reference
electrode (CSE), in accordance with ASTM C-876 (1990). After 30 days, the pore solution was extracted from the
mortar around the steel bar and the CI" concentration and OH" concentration were measured. Pore solution
extraction of the specimens was performed by the pore solution expression method, which can be found elsewhere
(Barneyback, 1981 and Arya, 1990). The free chloride concentration and OH" concentration were measured by ion
chromatography and direct titration using phenol phthal ein indicator from the extracted pore solution.

2.3 Measurement of corroded areas
The stedl bars were extracted from the specimens, and then the corroded area of each bar was measured by
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drawing the steel surface on the transparent film wrapping it with equally-spaced grids and counting the numbers
of nodes in the grids that belong to the corroded zone (see Fig. 2). Then the extent of corroded area A, is
calculated from
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3. RESULTS AND DISCUSSION

3.1 Half-cell potential values

Fig. 3 showsthe half-cell potential measurementsfor the ordinary cement concrete mixed with 0.0, 0.2, 0.4, 0.6,
0.8, 1.2, 1.6, 2.0 percent sodium chloride, respectively. The half-cell potential values for various cases have a
tendency to increase in early ages and then approaches to certain uniform values.
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Fig. 4 showsthe variation of half-cell potentials according to chloride contents for various water-to-binder ratios.
It is seen that the half-cell potential values decrease linearly with the increase of chloride content and that the
values are similar for different water-to-binder ratios. Fig. 5 depicts the variation of half-cell potentials with
chloride contents for various types of binder. This figure indicates that the mixture with Type V cement (SRPC)
exhibits the lowest values of half-cell potentials and the other mixtures show similar potential values. Fig. 5 also
indicates that the half-cell potentials decrease as chloride contents increase.
In general, the potential value of —0.35V (vs. CSE) is taken as the threshold potential for corrosion initiation
according to ASTM. Fig. 4 and Fig. 5 may be allowed to determine the realistic amount of chloride contents
corresponding to the half-cell potential value of — 0.35V.

3.2 Extent of corroded areas

Fig. 6 showsthe corroded area of stedl bar according to chloride contents. It can be seen that the corrosion area
decreases with a decrease of water-to-binder ratios and also decreases with the use of mineral admixtures. The
general tendency isthat the corrosion areaincreases with an increase of the chloride content as shown in Fig. 6. It
can also be seen that the steel bars embedded in type V sulfate-resisting cement (SRPC) show a relatively larger
corrosion area at the same chloride contents. Fig. 7 shows the relation between the extent of corroded area and the
half-cell potential values. It can be clearly seen from Fig. 7 that the corrosion of steel initiates at a value of about —
0.25V. The extent of corroded area after 30 daysis about 3 percent at — 0.35V.

3.3 Relation between total chloride and free chloride contents
The relation between total chloride addition and free chloride content obtained by pore solution expression is
shown in Fig. 8. As shown in Fig. 8, the free chloride content increases gradually, as the added total chloride

2391 Copyright © 2005 by SMiRT18



00 —Gpc, = SRPC, -+ OPC70%+Slag30%, 100
< w/c=0.55  w/c=0.45 w/c=0.45 2 o
< gol™ OPC, = OPC85%+FA15%, S gol °
§ Wic=045  wic=045 g "
z [~ OPC, & OPC70%+FA30%, < °
B 60 Ww=035  w/c=045 B sof
8 8 o° ° o
I a8 = o o © o

o
8 4ot - 8 40 - ° o
e s o 5 o ° &
=3 o
& 20f 2 B 20+ % k3 °
d e i@ o 003 ©
o o (e}
OG + 2 = n L 1 1 T T n 1 1 L 1 00 2 © ° 1 L L L
00 02 04 06 08 10 12 14 16 18 20 -0.15 -0.25 -0.35 -0.45 -0.55
Chloride Content (%, by wt. of binder) Half-Cell Potential (V vs CSE)
Fig. 6 Extent of corroded area versus chloride Fig. 7 Extent of corroded area versus half-cell
content potential

content increases. It is seen that the free chloride content is highest for the case of Type V cement mixture (SRPC)
at the sametotal chloride addition. Thisfact is particularly pronounced in Fig. 10 where the two cement types are
compared at the same water-to-binder ratio of 0.45. This indicates that the chloride binding capacity of Type V
sulfate-resisting cement (SRPC) is lower than that of Type | ordinary cement (OPC). Fig. 9 shows quantitatively
the relation between the total chloride content and the free chloride content for the mixtures with different
water-to-binder ratios. Fig. 9 indicates that the free chloride content increases with the increase of water-to-binder
ratios. Fig. 10 shows that type V cement exhibits more free chloride content at the same amount of total chloride
addition than type | cement. Thisisdueto the different binding effects according to C;A amount in cement. Fig. 11
shows the effect of mineral admixtures on the chloride binding. This figure indicates that the effect of mineral
admixtures on the chloride binding is not large at early ages. Fig. 12 also shows the effects of various parameters
on the chloride binding, including C;A content, alkali content, OH™ concentration. It can be seen that an increase of
the C;A content of the cement decreases the free chloride content, which means increased chloride binding
capacity. The alkali content and OH™ concentration also affect the chloride binding. The free chloride contents

decrease with the increase of alkali content and OH™ concentration.
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Fig. 10 Relation between total and free
chloride content for cement type
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Fig. 12 Variation of chloride binding

3.4 Threshold values for corrosion

Thetotal chloride addition, the free chloride content and [CI']/[OH’] ratios have been plotted according to the
half-cell potential in Fig. 13 (OPC, w/c=0.45). As shown in Fig. 13, the total chloride addition, the free chloride
content and [CI']/[OHT] ratios are linear relations of the half-cell potential. If the potential E =—300mV vs. CSE at
which the extent of corroded areaincreases significantly from the relation between the extent of corroded areaand
half-cell potential, as shown in Fig. 7, istaken asthe potentia for the initiation of corrosion, the threshold chloride
concentration corresponding to this potential value can be found from Fig.13. The threshold values for total
chloride addition, free chloride content and [Cl']/[OH’] were determined for each of the various mixtures, and the

resultsare givenin Table 5.
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Fig. 13 Relation between half-cell potential and chloride content, and deduction of chloride thresholds

Table 5 Threshold chloride values obtained from the present study

Chloride threshold values
Types of mixture Total CI’ Free CI
(%, by binder weight) (%, by binder weight) [CI'/[OH
LI 0.78 0.12 0.16
NI 0.93 0.11 0.26
HI 0.89 0.12 0.19
NV 0.45 0.10 0.27
NIFA15 0.90 0.11 0.19
NIFA30 0.68 0.07 0.21
NISlag30 0.97 0.13 0.23
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From the results of this research, the threshold contents of total chlorides are in the range of 0.45~0.97 percent
by weight of the cement. These results are similar to those of Hussain et a. (1996), in which for 2.43, 7.59, 14
percent C;A cements, the threshold contents of total chlorides are 0.48~0.59, 0.73~0.85, 1.01~1.20 percent by
weight of the cement, respectively. Fig. 14 shows the comparison between the results of this research and Hussain
et al.’ sresults™ for threshold values of total chlorides. Fig. 15 shows a comparison between present test results and
Thomas' results (1996) for the influence of the addition of fly ash. As shown in Fig. 15, the result that threshold
values of total chlorides decrease with an increase of the fly ash addition isin reasonably good agreement with the
data of Thomas"™, the difference being the amount of C;A content. This effect results from the decrease of the pH
value by the addition of fly ash.

2
—o— Hussainetal.'s rwJItsM(lower limit)

E 5 16T —e— Hussain et a.'sresults™ (upper limit)
é E -2 Results of the present study
o2 12+
S 0o
o
==
O & 08+
8¢
O o4l

O 1 1 1 1

0 3 6 9 12 15

C,A Content
Fig. 14 Threshold total chloride content versus C3A content

Asshownin Table 5, the threshold values of free chloridesfor all specimens arein the range of about 0.07~0.13
percent by weight of the cement. These values are significantly different from the threshold values of total
chlorides, that is, internally a considerable fraction of total chlorides has been bound. Table 5 shows that threshold
values of total chlorides are rather different depending upon the type of cement. However, the threshold values of
free chlorides for corrosion initiation are approximately constant. This indicates that the free chloride values are
more redlistic and reasonable to specify the limit values for the corrosion initiation in reinforced concrete
structures.
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Fig. 15 Threshold total chloride content versus fly ash replacement

Asshown in Table 5, the ratios of threshold values of [CI']//[OH] are in the range of 0.16~0.26 depending upon
the type of cement or binder. Gouda® proposed the threshold ratio of [CI]/[OH] to be about 0.3 and Haussmann®
gave somewhat larger value of 0.6. However, these threshold val ues are dependent upon the mixture proportions as
well as on the type of binder as shown in this study (see Table 5).

Carbonation may aso significantly affect the chloride threshold level. When considering the effect of
carbonation on corrosion initiation, the [CI']/[OH] may be more applicable than the free chloride content by
weight of binder. However, the effect of carbonation on the threshold value is beyond the scope of this study.
According to Gouda’, the critical value of [CI]/[OH] increases with decreasing [OH], viz., pH. Fig. 16 showsthat
the critical values of [CI"]/[OH] of this study are in accordance with Gouda' s data.

0.6
. i o Gouda(1970) *
T 05r ®  Thisstudy
O, I
o 04r
- I
© 03t
© L
>
3 0.2+
O 01} 0
00 " 1 " 1 " 1 " 1 "
115 12.0 125 13.0 135 14.0

pH
Fig. 16 Critical [CI-]/[OH-] at different pH’s

4. CONCLUSION

The corrosion of steel reinforcement is one of the most important aspectsin the durability of reinforced concrete
structures. Thethreshold chloride concentration that causesthe initiation of corrosion isof particular importancein
view of service life prediction. The purpose of the present study is to determine the threshold chloride values that
cause active corrosion initiation of steel barsin concrete. To this end, a comprehensive test program has been set
up and alarge number of test specimens have been tested. The major test variables are the amount of chloridesin
concrete, type and amount of cementitious materials and water-to-binder ratios. The chloride concentration of the
test specimens varies from zero to two percent by weight of cement. The types of cement considered are type |
ordinary portland cement (OPC) and type V sulfate resisting portland cement (SRPC). The water-to-binder ratios
range from 0.55 to 0.35. The following conclusions have been drawn from the present study.

(1) The half-cell potential values decrease almost linearly with an increase of the content of added chlorides.
The concrete mixture with type V cement (sulfate-resisting portland cement) exhibits relatively low values of
half-cell potentials at the same total chloride content, compared with other mixtures.

(2) The corrosion area at the same total chloride contents decreases with a decrease of water-to-binder ratio and
decreases with the use of mineral admixtures.

(3) The present study indicates that the corrosion of steel initiates at a potential value of about —0.25V. The
extent of corroded areais about 3 percent for 30 days at the potential value of —0.35V.

(4) Thefree chloride concentration in the pore solution of the hardened mortar increases with an increase of the
total chloride addition. It was found that one of the most important factors that affect the chloride binding is the
C5A content of the cement. An increase of the C;A content of the cement decreases the free chloride content for a
given total chloride content of the concrete. The akali content and the [OH"] concentration also affect the chloride
binding capacity. The free chloride contents decrease with an increase of these values.

(5) The chloride binding capacity of type V sulfate-resisting cement was found to be lower than that of type |
ordinary portland cement.

(6) The threshold total chloride limits for the corrosion initiation range from 0.45~0.97 percent by weight of
cement depending upon the C;A content. However, the threshold values of free chlorides for corrosion initiation
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have approximately uniform values of about 0.1 percent by weight of the cement. This indicates that the free
chloride values are more reliable to specify alimit value for corrosion initiation of reinforced concrete structures.
(7) The threshold values of [CI']/[OH] are found to be about 0.16~0.26 depending upon the type of cement or
binder.
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